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ABSTRACT 

THE LONG-TERM EFFECTS OF ENVIRONMENTAL ENRICHMENT ON AGONISM 

IN FEMALE C57BL/6, BALB/C AND DBA/2 MICE 

Emma Nip         Advisor: 

University of Guelph, 2018       Georgia Mason 

 

 Female mice are usually kept in non-enriched shoebox cages that increase agonism. I 

sought to understand why environmental enrichment (EE) reduces agonism by observing home-

cage agonism, stereotypic behaviour, and inactive-but-awake behaviour (IBA: a depressive-like 

state), and by assessing hearing loss and anxiety, in 165 mice (C57BL/6s, BALB/cs, and 

DBA/2s). I employed statistics to see if any of these variables predicted agonism; only IBA did 

in some sub-groups. Low agonism in EE mice was also partially explained by low social 

interaction rates. Lastly, I assessed agonism in an unfamiliar arena with stranger mice, but 

enriched mice did not exhibit less agonism in this setting. Overall, these findings demonstrate 

that a) EE reduces agonism in females, b) IBA co-varies with agonism, c) low agonism is 

partially a by-product of low interaction rates, and d) enriched mice are no less agonistic than 

non-enriched mice when in an unfamiliar arena with strangers.   
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Chapter 1: Background and Research Aims 

 

1.1. Introduction 

 Mice are among the most commonly used animals in scientific research, both as models 

for humans in biomedical research, and as compelling research subjects regarding their own 

behaviour (Deacon 2006). In 2016, the CCAC (Canadian Council of Animal Care) reported that 

mice made up 34.8% of all animals used in CCAC-certified institutions: more than any other 

mammalian research species. Laboratory mice are traditionally kept in “shoebox”-sized cages, 

which are usually barren besides food, water, corn cob bedding, and occasionally some nesting 

material (Mason and Latham 2004). These standard, non-enriched (henceforth NE) cages were 

designed primarily to accommodate large populations of animals in a small space, while also 

meeting climatic, hygienic, dietary, and physical health requirements (Olsson and Dahlborn 

2002). 

Unfortunately, these cages lack space and environmental complexity, often resulting in 

poor welfare (which here means negative affective states), via the suppression of natural 

behaviours (Olsson and Dahlborn 2002), excessive levels of inactivity (e.g. inactive-but-awake 

behaviour, potentially indicating a depressive-like state; Fureix et al. 2016), and/or increased 

stereotypic behaviour (henceforth SB): repetitive and apparently functionless actions that arise 

from needing to cope, central nervous system dysfunction, or frustration (Mason and Latham 

2004; Harper et al. 2015). With approximately 1.5 million mice used in CCAC-certified 

institutions in 2016 alone, the impact of suboptimal housing on mouse welfare is immense 

(CCAC 2016). Environmental enrichment (henceforth EE), the addition of complex, preferred 

structural stimuli to the home-cage, has been shown to reduce these undesirable and abnormal 

behaviours (Roy et al. 2001; Llorens-Martín et al. 2007; Harper et al. 2015). Examples of EE 

include climbing structures, shredded paper for nest construction, and running wheels for 

exercise (Newberry 1995; Olsson and Dahlborn 2002; Cathomas et al. 2015). Enrichment may 
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thus reduce abnormal behaviours by allowing the animal to express natural behaviours and 

attenuate frustration; or by promoting normal neurological development; or, simply, by 

providing the animal with a larger behavioural repertoire and thence a larger variety of 

behaviours to perform (Mason et al. 2007). Indeed, mice have been shown to prefer enrichments, 

such as nest boxes and tunnels, by working hard to access them (Olsson and Dahlborn 2002; 

Latham and Mason 2010). Whatever the mechanisms behind enrichment, the benefits are clear.  

Although still a novel area of research, evidence suggests that enrichment also reduces 

agonism (social interactions that occur during conflict) in female mice (Hutchinson et al. 2012; 

Clipperton-Allen et al. 2015; Harper et al. 2015; Pond et al. 2015; summarized in Table 1.1). 

Agonism in female mice will be the main topic of this thesis, and thus the following sections will 

1) describe the different types of female agonism, 2) briefly review strain differences as well as 

murine social structure, 3) define potential behavioural causes of agonism and how enrichment 

affects them and 4) give an overview of my research aims and hypotheses.  

 

1.2. Background 

1.2.1. Agonism in Female Mice 

Agonism is a social interaction that occurs during conflict, and encompasses a range of 

behaviours including aggression. Being the more aggressive sex, male mice dominate the 

literature on agonism and aggression – despite the use of female mice increasing in biomedical 

research (McCullough et al. 2014; Prendergast et al. 2014). Males often exhibit increased 

aggression in enriched environments (Haemisch et al. 1994; Haemisch and Gärtner 1994; 

Pietropaolo et al. 2004). Since males are naturally territorial, this aggression may occur due to 

resource-guarding of enrichments (Haemisch and Gärtner 1994; Van Loo et al. 2003). Non-

lactating female mice are not territorial, and therefore findings from these studies are not 

necessarily applicable to them (Clipperton et al. 2010). Indeed, past research on female mice 

have shown that EE reduces agonism in non-lactating female mice (see Table 1.1).  
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 Of these studies from Table 1.1, Akre et al. (2011) was the first to look at the effects of 

enrichment on female agonism. Both housing conditions were enriched, except one had clustered 

enrichments, while the other had dispersed enrichments plus an extra running wheel. These 

authors found that clustered enrichments resulted in more aggression; thus, I will be dispersing 

my enrichments evenly throughout the cages in my study. The other authors from Table 1.1 

compared EE cages directly to NE cages (Hutchinson et al. 2012; Harper et al. 2015; Pond et al. 

2015; Clipperton-Allen et al. 2015). Hutchinson et al. (2012) did not see significant differences 

in aggression between housing conditions at first, but after introducing enrichments to some NE 

mice, those mice had fewer tail wounds than NE mice who never received enrichments. 

Similarly, Harper et al. (2015) found that NE mice displayed more agonism than EE mice; Pond 

et al. (2015) showed that NE mice received more aggression from cagemates than did EE mice; 

and Clipperton-Allen et al. (2015) demonstrated that EE mice performed fewer agonistic 

behaviours than NE conspecifics. To date, there has been no contrary evidence suggesting that 

enrichment induces agonism in females, although there are admittedly few studies on this topic. 

Thus, the first aim of this thesis is to replicate these past findings, which will be covered in 

Chapter 2. 
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Table 1.1. Summary of the effects of EE on non-lactating female mouse agonism. Terms (e.g. 

aggression) used are from the authors’ own definitions. SB = Stereotypic behaviour.  

Study Strain Age Enriched cages Control cages Results 

Akre et al. 

2011 

C57BL/6J 7 

months 

Bedding and 

clustered EE: 

running wheel, 

igloo, sticks, 

nesting material, 

tissue (812 cm2) 

Same EE, but 

evenly 

dispersed with 

an extra 

running wheel 

with igloo (812 

cm2) 

Clustered EE resulted in 

more aggression and 

displacement 

Hutchinson 

et al. 2012 

BALB/c 4.25 

months 

Nesting pads, 

plastic hut, balls, 

aspen bedding 

chips, dimensions 

not provided 

Aspen bedding 

chips, 

dimensions not 

provided 

No significant differences in 

aggressive behaviours 

between groups, but NE 

mice had more tail wounds 

vs. mice who later received 

EE 

Harper et 

al. 2015 

DBA/2, 

C57BL/6, 

BALB/c 

6 

months 

Wheels, pine cones, 

hammocks, cups, 

pipe tunnels, 

sponges, cotton 

balls, shelters and 

nesting material; 

(903 cm2) 

Shelters and 

nesting 

material; (324 

cm2) 

NE mice performed more 

agonistic acts than EE mice; 

NE C57s received more 

aggression than EE C57s 

Pond et al. 

2015 

DBA/2 16 

months 

Wheels, platforms, 

shelters, nesting 

material; (903 cm2) 

Shelters and 

nesting 

material; (324 

cm2) 

NE mice received more 

aggression than EE mice 

Clipperton-

Allen et al. 

2015 

BALB/c, 

C57BL/6 

1.5 

months 

Woodchip bedding, 

nesting material, 

tubes, 10 g of aspen 

wood wool; (1098 

cm2) 

Hardwood chip 

bedding; (1098 

cm2) 

EE mice in both strains 

performed fewer dominant 

agonistic behaviours 

 

In male mice, agonistic behaviour is often measured via a resident-intruder test, in which 

an observer records a resident male’s frequency and latency of attacks on an unfamiliar intruder 

(Haemisch et al. 1994; Haemisch and Gärtner 1994; Pietropaolo et al. 2004). Similar to territorial 

males, lactating females will also attack intruders, and thus resident-intruder paradigms are also 

used to measure postpartum aggression (Ogawa and Makino 1984). Non-lactating females rarely 

attack, bite, or fight intruders of the same sex (Ogawa et al. 1998; Ogawa et al. 2004); thus, 
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assessing non-stranger inter-female agonism relies more on ethological approaches, such as 

behavioural sampling in the home-cage, rather than the resident-intruder paradigms more suited 

to territorial males or lactating females (Clipperton et al. 2010; Clipperton et al. 2011).  

Based on past studies describing home-cage female agonism (see Table 1.2), I have 

narrowed down six behaviours that have appeared multiple times in the literature: mounting, 

pinning, chasing, rough-grooming, displacement, and genital sniffing (see Table 2.2 ethogram, 

Chapter 2, for descriptions). Unfortunately, no research to date has formally validated these 

behaviours as agonistic in female mice. Furthermore, their categorization (i.e. whether they are 

overtly aggressive vs. mildly agonistic) is often inconsistent across these studies. Therefore, for 

this thesis, I categorized each behaviour based on the most common consensus from the past 

studies from Table 1.2, supplemented by better-documented research in male mice.  
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Table 1.2. Categorization of agonistic behaviours from past studies on female mice.  

 

Study 

 

Pinning 

 

Chasing 

 

  Mounting 

 

Rough-

Grooming 

 

Displacing 

 

Genital 

Sniffing 

Clipperton et 

al. 2008; 

Clipperton-

Allen et al. 

2010 

Dominant 

behaviour 

“Following 

demonstrator” 

Dominant 

behaviour 

Dominant 

behaviour 

N/A Anogenital 

investigation 

Clipperton-

Allen et al. 

2015 

Dominant 

agonistic 

Dominant 

agonistic 

N/A 

 

Dominant 

agonistic 

N/A Dominant 

agonistic 

Akre et al. 

2011 

N/A Aggression N/A N/A Displacement as 

its own category 

Aggression 

Harper et al. 

2015 

Dominant: 

Aggression 

Dominant: 

Aggression 

Dominant: 

Aggression 

N/A Dominant: 

displacement 

N/A 

Rodriguiz et 

al. 2004 

Aggression 

and 

Agonism 

Aggression: 

threatening 

posture 

N/A N/A N/A Mild social 

investigation 

Hutchinson et 

al. 2012 

Aggression Aggression Aggression N/A N/A N/A 

 

 According to Table 1.2, pinning, chasing, and mounting have been defined as aggressive 

by several of these authors. Additionally, many papers on male mice have also described these 

behaviours as aggressive (Grant and Mackintosh 1963; Nevison et al. 1999; Lumley et al. 2000; 
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Pietropaolo et al. 2004). Mounting behaviour could be considered contentious, since it also is a 

mating behaviour (Grant and Mackintosh 1963). However, inter-sex mounting may not always 

be sexual in intent, and has been described as an aggressive behaviour used to establish 

dominance in both males (Sarna et al. 2000; Williamson et al. 2016; Hsieh et al. 2017) and 

females (Clipperton-Allen et al. 2010; Clipperton-Allen et al. 2011). Thus, these three 

behaviours will henceforth be considered aggression in this thesis. 

For rough-grooming, information was scarce in the female literature (only mentioned by 

one author), and so I am citing the male literature for this behaviour: it was described as 

aggression in several studies (Chiavegatto et al. 2000; Bartolomucci et al. 2004; Borniger et al. 

2016; Hsieh et al. 2017), particularly Grant and Mackintosh (1963) who first detailed aggressive 

behaviours in male mice. Furthermore, rough-grooming often leads to barbering – which is the 

plucking of fur and/or whiskers. In male mice, barbering is exhibited by the dominant mouse, 

and positively co-varies with frequency of attack (Kalueff et al. 2006; Wang et al. 2011). Thus, 

rough-grooming is also henceforth known as aggressive. 

Displacement, in which a mouse supplants another away from a resource, was described 

by Akre et al. (2011) and Harper et al. (2015) as a dominant behaviour, separate from 

aggression; and I could not find any papers describing displacement in male mice. For these two 

reasons, I will refer to displacement as a mild form of agonism. And lastly, genital sniffing is 

perhaps the most contentious of all: denoted as mild, aggressive, and agonistic in the female 

literature (see Table 1.2). Unlike in females, genital sniffing has been primarily described as a 

sexual or affiliative behaviour in male mice (Grant and Mackintosh 1963; Benton et al. 1980; 

Pietropaolo et al. 2004; Votava et al. 2005). However, dominant mice tend to sniff genital 

regions more often than do subordinates (e.g. Clark and Schwen 1966; Benton et al. 1980; Hardy 

et al. 1989), and genital sniffing sometimes leads to the recipient audibly squeaking and/or 

escaping (Clark and Schwen 1966). Furthermore, genital sniffing is usually distinguished from 

other forms of sniffing (body and oronasal), because it often precedes known agonistic 

behaviours such as chasing (Sales 1972; Clipperton-Allen et al. 2011). Thus, since I do not have 

enough evidence to call genital sniffing aggressive, I will err on the side of caution and refer to 

genital sniffing as a mild agonistic behaviour. See Figure 1.1 for a visual categorization of these 
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behaviours for this thesis. Again, since this categorization is based on past literature rather than 

formal validation, I will be revisiting this topic of categorizing agonism at the end of this thesis 

(Chapter 4).  

                       

 

Figure 1.1. Categorization of agonistic behaviours in female mice 

Even though female mice exhibit fighting, high levels of female agonism are still a 

welfare concern as they may cause chronic stress for the subordinate mouse (Lumley et al. 2000; 

Bartolomucci et al. 2005), and rough-grooming leads to fur and whisker loss (barbering). 

Whisker-barbering, in particular, is a welfare problem because it leaves the victim without the 

ability to feel using her whiskers, which are essential for sensory perception (Latham and Mason 

2004). As such, it is standard at our facility to move whisker barberers to other groups if 

possible; but if they continue to barber, then they are subsequently euthanized. Thus, high levels 

of home-cage agonism should be a cause of concern for any researcher using female mice.   

 

Agonism

Aggression

Mounting

Chasing

Rough-grooming

Pinning

Mild Agonism

Displacement

Genital Sniffing
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1.2.2. Mouse Strains Used  

Black C57BL/6Js (henceforth referred 

to as C57s), white BALB/cJs (BALBs) and 

taupe DBA/2Js (DBAs) are commonly used 

strains in research (Walker et al. 2016). Walker 

et al. (2013; 2016) validated mixed-strain 

housing, in which mice from each strain could 

be housed together without compromising welfare (measured via corticosterone metabolite 

output, stereotypic behaviour, and other variables; see: Walker et al. 2013; Walker et al. 2016). 

Furthermore, mixed-strain housing “phenotypes are not altered (e.g. not homogenized within 

cages), so…researchers can still expect to find strain typical results” (Walker et al. 2016). This 

means that researchers, such as myself, can used mixed-strain housing without compromising the 

validity of their research.  

Using multiple strains for my thesis has several benefits. First, as all three strains differ in 

coat colour, we can easily identify individuals without needing to resort to painful identification 

procedures such as toe-clipping or ear-notching. Secondly, these strains have divergent responses 

to NE housing and thus exhibit different behavioural phenotypes relevant to my research. For 

example, female DBA and BALB mice tend to perform more SB than C57s females (Harper et 

al. 2015; Walker et al. 2016); C57 females in NE housing demonstrated more inactive-but-awake 

and agonistic behaviours than enriched C57s, whereas no such differences occurred in BALBs 

and DBAs (Harper et al. 2015); and virgin C57 females were more agonistic to an intruder 

female than their DBA and BALB counterparts (Haug et al. 1992). Using three strains housed 

together will also increase my statistical power (Walker et al. 2016), and further, the findings of 

my research will be applicable to multiple strains rather than just one.  
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1.2.3. Dominance and Hierarchy Stability 

The social structure of grouped mice is comprised of a hierarchy, in which some mice are 

dominant, while others acquire a more submissive role (Schuhr 1987). Agonistic behaviour has 

often been tied to dominance, a term which has been described as “a trait that conveys rank… 

(which is) mediated by aggression” and signals a “consistent winner of agonistic contests” 

(Drews 1993). In female mice, it has been proposed that agonistic behaviours, such as chasing, 

pinning or rough-grooming, are used to “establish dominance” (Clipperton et al. 2010).  

Past research suggests that unstable hierarchies are tied to increased aggression, since 

individuals are constantly fighting to achieve a specific social ranking (Schuhr 1987; Sapolsky 

1995; Rodriguiz et al. 2004). Such instability in the home-cage has shown to be stressful in 

several species, including mice (Ely and Henry 1978; Haemisch et al. 1994), guinea pigs 

(Sachser and Lick 1989), and various primates (Sapolsky 1995). The effects of EE on hierarchy 

stability has been explored in male mice, where EE cages are actually more socially unstable 

than NE cages, likely due to increased territorial aggression from resource-guarding enrichments 

(Haemisch et al. 1994; Howerton et al. 2008).  

To date, no research has been carried out on the effects of environmental enrichment on 

social hierarchy stability in female mice. But since females are generally non-territorial, it is 

possible that enriched cages will not induce hierarchy instability. Indeed, perhaps EE female 

mice will be more socially stable due to reduced stereotypic behaviour. In a study by Rodriguiz 

et al. (2004), female mice were rendered stereotypic via genetic modifications to their brains 

(dopamine knockouts). These mice quickly established a social hierarchy, but it was extremely 

unstable and changed rapidly and frequently (Rodriguiz et al. 2004). The social instability was 

attributed to the stereotypic mice’s behavioural inflexibility, as they repeatedly challenged their 

ranking in the hierarchy (Rodriguiz et al. 2004). Thus, perhaps enriched female mice, who are 

less stereotypic than NE mice, are better able to establish and maintain a stable hierarchy – 

which would explain the lower prevalence of agonism in EE cages.  
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Dominance ranking may be measured in several ways: by counting number of wounds; 

by assessing competitive access to food or water after deprivation; by evaluating competitive 

access to females; or by a tube-dominance test, in which two mice will enter an appealingly dark 

tube from opposing ends, with the dominant mouse forcing its opponent out of the tube (see 

Benton et al. 1980; Wang et al. 2011). Some of these methods are specifically designed for male 

mice (e.g. access to females and counting wounds), but competitive access to a coveted resource 

should be applicable to both sexes. Thus, the tube dominance test has been used in at least one 

study using females (Rodriguiz et al. 2004). The tube dominance test has shown to have high 

construct validity, and reliably co-varies with several other measures of dominance (Wang et al. 

2011). However, an unpublished study suggested that the tube dominance test does not reflect 

dominance; this study found that anxious male mice (who tended to be subordinate) were 

actually more likely to “win” in order to escape (Niel, personal communication, 2018). 

Furthermore, the tube dominance test can be a lengthy and tedious process when assessing a 

large sample of mice. For example, with a sample of 50 mixed-strain trio cages: if each dyad 

from a trio were to be tested in three trials of at most 2 minutes each, then the entire process 

would take up to 15 hours. And this process would need to be repeated at several time-points to 

assess shifts in social hierarchy, which did not fit into our schedules since I was sharing this 

cohort of mice with another student. Thus, tube dominance may not even be a practical option 

for studying long-term changes in social hierarchy with a large sample size, particularly if other 

experiments need to be conducted on that sample of mice.  

Another measure of dominance is simply to calculate dominance scores by observing 

agonistic behaviour, where mice with more displays of agonism rank higher than those with 

more receipts of agonism (Palanza et al. 2001; Clipperton et al. 2008; Clipperton et al. 2010). 

Results from this method have also shown to correlate with the tube dominance test (Rodriguiz 

et al. 2004; Wang et al. 2011). Although practical, the limitation to this method is that such 

observations typically rely on continuous sampling of agonistic behaviours (usually via video 

recording), which are often only 15 minutes to an hour (e.g. Palanza et al. 2001; Clipperton et al. 

2010). With such a short sampling period, it is difficult to ascertain whether the observations are 

truly representative of the mice’s home-cage social structure. Thus, it seems that an alternative 
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way to measure hierarchy stability is needed - one that is efficient, practical, and representative 

of the mice’s fluctuating social ranking. Social hierarchy stability will thus be measured using 

split-half analyses: a common method in our lab to assess behavioural stability prior to 

hypothesis testing (Martin and Bateson 2007). Essentially, if data collection occurs over 6 days 

for example, then half of the days (even days) are regressed against the other half (odd days). If 

behaviours from the even days co-vary with the odd days, then they demonstrate behavioural 

stability. This method is usually employed in the first round of behavioural observations to 

determine whether relevant behaviours (such as stereotypic behaviour) are stable prior to testing 

hypotheses about them.  

For this thesis, I have collected behavioural data several times over several months and 

was thus able to compare behavioural stability across months, not just within the first round of 

observations. Thus, these split-half analyses aimed to answer the question: were relative levels of 

agonism stable, such that the most agonistic mouse was still the most agonistic, over time (i.e. 

are agonism levels preserved)? If my hypothesis was correct, I would expect to see agonism 

become stable faster in EE mice than in NE mice, and would remain stable over time, thereby 

implying that the social structure is also then stable.  

 

1.2.4. Effects of Immediate Environment on Agonism  

 One of the first questions that came to mind when reading about the phenomenon of 

reduced agonism in enriched cages was: is this effect intrinsic or extrinsic? In other words, is low 

agonism caused by some internal behavioural difference between EE mice and NE mice (i.e. an 

intrinsic effect)? Or is it simply directly due to the immediate complexity of their environment 

(i.e. an extrinsic effect)? Perhaps, for example, enriched mice are less agonistic because of 

reduced social interaction rates caused by having increased space and more things to do. Indeed, 

in two studies from Table 1.1 (Harper et al. 2015; Pond et al. 2015), the EE cages were larger 

than the NE cages – so perhaps the housing effect on agonism was merely a by-product of low 
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social interaction rates. If this is the case, I would expect the housing effect on agonism to vanish 

after statistically accounting for social interaction rates.   

Or perhaps the physical complexity of enriched cages reduce bouts of agonism by 

providing hiding places to escape from aggressors (Clipperton-Allen et al. 2015). In NE cages, 

which lack tunnels, shelters, and nesting material, there is little opportunity to hide from a 

dominant cagemate. This is a plausible hypothesis, but it is difficult to test using instantaneous 

scan-sampling (which is the method of observation that will be used in this thesis). One could 

measure this by focal sampling the termination of chase sequences via enrichment use, and 

determining whether enrichments reduce total time spent being chased by an aggressor. Thus, 

due to my use of scan-sampling rather than focal sampling for my behavioural observations (see 

Chapter 2), this hypothesis will not be explored further in this thesis, but remains a topic for 

future investigation.  

Lastly, if reduced agonism in EE cages is not a product of the environment, and rather 

because EE mice are intrinsically less agonistic, then I would expect to see less agonism from EE 

mice than NE mice even when placed in an unfamiliar arena with no hiding places or 

enrichments. The effects of the immediate environment will be addressed in both Chapters 2 and 

3.  

 

1.2.5. Potential Behavioural Co-variates of Agonism 

If low agonism is intrinsic, then this may be caused by other behavioural variables, 

including stereotypic behaviour, anxiety-like behaviour, a depressive-like state, or hearing loss. 

Chapters 2 and 3 will assess the suitability of these variables as co-variates of agonism. Thus, for 

this following section, I will provide a thorough background on enrichment effects of these co-

variates to prepare the reader for those upcoming chapters. Their potential relationship with 

agonism will be covered in greater detail in the Introduction sections of Chapters 2 and 3. 
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1.2.5.1. Behavioural Flexibility: Stereotypic Behaviour and Perseveration 

 Behavioural flexibility is the ability to adjust to new stimuli and modify behaviours 

accordingly (Mason et al. 2013). Several factors contribute to an individual’s behavioural 

flexibility, including boldness, neophilia, a capacity to learn, and an adaptive physiology (Mason 

et al. 2013). In a social context, being behaviourally adaptable can be crucial for avoiding 

conflicts (Konig and Markl 1987). Stereotypic behaviour and perseveration (the inappropriate 

repetition of a behavioural response in a given context) both contribute to and reflect poor 

behavioural flexibility (Rodriguiz et al. 2004; Gross et al. 2011).  

As mentioned already, SB frequently develops in animals housed in NE cages and 

indicates poor welfare (Mason 1991; Mason and Latham 2004). In mice, common SBs include 

route-tracing, somersaults, bar-mouthing, and twirling (see Table 2.2 ethogram, Chapter 2). 

