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Accurate locomotor activity profiles of group-housed mice derived from home cage monitoring data
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Introduction: Holistic phenotyping of rodent models is increasing, with a growing awareness of the 3Rs and the fact that specialized experimental setups can also impose artificial restrictions. Activity is an important parameter for almost all basic and applied research areas involving laboratory animals. Locomotor activity, the main form of energy expenditure, influences metabolic rate, muscle mass, and body weight and is frequently investigated in metabolic disease research. Additionally, it serves as an indicator of animal welfare in therapeutic, pharmacological, and toxicological studies. Thus, accurate and effective measurement of activity is crucial. However, conventional monitoring systems often alter the housing environment and require handling, which can introduce artificial interference and lead to measurement inaccuracies.

Methods: Our study focused on evaluating circadian activity profiles derived from the DVC and comparing them with conventional activity measurements to validate them statistically and assess their reproducibility. We utilized data from metabolic studies, an Alzheimer’s disease model known for increased activity, and included DVC monitoring in a project investigating treatment effects on activity in a type-1-like diabetes model.

Results: The DVC data yielded robust, scientifically accurate, and consistent circadian profiles from group-housed mice, which is particularly advantageous for longitudinal experiments. The activity profiles from both systems were fully comparable, providing matching profiles. Using DVC monitoring, we confirmed the hyperactivity phenotype in an AD model and reproduced a decline in activity in type-1-like diabetes model.

Discussion: In our work, we derived robust circadian activity profiles from the DVC data of group-housed mice, which were scientifically accurate, reproducible and comparable to another activity measurement. This approach can not only improve animal welfare according to the 3R principles but can also be implement in high-throughput longitudinal studies. Furthermore, we discuss the advantages and limitations of DVC activity measurements to highlight its potential and avoid confounders.

Keywords
 activity measurements; circadian profiles; continuous home cage monitoring; metabolism; Alzheimer’s disease; non-invasive; digital ventilated cage


1 Introduction

Metabolic diseases such as obesity, insulin resistance, metabolic syndrome, and type-2 diabetes (T2D) are becoming increasingly widespread and represent a global health problem of pandemic dimension (Collaboration NCDRF, 2017). The prevalence of all metabolic diseases increased from 2000 to 2019, with the largest increases occurring in high sociodemographic index countries (Chew et al., 2023). Metabolic parameters often provide information about the health state and can enable early lifestyle changes and the avoidance of risk factors to prevent such diseases or their progression (VanWormer et al., 2017; Handelsman et al., 2023). Persistent overnutrition in combination with reduced physical activity promotes imbalance in energy metabolism, which leads to obesity (Jehan et al., 2020). Thus, locomotor activity is a key factor for metabolism and an important measure in animal experiments, but also in many other research areas, e.g., neuroscience (Caggiano et al., 2018; Hughes and Piggins, 2012; Kemoun et al., 2010; Alonso-Frech et al., 2011), behavioral psychology (Klein et al., 2022; Reyes-Molina et al., 2022; Wermelinger Ávila et al., 2022), development (Ingebretson and Masino, 2013; Hallal et al., 2006), disease treatment (Perse, 2021; Latimer-Cheung et al., 2013; Kodama et al., 2007; Carlson et al., 2014), parasitology (Guimarães et al., 2021; Brachs and Haas, 2008), pharmacology (Kelley, 1993; Niederberger and Parnham, 2021), toxicology (Moser et al., 2016; Mac Phail et al., 1989), and environmental science (Makaras et al., 2020).

Pharmacological and toxicological studies, in which a compound or treatment reduces wellbeing of animals, often result also in reduced activity (Nikodijevic et al., 1993; Terry et al., 2023). For instance, decreased nocturnal activity was reported in animals treated with cisplatin (Dakup et al., 2018; Perse, 2021). Similarly, in neuroscience, genotypes or disease models affect activity patterns and behavior and vice versa. Moreover, activity also plays a role in many neurological diseases. In Parkinson’s disease (PD), physical activity is impaired during the course of the disease, and in addition, many of the patients’ symptoms can also be improved through activity (Fayyaz et al., 2018). Appropriate physical activity can also alleviate symptoms of depression, anxiety, and distress (Zhang et al., 2024; Singh et al., 2023). Thus, the importance of activity assessment has far-reaching implications for the treatment of disease, and more accurate measurements of activity are essential, e.g., for studies of PD models. Furthermore, we revealed increased nocturnal activity in an Alzheimer’s disease (AD) mouse model (APP23) as a specific feature (Schreyer et al., 2021). Overall, activity is therefore an important measure, not only in animal experiments. Additionally, it can be used as a scoring parameter for animal welfare in disease models, including pharmacological and other therapeutic studies. Such an approach can easily be integrated into routine severity assessments. For example, large-scale home cage activity monitoring has been used to assess severity in a dextran sulfate sodium-induced colitis model with an accuracy equivalent to clinical gold standard parameters (Zentrich et al., 2021).

Many different types of devices exist to measure activity of laboratory mice, including Sable Systems Promethion (Soto et al., 2019), Columbus Instruments CLAMS/OxyMax (Soto et al., 2019), Tecniplast DVC (Digital Ventilated Cage system) (Iannello, 2019), TSE systems LabMaster/PhenoMaster (Frenz et al., 1995), and open field activity monitoring system (Tatem et al., 2014) or video-based home cage recording systems (Salem et al., 2024) often combined with artificial intelligence for evaluation (Kopaczka et al., 2019). However, most systems assess a variety of parameters (like indirect calorimetry, etc.) alongside with activity and are therefore not intended for group-house mice. These systems are highly sophisticated, but also expensive and, thus, are inadequate for high-throughput analyses, whereas the DVC is more cost-effective, especially monitoring the animal husbandry in a daily routine. Those systems are often only used for short-term analyses under specific conditions, but animals need further handling, which affects their circadian rhythmicity, behavior, and activity itself. The DVC is an automated home cage monitoring system based on electromagnetic waves to detect cage activity, bedding moisture, and water/diet supply 24/7 in real time of group-house mice in their home cage (Klein et al., 2022), minimizing direct handling and providing animal (welfare) information to reduce operator actions. All continuous data are recorded and can be analyzed directly or retrospectively.

