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Abstract 

An important factor in reducing variability in mouse test outcomes has been to develop assays that 

can be used for continuous automated home cage assessment. Our experience has shown that this 

has been most evidenced in long-term assessment of wheel-running activity in mice. Historically, 

wheel-running in mice and other rodents has been used as a robust assay to determine, with 

precision, the inherent period of circadian rhythms in mice. Furthermore, this assay has been 

instrumental in dissecting the molecular genetic basis of mammalian circadian rhythms. In teasing 

out the elements of this test that have determined its robustness - automated assessment of an 

unforced behaviour in the home cage over long time intervals - we and others have been 

investigating whether similar test apparatus could be used to accurately discriminate differences in 

distinct behavioural parameters in mice. Firstly, using these systems, we explored behaviours in a 

number of mouse inbred strains to determine whether we could extract biologically meaningful 

differences. Secondly, we tested a number of relevant mutant lines to determine how 

discriminative these parameters were. Our findings show that, when compared to conventional out-

of-cage phenotyping, a far deeper understanding of mouse mutant phenotype can be established by 

monitoring behavior in the home cage over one or more light:dark cycles. 

 

Keywords Home cage Welfare Circadian  Motor function Refinement Wheel running 

 

Introduction 

Broad based phenotyping of genetically altered mice employs a battery of tests that,when taken 

together, provide very useful insights into the influence of the target gene on behaviour (Crawley 

and Paylor, 1997; Loos et al., 2014). As these tests rely on accurately describing the behavioural 

outcomes, it is vital that they are well-characterised, robust and replicable (Mandillo et al., 2008; 

Perrin, 2014). Attempts to implement test batteries have uncovered a number of confounds. Firstly, 

mouse behaviour is flexible, dynamic and adaptive (Loos et al., 2014; Hong et al., 2015) and is 

influenced by a variety of genetic and environmental factors such as motivation, interaction with 

the experimenter, experimental design, test order, testing time and environmental enrichment 

(Crabbe et al., 1999; Chesler et al., 2002; Gerlai, 2002; Richter et al., 2010; Freund et al., 2013; 

Hanell and Marklund, 2014; Sittig et al., 2016). Secondly, the interpretation of the results is often 

subjective and under the variable influence of the investigator (Wahlsten, 2003). Despite the 
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implementation of standard operating procedures and robust data analysis methodologies, some 

sources of variability are unavoidable in traditional phenotyping tests as mice need to be handled 

by the investigator while they are removed from their home cage and placed in a novel test 

environment (Crawley, 2008; Mallon et al., 2008; Kilkenny et al., 2010; Hrabe de Angelis et al., 

2015). Multiple testing platforms for the same behaviour domain and automated data acquisition 

goes some way to reduce variability but the presence of the experimenter and novelty of the 

environment may vary the phenotypic outcome (Crawley, 2008; Bains et al., 2016). As a 

complement to conventional out-of-cage phenotyping batteries, we review here some 

developments in home-cage automated phenotyping and include examples where this analysis can 

enrich phenotype datasets in mouse strains and mutants. In the first instance, we cover automated 

assessment in a number of conventional phenotyping domains and indicate where these have been 

insightful in defining behavioural changes throughout a 24 hour cycle. Secondly, we consider how 

developments in automated home-cage monitoring systems are being used to continuously assess 

multiple biologically-relevant phenotypes over long periods.    

 

Circadian rhythms and sleep 

One of the first and widely utilised methodologies used for the long term assessment of animal 

activity in the home cage is voluntary wheel running. The first reported investigation was 

published in the late 19th century and used such techniques to analyse the effect of diet and alcohol 

on the activity of rats (Stewart, 1898). However since then voluntary wheel running has been 

extensively used primarily to assess circadian rhythms in a variety of rodent species. In such 

experiments animals are individually housed in cages containing a running wheel and the cages 

placed in light tight chambers allowing the investigators to modulate the light environment of the 

animals. Since animals will readily run upon running wheels, the response to changing light 

environments of the animals can be recorded by monitoring the rotations of the running wheel (see 

Jud et al., 2005; Banks and Nolan, 2011;  Eckel-Mahan and Sassone-Corsi, 2015, for reviews of 

circadian phenotyping by wheel running). A number of circadian parameters can be assessed in 

such investigations including the free running circadian period (determined by monitoring activity 

in constant dark conditions) and the phase of entrainment (determined by monitoring the phase of 

activity relative to the light:dark cycle). Such parameters have been shown to be sufficiently robust 

that circadian wheel running can be used to detect differences between different mouse strains 

(Schwartz and Zimmerman, 1990; Banks et al., 2015), the breakdown of the circadian system with 

age (Possidente et al., 1995; Banks et al., 2015) or the effect of drug treatment upon the circadian 
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system (Kitanaka et al., 2012). The investigation of activity patterns in inbred strains highlights a 

number of important features that are time-of-day (phase) dependent (Figure 1). As a refinement 

on our insights into the effect of light-dark cycles on rodent behaviour, we find that wheel-running 

activity shows strain-specific patterns that are not always restricted to the dark (active) phase, nor 

are they maintained consistently through the dark phase. It is worthy of consideration at this point 

that all measurable behaviours could display similar strain-specific, time-of-day dependent 

variation. Consequently, this might warrant a reassessment of how we conduct behavioural screens 

and specifically whether tests should be carried out at multiple stages throughout the day or even 

automated to give us a continuous readout of performance across the 24 hour cycle. Time-of-day 

dependent differences in activity might also point to more generalised disturbances in the circadian 

system. One of the most significant roles circadian wheel running investigations have played is in 

the identification of the genetic components of the molecular circadian clock. In such experiments 

genetic ablation or mutagenesis is used in either forward (e.g. identify specific phenotypes and 

map the causative mutation) or reverse (e.g. disrupt specific genes and assess the phenotype) 

approaches to identify the key genes and thus the core molecular processes which underpin the 

cellular clock (e.g. Vitaterna et al., 1994; Bunger et al., 2000; Godinho et al., 2007; Parsons et al., 

2015). A key feature of many clock mutants is a disturbance in the phase of activity with onsets in 

activity being either significantly advanced or delayed relative to the light-dark cycle. 

 

The success and longevity of voluntary wheel running as a method of home cage activity is in part 

down to its simplicity. Animals are assessed in the home cage, thus removing stress effects of a 

novel environment which may otherwise affect results and can be assessed for long periods of time 

to remove intradaily differences in behaviour or activity which may otherwise be present. 

Additionally, at a practical level the data files produced are small (under 200KB for a month-long 

screen) and, while analysis can be performed using specialised software, there are some open 

source options available for analysis of data (e.g. ActogramJ, Schmid et al., 2011). Although 

informative, the presence of the running wheel itself has been shown to impact on a number of 

behavioural parameters. In general, the introduction of a running wheel to a rodent will lead to an 

increase in both activity and food intake (Engel et al., 2009; Murray et al., 2010) and furthermore 

the wheel can have a modulatory effect upon the circadian regulation of metabolism (Pendergast et 

al., 2014). It has also been noted that certain rodent species will switch from diurnal to nocturnal 

patterns of activity upon presentation of a running wheel (Blanchong et al., 1999; Kas and Edgar, 

1999). Finally an often overlooked aspect of wheel running is its potential to alter behavioural 

responses of animals. Such behavioural changes include changes in depressive behaviours 
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(Solberg et al., 1999; Bjornebekk et al., 2008) and aggression (Gammie et al., 2003). Notably, 

wheel running is associated with increased adult neurogenesis (Clark et al., 2010), a process which 

has been suggested to contribute to behavioural changes (Deng et al., 2010). However, changes in 

neurogenesis resulting from wheel running have a negligible behavioural effect (Garthe et al., 

2016), suggesting that other factors underpin the influence of wheel running on behaviour.  

  

Wheel running activity monitoring is limited to a measure of voluntary activity. This is evident 

when comparing wheel-running activity records of mouse strains with respective activity 

measurements using video-tracking based systems (Figure 1). Although similar patterns of activity 

are seen, activity measured through a home cage video tracking system is far more detailed and 

informative and highlights the subtle changes in strain-specific activities over the course of 24 

hours that are unrelated to the light-dark cycle. Unsurprisingly, wheel-running measurements 

cannot be used to assess the sleep-wake state of rodents. In order to accurately monitor sleep, 

traditional approaches have used electroencephalography (EEG) and electromyography (EMG). 