Environmental enrichment has shown to decrease SB in mice, especially when provided at a 

young age (Hadley et al. 2006; Tilly et al. 2010; Gross et al. 2012). For example, SB decreased 

in male mice when provided with running wheels (Howerton et al. 2008), in deer mice 

introduced to complex stimuli (Hadley et al. 2006), and in female C57 and DBA mice living in 

enriched cages (Harper et al. 2015). Since SB may be associated with central nervous system 

dysfunction or with frustration (Latham and Mason 2010), EE may attenuate SB because of its 

ability to normalize brain function, or because it reduces frustration and stress (Latham and 

Mason 2010).  Regardless, the beneficial effects of EE on SB have been well-documented in 

several species, including laboratory mice (Würbel et al. 1998), mink (Dallaire et al. 2012), deer 

mice (Powell et al. 2000), and bank voles (Sørensen 1987) (for reviews, see: Würbel 2001; 

Mason et al. 2007). Perseveration is another form of behavioural inflexibility, and often co-varies 

with SB (Garner et al. 2003; Vickery and Mason 2005; Hemmings et al. 2007). It is usually 

measured by an individual’s ability to adjust his/her response to a changing situation in specific 

contexts, such as in reversal learning tasks (the ability to reverse a previously-taught answer to a 

newly correct answer; see Tanimura et al. 2008), two-choice guessing tasks (the degree of 

patterned guessing in a task that produces random sequences; see Gross et al. 2011), or 

extinction learning tasks (the ability to extinguish a previously-learnt response after the eliciting 

reward is no longer given; see Vickery and Mason 2005). A perseverative individual is less able 
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to adjust their response to a shifting situation compared to a neurotypical individual. 

Perseveration is also reduced by enrichment, as seen in mice (Tanimura et al. 2008; Gross et al. 

2011), mink (Campbell et al. 2013), and beagle dogs (Milgram et al. 2004).  

The link between behavioural inflexibility and aggression has been highly studied in the 

human literature; for example, children with social deficits such as under-socialized aggressive 

conduct disorder (Shapiro et al. 1988), oppositional defiant disorder (Matthys et al. 2004), and 

unstable aggression due to neuroticism (Séguin et al. 2002), all displayed more inflexible 

responding in perseveration tasks. Therefore, in a social context, a behaviourally inflexible 

individual may continue to exhibit inappropriately aggressive behaviours despite receiving 

negative feedback from others. And this lack of behavioural flexibility, whether through 

stereotypic behaviour or perseveration, may explain the increased agonism seen in NE mice. In 

my thesis, I will be focusing on stereotypic behaviour as it is easily observable in the home-cage. 

Furthermore, SB may also be linked with receiving agonism. One study found that highly 

stereotypic individuals were aggressed by cagemates (Harper et al. 2015). Perhaps cagemates 

found those stereotypic mice “weird” and bullied them. In the human literature, autistic children 

are similarly bullied due to social impairment (Cappadocia et al. 2012; Schroeder et al. 2014). 

Thus, Chapter 2 will explore the relationship between stereotypic behaviour, as a proxy for 

behavioural inflexibility, and the display and receipt of agonism.  

 

1.2.5.2. Negative Judgment Biases: Anxiety and Depressive-like States 

In humans, anxious or depressed individuals often have negative judgment biases: 

pessimistic perceptions of an ambiguous situation even when the same situation could be 

construed as positive (Amin et al. 1998). For example, a person with a negative judgment bias 

may interpret a person’s neutral “listening” expression as hostile and disdainful, whereas 

someone with a positive judgment bias may see it as encouraging and attentive. With the obvious 

benefit of self-reporting, there is extensive literature on human judgment biases (e.g. Rude et al. 

2003; Beevers et al. 2004; Crane et al. 2007; Hallion and Ruscio 2011). However, judgment 
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biases can also be assessed in animals by teaching them to associate distinct discriminative 

stimuli with a reward (e.g. red wall = treat) or a punishment (e.g. white wall = loud noise), and 

then showing them an affectively ambiguous stimulus (e.g. pink wall) and determining whether 

they perceive it as a reward or punishment. A negatively affected animal will more often 

perceive the ambiguous stimulus as a punishment. The first judgment bias test for animals was 

designed by Harding et al. (2004) on rats, and since then several studies have explored judgment 

bias in horses (Lockener et al. 2016; Henry et al. 2017), cattle (Neave et al. 2013; Daros et al. 

2014), and dogs (Mendl et al. 2010), amongst others. In mice, however, there is a substantial lack 

of validated judgment bias tests, and so this thesis will require proxy measures of a negative 

judgment bias. These measures will be indicative of an anxious or depressive-like state.  

Measures of anxiety include determining an individual’s unwillingness to explore a novel 

environment, such as in an open field test (Box 1.1.a) or elevated plus maze (Box 1.1.b) (Roy et 

al. 2001; Benaroya-Milshtein et al. 2004), and assessing the amplitude of a reflexive flinch in 

response to a startling stimulus, such as an air puff, loud tone, or light flash (Walker et al. 2013; 

Box 1.1.c). EE has shown to reduce measures of anxiety in mice (Roy et al. 2001; Benaroya-

Milshtein et al. 2004). For example, enriched mice often have a lower startle response and spend 

more time in aversive situations, such as in the centre of an open field or in the open arms of an 

elevated plus maze; NE mice, conversely, have a higher startle response and retreat to the 

perimeter of an open field or the enclosed, dark arms of an elevated plus maze (Friske and 

Gammie 2005; Hattori et al. 2007). 

Similarly, depressive-like states may also be measured in a variety of ways. For example, 

forcing a mouse to swim (Box 1.1.d) or suspending them by the tail (Box 1.1.e) until they 

float/hang immobile are both valid methods to assess learned helplessness – or in other words, 

how quickly it takes for her to give up (Can et al. 2012; Fureix et al. 2016). Depressed 

individuals may also display anhedonia, a reduced motivation for seeking pleasure, which can be 

measured in mice via a reduction in sucrose consumption (Strekalova et al. 2004; Box 1.1.f). 

Lastly, inactive-but-awake behaviour (Box 1.1.g), in which a mouse is standing still with her 

eyes open, has been tentatively described by Fureix et al. (2016) as a depressive-like state, as it 

predicts longer immobility times (i.e. learned helplessness) in the forced swim test (Porsolt et al. 
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1978; Fureix et al. 2016). All of these measures of a depressive-like state have been attenuated 

by EE housing (learned helplessness: Llorens-Martín et al. 2007; Brenes et al. 2008; anhedonia: 

Jha et al. 2011; inactive-but-awake behaviour: Abou-Ismail and Mahboub 2011; Fureix et al. 

2016). For this thesis, I plan to assess anxiety by measuring startle reactivity (c.f. Walker et al. 

2013), partly because the startle equipment will also be used for another part of my study (see 

Chapter 3). And since inactive-but-awake behaviour is easily observable in the home-cage, I will 

use inactive-but-awake behaviour as my measure of a depressive-like state (Chapter 2). As such, 

these measures (inactive-but-awake behaviour and anxiety) will be used as proxies for assessing 

judgment bias.  

 

 

 

 



 

 

18 

 

Box 1.1. Measures of anxiety and depressive-like states in mice. d) & f) courtesy of Aileen 

MacLellan, and e) Hong et al. 2016

 

 

1.2.5.3. Communication Deficits: Hearing Loss  

My final potential co-variate of agonism is hearing loss. Mice emit ultrasonic 

vocalizations to communicate with one another, as well as human-audible squeaks during 

stressful circumstances such as handling or agonistic encounters (Sales 1972; Portfors 2007; 

Michetti et al. 2012). Certain strains of mice (including the strains used in this project) are 

genetically susceptible to age-related hearing loss, starting with the higher frequencies (Erway et 

                                                             
a)  Open field test                b)   Elevated plus maze 

              

                                                            
      c)    Startle response chamber            d)   Forced swim test              e) Tail suspension test 

              

                                                       
               f) Sucrose consumption test            g) Inactive-but-awake behaviour 
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al. 1996; Ohlemiller et al. 2000; Davis et al. 2001). Hearing loss occurs as a result of progressive 

sensorineural cochlear hair cell degeneration (Johnson et al. 2000). DBA mice are the most 

vulnerable, as they start to decline in hearing after weaning and can become deaf as early as four 

months of age (Davis et al. 2001; also see Figure 1.2: Zheng et al. 1999;). C57 mice may begin 

to decline at 1-2 months (O’Leary et al. 2017), although other studies only report exhibit 

significant hearing loss from young adulthood and on (i.e. 4+ months; Henry and Cole 1980; 

Hunter and Willott 1987; Erway et al. 1993; Willott et al. 1998; Johnson et al. 2000). BALB 

mice start to lose their hearing around 10 months of age (Willott et al. 1998; Johnson et al. 

2000). Thus, our three strains all exhibit varying degrees of hearing loss over time.  

 

Figure 1.2. Long-term hearing capacity in normal-hearing CBA mice vs. deafness-prone DBA 

mice via auditory brainstem thresholds, which are electroencephalographic responses used to 

assess auditory sensitivity in mice. Hearing declines rapidly in DBA mice, with a starting 

threshold of approximately 30 dB deteriorating to roughly 100 dB in 10 months. Figure courtesy 

of Zheng et al. 1999. 

Across many species including mice, it is widely recognised that high-frequency hearing 

loss induces neural plasticity to occur, resulting in stronger startle responses to middle-

frequencies in order to compensate for reduced startle responses at high frequencies (Robertson 

and Irvine 1989; Calford et al. 1993; Willott et al. 1993; Popelár̆ et al. 1994; Turner and Willott 

1998). In other words, when mice begin to lose their hearing at the higher frequencies, neurons 

from high-frequency regions re-organize to respond to lower frequency regions. Such re-

organization of neurons, known as neural plasticity, leads to higher startle responses to lower 

frequency tones (Turner and Willott 1998). Past research has found that acoustic enrichment (e.g. 
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music, speakers that emit tones) had preventative effects on age-related hearing loss (Turner and 

Willott 1998; Engineer et al. 2004; Cai et al. 2009). In one study, older DBA mice repeatedly 

exposed to 70 dB of noise exhibited improved hearing function; these authors hypothesized that 

the “enhancement of central neural responsiveness…was due to the facilitation of neural 

plasticity” as a result of the acoustic stimulation (Turner and Willott 1998). They further 

explained that “when the responses of central auditory neurons are changing due to high 

frequency hearing loss, neurons whose activity is increased by additional stimulation will gain a 

competitive edge as re-organization proceeds”. In other words, acoustic stimulation served to 

“exercise” the neurons, thereby facilitating their re-organization to compensate for high-

frequency hearing loss. Other studies found similar results; for example, rats provided with 

music, speakers, wheels that emitted tones, and wind chimes, had enhanced brain development 

that improved their auditory spatial discrimination (i.e. sensitivity towards the placement of 

sounds) (Engineer et al. 2004; Cai et al. 2009).  

However, note that acoustic stimuli, such as music, do not meet the definition of EE that I 

am using (see Section 1.1). But enrichment, as I defined it, has also shown to enhance neural 

plasticity related to sensory systems; for example, blind mice enriched with plastic tubes 

demonstrated better sensory reorganization, by having stronger auditory neuronal activity in the 

visual cortex of the brain, compared to non-enriched blind mice (Piché et al. 2004). Other studies 

demonstrated plasticity effects of EE via improved brain development or reduced brain 

degeneration (van Dellen et al. 2000; Coq and Xerri 2001; Mohammed et al. 2002; Cancedda et 

al. 2004; Rossi et al. 2006). Thus, perhaps enriched mice, who have enhanced neural plasticity, 

have facilitated re-organization of neurons when age-related hearing loss occurs. If this 

hypothesis is correct, I would expect to see higher startle responses in EE mice compared to NE 

mice to reflect this ameliorated hearing function.  

Thus, the enrichments I will be using are based on the definition of EE in Section 1.1, and 

will not be intentionally noisy - although many of them (running wheels, balls with bells etc.) 

provide some noise by default (see Chapter 2 for more details). But not providing intentionally 

loud stimuli may not matter; the complex environment in itself may provide sufficient diversity 

of sounds and stimulation to promote neural plasticity. For example, Portfors (2007) 
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demonstrated that mixed-sex mice reared in large cages with non-acoustic environmental 

enrichment (tunnels, burrows and platforms), had a more diverse vocalization repertoire than 

those reared in NE enclosures.  Note, however, that this study confounded mixed-sex housing 

with enrichment (as the NE housing contained same-sex mice), so it is inconclusive as to 

whether enrichment alone caused this effect. Overall, little research has been done on the effects 

of non-acoustic environmental enrichment on hearing function specifically, so this will be the 

one of the first studies to attempt this.  

In turn, little is known about the effects of hearing loss on social interactions in mice. In 

the same study, Portfors (2007) noted that female mice use ultra-sonic vocalizations during non-

aggressive social interactions, perhaps as a way to facilitate or inhibit social exchanges. Due to 

her findings that enriched mice had a more diverse vocal repertoire, she theorized that if mice 

live in an acoustically impoverished environment, their ability to perceive future vocalizations 

may be limited, thereby affecting their social behaviour. Similarly, one study found that the 

quantity of ultrasonic vocalizations (USV) strongly predicted the extent to which a mouse would 

socially interact (in any manner) with another mouse (Panksepp et al. 2007). Little is known in 

particular about the purposes of female-female mouse ultrasonic communication, although it has 

been speculated that female calls may help establish social dominance hierarchies (Maggio and 

Whitney 1985; Hammerschmidt et al. 2012). Conversely, Moles and D’Amato suggested that 

female-female USVs are affiliative rather than agonistic, in which communication facilitates 

proximity for social investigation (Moles and D’Amato 2000). Regardless of the function behind 

inter-female vocalizations, it seems that USVs are a precursor to the initiation of a social 

exchange (Moles and D’Amato 2000). It is conceivable, then, that social interactions between 

deaf mice may be impaired, and potentially agonistic, due to a hindered ability to communicate.  

As mentioned above, hearing function is often measured by startle reactivity, the same 

method used to assess anxiety (e.g. Willott et al. 1984; Parham and Willott 1988; Ison et al. 

2007). For hearing function, clearly a loud tone is the stimulus of choice; whereas for anxiety, 

loud tones, air puffs, light flashes or electrical shocks are all suitable options. Thus, to make my 

experiments more streamlined and easily comparable, I will be using startle reactivity to measure 
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both hearing function (loud tones) and anxiety (air puffs). I will avoid confounds by accounting 

for anxiety scores when assessing hearing loss - which is covered in Chapter 3 in detail.   

 

1.3. Thesis Overview 

1.3.1. Thesis Aims 

Section 2 highlighted potential reasons behind low agonism in enriched cages, and 

Chapter 2 and 3 will explore each reason in detail. Thus, the first research aim of this thesis is to 

replicate past findings that enrichment reduces agonism in female mice, and the second research 

aim is to understand why this happens. If co-variates are found, this could help future research on 

how to reduce agonism in female mice, which has important implications for welfare.   

 

1.3.2. Hypotheses under test in my thesis  

The hypotheses I will be testing, and the predictions used to test each of them, are laid out below.  

Hypothesis 1: Enriched mice have more stable social hierarchies, which explains the lower 

levels of agonism. NE mice have more unstable social hierarchies because they are more 

stereotypic, and thus repetitively and aggressively challenge social ranking.  

Prediction 1: EE mice will display less stereotypic behaviour than NE mice. 

Prediction 2: The display of agonism will become stable faster in EE mice than in NE mice 

according to split-half analyses.   

Prediction 3: The display of agonism will remain stable across several observation periods in EE 

mice. 
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Hypothesis 2: Enriched mice are less agonistic because they are less stereotypic. Stereotypic 

mice are behaviourally inflexible and unable to adapt to social cues, resulting in more 

agonistic behaviour.  

Prediction 1: NE mice will display more stereotypic behaviour than EE mice. 

Prediction 2: Stereotypic behaviour will co-vary with both the display and receipt of agonism  

Prediction 3: The housing effect on agonism will vanish after statistically controlling for 

stereotypic behaviour 

Hypothesis 3: Enriched mice are less agonistic because they are less anxious/depressive. 

Anxious or depressive mice have a negative judgment bias and perceive other mice as 

hostile or threatening, resulting in more agonistic behaviour.   

Prediction 1: EE mice will have a lower tactile startle response than NE mice.  

Prediction 2: Tactile startle response will co-vary with the display of agonism  

Prediction 3: The housing effect on agonism will vanish after accounting for tactile startle 

response 

Prediction 4: EE mice will display less inactive-but-awake behaviour than NE mice. 

Prediction 5: Inactive-but-awake behaviour will co-vary with the display of agonism 

Prediction 6: The housing effect on agonism will vanish after accounting for inactive-but-awake 

behaviour 

Hypothesis 4: Enriched mice are less agonistic because they have better hearing. Deaf mice 

have hindered ability to communicate, resulting in more agonistic behaviour.   

Prediction 1: NE mice will have a lower acoustic startle response than EE mice. 
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Prediction 2: Acoustic startle response will co-vary with the display of agonism  

Prediction 3: The housing effect on agonism will vanish after accounting for acoustic startle 

response 

Hypothesis 5a: Enriched cages are spacious with more things to do, resulting in fewer 

social interactions, including agonism.  

Prediction 1: EE cages will have low social interaction rates in the home-cage than NE mice. 

Prediction 2: The housing effect on agonism will vanish after accounting for low social 

interaction rate 

Hypothesis 5b: EE mice are intrinsically less agonistic, even when placed in an unfamiliar, 

barren environment 

Prediction: EE mice will display fewer bouts of agonism than NE mice when placed in an 

unfamiliar arena with stranger mice 

After testing these hypotheses in Chapters 2 and 3, my final chapter summarizes my 

findings and its implications (as well as reviewing the longevity of my then ageing mice); 

Chapter 4 also suggests directions for future research. See Table 3 for a general timeline of my 

experiments and behavioural observations.  

 

Table 1.3. Data collection timeline from June 2017 - January 2018. 

Time Spent in 

Housing Type 

2 months 3 months 4 months 5 months 7 months 9 months 

Month June July August September November January 

Experiments Observations 

 

Startle #1 Observations 

 

Startle #2 Observations 

Startle #3 

Plus Maze 

Observations 
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Chapter 2: Home-Cage Behaviour: Stability, Housing Effects and 

Co-Variates of Agonism 

 

2.1. Introduction 

As I summarized in Chapter 1, female mouse agonism is reduced in EE cages. Unlike 

males, female mice rarely bite or grievously injure their cagemates and instead express agonism 

via mounting, rough-grooming, pinning, displacing, chasing, and genital sniffing (see Chapter 1).  

Despite the lack of true fighting, high levels of female agonism are still a welfare concern as they 

may cause chronic stress for the subordinate mouse (Lumley et al. 2000; Bartolomucci et al. 

2005), and rough-grooming can result in fur and whisker loss, leaving the victim without the 

ability to feel using her whiskers, which are greatly important for navigation and sensory 

perception (Latham and Mason 2004). Environmental enrichment may thus attenuate these 

welfare problems by reducing agonism. 

In mouse agonism research focusing on males, most behavioural data are obtained via 

resident-intruder paradigms, where a stranger is placed in a cage with a resident mouse 

(Haemisch et al. 1994; Haller et al. 2002; Clipperton-Allen et al. 2010). Doing so with females is 

less biologically relevant, as females are rarely territorial and are unlikely to attack a same-sex 

intruder (Clipperton-Allen et al. 2010). Furthermore, the territorial, stranger-to-stranger design of 

the resident-intruder paradigm does not accurately represent the interactions between familiar 

cagemates, who instead use agonism to establish and maintain hierarchical dominance 

(Clipperton-Allen et al. 2010). Thus, observing mice directly in the home cage is a better method 

to gain insight into social relationships between familiar mice. There is also welfare-related value 

to conducting home-cage observations: not only do they provide a full picture of a mouse’s daily 

behaviours, but they also avoid ex situ experiments, which involve stressful experiences such as 

handling and being placed in novel locations (Gouveia and Hurst 2013).  
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Previous studies on enrichment effects on home-cage female agonism were variable in 

the duration and frequency of observations. Harper et al. (2015) observed in-cage female mice 

agonism for 4 hours a day, but only for 8 days, whereas Clipperton-Allen et al. (2015) observed 

mice monthly for 5 months, but only for 30 minutes at a time; Pond et al. (2015) sampled each of 

their cages approximately 43 times, for 3 minutes each, over 5 weeks; Akre et al. (2011) 

collected 90 minutes of observations over 4 days; and Hutchinson et al. (2012) recorded data for 

30 minutes, every other week, for 14 weeks. Thus, past studies either opted for shorter 

observations over a longer period of time, or longer observations within a short study period. In 

my observations, I captured both the daily time budgets (e.g. longer observations) and the long-

term behavioural patterns of the mice (e.g. over a longer study period) by observing them for 

four hours a day for a 5-6 day period (termed a study block), repeated four times over a span of 

nine months.  

With this observation timeline, I was able to assess for both short-term and long-term 

behavioural stability. Split-half analyses, in which half of the days from a study block were 

regressed against the other half, were used to check whether behaviours demonstrated short-term 

stability (Martin and Bateson 2007). Similarly, long-term stability was assessed by comparing 

adjacent study blocks to each other. If a behaviour (for example, SB) was stable, it meant that 

individual mice were performing similar relative amounts of stereotypic behaviour from one 

day/block to the next. As reviewed in Chapter 1, I am using split-half analyses to assess social 

hierarchy stability, with the hypothesis that EE mice will reach stable levels of agonism faster 

than NE mice. In addition to addressing this hypothesis, I also assessed behavioural stability of 

my potential co-variates of agonism (stereotypic behaviour and inactive-but-awake behaviour) to 

ensure behavioural consistency of these phenotypes prior to testing hypotheses about their 

relationship with agonism (c.f. Walker 2016).   

Behavioural stability aside, the two main purposes of this study were to first replicate 

previous findings that agonism is reduced in enriched cages, and to next bridge the knowledge 

gaps in the existing literature by producing a more extensive, robust dataset on home-cage 

behaviour in female DBA, BALB and C57 mice. Similar to past studies, I first predicted that EE 

mice would display fewer abnormal behaviours than NE mice, including agonism and aggression 
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(Clipperton-Allen et al. 2015; Harper et al. 2015), stereotypic behaviour (Harper et al. 2015), and 

inactive-but-awake behaviour (Fureix et al. 2016). One potential explanation for lower agonism 

in EE cages is that large, enriched cages reduce social interaction rates, and low agonism is 

merely a side-effect of having more space and things to do. If so, I would expect interactions 

rates to be lower in EE cages, and levels of agonism to be non-significantly different between 

NE and EE housing after accounting for such differences in social interaction rates.   

 If social interaction rates did not eliminate the housing effect on agonism, I next 

hypothesized that stereotypic behaviour or inactive-but-awake behaviour may be underlying 

causes for increased agonism in NE cages. Stereotypic behaviour (my first potential co-variate 

under test) and general poor behavioural flexibility has been linked to agonistic behaviour in past 

research: in one study, male and female mice rendered stereotypic through genetic modifications 

to their brains’ dopamine systems (i.e. dopamine knockouts) were repetitively and 

inappropriately aggressive during social interactions in the home-cage (Rodriguiz et al. 2004). In 

another, male mice with shorter latencies to attack also demonstrated poorer behavioural 

flexibility in both a social and a non-social situation (Benus et al. 1990). Similar findings, where 

repetitive behaviours were linked to aggression, exist in other species: compulsive tail-chasing in 

bull terriers was associated with increased aggression (Dodman et al. 1996; Moon-Fanelli et al. 

2011), agonistic pigs performed more stereotypic polydipsia (excessive drinking) (Terlouw et al. 

1991), and previously socially-deprived monkeys were both more stereotypic and likely to show 

aggression during nonthreatening encounters with conspecifics (Kempes et al. 2008).  

As reviewed in Chapter 1, such agonistic behaviour may arise because stereotypic 

animals are often behaviourally inflexible (Rodriguiz et al. 2004). For example, in a maze task, 

stereotypic behaviour in voles correlated positively with taking longer to extinguish a previously 

learnt response that was no longer correct (Garner and Mason 2002); in humans, autistic children 

were more inflexible in an executive function test than their neurotypical peers – and behavioural 

inflexibility positively correlated with fewer social interactions with peers (McEvoy et al. 1993). 

Environmental enrichment has shown to improve behavioural flexibility in mice (Gross et al. 

2011), mink (Campbell et al. 2013) and beagles (Milgram et al. 2004). Oliveira (2013) suggested 

that behaviourally flexible individuals may be better at modifying their behaviour, based on past 
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experiences, to the current social situation to avoid costly conflicts. Thus, I hypothesized that NE 

mice, who are more stereotypic, display more agonism due to an inability to suppress 

inappropriate social responses that result in negative outcomes. Enriched mice, conversely, may 

be more behaviourally flexible and can adjust their behaviour appropriately to each social 

interaction, thereby avoiding agonistic encounters.  

Stereotypic behaviour could also be a risk factor for the receipt of agonism; in one study, 

stereotypic C57 female mice from enriched cages received significantly more agonism from 

other cagemates compared to those with lower levels of SB (Harper et al. 2015). Stereotypic 

horses were more likely to have aggressive neighbours (Nagy et al. 2008). And stereotypic 

humans, such as those with autism, tend to be bullied more than their neurotypical peers – with 

this being linked to communication problems (Cappadocia et al. 2012; Schroeder et al. 2014). 

Thus, I further hypothesized that stereotypic mice are socially impaired and bullied by 

cagemates, thereby receiving more agonism.  