Analyzing circadian rhythms and motor activity is important for accurate biological, behavioral, metabolic, and neuroscience studies (Kamei et al., 1994; Hillar et al., 2018; Stojakovic et al., 2018). In addition, the 3R principles by Russell and Burch (1960) demand lessen any kind of burden and distress. Therefore, we evaluated whether the continuous data recorded in the home cages of group-housed mice could provide qualitative activity profiles while minimizing interaction with the mice and refining their experimental conditions. In addition to the short-term measurements, we also explored the long-term use case to answer whether such activity measurements are beneficial and consistent in longitudinal studies on energy metabolism. Given the limitations in infrastructure, systems, and funding, this approach might help to address shortcomings related to activity measurements, e.g., in behavioral studies. In this study, we first processed and examined the activity data of group-housed mice at individual time points. Next, we compared activity profiles of the same animals using both a well-established LabMaster system versus DVC’s continuous data recordings. Furthermore, we reinvestigated a previously published activity phenotype in the AD mouse model APP23 and verified it using the continuous group-housed data. Finally, we evaluated the treatment effect on activity in a Streptozotocin (STZ)-induced type-1-like diabetes model.



2 Materials and methods


2.1 Animals

Animal experiments complied with institutional and national ethical guidelines according to European directive 2010/63/EU as well as the 3Rs principle and ARRIVE guidelines and were conducted according to internationally accepted standards. All animal experiments, of which data were previously collected and were reanalyzed for this study, were reviewed and approved by Landesamt für Gesundheit und Soziales Berlin (LAGeSo: G0074/16, G0219/17, G0104/20). DVC data were recorded in home cages in animals maintained for final experiments, approved by LAGeSo (T0180/16) and Forschungseinrichtung für Experimentelle Medizin (FEM: T-CH19/21) at Charité—Universitätsmedizin Berlin.



2.2 Cage and husbandry conditions

For this study, we reanalyzed and/or recorded data from wild-type (WT), knockout (KO), and transgenic (TG) APP23 mice. All mice were allocated as littermates to genotype-specific groups, predominantly pair-housed but not mixed per cage after weaning. They were fed a standard maintenance diet (STD, Rat/Mouse-Maintenance V1124-300, Ssniff) or western diet (WD: high-fat diet (60% kcal fat) D12492, Research Diets via Brogaarden, plus 6% sucrose in drinking water) as indicated. Mice were maintained in standard individually ventilated cages with a 12 h light/dark cycle at 22 ± 2°C, a relative humidity of 55 ± 15%, and ad libitum access to diet and drinking water until the final experiments. As enrichment, cages were supplied with transparent tunnels, translucent red houses, and the same amount of bite sticks, nesting material, and bedding (500 mL), which was changed weekly on Monday to ensure standardized activity measurement. All conditions for comparisons between genotypes were kept identical.



2.3 Activity measurements


2.3.1 LabMaster

For these measurements, a LabMaster from TSE systems (Bad Homburg, Germany) was used, in which mice were analyzed single-housed using the same cage system as in husbandry with red translucent houses, not interfering with activity counts but without other enrichment, for indirect calorimetry as well as activity monitoring. The LabMaster measurements are a standard procedure in our phenotyping pipeline to assess indirect calorimetry and activity of various mouse models (Schreyer et al., 2021; Brachs et al., 2018). All mice were familiarized with the device’s special water bottles in their home cage setting for 24 h 1 week before analysis. Mice were assigned to an individual LabMaster cage in the morning, and measurements were started for 48 h under maintenance of the respective diet. After an approximately 9 h adaption phase, data were evaluated over the next 36 h, including two night phases (6 p.m. to 6 a.m.) as average and one day phase (6 a.m. to 6 p.m.). After measurements, mice were regrouped in their home cages. From the cage data, we calculated mean locomotor activity (XT + YT) in counts per hour and total differential distance (DistD) in cm per hour for each mouse.



2.3.2 DVC monitoring

DVC is a home cage monitoring system based on capacitance sensing technology (CST) non-invasively tracking electrode data of each cage in real time. Under each cage, a sensor board with 12 electrodes is installed sensing electrical changes once every 0.25 s (Iannello, 2019). Measurement of the Animal Activity Index is detailed in Iannello (2019). Briefly, the different electrical capacitance was transformed computationally into the locomotion index, which reflects the activity density of mice. Data are continuously monitored and stored for each cage 24/7 automatically. The activity data were collected and can be visualized using the cloud-based platform Tecniplast DVC Analytics. Data are visualized as monthly, weekly, and daily activity in Figures 1A–C.
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FIGURE 1
 Illustration of activity data from group-housed, genotype-separated WT and KO mice fed STD or WD monitored in the DVC and visualized by the Analytics platform. (A) Activity index curves of DVC measurements of STD-fed mice over 82 days. (B) Activity as weekly average. (C) Mean daily activity averaged over all days. (D–F) Analytics visualization of time courses of WD-fed WT and KO mice analog to (A–C). Data are presented on a cage base (A,B,D,E) per day (A,D) as weekly time course averaging the 12 weeks of intervention (B,E) or daily mean as circadian rhythm (C,F) in Analytics. Night phases are gray-shaded (C,F). KO, knockout; STD, standard maintenance diet; WD, western diet; WT, wild type.


