

[image: Personality matters – The interplay between consistent individual differences and mouse welfare in female C57BL6/J mice]
Personality matters – The interplay between consistent individual differences and mouse welfare in female C57BL6/J mice





ORIGINAL RESEARCH

published: 20 August 2024

doi: 10.3389/fanim.2024.1423814

[image: image2]


Personality matters – The interplay between consistent individual differences and mouse welfare in female C57BL6/J mice


Marlene G. U. Sroka 1,2*, Oliver Ambree 3,4, Celina Dohmen 1,3, Rupert Palme 5, Sylvia Kaiser 1,2 and S. Helene Richter 1,2


1 Department of Behavioural Biology, University of Münster, Münster, Germany, 2 Deutsche Forschungsgemeinschaft (DFG) Research Training Group EvoPAD, University of Münster, Münster, Germany, 3 Department of Behavioural Biology, Osnabrück University, Osnabrück, Germany, 4 Center of Cellular Nanoanalytics, Osnabrück University, Osnabrück, Germany, 5 Experimental Endocrinology, Department of Biological Sciences and Pathobiology, University of Veterinary Medicine, Vienna, Austria




Edited by: 

E. Tobias Krause, Friedrich-Loeffler-Institute, Germany

Reviewed by: 

Debra Hickman, Purdue University, United States

Jeremy Davidson Bailoo, Texas Tech University Health Sciences Center, United States

*Correspondence: 

Marlene G. U. Sroka
 marlene.sroka@uni-muenster.de


Received: 26 April 2024

Accepted: 25 July 2024

Published: 20 August 2024

Citation:
Sroka MGU, Ambree O, Dohmen C, Palme R, Kaiser S and Richter SH (2024) Personality matters – The interplay between consistent individual differences and mouse welfare in female C57BL6/J mice. Front. Anim. Sci. 5:1423814. doi: 10.3389/fanim.2024.1423814



To ensure good welfare of animals in human hands, it is essential to modify housing conditions according to the animals’ needs. Traditionally, the effects of such modifications are studied by means of group-level comparisons, thereby widely neglecting consistent inter-individual differences (i.e., so-called ‘animal personalities’). However, as animals with distinct personality types might differ in their environmental needs and hence react differently to the same environment, such systematic inter-individual differences might have important welfare consequences. This becomes particularly apparent under laboratory conditions, where animals are typically housed under highly standardized and barren environments. Against this background, we here aim to investigate personality-dependent welfare consequences in response to different housing conditions in laboratory mice. Female C57BL/6J mice were characterized for their personality type in exploration behavior and the most and the least explorative individuals were set up in either simple or in highly complex housing conditions that included constantly changing environmental enrichment items. We monitored individual welfare by studying behavioral, physiological, and immunological outcome measures. Besides personality-dependent differences in immune parameters and overall improved welfare under complex housing conditions, we indeed found hints that individual mice were differently affected in their welfare depending on the specific combination of personality type and housing condition. Specifically, highly explorative mice appeared to be more adversely affected by simple housing, but also profited more from complex housing compared to low explorative mice. These findings indicate that welfare promoting adjustments do not necessarily benefit all individuals equally and therefore, call for a shift of perspectives in the evaluation of animal welfare.
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1 Introduction

Growing ethical awareness increasingly emphasizes the importance of ensuring good welfare for animals in human hands. For animals in captivity, the housing conditions represent one of the main targets for improving animal welfare. Whereas restrictive housing conditions often impair animal welfare, enriched housing conditions have several positive effects on the welfare of captive animals, like improved immunocompetence, anti-cancer and anti-obesity effects, improved cognitive abilities, increased neurogenesis, delayed disease progression and a reduced hypothalamic–pituitary–adrenal (HPA) activity, a good indicator for reduced stress responses (e.g., Kempermann et al., 1997; Nithianantharajah and Hannan, 2006; Meijer et al., 2007; Cao et al., 2010, 2011; Zheng et al., 2020). Furthermore, animals in enriched housing environments show less anxiety- and depression-like behaviors and less abnormal behaviors, like stereotypies (e.g., Gross et al., 2011; Jha et al., 2011; Fureix et al., 2016; Bahi, 2017; Hobbiesiefken et al., 2021). Different enrichment items, like running wheels, structural elements, tunnels or shelter, or the usage of different materials, achieve these positive effects as they overall motivate physical activity and increase sensory, motor and cognitive stimulation (Slater and Cao, 2015).

So far, these studies have concentrated on group-level comparisons. However, in 2008 Donald Broom already pointed out, that welfare is about the individual. And indeed, related fields, such as behavioral ecology puts the individual more at the center and extensively investigates repeatable individual behavioral differences (i.e., differences that are consistent across time and/or context) (Réale et al., 2007). Under the term animal personality, such consistent inter-individual differences have been reported in many taxa, ranging from invertebrates to mammals (Gosling, 2001; Bell et al., 2009). Furthermore, they have been found to arise despite identical genetic and environmental background (Freund et al., 2013; Bierbach et al., 2017). Importantly, personality differences have also been shown to have ecological consequences, e.g., individuals with different personality types are differently adapted to their environment (e.g., Sih et al., 2004; Réale et al., 2007; Laskowski et al., 2022) and some personality types are assumed to be better suited than others to thrive under specific environmental conditions (Eccard et al., 2022).

As difficulties in adapting to the environment are often associated with poor welfare (Broom, 2008), the question arises, whether personality differences might bear a consequence for animal welfare, too. More precisely, the query is as to whether the effects of enriched housing on animal welfare described above, affect all individuals in the same way or whether individuals with different personality types are affected differently. In line with this assumption, few studies already suggest that animal personality might influence the welfare of animals in captivity (Huntingford and Adams, 2005; Tetley and O’Hara, 2012; Carere and Maestripieri, 2013; Richter and Hintze, 2019). For example, though not focusing on the interplay between personality and housing, personality differences in rats have been linked to differences in stress levels (Franks et al., 2014). Likewise, consistent individual differences in stress coping strategies in mice and rats have been discussed to have consequences for health and disease (de Boer et al., 2017). However, empirical studies which systematically investigate the welfare consequences of personality differences in different housing environments are still missing.

Against this background, we here transfer the concept of animal personality from behavioral ecology to animal welfare science and argue that the personality of animals might be relevant to ensure good welfare of laboratory animals. More specifically, by using laboratory mice, we aimed to investigate whether the combination of personality type and housing condition results in differences in individual welfare. As in laboratory practice, housing conditions are typically designed in such a way that they constrain exploration behavior, we concentrated on consistent individual differences in exploration and contrasted two housing environments, a simple and a more complex environment. Previous studies have already shown that exploration behavior is one of the most repeatable behavioral traits in animals (Bell et al., 2009), making it a good candidate to explore personality-dependent responses to simple or complex environments. Based on the assumption that personality-dependent differences in environmental needs exist, we hypothesized that highly explorative mice show stronger welfare impairments in simple conditions compared to low explorative mice. Contrastingly, we expected the personality types to show more similar welfare responses in complex conditions as such conditions, because of their diversity, can presumably satisfy the environmental needs of multiple personality types. In addition to interaction effects between personality and housing on animal welfare, we also expected to find housing-independent differences between the personality types and overall improved welfare in more complex compared to simple housing conditions. Welfare was assessed by behavioral (e.g., Mason, 1991; Yalcin et al., 2007; Gaskill et al., 2013; Brown et al., 2017), physiological (e.g., Baumans, 2010; Hau et al., 2016; Bailoo et al., 2018a) and immunological (e.g., Staley et al., 2018; Ambrée et al., 2019) indicators.




2 Methods



2.1 Animals and housing conditions

The study included 72 female C57BL/6J mice, ordered from Charles River Laboratories (Research Models and Services, Germany GmbH, Sulzfeld, Germany) at about 4 weeks of age (PND (postnatal day) 28; please note that Charles River Laboratories delivers mice with an age range from PND 28 – 34, however, for simplicity the age of all mice was considered as PND 28).

Upon arrival, animals were housed in groups of four individuals per cage (= initial housing conditions). Allocation to cages was balanced with respect to catchability out of the delivery boxes (i.e., mouse 1 in cage 1, mouse 2 in cage 2, etc.). To enable individual identification within a cage, mice received partial ear punches. No analgesics were applied, as this routine procedure induces only slight and short-lived pain (Taitt and Kendall, 2019). During this initial housing phase, mice were housed in transparent cages (Makrolon cages type III, 38 × 23 × 15 cm³) containing wood shavings as bedding material (Allspan German Horse Super, Allspan German Horse Vertrieb GmbH & Co. KG, Wismar, Germany) and a paper tissue, a wooden stick (2 × 2 × 10 cm³; ZOONLAB GmbH, Castrop-Rauxel, Germany), a semi-transparent red plastic house and tunnel (Mouse House, Tecniplast Deutschland GmbH, Hohenpeißenberg, Germany; Mouse tunnel, ZOONLAB GmbH) as enrichment. At the age of 16 weeks (PND 112/113 (batch 2/batch 1), see section “Experimental design” for more details), animals were re-grouped into pairs and subjected to two different housing conditions according to the experimental design (“simple” and “complex” housing conditions, see section “Experimental design” for more details). These conditions looked as follows: ‘Simple’ housing conditions (Figure 1) were as initial housing but provided different enrichment items as nesting and gnawing material, which were a cotton nestlet (5 x 5 x 0.5 cm³, ZOONLAB GmbH) and a wooden square (3 x 3 x 3 cm³). As purely barren cages cause yet stronger welfare impairments, we believe that the animals’ welfare responses in housing conditions providing this basic enrichment do not interfere with our study question. ‘Complex’ housing conditions comprised ‘simple’ conditions as home cage, and additionally offered permanent access to a highly-structured ‘playground’ [Figure 1; 50 × 32 × 52 cm3, adapted from (Bračić et al., 2022)], that included additional levels, food sources, nesting and bedding resources and structural elements of different materials (see Supplementary Table S2). Thereby, the home cage was positioned within the playground, where the exact position varied between two batches (see section “Experimental design” and Supplementary Figure S1 for more details). An opening (9 x 4 cm2) was inserted in the lid of the home cage, through which mice could enter the playground. In order to prevent habituation and to continuously offer opportunities to explore, 6 different playgrounds (Figures 1A-F) that varied in exact design and combination of items, were constructed. Over the course of the experiment, complex housed mice experienced each playground, always one playground per week. Each pair had a different playground in the first week, while the sequence of presented playgrounds was the same for all pairs in complex housing. Simple and complex housing conditions differed in space availability, however mere additional space of enriched housing has little influence on welfare (Whittaker et al., 2012; Bailoo et al., 2018b).