The second potential covariate of agonism, inactive-but-awake behaviour, co-varies with 

longer float times in the forced swim test (Fureix et al. 2016; see Chapter 1); as such, here it is 

tentatively considered a depressive-like response. In past research, aggression has been linked to 

depressive-like behaviours in rodents. An anti-depressant, fluoxetine, which is known to reduce 

force swim float times and increase mobility during a tail suspension test (Dulawa et al. 2004; 

David et al. 2009), also reduced resident-intruder aggression in male mice (Wagner et al. 1993) 

and arginine vasopressin-induced aggression in hamsters (Ferris and Delville 1994; see Fuller 

1996 for full details). In humans, those with depression often have negative judgment biases 

(Scheele et al. 2013), which is correlated with increased aggression, as they may interpret social 

exchanges as hostile or threatening (Dodge and Crick 1990; Pornari and Wood 2010; see Chapter 

1). However, since no validated judgment bias test currently exists for female mice, I used 

inactive-but-awake behaviour as a proxy for a negative judgment bias. Thus, I hypothesized that 

NE mice, who are more depressive, display more agonism due to a negative judgment bias. 

Enriched mice, conversely, exhibit less agonism because they do not have a negative judgment 

bias.  
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As a post hoc hypothesis, I also decided to assess whether EE mice display agonism 

qualitatively differently than NE mice. In 2004, Pietropaolo et al. demonstrated that enriched 

male mice performed more anogenital sniffing and less aggressive chasing than NE mice when 

placed in an unfamiliar arena with another mouse. They noted that EE mice employed a less 

aggressive strategy than NE mice, despite being no less effective in achieving dominance 

(Pietropaolo et al. 2004). This same concept may apply to female mice as well, although this has 

never been assessed before. Thus, I predicted that EE mice perform more genital sniffing (a mild 

form of agonism), relative to all agonistic behaviours, than NE mice. I further predicted that NE 

mice would perform more aggression, relative to all agonistic behaviours, than EE mice. If these 

predictions are met, it would indicate that enriched female mice may likewise employ a less 

aggressive behavioural strategy to establish dominance compared to NE female mice. 

 To summarise, the overall intent of this chapter was to bridge the knowledge gaps on 

female in-cage agonism by obtaining an extensive, long-term dataset on the housing effects on 

home-cage behaviour of trios of BALB, C57, and DBA mice. Specifically, these objectives were 

explored, with 1) and 2) focusing on agonism, aggression, inactive-but-awake behaviour, and 

stereotypic behaviour: 

1) To assess internal behavioural stability 

2) To determine housing effects on their prevalence and changes over time 

3) To assess whether social interaction rate is the sole factor of low agonism in EE cages 

4) To determine behavioural covariates (SB and inactive-but-awake-behaviour) of agonism  

5) To examine qualitative differences in the expression of agonism between housing types 

The hypotheses, and their predictions, tested to meet these objectives are summarized in Table 

1.1.  
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Table 2.1. Summary of hypotheses and predictions. IBA = inactive-but-awake-behaviour 

Hypothesis Prediction #1 Prediction #2 

EE reduces agonistic 

behaviour in female mice 

EE mice will display less 

agonism than NE mice 

EE mice will receive less 

agonism than NE mice 

Social hierarchies are more 

stable in EE mice 

Relative levels of agonism 

will reach stability faster in 

EE mice than NE mice 

Relative levels of agonism will 

remain in EE mice but will 

fluctuate in NE mice 

Low agonism in EE cages is a 

by-product of low social 

interaction rates 

EE mice will engage in fewer 

social interactions than NE 

mice 

The housing effect on agonism 

will vanish after accounting 

for social interaction rate 

Stereotypic female mice are 

socially impaired and 

inflexible, leading to more 

agonism 

Displaying and receiving 

agonism will positively co-

vary with SB 

The housing effect on 

agonism will vanish after 

accounting for SB 

IBA female mice perceive 

others as hostile due to a 

negative judgment bias, 

leading to more agonism 

Displaying agonism will 

positively co-vary with IBA 

The housing effect on 

agonism will vanish after 

accounting for IBA 

EE female mice employ a less 

aggressive strategy when 

establishing dominance  

EE mice will display more 

genital sniffing, relative to 

total agonism, than NE mice 

NE mice will display more 

aggression, relative to total 

agonism, than EE mice 
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2.2. Methods 

2.2.1. Ethics Statement 

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

Committee (AUP #3700) and comply with the Canadian Council on Animal Care guidelines.  

 

2.2.2. Subjects and Housing 

55 DBA/2, 55 C57/BL/6J and 55 BALB/c female mice were purchased from Charles 

River Labs (Raleigh, California) post-weaning (3-4 weeks of age). Upon arrival, mice were 

randomly allocated into trios (one of each strain per group), and randomly assigned to either NE 

or EE housing. Sixty-six mice were allocated to EE housing, for a total of 22 cages, and ninety-

nine mice were allocated to NE housing, for a total of 33 cages. The number of NE mice were 

selected based on the prevalence of relevant behaviours (stereotypic behaviour and inactive-but-

awake behaviour) seen in NE-housed mice from prior studies that used the same strains of mice 

with a similar housing treatment. As DBA mice exhibit the most SB in NE housing (Harper et al. 

2015), I aimed to have at least 20 NE DBAs performing stereotypies in our final sample. I also 

aimed to have at least 20 C57s performing inactive-but-awake behaviour in our final sample 

(Fureix et al. 2016).  The number 20 was chosen using professional judgement based on the 

power afforded by different sample sizes (after an N of 20, the rate of power gained with 

increasing samples slows down; Mead 1988). Of four past cohorts of mice for which I had 

relevant data, the lowest prevalence of SB in DBAs and inactive-but-awake behaviour in C57s 

was 66.7% for both strain-behaviour combinations (Tilly et al. 2010; Walker et al. 2013; Harper 

et al. 2015; Walker et al. 2016). Thus, I conservatively estimated that at least 30 NE cages are 

necessary to obtain 20 stereotypic and 20 depressive mice. 

The number of EE mice was chosen based on the number of enriched cages available: 

using 22 enriched cages at once, with 4 extra available to swap in during cage cleaning (6/22 

cages being cleaned per week on a rotational basis). I did not have access to pilot data to produce 
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power analyses; however, as past research produced statistically significant results with fewer 

mice, and showed that the prevalence of SB and depressive behaviours are lower in EE mice 

(e.g. Harper et al. 2015), 22 cages are likely sufficient to produce 20 mice per strain with the 

phenotypes I am looking for. Based on prior reports of subject loss, I also accounted for 10% 

loss of mice due to health problems such as tumors, paralysis, and malocclusion (Walker et al. 

2013; Walker et al. 2016). The loss occurs when no other remedy is available and the mouse 

must be humanely euthanized. One mouse (NE C57) became paralyzed shortly after arrival and 

was humanely euthanized, leaving one non-enriched cage with 2 mice. Throughout the study 

period, seven C57 mice (six NE and one EE), had to be removed from the study due to barbering 

the whiskers off of other mice. Two DBA mice and one BALB mouse were either found dead or 

were euthanized due to illness. The subject attrition was appropriately reflected in the results.  

NE cages were standard laboratory cages (12 x 27 x 16 cm) provided by the Central 

Animal Facility with corn bedding, nesting material, food (Teklad Global Rodent Diets®), and 

water provided by the facility ad libitum. The EE mice were housed in large custom-made cages 

(60 x 60 x 30 cm), equipped with one igloo & “fast-trac” running wheel combo, a metal wheel, 

one plastic hut, two black polyvinyl chloride tunnels or cardboard tubes, one sock hammock, one 

pine cone, one paper cup, one Popsicle stick or one paper stick or 3 chewing wood blocks, a 

handful of shredded paper nesting material, one nesting square, one half of a hanging egg carton, 

2 balls, one log bridge or one wooden climbing structure, one nest box, one hanging paper cup, 

and one cardboard box (refer to Box 2.1).  
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Box 2.1. Standard, non-enriched cages vs. large, enriched cages used in this study. 
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Enrichments were selected based on prior studies demonstrating their effectiveness in 

reducing agonism (Clipperton-Allen et al. 2015; Harper et al. 2015), anxiety (Chourbaji et al. 

2005; Hattori et al. 2007), depressive-like effects (Llorens-Martín et al. 2007; Tilly et al. 2010; 

Harper et al. 2015; Fureix et al. 2016) and stereotypic behaviours (Howerton et al. 2008; Gross et 

al. 2012). Enrichments were dispersed evenly throughout the cage (cf. Akre et al. 2011). 

Reusable enrichments were washed and replaced during cage cleaning, whereas perishable 

enrichments such as cardboard boxes, egg cartons and Popsicle sticks were discarded and 

replaced with structurally similar enrichments. Food (also Teklad Global Rodent Diets®) and 

water (provided by the facility) was also freely available. Standard cages were cleaned weekly, 

and enriched cages were cleaned monthly on a rotational basis due to a limited amount of spare 

clean cages. All cages were evenly dispersed amongst racks with four shelves. The room was 

kept at 21±1ºC and 35-55% relative humidity, with a 12-hour reverse light cycle from 7 am to 7 

pm. The mice remained in their treatment cages to acclimate for approximately 1 month before 

beginning concordance observations. Since each cage contained 3 strains, the experimental 

design was split-plot. This allowed us to use fewer animals without compromising statistical 

power, as the individual mouse, rather than the cage, was an experimental unit (c.f. Walker et al. 

2013; Walker et al. 2016).  

 

2.2.3. Inter-Observer Concordance 

After 1 month of acclimation, 3 observers (EN, AA and BN), began preliminary home 

cage observations to finalize the ethogram (Table 2) and observation protocol, and reach 

concordance between the observers. Each cage was scanned by the observers simultaneously, 

and the first behaviour seen in each mouse (in order of C57, DBA, and then BALB) was 

recorded by each observer. The goal here was for each observer to record the exact same 

behaviours. Any discrepancies were then discussed between the observers, and we also reviewed 

video footage of home-cage behaviour for further training. Concordance was calculated using 

Cohen’s kappa, which generally increased with each scan. Concordance was reached once kappa 

> 0.70 for most behaviours (excluding extremely rare behaviours such as pinning) between each 
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observer pair. Most of the commonly observed behaviours, such as stereotypic route-tracing or 

bar-mouthing, reached concordance levels as high as 100% between observers, but the threshold 

of 70% was set due to the low occurrence of the rarer behaviours.  

 

2.2.4. Home-Cage Observations 

Behavioural observations began in June, 2017. Data were collected in observation blocks 

of 4-6 days every 2-3 months up until January, 2018. Thus, the observation blocks were defined 

by the amount of time the mice had spent in their respective housing types: Month 2, Month 4, 

Month 7, and Month 9. For each day, two observers (κ ≥ 0.70) collected data for four hours (9 

am – 1 pm) using instantaneous scan-sampling of each cage every 20 minutes, staggered by 10 

minutes from each other, for a total of 12 scans each. The observers remained silent throughout 

the observation period to minimize disturbance, using red-light head lamps to peer into the cages 

and recording data on Excel on their cellphones (covered with a transparent red plastic sheet). 

Observers recorded the first behaviour seen in each mouse, following the previously-finalized 

ethogram (Table 2). To avoid biasing observations by recording the most interesting behaviours 

first, all mice were scanned in a specific order: the C57 first, then the DBA, followed by the 

BALB. Since only the first behaviours seen in each mouse were recorded, note that displays of 

agonism were not always reciprocal to receipts of agonism (and vice versa). For example, a C57 

may have been observed mounting a BALB, but by the time the BALB was observed, mounting 

had ended and the BALB was performing another behaviour. This is something to keep in mind 

when reading the Results section. 
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Table 2.2. Ethogram of mouse behaviour (c.f. Grant and Mackintosh 1963; Clipperton-Allen et al. 2015; Harper et al. 2015). Aggression 

is a sub-category of agonism. *Genital sniffing was only distinguished from other types of sniffing in the last two observation periods. 

Category Behaviour                                     Description 

Stereotypies Stereotypic behaviour Bar-mouthing: Mouse chews on cage bar for 1 second or longer 

  Route-tracing: Mouse runs or climbs along a fixed route or lid for 3 or more repetitions 

  Somersaulting: Mouse jumps or somersaults in the same manner 3 or more times 

  

Digging: Repetitive, rapid digging of bedding or the bare cage floor, often accompanied by mouthing the 

floor for 1 second or longer 

Twirling: Mouse spins from lid ceiling in a circle, with back legs dangling for 3 or more repetitions 

Some SBs are a combination of several of these behaviours (e.g. route-tracing with somersaults) 

Stereotypies Borderline stereotypic behaviour Bar-mouthing: mouse chews on cage bar for less than 1 second 

  Route tracing: Mouse runs or climbs along a fixed route for 2 repetitions; may involve a change in direction 

  Jumping: Mouse jumps or somersaults in the same manner for 2 repetitions 

  

Digging: Repetitive, rapid digging of bedding or the bare cage floor, often accompanied by mouthing the 

floor for less than 1 second 

Agonism 

Display 

 

Displacement 

 

Mouse pushes or grabs another mouse. Includes treading over or under another mouse; pushing her; tail-

grabbing; stealing food 

 

 

Genital sniffing* Mouse vigorously sniffs another mouse in anogenital area; often pushes the genitals with her nose 
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Aggression 

 

Pinning 

Chasing 

Mounting 

Mouse is pinning down or tackling another mouse 

Mouse is chasing or actively following another mouse; may include unsuccessful mounting attempts 

Mouse is successfully mounting/humping another mouse 

 

Rough allo-grooming 

Fighting 

Mouse vigorously grooms another mouse, particularly in the shoulder regions; mouse is pulling the hair and 

pushing her paws down on the other mouse. May result in bald patches or whisker loss (barbering).  

Two mice are locked together, with fast rolling over, wrestling, and kicking. No clear dominant/submissive 

mouse (i.e. no reciprocal “submissive” behaviour)  

Agonism 

Receipt 

 

 

Mouse receives agonism or aggression as described in “Agonistic Display”, with the exception of fighting, 

where there is no clear dominant or submissive mouse. These were categorized similar to above (i.e. 

“mounted”, “rough-groomed”, “chased”, etc.) 

 

Social Does allo-grooming Mouse gently grooms another mouse in a non-vigorous manner 

 Receives allo-grooming Mouse being groomed is in a relaxed posture (able to move feet, not crouched position) 

 Mixed grooming Grooming that occurs between two or more mice; may alternate between allo- and auto-grooming 

 
Sleeping together Mouse sleeps next to another or in the same nest (within 1 cm); eyes closed 

 
Inactive together Mouse huddles next to another or in the same nest; eyes open, inactive-but-awake for at least 3 seconds 

 Resting together Mouse is resting next to another or in the same nest; eyes are out of sight from the observer  

 Sniffing* Mouse sniffs another mouse in the oronasal and/or body regions 
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Being sniffed* Mouse is sniffed in the oronasal and/or body regions 

Non-social Auto-grooming Mouse is grooming herself 

 Sleeping alone Mouse is still with eyes closed; not next to other mice (further than 1 cm or not within the same nest) 

 Inactive alone Mouse is still with eyes open, not next to other mice; inactive-but-awake for at least 3 seconds 

 
Resting alone Mouse is resting; not next to mice; eyes are out of sight from the observer 

 Wheel use Mouse is running on the exercise wheel 

Other  Nest manipulation Carrying, digging or otherwise manipulating nest material  

 Enrichment use Using enrichments for their intended purpose; includes wheel-running 

 Locomotion Running or climbing that does not involve chasing or other social intentions 

 Dig Functional digging of nesting material or bedding, often followed by defecation 

 Other Other behaviours not listed here 

  Out of sight active Specific activity is obscured from the observer, but she is moving 
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2.2.5. Statistical Analyses 

All behaviours were converted from counts to proportions of visible behaviours, in order 

to account for the reduced visibility in enriched cages (c.f. Harper et al. 2015). Relevant 

behaviours were then pooled into categories: including total social interactions (agonism and 

social grooming), SB (all SBs including combination and borderline SBs), displaying and 

receiving aggression (pinning, rough-grooming, mounting and chasing), displaying and receiving 

agonism (displacement, genital sniffing, and aggression), and inactive-but-awake behaviour. Due 

to further consideration of the literature and advice from a committee member (Elena Choleris), 

genital sniffing was only distinguished from other types of sniffing (oronasal and body sniffing) 

as an agonistic form of sniffing in the last two observation periods. Thus, genital sniffing was not 

included in pooled agonism in the first two observation periods, so data on genital sniffing were 

only analysed from the last two periods. Social interaction rates were accounted for by dividing 

agonistic behaviour by social activity. 

All analyses were conducted in JMP®13, except for repeated measures generalized linear 

mixed models (RM GLMMs), which were conducted in SAS®9.4 using “proc glimmix” 

procedure. Split-half analyses via general linear mixed models (GLMMs) were used to assess 

behavioural stability (objective 1), and GLMMs were also used to assess qualitative aspects of 

agonism (objectives 5). RM GLMMs were used to determine housing effects on behaviours, 

assess whether social interaction rate causes low agonism in EE cages, and to determine 

behavioural co-variates of agonism (objectives 2, 3 and 4). Box-Cox (in JMP) and log (SAS) 

transformations were performed as needed to satisfy the assumptions of parametric models as 

best as possible. Assumptions were tested by checking the normality and homogeneity of the 

residuals. If they could not be met, then non-parametric tests (such as Spearman Rank 

Correlation and Mann U Whitney) were used and consequently specified as in the Results. All 

results were considered significant at p < 0.05, or presented as trends if p was between 0.05 and 

0.10. “Housing”, “strain”, and their interaction were fixed effects in each model, as well as 

“month” (i.e. study block) and its interactions for the RM GLMMs. In the GLMMs, “cage” was a 

random effect, nested within housing. Residual outliers (± 3.5 units) caused by clear data entry 

errors (e.g. wheel use in NE cages) were removed or corrected, if possible. In contrast, statistical 
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outliers caused by behavioural anomalies (e.g. an enriched mouse performing high amounts of 

SB) were left in the analyses. 

Behavioural stability was assessed through split-half analyses, both across days within a 

study block, and across study blocks. For the former, days were split into “odd days” and “even 

days” to compare them. Thus, “Even” (i.e. even days) was added as a co-variate in the GLMM 

for the split half analyses. Across study blocks, behaviours from one block were compared to the 

behaviours from the preceding block, where “monthX” (i.e. month2) was added as a co-variate. 

Thus, assessing within each study blocks checked for short-term behavioural stability, while 

comparing across study blocks determined long-term stability across several months. Since 

aggressive behaviours are relatively rare, only pooled agonism was assessed for stability. 

Enriched C57s rarely performed SB, so they were not individually analysed for behavioural 

stability.  

Main Effects Model:  𝐵𝑒ℎ𝑎𝑣𝑖𝑜𝑢𝑟 = 𝐻𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑆𝑡𝑟𝑎𝑖𝑛 + 𝑀𝑜𝑛𝑡ℎ +

𝐻𝑜𝑢𝑠𝑖𝑛𝑔|𝑆𝑡𝑟𝑎𝑖𝑛|𝑀𝑜𝑛𝑡ℎ + 𝐶𝑎𝑔𝑒(𝐻𝑜𝑢𝑠𝑖𝑛𝑔)[𝑅𝑎𝑛𝑑𝑜𝑚] 

Stability Model:  𝑂𝑑𝑑 = 𝐸𝑣𝑒𝑛 + 𝐻𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑆𝑡𝑟𝑎𝑖𝑛 + 𝐸𝑣𝑒𝑛|𝐻𝑜𝑢𝑠𝑖𝑛𝑔|𝑆𝑡𝑟𝑎𝑖𝑛 +

𝐶𝑎𝑔𝑒(𝐻𝑜𝑢𝑠𝑖𝑛𝑔)[𝑅𝑎𝑛𝑑𝑜𝑚] 

 

2.3. Results 

2.3.1. Split-Half Analyses: Behavioural Stability 

2.3.1.1. Within Study Blocks: Short-Term (Day to Day) Stability 

The following results will be displayed in Table 2.3 and Figure 2.1 for clarity. In 

summary, inactive-but-awake behaviour and stereotypic behaviour were extremely stable in NE 

mice, and somewhat stable in EE mice. Displaying agonism was highly unstable across all mice, 

but receiving agonism was mildly stable, especially in NE mice. 
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Table 2.3. Short-term behavioural stability (within study blocks: Months 2, 4, 7 and 9), of 

inactive-but-awake behaviour, stereotypic behaviour, displaying agonism and receiving agonism. 

If all sub-groups of mice are significantly stable, but were still separated by strain and/or 

housing, then there was a housing*strain interaction where all groups are still significant but may 

differ in effect size. Only significant (p < 0.05) values are included under “stable”. 

Month Behaviour Stable Not Stable 

2 Inactive-

but-awake 

behaviour 

DBA (F1,51 = 38.22, p < 0.0001) 

C57 (F1,50 = 17.89, p < 0.0001) 

NE BALB (F1,21 = 19.71, p < 0.0001) 

EE BALB (Spearman rank 

correlation: ρ = -0.25, p = 

0.26) 

 Stereotypic 

behaviour 

NE mice (F1,75.86 = 112.1, p < 0.0001) 

EE BALB (Spearman rank 

correlation: ρ = 0.64, p = 0.0012) 

EE DBA (Spearman rank correlation: 

ρ = 0.43, p = 0.047) 

None (EE C57s not analysed) 

 Displaying 

agonism 

None All mice (F1,148.7 = 0.28, p = 

0.60) 

 Receiving 

agonism 

NE mice (F1,91.99 = 5.35, p = 0.023) EE mice (F1,58.06 = 10.97, p = 

0.0016; negative relationship) 

4 Inactive-

but-awake 

behaviour 

NE mice (F1,87.73 = 68.91, p < 0.0001) EE mice (F1,59.77 = 1.68, p = 

0.20) 

 Stereotypic 

behaviour 

NE BALB (F1,31 = 102.81; p < 

0.0001) 

NE C57 (F1,27 = 66.57; p < 0.0001) 

NE DBA (F1,31 = 151.36; p < 0.0001) 

EE DBA (Spearman rank 

correlation: ρ = 0.024, p = 

0.92)  

EE BALB (Spearman rank 

correlation: ρ = 0.23, p = 

0.29) 

 Displaying 

agonism 

None All mice (Trend: F1,151 = 

3.33, p = 0.070) 

 Receiving 

agonism 

None NE mice (F1,88.99 = 2.64, p = 

0.11) 

EE mice (F1,58.58 = 2.50, p = 

0.12) 

7 Inactive-

but-awake 

behaviour 

All mice (F1,146 = 37.01, p < 0.0001) None  

 Stereotypic 

behaviour 

BALB (F1,50 = 6.07, p = 0.017), NE 

NE C57 (F1,44 = 7.50, p = 0.0089) 

NE DBA (F1,30 = 49.12, p < 0.0001) 

EE DBA (Spearman rank correlation; 

ρ = 0.49, p = 0.018) 

None (EE C57 not analysed) 
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 Displaying 

agonism 

None All mice (F1,143.4 = 0.35, p = 

0.56) 

 Receiving 

agonism 

All mice (F1,144 = 6.58, p = 0.011) None  

9 Inactive-

but-awake 

behaviour 

All mice (F1,143.9 = 46.20, p < 0.0001) None 

 Stereotypic 

behaviour 

NE C57 (F1,25 = 30.43, p < 0.0001) 

NE DBA (F1,29 = 120.12, p < 0.0001) 

NE BALB (F1,30 = 44.52, p < 0.0001) 

EE DBA (F1,20 = 8.64, p = 0.0081) 

EE BALB (Spearman rank 

correlation; ρ = 0.53, p = 0.011) 

None (EE C57s not analysed) 

 Displaying 

agonism 

None All mice (F1,144.4 = 1.66, p = 

0.20) 

 Receiving 

agonism 

None All mice (F1,144.7 = 0.15, p = 

0.70) 

 

Figure 2.1. Short-term stability (within study blocks: Months 2, 4, 7 and 9), of inactive-but-

awake behaviour (IBA), stereotypic behaviour (SB), displaying agonism (DA) and receiving 

agonism (RA) across all sub-groups of mice, where ticks are stable and crosses are unstable. The 

gradient from green to red symbolizes highly stable to highly unstable for each behaviour 

overall. Due to its extremely rare occurrence, SB was not individually analysed in EE C57s.  

 

Behaviour NE C57 NE DBA NE BALB EE C57 EE DBA EE BALB

IBA
2: ✓ 4: ✓

7: ✓ 9: ✓

2: ✓ 4: ✓

7: ✓ 9: ✓

2: ✓ 4: ✓

7: ✓ 9: ✓

2: ✓ 4: X

7:  ✓ 9: ✓

2: ✓ 4: X

7: ✓ 9: ✓

2: X 4: X

7: ✓ 9: ✓

SB
2: ✓ 4: ✓

7: ✓ 9: ✓

2: ✓ 4: ✓

7: ✓ 9: ✓

2: ✓ 4: ✓

7: ✓ 9: ✓
N/A

2: ✓ 4: X

7: ✓ 9: ✓

2: ✓ 4: X

7: ✓ 9: ✓

DA
2: X  4: X

7: X  9: X

2: X  4: X

7: X  9: X

2: X  4: X

7: X  9: X

2: X  4: X

7: X  9: X

2: X  4: X

7: X  9: X

2: X  4: X

7: X  9: X

RA
2: ✓ 4: X

7: ✓ 9: X

2: ✓ 4: X

7: ✓ 9: X

2: ✓ 4: X

7: ✓ 9: X

2: X 4: X

7: ✓ 9: X

2: X 4: X

7: ✓ 9: X

2: X 4: X

7: ✓ 9: X
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2.3.1.2. Across Study Blocks: Long-Term Stability 

 In summary, inactive-but-awake-behaviour was highly stable in NE mice throughout the 

study period, but only trended towards stability in EE mice at the end of the study. Stereotypic 

behaviour was again highly stable in NE mice, but only trended towards stable in EE BALBs 

between Months 7 and 9. Displaying agonism was highly unstable across the entire study period, 

whereas receiving agonism only became significantly stable in NE mice towards the end of the 

study.  

