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ABSTRACT 
 
 
Validating Methods that Promote Reduction and Refinement in Laboratory Animal 

Science 
 
 
Michael Walker      Advisor: 
University of Guelph, 2016     Professor Georgia Mason 
 

Millions of animals are used in biomedical research each year.  Unfortunately, much of 

the research performed on them is likely spurious and non-replicable, making their use 

ethically questionable.  There is, thus, an ethical imperative to improve the quality of 

scientific research being conducted, in addition to the well-known mandates to reduce 

the number of animals being used, and to improve the welfare of those individuals that 

are being used.  In this work I contribute to these obligations by first validating ómixed-

strain housingô: an example of a split-plot experimental design that allows many fewer 

animals to be used without compromising statistical power.  Accordingly, no welfare 

issues were created by housing mice of different strains together, nor were there 

adverse effects in terms of data quality.  Furthermore, when mice of different coat 

colours are housed together, they no longer need to be individually identified via 

aversive marking techniques.  I then implement this housing paradigm successfully 

when validating that crossing a floor electrified by increasing magnitude of current 

represents a perceived cost for mice, and as such that it can then be used to measure 

motivation by assessing how much they would be ówilling to payô to access preferred 

resources.  I highlight the potential advantages this has over other means of imposing 

resource access costs, and then implement it when assessing mouse preferences for 

two commercially available running wheels: Bio ServÈós ófast-tracô wheel combo and a 

stainless steel mesh 5ò upright wheel by Ware Manufacturing Inc.  In addition, the 

welfare significance and anatomical impact of the two wheels are quantified, and I 

ultimately recommend that of the two, the ófast-tracô wheel is better for laboratory mice.  

Finally, I argue that the false discovery rate of a test is much more meaningful and 

informative than a p-value, and demonstrate how exactly the (expected) false discovery 

rate can be used to plan experiments that are likely to find significant effects while 

avoiding spurious results, thus ensuring that animals are not being wasted.  Overall, this 

thesis provides validated methods that contribute to the ongoing goals of reduction and 

refinement. 



 iii  

ACKNOWLEDGEMENTS 
 

 

First and foremost, I would like to thank my advisor, Georgia Mason.  She took a chance 

on me five years ago and I am eternally grateful that she did.  I could not have asked for 

a better supervisor!  

 

I would also like to thank my wonderful advisory committee members - Pat Turner and 

Elena Choleris ï for their help with this thesis and willingness to contribute to my 

professional development.  Additionally, there are many other people to thank at the 

University of Guelph.  First, thank you to those of Georgiaôs students who came before 

me, María Díez León, Jamie Ahloy Dallaire, and Becky Meagher, for your many insights 

and preparing me for success as a part of this lab.  I would also like to acknowledge the 

rest of the members of the Mason Lab that I have had the privilege of working with over 

the years: Heather Kinkaid, Misha Ross, Dana Campbell, Carole Fureix, Jeannette 

Kroshko, Andrea Polanco, Jenna Cheal, Stephen Pond, Laura Harper, and Walter 

Suarez.  Thank you to all of the Behaviour Group members; I enjoyed our weekly 

meetings and learned a lot from all of you.  Finally, a huge thank you to all of the 

technical staff at the CAF, especially to Michelle Cieplak and Maka Natsvlishvili whose 

contributions to this thesis were truly invaluable. 

 

My family has been very supportive of this undertaking, even though I know they donôt 

really understand what I do.  Most importantly however, thank you to Alyssa Walker.  I 

know that she sacrificed a lot when we moved to Guelph, and I could not have done this 

without her love and support. 

 

Lastly, thank you to NSERC, UFAW, and OGS for funding me and making this thesis 

possible. 

 

  



 iv 

Table of Contents 
 
 
List of Tables 

v 

List of Figures 

vii 

Chapter 1. Introduction 

1 

Chapter 2. Co-housing rodents with different coat colours as a simple, non-invasive 

means of individual identification: validating mixed-strain housing for C57BL/6 and 

DBA/2 mice 

4 

Chapter 3. Mixed-strain housing for female C57BL/6, DBA/2, and BALB/c mice: 

validating a split-plot design that promotes refinement and reduction 

24 

Chapter 4. Validating the perception of increasing electric current as an increasing cost 

in laboratory mice: A potential tool for assessing motivation 

48 

Chapter 5. A comparison of two different running wheels and how they affect mouse 

preference, health, and welfare 

68 

Chapter 6. The Importance of Considering the False Discovery and False Omission 

Rates along with the Principle of Reduction when Planning Ethical Animal Experiments 

96 

Chapter 7. General discussion 

112 

Bibliography 

120 

Appendix A 

141 

Appendix B 

142 

 

 



 v 

 

 

List of Tables 

 

Chapter 2: 

Table 1: Descriptive and test statistics for behavioural, morphological, and 

physiological data for each Strain (C57BL/6 or DBA/2)  

14 

Table 2: Descriptive and test statistics for behavioural, morphological, and 

physiological data for each Strain (C57BL/6 or DBA/2), split by Cage Type 

(single-strain or mixed-strain) 

15 

Table 3: Descriptive and test statistics for behavioural, morphological, and 

physiological data for each Cage Type (single-strain or mixed-strain)   

16 

Table 4: Descriptive and test statistics for haematological data for each Strain 

(C57BL/6 or DBA/2) 

16 

Table 5: Descriptive and test statistics for haematological data for each Strain 

(C57BL/6 or DBA/2) split by Cage Type (single-strain or mixed-strain) 

18 

Table 6: Descriptive and test statistics for haematological data for each Cage 

Type (single-strain or mixed-strain) 

19 

Chapter 3: 

Table 1: Relative efficiency of single- and mixed-strain designs for each type of 

effect (Enrichment, Strain, Enrichment*Strain.  

37 

Table 2: Significant effects (after correction for multiple comparison) for all 26 

dependent variables in C57BL/6, BALB/c, and DBA/2 females.  

40 

 



 vi 

Table 3: Estimated standardized effect sizes (Cohenôs d) that would be required 

to detect a significant Cage Type effect with 80% power (ɓ) and a significance 

threshold of p=0.0003 (Ŭ).  

41 

 

Chapter 4: 

Table 1: List of predictions outlined in the Introduction and whether or not our 

data supported them 

64 

Chapter 5: 

Table 1: List of results comparing the effect of locked metal vs. locked plastic 

wheels 

80 

Appendix A:  

Supplementary Table 1: Ethogram of mouse behaviour from Tilly et al. 2010 
141 

 

Appendix B: 

Supplementary Table 1:  Complete list of results for all 26 dependent variables 

143  

Supplementary Table 2: Number of cages required to achieve 80% power for 

detecting Enrichment effects across all 26 dependent variables.   

145 

Supplementary Table 3: Number of cages required to achieve 80% power for 

detecting Strain effects across all 26 dependent variables.   

146 

Supplementary Table 4: Number of cages required to achieve 80% power for 

detecting Strain*Enrichment effects across all 26 dependent variables.   

147 

  



 vii  

List of Figures 

 
 

Chapter 2: 
Figure 1: Relationship of the standard errors of 23 dependent variables between 
single- and mixed-strain housing 

17 
 
Chapter 3: 

Figure 1: Shown are the critical values of F needed to reject the null hypothesis 
at the Ŭ=0.05 level for two hypothetical experiments testing the effects of a 
treatment vs. a control on three strains of mice 

28 
Chapter 4: 

Figure 1: Electric grid apparatus   
55 

Figure 2: Proportion of mice crossing the electrified grid (scored as a binary 

yes/no) at each current.  

59 

Figure 3: Latencies to first cross the electric grid at each current for 38 mice 

60 

Figure 4: The number of times that each of 6 DBA/2 mice crossed the electrified 

grid at each current 

61 

Figure 5: For the 6 subjects featured in Fig. 4, the median duration of each 

mouseôs visit to the enriched cage once they crossed the electric grid at each 

current 

62 

Chapter 5: 

Figure 1: Two different running wheels used in this study 

72 

Figure 2: Average proportion of observations that mice spent running on each 

wheel, split by strain 

74 

Figure 3: Timeline for data collection throughout Experiment 2 

76 

Figure 4: Skeleton of a right hind leg of a mouse 

79 

 



 viii  

Figure 5: Lifetime average proportion of observations that mice spent running on 

their given wheel 

81 

Figure 6: Average latency for mice to make contact with novel objects 

83 

Figure 7: Percent of mice housed with each wheel type showing at least some 

stereotypic behaviour in P2 (A) and P4 (B) 

85 

Figure 8: Average heart (A) and right hind leg (B) masses for mice with each 

wheel type 

87 

Figure 9: Average maximum price paid by mice to reach the alternative wheel 

type, split by strain 

90 

Chapter 6: 

Figure 1: False discovery rate as a function of power for three base rates 

102  

Figure 2: False omission rate as a function of power for three different base 

rates 

103 

Figure 3: False discovery rate as a function of power for three different 

significance thresholds (Ŭ) 

106 

Appendix B: 

Supplementary Figure 1:  The contrast in coat colours between the three 

strains 

148 

Supplementary Figure 2: Hypothetical experimental designs comparing single- 

and mixed-strain housing for 36 mice in each design 

149 

Supplementary Figure 3: Highlighted here are the substantially lower critical F-

values for mixed-strain designs using 12 cages as described in Supplementary 

Fig. 2 

151 



 ix 

 

Supplementary Figure 4: Highlighted here are the substantially fewer numbers 

of cages needed in the mixed-strain design to achieve the same critical values of 

F assuming 12 mixed-strain cages are used 

152 

Supplementary Figure 5: Mean estimated power to detect enrichment effects 

on our 26 variables in our mixed-strain and single-strain groups 

153 

Supplementary Figure 6: Mean estimated power to detect strain effects on our 

26 variables in our mixed-strain and single-strain groups 

154 

Supplementary Figure 7: Mean estimated power to detect enrichment-by-strain 

interaction effects on our 26 variables in our mixed-strain and single-strain 

groups 

155 

 

 

 

 

 

 

 

 

 

 

 
  

 
 

 
   

 
 
 
 



 1 

 

 

 

Chapter 1 
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I would like to preface this thesis by stating that it was not my initial intention to study topics as 

seemingly dry as validity, experimental design, and statistical analysis.  I had intended to further 

explore the much sexier causal link between affective states and mortality rates (Walker et al., 

2012), by determining the mechanism by which environmental enrichment increases the 

lifespans of laboratory mice (e.g. Arranz et al., 2010; Kimura et al., 2009).  However, due to a 

series of (in hindsight fortunate) events, the focus of my dissertation shifted to what I now 

realize are more pressing and important topics in laboratory animal science.  A conservatively 

estimated 58 million animals are used directly each year in scientific research (Taylor et al., 

2008), yet it has been suggested that most published biomedical research is false (Ioannidis, 

2005).  There is thus an ethical imperative to improve the quality of scientific research being 

conducted, in addition to the well-known mandate to reduce the number of animals being used, 

and to improve the welfare of those individuals that are being used (Russell and Burch, 1959).  

The aim of this thesis is to contribute to these lofty goals by presenting new techniques and 

ideas that promote reduction and refinement in laboratory animal science while ensuring 

scientific integrity. 

 

This thesis will begin with two chapters validating a novel housing paradigm: mixed-strain 

housing.  Chapter 2 will therefore be a óproof-of-principleô experiment demonstrating that two 

strains of female mice, DBA/2 and C57BL/6, can be co-housed within cages, without any 

negative consequences on their welfare or on the data obtained from them.  The main 

advantage of this is that, provided the animals have different coat colours, they no longer need 

to be marked for individual identification (typically painful or time-consuming; Dahlborn et al., 

2013).  In Chapter 3, the scope of the validation will be greatly increased by adding a third strain 

(BALB/c) and two housing conditions (standard and enriched).  In addition to replicating the 

results from Chapter 2, this chapter will feature both theoretical and empirical derivations of the 

statistical benefits of a split-plot design (of which mixed-strain housing is one example).  In 

short, mixing-strains within cages allows many fewer animals to be used without compromising 

statistical power because each cage provides a replicate for every strain, instead of each strain 

being replicated in 1 out of 3 cages, as is the case if three strains were housed ólike with likeô. 

Chapter 5, the last data chapter, will switch topics but will highlight the use of mixed-strain 

housing.  It will also demonstrate how electric current, a technique validated in chapter 4, can be 

used to evaluate motivation.  Thus, the preference for, and strength of motivation to access two 

commercially available running wheels will be assessed, along with their welfare significance 

and the anatomical impact they have on the mice.  A recommendation will be made for which 
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wheel to provide laboratory mice, and the importance of the way animals are óasked questionsô 

in preference and motivation studies will be addressed.  Next, inspired primarily by John 

Ioannidis (2005) and David Colquhoun (2014), Chapter 6 will review some of the limitations of 

our current statistical paradigm: null hypothesis significance testing.  It will be argued that the 

false discovery rate of a test is much more meaningful and informative than a p-value, and how 

exactly the (expected) false discovery rate can be used to plan experiments will be explained.  

Finally, Chapter 7 will be a reflective discussion about the successes and failures of my work, 

and attempt to place this work in the broader context of animal welfare science. 
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Chapter 2 

 

Co-Housing Rodents with Different Coat Colours as a Simple, Non 

Invasive Means of Individual Identification: Validating Mixed-Strain 

Housing for C57BL/6 and DBA/2 Mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

A slightly modified version of this chapter has been published in PLOS ONE and 

can be cited as: 

 

Walker M, Fureix C, Palme R, and Mason G. 2013. Co-housing rodents 

with different coat colours as a simple, non-invasive means of individual 

identification: validating mixed-strain housing for C57BL/6 and DBA/2 mice.  

PLOS ONE 8: e77541 
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Abstract 

 

Standard practice typically requires the marking of laboratory mice so that they can be 

individually identified. However, many of the common methods compromise the welfare of the 

individuals being marked (as well as requiring time, effort, and/or resources on the part of 

researchers and technicians). Mixing strains of different colour within a cage would allow them 

to be readily visually identifiable, negating the need for more invasive marking techniques. Here 

we assess the impact that mixed strain housing has on the phenotypes of female C57BL/6 

(black) and DBA/2 (brown) mice, and on the variability in the data obtained from them. Mice 

were housed in either mixed strain or single strain pairs for 19 weeks, and their phenotypes then 

assessed using 23 different behavioural, morphological, haematological and physiological 

measures widely used in research and/or important for assessing mouse welfare. No negative 

effects of mixed strain housing could be found on the phenotypes of either strain, including 

variables relevant to welfare. Differences and similarities between the two strains were almost 

all as expected from previously published studies, and none were affected by whether mice 

were housed in mixed- or single-strain pairs. Only one significant main effect of housing type 

was detected: mixed strain pairs had smaller red blood cell distribution widths, a measure 

suggesting better health (findings that now need replicating in case they were Type 1 errors 

resulting from our multiplicity of tests). Furthermore, mixed strain housing did not increase the 

variation in data obtained from the mice: the standard errors for all variables were essentially 

identical between the two housing conditions. Mixed strain housing also made animals very 

easy to distinguish while in the home cage. Female DBA/2 and C57BL/6 mice can thus be 

housed in mixed strain pairs for identification purposes, with no apparent negative effects on 

their welfare or the data they generate. This suggests that there is much value in exploring other 

combinations of strains. 

 

Introduction 

 

Individual identification provides the only link between a subject and the data collected from it. 

Many research paradigms and experiments therefore require the individual marking of 

laboratory rodents. Three broad methods are common: temporary markings (e.g. tail marking 

with a marker pen or shaving a patch of hair; Walker and Mason, 2011), permanent mutilations 

(e.g. ear notching [Choleris et al., 2011] or toe clipping [Schaefer et al., 2010]), or the addition of 

permanent identification tags (e.g. tattooing [Iwaki et al., 1989] or micro-chipping [Howerton et 
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al., 2012]). Methods are constantly being refined and improved (e.g. Kasanen et al., 2011). 

Nevertheless, as we review below, all common marking methods have the potential to 

negatively impact animal welfare or influence the results obtained from them; they may also be 

laborious and/or costly for researchers. 

 

Temporary markings, for example, often need to be reapplied at regular intervals (e.g. Burn et 

al., 2008), especially in mice (Deacon, 2006), which is time consuming. Human handling and 

restraint are also aversive and stressful to mice (Cinelli et al., 2007; Hurst and West, 2010; 

Meijer et al., 2006), as is the scent of marker pen to rats (Burn et al., 2008). Furthermore, rats 

tail-marked with ink show altered behaviour in standardized tests (being more likely to enter, 

and spend more time in, the open arms of an elevated plus maze; Burn et al., 2008). Turning to 

mutilations, ear notching without analgesia causes acute pain, as evidenced by a short-term 

sympathetic stress response (assessed via increases in blood pressure; Kasanen et al., 2011) 

and an increased number of audible vocalizations compared with sham-treated control mice 

(Williams et al., 2008; audible vocalizations are an established indicator of pain in rodents [Han 

et al., 2005]). The toe clipping of neonatal mice (5ï7 days old) does not appear to induce a 

stress response any more than regular handling, in contrast, nor have any negative long-term 

consequences on health or performance (Castelhano-Carlos et al., 2010; Schaefer et al., 2010). 

However, some caution is needed here: there is a current lack of knowledge about the 

perception of pain in young rodents, and objectively assessing low-moderate pain in mice is 

also recognized as difficult (Schaefer et al., 2010; Urban et al., 2011). Furthermore, evidence 

from rats indicates that toe-clipping can impair later performance in certain behavioural tasks, 

such as the grip suspension test or a swimming task (Iwaki et al., 1989). Toe-clips and ear-

notches may also be hard for researchers to detect without very close proximity or handling, 

especially in animals within their home cages and/or under red light, in turn raising dangers of 

observer effects and making these marks inappropriate for identification in video recordings 

(Deacon, 2006). The last set of techniques is similarly invasive, but involves permanent 

identification tags such as tattoos and microchips. These methods require specialized 

equipment and some technical skill to administer. Traditional ear tattoo methods caused a 

significant acute increase in heart rate and blood pressure in rats (comparable to ear notching; 

Kasanen et al., 2011), although apparently no long-term effects on growth, behaviour, or 

sensory-motor function (Castelhano-Carlos et al., 2010; Iwaki et al., 1989; Sorensen et al., 

2007). Microchips are generally injected into the subcutaneous region of the dorsal surface of 

the rodent, sometimes with anesthesia (e.g. Howerton et al., 2012; Santoso et al., 2006), 
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sometimes without (e.g. Winter and Schaefers, 2011). Microchips can be extremely valuable 

when used with technologies allowing automatic collection of behavioural and physiological data 

(e.g. Howerton et al., 2012; Sheward et al., 2010), although they are obviously not appropriate 

when continuous visual/video monitoring is needed, because not detectable without a chip-

reader. In terms of animal welfare, injection of the device is likely to be painful if conducted 

without anesthesia (e.g. Winter and Schaefers, 2011). Furthermore, microchips have been 

implicated in tumor development (Elcock et al., 2001; Le Calvez et al., 2006; Tillmann et al., 

1997).  These have only been found in older animals in long-term studies, and typically the 

incidence rate is low (1ï4%); still, because the prognosis for animals with foreign body tumors is 

typically poor (Brand et al., 1976), this raises welfare concerns for these older subjects, as well 

as suggesting that microchips may be inappropriate for long-term or oncological studies. Finally, 

the Federation of European Laboratory Animal Science Associations (FELASA) has recently 

published a comprehensive overview of the protocols and procedures associated with all of the 

above identification methods (Dahlborn et al., 2013). In it, they identify all permanent-marking 

techniques, from mutilations to implants and tattoos, as painful upon application (unless 

analgesics are used), and thus potentially welfare concerns. 

 

Here we propose a new approach that would eliminate the need to mark individual animals: 

mixing visually distinctive strains within cages. In mice, for example, there are hundreds of 

strains, many of which can be readily visually distinguished. Coat pigmentation for instance, 

varies greatly as a function of genetic mutation (Silvers, 1979). Therefore, if mice from 

differentially pigmented strains were housed together, they could be distinguished as 

individuals. This would obviate needs for technical help in marking or specialized equipment; 

eliminate concerns about pain or stress resulting from marking practices; and allow great ease 

of identification from a distance, within the home cage, under red light, in video recordings, and 

even by many video tracking systems (e.g. Noldus EthoVisionH XT) if appropriately contrasting 

backgrounds are used. In addition, using multiple strains of mice increases systematic variation 

within animal experiments (compared to experiments that only use a single strain), which will in 

turn lead to greater reproducibility and external validity of results (Richter et al., 2009). However, 

our proposed novel mixed strain approach would only be ethically acceptable if it can be shown 

not to cause new welfare concerns; and only scientifically acceptable if it does not alter animalsô 

previously well-characterized phenotypes (e.g. Moy et al., 2007) or increase the variance of 

measured variables (so making it harder to detect significant effects; (Grafen and Hails, 2002a). 

Therefore, in this preliminary study of two common strains we tested two hypotheses: that 
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mixed-strain housing affects the phenotypes of mice (including states related to welfare), and 

that mixed strain housing increases the variance in data obtained from the animals. We housed 

C57BL/6 (black) and DBA/2 (brown) females in either single or mixed strain pairs between 3 

weeks (weaning age) and 22 weeks (when mice are well into adulthood), and took a total of 23 

behavioural, physiological, morphological, and haematological measures. 

 

Methods 

 

Ethical Note 

All procedures listed here were approved by the University of Guelph Animal Care Committee 

(Animal Utilization Protocol number: 1398) and comply with the Canadian Council on Animal 

Care guidelines. 

 

Animals & Housing 

Thirty one female, non-related, DBA/2 and 31 female, non-related, C57BL/6 mice were 

purchased from Charles River Labs at three weeks of age. We chose these inbred strains, not 

just for their different coat colours, but also because they are both widely used, comparable in 

body weight (Orwoll et al., 2001), and similarly sociable (Moy et al., 2007). We used females 

because they are commonly group-housed (Olsson and Westlund, 2007), necessitating 

individual identification, and because females make up a large proportion (approximately 70%) 

of the inbred mice sold by Charles River Laboratories (personal communication). 

 

Upon arrival, mice were randomly divided up into either single-strain or mixed-strain pairs. The 

day after arrival, all mice were given carprofen in their water supply, and the next day, once 

analgised (Cannon et al., 2011), one mouse in each single-strain cage was ear-notched. 