Figure 1 | Housing conditions. (A–F) Six different playgrounds that were used in complex housing conditions. Each playground contained multiple enrichment items and one home cage. Identical home cages without access to a playground were used in simple housing conditions. (G) Schematic sketch of a playground arrangement, including the position of the home cage and the access from the home cage to the playground (red arrow).



Cages were changed weekly and enrichment items were changed biweekly. Playground enrichment was changed weekly. Changeover to the next playground was conducted 3 days after home cage changes, so that mice perceived the playground as an add-on opportunity to explore in addition to their home cages. Food (Altromin 1324, Altromin Spezialfutter GmbH & Co KG, Lage, Germany) and water was provided ad libitum. The housing room was maintained at a reversed 12h dark/light cycle (dark phase starting at 9 am), including a 15 minutes twilight phase, an average temperature of about 22°C and average humidity of about 58%.




2.2 Experimental design

The experiment took place in two batches each including 36 mice, i.e., all procedures were performed in the same way with a 17 weeks long time interval in between (for differences between the batches please see the specific sections of “Specific methods” and Supplementary Table S1).

The experiment consisted of two main phases (Figure 2): a ‘personality characterization’ phase, in which animals were characterized for their personality types by means of their exploration behavior and a ‘housing’ phase, in which animals were subjected to different housing environments and were assessed in terms of their individual welfare and characteristics of their immune system.




Figure 2 | Experimental design. The left panel marks the two phases of the experiment, the personality characterization phase and the housing phase. The middle panel indicates the different exploration personality types and the different housing conditions that were applied in each phase. In the personality characterization phase, mice with unknown exploration personality were characterized into low, intermediate or highly explorative individuals (initial housing). In the housing phase, one low and one highly explorative mouse were then paired in a cage and subjected to either simple or complex housing. The sample size refers to the number of individuals per exploration personality type and housing condition. The right panel illustrates experimental timepoints (t0 – t4), the animals’ age in postnatal days (PND) and the performed tests: The free explorations test (FET) was used to characterize mice for their exploration personality type. At different timepoints, we measured body weight (BW), collected samples for the analysis of fecal corticosterone metabolites (FCMs), observed the home cage behavior (HCB), measured plasma corticosterone (PC) and adrenal gland weight (AG) and analyzed parameters of the immune system (IMS) to evaluate mice welfare and their immune system.



Briefly, upon arrival, all mice were habituated to the initial housing conditions for 6 weeks (PND 28 – 69). During this time, they were accustomed to tunnel handling, which was applied throughout the experiment (Hurst and West, 2010; Gouveia and Hurst, 2013, 2017).

The ‘personality characterization’ started at 10 weeks of age (PND 70) and aimed at identifying consistently distinct personality types in exploration behavior. Therefore, each mouse was repeatedly tested in the Free exploration test (FET) and subsequently assigned to one out of three possible personality types based on the average latency to explore (i.e., voluntarily enter) the FET-arena (see section “Free exploration test” for details): i) low explorers that showed longest latencies to explore the arena (i.e., lowest exploration behavior), ii) intermediate explorers with intermediate latencies and iii) high explorers that showed shortest latencies to explore the arena (i.e., strongest exploration behavior). To contrast the most extreme personality types, only high and low explorers (24 individuals each) participated in this experiment. Intermediate explorative mice were subjected to another study.

The ‘housing’ phase started when mice were 16 weeks old (PND 112/113 (batch 2/batch 1)). Mice were grouped in pairs of always one highly and one low explorative mouse and assigned to either simple or complex housing conditions (see section “Pairing of personality types and allocation to housing conditions” for details). All mice remained in these constellations until the end of the experiment. According to a 2 x 2 factorial design, this resulted in the following four groups, each comprising 12 animals: highly explorative mice in simple housing, highly explorative mice in complex housing, low explorative mice in simple housing and low explorative mice in complex housing (n = 12/group).

During this ‘housing’ phase, the welfare of the animals was monitored at different timepoints (‘t0’ - ‘t4’, please note that with respect to t0 the measurements represent baseline values and were thus taken shortly before animals were subjected to the different housing conditions, see section “Housing phase” for details) and characteristics of the immune system (IMS) were assessed at ‘t4’ to quantify potential personality-dependent reactions to the two different housing environments. Thereby, the welfare assessment was based on behavioral observations (HCB), body weight measurements (BW), the determination of fecal corticosterone metabolite (FCM) and plasma corticosterone (PC) concentrations, on the weight of adrenal glands (AG), and splenic immune cell composition (see the specific sections of “Housing phase”). In order to sample blood for PC measures, to dissect adrenal glands and to analyze splenocytes, animals were sacrificed at the end of the experiment.

Please note, that in between the welfare assessment of ‘t3’ and ‘t4’ (from PND 158 - 178) the mice’s exploration personality type was re-characterized in identical manner as before, i.e., 3 trials of FET as part of another study question (targeting cross-contextual stability of exploration personality). Those data are not included here. Mice were kept in their experimental pair- and housing-constellations during that time and all animals were treated in the same way.




2.3 Specific methods



2.3.1 Personality characterization phase

To identify distinct personality types in exploration behavior, each mouse was tested 3 x in the Free exploration test with 1 week pause in between. Cage enrichment was changed the week before each trial. The four individuals (a, b, c, d) that lived in the same cage were tested on 4 consecutive days, one mouse per day. Hence, mice were tested at PND 70 - 73 (trial 1), at PND 77 - 80 (trial 2) and at PND 84 - 87 (trial 3). All animals were tested between 9:30 am and 1:30 pm (beginning of the dark phase). The sequence in which animals were tested was randomized across cages and the same for the 4 consecutive test days of a trial (i.e., trial 1 day 1: cage 8 mouse a, cage 2 mouse a, …, cage 5 mouse a; trial 1 day 2: cage 8 mouse b, cage 2 mouse b, …, cage 5 mouse b). As time of day can influence behavior (Bodden et al., 2019), this testing sequence of mice was kept identical for the 3 trials. After behavioral testing, mice were kept in the same housing and group conditions as before for additional 3 weeks until they were re-grouped. During this time their FET behavior was analyzed and the pairing of the personality types and the allocation to the housing conditions was organized.



2.3.1.1 Free exploration test

The apparatus of the free exploration test was located in a separate testing room and was comprised of a white coated plywood arena (60 x 60 cm2) with 35 cm high walls. In one of the walls, an opening (15 x 11 cm2) was inserted. The light intensity at the center of the arena bottom was set to 35 (± 7) lux. Mice were individually transported to the testing room in their home cages, which were covered with a black blanket during transport. For the time of testing (approx. 20 minutes), cage mates that were not tested were transferred to a waiting cage, which was identical to the home cage. The home cage was equipped with a sliding door, that connected the home cage to the arena via a transparent square plexiglas tunnel (15 x 9 x 10 cm3). After 1 minute of acclimation time, the sliding door was opened and individuals could freely explore the arena for 15 minutes. The experimenter quietly left the room immediately after the test started. The animals’ behavior was recorded with a camera (The Imaging Source, DMK 22AUC03) and the video tracking software ANY-maze (version 7.14b, release: 2022, Stoelting Co., Wood Dale, IL, United States). Between tests the apparatus was cleaned with 70% ethanol. ‘Latency to explore the arena’, ‘time spent in the arena’, ‘number of entries’ and ‘distance travelled in the arena’ were recorded as proxy for exploration behavior.




2.3.1.2 Characterization of distinct personality types

Statistical repeatability analyses revealed that mice consistently differed in their exploration behavior in all four FET parameters, meaning that the subjects in fact exhibited distinct animal personality types in exploration behavior (see Supplementary Table S6). However, the FET parameter ‘number of entries’, ‘distance travelled in the arena’ ‘time spent in the arena’ might not only code for exploration, but could potentially be biased by the animals’ activity or anxiety-like behavior (Bourin and Hascoët, 2003; Almeida-Souza et al., 2015). Therefore, allocation to different exploration personality types was founded on ‘latency to explore the arena’. Based on their average latency across 3 trials, mice were assigned to three personality types via tertile split per batch (see Supplementary Tables S4, S5): shortest latencies equal high explorers, intermediate latencies equal intermediate explorers and longest latencies equal low explorers.