 

Table 2.4. Long-term behavioural stability results (across study blocks) of inactive-but-awake 

behaviour, stereotypic behaviour, displaying agonism, and receiving agonism. If all sub-groups are 

stable, but are still separated by strain and/or housing, that means there was a housing*strain 

interaction which led to splitting of those factors; thus all groups are still significant but may differ 

in effect size. Only significant (p < 0.05) values are included under “stable”. 

Months Behaviour Stable Not Stable 

2 vs. 4 Inactive-

but-awake 

behaviour 

NE mice (F1,87.62 = 19.37, p < 0.0001) EE mice (F1,50.88 = 0.77, p = 

0.38) 

 Stereotypic 

behaviour 

NE mice (F1,88.95 = 16.46, p = 0.0001) EE mice (F1,60 = 0.60, p = 

0.69) 

 Displaying 

agonism 

None All mice (F1,149 = 2.34, p = 

0.13) 

 Receiving 

agonism 

None C57 (F1,45 = 0.89, p = 0.35) 

DBA (F1,51 = 1.31, p = 0.26) 

BALB (F1,51 = 0.55, p = 0.46) 

4 vs. 7 Inactive-

but-awake 

behaviour 

NE C57 (F1,25 = 4.71, p = 0.040) 

NE DBA (F1,31 = 25.42, p < 0.001) 

NE BALB (F1,30 = 34.51, p < 0.0001) 

EE mice (F1,57.8 = 0.16, p = 

0.69) 

 Stereotypic 

behaviour 

NE mice (F1,82.37 = 36.25, p < 0.0001) EE DBA (Spearman rank 

correlation: ρ = -0.18, p = 

0.42) 

EE BALB (Spearman rank 

correlation: ρ = 0.09, p = 0.69) 

 Displaying 

agonism 

None All mice (F1,145.2 = 0.26, p = 

0.61) 
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 Receiving 

agonism 

None All mice (F1,146.3 = 1.03, p = 

0.31) 

7 vs. 9 Inactive-

but-awake 

behaviour 

NE mice (F1,79.27 = 19.89, p < 0.0001) EE mice (Trend: F1,58.88 = 

3.42, p = 0.069)  

 Stereotypic 

behaviour 

NE BALB (F1,30 = 34.93, p < 0.0001) 

NE C57 (F1,25 = 6.01, p = 0.022) 

NE DBA (F1,29 = 39.09, p < 0.0001) 

EE BALB (Trend: Spearman 

rank correlation: ρ = 0.39, p = 

0.072) 

EE DBA (Spearman rank 

correlation: ρ = -0.20, p = 

0.38) 

 Displaying 

agonism 

None All mice (F1,144.9 = 0.0003, p = 

0.99) 

 Receiving 

agonism 

NE mice (F1,83.85 = 15.22, p = 0.0002) EE BALB (Trend: F1,20 = 

3.30, p = 0.08) 

EE C57 (F1,19 = 1.55, p = 0.23) 

EE DBA (Spearman rank 

correlation: ρ = -0.14, p = 

0.54).  

   

 

 



 

 

61 

 

 

Figure 2.2. Long-term stability (across study blocks) of inactive-but-awake behaviour (IBA), 

stereotypic behaviour (SB), displaying agonism (DA) and receiving agonism (RA). Only 

significant results (but not trends) are displayed as stable. Due to extremely rare occurrence, SB 

was not individually analysed in EE C57s. 

 

2.3.2. Housing, Strain, and Month Effects 

2.3.2.1. Total Social Interactions 

For total social interactions, there was no significant 3-way interaction, but there were 

three 2-way interactions: month*strain (F6,454 = 5.38, p < 0.0001), month*housing (F3,454 = 5.99, 

p = 0.0005), and housing*strain (F2,158 = 6.59, p = 0.0018). Splitting by strain first, EE mice 

engaged in fewer social interactions than NE mice in all three strains (C57: F1,52 = 102.66; DBA: 

F1,53 = 59.38; BALB: F1,53 = 166.58; p < 0.0001 for all). There were significant month effects in 

C57s, where there was a spike in social activity in Month 7, but otherwise no distinct pattern (F-

3,140 = 4.70, p = 0.003). In DBAs, social activity declined over time (F1,157 = 6.65, p = 0.0003). 

Months 2 to 4 4 to 7 7 to 9

IBA
NE: Stable

EE: Unstable

NE: Stable

EE: Unstable

NE: Stable

EE: Unstable

SB
NE: Stable

EE: Unstable

NE: Stable

EE: Unstable

NE: Stable

EE: Unstable

DA
NE: Unstable

EE: Unstable

NE: Unstable

EE: Unstable

NE: Unstable

EE: Unstable

RA
NE: Unstable

EE: Unstable

NE: Unstable

EE: Unstable

NE: Stable

EE: Unstable
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And in BALBs, a housing*month interaction (F3,157 = 4.81, p = 0.003) revealed that months only 

trended to affect EE mice, with no clear pattern (F3,63 = 2.36, p = 0.080), while months were not 

significantly different for NE mice (F3,94 = 2.11, p = 0.10).  

 

 

Figure 2.3. Changes in social activity over time in all six sub-groups with standard error bars. 
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2.3.2.2. Aggression 

A housing*strain interaction (F2,158 = 13.78, p < 0.0001) revealed that all three strains 

performed less aggression in EE housing than in NE housing, albeit to different extents (C57: 

F1,52 = 94.23; DBA: F1,53 = 21.20; BALB: F1,53 = 22.81; p < 0.0001 for all) (Figure 2.4). 

Reciprocally, a housing*strain interaction for receiving aggression (F2,158 = 19.25, p < 0.0001) 

showed that EE mice also received less aggression than NE mice, again to different extents (C57: 

F1,52 10.22, p = 0.0024; DBA: F1,53 = 13.46, p = 0.0006; BALB: F1,53 = 93.71, p < 0.0001) 

(Figure 2.5).  

 

Figure 2.4. Average proportion (where “1” is the maximum) of observations of mice displaying 

aggression, with standard error bars, split by strain due to a strain*housing interaction. Raw data 

are shown here for ease of interpretation, although analyses used log-transformed data. Asterisks 

denote significance at p < 0.05. See text for statistics. 
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Figure 2.5. Average proportion (where “1” is the maximum) of observations of mice receiving 

aggression, with standard error bars, split by strain due to a strain*housing interaction. Raw data 

are shown here for ease of interpretation, although analyses used log-transformed data. Enriched 

mice from each strain received significantly less aggression than their non-enriched counterparts. 

Asterisks denote significance at p < 0.05. See text for statistics. 

 

2.3.2.3. Agonism (Aggression + Non-aggressive Agonism) 

Similar to aggression, EE mice displayed significantly less overall agonism than NE mice 

(F1,158 = 338.24, p < 0.0001) with no strain or month interactions (Figure 2.6). For receiving 

agonism, there was no 3-way interaction, but again three 2-way interactions (month*strain: F6,454 

= 3.34, p = 0.003; month*housing: F3,454 = 4.32, p = 0.005; housing*strain: F2,158 = 11.92, p < 

0.0001). Split by strain, EE mice received less agonism than NE mice overall, but differed in 

extent (C57: F1,52 = 42.70; DBA: F1,53 = 50.54; BALB: F1,53 = 179.93; p < 0.0001 for all; Figure 

2.7).  
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Figure 2.6. Average proportion (where “1” is the maximum) of observations of mice displaying 

agonism with standard error bars. Raw data are shown here for ease of interpretation, although 

analyses used log-transformed data. Asterisks denote significance at p < 0.05. See text for 

statistics. 
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Figure 2.7. Average proportion (where “1” is the maximum) of observations of mice receiving 

agonism with standard error bars. Raw data are shown here, although analyses used transformed 

data. Due to month interactions, data are split by month as well as strain. Enriched mice from 

each strain received significantly less agonism than their non-enriched counterparts in all 

months. Asterisks denote significance at p < 0.05. See text for statistics. 

 

Since month was significant in the display of agonism (F3,454 = 3.85, p = 0.009), as well 

as the receipt of agonism via 2-way interactions (month*strain and month*housing), I compared 

agonism levels from Month 2 to Month 9 (i.e. the beginning of the study to the end) to see how 

they changed over time. NE mice displayed less agonism over time (F1,151.8 = 12.61, p = 0.0005), 

whereas EE mice agonism levels did not change (F1,104.4 = 0.35, p = 0.56). For receiving 

agonism, I split by strain due to the 2-way interaction of month*strain: BALBs overall received 

more agonism by the end of the study (F1,105 = 5.04, p = 0.03), with the reverse occurring for 

C57s (F1,98 = 7.31, p = 0.008) regardless of housing type. 
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Figure 2.8. Changes in displaying agonism (DA) over time with standard error bars. NE mice 

displayed less agonism over time, while EE mice did not significantly change.  

 

 

Figure 2.9. Changes in receiving agonism (RA) over time with standard error bars. BALBs 

overall received more agonism over time, while C57s received less. 
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2.3.2.4. Stereotypic Behaviour (SB) 

 There was a 3-way month*housing*strain interaction for SB (F6,454 = 2.48, p = 0.023); 

however, upon splitting by strain, month was not significant for any strain although SB did tend 

to decrease over time in C57s (C57: F3,140 = 2.36, p = 0.07; DBA: F3,157 = 0.32, p = 0.81; BALB: 

F3,157 = 2.41, p = 0.07 [despite the month trend in BALBs, there was no apparent pattern]). 

Furthermore, EE mice performed less SB than their NE counterparts in every strain, albeit to 

very different extents (C57: F1,52 = 38.34; DBA: F1,53 = 323.50; BALB: F1,53 = 163.51; p < 

0.0001 for all; Figure 2.10).  

 

Figure 2.10. Average proportion (where “1” is the maximum) of observations of mice 

performing stereotypic behaviour (SB) with standard error bars. Raw data are shown here for 

ease of interpretation, although analyses used log-transformed data. Asterisks denote significance 

at p < 0.05. See text for statistics. 
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2.3.2.5. Inactive-but-awake Behaviour  

 Inactive-but-awake behaviour was highly influenced by all fixed effects, with 

housing*strain (F2,158 = 23.88, p < 0.0001), month*housing (F3,454 = 10.12, p < 0.0001) and 

month*strain (F6,454 = 5.33, p < 0.0001) interactions. Split by strain, there were month*housing 

interactions for all strains (C57: F3,140 = 2.94, p = 0.03; DBA: F3,157 = 3.50, p = 0.02; BALB: 

F3,156 = 6.25, p = 0.0005). Split by month, EE mice performed less inactive-but-awake behaviour 

than their NE counterparts in all months in C57s (Mo. 2: F1,52 = 58.68, p < 0.0001; Mo. 4:  F1,48 = 

15.65, p = 0.0003; Mo. 7: F1,46 = 53.75, p < 0.0001; Mo. 9: F1,46 = 13.19, p = 0.0007) and in 

BALBs, except for the last month (Mo. 2: F1,53 = 90.05, p < 0.0001; Mo. 4:  F1,53 = 25.85, p < 

0.0001; Mo. 7: F1,52 = 17.91, p < 0.0001; Mo. 9: F1,50 = 1.48, p = 0.23). There was no difference 

between NE DBAs and EE DBAs, except for the last month - where EE DBAs actually 

performed more inactive-but-awake-behaviour than NE DBAs (Mo. 2: F1,53 = 3.67, p = 0.06; 

Mo. 4: F1,53 = 0.47, p = 0.50; Mo. 7: Mann-Whitney U Test: Z = -0.40, p = 0.69; Mo. 9: Mann-

Whitney U Test: Z = -2.16, p = 0.031). See Figure 2.11. 
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Figure 2.11. Average proportion (where “1” is the maximum) of observations of mice displaying 

inactive-but-awake behaviour (IBA) with standard error bars. Due to significant month 

interactions, data are separated by months as well as strain. Raw data are shown here for ease of 

interpretation, although analyses used log-transformed data. Asterisks denote significant 

differences between housing types, within strain and month, at p < 0.05. See text for direction of 

significant effect. 
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originally EE agonism was about ½ of NE agonism, but after accounting for social interaction 

rate, EE agonism was only ¾ of NE agonism. Thus, accounting for low social interaction rates 

reduced the housing effect on agonism. However, displaying agonism was still lower in all EE 

0

0.05

0.1

0.15

0.2

0.25

2 4 7 9 2 4 7 9 2 4 7 9

C57 BALB DBA

IB
A

 L
S

 M
ea

n

Month and Strain

 Enriched

 Non-Enriched

* 

* * * 

* * 
* * * * 

* * * 

* 



 

 

71 

 

mice overall (F1,158 = 137.02, p < 0.0001;Figure 2.12). Thus, low agonism in enriched cages is 

only partially explained by low social interaction rates.  

 

 

Figure 2.12. Average proportion of observations of mice displaying agonism as a proportion of 

total social interactions, where “1” is the maximum, with standard error bars. Raw data are 

shown here for ease of interpretation, although analyses used transformed data. Enriched mice 

from each strain displayed significantly less agonism than their non-enriched counterparts, 

despite lower social interaction rates. Asterisks denote significance at p < 0.05. See text for 

statistics. 
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split by strain. As predicted, NE C57s performed more aggression than EE C57s (F1,46 = 4.28, p 

= 0.04), whereas EE BALBs, contrary to my prediction, performed more aggression than NE 

BALBs (F1,52 = 36.95, p < 0.0001). There was no significant difference in aggression levels 

relative to total agonism, between NE and EE DBAs (F1,51 = 0.58, p = 0.45). See Figure 2.13. 

Furthermore, as predicted, EE C57s performed relatively more genital sniffing as a proportion of 

total agonism, than their NE counterparts (Mann-Whitney U Test: C57: Z = -2.59, p = 0.009), 

although there was no difference in sniffing levels between NE and EE BALBs nor DBAs 

(Mann-Whitney U Test: respectively: Z = -1.13, p = 0.26; Z = -0.021, p = 0.98; Figure 2.14).  

 

Figure 2.13. Differences in housing types for displaying aggression, relative to total agonism, 

where “1” is the maximum, with standard error bars. Asterisks denote significant differences 

between housing types at p < 0.05. See text for statistics. 
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Figure 2.14. Differences in housing types for genital sniffing (GS), relative to total agonism, 

where “1” is the maximum, with standard error bars. Asterisks denote significant differences at p 

< 0.05 between housing types. See text for statistics. 

 

2.3.5. Co-variates of Agonism 

2.3.5.1. Stereotypic Behaviour 

 For displaying agonism, there was a 4-way SB*month*housing*strain interaction (F6,430 

= 2.26, p = 0.04). Split by strain and housing, stereotypic behaviour co-varied with displaying 

agonism in NE BALBs, where mice who performed more SB were also more agonistic, but in 

Month 9 only (F1,30 = 6.83, p = 0.01). Contrary to my prediction, NE DBAs (F1,90 = 14.34, p = 

0.0003) who performed more SB displayed less agonism (Figure 2.15). There was a trend for a 

housing*strain interaction for receiving agonism (F2,158= 2.46, p = 0.09), but splitting by strain 

and housing revealed than NE DBAs who performed more SB also received less agonism (F1,90 = 

8.51, p = 0.005; Figure 2.16).  
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Figure 2.15. Relationship between stereotypic behaviour and displaying agonism in non-

enriched DBAs.  

 

Figure 2.16. Relationship between stereotypic behaviour and receiving agonism in non-enriched 

DBAs.  
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 However, the negative relationship between SB and agonism in NE DBAs may be due to 

time allocation of behaviours rather than a causal relationship; i.e. NE DBAs display and receive 

less agonism because they are performing so much stereotypic behaviour that it precludes social 

contact. Thus, I re-analysed this relationship, this time accounting for social interaction rates (by 

dividing agonism by total social activity), and the apparent relationship between SB and agonism 

disappeared (displaying: F1,90 = 0.46, p = 0.50; receiving: F1,90 = 0.02, p = 0.88). I further 

assessed if high levels of SB in DBAs predicted a higher level of agonism received by BALBs 

(with the idea being that C57s would target the remaining cagemate), but this was non-

significant (F1,87 = 0.09, p = 0.77). 

Overall, the housing effect on agonism remained even when SB was statistically 

controlled for, indicating that reduced SB is not the driver behind agonism in EE cages (F1,158 = 

152.50, p < 0.0001). 

 

2.3.5.2. Inactive-but-awake Behaviour 

 For displaying agonism, there was an inactive-but-awake-behaviour *housing*strain 

interaction (F2,430 = 3.79, p = 0.02). Split by strain and housing, inactive-but-awake-behaviour 

did significantly co-vary for NE DBAs (F1,90 = 4.22, p = 0.04), as well as EE BALBs (F1,58 = 

5.92, p = 0.02), where mice who displayed more inactive-but-awake-behaviour were more 

agonistic (see Table 2.5). Overall, the housing effect on agonism remained (and did not even 

reduce) when inactive-but-awake-behaviour was statistically controlled for, indicating that 

reduced inactive-but-awake-behaviour is not the sole driver behind agonism in EE cages (F1,158 = 

115.12, p < 0.0001). 
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Table 2.5. Test statistics for inactive-but-awake-behaviour co-varying with 

displaying agonism in each sub-group. Significant values are bolded in red.  

Housing Strain F-ratio p Direction 

EE C57 F1,57 = 1.30 0.26 n/a 

EE DBA F1,59 = 0.17 0.68 n/a 

EE BALB F1,59 = 5.55 0.02 + 

NE C57 F1,75 = 2.32 0.13 n/a 

NE DBA F1,90 = 4.22 0.04 + 

NE BALB F1,90 = 0.12 0.72 n/a 

 

2.4. Discussion 

2.4.1. Long- and Short-Term Stability 

Stereotypic behaviour and inactive-but-awake behaviour were extremely stable both 

within and across blocks in NE mice. In contrast, SB and inactive-but-awake-behaviour were 

somewhat stable within blocks, but not across blocks, in EE mice. The discrepancy between 

housing types is likely due to the differences in prevalence of the two behaviours; EE mice were 

rarely stereotypic and inactive-but-awake, so their data were more stochastic. The stability of SB 

in NE mice in particular is unsurprising, as stereotyping is repetitive by definition (Mason and 

Latham 2004). Contrarily, displaying agonism was inconsistent across the entire population 

throughout the whole study, and receiving agonism was only stable about half the time (within 

blocks). Receiving agonism was slightly more stable in NE mice than EE mice, although again 

that may be because it was a rarer behaviour in EE mice. Additionally, since these behaviours 

require dyadic interactions to occur, it is logical that they are more inconsistent than solitary 

behaviours such as SB and inactive-but-awake-behaviour. Perhaps with a larger sample size of 
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enriched mice – to compensate for the rare behaviours - we would see more behavioural stability. 

Unfortunately, behavioural stability of agonism has not been explored in past literature so there 

is nothing to compare to.  

I expected that agonism in EE mice would reach stability faster than in NE mice, 

indicating that their social hierarchy had stabilized. This did not seem to be not the case here, 

with displaying agonism never reaching stability and receiving agonism being slightly more 

stable in NE mice. Again, this may be because agonism is relatively rare, and so the data were 

very stochastic. Thus, the relative lack of stability in EE mice may have simply been due to a 

lower prevalence of agonism. Unfortunately, our observations did not detail which dyads were 

involved in each agonistic interactions, so determining the precise social ranking and assigning 

dominance scores was not possible. Considering the limitations of this method, I am 

unconvinced that hierarchy stability was properly measured through split-half analyses. It was 

intended to be an efficient and practical method to assess hierarchy stability, but I concede that 

future research would do better to use alternative methods to properly test this hypothesis.  

Moreover, mixed-strain trios were only recently validated by Walker et al. (2013; 2016), 

but these authors did not look at social behaviours. Thus, there is not much known about the 

interrelationships between these strains. Walker et al. (2016) did not assess social hierarchy, 

merely concluding that mixed-strain trios did not result in severe aggression or wounding. In 

males, baseline aggression levels seem to differ, with C57s being relatively passive and BALBs 

and DBAs being more aggressive (Bisazza 1981, Nevison et al. 1999); this is completely 

opposite from my observations, and thus it may be worth exploring (as a whole project in itself) 

how mixed-strain housing influences social hierarchy and the levels of aggression received by 

the subordinate strain.  

Beyond social hierarchy stability, assessing for behavioural stability may be useful for 

future students wishing to conduct behavioural observations. Both stereotypic behaviour and 

inactive-but-awake behaviour became stable so quickly that future researchers need not conduct 

as many observations as we did, since the behaviours remain largely consistent from the 

beginning of the study to the end. In contrast, those wishing to study agonism may require long-
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term observations, since the behaviour is so unstable and appears to change over time. This topic 

has not been explored in the literature, and thus remains a mystery.  

 

2.4.2 Housing, Strain, and Month Effects 

By the time we began behavioural observations, the mice had only been in their 

respective housing types for two months (and were themselves only three months of age) - and 

yet the stark contrast between EE and NE mice were already evident. EE mice of all strains 

interacted with each other less than did NE mice, thus indicating impact of space and behavioural 

opportunity (via enrichment use) on the social interaction rate. For C57s, there was a sudden 

spike in social interactions in Month 7, but the reason behind this is unknown. During that time, 

several behavioural tests were being conducted (see Table 3.3, Chapter 1: startle tests, elevated 

plus maze, behavioural observations, as well as Aimee Adcock’s sociability tests) so it is 

possible that mice differentially reacted to changes in their daily environment, with this 

manifesting in C57s as increased social activity. Indeed, the parallelism of social activity 

between EE and NE C57s implies that the strain responded similarly to external influences in 

both housing types, just with different baseline social interaction levels (Figure 2.3). DBAs 

tended to decline in social activity over time; this is particularly true for NE DBAs, and likely 

reflects the negative relationship between social activity and stereotypic behaviour. NE BALBs 

did not significantly change in social activity over time, and EE BALBs did not show any 

specific pattern in activity levels. 

Non-enriched mice performed and received more aggression and agonism compared to 

their enriched counterparts, similar to past findings (Clipperton-Allen et al. 2015; Harper et al. 

2015). Harper et al. (2015) found housing differences for agonism, but not aggression when 

considered on its own. Their study only observed social interactions for a total of 50 minutes per 

cage though; and since aggression is comprised of relatively rare and unstable behaviours, 

perhaps they did not collect enough data for the housing differences to emerge. In the present 

study, observed strain differences were also consistent with Harper’s previous study: C57s 
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performed more agonism and aggression and BALBs received more agonism and aggression in 

both housing types (Harper et al. 2015).  

Furthermore, EE mice still displayed less agonism (p < 0.0001) after statistically 

controlling for lower social interaction rates, demonstrating that space nor having things to do 

were not the sole reasons behind low agonism in EE cages. Overall, these results provide 

substantial evidence that enrichment truly reduces agonism in female mice, and this effect 

remained significant despite agonism generally waning over time in NE housing. And even 

though NE mice displayed less agonism over time, they never reached the levels of agonism seen 

in even the most agonistic enriched strain, the C57s.  

Stereotypic behaviour and inactive-but-awake behaviour were also higher in NE cages, 

consistent with past literature (Würbel et al. 1998; Tilly et al. 2010; Harper et al. 2015; Fureix et 

al. 2016). DBAs and BALBs in particular were highly stereotypic, whereas SB was generally 

very low in C57s - but the housing effect was still significant in all three strains. C57s were 

highly inactive-but-awake, as were BALBs (albeit to a lesser extent). For DBAs, inactive-but-

awake behaviour was not significantly different in most months, except the last – where EE 

DBAs actually performed more inactive-but-awake than their NE counterparts. This difference is 

of little concern, however, since inactive-but-awake was generally extremely low in all DBAs, 

and tended to decrease over time. Alternatively, this result may be a Type 1 error (see Section 

2.4.5).  

 

2.4.3. Housing Effects on Qualitative Aspects of Agonism 

Similar to the findings by Pietropaolo et al. (2004), EE C57s displayed more genital 

sniffing whereas NE C57s were more aggressive, relative to total agonism. As the most agonistic 

strain, this may indicate a different behavioural strategy for establishing dominance. Pietropaolo 

et al. (2004) found that, when placed in a neutral arena with a stranger mouse, EE mice exhibited 

less aggression but still frequently achieved the most dominant status compared to the NE mice. 

Thus, they concluded that EE mice were no less effective in establishing dominance despite 
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using a less aggressive strategy (Pietropaolo et al. 2004). I cannot conclude the same for the 

present study since we did not determine dominance ranking, but these results suggest that 

enriched female C57s exhibit agonism qualitatively differently from non-enriched C57s.  

Contrary to my expectation, EE BALBs performed more aggression, relative to total 

agonism, than NE BALBs. However, it should be noted that EE BALBs still performed less 

aggression than NE BALBS overall. Based on my own observations, EE BALBs were bold, 

whereas NE BALBs were extremely timid and constantly bullied by the overtly aggressive C57s. 

Possibly, EE BALBs were more capable at defending themselves from other cagemates and were 

able to “even the playing ground” by exhibiting small doses of aggression. Indeed, the NE 

BALBs likely had poorer welfare due to receiving high levels of aggression from NE C57s, 

whereas cagemates of EE BALBs received little aggression, likely with minimal impact to their 

welfare. This study was the first to assess qualitative differences of agonism in females. Since 

this analysis was exploratory rather than confirmatory, these findings should be replicated in 

subsequent experiments.   