Carprofen was continued for a day afterwards. Due to a few malocclusion cases, the final 

experimental setup comprised: 9 DBA/2 pairs, 8 C57BL/6 pairs, and 11 mixed strain pairs (total 

n=56). Mice were all housed in conventional polysulfone plastic óshoeboxô cages (12H cm X 27L 

cm X 16W cm; Allentown, Inc.) on shelves in a room kept at 21±1°C and 48% relative humidity 

and was on a 12-hour reverse light schedule (lights out at 10 am). The cages were arranged 

systematically along the shelves in a rotating pattern between the three different cage setups, 

so that all cage types were evenly represented on each of three shelves. The cages were 

furnished with corncob bedding, Enviro-dri© nesting material, a UDEL polysulfone plastic mouse 

house shelter and ad libitum food and water. The cages were completely cleaned once a week. 
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Preliminary Behavioural Data Collection 

After six weeks of differential housing, preliminary home cage observations and behavioural 

tests were conducted for two weeks in order to ensure behavioural compatibility between 

cagemates, and also to validate and finalize all testing protocols. During this time, it was 

determined that some mice were more active in the early part of the day and others during the 

later part, shaping our final test schedule (see below). Behavioural observers (MW & CF) were 

trained, and their independently-collected data were then compared for intra- and inter-observer 

reliability for all behavioural observations (correlation p-value always <0.05 for all variables by 

the end of training). For home cage data, 16 hours of observation over two days were also 

ascertained to be sufficient to produce reliable, consistent results. No aggression was observed 

between cagemates, and so they were left in their current pairs for an additional seven weeks 

before the final data collection phase. Data were collected in the order below, and no data were 

ever collected on a cage-cleaning day. 

 

Home Cage Time Budgets During the Active Phase 

Home cage observations were conducted in two four-hour blocks per day (12 pmï4 pm; 5 pmï9 

pm) during the dark period, for two days. On Day 1, MW observed mice in the early block and 

CF observed them in the late block, this being reversed on Day 2. The silent observer recorded 

them every 12 minutes during the block, using a mixture of focal and scan sampling (Martin and 

Bateson, 1994), and following a previously determined, well-validated, ethogram (see Tilly et al., 

2010 for details; Appendix A). For analysis, behaviour types were pooled into three categories: 

normal activity (e.g. locomotion, grooming, eating/drinking), inactivity (e.g. standing still, 

sleeping), and stereotypic behaviour (e.g. repetitive route tracing, patterned climbing, involving 

elements repeated three or more times). Behaviours that did not fall within these categories, 

such as borderline stereotypies (i.e. only two repetitions of a behavioural pattern), were scored 

as óambiguousô. These behavioural variables were selected to allow comparison with published 

strain typical values (e.g. Cabib and Bonaventura, 1997; Nevison et al., 1999) and for their use 

in assessing mouse welfare (Mason and Latham, 2004). 

 

Behavioural tests. For all tests, any test that required more than one trial was conducted at an 

early time one day (12 pm), and a later time on the next day (5 pm), so that all subjects would 

be assessed during one of their active times (see Preliminary behavioural data collection). 

Behavioural tests began after 13 weeks of differential housing and continued for three weeks, 
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with no more than one test/trial being performed per day. Each test was selected to allow 

comparison with published strain typical values (e.g. Pothion et al., 2004) and for their potential 

value in mouse welfare assessment (e.g. Dellu et al., 1996). 

 

Sucrose Consumption Test 

Lower levels of sucrose consumption indicate increased anhedonia (e.g. Willner et al., 1992). 

This is usually assessed via ingestion of sucrose solution, but the use of solid sucrose is a 

validated alternative (Brennan et al., 2001). To collect individual data on sucrose consumption, 

mice were placed individually for 30 minutes in wire mesh compartments (0.64cm X 0.64cm 

mesh) that fitted inside their home cage, and contained a sugar lump, along with a normal food 

pellet (as an experimental control for feeding motivation). Cagemates were tested 

simultaneously as these compartments were designed to separate the mice physically while still 

allowing them visual and olfactory contact with each other. This was conducted for five 

consecutive days pre-test, to habituate mice so that stress and hyponeophagia responses 

would be minimized. Two test trials were then conducted, one on each of two consecutive days. 

The sugar lump was weighed before and after each of these tests, and an average taken to 

quantify sugar consumption per mouse. Mice were weighed at the end of the second trial so that 

body weight could be added to the statistical model as a blocking factor for the analysis. Finally, 

after the procedure above, to check that the mesh compartments did not affect sucrose 

consumption, two pre-weighed sugar cubes were placed in the home cage for 30 minutes, on 

two consecutive days, with both mice thus allowed equal access (cf. e.g. Walker and Mason, 

2011). These consumption values were regressed against the average values for both 

cagemates in the trials with the mesh compartments. Sugar consumption correlated strongly 

between the two types of test (R2=0.43, F1,22=14.09, p=0.001), thus validating our new 

technique. 

 

Novel Object Test 

Long latencies to make contact with a novel object are typically interpreted as reflecting higher 

levels of anxiety or neophobia (e.g. Ennaceur et al., 2005). To assess this, we used a previously 

determined protocol (Walker and Mason, 2011), involving exposing mice to a novel object in 

their home cage by inserting it through the cage lid. Two trials were conducted, one at 12 pm 

(using a standard wooden popsicle stick) and one the following day at 5 pm (using a white 

plastic fork). After an object had been used once, it was discarded, each cage always being 

tested with a new item, so that no odour cues were left on the object between cages. The 
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maximum allowed duration was five minutes; any mouse making no contact at all was given the 

maximum score (300 seconds). 

 

Startle Response Test 

Large responses to sudden auditory tones reflect more anxious phenotypes (Adamec et al., 

2006). Acoustic startle responses were assessed using four Kinder Scientific startle boxes and 

Startle Monitor software for analysis. The four startle boxes were calibrated prior to use using 

the protocol provided by the manufacturer. In batches of four, mice were each placed 

individually in one box such that they could move around but could not rear up, and were 

allowed to habituate to the box for 6 minutes (50dB white background noise). At the 6-minute 

mark, a loud (115 dB for 40ms) auditory tone was played in all four boxes simultaneously. The 

force generated by each mouse on the floor immediately prior to the tone was recorded (to 

account for the body weight of the mouse), as was the force generated by the mouse over the 

duration of the tone. The startle response was calculated as the peak force minus the initial 

force. 

 

Baseline Levels of Faecal Corticosterone Metabolites 

Faeces were collected from each mouse during the startle response test and then during a half 

hour period of isolation three days later. Rodents tend to defecate in response to stressors 

(Sanger et al., 2000), and because corticosterone metabolites gradually accumulate in the 

faeces after a delay of several hours (reviewed by Palme, 2012), this method is a good way to 

collect samples that reflect baseline levels of circulating corticosterone. The two samples were 

pooled per mouse and then frozen at 220uC until processed as follows: each sample was 

homogenized and an aliquot of 0.05 g was shaken with 1 ml of 80% methanol; after 

centrifugation, an aliquot of the supernatant was diluted (1:20) with assay buffer and frozen at -

20°C until analysis. A 5a-pregnane-3b,11b,21-triol-20-one enzyme immunoassay, which has 

proven well suited to assess corticosterone metabolites in mouse faeces, was used for analysis 

(for details see Touma et al., 2003; for validation for mice, see Touma et al., 2004). Nine mice 

did not produce enough faeces for a complete assay, so were not counted in the analysis. 

 

Body Condition 

Mice were weighed immediately prior to euthanasia so that we could use body weight as a 

dependent variable, and also include it as a blocking factor in the model for spleen weight. All 

mice were euthanized three weeks following the end of behavioural testing, and a gross 



 12 

examination of body condition was done, specifically looking for bite marks/wounds and 

evidence of barbering (an abnormal behaviour where a mouse will pluck the whiskers or body 

hair from itself or a cage mate (Garner et al., 2004). 

 

Post Mortem Measures 

Euthanasia was conducted by cervical dislocation after 19 weeks of differential housing, and 

was performed by a trained technician. Food was removed simultaneously from all cages in the 

morning, prior to killing any mice, so that ótime since food removalô could be included as a 

covariate as it was logistically difficult to remove food at a consistent time prior to killing each 

cage. Immediately following death, a blood sample was taken via cardiac puncture. A small 

sample of blood was used to determine blood glucose, using a Contour® blood glucose meter; 

the rest of the sample was put into a heparinized tube (~50 mL). After this, the mouse was 

dissected and the spleen was removed and weighed. Spleen mass is likely to reflect immune 

status in mammals (larger spleens suggest higher immune-competence; Roitt et al., 1998), and 

also possibly inherently differs between C57BL/6 and DBA/2 mice (Kelley et al., 1996). 

Heparinized blood samples were sent to the University of Guelph Animal Health Laboratory for 

a Complete Blood Count analysis. Ten samples were lost due to clotting prior to analysis (six 

óósingleôô DBA/2; two óómixedôô DBA/2; two óósingleôô C57BL/6). 

 

Statistical Analysis 

All analyses were conducted in JMP® 10. General linear models (GLMs) were used to test all 

hypotheses (except where otherwise indicated), and to run the behavioural consistency checks 

mentioned in the Methods. Originally, ear notching (Y/N) was included in all models, but this 

was never a significant effect (p always > 0.10) and so was removed. The GLM used for each 

dependent variable was similar: 

 

ώ ὅὥὫὩὛὸὶὥὭὲȟὅὥὫὩ ὝώὴὩ ὛὸὶὥὭὲὅὥὫὩ ὝώὴὩὛὸὶὥὭὲὅzὥὫὩ ὝώὴὩ 

 

Cage is a blocking factor in order to avoid pseudoreplication because mice housed in the same 

cage are non-independent (see (Hurlbert, 1984; Lazic, 2010), and was set as a random effect 

(Newman et al., 1997). Strain and Cage Type are both nested within Cage (Cage Type being 

either single or mixed strain). In certain cases, additional terms were added to reflect other 

variables considered necessary as controls in specific analyses (e.g. body weight in the sucrose 

consumption analysis). Type 3 sums of squares were used except when there was a continuous 
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variable in the model (causing non-orthogonality), in which case Type 1 sums of squares were 

used, with each term of interest being placed last in the model in turn (Grafen and Hails, 2002a). 

Data were transformed where necessary to fit the parametric assumptions of 

GLMs. If mixed strain housing alters phenotypes, Cage Type would have significant effects; and 

if mixed strain housing altered the magnitude of strain differences (a more important concern), 

Cage Type*Strain would be significant. Although a total of 69 p-values were generated during 

hypothesis testing, we did not control for multiple testing; this was to increase our ability to 

detect any effects of mixing strains, although it potentially made us vulnerable to Type 1 errors 

(see Discussion). 

 

To investigate the impact of mixed strain housing on the variability of measures, we ran three 

additional tests on the standard errors of the dependent variables. Twenty three standard error 

values for each housing type were used in a GLM to test for differences between Cage Types, 

blocking by strain; and also to assess their co-variance. Since the slope of relationship between 

the two sets of values did not vary with Strain (see Results), both strains were pooled to enable 

a linear regression in which we tested the null hypothesis that the slope of the line was 1. 

 

Results 

 

Home Cage Time Budgets 

 

Prior to hypothesis testing, behavioural consistency between days was ensured through a split-

half analysis (Grafen and Hails, 2002).  Consistency proved to be very high for all behavioural 

categories (inactivity: F1,52=33.12, p<0.001; normal activity: F1,52=21.59, p>0.001; stereotypic 

behaviour: F1,52 = 44.57, p<0.001). Because ambiguous behaviours were rare (<5% of 

observations), they were not included in any analyses.  

 

The two strains differed in time budgets, with DBA/2s being more stereotypic, and thence less 

inactive as well as spending less time in normal activity (Table 1). However, the magnitude and 

direction of strain differences were unaffected by mixed strain housing: Cage Type*Strain never 

approached significance (Table 2). The one possible main effect of Cage Type on both strains 

was a trend for mice in mixed-strain cages to be less stereotypic than their same-strain peers in 

single strain cages (Table 3). Aggressive interactions were never observed (and nor did the 

animal care technician ever report any behavioural issues over the duration of the experiment). 
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Table 1: Descriptive and test statistics for behavioural, morphological, and physiological data for 
each Strain (C57BL/6 or DBA/2).  
Variable Strain  Mean (95% CI) Strain main effect 

statistics 
p 

Inactivity (% of scans) C57BL/6 17.7 (12.2-24.8) F1,37=28.35 <0.001 

 DBA/2 4.2 (2.8-6.2)   

Normal Activity (% of scans) C57BL/6 73.4 (68.5-77.8) F1,39=8.15 0.007 

 DBA/2 63.3 (57.7-68.5)   

Stereotypy (% of scans) C57BL/6 4.9 (3.2-8.9) F1,40=43.37 <0.001 

 DBA/2 27.8 (20.0-37.2)   

Novel Object (s) C57BL/6 42.7 (30.4-59.8) F1,42=19.55 <0.001 

 DBA/2 15.1 (11.0-21.0)   

Sucrose Consumption (g) C57BL/6 0.083 (0.064-0.11) F1,39=1.61 0.213 

 DBA/2 0.067 (0.052-0.085)   

Startle Response (N) C57BL/6 0.144 (0.078-0.16) F1,47=12.00 0.001 

 DBA/2 0.044 (0.031-0.064)   

Body Weight (g) C57BL/6 21.9 (21.40-22.5) F1,42=0.033 0.857 

 DBA/2 22.0 (21.5-22.5)   

Spleen Weight (g) C57BL/6 0.081 (0.078-0.085) F1,29=1.81 0.190 

 DBA/2 0.083 (0.080-0.086)   

Blood Glucose (mmol/L) C57BL/6 8.5 (7.7-9.4) F1,37=3.70 0.062 

 DBA/2 7.5 (6.7-8.3)   

FCM* (ng/0.05g of faeces) C57BL/6 53.7 (43.4-66.5) F1,30=11.50 0.002 

 DBA/2 85.9 (71.4-103.3)   

*Faecal Corticosterone Metabolites 

 

Behavioural Tests 

Again, marked strain differences were evident, at least in the two tests related to fear and 

anxiety (novel object test and startle response test); DBA/2 mice had shorter latencies to touch 

the novel objects and were less reactive in the startle response test (Table 1). However, mixed 

strain housing had no influence on results (Table 2). Anhedonia was unaffected by Strain, Cage 

Type, or its interaction. This result was consistent whether or not óbody weightô was included in 

the model (not in practice a predictor of sugar consumption [F1,50=0.026, p=0.873]), so we kept it 

in the model as it best tests the hypothesis, taking potential biological confounds into account. 

 

Physiological, Haematological, and Morphological Variables 

Strain affected hematocrit, haemoglobin, and mean corpuscular volume (Table 4), and levels of 

faecal corticosterone metabolites (FCM; Table 1); strain also showed a trend to affect blood 

glucose (Table 1). However, like the behavioural measures, these Strain effects did not interact 

with Cage Type (Tables 2 & 5). Cage Type had one significant main effect; red blood cell 

distribution width was significantly higher in single-strain pairs (Table 6). Cage Type showed 

weak trends to affect basophil counts, single-strain mice having lower levels, and to affect body 

weight, with mice in single strain pairs being slightly heavier (Table 3); however there were no 
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interactions between these measures and Strain. The blood glucose result was unchanged by 

the inclusion of ótime since food removalô (a significant influence on glucose [F1,35=6.98, 

p=0.012]), and spleen weight was unchanged by the inclusion of óbody weightô (a significant 

predictor of spleen weight [F1,34=48.84, p<0.001]), so we left them in the model to best test our 

hypotheses by taking biological confounds into account. No evidence of bite marks, wounds, or 

barbering was found post mortem. 

 
Table 2: Descriptive and test statistics for behavioural, morphological, and physiological data for 
each Strain (C57BL/6 or DBA/2), split by Cage Type (single strain or mixed strain). 

Variable Strain & 
Cage Type 

Mean (95% CI) Strain*Cage 
Type interaction 
statistics 

p 

Inactivity (% of scans) C57BL/6 Mixed 20.2 (11.9-32.2) F1,37=1.37 0.250 

 C57BL/6 Single 15.3 (9.0-24.9)   

 DBA/2 Mixed 3.5 (1.9-6.4)   

 DBA/2 Single 5.0 (2.9-8.5)   

Normal Activity (% of 
scans) 

C57BL/6 Mixed 75.4 (67.9-81.6) F1,39=0.15 0.703 

 C57BL/6 Single 71.3 (64.5-77.3)   

 DBA/2 Mixed 67.1 (58.5-74.6)   

 DBA/2 Single 59.3 (52.0-66.2)   

Stereotypy (% of scans) C57BL/6 Mixed 3.1 (1.6-5.9) F1,40=1.25 0.270 

 C57BL/6 Single 7.6 (4.3-12.9)   

 DBA/2 Mixed 25.3 (14.8-39.7)   

 DBA/2 Single 30.4 (20.0-43.4)   

Novel Object (s) C57BL/6 Mixed 41.3 (24.9-68.6) F1,42=0.0002 0.988 

 C57BL/6 Single 44.0 (27.9-69.2)   

 DBA/2 Mixed 14.7 (8.9-24.4)   

 DBA/2 Single 15.5 (10.1-23.9)   

Sucrose Consumption (g) C57BL/6 Mixed 0.09 (0.06-0.13) F1,40=0.054 0.809 

 C57BL/6 Single 0.08 (0.05-0.11)   

 DBA/2 Mixed 0.08 (0.05-0.11)   

 DBA/2 Single 0.06 (0.04-0.08)   

Startle Response (N) C57BL/6 Mixed 0.12 (0.07-0.21) F1,47=0.071 0.791 

 C57BL/6 Single 0.11 (0.07-0.18)   

 DBA/2 Mixed 0.05 (0.03-0.09)   

 DBA/2 Single 0.04 (0.03-0.06)   

Body Weight (g) C57BL/6 Mixed 21.5 (20.6-22.3) F1,42=0.82 0.370 

 C57BL/6 Single 22.4 (21.7-23.1)   

 DBA/2 Mixed 21.9 (21.0-22.7)   

 DBA/2 Single 22.2 (21.5-22.8)   

Spleen Weight (g) C57BL/6 Mixed 0.082 (0.077-0.088) F1,42=2.11 0.154 

 C57BL/6 Single 0.080 (0.076-0.085)   

 DBA/2 Mixed 0.081 (0.076-0.086)   

 DBA/2 Single 0.085 (0.081-0.090)   

Blood Glucose (mmol/L) C57BL/6 Mixed 8.6 (7.4-9.7) F1,37=0.092 0.763 

 C57BL/6 Single 8.5 (7.4-9.7)   

 DBA/2 Mixed 7.7 (6.5-8.8)   

 DBA/2 Single 7.3 (6.2-8.4)   

FCM* (ng/0.05g of faeces) C57BL/6 Mixed 48.6 (35.0-67.4) F1,30=0.99 0.328 

 C57BL/6 Single 59.3 (44.9-78.3)   

 DBA/2 Mixed 89.2 (67.9-117.2)   

 DBA/2 Single 82.6 (64.2-106.4)   

*Faecal Corticosterone Metabolites 
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Table 3: Descriptive and test statistics for behavioural, morphological, and physiological data for 
each Cage Type (single strain or mixed strain).   
Variable Cage 

Type 
Mean (95% CI) Cage Type main 

effect statistics 
p 

Inactivity (% of scans) Mixed 8.7 (5.8-13.0) F1,37=0.003 0.959 

 Single 8.8 (6.0-12.8)   

Normal Activity (% of scans) Mixed 71.4 (65.8-76.5) F1,39=2.74 0.106 

 Single 65.5 (60.5-70.4)   

Stereotypy (% of scans) Mixed 10.5 (6.1-14.3) F1,40=3.83 0.057 

 Single 15.9 (11.2-22.2)   

Novel Object (s) Mixed 24.7 (17.3-35.3) F1,42=0.062 0.805 

 Single 26.2 (19.1-35.7)   

Sucrose Consumption (g) Mixed 0.084 (0.064-0.11) F1,39=1.75 0.193 

 Single 0.066 (0.052-0.084)   

Startle Response (N) Mixed 0.077 (0.053-0.11) F1,32=0.38 0.541 

 Single 0.066 (0.047-0.092)   

Body Weight (g) Mixed 21.7 (21.0-22.2) F1,42=2.86 0.098 

 Single 22.3 (21.8-22.8)   

Spleen Weight (g) Mixed 0.082 (0.078-0.085) F1,42=0.25 0.617 

 Single 0.083 (0.080-0.086)   

Blood Glucose (mmol/L) Mixed 8.1 (7.3-8.9) F1,37=0.11 0.738 

 Single 7.9 (7.1-8.7)   

FCM* (ng/0.05g of faeces) Mixed 65.9 (53.3-81.5) F1,30=0.20 0.662 

 Single 70.0 (58.0-84.5)   

*Faecal Corticosterone Metabolites 

 
Table 4: Descriptive and test statistics for haematological data for each Strain (C57BL/6 or 
DBA/2).   
Variable Strain  Mean (95% CI) Strain main 

effect statistics 
p 

White Blood Cell Count (x109/L) C57BL/6 2.5 (1.2-3.3) F1,30=0.77 0.387 

 DBA/2 2.1 (1.6-2.81)   

Red Blood Cell Count (x1012/L) C57BL/6 9.5 (9.2-9.8) F1,34=0.017 0.899 

 DBA/2 9.5 (9.2-9.8)   

Haemoglobin (g/L) C57BL/6 139.6 (135.9-143.4) F1,34=6.94 0.013 

 DBA/2 132.4 (128.3-136.5)   

Hematocrit (L/L) C57BL/6 0.47 (0.43-0.49) F1,35=5.23 0.031 

 DBA/2 0.44 (0.42-0.46)   

Mean Corpuscular Volume (fL) C57BL/6 49.6 (49.1-50.1) F1,33=76.70 <0.001 

 DBA/2 46.6 (46.0-47.1)   

MCHC* (g/L) C57BL/6 297.8 (293.4-302.1) F1,30=0.67 0.420 

 DBA/2 300.3 (295.6-305.0)   

RDW§ (%) C57BL/6 12.7 (12.5-12.9) F1,34=180.3 <0.001 

 DBA/2 14.4 (14.2-14.5)   

Mean Platelet Volume (fL) C57BL/6 14.4 (11.2-17.7) F1,33=1.38 0.249 

 DBA/2 17.2 (13.7-20.8)   

Absolute Neutrophils (x109/L) C57BL/6 0.29 (0.22-0.39) F1,31=0.003 0.959 

 DBA/2 0.28 (0.21-0.39)   

Absolute Lymphocytes (x109/L) C57BL/6 1.9 (1.4-2.6) F1,29=0.51 0.482 

 DBA/2 1.6 (1.1-2.2)   

Absolute Eosinophils (x109/L) C57BL/6 0.038 (0.029-0.049) F1,31=10.32 0.003 

 DBA/2 0.068 (0.052-0.089)   

Absolute Monocytes(x109/L) C57BL/6 0.069 (0.026-0.11) F1,27=0.002 0.969 

 DBA/2 0.087 (0.041-0.13)   

Absolute Basophils (x109/L) C57BL/6 0.034 (0.024-0.047) F1,27=1.28 0.246 

 DBA/2 0.025 (0.018-0.036)   

* Mean Corpuscular Haemoglobin Concentration 
§ Red Blood Cell Distribution Width 



 17 

 

Effects of Mixed Strain Housing on Variance 

There were no significant differences in the variablesô standard errors between the two Cage 

Types (F1,88=0.11, p=0.738). The standard errors co-varied closely between the two Cage Types 

(F1,42=641.6, p<0.001) and were not affected by Strain (F1,42=0.40, p=0.53). Furthermore, the 

linear regression of one Cage Type against the other (Fig. 1) revealed that the slope of the 

relationship did not differ from one (F1,21=2.88, p=0.104). 