2.3.1.3 Pairing of personality types and allocation to housing conditions

As the social environment can influence animal behavior and animal welfare (Crawley et al., 1975; Pike et al., 2008; Chen et al., 2009; Guayasamin et al., 2017), we aimed at keeping the social environment as similar as possible for all mice. Therefore, each mouse was paired with a social partner that i) contrasted the mouse in its exploration personality and ii) was unfamiliar prior to the re-grouping (i.e., social partners had not lived within the same cage during previous phases). Consequently, mice were grouped in pairs of always one highly and one low explorative mouse. Even though high and low explorative mice – by definition - considerably differed in their exploration behavior, both personality types still included between-individual within-group (personality type) variation (i.e., individuals of the same personality type varied in their exact exploration value, see Supplementary Table S4). We aimed at balancing this variation among pairs and across housing conditions. When selecting partner animals for a pair, the most explorative mouse out of highly explorative animals was therefore paired with the most explorative mouse out of low explorative animals and so forth, so that the difference in exploration behavior between partners was as similar as possible for all pairs. Exceptions from this rule were made only, if mice-to-be-paired had previously lived within the same home cage. All 48 mice were given additional ear punches at this point to allow for individual identification in the new pairs.

Pairs were pseudo-randomly assigned to either simple or complex housing conditions, meaning that pairs that were on average more (or less) explorative compared to other pairs were balanced across housing conditions (see Supplementary Table S4).





2.3.2 Housing phase

Welfare consequences as a result of possible personality-dependent responses to the different housing conditions may arise as a function of time (Reimert et al., 2023). Therefore, the welfare of the animals was assessed at different timepoints during the experiment (Figure 2). More specifically, baseline values (BW, FCMs) were taken for both personality types shortly before animals were subjected to different housing regimes (‘t0’), i.e., after being habituated to the initial housing environment for about 12 weeks (PND 28 – 111/112 (batch 2/batch 1)). After re-grouping the animals, the early personality-dependent response (up to 2 weeks of housing) in behavior, body weight and stress hormone concentrations to the new housing conditions, incl. the new cage partners, was determined (‘t1’: HCB, BW, FCMs). Following these initial measurements, ‘t2’ and ‘t3’ measures in HCB, BW and FCMs were taken to depict the personality-dependent response after experiencing the housing conditions for either about 3 or about 6 weeks, respectively. Lastly, ‘t4’measures of BW, PC and AG were taken to assess the animals’ long-term response after living for up to 10 weeks in their respective housing conditions. At this timepoint, animals were sacrificed in order to sample blood for PC measures without causing pain and to extract adrenal glands and the spleen for an analysis of the animals’ immune system (IMS).



2.3.2.1 Home cage observations

To investigate the effects of personality-environment-interactions on spontaneous home cage behavior, live observations were performed in the housing room under red light conditions. Behavioral observations covered times from 9:30 am to 5:30 pm, i.e., the animals’ active phase (Bodden et al., 2019). Several welfare-related behaviors were recorded (Table 1): stereotypic (Mason, 1991), nesting (Gaskill et al., 2013), resting (Brown et al., 2017), self-grooming (Yalcin et al., 2007), social grooming, social sniff (File and Seth, 2003; Hisaoka-Nakashima et al., 2019) and agonistic behavior (Van Loo et al., 2002). Applying focal sampling and continuous recording (Bateson and Martin, 2021), individual mice were repeatedly observed for 5 - minute sessions at each timepoint (‘t1‘ : PND 112/113 – 122 (batch 2/batch 1); ‘t2‘ : PND 125 – 136; ‘t3‘ : PND 139 – 151/153 (batch 1/batch 2)). Spread over a period of 2 weeks per timepoint, individuals were observed on 8 (± 2) days, with 2 (± 1) sessions per day. This led to a total observation time of 60 – 85 minutes per mouse at each timepoint. Total observation times slightly differed between batches (see Supplementary Table S3). Behavioral durations and/or frequencies per minute were corrected within each session for the time the animal was not visible and were averaged across the sessions of a timepoint. The observer was blind to the personality type of the animals.


Table 1 | Ethogram for spontaneous home cage behavior.






2.3.2.2 Body weight

To monitor effects of personality-environment interactions on the development of body weight, mice were weighed at 5 timepoints along the experiment: ‘t0’ (PND 106), ‘t1’ (PND 113/114 (batch 2/ batch 1)), ‘t2’ (PND 134), ‘t3’ (PND 157) and ‘t4’ (PND 177/178, each day half of the animals). Individual mice were transferred into a white plastic bowl (8 x 8 x 5 cm3) which was placed on a digital scale (capacity: 2100 g, resolution: 0.01 g).




2.3.2.3 Fecal corticosterone metabolites

To study the effects of personality-environment interactions on pituitary-adrenocortical activity, the animals FCMs were monitored non-invasively at 4 timepoints across the experiment: ‘t0’ was taken on PND 111/112 (batch 2/batch 1), which was the last day before animals were subjected to the different housing conditions. ‘t1’ was measured the very next day at PND 112/113 (batch 2/batch 1), which was the first day of the housing experience. This ‘t1’ FCM measurement, captures the immediate response after being transferred to the new housing, minus the first 30 minutes, which were considered to mainly mirror handling stress. ‘t2’ (PND 132) and ‘t3’ (PND 153) depict the stress response after 3 or 6 weeks of experiencing the housing condition, respectively.



2.3.2.3.1 Feces collection

During the dark phase, FCM concentrations represent responses to an event, which occurred around 4 – 6 h earlier (Touma et al., 2003). At all timepoints fecal samples were collected from 5 – 8 pm (± 30 minutes), capturing the animals’ corticosterone levels of around 11 am - 4 pm (± 30 minutes). To assure individual-level feces collection, females had to be separated from their social partners for the time of feces collection. As separation from social partners is suggested to be a major stressor for female mice (Martin and Brown, 2010), two mice out of one home cage were kept partly separated within one ‘sample cage’ for fecal sampling. Sample cages were comprised of a new Makrolon type III cage with a small amount of fresh bedding, which was divided into two halves with a transparent plexiglass, including a 19 x 9 cm2 metal mesh (0.8 cm mesh size) in the middle. This allowed visual, auditory, olfactory and slight body contact between the two cage partners. Each side contained a new semi-transparent red tunnel, a wooden stick and a paper towel as enrichment. Food and water were offered ad libitum.

Mice were transferred into sample cages in a randomized order and stored in a separate rack in the housing room. Exactly after 3 h, mice were transferred back to their home cages. All fecal boli were collected the next morning with gloves and stored in individually distinct 1,5 ml Eppendorf tubes (Eppendorf SE, Hamburg, Germany) at -20°C.




2.3.2.3.2 Analysis of fecal corticosterone metabolites

After wet weight was determined (scale: Kern 510-23, Kern & Sohn GmbH, Ballingen, Germany; weighing capacity: 300 g, resolution: 0.001 g) samples were dried in an oven (Model 500, Memmert GmbH + Co. KG, Schwabach, Germany) for 2 h at 80°C. Subsequently, samples were weighed again and stored in 2 ml safe-lock Eppendorf tubes. Feces were pulverized with a ball mill (Mixer mill MM 400, RETSCH GmbH, Haan, Germany) by using two stainless steel balls (diameter: 5 mm, RETSCH GmbH, Haan, Germany) for 2 minutes with 30 beads per seconds. If feces were not completely pulverized, pulverization was repeated for maximum one more time. Samples bigger than 300 mg were divided in half before pulverization and joint together afterwards. 50 mg of feces powder was diluted in 1 ml of 80% methanol, vortexed (Multi-vortex, V-32, Kisker Biotech GmbH & Co. KG, Steinfurt, Germany) for 30 minutes and centrifuged (Universal 320 R, Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany) for 10 minutes at 2500 g speed. Subsequently, 500 µl of the supernatant was stored at -20°C in a 1.5 ml safe-lock Eppendorf tube. FCM concentrations were analyzed by using a 5α-pregnane-3β,11β,21-triol-20-one enzyme immunoassay previously validated for mice (Touma et al., 2003, 2004).





2.3.2.4 Plasma corticosterone concentrations



2.3.2.4.1 Blood sampling

To avoid pain inflicted by veins puncture, blood was collected from dead animals. Mice were sacrificed at PND 181/182 (batch 2/batch 1) or PND 184 (half the pairs at each day, balanced across housing conditions) in between 7:45 and 8:45 am (± 15 minutes). To reduce stress, the entire process until final death was performed together with the social partner. Pairs were transported from their home cages to a separate room in a red plastic transport box (22 x 22 x 16 cm3), that filtered out light at wave lengths visible for mice (Busch et al., 2014). Both mice were transferred into a narcotic chamber (23 x 13 x 11 cm3, covered with red plastic) that was flooded with 5% isoflurane in oxygen (flow rate 3.5 L/minute). When animals were anaesthetized to stage III, they were decapitated. Immediately after, blood was collected from the carotid artery into a 1 ml EDTA colleting tube (EDTA 1000 A PP, KABE-Labortechnik GmbH, Nümbrecht-Elsenroth, Germany). This process, from opening the home cage until the complete blood sample was collected took no longer than 3 minutes. Tubes were centrifuged at 2000 x g for 10 minutes at 4°C. Plasma was collected in a 1.5 ml Eppendorf tube and stored at –20°C.




2.3.2.4.2 Corticosterone analysis

Plasma corticosterone levels were assessed using a commercially available EIA kit (DRG Diagnostics) according to the manufacturer’s instructions. All standards and samples were analyzed in duplicates.





