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C57BL/6 mice are one of the most widely used inbred strains in biomedical research. Early separation of the breeding colony has led to the development of several sub-strains. Colony separation led to genetic variation development driving numerous phenotypic discrepancies. The reported phenotypic behavior differences between the sub-strains were, however; not consistent in the literature, suggesting the involvement of factors other than host genes. Here, we characterized the cognitive and affective behavior of C57BL/6J and C57BL/6N mice in correlation with the immune cell profile in the brain. Furthermore, faecal microbiota transfer and mice co-housing techniques were used to dissect microbial and environmental factors’ contribution, respectively, to cognitive and affective behavior patterns. We first noted a unique profile of locomotor activity, immobility pattern, and spatial and non-spatial learning and memory abilities between the two sub-strains. The phenotypic behavior profile was associated with a distinct difference in the dynamics of type 2 cytokines in the meninges and brain parenchyma. Analysing the contribution of microbiome and environmental factors to the noted behavioral profile, our data indicated that while immobility pattern was genetically driven, locomotor activity and cognitive abilities were highly sensitive to alterations in the gut microbiome and environmental factors. Changes in the phenotypic behavior in response to these factors were associated with changes in immune cell profile. While microglia were highly sensitive to alteration in gut microbiome, immune cells in meninges were more resilient. Collectively, our findings demonstrated a direct impact of environmental conditions on gut microbiota which subsequently impacts the brain immune cell profile that could modulate cognitive and affective behavior. Our data further highlight the importance of characterizing the laboratory available strain/sub-strain to select the most appropriate one that fits best the study purpose.
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Introduction

C57BL/6 mouse model is one the most widely used strains in biomedical sciences. This strain has been created from C57BL line by Dr. C.C. Little in 1920 (1, 2). Through the separation of the breeding colonies, two main sub-strains have been developed which are C57BL/6J and C57BL/6N. While the former has been maintained in Jackson's laboratory, the latter is in the National Institute of Health (NIH). Several other sub-strains have then been derived from the two main lineages and kept by different vendors in independent facilities (1, 2). While all the sub-strains do share the same phenotypical appearance, they are not genetically identical (1, 3). Over the years, genetic shift and drift have led to the development of several single nucleotide polymorphisms, indels, and structural variants in these sub-strains (3, 4).

Genetic shift and drift have led to considerable variations in several phenotypic traits between the sub-strains. For instance, it has been shown that C57BL/6J and C57BL/6N differ in their susceptibility to ocular lesions development (5), hypothermia-induced seizure (6), drug abuse response (7), and in the maintenance of glucose homeostasis and insulin secretion (8). Differences in phenotypic behavior including fear, anxiety, and pain were also reported (2–4, 9–11). These alterations were, however; not consistent in the literature (2–4, 9–11). Recent studies have indicated that phenotypic behavior inconsistency could be explained by the fact that some phenotypes are not solely derived by host genetics, but rather through alteration in microbial profile and/or interaction between host and microbial factors (12–14). In fact, there is an interplay between host genetics, environmental factors, microbiome composition, and phenotype development (13). Thus, variation in any of these factors can lead to manifestation of different phenotypes. For instance, alteration in environmental factors can result in changes in microbial composition and thus the microbial factors available in the milieu that can subsequently impact host biology and functionality (13, 14). Whether the variation in environmental factors and thus microbiome composition could account for some of the documented behavioral differences between C57BL/6 sub-stains is an open question that is yet to be experimentally addressed. Furthermore, it is not yet clear how genetic, environmental, and microbial factors affect brain immune cell profile and thus, brain functionality in these sub-strains.

In the present study, we assessed the pattern of affective and cognitive behavior in C57BL/6J (B6J) and C57BL/6N (B6N) mice in association with immune cell profile in meninges and brain parenchyma. Using gut microbiota transfer and environmental co-housing, we investigated the extent gut microbiome and environmental factors contribute to cognitive and affective behavior patterns. We further dissected the impact of these factors on the responsiveness of immune cells in meninges and brain parenchyma.