 

Figure 1: Relationship of the standard errors of 23 dependent variables between single- and 
mixed-strain housing. Each point represents the standard errors of one dependent variable 
labeled as follows: 1) Novel Object 2) Sucrose Consumption 3) Body Weight 4) Startle 
Response 5) Inactivity 6) Normal Activity 7) Stereotypy 8) Blood Glucose 9) Spleen Weight 10) 
Red Blood Cell Count 11) Haemoglobin 12) Hematocrit 13) Faecal Corticosterone Metabolites 
14) Red Blood Cell Distribution Width 15) Mean Platelet Volume 16) Absolute Neutrophils 17) 
Absolute Lymphocytes 18) Absolute Monocytes 19) Absolute Eosinophils 20) Absolute 
Basophils 21) White Blood Cell Count 22) Mean Corpuscular Volume 23) Mean Corpuscular 
Haemoglobin Concentration. Data shown here have been log transformed (as analyzed) to best 
show the linear relationship. 
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Table 5: Descriptive and test statistics for haematological data for each Strain (C57BL/6 or 
DBA/2) split by Cage Type (single strain or mixed strain). 
Variable Strain & 

Cage Type 
Mean (95% CI) Strain*Cage 

Type 
interaction 
statistics 

p 

White Blood Cell Count (x109/L) C57BL/6 Mixed 2.9 (2.0-4.2) F1,30=1.26 0.271 

 C57BL/6 Single 2.1 (1.4-3.2)   

 DBA/2 Mixed 2.0 (1.3-3.0)   

 DBA/2 Single 2.2 (1.4-3.4)   

Red Blood Cell Count (x1012/L) C57BL/6 Mixed 9.6 (9.1-10.0) F1,34=0.38 0.542 

 C57BL/6 Single 9.4 (9.0-9.8)   

 DBA/2 Mixed 9.7 (9.2-10.2)   

 DBA/2 Single 9.3 (8.9-9.7)   

Haemoglobin (g/L) C57BL/6 Mixed 140.6 (135.1-146.2) F1,33=0.39 0.539 

 C57BL/6 Single 138.6 (133.5-143.8)   

 DBA/2 Mixed 135.1 (129.0-141.2)   

 DBA/2 Single 129.7 (124.1-135.5)   

Hematocrit (L/L) C57BL/6 Mixed 0.47 (0.44-0.50) F1,35=0.823 0.371 

 C57BL/6 Single 0.47 (0.45-0.49)   

 DBA/2 Mixed 0.45 (0.43-0.48)   

 DBA/2 Single 0.43 (0.41-0.45)   

Mean Corpuscular Volume (fL) C57BL/6 Mixed 49.0 (48.3-49.7) F1,33=2.83 0.102 

 C57BL/6 Single 50.2 (49.5-50.8)   

 DBA/2 Mixed 46.6 (45.8-47.4)   

 DBA/2 Single 46.6 (45.9-47.3)   

MCHC* (g/L) C57BL/6 Mixed 299.9 (293.7-306.4) F1,30=1.31 0.262 

 C57BL/6 Single 295.6 (289.6-301.6)   

 DBA/2 Mixed 298.9 (291.8-306.0)   

 DBA/2 Single 301.7 (295.3-308.2)   

RDW§ (%) C57BL/6 Mixed 12.6 (12.4-12.9) F1,34=2.01 0.166 

 C57BL/6 Single 12.8 (12.6-13.0)   

 DBA/2 Mixed 14.1 (13.8-14.4)   

 DBA/2 Single 14.6 (14.4-14.9)   

Mean Platelet Volume (fL) C57BL/6 Mixed 14.7 (10.0-19.4) F1,33=0.16 0.688 

 C57BL/6 Single 14.2 (9.6-18.7)   

 DBA/2 Mixed 16.5 (11.3-21.8)   

 DBA/2 Single 17.9 (13.0-22.8)   

Absolute Neutrophils (x109/L) C57BL/6 Mixed 0.27 (0.18-0.41) F1,31=0.091 0.765 

 C57BL/6 Single 0.31 (0.21-0.46)   

 DBA/2 Mixed 0.28 (0.18-0.46)   

 DBA/2 Single 0.29 (0.18-0.44)   

Absolute Lymphocytes (x109/L) C57BL/6 Mixed 2.29 (1.51-3.48) F1,29=1.38 0.250 

 C57BL/6 Single 1.54 (0.99-2.38)   

 DBA/2 Mixed 1.52 (0.96-2.41)   

 DBA/2 Single 1.70 (1.06-2.72)   

Absolute Eosinophils (x109/L) C57BL/6 Mixed 0.037 (0.026-0.053) F1,31=0.0004 0.984 

 C57BL/6 Single 0.039 (0.027-0.056)   

 DBA/2 Mixed 0.065 (0.045-0.095)   

 DBA/2 Single 0.070 (0.048-0.103)   

Absolute Monocytes (x109/L) C57BL/6 Mixed 0.059 (0.00-0.119) F1,27=0.008 0.929 

 C57BL/6 Single 0.079 (0.017-0.141)   

 DBA/2 Mixed 0.086 (0.023-0.150)   

 DBA/2 Single 0.087 (0.021-0.153)   

Absolute Basophils (x109/L) C57BL/6 Mixed 0.049 (0.030-0.079) F1,28=1.40 0.246 

 C57BL/6 Single 0.023 (0.014-0.038)   

 DBA/2 Mixed 0.028 (0.017-0.045)   

 DBA/2 Single 0.023 (0.014-0.040)   

* Mean Corpuscular Haemoglobin Concentration 
§ Red Blood Cell Distribution Width 
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Table 6: Descriptive and test statistics for haematological data for each Cage Type (single 
strain or mixed strain).  
Variable Cage 

Type  
Mean (95% CI) Cage Type 

main effect 
statistics 

p 

White Blood Cell Count (x109/L) Mixed 2.4 (1.8-3.2) F1,30=0.30 0.587 

 Single 2.2 (1.6-2.9)   

Red Blood Cell Count (x1012/L) Mixed 9.7 (9.3-10.0) F1,34=2.18 0.149 

 Single 9.3 (9.0-9.6)   

Haemoglobin (g/L) Mixed 137.9 (133.7-142.0) F1,34=1.81 0.187 

 Single 134.2 (130.4-138.0)   

Hematocrit (L/L) Mixed 0.46 (0.44-0.48) F1,35=0.98 0.328 

 Single 0.45 (0.43-0.47)   

Mean Corpuscular Volume (fL) Mixed 47.8 (47.2-48.3) F1,33=2.85 0.101 

 Single 48.4 (47.9-48.8)   

MCHC* (g/L) Mixed 299.4 (294.6-304.2) F1,30=0.054 0.818 

 Single 298.7 (294.3-303.1)   

RDW§ (%) Mixed 13.4 (13.2-13.5) F1,34=8.77 0.006 

 Single 13.7 (13.6-13.9)   

Mean Platelet Volume (fL) Mixed 15.6 (12.1-19.1) F1,33=0.031 0.862 

 Single 16.0 (12.7-19.4)   

Absolute Neutrophils (x109/L) Mixed 0.28 (0.20-0.38) F1,31=0.11 0.743 

 Single 0.30 (0.22-0.40)   

Absolute Lymphocytes (x109/L) Mixed 1.9 (1.4-2.6) F1,29=0.44 0.513 

 Single 1.6 (1.2-2.2)   

Absolute Eosinophils (x109/L) Mixed 0.049 (0.038-0.064) F1,31=0.14 0.708 

 Single 0.052 (0.040-0.068)   

Absolute Monocytes(x109/L) Mixed 0.073 (0.029-0.12) F1,27=0.39 0.536 

 Single 0.083 (0.038-0.13)   

Absolute Basophils (x109/L) Mixed 0.037 (0.026-0.052) F1,27=3.80 0.061 

 Single 0.023 (0.016-0.033)   

* Mean Corpuscular Haemoglobin Concentration 
§ Red Blood Cell Distribution Width 

 

Discussion 

 

Several indicators were used to determine the impact of mixed-strain housing on mouse 

welfare, namely stereotypic behaviours and barbering, anhedonia and anxiety/fear under test, 

faecal corticosterone metabolites (FCM), and body condition (including weight). In no case was 

any variable significantly affected by mixed strain housing. Two trend effects suggested mixed 

strain mice to be less stereotypic but have smaller body weights than their single strain peers 

(although because we did not correct for multiple comparisons these may be Type 1 errors, and 

so these results need replicating). Notably, there was a complete lack of aggressive 

interactions, barbering, and wounds indicating good behavioural compatibility between all 

cagemates, regardless of whether housed with a like strain. Thus overall, being in mixed strain 

C57BL/6 - DBA/2 pairs did not compromise the welfare of our subjects. 
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Our second concern was that mixed strain housing might affect normal strain effects on 

phenotype: thus expected differences between DBA/2 and C57BL/6 mice could be altered in 

magnitude or even direction by mixed strain housing. There was no evidence of this. 

Consequently looking first at the indicators that were used to evaluate welfare, stereotypic 

behaviours (e.g. route tracing) were performed more frequently by DBA/2 mice than C57BL/6 

mice, as expected from previous studies (Nevison et al., 1999). DBA/2 mice were also bolder in 

the novel object tests and less reactive in the startle response tests, indicating lower levels of 

ótraitô anxiety (cf. óstateô anxiety; Goes et al., 2009; Griebel et al., 1993), consistent with known 

strain differences in startle responses (Singer et al., 2009) as well as with data from open field 

tests measuring the same trait (Podhorna and Brown, 2002; Trullas and Skolnick, 1993). Again 

this strain difference was similarly expressed in single- and mixed-strain pairs, as was a strain 

difference in FCM: DBA/2 mice had higher baseline FCM levels than C57BL/6s, regardless of 

housing type, a result consistent with known strain differences in endocrine response to 

stressors such as restraint (Harizi et al., 2007; Jones et al., 1998). Body weights in contrast did 

not differ between strains, regardless of how housed: this lack of strain effect was, again, an 

expected finding (Orwoll et al., 2001). Finally, no effect of strain or its interaction with cage type 

was found on anhedonia either. Other studies had found significant strain differences between 

C57BL/6 and DBA/2 mice (e.g. Pothion et al., 2004), but only in animals subjected to 

unpredictable chronic mild stress; in our housing conditions the lack of strain difference in this 

variable was therefore again an expected finding. 

 

A further 17 other variables were quantified including: blood glucose, spleen weight, home cage 

activity and inactivity levels, and numerous haematological measures. Once again, no 

Strain*Cage Type interactions were found: any strain differences detected were thus as 

expected, and all were stable across mixed- and single-strain housing. One such effect was a 

strong trend for C57BL/6 mice to have higher blood glucose (regardless of Cage Type): a strain 

difference consistent with published literature (Berglund et al., 2008). C57BL/6 mice also had 

higher haemoglobin and hematocrit levels, and higher mean corpuscular volume, but lower 

levels of eosinophils than DBA/2 mice, again regardless of Cage Type, and all as consistent 

with the strain differences reported in The Jackson Laboratoryôs mouse phenome database 

(The Jackson Laboratory, 2007). One surprising finding was that spleen weight did not differ 

between these two strains (cf. Kelley et al., 1996), although the direction of non-significant effect 

was in the predicted direction (with DBA/2s having higher values). This could reflect low power, 

or instead that the previous findings from males (Kelley et al., 1996) do not apply to females. A 
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second surprise was the emergence of one main effect of cage type: mice housed in single 

strain pairs had significantly higher red blood cell distribution widths (RDW) compared to peers 

in mixed strain cages. RDW, a measure of the variation in red blood cell size, was found to be a 

significant predictor of all-cause mortality in a long-term study on humans (Perlstein et al., 

2009). Like our stereotypy finding, this suggests that mixed-strain housing may have some 

benefits, although likewise it should be treated with caution until replicated (as a potential Type 

1 error). Overall, the fact that there were no Strain*Cage Type interactions for any of the 23 

variables measured, and that many well-established strain differences were maintained in our 

mixed strain pairs, indicates that the mixed-strain housing used here has no readily detectable 

effects on mouse phenotype. 

 

Our third research question was whether this form of mixed-strain housing would adversely 

affect inter-individual variation, so potentially increasing the numbers of subjects needed to 

detect significant effects. We found no evidence that mixed-strain housing increases data 

variability: for all variables, the standard errors of data from mixed-strain-housed mice proved 

extremely similar to those from same-strain-housed animals. If data variance had been 

increased by mixed-strain housing, then using this paradigm would mean more animals would 

be needed in order to obtain the same degree of statistical power as single-strain housing: not 

cost-effective and a clear violation of the 3Rs (Russell and Burch, 1959). However, that this was 

not the case suggests that researchers can utilize mixed C57BL/6 and DBA/2 females without 

increased variability compromising the statistical power of their experiments. 

 

One other finding was of note. We found that ear notching did not affect any variable measured. 

This suggests there are no long-term consequences of ear notching, at least when applied with 

concurrent analgesia (although without analgesia this method still causes acute pain and thus 

constitutes a welfare issue; Dahlborn et al., 2013; Kasanen et al., 2011; Williams et al., 2008). 

 

Of course, that our experiment failed to find any adverse effects of mixed-strain housing does 

not mean that none are possible. It is possible that effects were very subtle (only detectable with 

larger sample sizes) or that other traits, ones we did not measure, were altered by our mixed 

strain paradigm. It is also possible that welfare would have been compromised, strain-typical 

phenotypes altered, or data rendered more variable, had the experiment gone on longer, or 

started at an earlier age (perhaps via cross-fostering dependent pups, cf. Priebe et al., 2005) or 

had we used male subjects (cf. Curley et al., 2010). Finally, it is likely that not all mouse strains 
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would cohabit in such a problem-free way (especially strains with large differences in body 

weight and/or temperament (see Guillot et al., 1994 for strain typical differences in male 

aggression). For example, in a similar experiment (Curley et al., 2010), mixing C57BL/6 with 

129S mice did cause significant changes in the 129S animalsô home-cage social and feeding 

behaviour, and anxiety-like responses in open field tests (with anxiety-like behaviours in 

C57BL/6 mice also potentially modified by the mixed-strain housing too, in a manner determined 

by a subjectôs weaning weight). Thus, it would be rash to generalize from our results to all 

strains/sexes/ages/etc., and more research is now needed on a range of other strains and 

housing/rearing conditions, as well as on male mice. 

 

Mixed-strain housing may not be appropriate for all research programs, and we do not advocate 

that it is adopted without further study by researchers interested in other models or variables 

beyond those used here. It is obviously unusable for all research involving single-housed 

animals (e.g. aggressive males). It is useless, like other simple marking schemes (e.g. tail 

marking; shaving; simple ear-notching), to anyone who needs colony level unique IDs (c.f. cage 

level unique IDs); and like these methods requires extra care that animalsô cage identities are 

always known. Gastrointestinal microflora typically differ between strains (Toivanen et al., 2001; 

Vaahtovuo et al., 2003), and cross-contamination would be possible in mixed-strain cages - a 

potential confound in certain areas of research (e.g. immunology; gastroenterology). Mixed 

strain housing may also affect, but perhaps even render more normal, the social behaviour of 

mice: inbred mice have trouble distinguishing their own scent marks from those of genetically 

identical cagemates (Nevison et al., 2000), and so mixed-strain housing may facilitate more 

natural social behaviour and less aggression. This requires investigating, partly for its positive 

welfare implications, but also because it may alter results of tests reliant on social interactions. 

As a final caution, due to the conspicuousness of individual mice when subjects are housed like 

this, data collectors may need to be blind to the hypothesis (rather than the treatment, which 

may now be challenging), to ensure blinding. 

 

Nevertheless, as a proof of principle and a first step in validating a refinement in laboratory 

mouse husbandry, this study shows that co-housing mouse strains with different coat colours 

can potentially be practical and safe. Specifically, researchers using female C57BL/6 and DBA/2 

mice can house them together from weaning into young adulthood and still expect to replicate 

strain-typical results without compromising welfare. For mice housed in pairs, this practice then 

obviates the need for other marking techniques, with all their potential drawbacks (see 
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Introduction), and subjectively we also found that distinguishing individuals in our mixed strain 

cages was far easier than relying on ear notches, as we had to for conventionally housed 

subjects. Therefore, in a world where group-housing mice is generally both good for welfare 

(reviewed by Gonder and Laber, 2007), and sensible economically, where still we need 

individual-level data, and where external validity is improved by using multiple strains (Richter et 

al., 2009), mixed-strain housing, at least for C57BL/6 and DBA/2 females, represents a new, 

ethically preferable, and practically and scientifically valuable way to identify individuals. There 

is now value in exploring other combinations of differentially-pigmented strains, especially those 

that are similar in aggression (see Guillot et al., 1994 for example) and body weight, so most 

likely to cohabit with negligible impact. 
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Chapter 3 

 

Mixed-strain housing for female C57BL/6, DBA/2, and BALB/c mice: 

validating a split-plot design that promotes refinement and reduction 
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Abstract 

Inefficient experimental designs are common in animal-based biomedical research, wasting 

resources and potentially leading to unreplicable results. Here we illustrate the intrinsic 

statistical power of split-plot designs, wherein three or more sub-units (e.g. individual subjects) 

differing in a variable of interest (e.g. genotype) share an experimental unit (e.g. a cage or litter) 

to which a treatment is applied (e.g. a drug, diet, or cage manipulation). We also empirically 

validate one example of such a design, mixing different mouse strains ï C57BL/6, DBA/2, and 

BALB/c ï within cages varying in degree of enrichment. As well as boosting statistical power, no 

other manipulations are needed for individual identification if co-housed strains are differentially 

pigmented, so also sparing mice from stressful marking procedures. The validation involved 

housing 240 females from weaning to 5 months of age in single- or mixed-strain trios, in cages 

allocated to enriched or standard treatments. Mice were screened for a range of 26 commonly-

measured behavioural, physiological and haematological variables. Living in mixed-strain trios 

did not compromise mouse welfare (assessed via corticosterone metabolite output, stereotypic 

behaviour, signs of aggression, and other variables). It also did not alter the direction or 

magnitude of any strain- or enrichment-typical difference across the 26 measured variables, or 

increase variance in the data: indeed variance was significantly decreased by mixed- strain 

housing. Furthermore, using Monte Carlo simulations to quantify the statistical power benefits of 

this approach over a conventional design demonstrated that for our effect sizes, the split- plot 

design would require significantly fewer mice (under half in most cases) to achieve a power of 

80 %. Mixed-strain housing allows several strains to be tested at once, and potentially refines 

traditional marking practices for research mice. Furthermore, it dramatically illustrates the 

enhanced statistical power of split-plot designs, allowing many fewer animals to be used. More 

powerful designs can also increase the chances of replicable findings, and increase the ability of 

small-scale studies to yield significant results. Using mixed-strain housing for female C57BL/6, 

DBA/2 and BALB/c mice is therefore an effective, efficient way to promote both refinement and 

the reduction of animal-use in research. 

 

Introduction 

 

The 3Rs of refinement, reduction and replacement (Russell and Burch, 1959) are widely 

recommended guidelines for laboratory animal research, which biologists worldwide have to 

comply with for ethical review purposes (e.g. European Union, 2010; National Research Council 

of the National Academies, 2011). Refinements, methods that minimize animal distress, are 
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developed and applied to reduce welfare costs to individual animals (e.g. Hurst and West, 

2010). Reductions in animal numbers can be achieved by using replacement technologies (e.g. 

Marx et al., 2012), or, instead, by using more efficient experimental designs (e.g. Kilkenny et al., 

2009). Despite this fact, a recent survey found that over 33% of animal-based studies use 

inefficient experimental designs (Kilkenny et al., 2009). Split-plot designs exemplify how 

statistical power and efficiency could be increased, so potentially permitting the use of fewer 

subjects (Altman and Krzywinski, 2015; Festing, 2015). Here, individual subjects (ósub-unitsô) 

differing in a variable of interest (e.g. in genotype, health status, or individual-level treatment) 

share an experimental unit (e.g. a cage, mother or litter) to which a treatment is applied (e.g. a 

drug, diet, or environmental enrichment). How such designs increase the inherent statistical 

power gained from a given number of animals is detailed below. Such designs are as yet little 

used in biomedical research, despite their benefits. 

 

We chose to empirically investigate the potential value of split-plot designs by housing mice of 

varied genotypes (strains) together within enriched or non-enriched cages. Using multiple 

mouse strains is useful for increasing a studyôs external validity: how well results generalize to 

other environmental contexts, populations or species (Lehner, 1996). High external validity is 

essential for efficient, useful research, especially given the translational nature of many rodent 

studies. Working with multiple strains is one way to achieve this (Wurbel, 2000), because strains 

show well-documented differences in numerous behavioural and physiological phenotypes (e.g. 

(Harizi et al., 2007; Nevison et al., 1999; Singer et al., 2009): variation ideal for testing the 

robustness and generalizability of phenomena under study (Richter et al., 2011). Using different 

strains may also reveal valuable insights into how any treatment effects interact with genotype 

(e.g. Tucci et al., 2006). Conventionally, researchers using multiple strains to reap these 

benefits would house them all in single-strain cages, like genotypes with like (e.g. Ibarguen-

Vargas et al., 2008). The different strains would then be either tested sequentially in separate 

studies, or better, studied in parallel in a factorial design. 

 

Mixed-strain housing, in contrast, in which individuals from different strains are instead caged 

together, yields all the advantages of testing multiple strains, but in a more statistically efficient 

way (as long as three or more strains are used). In a mixed-strain housing design, the physical 

cage is a óplotô that is ósplitô by including mice from different genotypes (sub-plots) within it (the 

same way one field [plot] could be ósplitô by planting different crops within it [sub-plots]; Bowley, 

2008). Why this spilt-plot design is more statistically powerful can be summarized as follows. 
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One factor affecting an experimentôs power ï its ability to detect effects ï is the number of 

replicates per treatment group. Due to the lack of independence between mice in a cage, the 

cage is the independent unit of replication; and if several strains are to be studied, when only 

one strain is housed per cage (the conventional design), the total number of cages (replicates) 

must be divided between these strains. In contrast, if these strains are mixed within each cage, 

then each cage provides replication for every strain. This is what yields the split-plot designôs 

greater statistical power. 