2.3.2.5 Adrenal glands

Left- and right-side adrenal glands were dissected, freed from fat and stored separately in 1.5 ml Eppendorf tubes. One h after dissection, they were weighed using a digital scale (scale: Mettler AE 200 S, Mettler Instrumente GmbH, Giessen, Germany; resolution: 0.0001 g).




2.3.2.6 Immune cells and cytokines of the innate and adaptive immune system

The spleen was dissected and stored in PBS (pH 7.4) on ice. After spleen collection was completed, splenocytes were mechanically dissociated by pressing them through a cell strainer (100 µm mesh size) into a petri dish and pipetting cells up and down. Cells were filtered again through a 100 µm strainer and washed in FACS buffer (PBS with 1% FBS and 1 mM EDTA).

To investigate cells of the myeloid lineage, in a 24-well plate 4 wells per animal containing 3 x 106 cells/300 µl each were cultured in DMEM containing 10% FBS, 1% Pen/Strep and 1% β-mercaptoethanol (Gibco) overnight. Two of the four wells were stimulated with 100 ng/ml lipopolysaccharide (LPS from E. coli serotype O127:B8, Sigma-Aldrich). The other two wells of each animal were not stimulated. Fluorescent staining was performed for one stimulated and one unstimulated sample of each animal with the following antibodies: (i) FITC-conjugated anti-mouse CD11b (clone M1/70), PerCP/Cy5.5-conjugated anti-mouse I-A/I-E (clone M5/114.15.2), PE/Cy7-conjugated anti-mouse CD11c (clone N418), PE-conjugated anti-mouse IL-12/IL-23p40 (clone C15.6) and PE/Dazzle594-conjugated anti-mouse TNF (clone MP6-XT22) and the other two sample with (ii) FITC anti CD11b, PerCP/Cy5.5-conjugated anti-mouse Ly6G (clone 1A8), PE/Cy7-conjugated anti-mouse Ly6C (clone HK1.4), PE-conjugated anti-mouse IL-6 (clone MP5-20F3) and PE/Dazzle594-conjugated anti-mouse IL-10 (clone JES5-16E3) (all from Biolegend).

For the investigation of T lymphocytes, 4 wells per animal containing 3 x 106 cells/300 µl each were cultured in IMDM containing 10% FBS, 1% Pen/Strep and 1% β-mercaptoethanol (Gibco) overnight. Two of the four samples were incubated in CD3/CD28 coated plates and stimulated with PMA (10 µg/ml) and ionomycin (500 ng/ml). The other two samples were incubated in uncoated plates where they remained unstimulated. Fluorescent staining was performed as above with the following antibodies: (iii) FITC-conjugated anti-mouse CD3e (clone 17A2), PerCP/Cy5.5-conjugated anti-mouse CD4 (clone RM4-5), PE/Cy7-conjugated anti-mouse CD25 (clone PC61), PE anti IL-6 and PE/Dazzle594 anti IL-10 or (iv) FITC anti CD3e, PerCP/Cy5.5 anti CD4, PE/Cy7-conjugated anti-mouse CD8a (clone 53-6.7), PE-conjugated anti-mouse IFN-g (clone XMG1.2) and PE/Dazzle594-conjugated anti-mouse IL-17A (clone TC11-18H10.1).

To prepare cells for intracellular stainings, all samples were treated with Brefeldin-A and Monensin (Biolegend) to avoid the release of cytokines for a maximum period of 12 h. Intracellular stainings were performed using the IC fixation and permeabilization buffers (eBioscience) according to the manufacturer’s instructions. Samples were acquired using an Attune NxT flow cytometer (ThermoFisher) with two lasers (488 and 568 nm). Fc files were exported and gated in FlowJo (BD, version 10.8.1). Gating comprised a live gate to exclude debris and dead cells as well as side scatter (SSC) area and height correlations to exclude doublets from single cells. The gating strategies used for analysis are shown in the respective Figures.






2.4 Statistical analysis

All statistical analyses were conducted using the software R (Version 4.2.2, 2022-10-31; R Core Team, 2021) and R Studio (Version 2022.12.0 + 353; Posit team, 2022). Graphical representation of data was created using the packages “ggplot2” and “ggpattern” (Wickham, 2016; FC and Davis, 2022).

To determine an appropriate sample size for the study, we performed an a priori sample size calculation with an estimated medium effect size (power = 80%, alpha-error = 5%, Cohen’s f ≈ 0.3), which yielded a total sample size of 72 individuals.



2.4.1 Personality characterization phase

To test for repeatability of exploration behavior in the FET, linear mixed-effect models, including ‘trial’ and ‘home cage ID’ as fixed effects and ‘mouse ID’ as random effect were fitted using the package “lme4” (Bates et al., 2015). Subsequently, we applied the package “rptR” (Stoffel et al., 2017) to calculate adjusted repeatabilities (R) and the statistical significance of repeatabilities being different from zero was tested by likelihood-ratio test and parametric bootstrapping (n = 1000, confidence level = 95%).




2.4.2 Housing phase

Behavioral, physiological and immunological data were analyzed using linear models, linear mixed-effects models or generalized linear mixed-effects models with binomial(“logit”) link function using the packages “lme4”, “lmerTest” and “car” (Bates et al., 2015; Kuznetsova et al., 2017; Fox and Weisberg, 2019). The package “emmeans” (Lenth, 2023) was applied posthoc for pair-wise comparisons (method to correct for multiple comparisons = “holm”).

When linear (mixed-effect) models were fitted (including models for the personality characterization, see above), model residuals were visually checked for constant error variance and normal distribution. If uncertain, we additionally consulted “check_heteroscedasity” and the Shapiro–Wilk test provided by the package “performance” (Shapiro and Wilk, 1965; Lüdecke et al., 2021). If residuals did not meet model assumptions, data were transformed so that residuals fitted model assumptions best. Residuals of binomial generalized linear mixed-effects models were checked using the package “DHARMa” (Hartig, 2022). Some parameters could not be transformed (adrenal gland weight and batch 2 number of entries to FET arena) or transformation did not yield normally distributed residuals (resting frequency, frequency of agonistic behavior). As simulation studies suggest linear-mixed models to be relatively robust against violations of distributional assumptions (Schielzeth et al., 2020; Knief and Forstmeier, 2021), we nevertheless report results of these models. Wherever multiple measurements per individual were included in the analysis, ‘mouse ID’ was fitted as random effect to allow for individual intercepts.

To test for physiological baseline differences between personality types at ‘t0’, fecal corticosterone metabolite (FCM) concentrations and body weights (BW) were analyzed with ‘personality’ (two level: high explorers, low explorers) as fixed effect:

	

Possible personality-dependent responses of FCM concentrations and BW to the different housing conditions over time were analyzed by including ‘personality’, ‘housing’ (two level: simple, complex) and timepoint (FCM: three level: t1, t2, t3; BW: four level: t1, t2, t3, t4) as fixed-effect interaction and baseline levels of ‘t0’ as additional fixed effect.

	

Plasma corticosterone levels and weight of adrenal glands (both collected at the final timepoint ‘t4’) were analyzed by including ‘personality’ and ‘housing’ as interaction term. Weight of adrenal glands represents the summed weight of left- and right-side adrenal gland corrected for ‘final’ (‘t4’) body weight.

	

We either analyzed duration and frequency of behaviors separately (resting, grooming) or we analyzed frequency only (social sniff, agonistic behavior). Some rarely occurring behaviors (stereotypic, nesting and social grooming behavior) were transformed into binomial responses: yes = animal showed behavior at that timepoint; no = animal did not show behavior at that timepoint). All behaviors were analyzed by including ‘personality’ and ‘housing’ as fixed-effect interaction and ‘timepoint’ (three level: t1, t2, t3) as additional fixed effect:

	

However, due to limited data quality stereotypic and nesting behavior could not be fitted including ‘timepoint’ and were therefore analyzed separate per timepoint:

	

Immune parameters were analyzed by including ‘personality’ and ‘housing’ as fixed effect interaction. For four variables, one outlier deviating more than two standard deviations from the mean was excluded from the analysis. As procession of spleen cells was conducted over multiple sessions, ‘session’ (four level: batch 1 day 1, batch 1 day 2, batch 2 day 1, batch 2 day 2) was included as random effect:

	

In the following, we report effects (based on common practice in the literature) to be significant when p < 0.05 or as “trends” when 0.05 < p < 0.1. However, we are aware of a rising critical debate about sharp thresholds of p values (Wasserstein and Lazar, 2016). We therefore decided to additionally report partial eta squared (η2p) or partial R2 as a measure of the magnitude of the reported effects (Lakens, 2013) using the packages “effectsize”, “partR2” and “rsq” (Ben-Shachar et al., 2020; Stoffel et al., 2021; Zhang, 2023).





2.5 Ethical note

All procedures complied with the regulations covering animal experimentation within Germany (Animal Welfare Act) and the EU (European Communities Council DIRECTIVE 2010/63/EU) and were approved by the local (Gesundheits-und Veterinäramt Münster, Nordrhein-Westfalen) and federal authorities (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen “LANUV NRW,” reference number 81-02.04.2021.A127).





3 Results

The aim of this experiment was to investigate whether mice show personality-dependent welfare differences in response to the environment. Following this objective, we begin describing if and how behavior, physiology and immunology were influenced by the interplay of both, personality type and housing condition together. Additionally, we also investigated whether personality alone, irrespective of the housing conditions, caused welfare and immune system differences between highly explorative and low explorative individuals and whether and how mice that were housed under simple and complex conditions vary with respect to their welfare and their immune system.