While such techniques allow high powered analysis of sleep structure and different sleep-wake 

states, the surgical implantation of electrodes required for such analysis is time consuming and 

invasive for the animal and therefore is of limited suitability for high throughput or large scale 

investigations. However recent studies have highlighted that sleep can be assessed in the home 

cage through activity analysis. Through simultaneous analysis of both EEG and activity, it has 

been established that episodes of continuous immobility for 40 seconds or more are very highly 

correlated with sleep bouts in mice (Pack et al., 2007; Fisher et al., 2012). It is therefore possible 

to establish high-throughput, non-invasive assessment of sleep in the home cage using activity 

monitoring systems such as video tracking or infrared beam breaks. While assessment of sleep by 

immobility does not give the wealth of data that EEG or EMG provides, the high correlation 

between immobility-defined and EEG-defined sleep means that immobility defined sleep as a 

behavioural surrogate of sleep with no requirement for invasive surgery. Furthermore since the 40 

second epochs of immobility used to track sleep can be defined using commercially available 

software (e.g. ANYmaze), tracking of sleep by immobility can be implemented with relative ease 

to any activity monitoring system. Furthermore, using high-quality video recording, it may also be 

possible to distinguish Rapid Eye Movement (REM) sleep from non-REM sleep using subtle 

changes in body area and shape (McShane et al., 2012).   

 

Immobility defined sleep screens have been successfully used to identify novel sleep phenotypes 

in high throughput mouse mutagenesis screens (Potter et al., 2016) and characterise strain and age 
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related changes in sleep (Banks et al., 2015). Furthermore such methodologies have been used to 

characterise the sleep modulatory effects of the photoreceptor melanopsin (Pilorz et al., 2016; 

Jagannath et al., 2015), the impact of glutamate receptors on sleep regulation (Pritchett et al., 

2015) and characterise sleep in a mouse model of Down syndrome (Heise et al., 2015). It is 

notable that in the latter study comparisons of activity by video tracking and wheel running 

demonstrated inconsistencies between the two methodologies such as differences in the peak 

activity, further demonstrating the impact of wheel running on the activity profile of an animal.  

 

One notable recent addition to the technologies measuring sleep and circadian activity is the 

COMPASS system (Brown et al., 2016). This technique uses passive infrared monitoring of the 

home cage to collect activity data over time. The system has been specifically designed to be low 

cost and open source, eliminating some of the need for specialised equipment and software. Open 

source analysis tools also allow circadian and immobility defined sleep measures to be taken 

simultaneously. Since activity is monitored using a passive infrared system, the confounding 

effects of activity as measured by the running wheel will are removed. While useful in itself, the 

COMPASS system also demonstrates how sleep analysis by immobility detection can be 

implemented to activity monitoring and how circadian and sleep analysis can be incorporated to 

any home cage analysis system with relative ease.  

  

Motor function 

Characterising progressive neurodegenerative and muscle wasting diseases such as Huntington’s 

disease, Multiple Sclerosis and Duchenne’s muscular dystrophy in mouse models requires a 

battery of tests to investigate various aspects of motor function and motor coordination (Carter et 

al., 1999; Liebetanz et al., 2004). Tests such as swimming performance, grip strength 

measurement and RotaRod assessment are only sensitive to a certain range of motor performance, 

and have not always been successful in reliably dissecting the differences between wild type and 

mutant mice (Hara et al., 2001; Liebetanz and Merkler, 2006). In addition, mice can display 

compensatory behaviour (Carlson et al., 1990; Hudecki et al., 1993), making the detection of 

subtle latent motor deficits even harder. Furthermore, these tests are often conducted for a short 

period of time, in novel environments and in the presence of an investigator, all of which can lead 

to highly variable results (Crabbe et al., 1999; Wahlsten, 2003; Mandillo et al., 2008). In recent 

years there has been a concerted effort towards automating methods to measure motor function 

(Wooley et al., 2009; Vandeputte et al., 2010; Chort et al., 2013). Such technologies are aimed at 
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capturing a wider range of behaviours and are free from experimenter bias, but the requirement to 

remove mice from their home cage into novel environments remains (Schaefer and Claridge-

Chang, 2012). One way to overcome these challenges would be to house mice in testing chambers 

for extended periods of time and measure voluntary activity automatically without interference 

from the investigator. 

 

To expand the repertoire of meaningful motor function tests in mice, we tested, optimised and 

validated, a home-cage-based wheel running system to study motor deficits in mice. Standard 

running wheels such as those discussed in the circadian rhythms and sleep section have shown 

consistently reproducible results in detecting motor phenotypes in mouse models of Duchenne’s 

muscular dystrophy and Huntington’s disease (Dupont-Versteegden et al., 1994; Hara et al., 2001; 

Hickey et al., 2008). By developing this method to introduce complex wheels with missing rungs, 

latent motor deficits which are central in origin can be detected,  including those in mouse models 

of multiple sclerosis and Parkinson’s disease (Liebetanz and Merkler, 2006; Schalomon and 

Wahlsten, 2002). To improve on this method further, we developed an automated home-cage-

based running wheel system incorporating a conventional wheel with evenly spaced rungs, and a 

complex wheel, where particular rungs are absent. This apparatus offers a reliable, robust and 

reproducible test for assessing multiple motor parameters in mice over several weeks in the home 

cage, as shown by an excellent cross validation across research groups (Mandillo et al., 2014). The 

system can detect even early onset and/or subtle deficits in motor function consistently in any 

motor function mutant tested to date. It is particularly encouraging to note that this system has 

been used to detect motor dysfunctions in two widely-used models of neurodegenerative disease, 

Huntington’s disease and amyotrophic lateral sclerosis, at ages where other tests (eg. Rotarod) 

have not yet detected  functional deficits. To further improve the discriminative capacity of the 

test, analysis of data can be focused exclusively on activity during the early night phase, where 

mice are most active. The latter adaptation can thus be used to focus on the most informative 

motor parameters in each study. 

 

Timing and cognition 

Given the increased discriminative power of home cage assessments of activity and motor 

function, we have been interested in establishing whether similar systems could be used to study 

cognitive function in the home cage. Our goal was to automate and increase the throughput of 

behavioral testing by combining home-cage behavioral protocols with automated remotely 

controlled equipment. This was established by restricting access to food in the home cage and 
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introducing a ‘work for food’ paradigm using an operant nose-poke wall (Maggi et al., 2014). A 

number of successful behavioural paradigms have been included to study interval timing in 

animals, including peak procedure and switch latency paradigms. The learning and memory 

component of the task can be assessed by measuring the errors animals make during training. 

Since the system is included in the home cage it is possible to run the experiment throughout the 

24 hour cycle rather than restricting trials to particular sessions in the day (Maggi et al., 2014). In 

this undisturbed home cage task, animals perform self-initiated trails throughout the 24-hour cycle 

and performance is robust and reproducible with low variability in performance. We could collect 

about 1500 trials per experimental condition using the system and, interestingly, found that the 

frequency of self-initiated trials was much lower during the light phase and error numbers are 

greater, the latter presumably related to a sleep inertia effect. In addition, all animals showed an 

anticipatory burst in nose-poking activity prior to lights-off. The system and test paradigms used 

were robust enough to identify differences between different mouse strains (Maggi et al., 2014) 

and could distinguish mouse mutants with different short or long chronotypes in light/dark or 

constant dark conditions (Balzani et al., 2016). Given this robustness, interval timing is a strong 

candidate for incorporation into home cage assays which otherwise may not be amenable to 

cognitive testing. 

 

Home cage Monitoring 

Automated analysis of mouse home cage behaviour allows for readily standardised phenotypic 

experiments to be conducted on a much longer time scale, without the need for human 

intervention. This means that the data generated is likely to be more reproducible across different 

laboratories and free from experimenter bias (Wahlsten et al., 2003; Crawley et al., 2007; 

Mandillo et al., 2008). Furthermore, investigating perturbations in home cage behaviours allow us 

to address an entirely new set of questions about mouse behaviour. Behaviours such as grooming, 

drinking, climbing etc. can be analysed automatically using trainable machine learning algorithms 

without human intervention for extended periods of time (Jhuang et al., 2010). This is a step 

change from out of cage methods where conclusions about stereotypic behaviours such as 

grooming are made based on observations lasting no longer than few minutes (Silverman et al., 

2010b; Yang et al., 2007b). 