Material and methods




Ethics statement and mice

All mice were maintained in specific-pathogen-free barrier conditions in individually ventilated cages at the University of Cape Town biosafety level 2 animal unit facility. C57BL/6J and C57BL6/N mice were maintained in two different SPFs facilities. C57BL/6N mice were maintained in SPF that is free of all FELASA-listed organisms except for Pasteurella pneumotropica, Helicobacter spp. and murine norovirus (MNV). The C57BL/6J mice were maintained in SPF facility that is free of all FELASA-listed organisms. Experimental mice were sex and age-matched and used at 12 weeks of age. Mice were maintained in IVC cages with the dimension of 330 mm x 170 mm x 140 mm (lxbxh) on a wood shaving bedding. All the experimental work was in strict accordance with the recommendations of the South African national guidelines and of the University of Cape Town practice for laboratory animal procedures as in ethics protocols, 020-007 and 020-002, approved by the Animal Research Ethics Committee of the Faculty of Health Sciences, University of Cape Town. All efforts were made to minimize animal suffering.





Antibiotic treatment and faecal microbiota transfer

Mice were first habituated for a week and then treated for five consecutive days with an antibiotic cocktail followed by FMT transfer for 3 days as in (15). Briefly, mice were treated with ampicillin (2 mg/ml), neomycin (2 mg/ml), metronidazole (2 mg/ml), and vancomycin (1 mg/ml) via oral gavage for five consecutive days. Frozen faecal pellets collected from donor mice were reconstituted in sterile ice-cold PBS in a concentration of 100 mg/ml. The pellets were homogenised, spun down at 800 xg for 3 mins, and the supernatant was separated for oral gavage treatment for 3 consecutive days immediately after antibiotic treatment. Mice were then exposed to a battery of affective and cognitive function tests.





Co-housing experiment

Mice were received at 12 weeks of age. After allowing one week to habituate in the biosafety level 2 facility, C57BL/6J and C57BL/6N mice were placed in clean cages (with new food and water) at a ratio of 1:1 and co-housed for six months. Mice were monitored for any signs of fighting (i.e wounds, tail lesions, or any injuries) to ensure that there is no fighting between the two strains. Ear punching facilitated long-term identification (16, 17). At the end of the co-housing period, mice were exposed to a battery of behavioral tests for assessing cognitive and affective behavior.





Behavioral testing

In each experimental set, cognitive and affective behavior were evaluated using a comprehensive behavioral battery starting with the least to the most stressful ones. Mice were exposed to open field, then novel object, light-dark, and finally forced swim test.





Open field test

The open field test is usually used to assess locomotor activity, avoidance behavior, and anxiety-like behavior in animals (18). In this test, each mouse was placed in an open field apparatus (30 cm x 30 cm x 32 cm) under strong illumination (60 lux lighting). The open field’s area was then virtually divided into central and peripheral area. After mice acclimatization, each mouse was placed in the centre of the apparatus to explore the arena for 10 mins. EthoVision® XT 8 automated tracking system (Noldus Information Technology, VA) was used for video tracking and data analysis.





Light-dark box test

The light/dark box test is a widely used tests to assess anxiety-like behavior in mice. The test is based on the natural aversion and preference of mice to react to brightly illuminated areas and on their spontaneous exploratory behavior in novel environments (19). The apparatus was divided into two chambers: a dark chamber and a bright chamber. Mice were placed in the light compartment (1:1) and behavior was recorded for 10 min. Measurements of total time spent in the light versus dark compartments and the number of transitions from one compartment to the other were recorded using EthoVision® XT 8.





Forced swim test

FST is a test used to assess depression-like behavior. In this test, swimming sessions were conducted by placing the mouse in individual glass cylinders (30 cm in height and 20 cm in diameter) containing 30 cm of water at (23 ± 2 °C). During the session, mice were forced to swim for 6 min and the duration of immobility was measured at the last 4 mins. A mouse was judged immobile when it ceased all active behaviors (i.e. struggling, swimming, and jumping) and remained passively floating or making minimal movements necessary to maintain the nostrils above water (3, 18). A high percentage of time floating was interpreted as an indication of depressive-like response. The animals were placed into the testing apparatus under illumination (60 lux). All the behaviors were recorded using EthoVision® XT 8.