 

2.4.4. Co-variates of Agonism 

2.4.4.1. Stereotypic Behaviour 

Stereotypic behaviour co-varied positively with displaying agonism in NE BALBs in 

Month 9 only. While this finding supports my prediction, it is likely a false positive since it was 

not shown in the other three months of observation (and may be corrected by adjusting for 

multiple comparisons; see Section 2.4.5 for details). I was therefore not able to replicate 

Rodriguiz et al.’s (2004) finding that stereotypic female mice were more aggressive. 

Furthermore, I was unable to demonstrate that stereotypic mice were more aggressed (unlike 

Harper et al. 2015). I thus conclude that stereotypic behaviour does not seem to be associated 

with increased displays or receipts of agonism in female mice. Indeed, the housing effect on 

agonism did not reduce after accounting for stereotypic behaviour. It is still unknown, however, 
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whether other forms of behavioural inflexibility, such as perseveration, co-varies with agonism, 

and thus should be considered for future investigation (covered in Chapter 4).  

Stereotypic non-enriched DBAs did have a negative relationship with agonism, although 

the R2 was very small, and this effect disappeared once social interaction rate was accounted for. 

Thus, the negative co-variance between SB and agonism in NE DBAs was not due to a causal 

relationship, but was merely a by-product of low social interactions. I had further assessed 

whether BALB cagemates of highly stereotypic DBAs received more agonism from their C57 

cagemates, but this was non-significant. Thus, while SB is tied to low social interactions rates in 

NE DBAs, it does not cause C57s to target the remaining cagemate.  

 

2.4.4.2. Inactive-but-awake behaviour  

As predicted, inactive-but-awake behaviour positively co-varied with displaying agonism 

in NE DBAs and EE BALBs. This aligns with other studies, where mice exhibiting depressive-

like behaviours, such as the increased immobility in the forced swim test and poor self-care, 

were associated with high levels aggression (Mineur et al. 2003; Mosienko et al. 2012). As a 

potential indicator of a depressive-like state, the findings here tentatively suggest that depressive 

NE DBAs and EE BALBs are more agonistic; however, the housing effect on agonism did not 

vanish, or even reduce, after accounting for inactive-but-awake behaviour.  

Since inactive-but-awake behaviour was used as an observable proxy for a negative 

judgment bias, the next steps would be to develop a valid judgment bias test, and then determine 

whether agonism co-varies with a negative judgment bias. Judgment bias aside, there seems to be 

a relationship between inactive-but-awake-behaviour and agonism in two sub-groups of mice; 

thus, we should try to identify the reason behind the relationship and why this was only seen in 

NE DBAs and EE BALBs.  

Other possible mechanisms to explain this increase in agonism in highly inactive-but-

awake mice include hippocampal defects (McEwen 2006) or reduced serotonin levels (Brezun 
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and Daszuta 1999; Young and Leyton 2002), both of which are reportedly induced by depression 

and associated with aggression in rodents (Chiavegatto et al. 2001; de Almeida et al. 2001). 

However, more research is needed to determine inactive-but-awake behaviour’s validity as a 

depressive-like response; the causal relationship between inactive-but-awake behaviour and 

agonism needs to be determined; and lastly, it may be conducive to assess the relationships 

between inactive-but-awake behaviour and agonism with hippocampal defects and serotonin 

levels.  

No hypotheses were made about the relationship between receiving agonism and 

inactive-but-awake behaviour, but this may be an interesting topic for future research. In other 

studies, chronic social defeat is often associated with symptoms of depressive-like states: 

subordinate mice displayed more immobile, passive defense postures (rather than active 

defensive reactions), and increased immobility in the forced swim test, which was subsequently 

reduced when treated with an anti-depressant (Kudryavtseva et al. 1991); rats subjected to 

chronic social defeat in the resident-intruder paradigm were more “pessimistic” (Papciak et al. 

2013); and similarly, defeated rats had lower weight, reduced food and sucrose intake, higher 

corticosterone levels, longer forced swim test float times, and smaller hippocampal volumes 

compared to non-defeated rats (Becker et al. 2008). 

 Finally, it is also interesting to note that the relationship between inactive-but-awake 

behaviour and agonism occurred in only DBAs and BALBs. There was no relationship between 

inactive-but-awake behaviour and agonism for C57s, which was surprising since this strain 

performed the most of both of these behaviours. Perhaps a ceiling effect obscured any potential 

relationship between these behaviours in C57s. Overall, inactive-but-awake behaviour does seem 

to be related to agonism, but the housing effect on agonism remained even when inactive-but-

awake behaviour was statistically controlled for, thereby indicating that inactive-but-awake-

behaviour is not the sole driver behind agonism.  
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2.4.4.3.  Social interaction rates 

When accounting for social interaction rate, the p-value for agonism still remained highly 

significant (< 0.0001); however, EE agonism levels reduced from ½ to ¾ of NE agonism - 

indicating that low social interaction rates at least partially explain low agonism in EE cages. It is 

reassuring that low agonism in EE cages is not fully explained by larger enriched cages, because 

that means researchers should be able to provide enrichments in smaller cages and still see a 

significant reduction in agonism. Indeed, Clipperton-Allen et al. (2015) used the same sized 

cages for both EE and NE mice, and still found lower agonism in EE mice.  

  

2.4.5. Limitations 

One major limitation of this study was imperfect blinding of observers. It was impossible 

to blind observers to treatment, even if we had used video recordings, but one of the three 

observers was blind to hypothesis. Reassuringly, the blind observer had high inter-observer 

reliability with the other two non-blind observers. Future researchers may wish to fully eliminate 

any observer bias by using trained observers who are all blind to the hypotheses (if not 

treatment).  

Furthermore, although we did our best to account for lack of visibility in the EE cages, 

we still do not know if some behaviours were preferentially performed out of sight, potentially 

creating a disproportionate representation of behaviours in enriched cages. For example, 

inactive-but-awake behaviour may have commonly been occurring in nest boxes or egg cartons, 

but this is impossible to determine. This particular hurdle would be difficult to overcome, lest we 

remove enrichments that are obscuring in nature, or we resort to shelters that are red (and thereby 

visible to us, but provide dark shelter for the mice). Obviously the former suggestion is not 

recommended, since mice benefit greatly from access to nesting material and shelters (Olsson 

and Dahlborn 2002), and the latter suggestion would not eliminate obscurity caused by nesting 

material. Thus, I consider the welfare benefits provided by these enrichments to outweigh this 

potential caveat of disproportional visibility.  
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Next, there was a potential confound between NE and EE cages due to differing cage 

cleaning schedules – since NE cages were cleaned weekly while EE cages were cleaned 

monthly. Since cage cleaning is known to be a stressful procedure (Van Loo et al. 2004), more 

frequent cleaning may have influenced the NE mice’s behavioural responses. The cage cleaning 

system was set up due to the limited number of clean EE cages (see Methods), and the fact that 

shoebox cages simply become dirtier faster than the large EE cages, thus needing weekly 

cleaning. As such, this limitation may have added noise to the data. A practical solution, such as 

ordering more spare EE cages, would enable us to overcome this confound for future studies. 

Reassuringly, however, all of the studies that also found low agonism in enriched females (see 

Table 1.1, Chapter 1) had no such cage cleaning confound.  

Lastly, this study assessed several hypotheses, and generated numerous p-values, which 

increased the chance of a Type 1 error. Some studies lower the p-value to correct for multiple 

comparisons, while others employ the Bonferroni procedure or the false discovery rate (FDR) 

controlling procedure (Benjamini et al. 2001), depending on their data. The Bonferroni 

procedure relies on the assumption that the tests in question are based on behavioural endpoints 

that are either statistically independent or positively dependent (Benjamini and Yekutieli 2001) 

whereas the FDR controlling procedure is based on no such assumptions, and is more suitable for 

my dataset (Benjamini et al. 2001). Thus, multiple testing will be adjusted for prior to 

publication of this study by the FDR-correcting procedure. It is possible that some positive 

results, such as the relationship between IBA and agonism, will disappear after correcting for 

multiple testing. 

 

2.4.6. Implications 

Above all else, this present study provides substantial evidence that enriched females are 

less agonistic than non-enriched females. This is opposite from the male mice literature, where 

males are often found to be more agonistic in enriched cages, thereby highlighting sex 

differences in response to enrichment (Haemisch et al. 1994; Van Loo et al. 2002). These 
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findings bode well for females, as enrichment is clearly beneficial in several aspects of their 

welfare (reduced stereotypic behaviour, inactive-but-awake-behaviour, and now agonism). 

Enriched mice were less agonistic regardless of space or having things to do, so researchers with 

limited space are still encouraged to provide enrichments to reduce agonism.  

The purpose of identifying co-variates was to determine the underlying cause of agonism. 

However, despite there being a relationship between inactive-but-awake behaviour and agonism, 

the housing effect still remained. Instead of a sole driver of agonism as we had assumed, there 

may be several factors that lead to reduced agonism in EE cages. Chapter 3 will discuss the 

relationship between agonism and anxiety and hearing loss, but there still may be other factors 

we have not yet identified. Other potential co-variates of agonism will be discussed in Chapter 4. 

Furthermore, the immediate environment may largely affect agonism levels. 

Enrichments, for example, may provide EE mice with hiding places from aggressors. Thus, it 

seems worthwhile to investigate the effects of the immediate environment on agonism, in 

addition to assessing other co-variates, and this will be explored further in Chapter 3 as well. 

Whatever the mechanisms behind low agonism in enriched cages, this housing effect clearly 

exists and must be considered when housing female mice. 

 

 

 

 

 

 

 

 



 

 

86 

 

2.5. Literature Cited 

Akre, A. K., Bakken, M., Hovland, A. L., Palme, R., & Mason, G. (2011). Clustered 

environmental enrichments induce more aggression and stereotypic behaviour than do 

dispersed enrichments in female mice. Applied Animal Behaviour Science, 131(3), 145–152.  

de Almeida, R., Nikulina, E., Faccidomo, S., Fish, E., & Miczek, K. (2001). Zolmitriptan - a 5-

HT 1B/D agonist, alcohol, and aggression in mice. Psychopharmacology, 157(2), 131–141.  

 Bartolomucci, A., Palanza, P., Sacerdote, P., Panerai, A. E., Sgoifo, A., Dantzer, R., & 

Parmigiani, S. (2005). Social factors and individual vulnerability to chronic stress exposure. 

Neuroscience & Biobehavioral Reviews, 29(1), 67–81.  

Becker, C., Zeau, B., Rivat, C., Blugeot, A., Hamon, M., & Benoliel, J.-J. (2008). Repeated 

social defeat-induced depression-like behavioral and biological alterations in rats: 

involvement of cholecystokinin. Molecular Psychiatry, 13(12), 1079–1092.  

Benjamini, Y., Drai, D., Elmer, G., Kafkafi, N., & Golani, I. (2001). Controlling the false 

discovery rate in behavior genetics research. Behavioural Brain Research, 125(1–2), 279–

84.  

Benjamini, Y., & Yekutieli, D. (2001). The control of the false discovery rate in multiple testing 

under dependency. The Annals of Statistics, 29(4), 1165-1188. 

Benton, D., Dalrymple-Alford, J. C., & Brain, P. F. (1980). Comparisons of measures of 

dominance in the laboratory mouse. Animal Behaviour, 28(4), 1274–1279.  

Benus, R. F., Daas, S. den, Koolhaas, J. M., & Oortmerssen, G. A. van. (1990). Routine 

formation and flexibility in social and non-social behaviour of aggressive and non-

aggressive male mice. Behaviour, 112(3/4), 176-193. 



 

 

87 

 

Bisazza, A. (1981). Social organization and territorial behaviour in three strains of mice. 

Bolletino Di Zoologia, 48(2), 157–167.  

 Brezun, J., & Daszuta, A. (1999). Depletion in serotonin decreases neurogenesis in the dentate 

gyrus and the subventricular zone of adult rats. Neuroscience, 89(4), 999–1002.  

Campbell, D. L. M., Dallaire, J. A., & Mason, G. J. (2013). Environmentally enriched rearing 

environments reduce repetitive perseveration in caged mink, but increase spontaneous 

alternation. Behavioural Brain Research, 239, 177–187.  

Cappadocia, M. C., Weiss, J. A., & Pepler, D. (2012). Bullying experiences among children and 

youth with autism spectrum disorders. Journal of Autism and Developmental Disorders, 

42(2), 266–277. 

 [CCAC] Canadian Council on Animal Care. (2016). CCAC animal data report. Retrieved from 

http://www.ccac.ca/Documents/AUD/2016-Animal-Data-Report.pdf 

Chiavegatto, S., Dawson, V. L., Mamounas, L. A., Koliatsos, V. E., Dawson, T. M., & Nelson, 

R. J. (2001). Brain serotonin dysfunction accounts for aggression in male mice lacking 

neuronal nitric oxide synthase. Proceedings of the National Academy of Sciences, 98(3), 

1277–1281.  

Chourbaji, S., Zacher, C., Sanchis-Segura, C., Spanagel, R., & Gass, P. (2005). Social and 

structural housing conditions influence the development of a depressive-like phenotype in 

the learned helplessness paradigm in male mice. Behavioural Brain Research, 164(1), 100–

106.  

 Clipperton-Allen, A. E., Cragg, C. L., Wood, A. J., Pfaff, D. W., & Choleris, E. (2010). 

Agonistic behavior in males and females: effects of an estrogen receptor beta agonist in 

gonadectomized and gonadally intact mice. Psychoneuroendocrinology, 35(7), 1008–22.  

http://www.ccac.ca/Documents/AUD/2016-Animal-Data-Report.pdf


 

 

88 

 

Clipperton-Allen, A. E., Ingrao, J. C., Ruggiero, L., Batista, L., Ovari, J., Hammermueller, J., 

Armstrong, J. N., Bienzle, D., Choleris, E., & Turner, P. V. (2015). Long-term provision of 

environmental resources alters behavior but not physiology or neuroanatomy of male and 

female BALB/c and C57BL/6 mice. Journal of the American Association for Laboratory 

Animal Science, 54(6), 718–30.  

Dallaire, J. A., Meagher, R. K., Díez-León, M., Garner, J. P., & Mason, G. J. (2011). Recurrent 

perseveration correlates with abnormal repetitive locomotion in adult mink but is not 

reduced by environmental enrichment. Behavioural Brain Research, 224, 213–222.  

David, D. J., Samuels, B. A., Rainer, Q., Wang, J.-W., Marsteller, D., Mendez, I., Drew, M., 

Craig, D. A., Guiard, B. P., Guilloux, J. P., Artymyshyn, R. P., Gardier, A. M., Gerald, C., 

Antonijevic, I. A., Leonardo, E. D., & Hen, R. (2009). Neurogenesis-dependent and -

independent effects of fluoxetine in an animal model of anxiety/depression. Neuron, 62(4), 

479–493.  

Dodge, K. A., & Crick, N. R. (1990). Social information-processing bases of aggressive behavior 

in children. Personality and Social Psychology Bulletin, 16(1), 8–22.  

Dodge, K. A., & Newman, J. P. (1981). Biased decision-making processes in aggressive boys. 

Journal of Abnormal Psychology, 90(4), 375–379.  

Dodman, N. H., Knowles, K. E., Shuster, L., Moon-Fanelli, A. A., Tidwell, A. S., & Keen, C. L. 

(1996). Behavioral changes associated with suspected complex partial seizures in bull 

terriers. Journal of the American Veterinary Medical Association, 208(5), 688–91.  

Dulawa, S. C., Holick, K. A., Gundersen, B., & Hen, R. (2004). Effects of chronic fluoxetine in 

animal models of anxiety and depression. Neuropsychopharmacology, 29(7), 1321–1330.  

Ferris, C. F., & Delville, Y. (1994). Vasopressin and serotonin interactions in the control of 

agonistic behavior. Psychoneuroendocrinology, 19(5–7), 593–601.  



 

 

89 

 

Fuller, R. W. (1996). The influence of fluoxetine on aggressive behavior. 

Neuropsychopharmacology, 14(2), 77–81.  

Fureix, C., Walker, M., Harper, L., Reynolds, K., Saldivia-Woo, A., & Mason, G. (2016). 

Stereotypic behaviour in standard non-enriched cages is an alternative to depression-like 

responses in C57BL/6 mice. Behavioural Brain Research, 305, 186–190.  

Garner, J. P., & Mason, G. J. (2002). Evidence for a relationship between cage stereotypies and 

behavioural disinhibition in laboratory rodents. Behavioural Brain Research, 136(1), 83-92. 

Garner, J. P., Mason, G. J., & Smith, R. (2003). Stereotypic route-tracing in experimentally 

caged songbirds correlates with general behavioural disinhibition. Animal Behaviour, 66, 

711–727.  

Gouveia, K., & Hurst, J. L. (2013). Reducing mouse anxiety during handling: effect of 

experience with handling tunnels. PloS One, 8(6), e66401.  

Grant, E. C., & Mackintosh, J. H. (1963). A comparison of the social postures of some common 

laboratory rodents. Behaviour, 214(3), 246–259.  

 Gross, A. N., Engel, A. K. J., Richter, S. H., Garner, J. P., & Würbel, H. (2011). Cage-induced 

stereotypies in female ICR CD-1 mice do not correlate with recurrent perseveration. 

Behavioural Brain Research, 216(2), 613–620.  

Gross, A. N., Richter, S. H., Engel, A. K. J., & Würbel, H. (2012). Cage-induced stereotypies, 

perseveration and the effects of environmental enrichment in laboratory mice. Behavioural 

Brain Research, 234(1), 61–8.  

Haemisch, A., Voss, T., & Gärtner, K. (1994). Effects of environmental enrichment on 

aggressive behavior, dominance hierarchies, and endocrine states in male DBA/2J mice. 

Physiology & Behavior, 56(5), 1041–1048.  



 

 

90 

 

Haller, J., Bakos, N., Rodriguiz, R. M., Caron, M. G., Wetsel, W. C., & Liposits, Z. (2002). 

Behavioral responses to social stress in noradrenaline transporter knockout mice: Effects on 

social behavior and depression. Brain Research Bulletin, 58(3), 279–284. 

Harper, L., Choleris, E., Ervin, K., Fureix, C., Reynolds, K., Walker, M., & Mason, G. (2015). 

Stereotypic mice are aggressed by their cage-mates, and tend to be poor demonstrators in 

social learning tasks. Animal Welfare, 24(4), 463–473.  

Hattori, S., Hashimoto, R., Miyakawa, T., Yamanaka, H., Maeno, H., Wada, K., & Kunugi, H. 

(2007). Enriched environments influence depression-related behavior in adult mice and the 

survival of newborn cells in their hippocampi. Behavioural Brain Research, 180(1), 69–76.  

 Hemmings, A., McBride, S. D., & Hale, C. E. (2007). Perseverative responding and the 

aetiology of equine oral stereotypy. Applied Animal Behaviour Science, 104(1–2), 143–150.  

Henry, S., Fureix, C., Rowberry, R., Bateson, M., & Hausberger, M. (2017). Do horses with poor 

welfare show “pessimistic” cognitive biases? The Science of Nature, 104(1–2), 8.  

Howerton, C. L., Garner, J. P., & Mench, J. A. (2008). Effects of a running wheel-igloo 

enrichment on aggression, hierarchy linearity, and stereotypy in group-housed male CD-1 

(ICR) mice. Applied Animal Behaviour Science, 115(1), 90–103.  

 Hutchinson, E. K., Avery, A. C., & Vandewoude, S. (2012). Environmental enrichment during 

rearing alters corticosterone levels, thymocyte numbers, and aggression in female BALB/c 

mice. Journal of the American Association for Laboratory Animal Science, 51(1), 18–24.  

Kempes, M. M., Gulickx, M. M. C., van Daalen, H. J. C., Louwerse, A. L., & Sterck, E. H. M. 

(2008). Social competence is reduced in socially deprived rhesus monkeys (Macaca 

mulatta). Journal of Comparative Psychology, 122(1), 62–67.  



 

 

91 

 

Kudryavtseva, N. N., Bakshtanovskaya, I. V., & Koryakina, L. A. (1991). Social model of 

depression in mice of C57BL/6J strain. Pharmacology Biochemistry and Behavior, 38(2), 

315–320.  

Latham, N., & Mason, G. (2004). From house mouse to mouse house: the behavioural biology of 

free-living Mus musculus and its implications in the laboratory. Applied Animal Behaviour 

Science, 86(3–4), 261–289.  

Llorens-Martín, M. V., Rueda, N., Martínez-Cué, C., Torres-Alemán, I., Flórez, J., & Trejo, J. L. 

(2007). Both increases in immature dentate neuron number and decreases of immobility 

time in the forced swim test occurred in parallel after environmental enrichment of mice. 

Neuroscience, 147(3), 631–638.  

 Lumley, L. A., Charles, R. F., Charles, R. C., Hebert, M. A., Morton, D. M., & Meyerhoff, J. L. 

(2000). Effects of social defeat and of diazepam on behavior in a resident–intruder test in 

male DBA/2 mice. Pharmacology Biochemistry and Behavior, 67(3), 433–447.  

Martin, P., & Bateson, P. Measuring behaviour: an introductory guide [Book]. Cambridge 

University Press, 2007. 

Mason, G. J., & Latham, N. R. (2004). Can’t stop, won’t stop: Is stereotypy a reliable animal 

welfare indicator? Animal Welfare, 13(Suppl. 1), 57–69. 

McEvoy, R. E., Rogers, S. J., & Pennington, B. F. (1993). Executive function and social 

communication deficits in young autistic children. Journal of Child Psychology and 

Psychiatry, 34(4), 563–578.  

McEwen, B. S. (2006). Plasticity of the hippocampus: adaptation to chronic stress and allostatic 

load. Annals of the New York Academy of Sciences, 933(1), 265–277.  

Mead, R. The design of experiments: statistical principles for practical applications 

[Book]. Cambridge University Press, 1988. 



 

 

92 

 

Milgram, N. W., Head, E., Zicker, S. C., Ikeda-Douglas, C., Murphey, H., Muggenberg, B. A., 

Siwak, C. T., Tapp, P. D., Lowry, S. R., & Cotman, C. W. (2004). Long-term treatment 

with antioxidants and a program of behavioral enrichment reduces age-dependent 

impairment in discrimination and reversal learning in beagle dogs. Experimental 

Gerontology, 39(5), 753–765.  

Mineur, Y. S., Prasol, D. J., Belzung, C., & Crusio, W. E. (2003). Agonistic behavior and 

unpredictable chronic mild stress in mice. Behavior Genetics, 33(5), 513–519.  

Moon-Fanelli, A. A., Dodman, N. H., Famula, T. R., & Cottam, N. (2011). Characteristics of 

compulsive tail chasing and associated risk factors in Bull Terriers. Journal of the American 

Veterinary Medical Association, 238(7), 883–889.  

Mosienko, V., Bert, B., Beis, D., Matthes, S., Fink, H., Bader, M., & Alenina, N. (2012). 

Exaggerated aggression and decreased anxiety in mice deficient in brain serotonin. 

Translational Psychiatry, 2(5), e122–e122.  

Nagy, K., Schrott, A., & Kabai, P. (2008). Possible influence of neighbours on stereotypic 

behaviour in horses. Applied Animal Behaviour Science, 111(3–4), 321–328.  

Nevison, C. M., Hurst, J. L., & Barnard, C. J. (1999). Strain-specific effects of cage enrichment 

in male laboratory mice (Mus musculus). Animal Welfare, 8(4), 361-379.  

Oliveira, R. F. (2013). Mind the fish: zebrafish as a model in cognitive social neuroscience. 

Frontiers in Neural Circuits, 7, 131.  

Olsson, I. A. S., & Dahlborn, K. (2002). Improving housing conditions for laboratory mice: a 

review of environmental enrichment. Laboratory Animals, 36(3), 243–70.  

Papciak, J., Popik, P., Fuchs, E., & Rygula, R. (2013). Chronic psychosocial stress makes rats 

more “pessimistic” in the ambiguous-cue interpretation paradigm. Behavioural Brain 

Research, 256, 305–310.  



 

 

93 

 

Pornari, C. D., & Wood, J. (2010). Peer and cyber aggression in secondary school students: the 

role of moral disengagement, hostile attribution bias, and outcome expectancies. Aggressive 

Behavior, 36, 81–94.  

Pietropaolo, S., Branchi, I., Cirulli, F., Chiarotti, F., Aloe, L., & Alleva, E. (2004). Long-term 

effects of the periadolescent environment on exploratory activity and aggressive behaviour 

in mice: social versus physical enrichment. Physiology & Behavior, 81(3), 443–453.  

Pond, S., Ervin, K., Choleris, E., & Mason, G.J. (2015). Do stereotypic behaviour or non-

enriched cages impair social interaction in mice? Unpublished manuscript, University of 

Guelph, Guelph, ON.  

Ragozzino, M. E., Ragozzino, K. E., Mizumori, S. J. Y., & Kesner, R. P. (2002). Role of the 

dorsomedial striatum in behavioral flexibility for response and visual cue discrimination 

learning. Behavioral Neuroscience, 116(1), 105–15.  

Rodriguiz, R. M., Chu, R., Caron, M. G., & Wetsel, W. C. (2004). Aberrant responses in social 

interaction of dopamine transporter knockout mice. Behavioural Brain Research, 148(1), 

185–198. 

Scheele, D., Mihov, Y., Schwederski, O., Maier, W., & Hurlemann, R. (2013). A negative 

emotional and economic judgment bias in major depression. European Archives of 

Psychiatry and Clinical Neuroscience, 263(8), 675–683.  

Schroeder, J. H., Cappadocia, M. C., Bebko, J. M., Pepler, D. J., & Weiss, J. A. (2014). 

Shedding light on a pervasive problem: a review of research on bullying experiences among 

children with autism spectrum disorders. Journal of Autism and Developmental Disorders, 

44(7), 1520–1534.  