 

Automated systems using beam breakers and detectors have been in use for a number of years and 

are still being used successfully to measure locomotor activity in singly housed mice (Heisler et 

al., 1998; Tang et al., 2002; Jackson et al., 2003). In their simplest form systems such as the 
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Photobeam activity System (San Diego Instruments) use the number of beam breaks as a direct 

indicator of locomotor activity (Heisler et al., 1998). Deeper investigations of these activities 

enables one to identify patterns that, when fully exploited, can reveal a lot of hidden information 

about the type of activity on display (Asher et al., 2009). Systems such as LABORAS (DiLog 

instruments) and PhenoMaster (TSE Systems) have exploited these patterns to build 

comprehensive ethograms for discrete behaviours such as grooming, climbing, resting and feeding, 

where a number of events in a set sequence represent a particular behavioural state  (Quinn et al., 

2003; Goulding et al., 2008; Asher et al., 2009; Edelsbrunner et al., 2009). One of the most quoted 

examples of this is the work of Goulding and co-workers (2008), which very elegantly 

demonstrates the potential of such systems. Here they studied the behavioural components of two 

lines of obese mice: ob/ob (a mouse line lacking the ability to make leptin, an appetite-regulating 

hormone) and Htr2c-/- (a mouse line lacking the serotonin receptor 2C that, amongst other 

functions, influences satiety). They deduced from the animals’ movements that, whilst both mice 

were obese, the ob/ob mice were less active compared to control mice but the Htr2c-/- indulged in 

more ‘snacks’ between rest periods. This insight into the nature of genes influencing appetite and 

satiety would have been overlooked, were it not for continuous monitoring, especially through the 

dark phase. 

 

Whilst detectors and beam breakers have been used effectively to measure locomotor function and 

location (Spink et al., 2001; Galsworthy et al., 2005; Morretti et al., 2005), direct visual analysis 

has expanded our capacity to measure complex home cage behaviours. Video processing 

algorithms such as Etho Vision XT (Noldus Information Technology), ANY-maze (Stoelting Co) 

and VideoTrack (ViewPoint Life Sciences Inc), originally used for automatically analysing 

behaviour tests, can now be combined with their bespoke hardware, PhenoTyper, ANY-maze Cage 

and PhenoRack, to monitor and categorise home cage behaviours (Salem  et al., 2015). In addition, 

it is also possible to multiplex these systems with a variety of other instruments, such as operant 

conditioning modules and optogenetic stimulus devices, to investigate specific behavioural traits 

like memory and anxiety over extended periods of time. 

  

Recent advances in informatics and image analysis have enabled the collection of data with such 

precision and granularity that systems such as HomeCageScan (CleverSys Inc) are able to capture 

and categorise over two dozen behaviours including fine movements such grooming, head bobbing 

and sniffing (Baker, 2011; Schaefer and Claridge-Chang, 2012). Such detailed information about 

mouse movement and behaviour has greatly improved our capacity to monitor ill health in mice. A 
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study by Roughan and co workers (2009), postoperative behaviour of two strains of mice was 

recorded and analysed both manually and using automated behaviour recognition software 

(HomeCageScan) for changes in response to analgesics. They reported that not only was the 

system capable of identifying behaviours indicative of pain, but it was also able to detect 

behavioural changes to increasing doses of analgesia. Continuous monitoring of mice for 

prolonged period of time offers a distinct advantage over the existing system where the mice are 

observed manually for a limited period of time post surgery. Mice are crepuscular animals, which 

means that they are most active during the dawn and dusk periods, therefore the times when they 

are most likely to show signs of ill health go unobserved (Richardson 2015). This concept has been 

developed further using the HCA home-cage monitoring system (see Figure 3 and associated text 

below), where continuous monitoring of group housed mice in the true home cage has shown some 

hitherto unobserved activity phenotypes in neurodegenerative mutants during the dark phase. 

Consequently, in combination with regular monitoring by experienced staff, automation can 

greatly refine post-operative care and welfare monitoring in mice. 

 

Automated assessment of individual behaviours in group-housed conditions 

Mice are social animals in the wild, however, the methods described above require solitary 

housing. Removing the mouse from its cage-mates and placing it into a novel environment has 

been shown to affect behaviour, general wellbeing and metabolism, and so could in itself cause 

behavioural artefacts (Bartolomucci et al., 2003; Sun et al., 2014). Recent advances in computer 

vision and processing have made it possible to combine inputs from multiple sources to 

complement each other and generate a much richer data set, where data from trackers and detectors 

can inform the visual analysis algorithms to create a three dimensional image of the arena with 

high spatiotemporal precision. This means that it is possible to track multiple animals and quantify 

complex social interactions free from experimenter bias (Spink et al., 2001; Branson and Belongie, 

2005; Galsworthy et al., 2005; Winter and Schaefers, 2011; Ohayon et al., 2013; Shemesh  et al., 

2013; Weissbrod et al., 2013; Hong et al., 2015; Salem et al., 2015; Bains  et al., 2016).  

Social interactions are critical to the survival and reproduction of most animal species while  a 

number of human conditions such as Autism Spectrum Disorders (ASD) and schizophrenia have a 

large social element (Hong et al., 2015). The majority of established automated visual tracking 

systems are used to study social interactions in pairs of animals in a laboratory environment (de 

Chaumont et al., 2012; Ohayon  et al.,  2013; Hong et al., 2015). Such interactions have been 
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invaluable in investigating the neural systems underlying decision making and learning in mice 

and mouse models of psychiatric conditions such as depression, ASD and aggression (Moretti et 

al., 2005; Silverman et al., 2010b; de Chaumont et al., 2012). However complex social behaviours 

are often harder to quantify; the current challenge lies in the ability of visual systems to distinguish 

between animals and patterns when the mice are in close proximity to each other (Hong et al., 

2015) and, in the home cage, this is further complicated by enrichment and nesting materials (de 

Chaumont et al., 2012; Weissbrod et al., 2013; Hong et al., 2015; Salem et al., 2013). A number of 

systems have overcome this problem of occlusion by using overhead cameras (Shemesh et al., 

2013; Patel et al., 2014).  The top down view offered by the overhead cameras is more tolerant of 

changes in bedding and cage mate occlusions, which makes tracking multiple animals easier, but 

there is some loss of granularity. This means that top down systems are unable to detect fine motor 

movements such as grooming (Salem et al., 2015).  

Another proven method of tracking is the use of radio frequency identifier (RFID) microchips 

(Rao and Edmondson, 1990; Dell’Omo et al., 1998; Calvez et al., 2006). Such systems track the 

identity and location of RFID-chipped animals as they can trigger multiple RFID readers at set 

locations (Lipp, 2005; Freund et al., 2013). IntelliCage (TSE systems GmbH) is one of the first 

fully automated testing apparatus that uses RFID reader coils to monitor behaviours in group 

housed RFID tagged mice (Lipp, 2005). Over the years the use of RFID readers has been 

developed for use with infrared sensors, weighing scales and lickometers to get a comprehensive 

data set from a large group of animals simultaneously without experimenter intervention (Krackow 

et al., 2010; Benner et al., 2015). This allows for a large number of animals to be tested 

simultaneously for long periods of time; however animals still need to be moved from their home 

cages into this bespoke environment for the testing period. Winter and Schaefers (2011) resolved 

this issue by adding an automated sorting system that allows individual animals to enter or leave a 

test arena from its home cage by triggering a gate with its RFID tag. Phenoworld (TSE systems) 

combined the above two approaches and offers bespoke testing environments, where the animals 

are housed in the central IntelliCage chamber and this is connected to various testing arenas 

through AnimalGate, all data collection is fully automated and experimenter intervention is almost 

negligible. There are also a number of non-commercial systems, such as the system developed by 

Weissbrod and co-workers (2013), that follow the same principle but are limited by the number of 

parameters they can record.  

Even so such systems are incompatible with a standard mouse vivarium and require the mice to be 

removed into a bespoke environment for the duration of the experiment (See Table 1). 
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Our ability to record automated detailed behavioural parameters over time in an undisturbed cage 

encouraged us to explore whether true home cage phenotyping was feasible. True home cage in 

this context was defined as a normal rack-mounted cage, where mice are born, reared and housed 

within their established social groups (Bains et al., 2016). To evaluate the system we focused, first 

of all, on activity measurements over extended periods in inbred strains. Our findings (Figure 1) 

showed that the system can discriminate between individual strain activity patterns over 24-hrs in 

the home cage. We found that activities are distributed throughout the 24-hr period with animals 

being active through the first quarter of the light phase, showing anticipatory activity prior to the 

onset of the dark phase and a period of inactivity during the final third of the dark phase. 

Furthermore, we found that many of these behaviours were strain specific. In FVB mice, for 

example, we could not distinguish activities in the light and dark phases quite as readily as in 

C57BL/6 mice. 

Using the HCA system, we have been expanding our analysis to investigate behavioural 

interactions in a group-housed home-cage setting.  Tracking interacting animals and monitoring 

social groups using a combination of detectors and video analysis is not new. Weissbrod and co-

workers (2013) devised a system for social behavioural phenotyping in semi-natural environments. 