From Analytics, activity index data per cage was exported to Excel and processed for statistical analyses, interpretation, scientific visualization, and comparisons with LabMaster activity data. To calculate “individual” mouse activity, the recorded intra-cage activity index as hourly mean was exported and downloaded. Data were further processed in Excel. The time courses and sensor sample readings were compared between the groups, considering the size of each group, and checked for irregularities or highly deviating values or errors such as changeover of winter/summer time, for which the time sequence had to be rearranged. Mean hourly cage activity was averaged by the number of mice in the respective cage, sorted by day and night phase and these mean activity values per mouse were used for further evaluation. To analyze movement distance, the mean animal tracking distance was calculated in cm per hour for each single-housed mouse from WT and KO experiments, averaged over 6 days from the week before the LabMaster measurements.

For scientific DVC analyses, mice were predominantly pair-housed, strictly separated by genotype or treatment, as a mixed cage would not allow calculating activity signals to a single individual. For standardization, bedding (bedding and nesting material) was partially changed weekly on Monday, while cage lid and body with mouse house, tunnel, and bite material were continued. We excluded the day of cage change from activity analysis, not to incorporate this noisy day phase due to exploration behavior of the mice in our data. An exception was the STZ study, for which we defined two regular cage changes per week (on Monday and Thursday) due to the strongly increasing urination caused by STZ treatment. To obtain comparable measurements, this was also carried out for the control group, and data of all days were included in analyses, accepting the increased activity due to the cage changes. Mice of all cohorts were maintained in the DVC until finally sacrificed for cell/organ harvesting, except for the 48 h LabMaster measurements at the end of each intervention.




2.4 Mouse models

In this study, we examined data from individual-housed mice from LabMaster measurements and group-housed mice in the DVC of different mouse models and ongoing projects. The APP23 line was used to reproduce a distinct hyperactive phenotype (Schreyer et al., 2021). APP23 offspring were weaned and genotyped at 3–4 weeks of age and littermates of the same genotype and sex were group-house, predominantly in pairs. APP23 cohorts used for LabMaster or DVC were not identical. LabMaster activity was reevaluated from existing data and DVC activity data collected from a recent project. A second project investigating a metabolic phenotype of KO mice was monitored in the DVC to directly compare activity profiles with LabMaster measurements. LabMaster measurements were performed in the last week of intervention and compared to DVC activity data from the previous week. Furthermore, a type-1-like diabetes model was kept in the DVC to recapitulate its specific hypoactive phenotype (Kou et al., 2014; Ramadan et al., 2006). Female C57Bl/6J mice were injected with Streptozotocin (STZ, 55 mg per kg body weight) or vehicle control (CTR) for five consecutive days to induce pancreatic islet β-cell destruction. 12 CTR (6 cages) and 16 STZ-treated mice (8 cages) were pair-housed in the DVC 2 weeks before and 8 weeks after treatment. All mice were also measured using the LabMaster in week 8 for comparison of activity profiles.



2.5 Statistical analysis

Graphs were generated in Tecniplast Analytics (Tecniplast) and GraphPad Prism 9 (GraphPad). Statistical analyses were performed in GraphPad Prism 9. Activity data from DVC are presented as activity index (percentage/h) and from LabMaster as activity counts (counts/h) and movement distance as animal tracking distance (cm/h) and DistD (cm/h), respectively. Graphical representation of data is presented as mean ± SEM. Statistical significance was set as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Normality distribution of data was analyzed by the Shapiro–Wilk test and equality of variances by Levene’s test. According to data distribution, unpaired two-tailed t-test with Welch’s correction was performed to compare the differences between two groups and two-way ANOVA with Bonferroni multiple comparisons test for post-hoc analysis for more groups or repeated measures, respectively. To compare the activity data between DVC and LabMaster in different units, Z-scores were calculated for every time point of respective measurement (circadian profiles or day and night phase activity) using Z = (x − μ)/σ. Z-scores were statistically analyzed by (rm) two-way ANOVA with Bonferroni multiple comparisons test for post hoc analysis. In addition, the standardized effect size of genotype or treatment (WT vs. KO, WT vs. TG, CTR vs. STZ) analyses was calculated using Hedges’ g (g, analog to Cohen’s d), corrected for small/unequal sample size by g = (μ1 − μ2)/√(σ12 + σ22/2) × (n1 + n2 − 3)/(n1 + n2 − 2.25) × (√((n1 + n2 − 2)/(n1 + n2))) for each system and compared to estimate difference detection potential. To further evaluate whether measurements of both systems had similar effect size values, we determined the variance of Hedges’ g by var (g) = (1 − (3/(4 (n1 + n2) − 9)))2 × (((n1 + n2)/(n1 × n2)) + g2/(2 (n1 + n2))) to estimate a higher practical relevance of one system. These data are listed in the respective tables.