 

A simple way to more formally compare the inherent relative power of these two types of design, 

all else being equal, is to compare the size of the critical F-value needed to reject the null 

hypothesis, as shown in Fig. 1 (with lower critical values obviously representing greater power, 

because they mean that smaller effects can yield statistical significance). As can be seen in the 

figure, the mixed-strain design has greater power (lower critical values for F), especially when 

relatively few cages are used, and particularly for strain and strain*treatment interaction effects. 

More specifically, the differences between the two competing designs arise from the degrees of 

freedom associated with the mean square used to form each F-ratioôs denominator. The single-

strain case is a full factorial design (Festing, 2015), where the denominator mean square is the 

same for all F-ratios: the mean square for cages nested in treatment and strain. Thus when two 

treatments and three strains are used in a conventional design (as in our case), the 

denominator degrees of freedom is the total number of cages (c) minus six (see Appendix B for 

details). The mixed-strain, split-plot design, in contrast, uses two denominator mean squares: 

one for testing the treatment effect (sometimes called the ówhole- plot errorô), one for testing the 

effects of strain and the strain by treatment interaction (sometimes called the ósub-plot errorô) 

(Festing, 2015). For testing treatment effects, the mean square for the cages nested in 

treatment term is used as the denominator, and its degrees of freedom would be the number of 

cages minus two. For testing the effect of strain or the strain by treatment interaction, the 

appropriate denominator is the sub-plot error with degrees of freedom equal to two times the 

number of cages minus four (see Appendix B for details). Therefore, all else being equal, the 

advantage of the split-plot design is that the power to detect effects of the subplot (in this case 

strain) and its interaction with the whole- plot (e.g. enrichment) is greatly increased (particularly 

at smaller sample sizes). The power to detect whole plot effects is also slightly increased (see 

Fig. 1; see also Appendix B: Figures S3 & S4). 
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Figure 1: Shown are the critical values of F needed to reject the null hypothesis at the Ŭ=0.05 

level for two hypothetical experiments testing the effects of a treatment vs. a control on three 

strains of mice. Smaller values for the critical F imply greater statistical power. The graphs start 

at 12 cages, as this is the fewest number of cages that can be used in a balanced, single-strain 

design with at least two replicates. A) Illustrates strain and strain*treatment effects and B) 

illustrates treatment effects (e.g. enrichment). 

 

Because this type of split-plot design (illustrated here by co-housing strains) is more statistically 

powerful, it can benefit researchers in two ways. First, for any given sample size and effect size, 

this design makes it more likely that researchersô results will be statistically significant (because 

smaller F-ratios are needed and so smaller effects can be detected: see Appendix B, Figure 

S3). This can therefore be an excellent way to make the most of small-scale pilot studies, for 

example. Second, researchers can instead choose to use fewer animals, while retaining the 

same chance of achieving significance for any given effect size (see Appendix B: Figure S4). 

This then allows the principle of reduction to be met (as may be especially advisable when 

treatments or genotypes have adverse effects on animal welfare): our main interest here. 
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Furthermore, as well as these statistical benefits, if mixed-strain housing involves mice differing 

in visual appearance (e.g. coat colour; see Appendix B: Figure S1), this can confer additional 

advantages. Individual identification is important for providing a link between each subject and 

the data they generate. However, all common techniques used for this (e.g. ear notching) 

negatively impact animal welfare, even if only by causing brief pain (Dahlborn et al., 2013; 

Walker et al., 2013), and some methods can even lead to confounds in some behavioural 

research (e.g. Burn et al., 2008). Housing differentially pigmented mice together within cages 

avoids these problems by allowing them to be easily identified without further manipulation 

(Walker et al., 2013). This also facilitates ease of identification in the home cage (Walker et al., 

2013), potentially making cage-side checks faster and more reliable. 

 

Mixed-strain housing thus potentially has many advantages over traditional, single-strain 

housing. Previously (Walker et al., 2013), we performed a successful óproof-of-principleô using 

two inbred strains of mice housed together in conventional cages: C57BL/6 (black) and DBA/2 

(brown). Here, we expand upon this by including a third strain, BALB/c (white), as well as an 

enriched housing condition as a treatment: a common manipulation used in neuroscience and 

welfare studies. We investigated whether mixed-strain housing modifies the strain-typical 

phenotypes of the mice, and/or interacts with the effects of enrichment, since this would be 

problematic. We also assessed whether mixed-strain housing increases the variance in data 

obtained from the subjects, since this would potentially compromise any statistical power gained 

through the use of the split-plot design. In addition, we evaluated mouse well-being, to check 

that co-housing strains created no new welfare concerns. To do this, we housed the three 

strains in either mixed- or single-strain trios, evenly split across standard or enriched cages (see 

Appendix B: Figure S2). Two hundred forty female mice were housed in same-strain (60 cages; 

20 of each strain) or mixed-strain (20 cages) trios, half of which were enriched, from 3ï5 weeks 

of age until approximately 5 months of age. A total of 26 behavioural, physiological, 

morphological, and haematological variables were measured, chosen to comprehensively 

assess strain-typical phenotypes, enrichment effects and also animal welfare. 

 

Methods 

 

Ethical review 

The University of Guelph Animal Care Committee, under the auspices of the CCAC, approved 

the work. The Animal Use Protocol Number was 12R021/1398. 
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Animals and housing 

Two hundred forty unrelated female mice were purchased from Charles River at three to five 

weeks of age. Building upon our previous work co-housing C57BL/6 and DBA/2 females 

(Walker et al., 2013), we used 80 mice from each of three strains, C57BL/6NCrl, DBA/2NCrl, 

and BALB/cAnNCrl. We chose these for their coat colours and because they are all widely used, 

comparable in body weight (The Jackson Laboratory, 2006), and similarly sociable (Moy et al., 

2007). We used females because they are commonly group housed (Olsson and Westlund, 

2007), necessitating individual identification, and because females make up a large proportion 

(approximately 70 %) of the inbred mice sold by Charles River Labs (Walker et al., 2013). 

 

Upon arrival, mice were randomly divided into either same-strain (n = 60 total, 20 of each strain) 

or mixed-strain (n=20) trios. Mixed-strain trios consisted of one mouse of each strain. Mice were 

also split between two housing treatments: standard and enriched. Standard housing (SH) 

consisted of óshoeboxô cages (12H Ĭ 27L Ĭ 16Wcm; Allentown Inc.) furnished with: corncob 

bedding, Shepherd Enviro-dri© nesting material, a standard size paper coffee cup, and ad lib. 

food and water (Harlan® Teklad Global Diet [14 % protein]). Enriched housing (EH) consisted of 

typical rat cages (21H × 47L × 25Wcm) furnished with all the same items as standard housing 

plus two running wheels (one stainless steel mesh 5ò upright wheel, Ware Manufacturing Inc.; 

one plastic mouse igloo & ófast-tracô wheel combo; Bio ServÈ), a black polyvinyl chloride tunnel 

(10 cm long, 4 cm diameter), a small paper cup, a Nestlet, tissues, a cloth hammock (a roughly 

12x12cm piece of a sock attached to the cage lid via cable ties), and a steel mesh elevated 

platform (5H × 40L × 4Wcm long) to access the water. The cages were arranged on shelves in 

a randomized complete block design (i.e. each block had 8 cages in a random order: 1 cage of 

each strain and 1 mixed-strain cage, times two for standard and enriched housing), and were 

completely cleaned once a week. The room was kept at 21°C and 48% relative humidity and 

was on a 12-h reverse light schedule (lights out at 10 am). Three days after arrival every mouse 

was given an injection of Carprofen (5 mg/kg) and 30 min later (Cannon et al., 2011), two mice 

per trio were ear notched (one left ear, one right ear), while the third mouse underwent a sham 

notching procedure. Mixed-strain mice were also notched to ensure ear notching was not 

confounded with Cage Type treatment. Only two mice were notched per group for welfare 

reasons and in previous work we found no effect of ear notching (Walker et al., 2013). For all 

procedures listed below, mice were handled using either a tunnel if EH or paper cup if SH, from 

their home cage, in order to minimize the effect of handling (Hurst and West, 2010). Due to a 
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few instances of malocclusion, severe barbering, and accidental death, our final sample size 

was 216 mice arranged in the following groups: 8 SH and 9 EH C57BL/6 trios; 9 SH and 9 EH 

DBA/2 trios; 10 SH and 10 EH BALB/c trios; 9 SH and 8 EH mixed-strain trios. 

 

Home cage time budgets during the active (dark) phase 

Home cage observations began when the mice were approximately 3 months old and were 

conducted in two four-hour blocks per day (12 pm-4 pm; 5 pm-9 pm) during the dark period for 

12 days over a two-week period (no observations were done on cage cleaning days). The silent 

observer recorded behaviours once per hour using a mixture of focal (used only for determining 

whether a behaviour was stereotypic or not) and scan sampling (Martin and Bateson, 1994), 

and following a previously determined, well-validated ethogram (Tilly et al., 2010). For analysis, 

behaviours were pooled into three categories: normal activity (e.g. locomotion, grooming, 

eating/drinking), inactivity (e.g. standing still, sleeping), and stereotypic behaviour (e.g. route 

tracing, patterned climbing). Wheel running behaviour was included in the normal activity 

category. All these behavioural variables were selected to allow comparison with published 

strain-typical values (Nevison et al., 1999) and for their use in assessing mouse welfare (Mason 

and Latham, 2004). 

 

Novel object test 

Long latencies to make contact with a novel object are typically interpreted as reflecting higher 

levels of anxiety or neophobia (Ennaceur et al., 2005). To assess this, we modified a previously 

determined protocol (Walker et al., 2013; Walker and Mason, 2011). Mice were placed 

individually into a novel arena and allowed to habituate for one minute. Next, a novel object (a 

plastic golf ball) was placed into the centre of the arena and the latency of each mouse to make 

contact with their nose or paw was recorded. This procedure was performed in triplicate; all 

mice from one cage were tested at the same time, each in a different arena, and watched by a 

different observer. Arenas were counterbalanced by observer so that each observer was not 

always scoring mice in the same arena nor scoring the same strain repeatedly in the mixed-

strain cages. Objects and arenas were cleaned between every trial to remove any odour cues. 

The maximum allowed duration was 5 min; any mouse making no contact was given the 

maximum score (300s). The test was run over two days, and there was no effect of day on the 

outcome (F1,70=0.10, p=0.75). 
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Startle response test 

Large responses to sudden auditory tones reflect more anxious phenotypes (Adamec et al., 

2006). Acoustic startle responses were assessed using three Kinder Scientific startle boxes 

(with Startle Monitor software for analysis; Walker et al., 2013). One cage of mice was tested at 

a time, with each mouse placed individually into a separate startle apparatus so that they could 

move around but not rear up. The mice were allowed to habituate for six minutes (50 dB white 

background noise), and then were played a sharp auditory tone (115 dB for 40 ms). The force 

on the floor generated by each mouse immediately prior to the tone was recorded (to account 

for body weight), as was the force generated by the mouse over the duration of the tone. The 

startle response was calculated as the maximum force minus the initial force. This test was 

conducted over three days, again with no effect of day on the outcome (F2,69=0.52, p=0.60). 

 

Forced swim test 

This test exploits the fact that rodents in an inescapable situation eventually adopt a 

characteristic immobile posture, which is amplified by stressors, alleviated by antidepressants, 

and so interpreted as depression-like behaviour (Matthews et al., 2005; Porsolt et al., 1977). All 

procedures were similar to those commonly reported in the literature (Arai et al., 2000; Petit-

Demouliere et al., 2005). The testing room and water temperature ranges were chosen in order 

to limit the risk of mice developing hypothermia under testing. Tests were conducted from 10:30 

am to 7:00 pm over four consecutive days. Cages were brought one at a time to a testing room 

adjacent to the colony room (white light on, ambient temperature maintained at 29 °C). Mice 

were allowed to habituate to the testing room in their home cage for 5 min and then were placed 

individually in three side-by-side transparent glass cylinders (height 23 cm, diameter 19 cm), 

visually separated by opaque screens and filled with 18 cm of water (water temperature: 

25.38°C ± 0.29). Mice were individually videotaped for 6 consecutive minutes (2 min of 

habituation and 4 min of testing; Porsolt et al., 1977). They were then placed back in their home 

cage, allowed to recover and dry fully for 20 min and brought to the colony room. Cylinders were 

cleaned, rinsed with water, and filled again with clean water between each test. Treatments 

were counter-balanced between days of testing, hour of testing and the three cylinder locations. 

Two observers (one experimenter [CF] and one assistant blind to the treatments and 

hypothesis) scored each mouseôs latency to immobility and total duration of immobility out of the 

4 min of test. A mouse was judged to be immobile when it remained floating for at least 2 

seconds with at least 3 legs totally motionless (Porsolt et al., 1977). Inter-observer reliability was 

assessed using a correlation, and was good for both measures (Latency: F1,208=1110.2, 



 33 

p<0.0001; Duration: F1,154=1145.0, p<0.0001); data were therefore averaged between observers 

for each animal for further analysis. 

 

Baseline faecal corticosterone metabolite assessment 

Again, we followed an established protocol for faecal collection and analysis (Walker et al. 

2013). Faeces were collected from each mouse during the startle response test and during the 

novel object test. The two samples were pooled and then frozen at ī20 ÁC until processed. The 

assay has been validated for mice (Touma et al., 2004), and all details regarding the procedure 

have been published (Touma et al., 2003). Eleven mice did not produce enough faeces for a 

complete assay, so were excluded from the analysis. 

 

Body weight 

Mice were weighed immediately upon arrival and again just prior to death. We used these 

values to calculate the growth of the mice over the duration of the experiment (final weight 

minus initial weight), correcting for initial body weight. Body weight at death was also used as a 

covariate in the model for spleen weight (Walker et al., 2013). 

 

Post mortem measures 

Mice were killed via cervical dislocation at approximately 5 months of age by a trained 

technician. Similar to previous work (Walker et al., 2013), a blood sample was taken via cardiac 

puncture immediately after death. A small portion of this sample was used to determine blood 

glucose, using a Contour® blood glucose meter; the rest of the sample was stored in a 

heparinized tube. After this, the mouse was dissected and the spleen was removed and 

weighed. Spleen mass is likely to reflect immune status in mammals (larger spleens suggest 

better immune function; Roitt et al., 1998), and also likely differs between our three strains of 

mice (Kelley et al., 1996). Blood samples were sent to the University of Guelph Animal Health 

Laboratory for a Complete Blood Count Analysis. Unfortunately, up to 39 samples (depending 

on the variable) were lost due to the presence of clots in the sample and therefore could not be 

analyzed. 

 

Statistical analyses 

All analyses were conducted in JMP® 10. Mixed models were used to test all hypotheses and to 

run the behavioural consistency checks mentioned in the Methods. The model used for each 

dependent variable was similar: 
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ώ ὅὥὫὩὛὸὶὥὭὲȟὅὥὫὩ ὝώὴὩȟὉὲὶὭὧὬάὩὲὸ ὛὸὶὥὭὲὅὥὫὩ ὝώὴὩὉὲὶὭὧὬάὩὲὸὛὸὶὥὭὲᶻ

ὅὥὫὩ ὝώὴὩὛὸὶὥὭὲὉzὲὶὭὧὬάὩὲὸὅὥὫὩ ὝώὴὩzὉὲὶὭὧὬάὩὲὸὛὸὶὥὭὲὅzὥὫὩ ὝώὴὩz

ὉὲὶὭὧὬάὩὲὸ  

 

Strain has three levels, Enrichment has two levels (EH or SH), and Cage Type also has two 

levels (single- or mixed-strain). Cage was included as a factor in the model in order to avoid 

pseudoreplication because mice housed in the same cage are non-independent (Hurlbert, 1984; 

Lazic, 2010), and was set as a random effect (the only one in the model) so that inferences can 

be made that go beyond just the cages used in this experiment (Newman et al., 1997). Strain, 

Cage Type (single- or mixed-strain), and Enrichment (EH or SH) are nested within Cage. In a 

few cases, extra terms considered necessary as controls were added to the model (e.g. body 

weight in the spleen weight analysis; (Walker et al., 2013). Data were transformed using Box-

Cox transformations where necessary to meet the assumptions of mixed models. If mixed-strain 

housing alters the phenotypes of the mice, Cage Type would have significant effects; and if 

mixed-strain housing altered the magnitude of strain differences (arguably a more important 

concern), Cage Type*Strain would be significant. Similarly, if mixed-strain housing altered the 

effects of enrichment, Cage Type*Enrichment would be significant. For these specific analyses, 

26 models (one for each dependent variable; see Appendix B: Table S1) were run, generating 

182 p-values, all to test the hypothesis that mixed-strain housing affects mouse phenotype. 

Because multiple comparisons increase the risk of Type 1 errors, and because these were all 

from the same ófamilyô of analyses (each individual p-value representing a single test of one 

statistical hypothesis (Benjamini et al., 2001), we performed a correction for the false discovery 

rate: the step-down multiple hypothesis testing procedure (Benjamini and Liu, 1999). As a result 

of this procedure, the threshold for significance for this group of analyses was reduced from 

0.05 to 0.0003. Tukeyôs tests were then used to investigate any significant differences within 

categorical variables. 

 

To analyze the impact of mixed-strain housing on the variability of the measures, we ran two 

additional tests on the standard deviations (SD) of the dependent variables. Firstly, we ran a 

simple sign test to make pairwise comparisons for every dependent variable between single- 

and mixed-strain housed mice of each strain and housing treatment (156 comparisons). 

Secondly, we used the following mixed model to see if mixed-strain housing predicted a 
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difference in standard deviations and whether any differences were due to all or just some of the 

dependent variables: 

 

ὛὈ ὅὥὫὩ ὝώὴὩὠὥὶὭὥὦὰὩὛὸὶὥὭὲὉὲὶὭὧὬάὩὲὸὅὥὫὩ ὝώὴὩzὠὥὶὭὥὦὰὩὅὥὫὩ ὝώὴὩz

ὛὸὶὥὭὲὅὥὫὩ ὝώὴὩzὉὲὶὭὧὬάὩὲὸὉὲὶὭὧὬάὩὲὸzὠὥὶὭὥὦὰὩὉὲὶὭὧὬάὩὲὸzὛὸὶὥὭὲ

ὅὥὫὩ ὝώὴὩzὉὲὶὭὧὬάὩὲὸzὛὸὶὥὭὲ  

 

Here, a significant Cage Type effect would indicate that mixed-strain housing impacted the 

standard deviations of the dependent variables, and a significant Cage Type*Variable 

interaction would indicate that the standard deviations of some of the dependent variables are 

affected differently than others by mixed-strain housing. The other factors in the model are 

included as blocking factors. 

 

Power and relative efficiency simulations 

Because our effects were tested for using a mixed model, statistical power had to be estimated 

using a simulation approach (Mumby, 2002; SanchezMeca and MarinMartinez, 1997). We used 

a custom-written program for the statistical software R (R Core Team, 2014) with the ñnlmeò 

package (Pinheiro et al., 2014). The code is archived in the University of Guelph Research Data 

Repository: http://hdl.handle.net/10864/10939. For these analyses, single- and mixed-strain 

designs are being considered separately, and then compared to each other. We used the 

following procedure to estimate power for each combination of dependent variable and 

experiment. First, we analyzed data using a similar model as used in JMP above: 

 

ώ ὅὥὫὩὛὸὶὥὭὲȟὉὲὶὭὧὬάὩὲὸὛὸὶὥὭὲὉὲὶὭὧὬάὩὲὸὛὸὶὥὭὲὉzὲὶὭὧὬάὩὲὸ 

 

We extracted the following sample parameters: coefficients for each strain and housing type; 

coefficients for each strain-by-housing combination; standard deviation among cages; and 

standard deviation of residuals. These respectively represent main effects, interaction effects, 

between-cage error, and between-individual error. Second, we used these parameters to run 

Monte Carlo simulations: for each combination of dependent variable and experimental design, 

we randomly generated a series of simulated study samples drawn from a hypothetical 

population with average characteristics (coefficients and standard deviations) identical to those 

we observed empirically. 
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In these simulated samples, each animal's value for a dependent variable is the sum of its 

particular Strain, Enrichment, and Strain*Enrichment coefficients, and random coefficients for 

cage and individual (the latter two randomly generated from a normal distribution, centred at 

zero, with the appropriate empirically-observed standard deviation). Third, using the same 

statistical model as above to analyze each of 100,000 simulated study samples for each 

dependent variable in each experiment, we calculated power as the fraction of these that 

produced p-values less than or equal to alpha = 0.05. 

 

To compare post hoc power, we estimated power for the sample sizes used in our actual 

experiments. For those dependent variables that were not obtained from all subjects, we 

reduced the size of the simulated study populations accordingly. For each type of effect (Strain, 

Enrichment, Strain*Enrichment), we compared statistical power, estimated by Monte Carlo 

simulations, across all dependent variables using t-tests. For data from these simulations, we 

also made sure of the reliability of our estimates by testing for a correlation between power 

calculated from simulation rounds 1 through 50,000 and power calculated from rounds 50,001 

through 100,000. These simulations were consistent (F1,124=1995227, p<0.0001; r2=0.999), and 

not affected by type of effect ï Strain, Enrichment, and Strain*Enrichment ï (F5,124=0.67, 

p=0.64) or by Variable (F25,124=0.98, p=0.49). 

 

To test relative efficiency (the number of cages necessary to obtain equal power between the 

two designs), we again used Monte Carlo simulations, this time to compare the sample sizes 

required to obtain 80 % power between single- and mixed-strain designs. We only tested 

sample sizes that were runnable as a balanced model in the single-strain design (i.e. multiples 

of 6, with a minimum of 12). Even though the mixed-strain model could be balanced in multiples 

of 2, this would not lead to an even comparison between the two designs. For each combination 

of Cage Type (single or mixed), effect type (Strain, Enrichment, Strain*Enrichment), and 

dependent variable, we ran 100,000 simulations to estimate power at a variety of sample sizes, 

until we identified the lowest sample size yielding at least 80% power. Because this is a very 

computation-heavy, time-consuming process, we did not estimate the actual N required in cases 

where it was above a ceiling of 600 cages. We then calculated the median (and interquartile 

range) number of cages needed to achieve 80% power across all 26 dependent variables. 

MannïWhitney U tests (non-parametric) were used to compare single- and mixed- strain 

designs (Table 1). Any variable that required greater than 600 cages to achieve 80% power was 

given the maximum value of 600 for these analyses. Finally, we calculated partial eta squared 
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(ɖp2) values as a measure of effect size for every dependent variable, split by effect 

(Enrichment, Strain, Strain*Enrichment) and by single- or mixed-strain (Appendix B: Tables S2ï

S4; Lakens, 2013). 