Novel object test

The object location task (OLT) and the novel object recognition task (NORT) are two effective behavioral tasks to assess cognitive functions. These tests exploit the inherent preference of mice for the novelty to reveal memory for previously encountered objects. While OLT primarily evaluates spatial learning, which relies on hippocampal activity, NORT evaluates non-spatial learning of object identity, which relies on multiple brain regions (20). The mice were placed in an open field box with two familiar objects for 5 min. In this test, the light should not be too bright. For the NORT, mice were left to explore freely the objects and the box. After one hour, one of the objects was replaced with a new object, and the mice were left to explore again and distinguish between the familiar and novel object. For the OLT, on 2nd day, mice explored the same familiar object and after one hour the location was changed to a new spot. All the behaviors were recorded using EthoVision® XT 8.





Cells isolation

Mice were euthanized using halothane followed by cardiac puncture to confirm death. Animals were then thoroughly perfused with ice-cold PBS, pH 7.4, for 5 mins. Heads were removed and skulls were stripped of all flesh. Surgical scissors were used to remove skull tops in a clockwise manner. The skulls were immediately placed in ice-cold RPMI media. Meninges were carefully removed from the interior aspect of skulls and surfaces of brains with forceps (21, 22). Hippocampus was separated from the brain parenchyma using surgical forceps. Single cell suspension from meninges and hippocampus (HPC) was prepared by enzymatic digestion in RPMI containing 220 U/mg Collagenase IV (Gibco, Waltham, Massachusetts), 13 U/mg DNase I (Sigma, St. Louis, Missouri), and 5% iFCS (inactivated fetal calf serum) (Gibco) (digestion buffer) for 30 min at 37°C under constant rotation. The resulting suspension was mechanically squeezed through a 100 µM sterile cell strainer (Falcon) followed by centrifugation at 1200 rpm for 10 min at 4°C. Supernatant was discarded and the cells were resuspended in RPMI medium and checked for viability and cell number by trypan blue staining.





Flow cytometry

Antibodies used for flow cytometry analysis were as follows: CD3ϵ, CD4, IL-4, IL-5, IL-6, IL-10, IL-13, CD45, CD11b, F4/80, and MHC II purchased from BD Biosciences (Franklin Lakes, New Jersey) and eBioscience (San Diego, California). For staining of cell surface markers, cells (1 x 106) were labelled and washed in PBS containing 1% BSA (Roche, Switzerland) and 0.1% NaN3 (FACS buffer). For detection of intracellular cytokines, cells were seeded at a density of 2 x 106 cells/well in a complete RPMI culture medium and stimulated with 50 ng/ml phorbol myristate acetate (PMA), 250 ng/ml ionomycin, and 200 µM monensin (all from Sigma) for 6 hr at 37°C in a humidified atmosphere containing 5% CO2. After the incubation period, cells were harvested, washed, fixed in 2% (w/v) paraformaldehyde, permeabilized with 0.5% saponin buffer, and then stained for cytokine production as previously described (23, 24). Fluorescence minus one (FMO) was used as a control for intracellular staining whereby all fluorophores were added except one, i.e. cytokine fluorophore, to detect positive signal. Acquisition was performed using BD LSRFortessa (BD Biosciences) and data were analyzed using FlowJo software (Treestar, Ashland, Oregon).





Tissue homogenate for cytokine analysis

Brain parenchyma (hippocampus) were collected and homogenized in RIPA buffer containing 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, US, catalogue no. P8340). The homogenate was spun down and the supernatant was isolated for cytokine analyses (24). Cytokines (IL-1β, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, IFNγ, and TNFα all from BD Pharmingen) were measured in the protein extracts by sandwich ELISA as described previously (23, 24). Cytokine values were normalized according to the protein content measured by Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, catalogue no. 23225).





Statistics

Statistical analysis was conducted using GraphPad Prism 7 software (http://www.prism-software.com). Data were calculated as mean ± SD. Statistical significance was determined using the unpaired Student’s t-test defining differences to uninfected mice as significant (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001).