3 Results


3.1 DVC illustrates locomotor activity index and circadian rhythm of knockout and WT mice

For our phenotyping pipeline, we housed the experimental cohorts of our different mouse models separated by genotype to characterize specific diet and drink intake. So, we came up with the idea to investigate whether DVC’s intra-cage sensor data for activity could provide valid circadian activity profiles. First, we did a rough screening of the cage-based activity index in Analytics (Tecniplast), visualized on a monthly, weekly, and daily basis to present activity metrics (Figures 1A–C). The Animal Locomotion Index (Smoothed) is based on measurements of activation density per cage (Iannello, 2019) and is averaged as daily activity profile, in which basic circadian patterns can be recognized. For further evaluation, we exported the activity data of each cage (per hour) and calculated the individual mouse activity by dividing it by the number of mice in the respective cage. We started by analyzing data from a metabolic project. Here, male WT and KO mice were single- or pair-housed (50%). Single housing was unintentional based on respective litter size or the occurrence of intra-cage aggression (for each diet, 4–6 cages/genotype). In the case of intra-cage aggression, the aggressor mouse was separated and assigned to a new cage. This allowed us to track mouse activity throughout the experiment in a genotype-specific fashion. Before, it was not feasible due to infrastructural limitations, as we only have a busy booked LabMaster device for short-term measurements of indirect calorimetry and activity. Therefore, the LabMaster system is only available for such measurements one time or a maximum of two times during an entire experiment.

We also visualized the DVC activity data of western diet (WD)-fed mice as continuous cage activity during the 3 month intervention (84 days, Figure 1D), as averaged weekly activity (Figure 1E), and as mean daily circadian rhythm (Figure 1F). Apart from the mean daily activity profile, the smoothed weekly and overall activity indices did not provide intuitively clear curves indicating differences. However, the mean circadian profile suggested a potentially lower activity in KO, possibly concealed by averaging over the experiment. From LabMaster analysis, we only analyzed the final week of the dietary interventions, but with the DVC we were able to investigate activity for each week separately. Therefore, our aim was to process the DVC data to derive statistically analyzable and scientifically presentable values.



3.2 Processed DVC data for scientific evaluation: visualization of circadian profiles

Hence, we processed the DVC activity data of mice from both dietary interventions for a detailed evaluation as described above to obtain single mouse activity profiles. After exporting and processing the activity index data of WT and KO mice fed STD over 84 days in the DVC, we were able to generate valid activity profiles for graphical representation and for their statistical evaluation. The circadian activity illustrated comparable activity patterns of WT and KO mice during STD (Figures 2A–B), not indicating any difference. During WD, we only obtained similarly uninformative and highly variable activity graphs in Analytics as mentioned above, though the mean daily activity profile implied a potentially reduced circadian rhythm in the KO cages. From the recorded data of the first week of WD feeding, we generated the average daily circadian profile and observed a significant reduction of nocturnal activity in KO mice (Figure 2C). This activity phenotype was robust during the first month of the WD intervention but was only observed there (Figure 2D). Afterwards, the activity of WT mice also decreased due to diet-induced obesity-mediated body weight gain (Figure 2E). Such was also described in a study by Milhem et al. (2024). We would have missed this early KO phenotype because we can generally only perform short-term measurements. Usually, activity and indirect calorimetry of mouse models are assessed before the start and at the end of the specific experiment due to the infrastructural limitations, and not having sufficient monitoring time available in our LabMaster system. The risk of not recognizing specific differences is likely to be an issue for longitudinal studies in particular.
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FIGURE 2
 Detailed analysis and scientific presentation of processed DVC activity data of a mouse model on STD or WD. (A,B) Activity of WT and KO mice over week 1 (A) of STD feeding and the corresponding average daily circadian rhythm (B). (C) The average daily activity as circadian rhythm of WT and KO mice on WD over the first week (genotype: F (1, 10) = 5.283, p = 0.044). (D) Weekly activity pattern for the first 4 weeks of WD (genotype: F (1, 10) = 6.774, p = 0.026). (E) Average daily activity per week of WT and KO during the entire WD intervention (week 1: p = 0.044, week 2: p = 0.035, week 3: p = 0.036, week 4: p = 0.021). Data are presented as mean ± SEM and were analyzed by repeated measures two-way ANOVA with Bonferroni multiple comparisons test (A–D) and unpaired two-tailed t-test with Welch’s correction (E). nSTD = 7 vs. 7, nWD = 6 vs. 6 for WT and KO. *p ≤ 0.05. Night phases are gray-shaded. KO, knockout; LM, LabMaster; STD, standard maintenance diet; WD, western diet; WT, wild type.




3.3 DVC system detected similar activity changes in mice by genotype compared to the calorimetry system under diet intervention

To validate the accuracy, consistency, and scientific quality of our activity profiles derived from DVC monitoring, we directly compared LabMaster measurements of locomotor activity counts of WT and KO mice in the last week of STD or WD intervention with the DVC recordings from the previous week.