However, environmental enrichment is known to influence the behavioural phenotype of 

genetically similar mice (Freund et al., 2013); therefore the phenotype expressed by individuals 

tested in such bespoke environments may not be directly comparable with those housed in 

conventional cages. Robust changes in social interactions over the dark and light phase can be 

observed in the mouse home cage using the HCA system (Figure 2), where cumulative time spent 

in close proximity (<75mm) to other individual cage mates can be recorded over time. Preliminary 

data shows that there are noticeable changes in proximity scores for night time, when the mice are 

more active and day time, when they are likely to be sleeping and huddled together in the nest. The 

latter behaviour might also be an indicator of thermoregulatory/metabolic function.  Furthermore, 

the HCA system can be used to look at social behaviours in cages consisting of animals of mixed 

genotype. In this particular case we have observed significant bouts of social isolation during both 

light and dark phases in one of a number of behavioural mutants being studied in our group 

(Figure 2C). In this instance, animal C is a mutant whereas animals A and B are wild-type 

littermates.  
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True home cage phenotyping over long periods has the potential to greatly enhance the study of a 

wide range of neurobiological diseases by enabling the accurate measurement of progressive 

behavioural changes in the same animals over weeks and months (Brooks et al., 2012). There is 

growing consensus that detailed understanding of behavioural changes in laboratory mice during 

sickness will help improve laboratory animal welfare by informing severity limits and humane 

endpoints (Littin et al., 2008; Wearly et al., 2009; Richardson, 2015). However building such a 

detailed picture using cage side assessment alone is difficult, as mice are most active during dusk 

and dawn periods, which means that behaviours that are most indicative of ill health go 

unobserved (Hawkins, 2002). Moreover mice are prey species, they are naturally inclined to hide 

any weaknesses from potential predators (Weary et al., 2009). Therefore, during cage-side checks, 

mice will often mask any behavioural indicators of ill health. However, we have observed that, as 

animals re-adjust to the IVC environment, significant changes in activity and sleep patterns occur, 

particularly during the dark phase. Figure 3 shows activity data for a cage of three mutants with a 

progressive neurological deficit. While the three animals in the cage show similar activity during 

the light phase, one of the mutants shows sustained hyperactivity during the dark phase up until 

dawn. Without continuous monitoring over the light dark phase, it would not have been possible to 

observe this phenotype and its potential impact on the welfare of the animals would have gone 

unnoticed. 

The combined use of RFID and infrared video monitoring allows one to track individual home-

cage behaviours continuously. However, a remaining challenge is to use computer automation to 

record home-cage behaviours automatically, developed using previously-annotated video 

segments. The HCA system has the potential to record and automate a spectrum of biologically-

relevant home-cage behaviours. As a preliminary study, we focused on the automated analysis of 

cage-bar climbing activity as a subtle measure of motor function in an unprovoked environment. 

Using this tool, climbing is detected over 6 frame blocks using the temporally smoothed output of 

a linear SVM classifier, trained (Fan et al., 2008) on over 7 hours of annotated video footage 

(including over 130 separate bouts of climbing) using a Local Trinary Pattern representation 

(Yeffet & Wolf, 2009) of the upper portion of the cage. We used this automated system to analyse 

climbing activity in detail over 3 consecutive days in a mouse line with progressive motor deficits 

(MUT) with wild type littermate controls (WT) at 8 and 13 weeks of age (Figure 4). Preliminary 

data indicates that a specific time-dependent decrease in climbing activity, detected using the 

automated system, is a strong indicator of disease onset in this line. 
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Concluding comments 

Most behavioural phenotyping relies on the use of multiple testing platforms to study any one 

behavioural domain. For example, motor function or anxiety in mice can be tested using numerous 

tests while each can provide different, but informative, phenotypic information. Likewise, the 

techniques described in this review have the potential to open a whole new dimension of mouse 

behaviour by shedding light on aspects of mouse behaviour that have hitherto gone unobserved. 

Moreover, rather than challenging the validity of existing work, these techniques should provide 

complementary information in establishing complex behavioural phenotypic patterns in mice. For 

example, while group-housed home-cage behaviours can provide valuable information on multiple 

social behaviours, social entrainment cues themselves might negatively impact upon the innate 

circadian period or sleep/wake behaviour of an individual animal. In these instances, amongst 

others, it would still be preferable to study the behaviour in singly housed conditions where the 

impact of social interaction will not mask the behaviour of the individual.  

Our findings highlight the importance of testing mouse behaviours over extended periods in 

undisturbed conditions (for at least one 24-hr cycle). The discriminatory power of these tests is far 

greater than conventional out-of-cage phenotyping. However, testing during the dark phase need 

not necessarily be the most informative or most discriminative as test outcomes are dependent on 

the specific behaviours or on the particular mouse strain/mutant line being studied. Careful 

consideration should be given to individual behavioural studies but, ultimately, longitudinal 

studies throughout the light:dark cycle are desirable. Progress with the automation and diversity of 

home cage testing will be a critical factor in enabling such studies. Though the field has seen an 

explosion of several commercial and non-commercial systems, the challenge ahead lies in the 

ensuring that these systems are robustly validated through manual and cross laboratory validation.  

Conflict of Interest Statement  

The authors RS and JA were/are employed by or were shareholders in Actual Analytics Ltd at the 

time the research was performed and therefore declare a competing financial interest. Actual HCA 

is commercially available from Actual Analytics Ltd. 

 

 



15 
 

Acknowledgements 

We wish to thank the Mary Lyon Centre husbandry teams for their technical assistance and animal 

care. We also wish to thank the Bioinformatics team at MRC Harwell for their assistance with data 

collection, processing and transfer. We also thank Rebecca Muir of the imaging team at MRC 

Harwell for her assistance with the artwork. This work was supported by the Crack-It initiative 

from the National Centre for the Replacement, Refinement and Reduction of Animals in Research 

(UK) award number NC/C012201/1 and by funding from the Medical Research Council (UK) to 

the Mary Lyon Centre and to PN (MC_U142684173). 

 

  



16 
 

References.  

Aniszewska A., Szymanski J., Winnicka M.M., Turlejski K. 2014. Interleukin 6 deficiency affects 

spontaneous activity of mice in age- and sex-dependent manner. Acta Neurobiol Exp. 74, 424–

432. 

Asher L., Collins L.M., Ortiz-Pelaez A., Drewe J.A., Nicol C.J., Pfeiffer D.U. 2009. Recent 

advances in the analysis of behavioural organization and interpretation as indicators of animal 

welfare. J. R. Soc. Interface. 6, 1103–1119. doi:10.1098/rsif.2009.0221. 

Bacon, Y., Ooi, A., Kerr, S., Shaw-Andrews, L., Winchester, L., Breeds, S., Tymoska-Lalanne, Z., 

Clay, J., Greenfield, A. G. and Nolan, P. M. 2004. Screening for novel ENU-induced rhythm, 

entrainment and activity mutants. Genes Brain Behav. 3, 196-205. 

Bains, R.S., Cater, H.L., Sillito, R.R., Chartsias, A., Sneddon, D., Concas, D., Keskivali-Bond, P., 

Lukins, T.C., Wells, S., Arozena, A, A., Nolan, P.M., Armstrong, J.D. 2016. Analysis of 

individual mouse activity in group housed animals of different inbred strains using a novel 

automated home cage analysis system. Front. Behav. Neurosci. 10:106. doi: 

10.3389/fnbeh.2016.00106. 

Baker M. 2011. Animal models: Inside the minds of mice and men. Nature, 475:123–128. 

doi:10.1038/475123a. 

Balzani, E., Lassi, G., Maggi, S., Sethi, S., Parsons, M.J., Simon, M., Nolan, P.M., Tucci, V. 2016. 

The Zfhx3-mediated axis regulates sleep and interval timing in mice. Cell Rep. 16, 615-621. 

Banks, G.T., Nolan, P.M. 2011. Assessment of circadian and light-entrainable parameters in mice 

using wheel running activity. Curr. Protoc. Mouse Biol. 1, 369-381. 

Banks, G.T., Heise, I., Starbuck, B., Osborne, T., Wisby, L., Potter, P., Jackson, I.J., Foster, R.G., 

Peirson, S.N., Nolan, P.M. 2015. Genetic background influences age-related decline in visual and 

nonvisual retinal response, circadian rhythms and sleep. Neurobiol. Aging. 36, 380-393. 

Bartolomucci A., Palanza P., Parmigiani S., Pederzani T., Merlot E., Neveu P.J., et al., 2003. 

Chronic psychosocial stress down-regulates central cytokines mRNA. Brain Research Bulletin. 

62.173–178. 

Benner S., Endo T., Kakeyama M., Tohyama C. 2015. Environmental insults in early life and 

submissiveness later in life in mouse models. Front. Behav. Neurosci.  



17 
 

doi:10.3389/fnins.2015.00091. 

Bjornebekk A, Mathe AA, Gruber SH, Brene S. 2008. Housing conditions modulate escitalopram 

effects on antidepressive-like behaviour and brain neurochemistry. Int. J. Neuropsychopharmacol. 

11(8), 1135–1147. 