 
Table 1: Relative efficiency of single- and mixed-strain designs for each type of effect. The 
numbers of cages are the median required amounts to achieve 80% power in the mixed- and 
single-strain designs.  Test statistics are based on a Mann Whitney test (n = 52). See Appendix 
B, Tables 2-4 for details. 

Effect Median number of 
cages in the single-

strain design 
(inter-quartile range) 

Median number of cages 
needed for equivalent power 

in the mixed-strain design 
(inter-quartile range) 

Test 
Statistics 

Enrichment 252 (96 - >600) 66 (30 - 456) Z=1.74; 
p=0.081 

Strain 30 (12 - 108) 12 (12 - 42) Z=2.18; 
p=0.029 

Strain*Enrichment 282 (96 - >600) 120 (54 - 258) Z=1.96; 
p=0.049 

 

Estimated power to detect significant Cage Type effects 

The aim of this analysis was to determine if we had sufficient power to detect any effects of 

Cage Type that might have existed. Because post hoc power tests are inherently circular 

(Hoenig and Heisey, 2001), we wanted to instead estimate the effect size we could have 

detected with 80% power. To be conservative, and to stay consistent with our correction for 

multiple testing, we set the threshold for significance at p=0.0003 for these simulations. To 

begin, we calculated the empirical standardized effect sizes (Cohenôs d, one for each dependent 

variable) observed in our experiment using least squared means and the standard deviations 

associated with these means (i.e. corrected for other factors in the model). Next, we used a 

binary search algorithm to calculate the effect size required to give us 80% power to detect 

Cage Type effects at an alpha of 0.0003. For each outcome variable, we selected the first effect 

size tested by the binary search for which estimated power (based on 25,000 simulations) was 

not significantly different from 80% in a binomial test using a conservative threshold of alpha = 

0.2 (in practice we obtained power estimates between 79.73-80.31%). 

 

Results 

 

Characterizing strain phenotypes 

Table 2 shows all significant and trend effects of mixed-strain housing on strain differences, 

enrichment effects, and their interactions. Note that multiple comparison corrections, designed 
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to reduce the Type I errors introduced by multiple testing (182 p-values were generated), 

reduced the significance threshold for the family of analyses to p=0.0003 (see Appendix B: 

Table S1 for all results for all 26 dependent variables). 

 

Enrichment had only a few significant main effects, while several strain differences were 

evident, all in expected directions. Importantly, no significant results involved Cage Type (single- 

or mixed-strain): there were thus no significant Cage Type effects, Cage Type*Strain 

interactions, or Cage Type*Enrichment interactions. The only possible Cage Type effects were 

trend main effects for two of the 26 variables (see Table 2); one trend for an interaction with 

strain for a third; and two weak trend interactions between Cage Type and the presence or 

absence of enrichment for two other variables. Overall, however, mixed-strain housing generally 

did not markedly or consistently alter animalsô phenotypes or affect the magnitudes of strain 

differences; and enrichment effects on all variables were also similar, regardless of whether or 

not mice were housed in mixed-strain trios. 

 

Behavioural compatibility and welfare 

That mixed-strain housing did not compromise welfare was suggested by the lack of significant 

Cage Type effects on variables related to stress and well-being: stereotypic behaviour, novel 

object exploration, startle responses, latencies to begin floating, or faecal corticosterone 

metabolites (see Table 2). There were just two non-significant trends, and in opposing directions 

with respect to their potential welfare implications: mixed-strain mice tended to show longer 

forced swim test durations of floating, but conversely, mixed-strain mice tended to grow faster. 

In addition, as reported above, enrichment had similarly beneficial effects in all mice, regardless 

of whether housed in mixed- or single-strain trios. Furthermore, over the four months of the 

experiment, only three cases of barbering were observed, all taking place in single-strain, 

C57BL/6 cages (two in non-enriched cages, one in enriched); neither technicians nor 

researchers witnessed any occurrences of severe aggression; and when examinations were 

performed after death, no evidence of wounds was found on any mouse. 

 

Power to detect possible Cage Type effects 

The fact that we did not find significant effects of Cage Type for any of our dependent variables 

raises the question: did we have the power to detect any differences that might have existed? 

Simple post hoc power analyses are inherently circular (Hoenig and Heisey, 2001), so as an 

alternative way of addressing the issue we ran simulations (for each dependent variable) based 
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on our empirical data that estimated how much larger the differences in means between single- 

and mixed-strain housing would have to have been for us to detect them at 80% power and 

using p=0.0003 as the threshold for significance. Our empirical effect sizes were ósmallô (Cohen, 

1988) for all 26 dependent variables (see Table 3). The estimated required effect sizes 

necessary for us to have been able to likely detect an effect are all ólargeô (see Table 3). 
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Table 2: Significant effects (after correction for multiple comparison) for all 26 dependent 
variables in C57BL/6 (C), BALB/c (B), and DBA/2(D) females.  All trend effects of Cage Type, 
i.e. whether housed in single- or mixed-strain trios, are shown in italics even though not 
significant after the correction.  For interactions, effect directions are based on Tukeyôs tests for 
each dependent*independent variable.  Denominator degrees of freedom vary as a result of the 
REML procedure and some sample loss.   
Dependent Variable Independent 

Variable 
F-value p-value Direction of Effect 

Normal Activity Enrichment  F1,110=27.5 0.0001 Higher if enriched  

Stereotypic Behaviour Enrichment F1,115=127.8 0.0001 Lower if enriched  

Growth Enrichment F1,143=14.8 0.0001 Higher if enriched  

Mean Corpuscular Volume Enrichment F1,137=20.7 0.0001 EH higher 

Normal Activity Strain F2,110=10.37 0.0001 C=B>D 

Stereotypic Behaviour Strain F2,115=9.04 0.0002 D=B>C 

Novel Object Latency Strain F2,161=84.0 0.0001 C>B>D 

Startle Response Strain F2,177=18.1 0.0001 B>C>D 

Forced Swim Test ï 
Duration of Floating 

Strain 
F2,159=144.6 

0.0001 B>C>D 

Forced Swim Test ï 
Latency to Begin Floating 

Strain 
F2,164=86.0 

0.0001 D>C=B 

Faecal Corticosterone 
Metabolites 

Strain 
F2,99=57.6 

0.0001 B>D>C 

Spleen Weight Strain F2,156=35.3 0.0001 B>C=D 

Growth Strain F2,143=21.5 0.0003 C>D>B 

Mean Corpuscular 
Haemoglobin/ Erythrocyte 

Strain 
F2,146=41.4 

0.0001 B>C>D 

Mean Corpuscular 
Haemoglobin 
Concentration 

Strain 
F2,150=20.7 

0.0001 B>D=C 

Mean Corpuscular Volume Strain F2,137=109.6 0.0001 C>B>D 

Mean Platelet Volume Strain F2,116=20.4 0.0001 B=D>C 

Absolute Neutrophil Count Strain F2,163=11.8 0.0001 C>B=D 

Platelet Count Strain F2,123=11.1 0.0001 C>D=B 

Red Blood Cell Distribution 
Width 

Strain 
F2,120=237.1 

0.0001 D>B>C 

Inactivity Strain*Enrichment 
F2,105=13.6 

0.0001 
Only D more inactive in 
EE 

Growth Cage Type F1,175=10.8 0.0012 Mixed higher 

Forced Swim Test ï 
Duration of Floating 

Cage Type 
F1,159=4.36 

0.039 Mixed higher 

Forced Swim Test ï 
Latency to Begin Floating 

Cage 
Type*Enrichment 

F1,164=4.91 
0.028 

Post hoc tests found no 
significant differences 
between any combination 

Absolute Neutrophil Count 
Cage 
Type*Enrichment 

F1,163=4.02 
0.047 As above 

Faecal Corticosterone 
Metabolites 

Cage Type*Strain 

F2,99=3.17 

0.047 

Post hoc tests found no 
difference within strains.  
Between strain 
differences are reduced 
in B and D in mixed-strain 
cages 
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Table 3: Estimated standardized effect sizes (Cohenôs d) that would be required to detect a 
significant Cage Type effect with 80% power (ɓ) and a significance threshold of p=0.0003 (Ŭ). 
Effect size calculations are based on the least squared means from the original models (i.e. they 
are based on transformed values that have been corrected for other factors in the model).  

Dependent Variable Empirical Effect Size 
(d) 

Estimated Required Effect Size 
(d) 

Normal Activity 0.09 1.24 

Inactivity 0.12 1.24 

Stereotypic Behaviour 0.27 1.22 

Novel Object Latency 0.14 1.04 

Startle Response 0.04 0.88 

Forced Swim Test ï Latency 
to Begin Floating 0.08 1.10 

Forced Swim Test- Duration of 
Floating 0.32 1.12 

Faecal Corticosterone 
Metabolites 0.20 0.97 

Blood Glucose 0.14 0.86 

Growth 0.54 2.41 

Spleen Weight 0.05 1.12 

White Blood Cell Count 0.29 1.21 

Red Blood Cell Count 0.23 1.17 

Haemoglobin 0.25 1.27 

Haematocrit 0.19 1.19 

Mean Corpuscular Volume 0.04 1.00 

Mean Corpuscular 
Haemoglobin 0.05 0.93 

Mean Corpuscular 
Haemoglobin Concentration 0.02 0.82 

Red Blood Cell Distribution 
Width 0.10 1.18 

Platelet Count 0.11 1.20 

Mean Platelet Volume 0.03 1.38 

Absolute Neutrophil Count 0.15 0.99 

Absolute Lymphocyte Count 0.26 1.17 

Absolute Monocyte Count 0.01 1.56 

Absolute Eosinophil Count 0.08 1.15 

Absolute Basophil Count 0.03 1.38 
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Data variation within mixed- vs. single-strain cages 

The standard deviations (SD) of the measured variables, were used to measure variation within 

our experiment. We performed two different analyses to investigate the effects of mixing strains 

on the SDs of measured variables. The first was a simple sign test (one comparison for each 

Strain(3)*Enrichment(2)*Variable(26) combination; 156 total), which revealed significantly more 

cases where the SD was lower in the mixed-strain design than the single-strain design 

(100/156; p=0.0006). As an aside, enrichment did not affect SD (80/156; p=0.81) in this sign 

test. The second analysis was a mixed model to investigate whether mixed-strain housing 

predicted differences in SD, and whether any differences were due to some or all of the 

dependent variables. Mixed-strain housing again predicted significantly lower SDs (F1,224=17.1, 

p<0.0001). This was consistent across all 26 dependent variables: there was no Cage 

Type*Variable interaction (F25,224=6.1, p=0.093). Once again, a subsidiary finding was no effect 

of enrichment on SD (F1,224=01.5, p=0.22), yet there was an Enrichment*Variable interaction 

(F25,224=2.42, p=0.0003). A Tukeyôs post hoc analysis shows that this result reflects enrichment 

reducing variation in stereotypic behaviour. 

 

Power and relative efficiency simulations 

We conducted two sets of tests to compare the statistical power to detect the Strain, Enrichment 

and Strain*Enrichment effects offered by single- vs. mixed-strain experimental designs. The first 

was a paired t-test to compare post hoc power, calculated for the actual sample sizes used and 

the standardized effect sizes (the difference between group means divided by the pooled 

standard deviation; Festing, 2014) observed in each experiment. This thus tested whether the 

various levels of observed power differed between our relatively small mixed-strain sample (17 

cages by the end of the study) and the larger same-strain sample (55 cages by the end of the 

study). Even though the split-plot design used under a third the number of cages of the full 

factorial design, the levels of power achieved were not significantly different for detecting 

Enrichment (t50=0.15, p=0.88; see Appendix B: Figure S5), Strain (t50=ī0.10, p=0.92; see 

Appendix B: Figure S6), or Strain*Enrichment effects (t50=0.89, p=0.38; Appendix B: Figure S7). 

 

Our second approach was to use Monte Carlo simulations to estimate relative efficiency, 

identifying the sample sizes required to obtain 80% power ï widely recommended as a 

desirably high level of power ï in each type of experiment. Recognizing that experimental 

design may have an impact on true effect sizes, we used separate (observed) effect sizes for 

each experimental design (single-strain/full factorial vs. mixed-strain/split- plot) when estimating 
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power at different sample sizes (Appendix B: Tables S2ïS4). This revealed that fewer cages 

were required to obtain 80% power in the mixed-strain, split-plot design (see Table 1). 

 

Discussion 

 

To validate mixed-strain housing for female laboratory mice as a potential way to reduce animal 

numbers without sacrificing research quality, first, we tested the hypothesis that it alters mouse 

phenotypes, recognizing that many researchers may be concerned that changing practice could 

alter well-established strain typical phenotypes and ï worse ï affect the magnitude or even 

direction of differences between strains. As in our previous study cohousing DBA/2 and 

C57BL/6 mice (Walker et al., 2013), results were reassuring: observed strain differences were 

harmonious with the literature, and their directions and magnitudes were unaffected by mixed-

strain housing. Thus, DBA/2 and BALB/c mice were consistently more stereotypic than C57BL/6 

mice (Nevison et al., 1999; Walker et al., 2013); BALB/c and C57BL/6 were consistently most 

anxious, in behavioural tests of anxiety, followed by DBA/2s (Ducottet and Belzung, 2005; 

Walker et al., 2013); DBA/2 mice showed consistently lower durations of immobility in the forced 

swim test than the other two strains (Ducottet and Belzung, 2005) (a variable for which there 

was a non-significant trend main effect of Cage Type, but not one that modified these strong 

strain effects); differences in growth were as expected (The Jackson Laboratory, 2006; the 

second variable for which there was a trend main effect of Cage Type, but again not one that 

modified these strong, expected strain effects); and our significant haematological results for 

corpuscular haemoglobin metrics, corpuscular volume, and platelet counts were largely 

consistent with the JAX Mouse Phenome Database, again regardless of Cage Type (The 

Jackson Laboratory, 2007). Faecal corticosterone metabolite outputs were also highest in 

BALB/c mice and lowest in C57BL/6, as previously reported (Harizi et al., 2007). This was the 

only one of our 26 variables for which there was even a hint of an interaction between Strain 

and Cage Type. However, this was again only a weak non-significant trend, and too subtle to 

alter the strong, highly significant, expected strain differences detected. For all other 25 

variables, there was not even a trend interaction between Strain and Cage Type. Strain 

similarities and differences were thus well conserved in the novel housing paradigm. This 

means that when these strains are mixed, their phenotypes are not altered (e.g. not 

homogenized within cages), so that researchers can still expect to find strain typical results. 

This in turn also means that the value of using diverse strains is preserved, so that external 

validity remains high. 
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The second aspect of our validation investigated whether effects of a widely-used treatment, 

environmental enrichment, would be modified by co-housing strains. Enriched housing had 

several benefits expected from previous studies: enriched mice grew faster and were less 

stereotypic (e.g. Gross et al., 2012). However, for 24 of our 26 variables, mixed-strain housing 

did not modify, i.e. interact with, the impact of environmental enrichment. For the two others 

(neutrophil count and latencies to float in the forced swim test), there were weak trend 

interactions between Enrichment and Cage Type but these were so subtle (post hoc tests found 

no differences), and also so isolated (i.e. not accompanied by effects in biologically related 

variables) that we suspect they are Type I errors. Overall, mixed-strain housing thus essentially 

had no impacts on the effectiveness of environmental enrichment. 

 

Our validationôs third component focused on variables related to welfare, to assess whether 

mixed-strain housing would compromise mouse well-being. As outlined above, for measures 

relating to physical health, stress, anxiety, or depression, there was no strong evidence that 

mixed-strain housing affected mouse welfare. The trend for mixed-strain mice to exhibit higher 

levels of depression-like behaviour under test is potentially worrying, but was arguably offset by 

the trend for improved growth, and also tenuous enough that replication is now needed to see 

whether it was a Type I error. Furthermore, there was no serious aggression or wounding, and 

minimal levels of barbering, suggesting good behavioural compatibility between all cagemates, 

regardless of whether housed in mixed- or single-strain trios. Facility technicians also reported 

that thanks to cagematesô different colouring, cage-side inspections for mixed-strain cages were 

easier, faster, and more reliable (even under red light). Consequently, overall, being in a mixed-

strain trio did not compromise welfare. 

 

The fourth part of our validation was assessing the effect sizes generated by mixed-strain 

housing in order to ensure that our study did not fail to find obvious effects due to low power. 

Our empirical effect sizes were small for all 26 dependent variables suggesting that mixed-strain 

housing has only a small effect on phenotype overall. Therefore, the non-significant Cage Type 

results of the current experiment are not likely to be Type II errors; if there was a large effect of 

mixed-strain housing we probably could have detected it. We come to this conclusion while 

recognizing that what is considered a ómeaningful differenceô is subjective and depends on 

various factors such as the biological significance of the measure or the accepted norms within 

a discipline (Cohen, 1988). 
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The final aspect of our validation involved assessing variation within measured variables, to 

determine if mixed-strain housing increased it. Any increased variation could reduce or negate 

the intrinsic statistical advantages of our design, and even indicate that more animals would be 

needed to detect significant effects: at odds with our aim of promoting reduction. Surprisingly, 

we found the opposite: mixed-strain housing lowered variation, an effect seemingly consistent 

across our diverse variables. Our first explanation was that in mixed-strain cages, each strain 

perhaps occupies a set social rank, making mice within the same strain more uniform than in 

the single-strain design. However, the lack of Cage Type effects on strain-typical phenotypes or 

variables relevant to welfare makes this unlikely, and so for now, the mechanism is unknown. 

Regardless, this effect meant that, in addition to the inherent power benefits of this experimental 

design, mixed-strain housing further increased power by reducing variance in diverse types of 

data (Grafen and Hails, 2002a). As a supplementary finding, just as others have found (Wolfer 

et al., 2004), enrichment here had no effect on variation in the data. 

 

We then quantified the degree of power gained through this combination of experimental design 

and reduced variation. Our first analyses showed that the power of our final 17 mixed-strain 

cages for assessing effects of Enrichment, Strain, and Strain*Enrichment interactions was not 

significantly different from the power for 55 single-strain cages. This broadly indicates that the 

same results can be obtained from many fewer cages, and so many fewer mice (in this case 

less than a third) when a mixed-strain, split-plot design is used. Our second analysis took this a 

step further, using simulations based on our own data to determine the median numbers of 

mixed- vs. single-strain cages needed to achieve comparable levels of high power (80%) for 

each dependent-independent variable combination. The number of mixed-strain cages needed 

was significantly lower for Strain and Strain*Enrichment effects, and tended to be lower for 

Enrichment effects. On average (using medians), to achieve this specified power, the split-plot 

design reduced the number of animals required by three quarters in analyses of Enrichment 

effects, and by more than half for detecting Strain and Strain*Enrichment effects. Note that both 

of these approaches reflect and rely on the effect sizes yielded in our particular study, and so 

their results should not be taken as precise guides for those planning new experiments 

(furthermore, for some variables, effect sizes were tiny and arguably biologically irrelevant, 

inflating the numbers required in those instances). However, they do demonstrate the potential 

of mixed- strain housing to dramatically reduce the numbers of animals used. 
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Such differences in required sample sizes have great ethical and economic implications. 

Furthermore, the intrinsic statistical benefits of this type of split-plot design are not unique to 

mixed-strain housing: they may apply to any case where animals of different characteristics 

(genotypes, phenotypes or treatment groups) live in a group to which experimental 

manipulations can be made (e.g. within a single cage or litter). Thus, whenever possible, this 

approach should be considered (after careful validation) due to its potential to reduce animal 

use. Around 58 million mice are used in experiments each year (Taylor et al., 2008). If using 

more efficient designs in this way reduced this value by just 10% (a very conservative estimate), 

the numbers of mice used each year would fall by ~6 million with no loss of research quality, 

and the cost of research would also fall. Increasing the inherent power of designs has other 

benefits too: it can increase the ability of small-scale studies (e.g. pilots) to generate significant 

results (the power benefits being most marked when sample sizes are small: see Fig. 1), and it 

can increase the chances of all studies generating more reliable, replicable results (Ioannidis, 

2005). 

 

We do, however, acknowledge some instances in which this approach would not be beneficial 

or appropriate. For example, the males of our strains, or females from other strains, may not mix 

as well as our subjects did (e.g. Curley et al., 2010). Males can be difficult to socially-house 

because they tend to be aggressive towards their cagemates. It is currently unknown how 

mixing strains would affect inter-male aggression and would likely depend upon the strains in 

question as they differ in baseline levels of aggression (Nevison et al.,1999). Mixing strains may 

also significantly influence other variables other than those we measured, such as strain-

specific gut microbiota (Vaahtovuo et al., 2003), which could cross-contaminate and so 

confound some research (e.g. gastroenterological studies). Researchers not interested in 

female C57BL/6, DBA/2, and BALB/c mice, or the 26 variables we screened, should therefore 

attempt to validate mixed-strain housing (or other types of split-plot designs) for themselves, 

focusing on their own phenotypes and variables of interest. Furthermore, the statistical 

advantages of this design rely on treating cage as the unit of replication, but in some rare 

instances Cage may not need to be included in the model if the variables studied are known to 

never be affected by social factors, the physical environment, or stress (as perhaps is the case 

when mice serve only as donors of certain tissues for subsequent in vitro work). The statistical 

advantages also rely on a change in the denominator degrees of freedom substantially affecting 

the threshold value of F: something only manifest when there are more than two sub-units, and 

having diminishing returns when sample sizes are large (see Fig. 1). Finally, co-housing mice of 
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different coat colours would not eliminate the need for marking in any project needing unique 

colony level identification for each individual. 