On STD, circadian rhythm from DVC (week 11) showed similar curve progression for both genotypes, in which KO tends to move slightly less during dark phase relative to WT mice, which is not statistically significant (Figure 3A). This was consistent with the LabMaster measurements (week 12), which showed comparable circadian profiles, also with a slightly reduced nocturnal activity of KO (Figure 3B). The more variable curve progression, especially during the day phase, is probably due to the fact that mice were transferred into new cages with fresh bedding and moved to another room for the LabMaster measurements and this stimulated their exploratory behavior. To reduce this, all recorded data are excluded from measurements until the beginning of the first night phase. Such variable data were not observed within the DVC monitoring due to the long-term home cage accommodation, only partial cage change, as well as the exclusion of the regular bedding change day from the weekly activity data analyses. The graphical overlay of the data from both systems revealed similar, matching curves, particularly the pattern during the night phase, for WT (Figure 3C) and KO (Figure 3D), respectively. Similar findings, including the noisy day phase, were observed comparing last weeks of the WD intervention (Figures 3E,F), where the early activity phenotype of KO, as shown in Figure 2E, was no longer obvious. The overlay indicated convincing activity profiles derived from DVC versus LabMaster (Figures 3G,H). In the WD intervention, an even stronger curve-matching of the systems was observed, as obese mice were overall less active, especially during the day phase, which attenuated the home cage effect-dependent difference. However, these graphical comparisons provide no statistical evidence. As both systems measure in different units, a direct comparison is not possible. We, therefore, calculated the Z-scores to statistically compare the data from DVC and LabMaster. For WT and KO measurements on STD, we revealed similar Z-score outcomes statistically corroborating the consistency of the activity measurements from DVC and LabMaster (Table 1). However, the comparisons of Hedges’ g effect size values of WT-KO indicated higher relevance for night phase measurements in the DVC, possibly due to lower variances of values. Beyond that, there are no inter-genotypic differences evident for STD (Figures 4A,B). The intra-genotypic comparisons were not statistically different and showed high concordance of Z-scores for the circadian profiles (Figures 4C,D). The Z-scores from activity measurements of both systems of WD-fed mice showed similar inter-genotypic tendencies (Figures 4E,F), while the intra-genotypic comparisons were statistically indistinguishable (Table 2 and Figures 4G,H). Furthermore, we determined the effect size in our cohorts using Hedges’ g to draw conclusions about how accurately both two systems reflect the degree of effect of activity between the genotypes. The effect size is even higher for DVC monitoring than for the LabMaster measurements for STD and WD cohorts (Tables 1, 2).
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FIGURE 3
 Illustration of processed DVC and LabMaster data for comparison of activity measurements. (A,B) Mean daily activity of the same KO and WT mice on STD was monitored via DVC in week 11 (A) and measured by LabMaster in week 12 (B). (C,D) Overlay of circadian activity curves data from DVC and LabMaster for WT (C) or KO (D). (E,F) Corresponding activity analyses during WD from DVC in week 11 (E) and LabMaster in week 12 (F). (G,H) Curve overlays of both systems for WT (G) and KO (H). Data are presented as mean ± SEM and were analyzed by repeated measures two-way ANOVA with Bonferroni multiple comparisons test (genotype: (A): p = 0.25, (B): p = 0.46, (E): p = 0.28, (F): p = 0.99). nSTD = 7 vs. 7, nWD = 6 vs. 6 for WT and KO. Night phases are gray-shaded. KO, knockout; LM, LabMaster; STD, standard maintenance diet; WD, western diet; WT, wild type.




TABLE 1 Statistical evaluation of activity profiles of STD-fed WT and KO mice (n = 7 per genotype) consecutively measured with DVC and LabMaster.
[image: Table1]
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FIGURE 4
 Visualization of Z-scores calculated from DVC and LabMaster activity data of WT and KO cohorts. (A–D) Z-scores of circadian profiles from mice fed STD, comparing data between genotypes (A,B) from DVC (A) or LabMaster (B) as well as intra-genotypic comparisons of DVC and LabMaster (C,D) of WT (C) and KO (D). (E–H) Z-score analyses of WD-fed mice, comparing genotypes with each other (E,F) from DVC (E) or LabMaster data (F), as well as intra-genotypic comparisons of DVC and LabMaster (G,H) for WT (G) and KO (H). Data are presented as mean ± SEM. Same WT and KO mice on STD (n = 7) or WD (n = 6) were successively recorded in both systems. Inter- and intra-genotypic comparisons were evaluated by repeated measures two-way ANOVA (genotype: (A): p = 0.32, (B): p = 0.45; system, (C): p = 0.98, (D): p > 0.99; genotype, (E): p = 0.58, (F): p = 0.97; system, (G): p = 0.75, (H): p = 0.75) with Bonferroni’s multiple comparisons test ((A–H): all adjusted p = not significant). Night phases are gray-shaded. KO, knockout; LM, LabMaster; SD, standard deviation; STD, standard maintenance diet; WD, western diet; WT, wild type.




TABLE 2 Statistical evaluation of activity profiles of WD-fed WT and KO mice (n = 6 per genotype) consecutively measured with DVC and LabMaster.
[image: Table2]



3.4 Comparison of movement distance measurements of both systems

As the activity profiles of both systems can only be indirectly compared, we also evaluated distance of movements. This parameter is recorded in the same unit for both systems. To be able to directly analyze distance between DVC and LabMaster, we exploited data from the same experiments as above but only used data of mice, which had to be single-housed already in the DVC before or during the experiment. Although this was only a small sample, a possible social effect is therefore not relevant here.