Blanchong, J.A., McElhinny, T.L., Mahoney, M.M., Smale, L. 1999. Nocturnal and diurnal 

rhythms in the unstriped Nile rat, Arvicanthis niloticus. J. Biol. Rhythms. 14, 364–377. 

Branson K., Belongie S. 2005. Tracking multiple mouse contours (without too many samples). In: 

2005 IEEE Computer Society Conference on Computer Vision and Pattern Recognition. 1, 1322-

1329. 

Brooks, S., Higgs, G., Jones, L., and Dunnett, S. B. 2012. Longitudinal analysis of the behavioural 

phenotype in Hdh(CAG)150 Huntington's disease knock-in mice. Brain Res. Bull. 88, 182–188. 

doi: 10.1016/j.brainresbull.2010.05.004. 

Brown, L.A., Hassan, S., Foster, R.G., Peirson, S.N. 2016. COMPASS: Continuous Open Mouse 

Phenotyping of Activity and Sleep Status. Wellcome Open Research 2016, 1:2. 

doi:10.12688/wellcomeopenres.9892.1. 

Bunger M.K., Wilsbacher L.D., Moran S.M., Clendenin C., Radcliffe L.A., Hogenesch J.B., 

Simon M.C., Takahashi J.S., and Bradfield C.A. 2000. MOP3 is an essential component of the 

master circadian pacemaker in mammals. Cell, 103, 1009-1017. 

Calvez S.L., Perron-Lepage M-F., Burnett R. 2006. Subcutaneous microchip-associated tumours in 

B6C3F1 mice: A retrospective study to attempt to determine their histogenesis. Experimental and 

Toxicologic Pathology, 57, 255-265. doi:10.1016/j.etp.2005.10.007. 

Carlson C.G., Makiejus R.V. 1990. A noninvasive procedure to detect muscle weakness in the 

mdx mouse. Muscle Nerve, 13, 480–484. 

Carter R.J., Lione L.A., Humby T.,  et al., 1999. Characterization of Progressive Motor Deficits in 

Mice Transgenic for the Human Huntington’s Disease Mutation. The Journal of Neuroscience. 

19(8), 3248–3257. 

Chesler, E.J., Wilson, S.G., Lariviere, W.R., Rodriguez-Zas, S.L., and Mogil, J.S. 2002. Influences 

of laboratory environment on behavior. Nat. Neurosci. 5, 1101–1102. 



18 
 

Chort A., Alves S., Marinello M., Dufresnois B., Dornbierer J. G., Tesson C., Latouche M., Baker 

D. P., Barkats M., El Hachimi K. H. et al. 2013. Interferon β induces clearance of mutant ataxin 7 

and improves locomotion in SCA7 knock-in mice. Brain 136, 1732-1745. 

Clark P.J., Kohman R.A., Miller D.S., Bhattacharya T.K., Haferkamp E.H., Rhodes J.S. 2010. 

Adult hippocampal neurogenesis and c-Fos induction during escalation of voluntary wheel running 

in C57BL/6J mice. Behavioural Brain Research 213, 246-252. 

Clemmensen C., Finan B., Fischer K., Tom R.Z., Legutko B., Sehrer L., Heine D., Grassl N., 

Meyer C.W., Henderson B., Hofmann S.M., Tschöp M.H., Van der Ploeg L.H., Müller T.D. 2015. 

Dual melanocortin-4 receptor and GLP-1 receptor agonism amplifies metabolic benefits in diet-

induced obese mice. EMBO Mol Med. 7(3), 288-98. doi: 10.15252/emmm.201404508. 

Crabbe, J.C., Wahlsten, D., Dudek, B.C. 1999. Genetics of mouse behaviour: interactions with 

laboratory environment. Science. 284, 1670-1672. 

Crawley, J.N., Paylor, R. 1997. A proposed test battery and constellations of specific behavioral 

paradigms to investigate the behavioral phenotypes of transgenic and knockout mice. Horm. 

Behav. 31, 197-211. 

Crawley J. 2007. What's Wrong With My Mouse?: Behavioral Phenotyping of Transgenic and 

Knockout Mice, 2nd Edition. New Jersey: Wiley-Interscience. 

Crawley J. 2008. Behavioral Phenotyping Strategies for Mutant Mice. Neuron 57, 809-818. 

de Chaumont F., Coura R.D., Serreau P., Cressant A., Chabout J., Granon S., Olivo-Marin J.C. 

2012. Computerized video analysis of social interactions in mice. Nature Methods. 9, 410–417. 

doi:10.1038/nmeth.1924. 

de Visser L., van den Bos R., Kuurman W.W., Kas M.J.H., Spruijt B.M. 2006. Novel approach to 

the behavioural characterization of inbred mice: automated home cage observations. Genes, Brain 

and Behavior. 5, 458–466. 

Dell'Omo G., Shore R.F., Lipp H.P. 1998. An automated system, based on microchips, for 

monitoring individual activity in wild small mammals. J Exp Zool. 280, 97–99. 

Deng, W., Aimone, J.B., Gage, F.H. 2010. New neurons and new memories: how does adult 

hippocampal neurogenesis affect learning and memory? Nat Rev Neurosci. 11 (5), 339-350. 



19 
 

Dupont-Versteegden E.E., McCarter R.J., Katz M.S. 1994. Voluntary exercise decreases 

progression of muscular dystrophy in diaphragm of mdx mice. J Appl Physiol. 77, 1736–1741. 

Eckel-Mahan K., Sassone-Corsi P. 2015. Phenotyping Circadian Rhythms in Mice. Current 

Protocols in Mouse Biology 5, 271-281. doi:10.1002/9780470942390.mo140229. 

Edelsbrunner M.E., Painsipp E., Herzog H., Holzer P. 2009. Evidence from knockout mice for 

distinct implications of neuropeptide-Y Y2 and Y4 receptors in the circadian control of 

locomotion, exploration, water and food intake. Neuropeptides 43, 491–497. 

Engel S.R., Creson T.K., Hao Y., Shen Y., Maeng S., Nekrasova T., Landreth G.E., Manji H.K., 

Chen G. 2009. The extracellular signal-regulated kinase pathway contributes to the control of 

behavioral excitement. Mol. Psychiatry. 14(4), 448–461. 

Fan, R.-E., Chang, K.-W., Hsieh, C.-J., Wang, X.-R., & Lin, C.-J. 2008. LIBLINEAR - A Library 

for Large Linear Classification. Journal of Machine Learning Research. 9, 1871-1874.  

Fisher, S.P., Godinho, S.I.H., Pothecary, C.A., Hankins, M.W., Foster, R.G., Peirson S.N. 2012. 

Rapid assessment of sleep-wake behaviour in mice. J. Biol. Rhythms. 27, 48-58. 

Freund J., Brandmaier A.M., Lewejohann L., Kirste I., Kritzler M., Krüger A., et al., 2013. 

Emergence of Individuality in Genetically Identical Mice. Science. 340, 756-759. 

Galsworthy M.J, Amrien I., Kuptsov P.A., Poletaeva I.I., Zinn P., Rau A., et al., 2005. A 

comparison of wild-caught wood mice and bank voles in the Intellicage: assessing exploration, 

daily activity patterns and place learning paradigms. Behavioural Brain Research. 157, 211-217. 

Gammie S.C., Hasen N.S., Rhodes J.S., Girard I., Garland T., Jr. 2003. Predatory aggression, but 

not maternal or intermale aggression, is associated with high voluntary wheel-running behavior in 

mice. Horm. Behav. 44(3), 209–221. 

Garthe, A., Roeder, I., Kempermann, G. 2016. Mice in an enriched environment learn more 

flexibly because of adult hippocampal neurogenesis. Hippocampus. 26 (2), 261-271. 

Gerlai R. 2002. Phenomics: fiction or the future? TRENDS in Neurosciences 25 (10), 506-509. 

Godinho S.I.H., Maywood E.S., Shaw L., Tucci V., Barnard A.R., Busino L., Pagano M., Kendall 

R., Quwailid M.M., Romero M.R., O’Neill J., Chesham J.E., Brooker D., Lalanne Z., Hastings 

M.H., and Nolan P.M. 2007. The after-hours mutant reveals a role for Fbxl3 in determining 



20 
 

mammalian circadian period. Science 316, 897-900. 

Goulding E.H., Schenk A.K., Juneja P., MacKay A.W., Wade J.M., and Tecott L.H. 2008. A 

robust automated system elucidates mouse home cage behavioral structure. Proc Natl Acad Sci. 

105(52), 20575-20582. 

Hånell A., Marklund N. 2014. Structured evaluation of rodent behavioral tests used in drug 

discovery research. Front. Behav. Neurosci. doi:10.3389/fnbeh.2014.00252 

Hara H., Nolan P.M., Scott M.O., et al., 2001. Running endurance abnormality in mdx mice. 