 

 Conclusions 

 

Using fewer laboratory animals is a clear aim of the 3Rs (Russell and Burch, 1959); it also 

saves researchers money. Our evidence shows that mixed-strain housing can be a case where 

a split-plot experimental design does just that, without compromising the quality of research. At 

least for female C57BL/6, DBA/2, and BALB/c mice, they can be studied and housed together, 

so increasing external validity of the experiment, without negative implications for welfare or 

data variability, and while still replicating typical strain and enrichment effects. The mixed-strain 

housing studied here was demonstrably much more powerful than housing mice conventionally, 

potentially able to reduce animal numbers by half or more. Using differentially pigmented 

subjects, as we did, further allowed researchers and technicians to easily identify individuals in 

the home cage, even under red light, so obviating the use of invasive marking techniques and 

meeting another of the 3Rs ï refinement. Although in some cases this practice may not be 

appropriate, in general mixing strains in this way, or co-housing individuals of other 

characteristics, has great potential for reducing animal numbers by allowing the use of 

intrinsically powerful split- plot experimental designs.  
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Chapter 4 
 
 
 
 

Validating the Perception of Increasing Electric Current as an 
Increasing Cost in Laboratory Mice: A Potential Tool for Assessing 

Motivation 
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Abstract 

 

Motivation is an important concept to animal welfare: allowing animals to perform motivated 

behaviours or interact with preferred resources is generally seen as good for welfare.  Thus, 

ethologists have typically assessed motivation by imposing a variable ócostô on access to a 

resource, and then measuring how the animalsô response rates change as the cost increases, 

or the breakpoint at which they stop paying the cost altogether.  The imposed costs have largely 

been one of two types: either an operant task where the number of responses required to 

access the resource is progressively increased, or variably weighted doors.  However, training 

animals on an operant task can be difficult and time consuming, whereas weighted doors can 

be subject to confounds due to body weight or physical strength.  Thus, we propose a new 

technique for imposing a cost that avoids these issues: electric current.  In this experiment, we 

used an enriched cage as the goal to motivate group-housed female mice to cross an electric 

grid at ever increasing currents.  In order to ensure that the protocol was humane, mice were 

provided with food, water, bedding, and nesting material in the starting cage as well as the 

enriched cage so that they were never required to expose themselves to the electric current.  

We confirmed that the animals perceive increasing electric current as an increasing cost, and 

therefore that this is a useful tool for measuring motivation in laboratory mice.  Thus, as the 

current increased: 1) mice were less likely to cross at all; 2) if they crossed, they had a longer 

latency to do so; 3) they crossed fewer times; 4) and their visit durations correspondingly 

increased.  Furthermore, these measures shared some consistency and the breakpoint result 

differentiated between strains as predicted by known differences in nociception.  Finally, the 

technique was sensitive to stable individual differences (e.g. latencies to cross at one current 

thus predicted those to cross at the next).  We end by discussing a few outstanding issues with 

the experimental design and how to improve it in the future.   

 

Introduction 

 

Historically, motivational states were thought of as intervening variables between stimuli and 

behaviour, consequently simplifying causal explanations of behaviour (Miller, 1959).  Today, 

motivation is still used as a central concept in the study of animal behaviour because it helps 

explain why animals perform certain behaviours and not others at any given time, and also 

explains the intensity with which they perform behaviour (Hinde and Stevenson-Hinde, 1973; 

McFarland, 1982).  One of the main ways motivation is assessed is by titrating motivation 
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against a cost.  Hence, researchers impose a cost on access to a resource that is gradually 

increased over time and then score either changes in the animalsô response rates or the 

óbreakpointsô at which the animals no longer pay the cost.  For example, ovariectomized female 

rats given injections of estradiol benzoate will cross an electrified grid more frequently to reach a 

male rat over the subsequent 5 days than those given a saline injection, indicating that the 

hormone increases the femalesô motivations to reach a sexual partner (McDonald and 

Meyerson, 1973).  Similarly, the breakpoint, in terms of number of lever presses for a food 

reward, is substantially higher for rats that are food deprived for 24 hours compared with non-

deprived rats, providing evidence that the ratsô motivations to eat increase with deprivation 

(Thorpe et al., 2005).  One of the more recent adaptations of this method is in its use assessing 

how various factors related to drug addiction alter how hard addicted animals will work for 

access to drugs (e.g. Orio et al., 2010; Puhl et al., 2013).    

 

On the other hand, applied ethologists study motivation because it is important for animal 

welfare: allowing animals to perform motivated behaviours or interact with positive motivationally 

salient resources is typically seen as good for well-being (Fraser and Nicol, 2011; Hughes and 

Duncan, 1988; Mason and Veasey, 2010).  Building on the idea of titrating motivation against a 

cost, applied ethologists have imposed standardized costs (and incremental increases) on 

different resources to see which the animals are most motivated to access, thus indicating 

which resources are most valued (reviewed Kirkden and Pajor, 2006).  The costs applied 

ethologists typically use fall into two main categories: operant tasks and aversive barriers.  In 

the operant paradigm, animals are trained to perform a response (such as lever or key pressing) 

in order to gain access to a resource.  The researchers then progressively increase the number 

of responses needed to gain access until the animal stops responding.  Thus, the breakpoint or 

maximum price paid (the highest number of responses an individual makes to gain a bout of 

access) is commonly used to indicate how valuable a resource is (e.g. Bokkers et al., 2004). 

Alternatively, barrier methods such as weighted doors (e.g. Cooper and Mason, 2000; Olsson 

and Keeling, 2002; Petherick and Rutter, 1990), traversable water baths (e.g. either of varying 

depths [Sherwin and Nicol, 1995] or lengths [Sherwin and Nicol, 1996]), and narrow gaps (e.g. 

Bubier, 1996; Cooper and Appleby, 1996) can be used to impose a cost on resource 

acquisition.  In this paradigm, the researchers progressively alter the barrier so that it becomes 

harder and harder to cross.  Thus, the weighted doors get heavier, the water baths get 

deeper/longer, or the gaps get narrower.  Again, the breakpoint (the last level successfully 
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crossed) can be used to indicate the motivation of the animal to access the resource (and thus 

the value of the resource).   

 

These different techniques for imposing a cost on access to a resource each have potential 

scientific and practical pros and cons.  First, they must be species appropriate.  For example, 

relying on operant tasks requires not only time to train animals, but that the tasks must be 

biologically relevant so as to ensure that failures to ópayô are not just failures to learn (e.g. hens 

cannot learn to peck a key to gain access to litter, though they can learn this operant task for 

food; Dawkins and Beardsley, 1986).  Secondly, using obstacles as a method for assessing 

motivation can be subject to confounds (i.e. influenced by non-motivational factors).  For 

example, larger animals may have trouble fitting through narrow gaps even though they are still 

motivated to access the resource, and stronger animals are likely able to push heavier doors.  

One solution to this issue is to use a reference resource such as food to measure relative 

motivation against (e.g. Hovland et al., 2008), but this may greatly increase the duration of the 

experiment and can be very difficult to implement for group housed animals who may vary in 

relevant physical characteristics (e.g. Allen et al., 2001; Whittemore et al., 2003) or motivation to 

access food (e.g. Franks et al., 2014).  Finally, not all tasks are sufficiently graded.  For 

example, mice do not respond in a graded manner to water traverses of varying lengths (making 

it more of an on/off cost not suitable for quantification; and the depth of the water has only been 

used so far as a binary (wading vs. swimming) cost (Sherwin and Nicol, 1995).  Obviously the 

depth of the water is irrelevant after the animals are forced to swim, making any future 

applications of this method prone to ceiling effects and thus limiting its usefulness for quantifying 

motivation.  One possible technique that avoids these issues and has not been used by applied 

ethologists is to use electric current to impose a cost on accessing resources.  The main 

advantages are that electric current is a universal negative primary reinforcer meaning that no 

training of the animals is necessary (Braud et al., 1969; Miller et al., 1962; Seligman and Maier, 

1967), and animals typically show a graded behavioural response (in terms of avoidance 

behaviour) to increasing current (Ramabadran and Bansinath, 1986).  Furthermore, evidence 

from rats shows that shock reactivity is independent of body weight (Beatty and Beatty, 1970; 

Beatty and Fessler, 1977).  For these reasons, we hypothesize that imposing electric current as 

a cost can be used to accurately measure motivation in laboratory mice.   

 

In order to ensure that electric current is an appropriate cost for assessing motivation, it must 

first be demonstrated that increasing the current actually increases the cost as perceived by the 
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mice.  If this is the case, as the cost to access a resource increases, the frequency with which 

mice pay the cost should decrease, and relatedly, mice should then spend longer interacting 

with that resource (or ingest more if it is consumable) on each visit.  These two behavioural 

responses to increasing costs of access are well-documented across several species (Collier et 

al., 2002), and are conserved between different types of costs (e.g. operant lever pressing 

[Collier and Johnson, 1990] or pushing weighted doors [Cooper and Mason, 2000]) as well as 

resources (e.g. drugs [Stafford et al., 1998], food [Collier et al., 1990], environmental enrichment 

[Collier and Hirsch, 1971; Cooper and Mason, 2000], and social contact [Seaman et al., 2008]). 

In addition, if increasing current is perceived as an increasing cost, mice should also show a 

longer latency to initially pay the cost, since the more aversive a stimulus is, the longer the 

latency to interact with it will be (e.g. ratsô latencies to eat are increased when food is laced with 

quinine, Thompson et al., 2016).  In terms of animals crossing aversive barriers specifically, this 

phenomenon has been demonstrated in mice crossing deep (more aversive; Cameron and 

Perdue, 2005) vs. shallow water (Sherwin and Nicol, 1995).  Finally, known between-strain 

differences in electric foot shock nociception (e.g. Kazdoba et al., 2007), which tend to be larger 

than within-strain differences (e.g. Kest et al., 2002), should predict similar strain differences in 

response to increasing current, with the more nociceptive strains (BALB/c and DBA/2) showing 

greater changes in behaviour as the current is increased. 

 

Thus, the aim of this paper is to assess the potential usefulness of electric current as a tool for 

assessing motivation in laboratory mice.  Mice make ideal subjects as they are commonly used 

in science (meaning that if successful, this technique could be implemented widely in future 

welfare research), and their size necessitates minimal space allowance for the equipment.  

However, one criticism of using electric current to measure motivation is that it is not humane 

(e.g. Sherwin and Nicol, 1995). We agree that subjecting animals to unavoidable electric shock 

is ethically worrisome, as is forcing them to traverse it in order to obtain essential resources 

such as food or water.  Therefore, this experiment was designed to allow mice to cross an 

electric grid, entirely voluntarily, in order to access an enriched cage.  Both the starting cage 

and the enriched cage contained food, water, and nesting material, meaning that the mice never 

had to cross the electric grid if they found it too aversive.  The enriched cages were larger in 

size and contained preferred items such as running wheels and extra nesting material; thus 

these features were used to motivate the mice to cross the electric grid (since mice will perform 

operant responses for access to additional space [Sherwin, 2004; Sherwin and Nicol, 1997a], 

running wheels [Sherwin, 1998], and additional nesting material [Roper, 1975, 1973]).  Since 
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motivation to use enrichments likely varies between individuals in a stable manner (Walker and 

Mason, 2011), if this technique is to be practically useful, there should likewise be consistent 

variation between individual mice (even of the same strain) in regards to the level of current they 

will cross to access them (i.e. all mice should not stop crossing at the same current and 

individuals should show consistency in their responses to similar currents).   

 
Methods 
 

Animals and Home Cage Housing 

One hundred and eight unrelated weanling female mice were purchased from Charles River 

Laboratories (Quebec, Canada) and housed in mixed-strain trios: one BALB/c, DBA/2, and 

C57BL/6 per cage (as previously validated; Walker et al., 2016).  These mice were housed in 36 

large rat cages (21H × 47L × 25Wcm) that had corncob bedding, Shepherd Enviro-dri© nesting 

material, a UDEL polysulfone plastic mouse house shelter, and a steel mesh elevated platform 

(5H × 40L × 4Wcm long, covered in duct tape) to access the water bottles.  Thirteen cages 

contained a working stainless steel mesh 5ò upright wheel (Ware Manufacturing Inc.); 12 cages, 

a working plastic mouse igloo & ófast-tracô wheel combo (Bio Serv®); and 11 cages, a ólockedô 

wheel that could be climbed on but not used for running.  Furthermore, eight of the cages 

received additional enrichment items: a small paper cup, a NestletÊ, tissues, a cloth hammock 

(a roughly 12x12cm piece of a sock attached to the cage lid via cable ties), occasional 

Cheerios, and a pinecone.  All of these enrichments were part of another experiment and so are 

only included here to describe the home cages: we had no hypotheses to test about the 

animalsô motivations to access specific items.  The room was kept at 21°C and 48% relative 

humidity and was on a 12-h reverse light schedule (lights out at 10 am), and cages were 

cleaned once every three weeks. 

 

Testing Procedure and Apparatus 

 

Mice were tested in six batches between 6 and 15 months of age as they could not all 

participate in the experiment at one time due to a limited number of grids.  Figure 1 shows one 

of the four identical grid apparatuses.  Thus, each grid contains two separate cage systems and 

6-8 cages in total were tested in parallel.  Each cage was randomly assigned to a position in the 

testing apparatus.  The electric current was centrally controlled ensuring the same current was 

being delivered to each electric grid (SMSCK-E Programmable Shocker by Kinder Scientific) 

and at a consistent level (i.e. no fluctuations).  The starting cage was a standard óshoeboxô cage 
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(12H × 27L × 16Wcm; Allentown Inc.) with corncob bedding, Shepherd Enviro-dri© nesting 

material, a UDEL polysulfone plastic mouse house shelter, and ad lib food and water. The 

enriched cage was identical to the normal home cage of each group of mice.   These cages 

were connected to the electric grid (Kinder Scientific), and thus to each other, via 1.25 inch 

diameter PVC tubing. A Plexiglas tunnel was formed over the electric grid to ensure that the 

mice could not escape (see Fig. 1). 

 

Mice were housed in the apparatus for the entire duration of the trial until the removal criteria 

was met (see below). They were initially given two continuous days to habituate to the 

apparatus (no current was applied at this time).  On the first day of habituation they were put 

into the starting cage, and on the second day they were put into the enriched cage to ensure 

that they had full exposure to both cages and the tunnel.  After the habituation period, all mice 

were moved into the starting cages and the current was turned on and was continuously 

delivered.  Initially, the current started at 0.02mA and was increased by 0.02mA every two days.  

We based this protocol on previous work (McDonald and Meyerson, 1973; Weinberger et al., 

1992).   Before each increment, all mice were moved back into the starting cage by the 

experimenter so that they had to cross the electric grid again to gain access to the enriched 

cage.  The current was increased every 48 hours in this way until all of the mice in a cage had 

failed to cross for two consecutive iterations (at which point they were removed from the 

apparatus) or until at least one mouse in the cage reached the maximum allowed current (which 

initially was 0.50mA). Thus for consistency, all mice were deemed to have stopped crossing 

when they failed to cross for two consecutive iterations even though early stoppers could have 

crossed later on if a cagemate was still crossing.  This maximum was chosen based in part on 

how long the protocol took, and because judged to still be at a humane level based on other 

studies using inescapable shock (e.g. Kazdoba et al., 2007 used a maximum of 0.80mA; while 

Sutoo and Akiyama, 2002 used 2 mA).  Because this procedure proved very time consuming 

(50 days) and 6/18 mice crossed the maximum current, the protocol was modified slightly for all 

subsequent batches to now start at 0.04mA, increase by 0.04mA every two days, and the 

maximum current was also raised to at 0.60mA.  Thus, each batch could be tested in 30 days. 

 

 

 



 55 

  
Figure 1: Electric grid apparatus.  Here, mice have to cross from right to left, over the electrified 

grid floor, to gain access to the enriched cage.  This picture shows two separate cages that 

share a common electric grid.  

 

Data Collection 

 

All enriched cages were video recorded continuously (using red light in the dark phase). At the 

end of every iteration (48 hours), the videos were scored while the mice were being tested on 

the subsequent current. To test the predictions outlined in the Introduction, we started by 

assessing four measures at each current. First, we assessed whether each mouse successfully 

crossed into the enriched cage at least one time (the highest current successfully crossed is the 

Maximum Price Paid).  Secondly, we recorded the latency of each mouse to first cross into the 

enriched cage (Latency to Cross).  If a mouse did not cross at all, no score was recorded for this 

variable.  Thirdly, we recorded the total number of times each mouse crossed into the enriched 

cage (Number of Grid Crosses), only recording a 0 for the first time a mouse failed to cross 

(subsequent failures to cross not being recorded).  Finally, we measured the duration of each 

visit to the enriched cage, which was then used to calculate the Median Visit Duration.  Median 

visit duration was used instead of mean visit duration because the number of data points 

collected for each mouse was small and not normally distributed; thus we wanted to avoid one 

or two outlier data points from heavily skewing the estimate (Bakker and Gravemeijer, 2006). 

 

However, due to the fact that 192 hours of video were generated every 48 hours and the videos 

had to be concurrently scored with the experiment, we had to modify the data collection 
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protocol.  Therefore, we only scored Median Visit Duration and Number of Crosses for 6 DBA/2 

focal mice in batch one, and limited the scope of this data collection to the first (up to) 10 times 

each mouse crossed the grid.  Additionally, Latency to Cross was scored for all mice in batches 

1 and 2 only (38 mice).  After this time, for batches 3-6 we only recorded whether each mouse 

successfully crossed into the enriched cage at least one time at each current (108 mice total).       

   

Ten mice (3 BALB/c, 5 C57BL/6, 2 DBA/2) did not cross the grid on the lowest current and so 

were excluded from the analyses, as we were unsure if they had learned the spatial relationship 

between both cages.  Additionally, the breakpoint for 16 mice (1 BALB/c, 12 C57BL/6, 3 DBA/2) 

was not resolved, because they were still crossing the highest current (0.60mA). These 

individuals were given the maximum score, and flagged as being right-censored data during the 

survival analysis (see below). 

 

Statistical Analysis 

 

All analyses were performed in JMP®  12. Box-Cox transformations were used when necessary 

to ensure the data fit the assumptions of parametric statistics.  Maximum Price Paid was 

analyzed using a survival analysis employing the logrank test (Bland and Altman, 2004).  óStrainô 

was included as a block but óBatchô was not as JMP®  12 only supported one block (and óBatchô 

was never found to be significant, see Results).  Because 16 mice successfully crossed the 

maximum current, the data for these individuals were deemed óright-censoredô.  Post hoc tests 

to assess strain differences were not available, and so manual pair-wise survival comparisons 

were used.  Latency to Cross was analyzed using a general linear model (GLM) that included 

óCageô as a random effect, as well as óBatchô and óStrainô as fixed effects, since data were 

collected from all three strain in two separate testing batches. Number of Grid Crosses and 

Median Visit Duration were analyzed using a simple GLM that included óMouseô as a random 

effect and óCurrentô as a fixed effect, since we only had data from 6 independent DBA/2 mice in 

a single batch for these variables.  Additionally, for Number of Crosses, the highest current at 

which each mouse crossed 10 times (followed by a decline in Number of Crosses) was used as 

the first value in the analysis (i.e. previous currents at which they crossed 10 times were not 

included), so as to avoid artificially creating the appearance of a ceiling effect.  We also 

compared the relationships between Median Stay Duration, Number of Grid Crosses, and 

Latency to Cross using data from the 6 DBA/2s for which all three variables were recorded.  

These relationships were analyzed in a pair-wise manner, using GLMs with óMouseô as a 
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random effect and óCurrentô as a fixed effect.  Finally, we assessed individual animalsô 

consistencies in their Latency to Cross using a GLM that included óCageô as a random effect 

and óStrainô as a fixed effect.  Because the relationship between Current and Latency to Cross 

appeared to be non-linear (see Fig. 4), and because mice stopped crossing the grid at various 

currents, we looked at the relationship between every individualôs last and second-to-last 

Latencies to Cross, regardless of the current that these values occurred at.  To be included in 

this analysis mice thus had to cross the grid at least twice, and could not have successfully 

crossed the maximum current (since then we do not know what the true last Latency to Cross 

would be).   

 
Results 
 

The survival analysis (using data from all 98 mice that crossed at least one time) showed 

significant differences between strains in Maximum Price Paid (ɉ2,2=16.18, n=98, p=0.0003; 

Fig. 2).  Post hoc pair-wise comparisons showed that C57BL/6 mice were consistently crossing 

the grid at higher currents than both the BALB/c (ɉ2,1= 14.34, n=64, p=0.0002) and DBA/2 mice 

(ɉ2,1=9.03, n=65, p=0.0027), who are not different from each other (ɉ2,1=1.66, n=67, p=0.20).  

Additionally, to ensure that the steady decline in survival (see Fig. 2) was not an artefact of the 

protocol (i.e. that the decline is because mice genuinely stopped crossing and not because they 

were removed from the apparatus after the last cagemate had two consecutive failures to 

cross), we looked at the behaviour of the cagemates of the mice who successfully crossed the 

highest current as an illustrative sample.  There were 13 cages that housed the 16 mice that 

crossed the highest current.  Thus, there were 23 mice (39 total minus the 16 crossers) that had 

the opportunity to continue to cross after they were deemed to have stopped.  Only 2 of these 

mice ever crossed the grid after two consecutive failures to cross. 

 

As current increased, the latency to make the first/only crossing at each current (as assessed 

for 38 mice) increased (F1,329=61.7, p<0.0001; Fig. 3).  Furthermore, there was no effect of 

Batch on the relationship between Current and Latency to Cross (F1,9=0.12, p=0.73), nor was 

there a significant effect of Strain on Latency to Cross (F2,24=0.65, p=0.53).  There was however 

a Strain*Current interaction (F2,328=7.0, p=0.001), yet post hoc tests still revealed significant 

positive correlations for each strain (C57BL/6: F1,149=192.9, p<0.0001; DBA/2: F1,131=63.6, 

p<0.0001; BALB/c: F1,44=24.5. p<0.0001).  This suggests that even though there is no mean 

difference in the latency to cross the grid, the slope of the positive relationship between latency 

and current varies between strains (Fig. 3).  Additionally, for the 6 focal DBA/2 mice followed 
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over 25 levels of current, as the current increased, the Number of Crosses made steadily 

decreased (F1,47=16.0, p=0.0002; Fig. 4), and the Median Visit Duration correspondingly 

increased (F1,87=143.3, p<0.0001; Fig. 5).  

 

The relationships between the different measures of cost perception (Latency to Cross, Number 

of Crosses, and Median Visit Duration) were assessed for the small focal subset of DBA/2 mice.  

As the Number of Crosses decreased, the Median Visit Duration increased as predicted 

(F1,89=66.9, p<0.0001), and there was a positive trend between Median Visit Duration and 

Latency to Cross (F1,76=3.2, p=0.08).  However, we could not detect a significant relationship 

between Number of Crosses and Latency to Cross (F1,89=1.78, p=0.19), although this non-

significant effect was in the predicted direction.   

 

The stability of individual responses was inferred by comparing Latencies to Cross at each 

mouseôs highest and penultimate current traversed.  Thus, the penultimate Latency to Cross 

significantly predicted last Latency to Cross (n=25; F1,6=25.5, p=0.002), and this relationship 

was not affected by Strain (F2,18=0.6, p=0.54). 
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Figure 2:  Proportion of mice crossing the electrified grid (scored as a binary yes/no) at each current.  Each strain is displayed 

separately: C57BL/6 in black, DBA/2 in brown, and BALB/c in grey. 
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Figure 3: Latencies to first cross the electric grid at each current for 38 mice.  Each strain is displayed separately: C57BL/6 in black, 

DBA/2 in brown, and BALB/c in grey (in the insert). 
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Figure 4: The number of times that each of 6 DBA/2 mice crossed the electrified grid at each current.  Only the last time each mouse 

crossed 10 times and the first time each mouse did not cross the grid were counted (i.e. for each mouse that reached its breakpoint, 

there is just one zero).  
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Figure 5: For the 6 subjects featured in Fig. 4, the median duration of each mouseôs visit to the enriched cage once they crossed the 

electric grid at each current.  
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Discussion 
 

Using three co-housed mouse strains, we set out to test the hypothesis that an increasing 

magnitude of electric current represents an imposed cost that could then be used to measure 

motivation in mice by assessing how much they would be ówilling to payô (voluntarily cross) to 

access preferred resources.  In this final section, we review the successful aspects of this 

experiment and their implications.  We then discuss some caveats and potential 

methodological refinements for future researchers to take into account when using this grid 

technique. 