3.1 Indications for personality-dependent responses to different housing environments in behavior, physiology and immunology

We first investigated whether mice of two distinct personality types differed in their reactions to different housing conditions. By means of behavioral home cage observations, we found a trend for an interaction effect between personality and housing with respect to stereotypic behavior. Shortly after the animals were subjected to the different housing environments this trend was not yet present (t1: df = 1, χ2 = 0.239, p = 0.625, R2 < -0.01), but became evident after mice had lived in their respective housing condition for a longer time (i.e., t2 and t3; Figure 3A). Here, the proportion of animals that showed stereotypic behavior tended to differ between the personality types, depending on the housing condition they lived in (as a trend: df = 1, χ2 = 2.866, p = 0.090, R2 = 0.03; please note that the proportion of animals and thus test statistics were identical for t2 and t3, however, identity of stereotypic animals was not entirely identical in t2 and t3). With 6 out of 12 highly explorative (50%) and 7 out of 12 low explorative individuals (58%) at both timepoints, a comparable number of mice of both personality types showed stereotypies in simple housing conditions. Contrastingly, in complex housing conditions, the personality types clearly differed in their reaction: not a single highly explorative mouse and 3 low explorative mice (25%) showed stereotypic behavior.




Figure 3 | Behavioral welfare indicators. (A–C) Number of low and high explorers in simple and complex housing conditions at timepoints 1, 2 and 3 that showed stereotypic behavior (A), nest building behavior (B) and social grooming behavior (statistical analysis of social grooming was not separated per timepoint, C). (D–I) Mean values of resting duration (D), resting frequency (E), grooming duration (F), grooming frequency (G), social sniffing frequency (H), agonistic behavior frequency (G), that low and high explorers in simple and complex housing showed averaged across timepoints 1, 2 and 3. The upper and lower whiskers extend to the largest value no further than 1.5 x IQR (inter-quartile range). Data beyond are plotted individually (D–I). Sample size = 12 per group (low explorers in simple housing, high explorers in simple housing, low explorers in complex housing, high explorers in complex housing). Main results from statistical analysis are indicated above each plot either as text (A-C) or indicated by *** = p < 0.001, ** = p < 0.01, * = p < 0.05 (D–I).



We also found a significant interaction effect between personality and housing on nesting behavior. However, the proportion of animals showing nesting behavior was exclusively affected at t1 (df = 1, χ2 = 4.650, p = 0.031, R2 = 0.10; Figure 3B), but not at later timepoints (t2: df = 1, χ2 = 0.397, p = 0.529, R2 < 0.01; t3: df = 1, χ2 = 0.975, p = 0.324, R2 =0.02). Whereas in simple housing conditions, 10 low explorers and 8 high explorers were observed to show nesting behavior at t1, in complex housing conditions 5 low explorers and 10 high explorers were noted to show nesting behavior. Besides this, we could not find any further significant personality-by-housing interaction effects on other solitary (resting, grooming) or social (social grooming, social sniff, agonistic behavior) behaviors (Figures 3C–I, see Supplementary Table S7).

In addition to behavior, we investigated whether mice of the two personality types differed in their physiological responses to the different housing environments. Regarding corticosterone levels, there was no evidence that personality and housing together shaped fecal corticosterone metabolite concentrations at any timepoint (F1,43 = 1.322, p = 0.257, η2 = 0.03; Figure 4A). However, we found a trend for an interaction effect between personality and housing on plasma corticosterone concentrations (F1,44 = 2.876, p = 0.097, η2 = 0.06; Figure 4C). At t4, the two personality types showed a trend towards housing-dependent expression patterns of plasma corticosterone: Whereas in simple housing conditions, highly explorative mice showed higher levels than low explorative mice, in complex housing conditions we observed the opposite: here, low explorative individuals expressed higher levels than highly explorative individuals. Descriptively, the difference in plasma corticosterone levels between low explorers that had lived in simple and low explorers that had lived in complex housing conditions was marginal. Yet, high explorers that had lived in simple housing conditions expressed considerably higher plasma corticosterone levels compared to high explorers that had lived in complex housing conditions. Lastly, variation in body weight and the weight of adrenal glands was not affected by an interaction effect between personality and housing (Figures 4B, D, see Supplementary Table S9).




Figure 4 | Physiological welfare indicators. Mean values of low and high explorers in simple and complex housing of fecal corticosterone metabolite concentrations at timepoints 0, 1, 2 and 3 (A), of body weight at timepoints 0, 1, 2, 3 and 4 (B), of plasma corticosterone concentrations (C) and the relative weight of adrenal glands (D) at timepoint 4. The upper and lower whiskers extend to the largest value no further than 1.5 x IQR (inter-quartile range). Data beyond are plotted individually. Sample size = 12 per group (low explorer in simple housing, high explorer in simple housing, low explorer in complex housing, high explorer in complex housing), except N = 11 for fecal corticosterone metabolite concentrations at timepoint 1 for high explorers in complex housing. Main results from statistical analysis are indicated above each plot as text and by ** = p < 0.01, * = p < 0.05, ^ = 0.05 < p < 0.1.



Regarding characteristics of the immune system, we found that the total number of spleen cells did not differ between the four groups of mice (low explorers in simple or complex and high explorers in simple or complex housing conditions (see Supplementary Table S11)). Therefore, all results will be presented as percentages of all splenocytes or specific cell population as indicated. The flow cytometric analysis of innate and adaptive immune cells revealed an interaction effect regarding IL-6 producing CD11b+ myeloid cells after ex vivo LPS stimulation (F1,41 = 6.915, p = 0.012, η2 = 0.14; Figure 5D). In simple housing conditions, low explorative mice showed increased percentages of IL-6 producing CD11b+ myeloid cells compared to highly explorative mice. In complex housing conditions, highly explorative mice presented higher percentages of these cells. A similar effect was indicated as a trend in non-stimulated IL-6 producing myeloid cells (F1,41 = 3.214, p = 0.080, η2 = 0.07) and in IL-6 producing CD4+ T cells (F1,41 = 2.982, p = 0.092, η2 = 0.07 and see Supplementary Table S11). Statistical trends for personality-by-housing interactions were also observed for IL-12 producing myeloid cells after LPS stimulation (F1,41 = 2.867, p = 0.099, η2 = 0.07, Figure 5F) and unstimulated TNF producing myeloid cells (F1,41 = 3.030, p = 0.089, η2 = 0.07). There were no further interaction effects regarding any other immune cell type investigated, i.e., myeloid cells, CD11c+ MHC-II+ dendritic cells, CD4 and CD8 T cells and respective cytokine producing subsets of these cell types (see Supplementary Table S11 or Figure 5E for IL-10 producing myeloid cells after LPS stimulation).




Figure 5 | Immune parameters. (A) Gating strategy for T cells included gating life cells by SSC-A vs. FSC-A and single cells by FSC-H vs. FSC-A, followed by SSC-H vs. SSC-A (not shown) and expression of CD3. Low explorative mice showed increased percentages of T cells compared to high explorative mice. (B) Gating strategy for myeloid cells included gating life cells by SSC-A vs. FSC-A and single cells by FSC-H vs. FSC-A, followed by SSC-H vs. SSC-A (not shown) and expression of CD11b. Percentages of CD11b+ myeloid cells revealed no differences between personality types or housing environments. (C-F) Gating of cytokine producing myeloid cells (as percentage of CD11b+ cells). (C) Mice from simple housing conditions showed elevated percentages of TNF producing CD11b+ myeloid cells. (D) Percentages of IL-6 producing myeloid cells were dependent on an interaction of personality type and housing environment. Low explorative mice showed more IL-6 producing CD11b+ cells than high explorative mice in simple housing conditions while it was the other way around in complex housing conditions. (E) Percentages of IL-10 producing myeloid cells did not differ. (F) Mice from simple housing conditions showed elevated percentages of IL-12 producing CD11b+ myeloid cells. Depicted data are based on cells after PMA/Iono stimulation (A) or LPS stimulation (B–F). Main results from statistical analysis are indicated above each plot as text.






3.2 Exploration personality influences behavior and the immune system, but not physiology

In a next step, we investigated whether highly and low explorative mice differed in their welfare and characteristics of their immune system, irrespective of the housing environments they lived in.

Home cage observations revealed that the two personality types significantly differed with respect to stereotypic and nesting behavior. The proportion of individuals that showed stereotypic behavior was not yet affected by personality at t1 (df = 1, χ2 = 1.430, p = 0.232, R2 < 0.01). However, at later timepoints (i.e., at t2 and t3), the proportion of stereotypic and non-stereotypic animals significantly differed between the two personality types (df = 1, χ2 = 4.589, p = 0.032, R2 < 0.01; Figure 3A). The likelihood to develop stereotypic behavior was significantly higher among low explorative mice: 10 out of 24 low explorers (42%), but only 6 out 24 high explorers (25%) showed stereotypic behavior. Personality differences in nesting behavior were only present shortly after the introduction to the housing conditions, with significantly more high explorers showing nesting behavior (t1: df = 1, χ2 = 4.641, p = 0.031, R2 < 0.01; Figure 3B). At later timepoints, there were no personality differences in nesting behavior anymore (t2: df = 1, χ2 = 0.000, p = 1.000, R2 < 0.01; t3: df = 1, χ2 = 0.902, p = 0.342, R2 < 0.01). Similarly, high and low explorers did not show differences in the other solitary (resting, grooming) or social (social grooming, social sniff, agonistic) behaviors, that were assessed (Figures 3C–I, see Supplementary Table S7).