We did not observe genotypic differences in distance of WT and KO mice on STD, neither with the DVC (Figure 5A) nor with the LabMaster (Figure 5B). However, these graphs depicted a lower distance but also less measurement variation for the DVC (Table 3). Direct analysis of the inter-genotypic data from both systems showed that WT covered a higher distance during the LabMaster measurement as in the DVC (Figure 5C). This difference was not statistically evident when comparing the two KO measurements (Figure 5D). As in the activity analyses, we also found no genotypic differences of distance during WD in the DVC (Figure 5E) or in the LabMaster measurements (Figure 5F). However, the movement distance covered by WD-fed mice was lower in the LabMaster, which was not observed in the DVC recordings, where the distance between STD and WD was quite similar. Therefore, intra-genomic analyses between DVC and LabMaster measurements revealed reduced distance for WT–WT (Figure 5G) as well as KO–KO comparisons (Figure 5H). The variance of DVC measurements is lower also on WD, which is consistent with a reduced distance (Table 3), but all these distance analyses lack power due to the very small sample size.
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FIGURE 5
 Analysis of movement distance of single-housed WT and KO mice recorded by DVC versus LabMaster. (A–D) Mean daily movement distance of STD-fed mice comparing genotypes (A,B) from DVC (A) or LabMaster (B) as well as intra-genotypic comparisons of DVC with LabMaster (C,D) of WT (C) and KO (D). (E–H) Distance analyses of WD-fed mice, comparing genotypes with each other (E,F) monitored in the DVC (E) or LabMaster (F), as well as intra-genotypic comparisons between DVC and LabMaster (G,H) only for WT (G) or KO (H). All data are presented as mean ± SEM. Analysis of data from only single-housed WT (n = 5) and KO (n = 3) during STD (A–D) or WT (n = 3) and KO mice (n = 4) on WD (E–H), which were successively measured in DVC (week 11) and LabMaster (week 12). Inter- and intra-genotypic comparisons were analyzed by repeated measures two-way ANOVA (genotype: (A): p = 0.20, (B): p = 0.21; system, (C): p = 0.003, (D): p = 0.09; genotype, (E): p = 0.20, (F): p = 0.30; system, (G): p = 0.03, (H): p = 0.001). Night phases are gray-shaded. KO, knockout; LM, LabMaster; STD, standard maintenance diet; WD, western diet; WT, wild type.




TABLE 3 Mean, SD, and Z-score analysis of distance data of single-housed WT and KO on STD and WD measured in DVC and LabMaster.
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3.5 Transfer and application of the DVC activity profile evaluation to other mouse models

Next, we aimed to verify our approach of data processing to generate scientific activity profiles. Therefore, we reinvestigated the transgenic AD model APP23, for which we previously described divergences in activity (Schreyer et al., 2021). We observed that APP23 females exhibit elevated night phase activity during youth adulthood, assessed using the LabMaster (Figure 6A). For this study, we reanalyzed already recorded DVC data of APP23 mice to corroborate the activity phenotype of young APP23 females. With the DVC, increased activity during the night phase was also evident (Figure 6B). We observed an elevated nocturnal activity as early as 6 weeks of age, however, averaging day and night phase led to a loss of day-specific significance (Figure 6C). The circadian activity profile over the first week clearly showed increased activity during the night phase (Figure 6D) in accordance with LabMaster (Figures 6A, 6 weeks). Evaluating measurements of both systems using the Z-scores showed accurate conformity replicating the inter-genotypic nocturnal difference of APP23 TG (Figures 6E,F), even with independent measurements from different mice of the same genotypes. Intra-genotypic comparisons were almost identical (Figures 6G,H). No differences in activity were found between measurements of both systems (Table 4). The Hedges’ g effect size of both measurements also matched (Table 4). The fact that the effect size is higher for the LabMaster (night phase) is due to the number of mice used (35 and 26 for WT and TG). Although the number of mice (15 WT and 9 TG) analyzed in DVC was significantly lower, a similarly high effect size of the activity measurement could be achieved. Whether this effect is due to the home cage accommodation or superior activity measurements cannot be answered here. Our approach enabled us to precisely validate the findings of the LabMaster activity measurements using the DVC data analysis.

[image: Figure 6]

FIGURE 6
 Activity measurements and Z-score analysis of young APP23 females with described nocturnal hyperactivity using the DVC. (A) Reanalysis of previously recorded day and night phase activity of WT and APP23 transgenic (TG) female mice, single-housed during LabMaster measurement at different ages (genotype: F (1, 206) = 52.69, p < 0.001, NP, all p < 0.001). (B) Mean day and night phase activity of 6 week-old group-housed WT and TG females monitored with the DVC (genotype: F (1, 44) = 5.319, p = 0.025, NP: p = 0.025). (C) Average day and night activity during week 6 on STD (genotype: F (1, 154) = 60.86, p < 0.001). (D) Circadian activity rhythm of 6 week-old WT and STZ females (genotype: F (1, 528) = 31.50, p < 0.001). (E–H) Z-scores of mean day and night activity data comparing WT and TG mice from two different APP23 cohorts (E,F) recently monitored using the DVC (E) or previously measured with the LabMaster (F) and intra-genotypic DVC and LabMaster comparisons (G,H) of WT (G) and TG (H). All data are presented as mean ± SEM. Independent groups of WT (LabMaster: n = 35, DVC: n = 15) and TG mice (LabMaster: n = 26, DVC: n = 9) were separately monitored in one of the two systems. Inter- and intra-genotypic comparisons were evaluated by two-way ANOVA with Bonferroni’s multiple comparisons test (genotype: (E): DP: p = 0.28, NP: p = 0.004; (F): DP: p = 0.82, NP: p = 0.009; system; (G): DP: p > 0.99, NP: p > 0.99; (H): DP: p > 0.99, NP: p > 0.99). *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Night phases are gray-shaded. DP, day phase; LM, LabMaster; NP, night phase; SD, standard deviation; TG, APP23 transgenic mice; WT, APP23 wild type mice.