 

Before reviewing our specific results, it should be noted that one successful methodological 

aspect of this experiment was the use of mixed-strain housing (Walker et al., 2016, 2013).  As 

in these previous studies, this seemed to work well with no disadvantages for mouse welfare 

(no evidence of aggression was seen).  Furthermore, again as in our previous work (Walker et 

al., 2016, 2013), this technique gave us enhanced statistical power.  For example, using the 

Latency to Cross by Current analysis and focusing on the 12 cages where all three mice 

crossed the grid on at least the lowest current, our mixed-strain design gives 312 denominator 

degrees of freedom for óStrainô effects, while had the same number of mice been housed in 

single-strain trios, óStrainô effects could only have been tested with 18 denominator degrees of 

freedom.  All else being equal, this makes the mixed-strain design more powerful (though with 

these large numbers of data points due to mice being repeatedly tested over several currents, 

the critical F-value in the mixed-strain example is only decreased from 3.55 to 3.02). 

 

Turning to the specific aims of this study, we proposed seven predictions that should be met 

for increasing electric currents to be deemed valid costs suitable for titrating against mouse 

motivations. These predictions and our results are summarized in Table 1 below. 
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Table 1: List of predictions outlined in the Introduction and whether or not our data supported 
them 

Prediction 
Number 

Prediction  Prediction 
Supported? 

1 As the current increases, fewer mice should be willing to cross into 
the enriched cage  

Yes 

2 Strain differences in maximum price paid should be consistent with 
known differences in nociception 

Yes 

3 As current increases, mice should take longer to cross the grid for 
the first time 

Yes 

4 As current increases, mice should cross into the enriched cage 
fewer times 

Yes 

5 As current increases, mice should spend longer in the enriched 
cage on each visit 

Yes 

6 Different measures determining if increasing current is perceived 
as an increasing cost should co-vary 

Partially 

7 The test should identify stable individual differences in motivation 
to access the enriched cage and/or tolerance of pain 

Yes 

   

 

Prediction 1 was plainly met as the number of mice crossing the grid decreased as the current 

increased.  Importantly, that the proportion of mice crossing the grid continuously declined is 

not likely to be just an artefact of the ófailure to crossô criterion since most individuals that had 

an opportunity to cross even after they were deemed to have stopped did not in fact do so.  

Note that while almost all mice crossed the grid on the lowest current to gain access to the 

enriched cage, 10 failed to cross even this.  However, this ~10% non-response rate is 

comparable to the sample-loss in operant paradigms due to animals failing to reach criterion 

(e.g. Estapé and Steckler, 2001; Extance and Goudie, 1981), and as discussed later, we 

suspect it could be reduced further with some simple refinements.       

 

Additionally, the strain differences in maximum price paid are consistent with known 

nociceptive differences in electric foot shock sensitivity (Prediction 2).  Thus, C57BL/6 mice 

react less (in a validated automated assessment; Kazdoba et al., 2007) to higher foot shock 

currents than BALB/c and DBA/2 mice (who are very similar to each other), and here, 

C57BL/6s were found to continue crossing higher currents to access the enriched cage.   

 

For Prediction 3, mice from all strains behaved as expected: if they crossed into the enriched 

cage at all, they did so with longer latencies as the current increased.  Similarly, although only 

six focal mice were assessed, Predictions 4 and 5 were clearly met.  Thus, as the current 

increased, mice crossed into the enriched cage fewer times and stayed longer after each 
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successful cross.  The relationships between current and two measures (Latency to Cross and 

Median Visit Duration) were non-linear, with larger currents having progressively relatively 

larger impacts on behaviour.  This pattern seems to match how humans perceive electrical 

stimulation on their skin: the degree of self-reported pain increases exponentially with 

increasing current, even though the increments are linear (Prausnitz, 1996).  The variable 

óNumber of Crossesô may behave similarly, but because data collection stopped after 10 

crosses, we are unsure about its true relationship with increasing current, the apparently linear 

relationship perhaps being an artefact of this data collection protocol.   

 

For Prediction 6, the fact that these three measures seemed to correlate with each other within 

individuals (especially Number of Crosses and Median Visit Duration) further suggests that 

changes in current are perceived as changes in cost in a consistent way.  However, we lacked 

the statistical power to confirm this for all comparisons (particularly Number of Crosses and 

Latency to Cross) and so future research should seek to expand on this aspect of the study.  

Finally, Prediction 7 was confirmed, as individual aspects of behaviour were internally 

consistent across different levels of current: thus the penultimate latency to cross and the final 

latency to cross (at the maximum price paid) co-varied strongly.      

 

These results thus support the hypothesis that electric current can be used as a tool to 

measure motivation in laboratory mice, with subjects perceiving increasing current as an 

increasing cost in a stable, predictable way.  Furthermore, the technique required only simple 

modifications to an off-the-shelf apparatus that is standard equipment in many behavioural 

neuroscience laboratories (with the added tunnel over the grid proving effective in preventing 

the mice from jumping over the grid).  One of its other potential strengths lies in the sheer 

number of animals that can now be tested in motivation studies, especially compared to 

operant paradigms that require individual animals to be trained (e.g. Collier et al., 1990).  

Electric current is also better suited for assessing motivation in group-housed animals than 

weighted doors, as individuals cannot assist others in ópaying the costô as they potentially could 

with a door if they were to push on it simultaneously or in quick succession.  Furthermore, 

assessing motivation using current as the cost is not subject to confounds in body weight or 

physical strength as when using weighted doors, making it ideal in cases where animals vary 

in these characteristics (although it may have its own confounds, as discussed later).  Thus, 

using electric current as a varying cost for measuring motivation is very likely to be successful, 

and indeed may often be better than the existing techniques. 



 66 

 

Nevertheless, there are some caveats and potential methodological refinements to consider 

when using this electric grid technique.  The first is that the cost imposed by increasing 

currents is clearly not perceived by the mice as increasing in a linear way.  At low currents, 

increases thus had little effect on behaviour: only by increasing the current closer to the 

breakpoint was good resolution yielded between strains an individuals.  Furthermore, the 

pattern of such effects varied between the three strains.  Future applications of this method to 

individual strains should therefore use this knowledge to modify the protocol to make it more 

strain-appropriate.  For example, if only BALB/cs were being used, smaller increments would 

likely give more resolution, whereas if C57BL/6s were being used, imposing larger increments 

and setting a higher maximum would allow more animals to reach their breakpoint (and also 

make the experiment run faster).  Second, a few mice failed to cross even at the lowest 

current.  It is unclear if these were unmotivated to access the enriched cage, or simply failed to 

learn the spatial relationship between cages during the two-day habituation period.  However, 

one potential explanation and solution to improve the response rate pertains to anxiety.  

Anxiety reduces exploratory behaviour in mice (e.g. Costall et al., 1989), yet initially anxious 

individuals may overcome their fear with repeated exposure (e.g. Salomons et al., 2010).  

Because most non-crossing mice were C57BL/6s, and in my experiments tended to be more 

anxious than the other two strains (see Chapter 5), it is possible that these mice are more 

anxious.  A longer habituation period prior to the electric current being applied might well 

therefore lead to a greater response rate. 

 

The third issue is an interpretive one.  While physical strength is not a confound when using 

this technique, nociception potentially is.  Thus, we do not know if individuals varied in their 

motivation to access the enriched cage or in their perception of the cost (or both).  This is 

because within strains, individual mice likely differ in their motivation to use enrichments (e.g. 

Walker and Mason, 2011), while also varying in their sensitivity to shock (e.g. Farr et al., 

2000).  Therefore, when using this method to study motivation, treatments known to 

differentially affect nociception should not be evaluated.  Furthermore, this method should not 

be used to make conclusions about strain differences in motivation since, as already 

considered in our Prediction 2, between-strain differences in nociception likely differentially 

alter their perception of the cost.  Finally, although not assessed in this study, sex differences 

in shock sensitivity may similarly confound interpretations of motivation (e.g. Beatty and 

Beatty, 1970). 
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Overall, increasing electric currents are perceived by mice as an increasing cost in a 

predictable way, and this method is thus a useful potential tool for titrating motivation.  It is 

relatively easy to use, effective for large numbers of group-housed animals, and especially 

valuable in cases where genotypes or experimental treatments differentially affect body size or 

physical strength.   
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Chapter 5 

 

A Comparison of Two Different Running Wheels and how they Affect 

Mouse Preference, Health, and Welfare 
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Abstract 

 

Voluntary wheel running is a ubiquitous behaviour that mice of all strains, sexes, and ages will 

engage in.  This behaviour is generally thought to be positive for well-being since mice find it 

rewarding and it leads to numerous health benefits.  However, many types of running wheels 

exist, and the specific design of the wheel provided can affect the amount, pattern, and/or 

intensity of running behaviour.  Not only does this make between-study comparisons difficult, 

but also indicates that specific properties of the wheel are likely to affect whether or not the 

expected exercise-dependent phenotype is established or whether exercise has an effect on 

the variable of interest.  Therefore, this study aimed to evaluate two commercially available 

running wheels that are safe for group-housed mice: the ófast-tracô wheel combo by Bio Serv® 

and the stainless steel mesh 5ò upright wheel by Ware Manufacturing Inc.  This evaluation 

consisted of assessing the usage of either wheel; the strength of motivation to access each 

wheel assessed via willingness of the mice to cross increasing electric current; and measuring 

the impact each wheel had on mouse welfare (indicated by acoustic startle responses, 

latencies to approach novel objects, and stereotypic behaviour) and anatomy (relative mass of 

their hearts and hind legs).  Mice preferred to run on the ófast-tracô wheel when both were 

available, and when mice only had access to one wheel, those with the ófast-tracô wheel spent 

more time running on it.  In terms of motivation, mice provided with both running wheels 

worked harder to gain access to the ófast-tracô wheel when the ósteel meshô wheel was freely 

available than vice versa.  There were also some hints that the ófast-tracô wheel had a slightly 

more positive impact on health and welfare.  Thus, across all measures, the ófast-tracô wheel 

combo by Bio Serv® performed better than or equal to the stainless steel mesh 5ò upright 

wheel by Ware Manufacturing Inc., and is therefore the recommended wheel. 

 

Introduction 

 

Voluntary wheel running is ubiquitous in mice given the opportunity to perform it, being 

observed to some degree in all strains and both sexes (Lightfoot et al., 2010), starting at 

weaning (e.g. Acosta et al., 2015), and carrying on well into old age (e.g. Leise et al., 2013; 

Martin et al., 2014).  Furthermore, mice will wheel run regardless of how old they are when 

introduced to a running wheel (e.g. Jung et al., 2006), in the presence of other enrichments 

(e.g. manipulable objects; Sherwin and Nicol, 1996), and when other opportunities for 

extended locomotion are provided (e.g. mazes or circular running tunnels; Brant and Kavanau, 
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1964; Pietropaolo et al., 2004).  Accordingly, wheel running is self-reinforcing for mice and 

leads to a host of emotional, cognitive, and health benefits (although there are some potential 

harms associated with wheel running as well; reviewed by Mason and Wurbel, 2016).  Thus, 

mice will perform operant responses (e.g. Kavanau, 1963) or cross obstacles (Sherwin, 1996a) 

Chapter 4) in order to access a running wheel. Furthermore, running is consistently noted to 

reduce behavioural symptoms of depression and anxiety in mice (e.g. Duman et al., 2008; 

Salam et al., 2009; Sartori et al., 2011). In terms of cognitive benefits, voluntary wheel running 

has both neuroprotective (e.g. Zigmond and Smeyne, 2014) and neurogenerative (e.g. van 

Praag et al., 1999) effects on the brain, and is beneficial to overall brain function (reviewed by 

van Praag, 2009).  Finally, it promotes increased muscle/fat ratio (e.g. Takeshita et al., 2012), 

cardiac health (e.g. Allen et al., 2001; de Waard and Duncker, 2009), and improved recovery 

from adverse health events (e.g. spinal cord injury; Engesser-Cesar et al., 2005). 

 

Due to the ease with which running can be elicited, and because exercise has such wide-

ranging effects, running wheels are used experimentally in several disciplines, including to 

model exercise-dependent changes in gene expression and physiology  (e.g. Talmadge et al., 

2014); enhance welfare as an environmental enrichment (reviewed by Olsson and Dahlborn, 

2002); improve health into senescence (e.g. Garcia-Valles et al., 2013); or enhance learning 

(e.g. Van Praag et al., 2005).  However, the impact the wheel has likely depends on how much 

the animals use it.  For example, running is negatively correlated with plaque size in mouse 

models of atherosclerosis (Shing et al., 2015) and also with thigmotactic (anxiety-like) 

behaviour in the open field test (Careau et al., 2012).  Importantly, the amount that mice will 

use a running wheel depends on the properties of that wheel.  Thus, mice demonstrate 

preferences for different wheel materials/ designs (e.g. Banjanin and Mrosovsky, 2000), and 

use larger wheels more than smaller wheels (Deboer and Tobler, 2000).  Consequently, 

specific properties of the wheels in an experiment are likely to affect whether or not the 

expected phenotype is established and/or the treatment is effective. With the plethora of 

commercially available running wheels and the dearth of research evaluating them, choosing a 

wheel that best promotes running can be very difficult.  Therefore, this study aimed to assess 

the preferences of mice for two different commercially available running wheels; and to 

characterize their respective impacts on mouse health, welfare and anatomy.  These specific 

wheels were chosen as they varied greatly in design, were similar in price, and importantly 

were both safe for group-housed animals (i.e. did not have areas where a mouse could get 

caught while another was running).  Next, these dependent variables were chosen so that the 
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comparison between wheels would be useful to a broad range of researchers.  Specifically, we 

assessed whether or not animals were injured by either wheel (e.g. Veillette et al., 2010), and 

how each wheel affected their anxiety (acoustic startle response; Adamec et al., 2006), 

neophobia (latency to touch novel objects; Ennaceur et al., 2005), and amounts of stereotypic 

behaviour (indicating brain dysfunction and/or motivational frustration; Mason et al., 2007).  We 

assessed preference via time budgets, but also more validly by determining each wheelôs 

value as assessed by quantifying miceôs willingness to pay a cost to access them (Kirkden and 

Pajor, 2006; Mason and Veasey, 2010).  To inform exercise physiologists (or anyone else 

looking to generate exercise-dependent anatomical changes), each mouseôs body mass index 

was determined, and their hearts and right hind legs were also dissected and weighed, since 

these grow in response to voluntary wheel running (e.g. Aufradet et al., 2012).  Ultimately, we 

wanted to be able to make a robust recommendation as to which of these two running wheels 

to provide for laboratory mice.  

 

To do this, we conducted three experiments that successively built upon each other. In the first 

(which was part of another ongoing study), mice were provided with both wheels, and their use 

of each wheel was scored.  In the second experiment, mice were housed with only one of the 

two wheels, for up to 18 months.  During this time, their wheel use was monitored at several 

time points, their welfare was assessed using the measures listed above, and post-mortem 

samples were taken when a large subset of mice were killed.  Finally in the third experiment, 

we assessed how high a cost they would incur for one wheel when the other was provided for 

free.  For all experiments, mice were housed in mixed-strain trios: a more powerful, split-plot, 

experimental design that also allows mice to be easily identified by their coat color (Walker et 

al., 2016, 2013).  

 
Experiment 1 ï Wheel Use When Both Wheels are Freely Available 
 

These data were collected opportunistically during another experiment on environmental 

enrichment (for full details, see Chapter 3/Walker et al., 2016).  The aim of this analysis was to 

determine if mice had a greater preference for one of two running wheels in terms of the time 

they spent using it.   
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Methods 

 

Animals and Housing 

 

Twenty seven unrelated, weanling female mice purchased from Charles River Labs were 

housed in mixed-strain trios: one BALB/c, DBA/2, and C57BL/6 per cage.  They were all 

housed in an enriched óratô cage (21H × 47L × 25Wcm) that consisted of: corncob bedding, 

Shepherd Enviro-dri© nesting material, a standard size paper coffee cup, ad lib. food and 

water (Harlan® Teklad Global Diet [14 % protein]), two running wheels (one stainless steel 

mesh 5ò upright wheel, Ware Manufacturing Inc. [hereafter referred to as the ómetalô wheel]; 

one plastic mouse igloo & ófast-tracô wheel combo; Bio ServÈ [hereafter referred to as the 

óplasticô wheel]; Fig. 1), a black polyvinyl chloride tunnel (10 cm long, 4 cm diameter), a small 

paper cup, a NestletÊ, tissues, a cloth hammock (a roughly 12x12cm piece of a sock attached 

to the cage lid via cable ties), and a steel mesh elevated platform (5H × 40L × 4Wcm long) to 

access the water.  The room was kept at 21°C and 48% relative humidity and was on a 12-h 

reverse light schedule (lights out at 10 am), and cages were cleaned once per week. 

 

 

Figure 1: Two different running wheels used in this study.  On the left is the óplasticô wheel; the 

ófast-tracô wheel combo by Bio ServÈ.  On the right is the ómetalô wheel; the stainless steel 

mesh 5ò upright wheel by Ware Manufacturing Inc. 
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Wheel Running Observations 

 

Observations began when the mice were approximately 3 months old and were conducted in 

two four-hour blocks per day (12 pm-4 pm; 5 pm-9 pm) during the dark period for 12 days over 

a two-week period (no observations were done on cage cleaning days). The silent observer 

recorded whether or not each mouse was wheel running, and if it was, which wheel it was 

running on, once per hour using scan sampling (Martin and Bateson, 1994).  A mouse was 

considered to be running when it had four feet on the wheel and the wheel was rotating quickly 

(c.f. standing or climbing on the wheel).  In some cases, mice engaged in unorthodox óvertical 

runningô on the outside of the metal wheel and using the same criteria, this was also scored as 

running during observations.  The proportion of observations spent on each wheel was 

calculated as the number of observations on that wheel divided by the total number of 

observations.  Split-half analyses (regressing odd vs. even days; Martin and Bateson, 1994) 

showed that mice were very consistent in their use of each wheel throughout the observation 

block (plastic: F1,23=19.1, p=0.0002; metal: F1,21=16.4, p=0.0006) and in combined wheel use 

over the same time period (F1,24=24.0, p<0.0001). 

 

Statistical Analyses 

 

All analyses were conducted in JMP® 12.  After demonstrating that mice were consistent in 

their wheel use over time (odd vs. even days), we calculated the average proportion of 

observations that each mouse spent running on each wheel type.  This value was then Box-

Cox transformed to meet the assumptions of parametric statistics and a general linear mixed-

model was used to analyze wheel preference.  óMouseô and óCageô were included in the model 

as random effects and óStrainô and óWheel Typeô were fixed effects.  Here we are specifically 

interested in Wheel Type, as significant effects here would indicate that mice are using one 

wheel more than the other.  Likewise, a significant Strain*Wheel type interaction would indicate 

that only certain strains showed a preference for one wheel over the other or that their 

preferences differed in magnitude.  
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Results 

 

As shown in Figure 2, when mice had the option to use either wheel, they used the plastic 

wheel significantly more often (F1,24=108.8, p<0.0001).  This was consistent across all three 

strains as there was no Strain*Wheel Type interaction (F2,24=1.8, p=0.18).  There were also 

strain differences in proportion of observations spent running on either wheel (F2,16=3.9, 

p=0.041).  Post hoc tests showed that BALB/c mice ran more often than DBA/2 mice, with 

C57BL/6s in the middle and not significantly different from either.  For reference, assuming that 

óproportion of observationsô approximates óproportion of the dark/active periodô, an increase of 

0.1 (or 10%) represents ~70 minutes.  

 

 

Figure 2: Average proportion of observations that mice spent running on each wheel, split by 

strain. The black bar represents C57BL/6 mice, the brown bar represents DBA/2 mice, and the 

white bar represents BALB/c mice.  Untransformed data are shown here for ease of 

interpretation (even though statistics were run on transformed values), and the error bars 

denote standard errors.  The asterisk (*) denotes a significant effect (pÒ0.05). 
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Experiment 2 ï Use and Effects of the Two Wheels when Provided One Per Cage 

 

Experiment 1 showed that mice used the plastic wheel more when given a choice, but the 

consequences of this preference were unknown.  Therefore, the aims of Experiment 2 were: 1) 

to investigate the relative pattern of use when mice were only given one type of wheel; 2) to 

assess the motivation of the mice to gain access to each type of wheel; and 3) to assess the 

health and welfare impacts of providing these wheels long-term.  Locked wheels were included 

as a control so that any non-running properties of the wheel (e.g. as a climbing structure or 

hiding place) could be separated from the effects of running per se. 

 

Methods 

 

Animals and Home Cage Housing 

Three hundred and twenty four unrelated weanling female mice were purchased from Charles 

River and housed in mixed-strain trios; one BALB/c, DBA/2, and C57BL/6 per cage (Walker et 

al., 2016), housed in 108 large óratô cages (21H × 47L × 25Wcm) that had corncob bedding, 

Shepherd Enviro-dri© nesting material, a UDEL polysulfone plastic mouse house shelter, and 

a steel mesh (covered in duct tape) elevated platform (5H × 40L × 4Wcm long) to access the 

water.  Thirty two cages had a working metal wheel, 32 cages had a working plastic wheel, 

and 44 cages received a ólockedô wheel (22 metal, 22 plastic) that mice could not use for 

running.  Furthermore, half of each wheel-type group received additional enrichment items 

(identified hereafter as ónon-running enrichmentsô): a small paper cup, a NestletÊ, tissues, a 

cloth hammock (a roughly 12x12cm piece of a sock attached to the cage lid via cable ties), 

occasional Cheerios, and a pinecone.  These non-running enrichments were part of another 

experiment and so are only included here as a blocking factor in the statistical model: we have 

no hypotheses to test about their potential effects.  The room was kept at 21°C and 48% 

relative humidity and was on a 12-h reverse light schedule (lights out at 10 am), and cages 

were cleaned once every three weeks.  A trained technician, who was blind to all hypotheses, 

performed health checks on every mouse at each cage cleaning.   
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Timeline 

 

Many different stages occurred over the 18-month duration of this extensive experiment.  Data 

collection occurred over 5 periods that will be referred to throughout the Methods as P1-5 (Fig. 