To account for any pre-existing (i.e., prior to the introduction of housing conditions) personality differences in physiological parameters, baseline FCMs and baseline body weight were assessed shortly before high and low explorers were subjected to the two different housing environments at t0. Neither FCMs nor body weight were found to differ between highly and low explorative individuals (FCM: df = 1, F = 0.645, p = 0.426, η2 = 0.01; BW: df = 1, F = 0.121, p = 0.729, η2 < 0.01). At later timepoints, we could not detect an influence of personality type alone on FCMs, plasma corticosterone, body weight or the weight of adrenal glands (Figure 4, see Supplementary Table S9).

We further aimed to elucidate whether highly and low explorative personalities types were associated with distinct immune phenotypes. Regarding myeloid and dendritic cells, no personality effects were observed (see Supplementary Table S11). Percentages of CD3+ T cells among isolated splenocytes, however, were increased in low explorative mice compared to highly explorative mice, both, after PMA/Iono stimulation (F1,41 = 4.796, p = 0.034, η2 = 0.10; Figure 5A) and without stimulation (F1,41 = 4.922, p = 0.032, η2 = 0.11). Neither the proportions of CD4 or CD8 T cells among all T cells nor those of cytokine producing subtypes differed between personality types except a trend for increased percentages of unstimulated TNF producing dendritic cells among the CD11c+ MHC-II+ dendritic cell population in highly explorative mice (F1,41 = 3.465, p = 0.070, η2 = 0.08 and see Supplementary Table S11).




3.3 Housing environments influence behavior, physiology and the immune system

Lastly, we focused on personality-independent effects of housing and investigated whether mice that were housed in simple and complex housing conditions differed in behavior, physiology and characteristics of their immune system.

Several behavioral parameters were found to be influenced by the housing conditions, irrespective of the personality type. Stereotypic behavior was already observed shortly after the animals were subjected to their respective housing environments. But while there was no statistically significant effect of housing on stereotypic behavior at t1 (df = 1, χ2 = 1.430, p = 0.232, R2 < 0.01), we did find that the proportion of animals that developed stereotypic behavior was significantly higher in simple than in complex housing conditions at t2 and t3 (df = 1, χ2 = 10.357, p = 0.001, R2 < 0.01; Figure 3A). Whereas in simple conditions 13 out of 24 animals (54%) developed stereotypies, in complex housing conditions only 3 out of 24 animals (13%) showed stereotypic behavior. Additionally, there was a trend for an influence of housing on nesting behavior at t2, with more simple housed mice that were observed to show nesting behavior than complex housed mice (df = 1, χ2 = 2.805, p = 0.094, R2 < 0.01; Figure 3B). At t1 and t3, nesting behavior was not affected by housing (t1: df = 1, χ2 = 0.902, p = 0.342, R2 < 0.01; t3: df = 1, χ2 = 0.689, p = 0.406, R2 < 0.01). While there was also no housing effect on resting behavior, social grooming and solitary grooming duration (Figures 3C-F, see Supplementary Table S7), we found a significant housing effect on the frequency of solitary grooming (F1,138 = 10.827, p = 0.001, η2 = 0.07; Figure 3G). Even though, mice in simple and complex housing conditions displayed similar average grooming durations, simple housed mice started grooming bouts significantly more often. Furthermore, we found that simple housed mice showed social sniffing (F1,44 = 5.902, p = 0.019, η2 = 0.12; Figure 3H) and agonistic behavior (F1,44 = 29.793, p < 0.001, η2 = 0.4; Figure 3I) significantly more often than complex housed mice. Although not the main question of the study, pair-wise comparisons (see Supplementary Table S8) revealed that agonistic behavior across both housing conditions significantly increased from t1 to t2 (df = 94, t.ratio = -2.588, p = 0.022), and remained at a similar frequency thereafter (t2 to t3: df = 94, t.ratio = -0.333, p = 0.740).

Of the assessed physiological parameters, personality-independent differences between simple and complex housing conditions were observed in fecal corticosterone metabolite and plasma corticosterone concentrations, as well as in body weight, but not in weight of adrenal glands.

We found a significant interaction effect of housing and timepoint on fecal corticosterone metabolite concentrations (F2,87 = 8.867, p < 0.001, η2 = 0.17; Figure 4A). Pair-wise comparisons (see Supplementary Table S10) revealed that complex housed mice showed significantly higher FCM levels compared to simple housed mice immediately after being subjected to the respective housing condition (t1: df = 121, t.ratio = 3.171, p = 0.002, padjusted = 0.010). In contrast, at t2, no housing differences could be detected (df = 120, t.ratio = -0.144, p = 0.885, padjusted = 0.885). At the last timepoint t3, the direction of housing differences switched and simple housed mice did show higher FCMs levels than complex housed mice. However, this result was non-significant after correction for multiple testing (df = 120, t.ratio = -2.128, p = 0.035, padjusted = 0.141). FCMs in both housing conditions significantly decreased from the first reaction to the new housing situation until at t2 (t1 to t2; simple: df = 87, t.ratio = 4.636, padjusted < 0.001; complex: df = 88, t.ratio = 8.252, padjusted < 0.001), but did not change thereafter (t2 to t3; simple: df = 87, t.ratio = -0.890, padjusted = 0.752; complex: df = 87, t.ratio = 1.317, padjusted = 0.573). Overall, our analyses revealed a significant effect of baseline FCM levels (that were measured the last day before animals entered the new housing conditions at t0) on FCM levels at later timepoints (t1-3: F1,44 = 27.535, p < 0.001, η2 = 0.38), suggesting a relative individual stability of FCM levels. Thus, animals with initially (i.e., at t0, before they entered the new housing conditions) higher FCM levels compared to conspecifics, expressed higher levels at later timepoints (t1, t2, t3). At t4, corticosterone concentrations measured in blood plasma corroborate the housing-induced differences in FCMs: simple housed mice expressed significantly higher plasma corticosterone levels compared to complex housed mice (F1,44 = 7.204, p = 0.010, η2 = 0.14; Figure 4C).

Similar to FCMs, body weight was significantly affected by a housing-by-timepoint interaction (F3,132 = 12.037, p < 0.001, η2 = 0.21; Figure 4B). Again, pair-wise comparisons (see Supplementary Table S10) revealed housing differences at t1, shortly after animals were subjected to the new housing situation, with simple housed mice being significantly heavier than complex housed mice (df = 136.6, t.ratio = -2.297, padjusted = 0.046). While no housing differences could be detected at t2 (df = 136.6, t.ratio = 1.046, padjusted = 0.297), complex housed mice were significantly heavier than simple housed mice at t3 (df = 136.6, t.ratio = 3.854, padjusted = 0.001) and t4 (df = 136.6, t.ratio = 3.654, padjusted = 0.002). Moreover, the animals’ body weight significantly increased throughout the experiment in both housing conditions (see Supplementary Table S10). And additionally, body weight was significantly affected by the baseline body weight that was measured at t0 (t1-4: F1,43 = 221.765, p < 0.001, η2 = 0.84), meaning that mice that were heavier (compared to conspecifics) before being subjected to the respective housing conditions, were heavier at later timepoints. The weight of adrenal glands was not affected by the housing conditions applied in this study (F1,44 = 0.018, p = 0.894, η2 < 0.01; Figure 4D).

The housing environment did not affect percentages of CD11b+ myeloid cells (F1,41 = 0.955, p = 0.334, η2 = 0.02 Figure 5B). However, after LPS stimulation percentages of IL-12 producing cells among CD11b+ cells were higher in mice from simple housing compared to mice from complex housing (F1,41 = 5.516, p = 0.024, η2 = 0.13; Figure 5F). A similar effect was observed for TNF producing cells that showed higher percentages in mice from simple housing compared to those from complex housing (F1,41 = 5.137, p = 0.029, η2 = 0.12; Figure 5C). In contrast, mice from complex housing presented higher percentages of unstimulated Ly6Ghi Ly6Cint neutrophilic granulocytes (F1,41 = 6.356, p = 0.016, η2 = 0.13; see Supplementary Table S11) while there was a similar statistical trend for stimulated neutrophils (F1,41 = 3.622, p = 0.064, η2 = 0.08). In addition, Ly6Chi Ly6Glo inflammatory monocytes after LPS stimulation (F1,41 = 3.137, p = 0.084, η2 = 0.07) as well as the CD8+ subset of T cells after PMA/Iono stimulation (F1,41 = 3.482, p = 0.069, η2 = 0.08) tended to be increased in mice from simple housing conditions (see Supplementary Table S11). There were no further differences between mice from the two housing conditions regarding any other immune cell type investigated, i.e., CD11c+ MHC-II+ dendritic cells, CD4 and CD8 T cells and other cytokine producing subsets of the cell types investigated (see Supplementary Table S11).

So far unreported results (such as main effects of timepoint on behavior and physiology or additional immune parameters) are summarized in the Supplementary Material (see Supplementary Tables S7-S11).





4 Discussion

The aim of this study was to investigate possible personality-dependent consequences in mouse welfare and the immune system in response to different housing environments. Therefore, we analyzed several behavioral, physiological and immunological parameters of highly and low explorative mice that had lived in either simple or complex housing conditions for a total time of 10 weeks. We indeed found personality-dependent reactions of highly explorative and low explorative mice to the two environments. We further found housing-independent personality differences and general housing differences in the assessed welfare measures.