Terlouw, E. M. C., Lawrence, A. B., & Illius, A. W. (1991). Relationship between agonistic 

behaviour and propensity to develop excessive drinking and chain manipulation in pigs. 

Physiology & Behavior, 50(3), 493–498. 



 

 

94 

 

Tilly, S.-L. C., Dallaire, J., & Mason, G. J. (2010). Middle-aged mice with enrichment-resistant 

stereotypic behaviour show reduced motivation for enrichment. Animal Behaviour, 80, 363–

373.  

Titulaer, M., Blackwell, E. J., Mendl, M., & Casey, R. A. (2013). Cross sectional study 

comparing behavioural, cognitive and physiological indicators of welfare between short and 

long term kennelled domestic dogs. Applied Animal Behaviour Science, 147(1-2), 149-158. 

Van Loo, P. L. P., Kruitwagen, C. L. J. J., Koolhaas, J. M., Van De Weerd, H. A., Van Zutphen, 

L. F. M., & Baumans, V. (2002). Influence of cage enrichment on aggressive behaviour and 

physiological parameters in male mice. Applied Animal Behaviour Science, 75(1), 65-81.  

Van Loo, P. L. P., Van der Meer, E., Kruitwagen, C. L. J. J., Koolhaas, J. M., Van Zutphen, L. F. 

M., & Baumans, V. (2004). Long-term effects of husbandry procedures on stress-related 

parameters in male mice of two strains. Laboratory Animals, 38(2), 169–177.  

Wagner, G. C., Fisher, H., Pole, N., Borve, T., & Johnson, S. K. (1993). Effects of 

monoaminergic agonists on alcohol-induced increases in mouse aggression. Journal of 

Studies on Alcohol, Supplement, (11), 185–191.  

Walker, M., Fureix, C., Palme, R., & 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(10), e77541.  

Walker, M. (2016). Validating methods that promote reduction and refinement in laboratory 

animal science. Doctoral dissertation, University of Guelph, Canada.   

Walker, M., Fureix, C., Palme, R., Newman, J. A., Ahloy Dallaire, J., & Mason, G. (2016). 

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

plot design that promotes refinement and reduction. BMC Medical Research Methodology, 

16(1), 11. 



 

 

95 

 

 Würbel, H., Chapman, & R., Rutland, C. (1998). Effect of feed and environmental enrichment 

on development of stereotypic wire-gnawing in laboratory mice. Applied Animal Behaviour 

Science, 60(1), 69–81.  

Young, S. N., & Leyton, M. (2002). The role of serotonin in human mood and social interaction: 

Insight from altered tryptophan levels. Pharmacology Biochemistry and Behavior, 71(4), 

857–865.  

 

 

 

 



 

 

96 

 

Chapter 3: Does Anxiety, Hearing Loss, or the Immediate 

Environment explain the Housing Effect on Agonism? 

 

3.1. General Introduction 

In Chapter 2, I found that EE mice are less agonistic than NE mice, but this finding was not 

related to stereotypic behaviour, nor solely by low social interaction rates or inactive-but-awake 

behaviour. I concluded that other factors may be involved. Thus, this current chapter will cover two 

other potential co-variates of agonism, anxiety and hearing loss (Studies 1 & 2, respectively), which 

I will discuss together. This chapter will also take a first look at whether agonism levels are stable 

or labile in mice removed from their EE or NE cages (Study 3).  

My main goal in this chapter is still to determine why EE mice are less agonistic than NE 

mice. Thus, the first step in Studies 1 & 2 was to assess whether housing effects exist for anxiety 

and hearing loss in the predicted directions, and if they did, then check if they co-vary with 

agonism (see Table 3.1). My aim for Study 3 was to determine whether the low agonism of EE 

mice would be consistent in a setting outside of the home-cage.  

 

3.2. Study 1: The Use of Startle Response to Assess Anxiety and 

Hearing Loss 

3.2.1. Introduction 

 As covered in Chapter 1, enriched cages tend to reduce anxiety-like behaviours in mice, 

which may explain the housing effect on agonism. While few mouse studies have assessed the 

direct relationship between the two, anxiety-like behaviours have been linked with increased 

agonism: male mice with an opioid peptide deficiency are both more anxious and aggressive 
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(König et al. 1996); anxiolytic drugs, such as fluoxetine (Fuller 1996; Dulawa et al. 2004) and 

many benzodiazepines (Christmas and Maxwell 1970; Krsiak and Sulcova 1990) effectively reduce 

aggression in mice and rats; and in humans, anxiety has been directly linked to increased aggression 

due to a negative judgment bias, where notions of a negative outcome during social encounters lead 

children to act aggressively towards peers in future interactions (Marsee et al. 2008). Thus, similar 

to depressive-like mice, anxious mice may have a negative judgment bias, causing them to react 

agonistically to cagemates. As no validated judgment bias test currently exists for female mice, I 

will be assessing startle responses (a measure of anxiety) as a proxy for a negative judgment bias 

(similar to how I treated inactive-but-awake behaviour in Chapter 2). Since NE environments 

enhance anxiety-like behaviours (Friske and Gammie 2005; see Chapter 1), I hypothesized that 

anxious NE mice may perceive neutral social exchanges as hostile and display more agonism 

compared to calmer EE conspecifics (see Table 3.1).  

 Alternatively, the housing effect on agonism may be explained by attenuated hearing loss 

(as a result of enhanced neural plasticity) in EE mice, since environmental enrichment enhances 

neural plasticity (Piché et al. 2004). When mice begin to lose their hearing in the higher 

frequencies, hearing function in middling frequencies is improved via induced neural plasticity as 

compensation (Willott et al. 1993). Thus, if enriched mice have enhanced neural plasticity, perhaps 

they are better able to hear middling frequencies (see Chapter 1 for review). Since all three strains 

are prone to age-related hearing loss, particularly at the higher frequencies, and ultrasonic 

communication usually occurs during the initiation of a social exchange (Moles and D’Amato 

2000), I thus hypothesized that social interactions between deaf mice may be impaired, and 

potentially agonistic, due to hindered abilities to communicate. This is a novel hypothesis under 

test, and there is no research on how deafness-induced communication impairments affect agonism 

in mice.  

However, some studies on communication deficits cautiously support my hypothesis; for 

example, autistic-like mice who had reduced ultrasonic vocalizations also displayed increased 

aggression (Takayanagi et al. 2005; Sala et al. 2011); more than twice as many deaf male mice 

attacked pups than did normal hearing males (D’Amato 1987); dogs that are deaf from birth may be 

more aggressive to playmates due to higher startle reactivity (Strain 1996); and in humans, deaf 
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adolescents are at a significantly higher risk of exhibiting aggression than their hearing peers, likely 

brought on by communication barriers that result in frustration (Coll et al. 2009). Thus, I 

hypothesized that if EE mice have better hearing than NE mice, they may exhibit less agonism due 

to fewer communication difficulties (see Table 3.1).  

 Both anxiety and hearing capacity can be assessed using startle response tests, where the 

mice are exposed to a sudden stimulus (loud tone, light flash, air puff, or electric shock) that 

induces an immediate startle response. An anxious mouse would produce a higher startle response; 

whereas for hearing function, a low startle response would indicate hearing loss. Despite loud tones 

generally being the default stimuli, past studies often fail to account for anxiety when assessing 

hearing capacity, and vice versa (Willott et al. 1984; Parham and Willott 1988; Wang et al. 2002; 

Holmes et al. 2003). Thus, when acoustic stimuli are used, it is difficult to tease apart this confound 

in deafness-prone strains. Indeed, a review by Harro (2017) stated the necessity to “examine the 

learning abilities and perception (e.g., vision, hearing, and olfaction) in animals tested for anxiety as 

these … abilities may interfere with anxiety readouts”.  

In the present study, I therefore used air puffs (to elicit a tactile startle response; henceforth 

TSR) to measure anxiety, and loud tones (to elicit an acoustic startle response; henceforth ASR) to 

measure hearing loss; and to combat the confounding way in which anxiety will also affect the 

ASR, I statistically accounted for tactile startle scores when assessing hearing loss. I predicted that 

a) EE mice would have a lower TSR than NE mice (indicating less anxiety) and b) EE mice would 

have a higher ASR than NE mice after accounting for TSR scores (indicating better hearing 

function). Since hearing loss declines over time at different rates per strain (see Chapter 1), I further 

expected month*strain and perhaps housing*month*strain effects, where DBAs would become deaf 

first, followed by C57s, then BALBs, and the extent to which EE housing thwarts this decline 

potentially varying by strain.   
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Table 3.1. Summary of hypotheses and predictions for Studies 1 and 2 

Hypothesis Prediction #1 Prediction #2 

EE mice have reduced hearing 

loss due to enhanced neural 

plasticity 

EE mice will have a higher 

acoustic startle response than 

NE mice 

This housing effect on hearing 

loss will remain even once 

anxiety is accounted for 

NE mice have communication 

difficulties because they are 

deafer 

Displaying agonism will 

positively co-vary with 

hearing loss 

The housing effect on agonism 

will vanish after accounting 

for hearing loss 

EE mice are less anxious than 

NE mice 

EE mice will have a lower 

tactile startle response than NE 

mice 

EE mice will spend more time 

in open arms of the EP maze, 

whereas NE mice will spend 

more time in the closed arms 

The more anxious NE mice 

have negative judgment 

biases, and perceive others as 

hostile 

Displaying agonism will 

positively co-vary with TSR 

and EPM scores 

The housing effect on agonism 

will vanish after accounting 

for TSR and EPM scores 

 

3.2.2. Methods 

3.2.2.1. Ethics Statement 

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

Committee (AUP #3700) and comply with the Canadian Council on Animal Care guidelines.  
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3.2.2.2. Subjects 

All mice introduced in Chapter 2 (164 mice; 98 NE mice and 66 EE mice) were used in the 

startle tests, although there was some subject attrition due to deaths (see Chapter 2).   

 

3.2.2.3. Acoustic and Tactile Startle Tests 

All mice were tested for TSR and ASR at 3, 5, and 7 months post-weaning. Two month 

intervals between testing were chosen because each strain exhibits hearing loss at different stages of 

life (see Chapter 1); thus, I wanted to assess hearing function at several time periods to obtain a 

clear picture of each strain’s respective decline. Trios from each cage were tested simultaneously, 

using three sound-proof and light-proof Kinder Scientific startle chambers (model #SM100SP-H) in 

conjunction with Startle Monitor software. Each mouse was confined in a restrainer that allowed 

her to move but not rear upwards. Underneath the restrainer was a force plate that measured her 

reflexive flinch in Newtons.   

Each cage was thus tested according to the following protocol (c.f. Walker et al. 2013): a 

trained handler, blind to treatment, weighed each mouse and then placed them into their respective 

startle chambers via tube-handling. Mice of the same strain were placed in different chambers on a 

rotational basis to avoid confounding chamber and strain effects. The mice were allowed to 

acclimate to their chambers for 5 minutes (with 57 dB white background noise), and then 5 trials 

with no stimulus were recorded in order to obtain a reading of each mouse’s baseline force (the 

average force exhibited by mice prior to startling stimulus). These trials were separated by intervals 

of 10 seconds. Next, each mouse was exposed to 5 trials of 80 dB tones (each lasting 40 ms). 

Unfortunately, I was unable to control frequency with this equipment, and thus all tones consisted 

of white noise (i.e. a mix of almost every frequency). These trials were separated by intervals 

ranging from 25-35 seconds, randomly assigned to prevent habituation to the stimulus. The mice 

were next exposed to five minutes with no stimuli before experiencing the same 5 trials, except at 

95 dB. After another 5 minute “rest” period, the mice were exposed to the same 5 trials again, 

except at 115 dB. Lastly, after another 5 minute “rest” period, the mice experienced 5 trials of air 
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puffs (20 psi). The software recorded the baseline force prior to each stimulus, as well as the peak 

force that occurred during the 40 ms. Startle response was calculated as the peak force minus the 

initial force for each trial. The final values used in the statistical analyses were the averages of each 

of the 5 trials.  

 

3.2.2.4. Statistical Analysis 

Initially, “body weight” was included in the model to ensure that mass did not influence the 

startle response; it was non-significant, so weight was removed from all subsequent models. 

Furthermore, due to scheduling conflicts, the regular handler (handler A) could not be available for 

all of the tests during Month 7. Thus, an additional handler (handler B) ran half of the trials during 

Month 7. However, the difference between handler A and handler B was non-significant, so 

“handler” was not included in subsequent models either.  

All statistical analyses were performed using repeated measures general linear mixed 

models, which were conducted in SAS®9.4 using the “proc glimmix” procedure. Dependent 

variables were log-transformed as needed to meet the assumptions of parametric statistics (normal 

distribution and homogeneity of residuals).  To assess housing effects on the tactile startle response, 

“housing”, “month”, and “strain”, with all interactions, were fixed effects. “Mouse” nested within 

“Chamber” was a random effect.   

For housing effects on acoustic startle response, anxiety had to be accounted for – and 

simply adding TSR scores as a fixed effect would create a complex model with many possible 

interactions. Thus, acoustic and tactile responses were box-cox transformed to best meet a normal 

distribution. Then, I fitted a regression where tactile response was “x” and acoustic response was 

“y” (Figure 3.1), and downloaded the resulting residuals. High positive values indicated a higher 

acoustic startle response, where negative values indicated a low acoustic startle response (and 

therefore, hearing loss). The residuals of this regression were then used in the housing effects 

model as the dependent variable. The fixed effects and random effect were the same as the TSR 
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model, except with the additional “volume” fixed effect to assess the differences between 80, 95 

and 115 dB.  

Model:   𝑆𝑡𝑎𝑟𝑡𝑙𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝐻𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑆𝑡𝑟𝑎𝑖𝑛 + 𝑀𝑜𝑛𝑡ℎ + 𝐻𝑜𝑢𝑠𝑖𝑛𝑔|𝑆𝑡𝑟𝑎𝑖𝑛|𝑀𝑜𝑛𝑡ℎ +

𝑀𝑜𝑢𝑠𝑒(𝐶ℎ𝑎𝑚𝑏𝑒𝑟)[𝑅𝑎𝑛𝑑𝑜𝑚] 

 

 

Figure 3.1. Tactile startle response (TSR) regressed against acoustic startle response (example 

here given at 115 dB) to obtain the residuals used in the hearing loss model (mice above the 

regression line having bigger ASRs than would be expected from their TSRs, but mice below the 

regression lines having smaller ASRs than would be expected and thus likely have poorer 

hearing). These residuals thus allowed me to account for anxiety without having to include TSR as 

a co-variate in the model. See text for details. 
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3.2.3. Results 

3.2.3.1. Tactile Startle Response (TSR), a Measure of Anxiety 

There were housing (F1,158 = 14.73, p = 0.0002), strain (F2,158 = 80.72, p < 0.0001) and 

month (F2,298 = 7.86, p = 0.0005) effects on TSR, with no interactions.  Contrary to my prediction, 

EE mice had higher startle responses than NE mice. C57s had the highest startle response, followed 

by BALBs, and then by DBAs. TSR also generally decreased over time, with values from Month 3 

and 5 being significantly higher than those in Month 7.  

 

 

Figure 3.2. Tactile startle response (TSR) least-square means for each sub-group with standard 

error bars. Enriched mice had higher startle responses than NE mice in all three strains. Tactile 

startle generally declined over time. Raw data are shown here for ease of interpretation. See text for 

statistics. 
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3.2.3.2. Acoustic Startle Response (ASR), a Measure of Hearing Loss 

ASR was affected by a housing*volume interaction (F2,1208 = 5.77, p = 0.0032), and a 

month*strain*volume interaction (F4,1208 = 6.87, p < 0.0001). The data were thus split by volume 

for further analysis. Split by volume, there were no effects of housing at 80 dB (C57: F1,90 = 0.01, p 

= 0.93; DBA: F1,102 = 0.02, p = 0.89; BALB: F1,102 = 0.50, p = 0.48) or 95 dB (F1,295 = 0.71, p = 

0.40). At 115 dB, however, there was a month*housing*strain interaction (F4,295 = 2.60, p = 0.04). 

Split by strain, there was a housing effect for C57s (F1,90 = 4.39, p = 0.04), but enriched mice had a 

lower startle response than NE mice. Housing was non-significant for DBAs (F1,103 = 0.81, p = 

0.37) and BALBs (F1,102 = 0.46, p = 0.50). Month*housing was also not significant in any model.  

 

 

 

Figure 3.3. Side-by-side comparison of raw acoustic startle response (ASR) least square means 

(left) and adjusted ASR least-square mean (right) at 115 dB, with standard error bars. The adjusted 

graph accounts for tactile startle response. Housing types almost overlap prior to accounting for 

anxiety (left); but when tactile response is accounted for, EE mice have a lower ASR overall, 

although only significantly in C57s (right). See text for statistics.  
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3.3. Study 2: Using the Elevated Plus Maze as a Supplemental 

Assessment of Anxiety 

3.3.1. Introduction 

When designing my methodology for assessing anxiety, my initial plan was to use the 

elevated plus maze (EPM: a classical and highly validated test for anxiety: see Walf and Frye 2007 

and Chapter 1 for more detail) and compare those scores to the ASR. Upon further reflection, we 

invested in tactile (air puff) startle equipment since that measure of anxiety would be more directly 

comparable to the acoustic startle response. However, our results from the startle test were 

unexpected, with enriched mice having higher TSRs than NE mice (see Study 1 Results). I thus 

questioned if the tactile startle test truly reflected calmness in NE mice, or if their lower scores 

reflected something else entirely – such as blunted startle responses due to a depressive-like state 

(similar to high immobility in the forced swim test or tail suspension test). In humans, those with 

depression have shown to have blunted startle responses (e.g. Forbes et al. 2005; Taylor-Clift et al. 

2011); thus, since our NE mice have exhibited depressive-like states in the form of inactive-but-

awake behaviour, perhaps their startles responses were similarly suppressed.  

I therefore decided to use the EPM to see if EE mice were also more anxious using this 

measure. I also assessed whether TSR and EPM scores co-vary; if they did, that would indicate that 

they are measuring a similar underlying mechanism of anxiety. If they did not, then anxiety scores 

from either test do not necessary translate to the other due to the underlying mechanisms being 

different. Thus, together Studies 1 & 2 had three purposes overall: 1) assess housing effects on 

hearing loss and anxiety 2) assess whether startle and plus maze scores co-vary with each other, and 

3) assess hearing loss and anxiety as co-variates of agonism if they are affected by housing type in 

the predicted direction.   
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3.3.2. Methods 

3.3.2.1. Ethics Statement 

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

Committee (AUP #3700) and comply with the Canadian Council on Animal Care guidelines.  

 

3.3.2.2. Subjects 

All mice used in the startle tests were also used in the elevated plus maze. Along with mice 

who died beforehand, mice who jumped off the platform before completion were omitted from the 

study (c.f. Walf and Frye 2007). Mice who jumped off were not injured in any way. The final tally 

was 54 BALBs (32/33 NE and 22/22 EE), 47 C57s (28/33 NE and 19/22 EE), and 51 DBAs (29/33 

NE and 22/22 EE). 

 

3.3.2.3. Elevated Plus Maze (EPM) 

Testing took place 7 months post-weaning, during the same time-frame as the last startle test 

so that the two scores could be compared. The EPM consisted of four arms (two open and two 

closed) with a central square platform where each mouse began her trial. It was elevated 50 cm off 

the floor and each arm was 36 L x 5 W cm. The enclosed arms had wall panels 20 cm high along 

the entire length of the arm. The base of the maze was covered with red tape, with black lines to 

mark the entries into each arm. Directly above the maze was a camera (Sony Handycam) that 

recorded each trial under red light.  
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Figure 3.4. Elevated plus maze, side view (left) and bird’s eye view (right) 

Each mouse ran the maze once for five minutes. She was placed onto the centre of the maze 

using tube-handling, always facing the same open arm (c.f. Walf and Frye 2007). Once she fully 

exited the tube and stepped onto the central square, a timer was set for 5 minutes. The experimenter 

retreated to a far corner in the room to reduce observer effects, and the mouse was left to explore 

the maze for 5 minutes or until she jumped off the platform. If the latter occurred, she was excluded 

from the study (5 mice did this (2 C57s and 3 DBAs; 3% of all mice). Between trials, the maze was 

cleaned and dried using 1.4% hydrogen peroxide pre-moistened wipes and paper towel. An 

impartial scorer, blind to hypothesis and treatment, scored each video for a) number of entries into 

the closed arms, open arms, and extended arms, and b) time spent in closed and open arms. A 

mouse was counted as entering an arm once all four paws crossed or touched the black line marking 

the entry into that arm. Timing in that arm ceased once all four paws passed back over the black 

line (c.f. Walf and Frye 2007). Since the mouse had the choice to remain in the central square, 

entries in the closed arm were not necessarily reciprocal of entries into the open arm. Thus, open 

and closed arm entries were separately analysed.  
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3.3.2.4. Statistical Analysis 

Counts of entries into arms were converted into percentages of total entries. Each value had 

0.01 added to it to enable Box-Cox transformations (by eliminating zeros). All analyses were 

general linear mixed models conducted in JMP14®, where fixed effects were “housing”, “strain” 

and their interaction, and “cage” nested within “housing” was the random effect. When assessing 

co-variance between the two anxiety tests, tactile startle response was included in the model as a 

co-variate. Dependent variables were Box-Cox transformed as needed to meet the assumptions of 

parametric statistics (normal distribution and homogeneity of residuals).  

 

3.3.3. Results 

3.3.3.1. Elevated Plus Maze 

For closed arms entries, there was a trend for a housing*strain interaction (F2,100.9 = 2.92, p 

= 0.06). Split by strain, NE C57s entered the closed arms more often than did EE C57s (F1,45 = 4.44, 

p = 0.04; Figure 3.5) while EE C57s entered the open arms more often than did NE C57s (Mann U 

Whitney: Z = -2.11, p = 0.03; Figure 3.6). Entries into arms did not significantly differ by housing 

type in BALBs (Mann U Whitney: open arm: Z = 0.45, p = 0.65; closed arm: Z = -0.45, p = 0.65) 

nor DBAs (Mann U Whitney: open arm: Z = 1.24, p = 0.18; closed arm: Z = -1.34, p = 0.18). NE 

C57s also trended to spend more time in closed arms than EE C57s (Mann U Whitney: Z = 1.92, p 

= 0.05; Figure 3.7). Time spent in closed arms was not significantly different between NE and EE 

DBAs (Mann U Whitney: Z = 0.40, p = 0.69) nor NE and EE BALBs (Mann U Whitney: Z = -0.68, 

p = 0.50). For time spent in open arms, all differences between housing types in each strain were 

non-significant (Mann U Whitney: C57: Z = -1.57, p = 0.12; DBA: Z = 0.65, p = 0.52; BALB: Z = 

1.41, p = 0.16).   

Tactile startle response did not co-vary with any of the plus maze variables: closed arm 

entries (F1,135.9  = 0.14, p = 0.71), open arm entries (F1,135.8  = 0.19, p = 0.66), time spent in closed 

arms (F1,130.4 = 0.27, p  = 0.60), or time spent in open arms (F1,130.4 = 0.27, p = 0.60).  
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Figure 3.5. Closed arm entries, where “1” is the maximum, with standard error bars. Asterisks 

denote significant differences between housing types at p < 0.05. Raw data are shown here for ease 

of interpretation. See text for statistics. 

 

Figure 3.6. Open arm entries, where “1” is the maximum, with standard error bars. Asterisks 

denote significant differences between housing types at p < 0.05. Raw data are shown here for ease 

of interpretation. See text for statistics. 
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Figure 3.7. Time (seconds) spent in closed arms, with standard error bars. Asterisks denote 

significant differences between housing types at p < 0.05. See text for statistics. 

 

3.3.3.2. Can Anxiety or Hearing Loss Explain the Housing Effect on Agonism? 

Since both TSR and ASR did not have the predicted housing effects, I did not assess for 

their co-variance with agonism. In C57s (the only strain to exhibit predicted housing effects in the 

EPM) no EPM measure co-varied with displaying agonism (closed arm entries: F1,41 = 1.10, p = 

0.30; open arm entries: F1,41  = 1.10, p = 0.30; closed arm time: F1,41 = 0.08, p = 0.78).  

 

3.3.4. Study 1 & 2 Discussion 

3.3.4.1. Anxiety: Tactile Startle Response and Elevated Plus Maze  

Overall, housing effects on anxiety did not meet my predictions. EE mice unexpectedly had 

higher TSRs than NE mice, and only C57s displayed the expected housing effects in the EPM (see 
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Table 3.1). According to my literature search, there are few studies that used startle response to 

assess enrichment effects on anxiety in mice. The papers that I did find (all of which used acoustic 

startle) did not cohere with my findings that enriched mice were more anxious. For example, some 

studies found that enriched mice had a lower ASR than their NE counterparts (4 month old enriched 

female C57s: Hattori et al. 2007; male C57s of unknown age: Fox et al. 2008); while others found 

no housing differences on startle response (6 month old female C57s, BALBs and DBAs: Walker et 

al. 2016; 2 month old male and female C57s: Hendershott et al. 2016; 3 month old C57s of 

unknown sex: Rogers et al. 2017). Note, however, that these studies used acoustic stimuli, thus 

failing to account for potential hearing loss confounds. 