Muscle Nerve. 25, 207–211. doi:10.1002/mus.10021. 

Hawkins P. 2002. Recognizing and assessing pain, suffering and distress in laboratory animals: a 

survey of current practice in the UK with recommendations. Lab. Anim. 36, 378–395. 

Heise, I., Fisher, S.P., Banks, G.T., Wells, S., Peirson, S.N., Foster, R.G., Nolan, P.M. 2015. 

Sleep-like behaviour and 24-h rhythm disruption in the Tc1 mouse model of Down syndrome. 

Genes Brain Behav. 14, 209-216. 

Heisler L.K., Chu H-M., Brennan T.J., Danao J.A., et al., 1998. Elevated anxiety and 

antidepressant-like responses in serotonin 5-HT1A receptor mutant mice. Proc. Natl. Acad. Sci. 

USA. 95, 15049–15054. 

Hickey M.A., Kosmalska A., Enayati J., et al., 2008. Extensive early motor and non-motor 

behavioural deficits are followed by striatal neuronal loss in knock-in Huntington’s disease mice. 

Neuroscience 157, 280–295. doi:10.1016/j.neuroscience.2008.08.041. 

Hong, W., Kennedy, A., Burgos-Artizzu, X.P., Zelikowsky, M., Navonne, S.G., Perona, P., 

Anderson, D.J. 2015. Automated measurement of mouse social behaviors using depth sensing, 

video tracking, and machine learning. Proc. Natl. Acad. Sci U S A. 112, E5351-5360. 

Hrabě de Angelis M., Nicholson G., Selloum M., et al., 2015. Analysis of mammalian gene 

function through broad based phenotypic screens across a consortium of mouse clinics. Nat Genet. 

doi:10.1038/ng.3360. 

Hudecki M.S., Pollina C.M., Granchelli J.A., Daly M.K. 1993. Strength and endurance in the 

therapeutic evaluation of prednisolone treated mdx mice. Res Commun Chem Pathol Pharmacol. 

79, 45–46. 



21 
 

Jackson W. S., Tallaksen-Greene S. J. et al. 2003. Nucleocytoplasmic transport signals affect the 

age at onset of abnormalities in knock-in mice expressing polyglutamine within an ectopic protein 

context. Hum. Mol. Genet. 12(13), 1621-1629. 

Jagannath, A., Hughes, S., Abdelgany, A., Pothecary, C.A., Pretoro, S.D., Pires, S.S., 

Vachtsevanos, A., Pilorz, V., Brown, L.A., Hossbach, M., MacLaren, R.E., Halford, S., Gatti, S., 

Hankins, M.W., Wood, M.J.A., Foster, R.G., Peirson, S.N. 2015. Isoforms of melanopsin mediate 

different behavioural responses to light. Curr. Biol. 25, 2430-2434. 

Jhuang H, Garrote E, Yu X, Khilnani V, Poggio T, Steele AD, Serre T. 2010. Automated home-

cage behavioural phenotyping of mice. Nat Commun. 1, 1-9. 

Jud, C., Schmutz, I., Hampp, G., Oster, H., Albrecht, U. 2005. A guideline for analysing circadian 

wheel-running behaviour in rodents under different lighting conditions. Biol. Proced. Online. 7, 

101-116. 

Kabra M., Robie A.A., Rivera-Alba M., Branson S., Branson K. 2013. JAABA: interactive 

machine learning for automatic annotation of animal behaviour.  Nature Methods, 

doi:10.1038/nmeth.2281. 

Kas M.J., Edgar D.M. 1999. A nonphotic stimulus inverts the diurnal-nocturnal phase preference 

in Octodon degus. J. Neurosci. 19(1), 328–333. 

Kilkenny, C., Browne, W.J., Cuthill, I.C., Emerson, M., and Altman, D.G. 2010. Improving 

bioscience research reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. 8, 

e1000412. 

Kitanaka, N., Kitanaka, J., Hall, F.S., Uhl, G.R., Watabe, K., Kubo, H., Takahashi, H., Tatsuta, T., 

Morita, Y., Takemura, M. 2012. A single administration of methamphetamine to mice early in the 

light period decreases running wheel activity observed during the dark period. Brain Res. 1429, 

155-163. 

Krackow S., Vannoni E., Codita A., Mohammed A.H., Circulli F., Branchi I., Alleva E., Reichelt 

A., Willuweit A., Voikar V., Colacicco G.,Wolfer D.P., Buschmann J.-U.F., Safi K., Lipp H.-P. 

2010. Consistent behavioural phenotyping differences between inbred strains in the IntelliCage. 

Genes Brain Behav. 9, 722–731.  

Liebetanz, D., Hagemann, K., von Lewinski, F., Kahler, E., Paulus, W., 2004. Extensive exercise 



22 
 

is not harmful in amyotrophic lateral sclerosis. Eur. J. Neurosci. 20, 3115–3120. 

Liebetanz D., Merkler D. 2006. Effects of commissural de- and remyelination on motor skill 

behaviour in the cuprizone mouse model of multiple sclerosis. Experimental Neurology 202, 217–

224. doi:10.1016/j.expneurol.2006.05.032.  

Lipp H-P. 2005. High-throughput and automated behavioural screening of normal and genetically 

modified mice. In: Business Briefing: future drug discovery. 1–5. 

Littin  K., Acevedo A., Browne W., Edgar J., Mendl M., Owen D., Sher-win C., Würbel H., Nicol 

C. 2008. Towards humane end points:behavioural changes precede clinical signs of disease in a 

Huntington’s disease model. Proc. R. Soc. B 275, 1856–1874. 

Loos, M., Koopmans, B., Aarts, E., Maroteaux, G., van der Sluis, S., Neuro-BSIK Mouse 

Phenomics Consortium, Verhage, M., Smit, A.B. 2014. Sheltering behavior and locomotor activity 

in 11 genetically diverse common inbred mouse strains using home-cage monitoring. PLoS One. 

29;9(9):e108563. doi:10.1371/journal.pone.0108563. 

Maggi, S., Garbugino, L., Heise, I., Nieus, T., Balci, F., Wells, S., Tocchini-Valentini, G.P., 

Mandillo, S., Nolan, P.M., Tucci, V. 2014. A cross-laboratory investigation of timing 

endophenotypes in mouse behaviour. Timing and time perception. 2, 35-50. 

Mallon, A.-M., Blake, A., and Hancock, J.M. 2008. EuroPhenome and EMPReSS: online mouse 

phenotyping resource. Nucleic Acids Res. 36, D715–D718. 

Mandillo, S., Tucci, V., Hölter, S.M., Meziane, H., Banchaabouchi, M.A., Kallnik, M., Lad, H.V., 

Nolan, P.M., Ouagazzal, A.M., Coghill, E.L., Gale, K., Golini, E., Jacquot, S., Krezel, W., Parker, 

A., Riet, F., Schneider, I., Marazziti, D., Auwerx, J., Brown, S.D., Chambon, P., Rosenthal, N., 

Tocchini-Valentini, G., Wurst, W. 2008. Reliability, robustness, and reproducibility in mouse 

behavioral phenotyping: a cross-laboratory study. 34, 243-255. 

Mandillo, S., Heise, I., Garbugino, L., Tocchini-Valentini, G.P., Giuliani, A., Wells, S., Nolan, 

P.M. 2014. Early motor deficits in mouse disease models are reliably uncovered using an 

automated home-cage wheel-running system: a cross-laboratory validation. Dis. Model. Mech. 7, 

397-407. 

McShane B.B., Galante R.J., Biber M., Jensen S.T., Wyner A.J, Pack A.I. 2012. Assessing REM 

Sleep in Mice Using Video Data. Sleep. 35, 433-442.  



23 
 

Morretti P., Bouwknecht J.A., Teague R., Paylor R., Zoghbi H.Y. 2005. Abnormalities of social 

interactions and home-cage behavior in a mouse model of Rett syndrome. Human Molecular 

Genetics. 14(2), 205-220. 

Murray, P.S., Groves, J.L., Pettett, B.J., Britton, S.L., Koch, L.G., Dishman, R.K., Holmes, P.V., 

2010. Locus coeruleus galanin expression is enhanced after exercise in rats selectively bred for 

high capacity for aerobic activity. Peptides, 31, 2264–2268. 

NC3Rs 2007 Humane endpoints. See www.nc3Rs.org/category.asp?catIDZ21. 

Ohayon S., Avni O., Taylor A.L., Perona P., Roian Egnor S.E. 2013. Automated multi-day 

tracking of marked mice for the analysis of social behaviour. Journal of Neuroscience Methods. 

219,10–19. doi:10.1016/j.jneumeth.2013.05.013. 