4.1 The combination matters - personality-dependent consequences of different housing conditions on the animals’ welfare

Interestingly, we indeed observed interactions between the animals’ personality and the housing conditions they lived in that critically affected the individuals’ welfare in the respective housing environment. Differences occurred in behavioral, physiological and immunological markers, but the pattern of the observed effects was highly dependent on the specific outcome measure. Briefly, in simple housing conditions, a similar number of mice of both personality types showed stereotypic behavior, but highly explorative mice showed higher levels of plasma corticosterone and lower numbers of IL-6 producing myeloid cells compared with low explorative mice. In complex housing conditions, low explorative mice showed stereotypic behavior, while highly explorative mice did not. Moreover, we here found an opposite pattern, with highly explorative mice showing lower levels of plasma corticosterone and higher numbers of IL-6 producing myeloid cells compared with low explorative mice. Also nesting behavior was influenced. However, as alterations in nesting behavior occur only when welfare is severely impaired (Gaskill et al., 2013) and the effect found here was only visible at t1 (i.e., within the first 2 weeks of housing), it is unlikely that our results on nesting behavior allow any conclusions about the animals’ welfare. Other behavioral, physiological or immunological parameters were not affected by the interplay of personality type and housing condition.



4.1.1 Welfare-promoting effects of complex conditions are more powerful for high explorers than for low explorers

With respect to stereotypic behavior, personality seems to play a negligible role in simple housing conditions. Contrastingly, in complex housing conditions, personality critically influenced whether or not animals developed stereotypic behavior. Stereotypic behavior is among the most powerful behavioral indicators for impaired welfare (Mason and Rushen, 2006; Campos-Luna et al., 2019). Enriched environments have been repeatedly reported to increase welfare and consequently prevent the development of stereotypic behavior (Gross et al., 2011; Jones et al., 2011). With 25% of low explorers vs. 0% of high explorers that showed stereotypic behavior in complex housing conditions, our results suggest that the general positive influence of enriched environments was much more effective in highly explorative mice than it was in low explorative mice.

Why did low explorers still develop stereotypic behavior in the improved complex housing conditions? Coping style theory – a concept that is related to animal personality (Carere et al., 2010; Finkemeier et al., 2018) might provide a possible explanation. It describes consistent sets of behavioral and physiological responses to stress or challenging situations (Natarajan et al., 2009; de Boer et al., 2017). Based on coping style-related variation in the sensitivity of the dopaminergic system, which is involved in the initiation of stereotypic behavior (Koolhaas et al., 1999; Ijichi et al., 2013), consistent individual differences in the predisposition for stereotypic behavior were hypothesized (Ijichi et al., 2013). Such a personality-dependent predisposition in low explorative mice may explain the here observed variation in stereotypic behavior in complex housing conditions.

An alternative explanation may be individual differences in habituation patterns and sensitivity towards novel environments, which is often accompanied by variation in corticosterone levels, a good indicator for HPA-activity (Koolhaas et al., 1999; van der Goot et al., 2020). Complex housing conditions included constant changes of the environment, to which low explorers – in contrast to high explorers - may not have been able to habituate. This is also mirrored by higher plasma corticosterone concentrations of low compared with high explorers, which indicate increased stress levels in low explorative mice in complex housing conditions (Sapolsky et al., 2000; Hau et al., 2016). Besides stress, physical activity can also lead to elevated corticosterone concentrations (Coleman et al., 1998; Girard and Garland, 2002). However, activity levels expectedly should be highest in highly explorative individuals that explore the bigger complex environments. As we found the opposite, stress associated with the different housing conditions is more likely to explain the observed differences in corticosterone levels.




4.1.2 High explorers are more responsive to the housing conditions than low explorers

Contrasting the animals’ response in complex conditions, highly explorative individuals displayed higher plasma corticosterone levels than low explorative individuals, when animals lived in simple conditions. Hence, in line with previous studies, the general negative effect of poor housing conditions translated into increased corticosterone levels (Sztainberg et al., 2010), but only in highly explorative individuals. Descriptively our results suggest that merely highly explorative mice showed housing-dependent differences in plasma corticosterone concentrations. By comparison, low explorative mice barely differed between the simple and complex housing conditions, which reflects our results on stereotypic behavior. Similarly, a study by Kazlauckas and colleagues (Kazlauckas et al., 2011) showed that highly explorative, but not low explorative mice reacted with increased corticosterone concentrations to a stress paradigm, indicating a higher stress sensitivity in high explorers. In line with our initial hypothesis, one may thus conclude that highly explorative individuals experienced simple housing conditions more adversely compared with individuals that are generally less explorative.




4.1.3 The immune response of high and low explorers in different housing conditions

Regarding characteristics of the immune systems, interleukin-6 (IL-6)-producing myeloid cells was the only immune parameter that revealed a significant personality-by-housing interaction effect. The cytokine IL-6 is well known for its high responsiveness to different kinds of acute and chronic stressors (Rohleder et al., 2012). This interaction may thus reflect an effect similar to the corticosterone effect discussed above. Usually, there is a positive association between stress and IL-6 serum levels (Niraula et al., 2019). In the present study, however, IL-6 producing myeloid cells were reduced in highly explorative mice compared to low explorative mice in simple housing. In complex housing conditions, they were increased in highly explorative mice, opposite to corticosterone levels. A potential reason for this finding might be that corticosterone leads to a mobilization of IL-6 producing myeloid cells from the spleen into the blood as it has been shown in mice exposed to repeated social defeat (Wohleb et al., 2014; Niraula et al., 2018). In total, only minor differences in immune cell composition were found. This is in line with only minor differences in activation of the HPA axis, which may likely be a mediator of changes in immune cell composition (Niraula et al., 2018).




4.1.4 Is it a match? Compatibility between personality type and housing condition

Overall, highly explorative mice seemed to benefit more from complex housing conditions and seemed to be more adversely affected by simple housing conditions than low explorative mice. A possible explanation may be the lack of exploration opportunities in simple housing conditions (Würbel, 2001). The possibility to express the full behavioral repertoire is a prerequisite for good welfare. Whether or not animals can do so (e.g., explore their environment) is dependent on the environmental conditions they live in (Baumans, 2005). In the present study, complex conditions provided and simple conditions limited exploration opportunities. However, similar to the match-mismatch hypothesis from psychological theory (Schmidt, 2011; Hoogland and Ploeger, 2022) individual welfare can be affected when environmental conditions do not match the individuals’ behavioral and neuroendocrine phenotype (Sachser et al., 2011; Schmidt, 2011; Sachser et al., 2013). Thus, complex housing conditions may match and simple housing conditions may mismatch the specific needs of highly explorative individuals. On the other hand, individuals that are generally less explorative are potentially also less affected by the availability of exploration opportunities. Likewise, the match-mismatch hypothesis may also explain why low explorers developed stereotypic behavior in the improved complex housing conditions: the housing conditions the animals habituated to were simple and constant (initial housing conditions), while the housing conditions the animals faced later in live were complex and constantly changing (complex housing conditions). Low explorative individuals may cope worse with this mismatch than individuals with highly explorative tendencies, that hence, quickly familiarize with the novel environment.





4.2 Effects of personality differences on animal welfare and the immune system

In line with previous studies, we could identify consistent individual differences in exploration behavior in mice (Freund et al., 2013; Krebs et al., 2019; Verjat et al., 2020) and found that these differences in exploration personality affected the animals’ behavior and their immune system, but not the assessed physiological parameters. Specifically, as already discussed above, more low explorers than high explorers displayed stereotypic behavior and fewer low explorers than high explorers showed nesting behavior. Moreover, low explorative mice expressed higher percentages of T cells compared with highly explorative mice.



4.2.1 High and low explorers do not show housing-independent welfare differences in behavioral and physiological indicators

Personality-dependent differences in nesting behavior were, again, only found shortly after animals encountered the new housing conditions, that included unfamiliar nesting materials and may therefore rather represent explorative tendencies in interacting with novel items than differences in the animals’ welfare (Verjat et al., 2020).

Moreover, we did not find differences between low and highly explorative mice in any physiological parameter. With respect to the weight of adrenal glands, this is in line with a previous study (Kazlauckas et al., 2011). However, contrary to our study, Kazlauckas and colleagues (Kazlauckas et al., 2011) showed that low explorative mice expressed higher levels of plasma corticosterone. The inconsistent results between the studies may be explained by a different choice of exploration parameters that do not necessarily measure the same aspect of an animals’ exploration personality (Krebs et al., 2019). Whereas we measured exploration personality by the ‘latency of voluntary entries to an unfamiliar arena’, Kazlauckas and colleagues (Kazlauckas et al., 2011) focused on the ‘time spent close to a novel object in an open field’ in a forced situation. The latter is likely to capture also anxiety-like tendencies in mice (Crawley, 1985; Griebel et al., 1993; Heredia et al., 2014).

Based on behavioral and physiological indicators, we could not detect welfare differences between high and low explorers that were independent of the housing condition. This stands in contrast to our expectations, as previous studies have reported links between personality- or behavioral differences and welfare-related variation in behavior and physiology. Highly explorative mice were e.g., shown to be less anxious (Kazlauckas et al., 2005), but more pessimistic (Verjat et al., 2020) than low explorative mice. Likewise, a meta-study revealed weak, but significant associations between personality and intrinsic state (e.g., hormones or metabolism) (Niemelä and Dingemanse, 2018). Moreover, existing individual differences in mice’s vulnerability to stress (Ambrée et al., 2018) were associated with different behavioral patterns (Krishnan et al., 2007), and different coping strategies have been linked with predispositions for specific diseases (e.g., cardiovascular diseases) (Koolhaas et al., 1999). However, as the specific pattern seems to be highly dependent on the personality trait and the parameter under investigation, this may explain why we did not find clear personality-associated differences in animal welfare in our study.