3). 

 

 
Figure 3: Timeline for data collection throughout Experiment 2. 

 

Period 1 (P1): Mice are 5 Months of Age

ÅWheel running behaviour observed

Period 2 (P2): Mice are 6 Months of Age

ÅFull behavioural observations (wheel running plus other activities)

ÅTwo acoustic startle trials

ÅTwo novel object trials

ÅMotivation assessment trials start (and continue for 12 months)

Period 3 (P3): Mice are 12 Months of Age

ÅWheel running behaviour observed

ÅAll mice with non-running enrichments are killed and post mortem samples are taken

Period 4 (P4): Mice are 15 Months of Age

ÅFull behavioural observations as in Period 2

Period 5 (P5): Mice are 18 Months of Age

ÅMotivation assessment trials end

ÅExcept for 16 cages that are to be used in Experiment 3, all mice are killed and post-
mortem samples are taken 
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Wheel Running Observations 

 

One hundred and eighty mice (in 64 cages that had working running wheels) were observed in 

P1-3, as 12 individuals died or were euthanized due to health issues or accidents (e.g. 

ulcerative dermatitis; malocclusion).  Since the group that had non-running enrichments was 

killed prior to the fourth observation block, in P4, 92 mice (31 cages) were observed.  Data 

were collected as in Experiment 1. 

 

The protocol differed slightly at each observation period depending on the number of 

observers (two in P1, three in P2, one in P3 and two in P4), but in months with multiple 

observers, inter-observer reliability was ensured prior to data collection. Split-half analyses 

were run to confirm that mice were consistent runners within each observation block (P1: 

F1,93=254.4, p<0.0001; P2: F1,101=95.6, p<0.0001; P3: F1,113=231.4, p<0.0001; P4: F1,50=49.2, 

p<0.0001).   Furthermore, mice were also consistent runners between adjacent observation 

blocks (P1-P2: F1,271=53.4, p<0.0001; P2-P3: F1,249=23.3, p<0.0001; P3-P4: F1,113=67.3, 

p<0.0001).  Thus, these scores were averaged into one variable called ólifetime average wheel 

runningô (the ónon-running enrichmentsô group was killed prior to P4 so only scores from P1-3 

were used to create this variable for those mice).   

 

Acoustic Startle Response 

 

Three hundred and twenty three mice were tested for acoustic startle responses in P2. 

Acoustic startle responses were assessed using three Kinder Scientific startle boxes (with 

Startle Monitor software for analysis (Walker et al., 2016, 2013).  The boxes were sound-proof 

chambers, and mice were confined within them over a small force plate (mice could move 

around but not rear up). With the handler blind to treatment, one cage was tested at a time, 

with each mouse placed individually into a separate startle apparatus so that they could move 

around but not rear up.  All mice were first tested according to the following protocol: mice 

were allowed to habituate for six minutes (50 dB white background noise), and then were 

played a sharp auditory tone (115 dB for 40 ms). The force generated by each mouse 

immediately prior to the tone was recorded (to account for body weight), as was the force 

generated by the mouse over the duration of the tone. The startle response was calculated as 

the maximum force minus the initial force.  Once all mice had been tested this way, they were 

all immediately tested again following a modified protocol: mice were allowed to habituate for 
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six minutes, and then were played a series of sharp auditory tones (115db for 40ms) every 30 

seconds for 15 minutes.  The startle response was calculated as above for every tone and 

then averaged at the end of the trial so each mouse had one score.  

 

Novel Object Test 

 

Three hundred and twenty three mice were tested for latency to make contact with a novel 

object in P2. To assess this, we first tested all mice using a previously determined protocol 

(Walker et al., 2016, 2013; Walker and Mason, 2011). Mice were placed individually into a 

novel arena and allowed to habituate for one minute. Next, a novel object (a plastic golf ball) 

was placed into the centre of the arena and the latency of each mouse to make contact with 

their nose or paw was recorded by a non-blind observer. This procedure was performed in 

triplicate; all mice from one cage were tested at the same time, but individually in different 

arenas. Arenas were counterbalanced by observer so that each observer was not always 

scoring mice in the same arena nor scoring the same strain repeatedly. Objects and arenas 

were cleaned between every trial to remove any odour cues. The maximum allowed duration 

was 500 seconds; any mouse making no contact was given the maximum score.  Mice were 

then tested a second time, this time in their home cage.  A silent observer placed a clean 

plastic straw through the cage bars and then recorded the duration of each mouse to make 

contact with the straw using either their nose or paw.  Again, the maximum duration was 500 

seconds and any mouse not making contact was given the maximum score.   

 

Stereotypic Behaviour 

 

Stereotypic behaviour was assessed for 327 mice in P2 and 156 mice in P4 using the same 

behavioural observation protocol described in the óWheel Running Observationsô section.  

Behaviours were categorized as óstereotypicô according to a well-validated ethogram (Tilly et 

al., 2010). Split-half analyses showed that mice displayed consistent levels of stereotypic 

behaviour within observation periods (P2: F1,318=52.8, p<0.0001; P4: F1,152=80.5, p<0.0001). 

 

Motivation Assessment 

 

One hundred and eight mice (36 cages) were tested in six batches from P2-4 as they could not 

all participate in the experiment at one time. Twelve cages had plastic wheels, 13 had metal 
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wheels, and 11 cages had locked wheels (5 plastic and 6 metal).  Eight of these cages also 

had the non-running enrichments previously described (3 plastic wheel cages, 3 metal wheel 

cages, 2 locked wheel cages).  In practice, 10 mice failed to cross the grid even on the lowest 

current; we therefore excluded these individuals since we were unsure whether they learned 

the spatial relationship between both cages.  For the validation of this procedure to assess the 

motivation of mice, and a full description of the methods, see Chapter 4. Here, maximum price 

paid (the highest current each mouse successfully crossed) was used to infer motivation (see 

Chapter 4).   

 

Post-Mortem Samples 

 

In total, 295 mice were sampled in P2 and P4.  Mice were killed by a trained technician via 

cervical dislocation, were immediately weighed and had their body length measured (from 

nose to base of tail).  Body-mass index (BMI) was calculated as body weight (g) divided by 

length (cm) squared (Keys et al., 1972).  Next, to assess the anatomical impact of the wheels, 

the heart was dissected out, gently squeezed to remove blood, and weighed.  Additionally, the 

right hind leg was skinned, cut off between the femur and the tibia, the foot was removed 

immediately above the calcaneum (see Fig. 4 for a diagram), and the resulting bones and 

muscles were weighed. 

 

Figure 4: Skeleton of a right hind leg of a mouse (Cook, 1965).  Red lines indicate where cuts 

were made prior to weighing. 
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Statistical Analyses 

 

All analyses were performed using JMP® 12.  All dependent variables were Box-Cox 

transformed prior to analysis to meet the assumptions of parametric statistics. Prior to all 

hypothesis-testing analyses, we first assessed whether plastic or metal locked wheels 

differentially affected any of the dependent variables.  Using a GLM including only locked 

wheels (but still including all factors described below), we found no differences between locked 

wheel types (see Table 1), nor any interactions with óStrainô, and so both types were pooled 

together to simplify subsequent analyses.  Similar general linear mixed-models (GLMs) were 

used for each dependent variable.  óCageô was always set as a random effect; all other effects 

were fixed effects; with óWheel Typeô set as plastic/metal/locked and óNon-Running 

Enrichmentô (yes/no) included as a blocking factor. For the body weight, heart, and hind leg 

analyses, body length was included as a covariate to control for differences in body size 

unrelated to wheel running since exercise does not affect body length, and length is a better 

predictor of muscle mass than weight (Simone et al., 2001).  The GLMs for analyzing Wheel 

Type effects on stereotypic behaviour were replaced with logistic regressions due to the large 

number of zeros making the data non-normal.  

  

Table 1: List of results comparing the effect of locked metal vs. locked plastic wheels. 

Dependent variable Test statistic P-value 

Body weight F1,36=1.1 0.30 

Heart mass F1,35=0.35 0.56 

Right hind leg mass F1,34=0.02 0.88 

BMI F1,41=0.84 0.36 

Acoustic startle response F1,43=0.70 0.41 

Latency to contact novel object F1,42=0.09 0.76 

Stereotypic behaviour F1,42=1.41 0.24 

Maximum price paid F1,6=0.69 0.44 

 

In these models, we are specifically interested in Wheel Type (plastic, metal, locked) effects, 

as any significant effects here would indicate that the two wheels differentially affect the 

animals.  Likewise, any significant Strain*Wheel type interactions would indicate that certain 

strains were being impacted differentially.  As a final set of analyses, in cases where either 
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plastic or metal wheels had effects that differed from locked wheels, we performed a follow-up 

analysis (GLM) to see if individual levels of wheel running (in the concurrent period) predicted 

the magnitude of effect (model as above, except now using sequential sums of squares due to 

wheel type and running amount being non-orthogonal; Hector et al., 2010). 

 

Results 

 

Wheel Running Observations 

 

As shown in Figure 5, mice with a plastic wheel used it significantly more than mice with a 

metal wheel (F1,64=121.2, p<0.0001).  This was consistent across all three strains; there was 

no Strain*Wheel Type interaction (F2,115=1.73, p=0.18). There were however, significant strain 

differences in average lifetime running (F1,138=6.7, p=0.002), and as in Experiment 1, post-hoc 

tests again showed that BALB/c mice ran more than DBA/2 mice, with C57BL/s being 

intermediate (and not different from either other strain). 

 

 

Figure 5: Lifetime average proportion of observations that mice spent running on their given 

wheel. The black bar represents C57BL/6 mice, the brown bar represents DBA/2 mice, and the 

white bar represents BALB/c mice.  Untransformed data are shown here for ease of 

interpretation (even though statistics were run on transformed values), and the error bars 

denote standard errors.  The asterisk (*) denotes a significant effect (pÒ0.05). 
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Tests for Anxiety: Acoustic Startle and Novel Object Test  

 

Prior to assessing treatment differences in anxiety, individual consistencies of mice in both 

measures were assessed via regressions with the aim of pooling scores into mean values if 

individuals were in fact consistent.  Indeed, mice were consistent between acoustic startle 

trials (F1,303=19.1, p<0.0001) and between novel object trials (F1,295=6.6, p=0.011), and so 

mean scores for both tests were used in all further analyses.  As for how these two measures 

of anxiety relate to each other, there was a positive trend for individual startle responses to 

predict novel object scores (F1,285=2.96, p=0.09). 

 

There were no differences in acoustic startle between the plastic, metal, or locked wheel 

groups (F2,106=1.2, p=0.31), nor were there significant differences in latencies to contact novel 

objects (F2,106=2.7, p=0.07), although there was a possible trend for mice with a plastic wheel 

to be bolder and make contact sooner (Fig. 6).  This trend was further investigated by 

determining whether individual running amount (in P2 only, so scores on both measures were 

concurrent) predicted novel object scores.  However, neither running amount (F1,127=1.06, 

p=0.30) nor the interaction between running amount and Wheel Type (F1,123=1.55, p=0.22) 

were significant predictors. In terms of strain differences, there was a significant effect of Strain 

on acoustic startle (F2,212=102.9, p<0.0001), and post-hoc tests showed that DBA/2 mice had 

lower startle scores than C57BL/6 and BALB/c mice, who were not different from each other.  

However, Wheel Type did not interact with Strain (F4,212=0.4, p=0.81).  There was also an 

effect of Strain (F2,210=249.4, p<0.0001) on latency to contact novel objects, and post-hoc tests 

showed that all three strains differed from each other with C57BL/6 mice having the longest 

latencies and DBA/2 mice having the shortest latencies.  Again, there was no interaction 

between Strain and Wheel Type (F4,210=1.51, p=0.20).   
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Figure 6: Average latency for mice to make contact with novel objects.  The black bar 

represents C57BL/6 mice, the brown bar represents DBA/2 mice, and the white bar represents 

BALB/c mice.  Untransformed data are shown here for ease of interpretation (even though 

statistics were run on transformed values), and the error bars denote standard errors.  The 

hashtag/pound sign (#) denotes a trend effect (0.05<pÒ0.10). 

 

Stereotypic Behaviour 

 

Due to the large number of mice that displayed zero stereotypic behaviour, normalization of 

the residuals was not possible, so logistic regression was used instead.  Because post-hoc 

tests were not available, manual pair-wise regressions were conducted to explore any 

significant differences.  Prior to analysis, mice were categorized as showing no stereotypic 

behaviour or as showing some stereotypic behaviour.  In P2, there was a significant effect of 

Wheel Type (ɢ2=7.96, p=0.02; Fig. 7) and no interaction with Strain (ɢ2=0.88, p=0.93). Follow-

up analyses showed that mice with a metal wheel were less likely to be stereotypic compared 

to those with plastic (ɢ2=5.33, p=0.02) or locked wheels (ɢ2=7.29, p=0.007).  Mice with plastic 

or locked wheels were similarly likely to be stereotypic (ɢ2=0.02, p=0.88).  In P4, there was 

again a significant effect of Wheel Type (ɢ2=6.46, p=0.04; Fig. 7) and a lack of interaction with 

Strain (ɢ2=3.27, p=0.51), but now mice with plastic (ɢ2=5.5, p=0.02) or metal (a trend; ɢ2=3.19, 

p=0.07) wheels, compared to those with locked wheels, were less likely to be stereotypic.  

Mice with plastic or metal wheels were comparably prone to being stereotypic (ɢ2<0.0001, 

p=0.99).  
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These results were further explored by looking for a relationship between running amount (in 

P2 and P4 respectively) and stereotypic behaviour.  Although these analyses did not strictly 

meet the assumption of normality, this should be of little concern as the F-test for comparing 

means is very robust to deviations from normality, especially for large sample sizes (Rasch 

and Guiard, 2004), and the assumption of homogeneity of variance was met.  In P2, running 

amount by wheel type (F1,120=8.34, p=0.005), but not running amount (F1,124=2.62, p=0.11), 

was a significant predictor of stereotypic behaviour.  This was because mice with a plastic 

wheel who ran more, stereotyped less (F1,34=8.0, p=0.008), but this was not the case for mice 

with a metal wheel (F1,88=0.96, p=0.33).  In P4, the opposite effect was found:  mice who ran 

more were also more stereotypic (F1,83=4.16, p=0.04), and this was not affected by wheel type 

(F1,85=0.02, p=0.88). 
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Figure 7: Percent of mice housed with each wheel type showing at least some stereotypic 

behaviour in P2 (A) and P4 (B).  The black bar represents C57BL/6 mice, the brown bar 

represents DBA/2 mice, and the white bar represents BALB/c mice.  Untransformed data are 

shown here for ease of interpretation (even though statistics were run on transformed values), 

and the error bars denote standard errors.  Asterisks (*) denote significant effects (pÒ0.05). 

The hashtag/pound sign (#) denotes a trend effect (0.05<pÒ0.10). 
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Motivation Assessment 

 

Wheel Type did not predict a difference in maximum price paid (F2,27=0.12, p=0.88), and did 

not interact with Strain (F4,53=0.56, p=0.69).  

 

Post-Mortem Samples 

 

Neither body weight (F2,99=1.7, p=0.19), nor BMI (F2,103=1.43, p=0.25) were predicted by Wheel 

Type, but relative heart mass (F2,92=8.4, p=0.0005; Fig. 8A), and relative right hind leg mass 

(F2,92=4.8, p=0.01; Fig. 8B) were: mice with plastic wheels had relatively bigger hearts and hind 

legs than mice with locked wheels (again, mice with metal wheels were in the middle and not 

significantly different from either).  There were no interactions between Strain and Wheel Type 

for any of the three measures (body weight: F4,184=1.8, p=0.12; heart mass: F4,180=1.2, p=0.32; 

right hind leg mass: F4,181=0.4, p=0.81).  Strain differences were evident for each dependent 

variable. C57BL/6 mice were heavier than both other strains (F2,186=94.6, p<0.0001). BALB/c 

mice had smaller hearts than both other strains (F2,182=45.9, p<0.0001). C57BL/6 mice had the 

largest hind legs, followed by BALB/c, then by DBA/2s which had the smallest legs 

(F2,182=60.9, p<0.0001). 

 

Once more, the significant group differences were further explored by examining if individual 

running amount (in P3/P4 as not all mice were killed at the same time) predicted relative heart 

and hind leg mass.  Relative heart mass was not predicted by running amount (F1,146=0.31, 

p=0.58), nor by the interaction between running amount and wheel type (F1,148=1.41, p=0.24).  

Similarly, relative right hind leg mass was not predicted by running amount (F1,156=0.23, 

p=0.63), nor by the running amount by wheel type interaction (F1,155=0.02, p=0.88). 
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Figure 8: Average heart (A) and right hind leg (B) masses for mice with each wheel type. The 

black bar represents C57BL/6 mice, the brown bar represents DBA/2 mice, and the white bar 

represents BALB/c mice.  Untransformed data are shown here for ease of interpretation (even 

though statistics were run on transformed values), and the error bars denote standard errors.  

The asterisks (*) denote significant effects (pÒ0.05). 

 

Health Checks 

 

Mice were health checked at regular intervals by a trained technician for the duration of the 

experiment.  Foot lesions were never noted, and there were no injuries that were evidently due 

to either of the running wheels.  

 

Experiment 3 ï Motivation to Access the Alternative Wheel 

 

In Experiment 1, mice showed a clear preference for running on the plastic wheel.  This 

matched the relative pattern of use seen in Experiment 2 when mice only had one wheel: mice 

with a plastic wheel ran more than mice with a metal wheel.  However, in Experiment 2, the 

motivation of mice to gain access to their respective running wheels was not significantly 

different between wheel types. Thus, the aim of this experiment was to resolve these 

incongruous-seeming results. Several competing hypotheses could explain this discrepancy: 

1) all mice were equally motivated to explore all of the available space/ leave the small cage/ 
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search for resources (as previously suggested by Sherwin and Nicol, 1997b) regardless of the 

wheel type being accessed; 2) the previously observed pattern of use does not accurately 

reflect preference (i.e. more time spent running on the wheel does not indicate greater value); 

or 3) because mice whose motivation was assessed did not have experience with both wheel 

types (or running vs. locked wheels), they were all equally motivated to regain access to ótheirô 

wheel/cage, since in the absence of a contrast, any familiar wheel was equally valuable.  Thus, 

in Experiment 3 we aimed to differentiate between these hypotheses by testing the motivation 

of the mice to access the alternative running wheel when their normal, óhome-cageô wheel, was 

freely available. If hypotheses 1 or 2 are correct, mice should work equally hard to access the 

cage with the alternative wheel.  However, if the third hypothesis is correct, mice should work 

harder to access the preferred wheel when they have a freely available, non-preferred wheel 

than in the opposite condition, because once they have experience with both wheels, they 

should be more motivated to use the preferred wheel. 

 

Methods 

 

Animals and Housing 

 

Sixteen cages were used in this experiment (two mice had died, leaving 46 mice approximately 

19 months of age).  Seven cages had working plastic wheels and nine had working metal 

wheels (and all had done so since weaning).  These cages had all participated in the previous 

motivation experiment, thus all mice had experience with the electric grids.  

 

Apparatus 

 

The same set-up was used as described in Experiment 2 (and Chapter 4).  The only change 

was that instead of the starting cage being a small cage (12H × 27L × 16Wcm), they started in 

a large cage (21H × 47L × 25Wcm) since the metal wheel did not fit in the small cage. This 

avoided cage size becoming a confound.  The cages were arranged such that their óhome 

cageô wheel was freely available in the starting cage, but they had to cross the grid to access 

the alternative wheel.  Everything else about the two cages was the same (i.e. both had 

bedding and nesting material as well as ad lib food and water).  The 16 cages were tested in 

two equally-sized batches. 
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Testing Procedure 

 

Prior to moving the mice to the electric grid apparatus, the wheels in the home cages were 

swapped with the alternative wheel for one week.  Thus, mice that had a plastic wheel for their 

whole lives had the opportunity to experience the metal wheel and vice versa.  Mice having 

experience with both wheels was necessary for us to distinguish between the aforementioned 

hypotheses.  After this week, mice were observed in a four-hour block, and since they 

appeared to be using (or climbing on) the new wheels, cages were then moved to the grid 

apparatus.  The protocol was the same as previous with one exception: the habituation period 

was prolonged to six days instead of two to improve the likelihood that mice learned about the 

spatial arrangement of the cages.  This change was made to try and ensure that the response 

rate was as high as possible due to the limited sample size (see Chapter 4).  Mice began the 

habituation period in the starting cage and after three days were manually moved into the other 

cage to, ensure they were exposed to both cages prior to the experiment starting. 

 

Statistical Analysis 

 

Again, the greatest current crossed by each mouse was recorded as the dependent variable.  

This value was Box-Cox transformed to meet the assumptions of parametric statistics and was 

analyzed with a general linear model (GLM) in JMP® 12.  As before, óCageô was set as a 

random effect, and all other factors were fixed effects.  In this analysis, we were specifically 

interested in differences between the type of óCostly Wheelô (the wheel across the grid), and 

whether any of these potential differences were strain specific. 

 

Results 

 

Costly Wheel Type did predict the maximum price paid (F1,13=13.9, p=0.003): presented with 

the opportunity to work for the alternative wheel, mice freely provided with metal wheels were 

more motivated to access plastic wheels than the opposite condition.  However, although there 

was no main effect of Strain (F2,27=2.16, p=0.14), there was a significant Strain*Costly Wheel 

Type interaction (F2,27=5.0, p=0.015).  Post hoc tests showed that while there were significant 

effects of Costly Wheel Type for C57BL/6 and DBA/2 mice, BALB/c mice did not cross 

significantly higher currents to access the plastic wheel compared to the metal wheel (Fig. 9). 
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Figure 9: Average maximum price paid by mice to reach the alternative wheel type, split by 

strain.  The wheel type indicated is the Costly Wheel. Thus values indicate the average current 

crossed to access the specified wheel type when the alternative was freely provided.  The 

black bar represents C57BL/6 mice, the brown bar represents DBA/2 mice, and the white bar 

represents BALB/c mice.  Untransformed data are shown here for ease of interpretation (even 

though statistics were run on transformed values), and the error bars denote standard errors.  

The asterisk (*) denotes a significant effect (pÒ0.05). 

 

Discussion 

 

Using three co-housed mouse strains, we set out to comprehensively evaluate two 

commercially available running wheels that are safe for group-housed mice: the plastic ófast-

tracô wheel combo, by Bio ServÈ (óplasticô for short) and the stainless steel mesh 5ò upright 

wheel, by Ware Manufacturing Inc (ómetalô for short).  In this final section, we review the 

successful aspects of this experiment and their implications for researchers using running 

wheels in future experiments. 

 