Pack, A.I., Galante, R.J., Maislin, G., Cater, J., Metaxas, D., Lu, S., Zhang, L., Smith, R.V., Kay, 

T., Lian, J., Svenson, K., Peters, L.L. 2007. Novel method for high-throughput phenotyping of 

mice. Physiol. Genomics. 28, 232-238. 

Parsons M.J., Brancaccio M., Sethi S., et al., 2015. The Regulatory Factor ZFHX3 Modifies 

circadian function in SCN via an AT Motif-Driven Axis. Cell 162, 607–621. 

doi.10.1016/j.cell.2015.06.060. 

Patel T.P., Gullotti D.M., Hernandez P., et al., 2014. An open-source toolbox for automated 

phenotyping of mice in behavioural tasks. Front. Behav. Neurosci.  doi:10.3389/fnbeh.2014.00349.  

Pendergast, J.S., Branecky, K.L., Huang, R., Niswender, K.D., Yamazaki, S. 2014. Wheel-running 

activity modulates circadian organisation and the daily rhythm of eating behaviour. Front. Psychol. 

5:177. doi:10.3389/fpsyg.2014.00177. 

Perrin, S. 2014. Pre-clinical research: make mouse studies work. Nature. 507, 423-425. 

Pilorz, V., Tam, S.K.E., Hughes, S., Pothecary, C.A., Jagannath, A., Hankins, M.W., Bannerman, 

D.M., Lightman, S.L., Vyazovskiy, V.V., Nolan, P.M., Foster, R.G., Peirson, S.N. 2016. 

Melanopsin regulates both sleep-promoting and arousal-promoting responses to light. PLoS Biol 

14(6): e1002482. doi:10.1371/journal.pbio.1002482. 

Possidente, B., McEldowney, S., Pabon, A. 1995. Aging lengthen circadian period for wheel 

running activity in C57BL mice. Physiol. Behav. 57, 575-579.  



24 
 

Potter, P.K., Bowl, M.R., Jeyarajan, P., Wisby, L., Blease, A., Goldsworthy, M.E., Simon, M., 

Greenaway, S., Michel, V., Barnard, A., Aguilar, C., Agnew, T., Banks, G., Blake, A., Chessum, 

L., Dorning, J., Falcone, S., Goosey, L., Harris, S., Haynes, A., Heise, I., Hillier, R., Hough, T., 

Hoslin, A., Hutchinson, M., King, R., Kumar, S., Lad, H.V., Law, G., MacLaren, R.E., Morse, S., 

Nicol, T., Parker, A., Pickford, K., Sethi, S., Starbuck, B., Stelma, F., Cheeseman, M., Cross, S.H., 

Foster, R.G., Jackson, I.J., Peirson, S.N., Thakker, R.V., Vincent, T., Scudamore, C., Wells, S., El-

Amraoui, A., Petit, C., Acevedo-Arozena, A., Nolan, P.M., Cox, R., Mallon, A-M., Brown, S.D.M. 

2016. Novel gene function revealed by mouse mutagenesis screens for models of age-related 

disease. Nat. Commun. 7:12444. doi:10.1038/ncomms12444. 

Pritchett, D., Jagannath, A., Brown, L.A., Tam, S.K.E., Hasan, S., Gatti, S., Harrison, P.J., 

Bannerman, D.M., Foster, R.G., Peirson, S.N. 2015. Deletion of metabotropic glutamate receptors 

2 and 3 (mGlu2 & mGlu3) in mice disrupts sleep and wheel-running activity, and increases the 

sensitivity of the circadian system to light. PLoS ONE 10(5): e0125523. 

doi:10.1371/journal.pone.0125523. 

Pugh P.L., Ahmed S.F., Smith M.I., Upton N., Hunter A.J. 2004. A behavioural characterisation of 

the FVB/N mouse strain. Behavioural Brain Research 155, 283–289. 

Quinn L. P., Stean T. O., Trail B., Duxon M. S., Stratton S.C., Billington A., Upton N. 2003. 

LABORAS™: Initial pharmacological validation of a system allowing continuous monitoring of 

laboratory rodent behaviour. Journal of Neuroscience Methods, 130, 83-92. 

Rao G.N., Edmondson J. 1990. Tissue reaction to an implantable identification device in mice. 

Toxicol Pathol. 18: 412–6.  

Richter H., Ambr´ee O., Lewejohann L., et al., 2008. Wheel-running in a transgenic mouse model 

of Alzheimer’s disease: Protection or symptom? Behavioural Brain Research 190, 74–84. 

doi:10.1016/j.bbr.2008.02.005. 

Robinson, L., Plano, A., Cobb, S., Riedel, G. 2013. Long-term home cage activity scans reveal 

lowered exploratory behaviour in symptomatic female Rett mice. Behav. Brain Res. 250, 148-156. 

Roughan J.V., Wright-Williams S.L., Flecknell P.A. 2009. Automated anal-ysis of postoperative 

behaviour: assessment of HomeCageScan as a novel method to rapidly identify pain and analgesic 

effects in mice. Lab. Anim. 43, 17–26. 

Salem G.H., Dennis J.U., Krynitsky J., et al., 2015. SCORHE: A novel and practical approach to 



25 
 

video monitoring of laboratory mice housed in vivarium cage racks. Behav Res Methods. 47(1), 

235–250. doi:10.3758/s13428-014-0451-5. 

Schalomon, P.M., Wahlsten, D., 2002. Wheel running behavior is impaired by both surgical 

section and genetic absence of the mouse corpus callosum. Brain Res. Bull. 57, 27–33. 

Scharfers A.T., Claridge-Chang A. 2012. The surveillance state of behavioral automation. Current 

Opinion in Neurobiology. 22, 170-176. doi:10.1016/j.conb.2011.11.004 

Schmid, B., Helfrich-Forster, C., Yoshii, T. 2011. A new ImageJ plug-in “ActogramJ” for 

chronobiological analyses. J. Biol. Rhythms. 26, 464-467. 

Schwartz W.J. and Zimmerman P. 1990. Circadian timekeeping in BALB/c and C57BL/6 inbred 

mouse strains. J. Neurosci. 10:3685-3694. 

Shemesh Y., Sztainberg Y., Forkosh O., Schlapobersky T., Chen A., Schneidman E. 2013. High-

order social interactions in groups of mice. eLife 2 doi:10.7554/eLife.00759. 

Silverman J.L., Yang M., Lord C., Crawley J.N. 2010. Behavioural phenotyping assays for mouse 

models of autism. Nat. Rev. Neurosci. 11, 490-502. 

Sittig L.J., Carbonetto P., Engel K.A., Krauss K.S., Barrios-Camacho C.M., Palmer A.A. 2016. 

Genetic Background Limits Generalizability of Genotype-Phenotype Relationships. Neuron 91, 1–

7. doi.org/10.1016/j.neuron.2016.08.013. 

Solberg L. C., Horton T. H., Turek F. W. 1999. Circadian rhythms and depression: effects of 

exercise in an animal model. Am J Phisiol. 276(1), R152-R161.  

Spink A..J., Tegelenbosch R.A., Buma M.O., Noldus L.P. 2001. The EthoVision video tracking 

system — a tool for behavioural phenotyping of transgenic mice. Physiol Behav. 73, 731-744. 

Steele A.D., Jackson W.S., King O.D., Lindquist S. 2007. The power of automated high-resolution 

behavior analysis revealed by its application to mouse models of Huntington’s and prion diseases. 

Proc Natl Acad Sci USA. 104, 1983-1988. 

Stewart, C.C. 1898. Variations in daily activity produced by alcohol and by changes in barometric 

pressure and diet with a description of recording methods. Am. J. Physiol. 1, 40–56. 

Sun M., Choi E.Y., Magee D.J., Stets C.W., During M.J., Lin E-J.D. 2014. Metabolic Effects of 

Social Isolation in Adult C57BL/6 Mice. International Scholarly Research Notices. 



26 
 

doi:10.1155/2014/690950. 

Tang X., Orchard S.M., Sanford L.D. 2002. Home cage activity and behavioral performance in 

inbred and hybrid mice. Behav. Brain Res. 136, 555–569. doi:10.1016/S0166-4328(02)00228-0. 

Valentinuzzi, V.S., Scarbrough, K., Takahashi, J., Turek, F.W. 1997. Effects of aging on the 

circadian rhythm of wheel-running activity in C57BL/6 mice. Am. J. Physiol. Regul. Integr. 

Comp. Physiol. 273, R1957-R1964. 

van der Horst G.T.J., Muijtjens M., Kobayashi K.,  et al., 1999.  Mammalian Cry1 and Cry2 are 

essential for maintenance of circadian rhythms. Nature. 398, 627-630. 

Vandeputte C., Taymans J. M., Casteels C., Coun F., Ni, Y., Van Laere K. and Baekelandt V. 