One study examining rats, however, supported my results. Focusing on general behavioural 

differences between EE-, NE-, and isolation-reared rat pups, this experiment found that 3-month 

old EE male rats had a higher ASR than their NE counterparts (Varty et al. 2000). Since Sprague-

Dawley rats do not lose hearing until 12 months of age (Mannström et al. 2015), there was likely no 

hearing loss confound. This study suggested that the increase in startle response in EE rats may be 

due to their increased cortical dopamine – a neurotransmitter that “serves to draw attention to 

salient events of all sorts” – in other words, enhanced sensory awareness (Gray et al. 1997). It is 

possible that the same was occurring in my mice. Since my study is the first to use TSR to assess 

housing effects on anxiety in female DBAs, C57s and BALBs, conclusions derived from the 

aforementioned studies may not necessarily apply to my research – especially given the wide 

variance in age, sex, species, and other factors.  

Strain differences, on the other hand, were consistent with previous literature: the C57s and 

BALBs had relatively high tactile startle responses, whereas the DBAs had very low TSRs (similar 

to Bullock et al. 1997; Logue et al. 1997; Paylor and Crawley 1997; and Pilz et al. 2004). Tactile 

response also tended to decline over time in all strains, perhaps due to long-term habituation to the 

stimulus (Plappert and Pilz 2005; Harro 2017).  

It is unknown why enriched mice appeared more anxious according to the TSR scores. One 

factor to consider is how the mice were handled prior to testing. Due to the complexity and number 

of hiding places in enriched cages, it was more difficult to capture the mice via tube-handling. This 
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often resulted in chasing the mice into a corner or into an enrichment (e.g. box or tube) to capture 

them, whereas the NE mice were easily scooped up via tube-handling. Thus, the handling procedure 

was likely more stressful for the EE mice, and this may have affected their startle responses. Our 

cages were designed to be as complex and enriching for the mice as possible, but we did not 

consider this drawback. Ease of handling should thus be taken into consideration when designing 

an enriched cage, as the potential stress and anxiety could defeat the purpose of having enriched 

cages. Furthermore, we cleaned NE cages weekly whereas the EE cages were cleaned monthly (see 

Chapter 2). This discrepancy in cage change frequency may have led the NE mice to become more 

used to being handled than the EE mice. Another potential explanation is that the NE mice had a 

blunted startle response due being in a depressive-like state. In human startle reactivity studies, 

those with depression have shown to have blunted startle responses (Forbes et al. 2005; Taylor-Clift 

et al. 2011). It seems that blunted startle response as a result of negative affect has only been tested 

in humans, but since our NE mice have exhibited depressive-like states in the form of inactive-but-

awake behaviour, perhaps their startles responses were similarly suppressed. 

Moving on to the EPM results, only the C57s yielded significant results in the expected 

direction, where EE C57s entered the open arms more often, while the NE C57s frequented the 

closed arms. The NE C57s also spent more time in the closed arms than the EE C57s. The C57s 

results supported my prediction that EE mice are less anxious and therefore more inclined to enter 

the aversive, open mazes of the arms, whereas NE mice would retreat to closed arms. These results 

also supported past literature (e.g. Chapillon et al. 1999; Friske and Gammie 2005; Abramov et al. 

2008). DBAs and BALBs did not demonstrate housing differences, similar to Tsai et al. (2003), but 

unlike Roy et al. (2001). It is unclear why there were no significant housing effects for those 

strains. Perhaps the enriched BALBs and DBAs were more affected by aversive handling than the 

enriched C57s (see Figures 5-7). These results are in direct contradiction to the TSR findings; in the 

EPM, the C57s were the bravest and the DBAs the most anxious, while in the TSR test, the C57s 

had the highest startle response while the DBAs were the calmest. Thus, it is difficult to ascertain 

how exactly handling or other factors may have affected their anxiety.    

Indeed, none of the EPM measures co-varied with tactile startle response. If the two anxiety 

measures were related, I would expect the calmest mice from the TSR test to spend relatively more 



 

 

113 

 

time in the open arms of the elevated plus maze. Similarly, past studies have shown that results 

from different anxiety tests (including startle response vs. EPM) co-vary poorly or conflict with one 

another (Hattori et al. 2007; Harro 2017); therefore, they likely measure different mechanisms or 

neural functions (Cryan and Sweeny 2011). To label both measures as “anxiety” is vague and 

potentially misleading, and one must take careful consideration when selecting a relevant test. 

Whatever the causes behind these unexpected findings, one fact is clear: anxiety cannot 

explain the housing effect on agonism – at least not the way I measured it. None of the EPM 

measures in C57s (the only results to show the predicted housing effect) co-varied with agonism. 

Recall that I hypothesized that anxious mice have a negative judgment bias and perceive others as 

threatening. This hypothesis rested on the assumption that anxiety may be measured by any 

validated test as a proxy for a judgment bias. But it seems that social anxiety is quite different from 

non-social anxiety, and thus future research should use (or create) a validated judgment bias test to 

properly assess this hypothesis.  

 

3.3.4.2. Acoustic Startle Response (ASR), a Measure of Hearing Loss 

ASR results did not meet the predictions either, although this is less surprising since it was a 

novel hypothesis under test. As a reminder, high-frequency hearing loss is common in ageing mice, 

and neurons from high-frequency regions re-organize to respond to lower frequency regions. Such 

re-organization of neurons, otherwise known as neural plasticity, leads to higher startle responses to 

lower frequency tones (Turner and Willott 1998; see Chapter 1). Since I hypothesized that EE 

potentiates neural plasticity (and thence improves hearing function), I expected to see a higher 

startle response in our EE mice compared to our NE mice. Contrary to my prediction, EE mice had 

a lower overall ASR than NE mice, with this difference being significant in C57s (after accounting 

for anxiety inferred from ASR). Acoustic startle response generally declined over time as expected 

(particularly in the DBA and BALB strains), but this decline was not altered by housing type in 

DBAs and BALBs. Similar to TSR, it is possible that habituation to the stimulus played a role in 

the apparent decline in hearing (especially since TSR also declined over time), although the strains 



 

 

114 

 

did respond more or less as expected (similar to Erway et al. 1993; Zheng et al. 1999; Plappert and 

Pilz 2002; and Walker et al. 2016).  

There may be a few reasons for these results. First, perhaps the enrichments we chose were 

not effective in enhancing plasticity relevant to the auditory system. Past research found that 

acoustic “enrichments”, such as bells and speakers, increased neural plasticity and improve hearing 

function in rodents (Turner and Willott 1998; Engineer et al. 2004; Cai et al. 2009). The present 

study was the first to assess whether “regular” non-auditory EE does the same. We had chosen our 

enrichments for reasons beyond this experiment (as they were known to reduce abnormal 

behaviours such as SB and inactive-but-awake-behaviour), so we did not include specific acoustic 

enrichments, although many of the enrichments were noisy by default (running wheels, balls with 

bells etc.). Therefore, perhaps these enrichments failed to induce sufficient neural plasticity in the 

auditory cortex.  

Secondly, most acoustic EE studies controlled for peripheral noise from EE cages by 

separating housing condition by room (Engineer et al. 2004) or by ensuring that the ambient noise 

was quiet for the NE mice (Turner and Willott 1998; Willott and Bross 2004). In the present study, 

the latter option was not possible within the limits of our experimental set-up, and the former option 

is not recommended as it leads to a room confound. Nonetheless, I had expected that EE mice 

would glean more acoustic benefits from the enrichments, since the sounds would be more 

meaningful to them (since they are actively using the EE rather than passively hearing it in the 

background). But perhaps this assumption was wrong, and the NE mice still received similar 

acoustic benefits from the EE cages, regardless of the meaningfulness of the stimuli. If this 

experiment is to be replicated, it should be done at a higher scale, where some mice are provided 

“regular enrichments”, while others are provided with “acoustic enrichment” (as well as including 

NE control mice), and ambient noise is controlled for so that there is no acoustic cross-over. This 

set-up would allow comparisons to be made between acoustic enrichment, regular environmental 

enrichment, and no enrichment. The above reasons may explain why there did not appear to be 

much difference between the two housing groups. They do not explain, however, why EE mice had 

an overall lower acoustic startle response than NE mice, with this being significant in C57s. I am 

unsure why this is the case; perhaps other externals factors, not identified here, were involved.  
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Overall, based on these results, there is no evidence that suggest that hearing loss is 

attenuated by “regular” environmental enrichment, but future research may wish to redo this 

experiment with all of the limitations addressed (see below), as it is an interesting idea in itself. But 

for the purposes of my research, this is as far as it will go since these results cannot explain the 

housing effect on agonism.  

 

3.3.4.3. Limitations 

There were several limitations to this study, perhaps partly because I was delving into 

previously untested ideas. First and foremost, our lab’s startle equipment unexpectedly did not have 

the option to choose the frequency of the acoustic startle stimulus; all stimuli were in white noise 

by default. Thus, my assessment of hearing loss was not very sensitive, as I was unable to detect 

hearing loss at different frequencies. This was a huge limitation that needs to be overcome in future 

research. 

Furthermore, the air puff stimulus naturally emitted some noise when startling the mice, 

which was an unforeseen drawback. One study found that air puff startle response was much 

weaker if rats were deafened before testing, thereby suggesting that the air puff does indeed contain 

an acoustic component (Taylor et al. 1991; Yeomans et al. 2002). This limitation is especially 

problematic because the tactile startle trials were conducted immediately after the acoustic startle 

trials. Doing so may have primed hearing mice via sensitization (or conversely, habituation; Davis 

and Sheard 1974) because they had already been exposed to noisy stimuli. In fact, if the EE mice 

actually had better hearing function (and this was just not picked up on due to the frequency 

limitation), sensitization may explain the increased anxiety shown in the tactile startle response.  

If I were to repeat this experiment, I would first use startle equipment that allows me to 

select frequencies. I would also have either conducted the air puff trials separately, or randomized 

the order of the trials so that there was no confounding. Since this experiment was not carried out to 

its full potential due to these limitations, I am hesitant to reject my hypothesis since I am 

unconvinced that hearing loss was measured properly. Overall, there is still much work to be done 
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towards solving the agonism puzzle. The next section will thus focus on the effects of the 

immediate environment on agonism. 

 

3.4. Study 3: The Effects of the Immediate Environment on Agonism 

3.4.1. Introduction 

In Chapter 2, I demonstrated that reduced agonism in enriched cages was not merely due to 

having fewer encounters (due to more space and the use of enrichments). But the results from 

Chapter 2, and the results from Study 1 & 2 from Chapter 3, failed to identify a major individual 

driver of agonism. This made me question whether the low agonism of enriched mice was indeed 

an intrinsic trait as previously assumed, or whether it was instead somehow caused by the 

immediate environment. In this last (opportunistic) study, I sought to assess whether enriched mice 

were less agonistic, irrespective of their immediate environment, by placing them with unfamiliar 

mice in a neutral arena. I hypothesized that EE mice are intrinsically less agonistic than NE mice, 

and thus predicted that EE mice perform less agonism than NE mice in all strains. I further 

predicted that EE mice would perform more genital sniffing, relative to total agonism, than NE 

mice, while NE mice would display more aggression, relative to total agonism.  This latter 

prediction is based off of Chapter 2’s result that EE mice agonism seems to be qualitatively 

different from NE mice agonism (see Chapter 2, Section 3.4).  

 

3.4.2. Methods 

3.4.2.1. Ethics Statement 

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

Committee (AUP #3700) and comply with the Canadian Council on Animal Care guidelines.  
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3.4.2.2. Subjects 

 Only certain mice were selected to undergo this experiment. The subjects were chosen for 

the purposes of a different study, by a colleague examining social relationships; thus, I did not 

control the experimental set-up. The data were already available and I used them opportunistically; 

by doing so, we reduced the total number of animals used (NC3Rs 2018) and avoided having to 

subject mice to this stressful experiment again. Some mice did not meet the original study’s 

selection criteria and were thus excluded (e.g. if they were no longer housed in trios due to a death 

of a cagemate, or if they were particularly over-groomed, which would enable the blind observers 

to identify them). The resulting sample was 40 trios of adult female mice, each with one EE or NE 

C57 focal mouse, and a pair of either BALB or DBA companions (one EE and one NE) (see Table 

3.2). For the purposes of the original study, C57s were selected based on their level of inactive-but-

awake behaviour (divided into high, medium or low) with roughly equal numbers of mice in each 

category. DBA and BALB mice were selected in the same manner, except based on their level of 

stereotypic behaviour. Trios were assigned based on similar weights, and companions were shaved 

by a technician (lower or upper back) to identify them as NE or EE mice. Shave patterns differed 

across trios (e.g. some NE mice had shaved lower backs, while other NE mice had shaved upper 

backs) and experimenters were blind to shave pattern IDs – and therefore to the housing type and 

behavioural category of each mouse. 

 

Table 3.2. Trio assignment for stranger mice in a neutral arena paradigm. 

C57 Housing Companion Strain Pairs (EE & NE) Number of Trios 

EE BALB 9 

EE DBA 11 

NE BALB 11 

NE DBA 9 
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3.4.2.3. Apparatus 

The neutral arena was an apparatus (60 x 60 x 15 cm) made from corrugated plastic, with a 

Tupperware structure in the middle to prevent the feel of an “open-field”. Novel items (dinosaurs or 

large dice) were placed in two opposing corners, while the two companion mice were placed in the 

other two opposing corners, initially confined by a mesh gate (Figure 8a). The C57 mouse was 

confined to the middle of the arena by a mesh cage at the start (Figure 8a), and then released during 

testing (Figure 3.8b). Clear Plexiglas with breathing holes was placed over the apparatus.  

 

 

Figure 3.8. a) Social interaction apparatus with unfamiliar mice in their starting positions and b) 

free exploration by focal C57 once testing began 
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3.4.2.4. Procedure 

All testing took place under red light and was recorded by a Sony Nightshot Camera (8 mm 

DVD). The C57 was first placed in the apparatus alone and allowed to explore for 10 minutes. She 

was then placed in the middle of the apparatus, restrained by a mesh cage. The companion mice 

were situated in opposing corners, each contained by a mesh wall. The C57 mouse was freed from 

her mesh cage, allowed to sniff the companions and novel objects from behind the mesh walls for 

five minutes, and then returned to her mesh cage. Next, the walls separating the companions and the 

novel items were removed and the C57 was freed simultaneously. For five minutes, all three mice 

were left to freely interact with each other, as well as the novel items. This protocol was repeated 

for four more days, so that each trio had 5 consecutive familiarization sessions.   

 

3.4.2.5. Video Scoring 

I scored only the last sessions of each trio, as my colleagues running this study reported that 

most of the agonism occurred during this last session. I scored social interactions while being blind 

to each mouse’s housing type. Although the C57 was the focal mouse for the original experiment, I 

scored the videos three times to capture the perspective of each mouse and assess the role each one 

played in every social interaction (e.g. aggressive vs. aggressed). Stereotypic route-tracing was also 

recorded. Due to the dim light and bird’s eye view of the camera, inactive-but-awake-behaviour 

could not be accurately scored. For a complete list of scored behaviours, see the ethogram (Table 

3.3). This ethogram was more detailed for agonism than the ethogram in Chapter 2, since I was able 

to slow down and review interactions as much as needed. Each video was 5 minutes long (i.e. 300 

seconds).  
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Table 3.3. Ethogram of mouse behaviour (c.f. Grant and Mackintosh 1963; Rodriguiz et al. 2004; Clipperton-Allen et al. 2010; 

Harper et al. 2015). Agonism includes displacement + genital sniffing + aggression, and only route-tracing SB was observed (bar-

mouthing was impossible to distinguish from regular chewing in these circumstances)  

Category Composite                                     Behaviour 

Dominant  Agonism 
 

Displacement: Pushing, grabbing, or treading over/under another mouse, usually away from a resource (in this case, the 

novel objects) 
  Genital sniffing: Sniffing another mouse in the anogenital regions 

 Aggression 

 

 

Chasing: Chasing or actively following another mouse; may involve mounting or genital sniffing attempts 

Rough-grooming: Vigorously grooming another mouse, particularly in the shoulder regions; mouse is pulling the hair 

and pushing her paws down on the other mouse 

Mounting: Successfully mounting/humping another mouse  

Pinning: Pushing down on another mouse; the receiver may lay on her side in a submissive posture 

Attack: Initiating a rapid lunge towards another mouse followed by a knock-down or tussle 

Boxing: Upright posture, with front paws held out in a boxing stance towards another mouse 

Offensive posture: An upright or sideways threatening posture, concentrated towards the other mouse 

Reciprocal attack: Reciprocating an attack instantly after receiving an attack 

Tail rattle: Tail is rattled threateningly  

Fighting: Tumbling/tussling with no clear dominant and submissive 

 

Submissive 
 

 

Receiving agonism: Mouse receives agonism or aggression as described above 

Submissive posture: An upright or sideways defensive posture, with paws out towards and head turned away from 

aggressor 

 

 

Other 
Non-agonistic Social Sniffing: Sniffing another mouse in the oronasal or body regions 

 
 Approach: Attending or stretching towards another mouse; nasal contact may occur 

 

Non-social 
 

Route-tracing stereotypic behaviour: Mouse runs in a patterned route for 3 or more repetitions 

Other: Other behaviours not listed here 
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3.4.2.6. Statistical Analyses 

Behaviours were converted to proportions and then pooled into categories: displaying 

aggression, receiving aggression, sniffing, being sniffed, displaying agonism, receiving agonism, 

genital sniffing, and being genital sniffed (see ethogram for details). All analyses were conducted in 

JMP®13, using general linear models (GLMs). Box-cox transformations were performed as needed 

to satisfy the assumptions of parametric models (normality and homogeneity of residuals) as best as 

possible. Results were considered significant at p < 0.05, or presented as trends if p was between 

0.05 and 0.10. “Housing” and “strain” and their interaction were fixed effects, with “trio” and 

“group” as random variables, listed below. 

Model:  𝐵𝑒ℎ𝑎𝑣𝑖𝑜𝑢𝑟 = 𝐻𝑜𝑢𝑠𝑖𝑛𝑔 + 𝑆𝑡𝑟𝑎𝑖𝑛 + 𝐻𝑜𝑢𝑠𝑖𝑛𝑔 ∗ 𝑆𝑡𝑟𝑎𝑖𝑛 + 𝐺𝑟𝑜𝑢𝑝[𝑟𝑎𝑛𝑑𝑜𝑚] +

𝑇𝑟𝑖𝑜[𝑟𝑎𝑛𝑑𝑜𝑚] 

 

3.4.3. Results 

 Contrary to my prediction, housing had no effect on displaying or receiving aggression 

(respectively: F1,95.81 = 2.62, p = 0.11; F1,89.35 = 0.48, p = 0.49), nor on displaying agonism (F1,93.48 = 

0.33, p = 0.57). There was a housing*strain interaction for receiving agonism (F2,89.33 = 3.75, p = 

0.03), due to enriched DBAs receiving more agonism than NE DBAs (F1,19 = 5.90, p = 0.02), a 

trend for NE C57s to receive more agonism than EE C57s (F1,34.92 = 3.09, p = 0.09), and no 

difference between NE and EE BALBs (F1,1 = 0.24, p = 0.63). Since it appeared to me that 

companions ignored NE DBAs who route-traced during the sessions, I re-assessed the housing 

effect on receiving agonism for DBAs after accounting for stereotypic behaviour, predicting that 

the effect would disappear (similar to my hypothesis in Chapter 2). However, EE DBAs still 

received more agonism than NE DBAs regardless of the amount of SB performed by their arena-

mate (F1,36.54 = 5.62, p = 0.02).  
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Figure 3.9. Least-square means of receiving agonism, where “1” is the maximum, with standard 

error bars. Enriched DBAs received more agonism than NE DBAs, but an opposite trend occurred 

for C57s. Asterisks denote significant differences between housing types at p < 0.05. Raw data are 

shown here for ease of interpretation. See text for statistics. 

 

 Also contrary to my prediction, unlike in their home environments NE mice were no more 

aggressive relative to total agonism, than EE mice (F1,86.85 = 2.41, p = 0.12), nor did EE mice 

perform more genital sniffing relative to total agonism, than NE mice (F1,92.57 = 0.15, p = 0.70).  

 

3.4.4. Discussion 

3.4.4.1. Agonism  

Contrary to my prediction, NE mice were no more aggressive or agonistic than EE mice in 

the neutral arena when grouped with two strangers, demonstrating that EE mice are not intrinsically 
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less agonistic than NE mice – at least to unfamiliar conspecifics. It is possible that because these 

mice were new to each other, they were all still in the midst of forming social hierarchies. 

Unfortunately, during our home-cage observations I could not determine whether EE mice were as 

agonistic as NE mice in the first few weeks, since we did not start observations until 2 months after 

they had been placed in their respective housing types, so I cannot compare how fast the home-cage 

hierarchies formed. But it is plausible that the low agonism in EE cages was due to achieving stable 

hierarchies faster than NE mice and thus being able to live in relative harmony after sorting out 

ranking early on. Indeed, stable hierarchies in mice are usually established within a few days 

(Bartolomucci et al. 2005). To assess whether this was true, one would have to run many more 

familiarization sessions to test the prediction that agonism between EE animals declines faster 

compared to NE conspecifics. 

Turning to the receipt of agonism, NE mice did not attract more overall. There was a trend 

for NE C57s to receive more agonism than EE C57s, but curiously there was no difference in levels 

of agonism receipt for BALBs, the most submissive strain of all; and NE DBAs surprisingly 

received less agonism than EE DBAs. My post hoc hypothesis, where this reflected their high 

levels of stereotypic route-tracing in the arena, was not supported, so my suggestion is that EE 

DBAs are more submissive than their NE counterparts, no matter who the aggressor is. Or, perhaps, 

EE DBAs were not using appropriate submissive signals to reduce confrontations. Even though 

housing did not affect how much agonism our mice displayed, these results on the receipt of 

agonism are nonetheless important because they suggest (for the first time; Adcock et al. in prep) 

that mice may be able to distinguish – perhaps subconsciously -  between enriched and non-

enriched conspecifics.  

Lastly, EE mice did not exhibit qualitatively different agonism than NE mice. These results 

again do not support my prediction, nor my findings from Chapter 2. However, the types of 

agonism exhibited in these sessions differed in proportion from the kinds seen in the home-cage, so 

perhaps this result is unsurprising. In the home-cage, displacement made up 43% of all agonism 

observations, followed by rough-grooming (36%) and then mounting (approximately 1%). Chasing, 

genital sniffing, pinning, and fighting were observed in much less than 1% of all home-cage 

observations. As for boxing, offensive postures, and attacking, these behaviours were never viewed 



 

 

124 

 

during live scoring (partly because some of the behaviours were too fast to distinguish). The 

distribution for the familiarization sessions was very different, with chasing taking up 40% of all 

observations, followed by genital sniffing (37%) and mounting (12%). Displacement, pinning, 

fighting, rough-grooming, boxing, offensive postures, and attacking were observed less than 1% of 

all observations (see Figure 10). Thus, the most common agonistic behaviours in the neutral arena 

were only observed less than one percent of the time in the home-cage. 

Perhaps different behaviours are employed during social hierarchy formation vs. social 

ranking maintenance; or in a strange location versus a home territory. Other studies do report that 

genital sniffing and chasing often occur when new mice are introduced to each other, especially 

since olfaction is the key to social recognition (Kogan et al. 2000; Lumley et al. 2000); thus, it is 

logical that these behaviours would occur during the familiarization sessions but not as often in the 

home-cage. Once mice are familiar in the home-cage, perhaps certain behaviours, such as rough-

grooming and displacement, are employed to maintain dominance and merely “remind” others of 

their sub-ordinance. This idea is in line with two studies in male mice, which both reported that 

barbering (from rough-grooming) occurred only after the social hierarchy had been established, 

perhaps as a way for the dominant mouse to maintain his top social ranking (Long 1972; Kalueff 

2006). Nonetheless, it is interesting that certain behaviours occurred more often in the 

familiarization sessions, and these findings may provide insight into categorizing agonistic 

behaviours in females.  
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Figure 3.10. Distribution of agonistic behaviours in the home-cage (left) vs. familiarization sessions 

(right). 

Overall, these results do not support my prediction that EE mice are intrinsically less 

agonistic, regardless of immediate environment. However, they do open up new questions about 

social hierarchy formation and the types of agonism that occur during new encounters (or 

encounters in new locations) vs. home-cage encounters. It may be worth exploring qualitative 

aspects of agonism further, and it also remains to be seen how EE mice would react to familiar 

cagemates in a novel setting such as this arena.  

 

3.4.4.2. Implications and Limitations 

This opportunistic study provided evidence that low agonism in EE mice is not wholly 

intrinsic, since they displayed no less agonism than their NE counterparts. However, the 

experimental set-up was not ideal since the mice were strangers to each other. One next clear step is 

to therefore repeat this experiment with cagemate trios. Thus, I reject my hypothesis that EE mice 

are intrinsically less agonistic when placed in a neutral setting with strangers, but I think we may 

see different results when placed with familiar mice. This study also demonstrated, for the first 
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time, that mice may be able to distinguish EE mice from NE mice (Adcock et al. in prep). Since 

olfaction is the key to social recognition (Kogan et al. 2000), EE mice perhaps smell different from 

NE mice: another hypothesis for future test. These pioneering results thus open up questions about 

social recognition and preference (e.g. are enriched mice preferred over NE mice? Do NE mice 

have social deficits?), many of which will be addressed in Adcock et al.’s in prep work.  

Since I used these data opportunistically, I was unable to control the design of the 

experiment. Thus, there were a few other limitations besides the fact that they were stranger mice: I 

also could not compare C57s directly to each other, nor could I assess relationships between 

BALBs and DBAs since they were never together in a trio. With mixed-strain housing only recently 

being validated (Walker et al. 2013; Walker et al. 2016), there is still much to learn about how 

different trio combinations affect agonism levels. It may be worth investigating this further to 

determine the best possible strain combination for good welfare.  
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Chapter 4: General Discussion and Future Directions 

 

4.1. Introduction 

Any laboratory researcher who works with mice becomes intimately familiar with their 

subjects, learning to identify ailments and detect aberrant actions such as stereotypic behaviour. 