4.2.2 Personality-associated differences in the immune system might be adaptive

Covariations between personality, behavior, physiology and immunology may often be an adaptive result of evolutionary processes (Koolhaas et al., 1999; Réale et al., 2007; Koolhaas, 2008) and previous research revealed differences in immune parameters between different personality types (Koolhaas, 2008). However, it is not clear whether the here observed difference in T cell proportions is a prerequisite of becoming highly or low explorative or a consequence of the personality type. Depending on the evolutionary hypothesis, highly explorative individuals should either invest more in their immune defenses (risk-of-parasitism hypothesis (Barber and Dingemanse, 2010)) or shift investment from immune defenses to current reproduction (pace-of-life hypothesis (Jacques-Hamilton et al., 2017)). Based on our findings on immune cell composition we cannot support or reject either of the two. Since we found reduced proportions of T cells in highly explorative mice, while the total numbers of splenocytes did not differ, there must be other cell populations with increased proportions in these animals. This rather supports the idea that the personality type is associated with a shift in immune function, which makes the animals more resistant to some pathogens and more susceptible to others as it has been shown before (Koolhaas, 2008). Whether the observed changes in immune cell composition would markedly influence the effectiveness of the immune defense, would have to be tested in future experiments.





4.3 Complex housing environments improve animal welfare

Lastly, we contrasted simple with complex housing conditions for their effects on animal welfare and the immune system. Mice housed under simple conditions showed more often stereotypic and nesting behavior and displayed increased agonistic behavior, but also increased social sniffing and grooming frequencies (but not durations) compared with mice housed under complex conditions. Shortly after being subjected to the new housing conditions, complex housed mice showed elevated corticosterone concentrations and reduced body weight, but at the end of the experiment, simple housed mice displayed elevated corticosterone concentrations, lower bodyweight and showed lower proportions of neutrophils while they had increased percentages of both, TNF- and IL-12-producing myeloid cells after LPS stimulation.

Regarding stereotypic and agonistic behaviors, as well as physiological and immunological parameters at the end of the experiment, our results are in line with the current state of knowledge: among various other positive effects that enriched environments have for the welfare of animals in captivity, reduced stereotypic and agonistic behavior, reduced corticosterone levels and increased bodyweight have been repeatedly reported (e.g., Sztainberg et al., 2010; Gross et al., 2011; Nip et al., 2019; Hobbiesiefken et al., 2021). Also, changes in immune responses and immune cell composition, especially adaptive immune cells comprising T cells and T cell subsets, but also natural killer cells are often affected by housing conditions (Marashi et al., 2003; Gurfein et al., 2014; Meng et al., 2019; Xiao et al., 2021; de Sousa Fernandes et al., 2022). Increased percentages of neutrophils have e.g., been reported in the blood of enriched housed mice (Brod et al., 2017). Hence, our results support previous research and clearly indicate improved welfare under complex housing conditions.

Pointing in another direction, mice in simple housing conditions showed increased frequencies of solitary grooming and social sniffing behavior, which are often interpreted as indicators for positive welfare (Freund et al., 2015; Kästner et al., 2019; Cunha et al., 2020). However, as increased frequencies of solitary grooming can also indicate stress-evoked grooming (Kalueff and Tuohimaa, 2004; Gould et al., 2009) and social sniffing behavior was shown to increase in smaller cages as an artefact of space-induced social interaction rates (Vestal and Hellack, 1977; Nip et al., 2019; but see: Ferhat et al., 2015), these results do not compellingly contradict our overall finding of improved welfare under complex conditions. Furthermore, shortly after being subjected to the new housing conditions, we observed a temporary increase in FCM concentrations accompanied by a reduction in body weight in complex housed mice. Differences between initial and experimental housing were more pronounced in complex conditions: whereas in simple conditions two enrichment items in the otherwise identical cage were exchanged, complex conditions additionally presented an entire three-dimensionally structured compartment with many unfamiliar items and materials. Familiarization with the bigger playgrounds requires more physical activity, which increases corticosterone levels in mice (Coleman et al., 1998; Girard and Garland, 2002) and is also reflected by a lower bodyweight at the same time. Though, also novelty-induced stress leads to short-term increase of corticosterone levels and exploratory locomotion in mice (Kurumaji et al., 2011). However, corticosterone concentrations and body weight normalized shortly after and even pointed towards lower FCM levels and heavier mice in complex housing conditions at t3 (i.e., from week 6 onwards), which was further supported by lower plasma corticosterone levels at the end of the experiment, indicating improved welfare in complex conditions in the long term.




4.4 Conclusion

To the best of our knowledge, this is the first study that empirically investigated (and found) personality-dependent welfare consequences in response to the housing environment in laboratory mice. We showed that refined housing conditions do not necessarily improve the welfare of all individuals equally. This has implications for the evaluation of animal welfare, where until now personality differences of individual animals are largely neglected (Richter and Hintze, 2019). Depending on the personality, individuals may vary in physiological (e.g., hormones, metabolism) or immunological aspects, which can affect individual susceptibility to stress or diseases (Koolhaas, 2008; Carere et al., 2010; de Boer et al., 2017; Niemelä and Dingemanse, 2018). Moreover, individuals differ in their responses to the environment they live in (Herrelko et al., 2012; Asher et al., 2016; Joshi and Pillay, 2016). Consequently, a “one-size-fits-all” tactic may not only be difficult to achieve, but also be an unsuitable approach. In contrast, scientists need to consider individual needs (Broom, 2008) in order to provide housing environments that fit the personality of all individuals of a group or population.

As an outlook, follow-up studies might investigate welfare consequences of personality-environment interactions over a longer period of time, as many animals (e.g., breeding animals) live much longer in their facilities than the 10 weeks we have covered. Furthermore, welfare-relevant personality-environment interactions are certainly not limited to exploration personality and/or differently complex housing environments but can include various environmental factors (e.g., animal density or social context (Whittaker et al., 2012; Kappel et al., 2017)) and related personality traits (e.g., aggression or sociability). Whether or not a personality-environment combination critically influences individual welfare is likely to depend on the specific ecology of the species in question. Therefore, it remains to be investigated whether our results for female C57BL6/J mice can also be transferred to other groups of animals (i.e., the other sex, other strains and species). Hence, more studies are needed that address personality differences and their consequences for individual animal welfare.
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The mouse lies motionless for at least 2 seconds. Tiny movements of whiskers, ears, head, extremities or tail are excluded. The
breath is calm and regular. The eyes of the mouse may be open or closed. The behavior ends when the mouse moves more
strongly for at least 2 seconds. (duration & frequency)

The mouse moves one or more paws and/or the tongue over its head or body (incl. tail) for at least 2 seconds. The behavior
ends when the mouse does not perform any of the described movements for 2 seconds. (duration & frequency)

The mouse transports nest material (paper, nestlets or nest rolls) towards the nest and/or arranges nest material in the nest.
(duration & frequency)

The mouse touches the nose or the ano-genital region of the partner mouse for at least 1 second. (frequency)

The mouse runs its tongue and/or front paws over the face or body of the partner mouse for at least 2 seconds. The behavior
ends when the described movements have been interrupted for at least 2 seconds. (duration & frequency)

The mouse moves its head and front sudden towards the partner mouse, whereupon the latter retreats. (frequency)

The mouse locomotes in a fast running speed for at least 2 seconds after the partner mouse, that is running away. The head is
directed towards the animal in front. The maximum distance between the two animals is one body length. The behavior ends
when the described movements are not executed for at least 2 seconds. (frequency)

The mouse stands on its hind legs and pushes with its front paws against the partner mouse until the latter leaves its
position. (frequency)

A mouse contacts the body of the partner mouse with its mouth, making that mouse react with winced movement of either
single extremities, tail or the whole body. (frequency)

A series of attacks with rushing and leaping at the partner mouse. As the behavior is of higher intensity than an attack itself;
single attacks are not countable anymore. (frequency)

Physical struggle between two mice which is initiated by an attack of the focal mouse and usually involves further attacks,
kicking, wrestling, and rolling in the bedding. (frequency)

The mouse continuously follows the same path at least three times without stopping or showing variations in the path.

The mouse repetitively traces a tight, loosely circular path (usually climbing on the cage lid, occasionally on the cage floor) and
completes at least two full circles in succession without leaving the path. The behavior is repeated identically with reference to
the animal’s own body but may be performed in different positions in the cage.

The mouse performs a repetitious upright motion (incl. a phase where all 4 paws do not touch the ground) at least three times
in succession with a frequency of at least 1 x per second.

The mouse performs repetitious back flip by throwing its head and body backward in an arc, making a full turn and landing
with the paws on a surface. The mouse repeats this behavior at least 2 times in succession with no pause longer than 5 seconds
in between back flips.

Given are the behaviors, incl. their definition that were used for home cage analysis.
Definitions were partly adopted from: Crusio et al., 2013; Kistner et al,, 2019.





OEBPS/Images/M5.jpg
vehaviory
behaviorg ~ personality + housing
behavior,,