TABLE 4 Z-scores, Hedges’ g, and variance of g from activity data comparing 2 cohorts of WT or APP23 TG mice independently recorded via DVC or LabMaster.
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Finally, we evaluated our approach in another mouse model, the Streptozotocin (STZ)-induced pancreatic β-cell destruction type-1-like diabetes model. In this model, a STZ-dependent activity reduction has already been reported (Kou et al., 2014; Ramadan et al., 2006). For this project, mice were pair-housed in the DVC and injected with either STZ or vehicle as controls (CTR). Compared to the CTR group (Figure 7A), the activity heatmap of STZ illustrated that both day and night phase activity are lower after STZ treatment and that this progresses over time (Figure 7B). To evaluate whether these are significant differences, we processed the DVC data as described. In the basal phase before treatment, the activity profiles of CTR and STZ mice were similar (Figure 7C). However, we already observed a decline in night phase activity 1 week after treatment (Figure 7D). This increased considerably until week 5, almost covering the entire night (Figure 7E). The reduced activity of STZ-treated mice was also measured with the LabMaster in the last week (Figure 7F). Overlay of activity profiles from DVC and LabMaster provided comparable curves for CTR or STZ (Figures 7G,H). Z-score comparisons revealed a high level of agreement (Table 5). Z-scores also reproduced the differences between treatments (Figures 7I,J) and were highly superimposable when comparing the same treatment group from both systems (Figures 7K,L). No significant differences were found between both systems. In this analysis, the same mice were only time-shifted and measured in both systems, but the effect size indicated a higher practical use for the DVC activity data (Table 5). Thus, we were able to corroborate our approach to evaluating activity profiles from the DVC home cage monitoring with minor constraints regarding lower activity due to the social home cage effect.

[image: Figure 7]

FIGURE 7
 Activity profiles and Z-scores analysis of STZ-treated mice from DVC and LabMaster. (A,B) Activity heatmaps of control (CTR, (A)) and STZ-treated (STZ, (B)) pair-housed female mice in 30 min intervals. (C–E) Average circadian activity per week before (basal, (C)), 1 week (treatment: F (1, 26) = 12.19, p = 0.002, (D)), and 5 weeks (treatment: F (1, 26) = 54.96, p < 0.001, (E)) after treatment assessed using DVC monitoring. (F) Circadian activity of CTR and STZ mice was assessed in the final week by LabMaster. (G,H) Overlay of activity curves recorded with LabMaster or DVC of female CTR (G) and STZ (H) mice. (I–L) Z-scores of circadian activity data from CTR and STZ mice, comparing treatments (I,J) recorded in the DVC (I) or LabMaster (J) or comparing systems (K,L) of same CTR (K) or STZ mice (L). All data are presented as mean ± SEM. Same CTR (n = 12) and STZ mice (n = 16) were successively monitored in both systems. Inter- and intra-treatment comparisons were analyzed by repeated measures two-way ANOVA (genotype: (E): p < 0.001, (F): p < 0.001; system: (G): p = 0.13, (H): p = 0.15) with Bonferroni’s multiple comparisons test (all adjusted p = not significant). nDVC = 12 vs. 16, nLM = 12 vs. 15 for CTR and STZ. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Night phases are gray-shaded. CTR, vehicle-treated control mice; LM, LabMaster; SD, standard deviation; STZ, streptozotocin-treated mice.




TABLE 5 Z-scores and Hedges’ g comparisons of CTR- and STZ-treated mice successively monitored in DVC and LabMaster.
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In summary, we could use the DVC activity data for scientific evaluation in a comparable manner to an established systems for activity assessment. Processing the activity data of a pair- or group-house (up to 3) mice of the same genotype or treatment provided valid data for statistical analysis and proper visualization.




4 Discussion

Since energy metabolism is of fundamental importance for metabolic research, the accurate and efficient measurement of locomotor activity of laboratory animals is essential. Although previous reports have emphasized the working principles and protocols of DVC monitoring in various (disease) models, its utility for research in multiple fields was poorly investigated, and validation of scientifically robust activity profiles warranted further investigation. The DVC measures activity automatically as a parameter in real time 24/7. Thus, we propose an approach to process the DVC monitoring data to assess individual activity profiles during social housing in the home cage. In our study, we show DVC-derived activity profiles and circadian rhythms from different mouse models. We compared these activity measurements with those of a conventional, established system, the TSE LabMaster, to ensure the consistency of the derived activity profiles. Moreover, we used the DVC in two other mouse models to reproduce their known activity phenotypes to further validate our approach. With it, we obtained longitudinal profiles for daily, weekly, and monthly activity that showed robust and valid circadian rhythms. The locomotor activity (of mice) varies across the lifespan (Brust et al., 2015) and age-related changes in a wide range of behaviors in mice have been demonstrated (Shoji and Miyakawa, 2019). Hence, we propose the DVC as an efficient and 3R-suitable system to assess activity in longitudinal studies, as it combines non-invasive recording of convincing activity profiles with group housing in a home cage.

Systems that measure activity as a parameter, among other things, inevitably share similarities, but often completely differ in the technologies used. The LabMaster from the PhenoMaster family uses an infrared light beam frame (ActiMot) to assess spontaneous locomotor activity (Edelsbrunner et al., 2009). In contrast, the DVC detects intra-cage activity by measuring changes in electromagnetic fields (Iannello, 2019). This is safe for the animals and does not affect them (Burman et al., 2018; Pernold et al., 2019; Recordati et al., 2019). These data are automatically analyzed in a cloud-based platform to support cage maintenance and welfare aspects and also can detect deviations from the “natural” behavior of the preceding days to send alerts. A major advantage of this monitoring is that it is recorded in the home cage without any additional disturbance to the mice, as cage changes and handling affect behavior, circadian clock, and sleeping parameters and cause stress for mice (Balcombe et al., 2004; Rosenbaum et al., 2009; Febinger et al., 2014). Moreover, cage changes are known to influence activity in different strains increasing basal activity over 5 h (Fuochi et al., 2021). Mice are nocturnal and mainly reveal behavioral traits, especially at night (Eckel-Mahan and Sassone-Corsi, 2015), when staff and scientists are not present. Therefore, continuous evaluation of activity profiles and their specific changes, particularly during the night phase, can benefit numerous research areas and pharmacology. As we show here, all our evaluated mouse models exhibited their activity differences in the night phase, which either were identified by specific experimental questions or might otherwise have gone unnoticed. This could be a major confounder of specialized systems that are often only used for short-term monitoring due to infrastructural shortcomings. In addition to these functions, we investigated whether the recorded activity data could also be processed to pass a scientific evaluation and statistical analysis.