While these situations are dealt with seriously, researchers and technicians alike often fail to 

monitor agonism in females to the same degree. Indeed, it has become a “common practice” to use 

females for research to avoid having to deal with male aggression (Van Loo et al. 2003), thereby 

implying that female agonism is unworthy of attention. However, as I have demonstrated in this 

thesis, female agonism is twice as prevalent amongst non-enriched, standard-housed mice 

compared to enriched mice. And in males at least, there is evidence that repeated social defeat leads 

to chronic stress in a resident-intruder paradigm (e.g. Lumley et al. 2000; Bartolomucci et al. 2004; 

Denmark et al. 2010). 

For non-territorial females, for whom these paradigms are ill-suited, a more relevant 

evaluation of long-term social stress should occur at the home-cage level. Alas, such data do not 

currently exist for female mice, precisely because female agonism is thought to be inconsequential 

at best. Yet it seems logical that rampant agonism has negative impacts on welfare, by both 

inducing chronic stress for the subordinates, and by exacerbating barbering behaviour – which has 

negative consequences for both the barberer and the victim (as discussed in Chapter 1). In support 

of this idea, repeatedly defeated female rats exhibited signs of stress and negative affect, such as 

elevated hypothalamic-pituitary-adrenal (HPA) axis activity, diminished corticosterone recovery 

time, increased avoidance towards an aggressor, and increased reciprocal aggression (Neumann et 

al. 2005; Ver Hoeve et al. 2013; Lukas and Neumann 2014; cited in: Solomon 2017); and in 

California mice, socially defeated females had elevated corticosterone levels and reduced 

sociability (Trainor et al. 2010; Trainor et al. 2011; cited in: Solomon 2017). 
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Indeed, a review by Solomon (2017) stated that “findings in female rodents indicate that 

depending on the species and employed stress regimen, social defeat induces marked alterations in 

neuroendocrine, brain, and behavioral function that in some instances resemble many of the 

physiological and psychological features of anxiety or depression in humans”. While this paper 

suggested that studying social stress in female rodents are needed to develop models for human 

depression studies, I argue that doing so would also be beneficial to the mice and their welfare, and 

for the validity of research experiments in general. In this study, I demonstrated that inactive-but-

awake behaviour, a potential depressive-like state, correlated with higher levels of agonism in some 

mice (although I was unable to show the same for anxiety via startle reactivity). We do not yet 

know if inactive-but-awake behaviour was responsible for increased agonism, or vice versa. 

Therefore, female agonism in the home-cage should not be ignored, and should be further studied 

on its causes and long-term welfare impacts.  

 In this final chapter, I will begin by reviewing my objectives and major findings. Next, I 

will highlight the implications and contributions this work has made towards increasing knowledge 

in this topic. I then delve into new information about the longevity of our NE mice vs. our EE mice; 

and lastly, I suggest future avenues of research in detail.  

 

4.2. Overview of Objectives and Major Findings 

This thesis sought to assess the impact of enriched housing on female mouse agonism, with 

the main objective of bridging knowledge gaps in this under-studied area of research. My specific 

goals were to 1) replicate past findings that enriched females are less agonistic, 2) evaluate the 

impact of space and behavioural opportunity on agonism prevalence, 3) identify potential co-

variates of agonism (stereotypic behaviour, inactive-but-awake behaviour, anxiety, and hearing 

loss), and 4) assess whether enriched mice are intrinsically less agonistic.  

The latter three goals were contingent on my ability to replicate the first goal – which I was 

able to achieve. Thus, my main conclusion from this thesis is that enriched female mice are less 
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agonistic than their non-enriched counterparts. My second conclusion is that neither larger space 

nor behavioural opportunity are the sole causes of reduced agonism in EE cages, but nor are several 

of the co-variates that I assessed. Thus, my third conclusion is that stereotypic behaviour, hearing 

loss, and anxiety do not explain the housing effect on agonism – but inactive-but-awake-behaviour 

may somewhat explain this relationship in a few sub-groups. Lastly, enriched mice are no less 

agonistic than NE mice when placed in a neutral arena with strangers – although some enriched 

sub-groups received more agonism than their NE counterparts. Thus, this thesis was successful in 

ruling out several behavioural variables that could have been related to agonism, and has created 

several avenues for future research for years to come.  

 

4.3. Implications 

The findings from this thesis are highly applicable, as I studied three strains commonly used 

in biomedical research, all of which demonstrated a reduction in agonism by approximately half 

when housed in enriched cages. With previous research varying greatly in study duration and 

sample sizes, my study sought to obtain the most long-term and comprehensive dataset to yet exist 

on female mouse agonism. This dataset had great statistical power due to the unprecedentedly large 

sample size, as well as the efficient mixed-strain split-plot housing design that allowed for broader 

generalization of the findings. I strongly suggest that C57, DBA, and BALB females should be kept 

in EE enclosures instead of barren cages to reduce agonism, as well as to reduce inactive-but-awake 

behaviour and stereotypic behaviour. Due to the complexity and size of the enriched cages, 

however, capturing the EE mice was much more difficult as they were provided with plenty of 

hiding places. While all mice were tube-handled, EE mice often had to be chased or cornered, 

which undoubtedly was a stressful experience. Thus, researchers should keep this in mind when 

designing their enriched cages. Some ways to overcome this hurdle include: offering treats (to both 

EE and NE mice) prior to handling to encourage voluntary approach; corralling mice into a smaller 

section of the cage using a cardboard sheet and removing enrichments for easier tube-handling, or 

permanently connecting a large EE cage with a standard cage for quick handling access. Thus, the 
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results of this thesis show that the benefits of enriched housing can outweigh any potential caveats, 

especially if dealt with appropriately.  

 

4.4. Mouse Longevity  

During their lifespan, our mice provided me with great data and results. And in death, they 

still are able to provide invaluable information regarding housing and agonism effects. This section 

will cover the longevity/survivorship of the mice, and how they differed based on housing and 

strain – as well as how agonism played a role. By the end of their time in our lab, the mice were 

approximately 16 months of age (July 2018). 144 mice remained, as 21 mice died or were 

euthanized for various reasons including abdominal masses, paralysis, and incurable barbering 

behaviour (see Figure 4.1). This 12% loss was more or less expected, as we had prepared for a 10% 

loss when deciding our sample size.  

Barbering mice were considered a problem once they started to pluck off whiskers from 

other mice, because it eliminates the victim’s ability to feel using her whiskers – thereby 

compromising her welfare. Thus, these barberers were removed from their home-cage and placed 

together in an enriched cage. We hoped to cure barbering behaviour by providing these mice with 

enrichments, since 7 out of the 8 barberers were NE mice – thus suggesting that barbering was 

exacerbated by NE housing. Six mice did not continue to barber, whereas 2 had to be euthanized 

because they barbered their new cagemates. Since all of the barberers were C57s and were mixed 

together, it was impossible to determine which original cages those two euthanized barberers came 

from. Furthermore, since we mixed the C57s into one enriched cage, it is not clear whether 

barbering stopped due to enrichments or due to single-strain housing. Unfortunately, in April we 

had a parvovirus outbreak in the facility, and the entire cage of barberers had to be euthanized for 

spleen analysis. Thus, we were unable to determine whether their barbering behaviour had been 

completely cured, or was just temporarily halted.  
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Out of the 21 dead mice, only five were from enriched cages. Thus, by the end of the study 

period, only 7.5% of the enriched mice died compared to 16% of the non-enriched mice. This 

difference is substantial, although not statistically significant (Chi-squared test: X2 = 2.63; p = 

0.10), especially considering that a large proportion of the mice had to be unexpectedly sacrificed 

for parvovirus spleen analysis. Even if those sacrificed mice are removed from the equation, dead 

NE mice still doubly outnumber dead EE mice (8 vs. 4). Thus, this discrepancy between EE and NE 

mice supports past research demonstrating that enrichment improves longevity (e.g. Kimura et al. 

2009; Arranz et al. 2010; Yamashita et al. 2018).  

 

Figure 4.1. Causes of death or removal from cages amongst the non-enriched and enriched 

populations by July 2018. 16 mice were non-enriched, and 5 were enriched. “Other” category 

includes: unknown reason for euthanasia (i.e. the reason was not recorded), and one BALB 

(besides the barberers) was also euthanized for spleen analysis for the parvovirus outbreak. See 

text for details. 
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Another point of interest is how the strains differed in causes of death. Out of the 21 mice, 5 

were BALBs, 9 were C57s, and 7 were DBAs. Of these BALBs, 60% died or were euthanized due 

to an irrecoverable abdomen mass; 57% of the DBAs were found dead in their cages; and 89% of 

the C57s were removed due to barbering behaviour (Figure 4.2). Since two of those C57s were 

culled directly as a result of incurable barbering behaviour (and assuming that barbering is indeed 

agonistic), then 9.5% of the total deaths can be directly attributed to agonism. And if the rest of the 

C57s were not cured of barbering, that total goes up to a substantial 38%. Alas, due to the 

parvovirus outbreak, we will never know.  

 

 

Figure 4.2. Causes of death or removal from cages amongst C57s, BALBs and DBAs by July 2018. 

Based on these data, barbering seems to occur more often in NE housing – unsurprisingly 

since rough-grooming was exacerbated in NE mice. Since barbering likely negatively impacts the 

victim (pain grimaces seemed apparent; see Figure 4.3) and the barberer (since at least two could 

not be cured of their barbering behaviour and were subsequently euthanized, as is standard in the 
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facility where my mice were housed), I highly recommend implementing enrichment from the start 

to avoid resorting to euthanasia.  

 

Figure 4.3. Possible pain grimace exhibited by the 

rough-grooming recipient (photo by Emma Nip). 

See Langford et al. (2010) for more details on 

grimace scale. 

The other causes of death were more mysterious. We speculated that the NE DBAs died 

from exhaustion or hunger - due to excessive amount of time spent stereotyping, we did not observe 

the NE DBAs spending much time resting, eating, or interacting with other mice. They were also 

the smallest sub-group (a mere average of 23.9 grams), further supporting this hypothesis. And 

lastly, the BALBs were prone to abdomen masses. This seems to be a genetic issue, since BALBs 

are prone to developing tumours and are thus used as human models for cancer (Bradlow et al. 

1985); however, it is interesting that the tumours developed in NE BALBs much sooner than in EE 

BALBs (September 2017 vs. March and July 2018). Similarly, there is evidence that enrichment 

slows tumour progression (Cao et al. 2010; Nachat-Kappes et al. 2012). Thus, the enriched mice 

seemed more robust and resilient, and perhaps agonism played an indirect role in the poorer 
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survivability of the NE mice (particularly the BALBs); if they were chronically stressed due to 

being repeatedly aggressed, then perhaps they were more vulnerable to disease. Indeed, the 

survivorship curve of the NE mice was much steeper than that of the EE mice (Figure 4.4). This 

hypothesis should be investigated thoroughly, especially with the use of proper of statistics (e.g. 

Clubb et al. 2008), as its ramifications could be immense (see Section 4.5.6).   

 

 

Figure 4.4. Survivorship graph of non-enriched and enriched mice over 16 months. The non-

enriched slope is steeper than the enriched slope, indicating a greater survivorship decline.  
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4.5. Future Research 

Although this thesis addressed several hypotheses and obtained a substantial dataset, many 

questions remain unanswered. Moreover, some of my experiments had limitations that need to be 

addressed in future research. As such, my findings have paved the way for further avenues of 

exploration, through which prospective students will be able to address the flaws of this current 

research and add to the expanding pool of knowledge. The following are just a few – of many – 

potential directions for future studies. 

 

4.5.1. Formally Validating Agonistic Behaviours in Female Mice 

One of the major assumptions that my thesis rested upon was that the behaviours I deemed 

agonistic were correctly identified as such. My rationale was based on the available literature, but I 

acknowledge that formal validation of these behaviours as agonistic is lacking, particularly in 

female mice. Many of the studies that I used as evidence from Chapter 1 were similarly guilty: they 

too labeled behaviours as agonistic simply because others before them did so. The pioneering paper 

by Grant and Mackintosh (1963) seemed to be a catch-all for citing agonistic behaviour; however, 

even these authors admitted that it is “doubtful whether observations on an animal’s behaviour can 

be made without some interpretation of context” (Grant and Mackintosh 1963). With present 

technology and scientific advances, we now have the means to objectively define behaviours in 

animals without relying on subjective interpretation. 

In male mice aggression, evidence of bites or other injuries are often used as indicators of 

aggressive behaviour (Morgret and Dengerink 1972). Since female agonistic behaviour rarely 

leaves visible wounds, this indicator is not useful. Thus, other indicators – ones that indicate a 

negative affective state or otherwise aversion to the behaviour in question – are needed to define 

female agonism. Vocalizations are one such example of a behavioural indicator. For example, the 

gakel call rate in chickens has been associated with frustration (Zimmerman et al. 2000). In mice, 

human-audible squeaking often occurs during stressful or aversive situations, including aggressive 

encounters, and thus may be an indicator of agonistic behaviour (Morgret and Dengerink 1972; 
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Lahvis et al. 2011). During my own observations, all of the six behaviours except displacement 

(pinning, chasing, mounting, rough-grooming, and genital sniffing) often resulted in audible 

squeaking by the recipient mouse – but this is merely anecdotal.  

Similarly, facials expressions can also signal pain by a recipient mouse (e.g. “grimace” 

scale: Miller and Leach 2015; Figure 3). The grimace scale is a validated tool to clinically identify 

pain expressions in mice (Langford et al. 2010). However, vocalizations and facial expressions 

alone are not sufficient evidence to define these behaviours as agonism, since they do not always 

occur when a mouse is being aggressed - leading to potential false negatives (Morgret and 

Dengerink 1972). Instead, such indicators should be used in conjunction with other methods of 

validation. For example, since agonistic behaviour is used to facilitate acquisition of resources, or 

to signal dominance, or to convey threat of damage (MacFarland 2006), one could determine 

whether certain behaviours predict the successful acquisition of resources, or a higher social 

ranking, or precedes an attack.  

Overall, while I acknowledge that this lack of validation was a limitation in my research, I 

do believe my choices were logical for the purposes of this thesis, as my goal was to replicate the 

phenomonen of low agonism in EE mice. In order to replicate this phenomenon, I had to be 

consistent with the past papers’ categorization of the behaviours. Thus, while my categorization 

made sense for my thesis, future studies should try to validate these behaviours prior to studying 

them further. After agonistic behaviours in female mice have been properly identified, exploration 

of the mechanisms behind agonism can resume. 

 

4.5.2. Mechanisms of Agonism 

The next logical step for prospective students would be to determine whether low agonism 

in enriched mice persists when placed in a new location with cagemates. My findings from Chapter 

3 showed that enriched mice are no less agonistic than NE mice to strangers, but this may not be the 

case for cagemates. To test this, I would place cagemates in a neutral arena, similar to Chapter 3. 

These mice would need to have been in their respective housing types for long enough to a) become 

familiar with their cagemates and b) exhibit divergent levels of agonism. If EE mice do not perform 
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significantly less agonism than their NE counterparts, see Section 5.2.1. If they still perform less 

agonism, see Section 5.2.2: 

 

4.5.2.1. Extrinsic Agonism and Enrichment Use 

If the EE mice are still just as agonistic with their cagemates as they were with stranger 

mice in the neutral arena, then the low agonism in EE cages must be due to their immediate 

environment. Since neither space nor behavioural opportunity were not found to be responsible for 

the low agonism (Chapter 2), it must be caused by the enrichments themselves - perhaps by 

providing hiding spaces from aggressors. One may wish to video record home-cage bouts of 

agonism, and see which ones are terminated by hiding from aggressors, since this is difficult to 

observe with scan-sampling. It may also be difficult to operationalize, and thus this topic warrants 

further consideration.  

 

4.5.2.2. Intrinsic Agonism and Potential Co-variates 

If enriched mice are still less agonistic to their cagemates in a neutral arena, then one would 

need to identify the internal mechanisms that are causing this. We now know that stereotypic 

behaviour, hearing loss, and anxiety (at least the way I measured them) cannot explain the low 

agonism in EE cages, but several more co-variates have yet to be assessed, including perseveration, 

frustration, and other more direct measures of depression such as anhedonia and learned 

helplessness. All of these require experiments (see following) rather than mere behavioural 

observations, so this task would be a whole thesis in itself. 
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Table 4.1. Potential co-variates of agonism with suggested corresponding experiments 

Co-variate Experiment Description Example 

Perseveration Extinction 

learning 

Time taken to cease a previously-rewarded 

response after the reward is removed. A 

perseverative mouse will take longer to stop 

responding. 

Gross et al. 

2012 

 Two-choice 

guessing 

task 

The degree of patterned guessing in a gambling 

task that produces random sequences (e.g. will the 

following card be red or black?). A perseverative 

individual will guess in a restrictive, patterned 

manner while a neurotypical individual will 

produce random responses that is reflective of the 

random sequence being given. 

Gross et al. 

2011; 

Novak et al. 

2016 

Frustration Motivation 

task 

Degree of motivation (measured by amount of 

weight pushed) to access, for example, a treat after 

access to treat was taken away. A frustrated mouse 

will push a larger weight.   

Latham and 

Mason 2010 

Anhedonia Sucrose 

consumption 

The amount of sucrose (either solid or in liquid 

form) consumed. An anhedonic individual will 

consume less than normal, as sucrose is pleasurable 

in mice. 

Walker et al. 

2013 

Learned 

helplessness 

Forced 

swim test 

The time it takes for a mouse to give up swimming 

when placed in a deep body of water. A depressive 

individual will cease swimming quicker, and float 

immobile on the surface of the water. 

Fureix et al. 

2016 

 Tail 

suspension 

test 

The time it takes for a mouse to cease escape 

behaviours when being held upside-down by its tail 

- similar to the forced swim test. A depressive 

mouse will give up and hang immobile.  

Can et al. 

2012 
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There are undoubtedly other potential explanations for agonism not listed here – but these 

are just a few suggestions that, given the evidence provided by past literature (see previous 

chapters), seem to be most likely to be linked to agonism.  

But above all other potential co-variates, I highlight the need for a validated judgment bias 

test to properly assess my hypothesis that depressive-like/anxious mice are more agonistic due to 

negative judgment biases. My use of the startle test, elevated plus maze, and inactive-but-awake 

behaviour as proxies for a depressive-like or anxious state may not have been reflective of a 

negative judgment bias. Thus, this hypothesis remains truly untested and warrants further 

investigation. There have been attempts to develop a judgment bias test for mice in the past, but 

they either failed to be validated (e.g. Novak et al. 2015); or the measures used were difficult to 

interpret and prone to confounds (e.g. Kloke et al. 2014); or, worst of all, they fell victim to circular 

reasoning (e.g. Boleij et al. 2012). Furthermore, most of the aforementioned studies lack 

replication, which is an essential next step for the validation process. Novak et al. 2015’s study was 

replicated, but presumably under the assumption that the test was valid - which alone invalidates 

the replication study (see Novak et al. 2016).  

Clearly, a systematic and scientifically rigorous approach to developing a validated and 

replicated judgment bias test is required prior to properly test my hypothesis. All that being said, 

given the plethora of evidence that negative judgment biases are associated with agonistic 

behaviour (see Chapter 1), I do think that it is worth assessing the relationship between the two - as 

it may help solve a large piece of the agonism puzzle.  

 

4.5.3. Causality of Relationships 

After co-variates of agonism are identified, one would want to assess for the causal 

relationships between them. From this thesis, inactive-but-awake behaviour was the only co-variate 

that had any relationship with agonism, but correlation does not mean causation. Thus, to assess for 

causality, one would have to move mice between NE and EE cages based on levels of inactive-but-

awake-behaviour (from absent to high). If agonism is higher in the cages with high inactive-but-
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awake-behaviour, but lower in cages with low inactive-but-awake-behaviour, then we would know 

that inactive-but-awake-behaviour causes agonism to occur. If there is no such pattern, then 

agonism may not be caused by inactive-but-awake-behaviour per se, but there may be some other 

related factor that causes agonism and inactive-but-awake-behaviour to co-vary with each other.  

 

4.5.4. Multiple Co-variates Instead of One Sole Driver 

My original hypotheses rested on the assumption that the co-variates in question would be 

sole drivers of agonism, and once statistically accounted for, the housing effect on agonism would 

vanish. After discovering that the F-ratio of agonism decreased after accounting for social 

interactions and inactive-but-awake behaviour, I believe there are several factors at play. Thus, 

once these co-variates are identified, one would need to analyse which of the variables explain most 

of the variation in the agonism data.  

 

4.5.5. Social Hierarchy 

One topic that was not greatly explored in my thesis – despite initial plans to do so – was 

social hierarchy stability and how it plays a role in agonism levels. Due to time constraints, I was 

unable to conduct tube dominance tests and instead assessed hierarchy stability via changes over 

time and split-half analyses. However, those results did not suggest that NE cages were socially 

unstable. It was also not clear that this method properly assessed hierarchy stability, and thus I 

suggest that it may be worth conducting an alternative dominance test (such as the ones listed in 

Chapter 1, such as assigning dominance score based on behavioural observations) to properly 

assess hierarchy stability and how that may affect agonism levels  

Study 3 from Chapter 3 also found that mice who have only met a few times (in the neutral 

arena) exhibited different kinds of agonism compared to mice who live in the home-cage with 

others. Perhaps females employ different behaviours when establishing hierarchies compared to 

when maintaining them. Since female mouse agonism has not been well-categorized (see Chapter 
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1), this may be another task for future research – especially to understand qualitative differences in 

agonism between strangers vs. familiar mice.  

 

4.5.6. Physiological and Psychological Impacts of Chronic Agonism 

As well as gaining a better understanding of qualitative aspects of agonism, it is similarly 

important to comprehend the physiological and psychological impacts of chronic female agonism – 

especially since our NE mice seemed to have poorer longevity. Perhaps the mice who were most 

aggressed were also the ones who died earlier on in the study. Logically, chronic agonism is 

stressful for mice, where the “persistent and repeated agonistic behavior induces a situation of 

continuous threat of the dominant over the subordinate…which intuitively suggests that the 

subordinate, and not the dominant, experience(s) a stressful situation because of the lack of 

controllability over the situation” (Bartolomucci et al. 2004).  

Chronically defeated rodents often display symptoms of stress, such as elevated heart rate, 

blood pressure, corticosterone levels, and adrenocorticotropin hormone expression, as well as 

suppressed immune function (Skutella et al. 1994; Meehan et al. 1995; cited in: Solomon 2017). 

They also exhibit signs of a depressive-like state, including weight loss, appetite loss, anhedonia, 

and social withdrawal (Von Frijtag et al., 2000; Jasnow et al. 2001; Nguyen et al. 2007; Lagace et 

al., 2010; cited in: Solomon 2017). Chronic social stress in male mice has been extensively studied, 

mostly using resident-intruder paradigms (e.g. Mineur et al. 2003; Bartolomucci et al. 2004). 

However, social defeat in male mice is much more severe than in female mice (often resulting in 

injuries), so the literature in male mice may not be entirely applicable to females. 

In female mice, there is very little information on how chronic home-cage agonism affects 

their well-being. Past research found that NE females performed more agonism and exhibited lower 

body weights (a potential indicator of chronic stress; Akre et al. 2011; Clipperton-Allen et al. 

2015). Since these studies were primarily assessing the effects of enrichment, it is unclear whether 

low body weight is caused by the increased agonism or by other behavioural consequences of non-

enriched housing. Furthermore, physiological factors alone do not indicate valence (i.e. negative or 



 

 

150 

 

positive affect) of the subject. Thus, I highlight the need to measure both physiological (e.g. faecal 

corticosterone metabolites, heart rate variability, body weight, food intake etc.) and psychological 

welfare indicators in mice subjected to high vs. low levels of agonism (e.g. do mice avoid highly 

aggressive mice, or areas where they are aggressed in social preference/avoidance tests? Do highly 

aggressed mice have a negative judgment bias? See Solomon 2017). In this thesis, I did not make 

any predictions about the relationship between inactive-but-awake behaviour and the receipt of 

agonism. In retrospect, this may have been something worth looking at, since it may have indicated 

that highly aggressed mice were in a depressive-like state.  

Lastly, it may be worth investigating how different mixed-strain trio combinations lead to 

the least amount of poor welfare caused by agonism. For example, BALBs (who were repeatedly 

aggressed in my study) may suffer long-term stress when housed with the agonistic C57s. Doing so 

will add onto Walker et al.’s (2013; 2016) work on validating mixed-strain trios.  

 

4.5.7. Research in Other Directions 

And finally, here is a short table of other questions that organically arose from my thesis, 

but were not directly related to agonism: 

 

Table 4.2. Future research questions un-related to agonism. 

Subject Question 

Hearing loss How does acoustic enrichment vs. “regular” 

enrichment affect hearing loss? 

Handling effects What are the handling effect differences between NE 

and EE cages, and how do they affect anxiety? 

Inactive-but-awake 

Behaviour 

Does inactive-but-awake-behaviour co-vary with 

other measures of a depressive-like state? Does it 

lessen when known mouse anti-depressants are 

provided? 
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4.6. Conclusion 

Overall, my work demonstrated that NE housing induces higher levels of agonism in female 

mice. This thesis also began to identify potential causes of agonism – thereby laying the 

groundwork for future research. This thesis will hopefully provide prospective students with ideas 

about future projects, as well as contribute to the growing evidence that enriched housing is 

beneficial to female mice’s welfare.  
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