2010. Automated quantitative gait analysis in animal models of movement disorders. BMC 

Neurosci. 11, 92. 

Wahlsten, D., Metten, P., Phillips, T.J., Boehm II, S.L., Burkhart-Kasch, S., Dorow, J., Doerksen, 

S., Downing, C., Fogarty, J., Rodd-Henricks, K., Hen, R., McKinnon, C.S., Merrill, C.M., Nolte, 

C., Schalomon, M., Schlumbohm, J.P., Sibert, J.R., Wenger, C.D., Dudek, B.C., Crabbe, J.C. 

2003. Different data from different labs: lessons from studies of gene-environment interaction. J. 

Neurobiol. 54, 283-311. 

Vitaterna MH, King DP, Chang A-M, Kornhauser JM, Lowrey PL, McDonald JD, Dove WF, 

Pinto LH, Turek FW, Takahashi JS. 1994. Mutagenesis and mapping of a mouse gene, Clock, 

essential for circadian behavior. Science. 264,719–725. 

Weary D.M., Huzzey J.M., von Keyserlingk M.A.G. 2009. Using behavior to predict and identify 

ill health in animals. J. Anim. Sci. 87, 770–777. doi:10.2527/jas.2008-1297.  

Weissbrod A., Shapiro A., Vasserman G., Edry L., Dayan M., Yitzhaky A., Kimchi T. 2013. 

Automated long-term tracking and social behavioural phenotyping of animal colonies within a 

semi-natural environment. Nature Communications, 4, 2018. doi:10.1038/ncomms3018.  

Winter Y., Schaefers A.T.U. 2011. A sorting system with automated gates permits individual 

operant experiments with mice from a social home cage. J Neurosci Methods 2011, 196:276-280. 

Wooley C. M., Xing S., Burgess R. W., Cox G. A. and Seburn K. L. 2009. Age, experience and 

genetic background influence treadmill walking in mice. Physiol. Behav. 96, 350-361. 



27 
 

Yang M., Zhodzishsky V., Crawley J.N. 2007. Social deficits in BTBR T+tf/J mice are unchanged 

by cross-fostering with C57BL/6J mothers. Int J Dev Neurosci 25, 515–521.  

Yeffet, L., & Wolf, L. 2009. Local Trinary Patterns for human action recognition. Proc. IEEE 

International Conference on Computer Vision (ICCV), 492–497. 

http://doi.org/10.1109/ICCV.2009.5459201 

Zarringhalam, K., Ka, M., Kook, Y-H., Terranova, J.I., Suhm Y., King, O.D., Um, M. 2012. An 

open system for automatic home-cage behavioral analysis and its application to male and female 

mouse models of Huntington’s disease. Behav. Brain Res. 229, 216-225. 

  

  

http://doi.org/10.1109/ICCV.2009.5459201


28 
 

 

Figure1. Wheel-running versus home cage activity. Raster plots of total wheel revolutions or total RFID-assessed 

distance travelled in the home-cage plotted in 6 min time bins over 6 consecutive days in standard 12 h light/dark 

cycles. The raster plots are double plotted on a 24 h cycle with the shaded area representing the dark phase. Activities 

of  representative animals of two different mouse strains A) C57BL/6J and B) FVB/NcrlBRH. Arrows highlight some 

of the strain-specific differences in activity that can be distinguished using the two recording systems including 1) 

differences in anticipatory activity prior to lights-off, 2) abrupt change in activity levels half-way through the dark 

period and 3) sustained activity following lights-on. Differences between the two systems reflect the fact that wheel-

running is an elective behaviour while RFID-based data is collected irrespective of the animal’s voluntary cage 

activities.  
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Figure 2. Home-cage social proximity interactions. RFID tracking of mice in multiple occupancy cages enables an 

estimate of social proximity scores. A) still from a video with overlay of RFIDs for individual animals; B) the base 

plate array recognises unique RFIDs and records animal locations concurrently; C) cumulative time spent in close 

proximity (<75mm) during day and night for each pair of animals in the cage. In this instance, animals A and B spend 

less time interacting closely with animal A and this is more apparent at night. 

  



30 
 

 

Figure 3. Nocturnal hyperactivity in a neurological mutant. Line plots illustrating the average hourly activity of 3 

individual mice over a 24 hour period. The solid lines represent the mean of the activity for each hourly period and the 

dotted lines represent the standard error of the mean activity over 3 consecutive days. The area under the shaded bar 

represents the dark phase while the area under the clear bar represents the light phase. The activity of all three animals 

within the cage is similar during the light phase but following lights-off the animal represented by the green line shows 

hyperactivity, which is sustained throughout the dark phase. 
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Figure 3. Automated assessment of home cage climbing activity in a mutant line with progressive motor deficits. 

Line graphs illustrating the average hourly climbing activities of 3 wild type (WT, black solid lines) and 3 mutant 

(MUT, grey dashed lines) mice. Climbing was assessed automatically using the HCA system. Average time spent 

climbing is noticeably higher in mice at 8 weeks of age A) than at 13 weeks of age B). Climbing behaviours in 

mutants appear to be significantly lower towards the end of the dark phase (6-7 am) at both time points. C) Ethogram 

showing both locomotor activity and climbing activity in 13 week old mice over a two-hour period either side of 

lights-on (6am to 8am). Mutant mice with motor deficits show particularly lower bouts of climbing activity at this time 

of day.  
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Table1. Comparison of home cage monitoring systems. 

System Company/Instituti

on 
Camera 

Position 
Strengths Limitations References 

Home Cage 

Environment 
CleverSys Inc Side Detailed assessment of 

animal behaviours in 

home cage. 

Solitary housing. 
No direct 

measurement of 
activity 

Steele  et al., 

2007b 
Roughan  et 
al., 2009 

GroupHoused

Scan 
CleverSys Inc Top and 

Side 
Detailed assessment of 

animal behaviours and 

social interactions in 

home cage. 

Maximum of two 

individuals. 
Not compatible 

with standard 

vivarium 

 
 
- 

PhenoRack ViewPoint Life 
Sciences 

Side Compatible with High 
density IVC racks. 
Quantitatively measures 

activity and 
Automatically annotates 

rearing, drinking and 

feeding in home cage. 

 
 
 
Solitary housing. 

Aniszewska  
et al., 2014 

SCORHE NIH Front and 

Rear 
Compatible with standard 

high density IVC rack. 

Measures activity in 
home cage. 

Solitary housing. 
Currently limited 

to black mice. 

 Salem  et al., 

2015 

PhenoTyper Noldus Information 

Technology 
Top Can be multiplexed with 

drug delivery systems and 

operant systems to run 

bespoke experiments 

Solitary housing in 

bespoke 

environment. Top 

view camera 

cannot track 

detailed 

behaviours. 

de Visser et 

al., 2006 
Spink  et al., 

2001 

ANY-Maze 

Cage 
Global Biotech Inc Top Can be used in 

combination with weight 

transducers for measuring 

food and water 

consumption. 
Can measure running 

wheel activity and 

immobility defined sleep 

Solitary housing. 
Mice need to be 

removed to 

bespoke 

environment. 

Fisher et al., 

2012 
Banks  et al., 

2015 

Home Cage 

Analysis 

System 

Actual Analytics Side Mice remain in their 

home cage within 

established social groups. 
Social interactions 
Compatible with standard 

high. density IVC racks 
Videos overlaid with 

RFID identities for each 

mouse. 

Takes two IVC 

rack spaces. 
RFID microchips 

inserted into mouse 

groin under general 

anaesthesia. 

 Bains  et al., 

2016 

LABORAS Metris N/A Registers behavioural Solitary housing. Quinn  et al., 
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signatures for fine 

movements like 

grooming, eating and 

drinking. 
Can be multiplexed with 

weight transducers to 
measure food and water 

intake. 

No video output. 
Mice need to be 

removed into 

bespoke 

environment. 

2003 
Goulding  et 

al., 2008 

IntelliCage NewBehaviour 

TSE Systems 
N/A Group housing. 

Possible to design custom 

cages set ups to run 

bespoke experiments. 

No video output 

therefore detailed 

behaviours not 

recorded. 
Animals need to be 

acclimatised to the 

bespoke 
environment. 

Lipp, 2005 
Endo  et al., 

2012 
Galsworthy  

et al., 2005 

PhenoMaster LabMaster TSE 

Systems 
N/A Multiplexed with weight 

transducers and beam 

break detectors for 

measuring food and water 

intake along with activity 

measurements. 
Indirect gas calorimetry. 
Can be multiplexed with 
other equipment to run 

memory and learning 

tasks. 

Solitary housing. 
Mice need to be 

removed to 

bespoke 

environment. 

 Clemmensen  

et al., 2015 

 

 