Since activity is monitored in different units by DVC and LabMaster, measurements of both systems cannot be statistically analyzed. Therefore, we calculated Z-scores to standardize both measurements for a direct comparison. The normalized parameters not only confirm the difference we already observed between genotypes and treatment, respectively, but also revealed almost identical activity measurements of the same genotype/treatment from DVC and LabMaster. All Z-score analyses were in statistical agreement. Furthermore, we evaluated effect size using Hedges’ g adjusted for small/unequal sample size for inter-genotypic/treatment comparisons to check the effectivity of both monitoring systems. The effect size of the activity measurements with the DVC system was at least similar, often higher than those from LabMaster indicating a more accurate activity monitoring presumably due to husbandry conditions such as the home cage effect and the social housing.

In our study, we evaluated the DVC activity measurements of a respective mouse model comparing diet-induced obesity-dependent reduction of activity, previously assessed with other conventional systems (Brachs et al., 2018; Greenman et al., 2013; Clemmensen et al., 2015). Consistently, we observed similar activity findings analyzing data of both systems for dietary interventions. We also revealed early differences that we would otherwise have missed due to infrastructural restrictions of our experimental pipeline. Our results show that the DVC can produce continuous, accurate, and comprehensive mouse circadian rhythms in the home cages, preconditioned mice are separated by genotype, treatment, or such and not mixed within that cage. In contrast, other systems often require, e.g., single housing, environment/cage change, sensor implantation, or else affecting welfare, behavior, and ultimately also activity through introduction of external stress. To further validate our approach, we reanalyzed the transgenic AD line APP23 mice, in which we described an elevated night phase activity using the LabMaster system (Schreyer et al., 2021). We corroborated the same hyperactive phenotype by continuous DVC monitoring in group-house female APP23. In addition, we confirmed an STZ treatment-dependent reduction in activity (Kou et al., 2014; Ramadan et al., 2006) using the DVC and specified its occurrence, particularly in the night phase. If assessment of activity/circadian rhythms is required as a single parameter, the continuous home cage data provide consistency and reproducibility while saving effort and reducing stress. However, unlike most other available systems, the DVC can only monitor true cage activity, moisture, and their changes, and does not record real activity profiles of individual mice from each home cage.

Our activity profiles derived from DVC monitoring revealed lower and unnoisier day phase activity compared to the LabMaster measurements indicating an advantage of home cage monitoring of group-housed mice, which do not explore an unfamiliar, new environment resulting in a more sedentary resting phase. The increased noise in the curve progression of LabMaster, particularly during the daytime, is likely due to the mice being transferred to new cages with fresh bedding and moved to another room for the LabMaster measurements. This likely stimulates their exploratory behavior. This elevated activity was not observed throughout our DVC monitoring potentially due to long-term and home cages accommodation, together with exclusion of the regular bedding change day from the weekly activity data analyses. Therefore, we assume that the DVC monitoring provides more “natural” circadian rhythms regarding activity measurements compared to the experimental systems which are mostly used for short-term analyses. Overall, in terms of activity profiles, the DVC seems to better reflect the regular routine of nocturnal animals.

However, a restriction of the DVC monitoring is the inability to measure true individual data for specific mice in the group housing setup. All our evaluations are only possible as mice are separated by genotype, treatment, or intervention. Another DVC limitation is its technology which currently monitors only changes in electromagnetic fields in the cage and what can be derived from these values such as activity, Regularity Disruption Index (Golini et al., 2020), bedding moisture, and leaking bottles. Other systems, such as the TSE LabMaster, primarily analyze several other parameters, such as gas calorimetry (O2 and CO2) to calculate energy expenditure of single-housed mice, where activity represents only a secondary factor.

The movement distance is measured by both systems in the same unit and should be directly comparable; however, we found that single-housed mice cover less distance in the DVC than in the LabMaster. An explanation could be that an increased exploration behavior of mice transferred to the LabMaster has still more effect on activity and distance of the second day phase and the night phases due to the cage and environment changes as the partial cage change in the DVC. The difference in distance measurements of the two systems might also be related to technical specifications. The LabMaster detects activity and distance with a unique 5 mm sensor spacing. While the DVC monitors activity and distance via a sensor board with 12 electrodes sensing electrical changes once every 0.25 s. Both parameters, activity and distance, are not congruent between these systems, but our relative comparisons between genotypes or treatments show that we are able to detect the same phenotypes using either system.

In conclusion, we evaluated DVC’s monitoring data regarding scientific utilization of circadian activity patterns, their reproducibility as well as comparability to an established, conventional system to ensure valid and robust results. Therefore, we summarized previous observations from different disciplines to corroborate the accuracy of activity profiles. Our approach can be deployed in numerous research areas to assess locomotor activity in a less intrusive and more objective way. In terms of 3R principles, the home cage-based monitoring simultaneously refines animal welfare through social housing, less handling, and finally reduction of stress. Furthermore, high-throughput longitudinal studies can be easily implemented as a DVC rack can accommodate 70 cages, monitoring them 24/7 while additionally assisting with animal care and maintenance.
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Z-scores of each measurement were calculated for direct comparison by two-way ANOVA to verify the consistency of measurements of both systems. Hedges' g was determined to quantify the
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