Results




Immune cell profile in the meninges and brain parenchyma of C57BL/6 sub-strains under steady state condition

We first investigated whether immune cell proportion and cytokine production in meninges and brain parenchyma would be similar between C57BL/6 sub-strains. To address that, meninges and brain parenchyma, particularly hippocampus (HPC), were collected and the immune profile was characterized using flow cytometry and ELISA (Figure 1A). Characterization of the T cell population in meninges indicated a comparable frequency of CD3+ (Figures 1B, S1A) and CD3+ CD4+ T cell populations (Figure 1C) in the two sub-strains. CD3+ CD4+ T cell population in B6J mice were, however; producing more IL-4, IL-5, IL-6, and IL-13 (Figure 1D), suggesting a higher tendency of T cells in B6J mice to produce more type 2 cytokines when compared to their counterparts in B6N mice. We then assessed changes in the CD11b+ population in meninges (Figure S1B). Under steady state, B6N and B6J mice had a comparable frequency of the CD11b+ population (Figure 1E). Similar to T cells, the basal level of type 2 cytokine production by CD11b+ population in B6J seemed to be higher compared to B6N mice (Figure 1F). Indeed, CD11b+ population in B6J was producing more IL-4, IL-5, IL-6, and IL-13 (Figure 1F). Together, these data indicated whereas the frequency of T and CD11b+ populations was comparable in the meninges of C57BL/6 sub-strains, the basal ability of these cells to produce type 2 cytokines was different.




Figure 1 | Characterization of immune cell profile in meninges and hippocampus in C57BL/6 sub-strains. (A) Experimental design. Meninges and HPC were collected from naïve adult mice and the proportion of immune cells and level of cytokines were assessed using flow cytometry and ELISA. (B) Frequency of CD3+ T cells, (C) CD4+ T cells, and (D) IL-4, IL-5, IL-6 and IL-13-expressing CD4+ T cell in meninges. (E) Frequency of CD11b+ cells and (F) IL-6, IL-4, IL-5, and IL-13-expressing CD11b+ cell in meninges. The level of (G) Type 1, (H) Type 2, and (I) Type 17 cytokines as well as (J) BDNF using ELISA and normalized to mg of HPC tissue. (K) Frequency of microglia (CD11b+ CD45low/inter) in HPC. (L) frequency of IL-6, IL-4, IL-5, and IL-13-producing microglia under steady state. Results are representative of three independent experiments with 4–7 mice/group. Data are expressed as mean ± S.E.M. * P < 0.05, ** P < 0.001 by two-tailed unpaired Student t-test.



Next, we sought to characterize the cytokine pattern in HPC in the two sub-strains. For type 1 cytokines, B6J displayed a significant reduction in IL-1β and a comparable level of IFNγ and TNFα (Figure 1G). For type 2 cytokines, B6J mice exhibited a significant reduction in IL-5 and IL-13 while maintaining a similar level of IL-4 and IL-6 (Figure 1H). Furthermore, we did not note any major differences in either the regulatory cytokine IL-10 (Figure 1H), IL-17 production (Figure 6I) or BDNF (Figure 1J) in the two sub-strains. We then analysed the profile of microglia population, which is the brain resident macrophages, using flow cytometry (Figure S1C). C57BL/6 sub-strains had a comparable microglia frequency (Figure 1K). Interestingly, however; these microglia were different in their cytokine production ability. Microglia in B6J mice produced less IL-4 and IL-6 when compared to B6N (Figure 1L). Thus, under steady state and unlike meninges, microglia in B6J mice produced less type 2 cytokines compared to B6N.





Affective and cognitive behavior in C57BL/6 sub-strains

We then questioned whether the alteration in immune cell profile in meninges and HPC would be associated with distinct patterns of affective and cognitive behavior. To address that, B6J and B6N adult mice were habituated for 7 days and then exposed to a battery of behavioral tests, starting with the least to the most stressful ones (Figure 2A). Open field and light-dark box tests were used to assess basal locomotor activity and anxiety-like behavior. Our analyses indicated a distinct movement pattern of C57BL/6 sub-strains (Figure 2B) in the open field test. Furthermore, B6J mice travelled a longer distanced (Figure 2C) and had a higher level of velocity (Figure 2D) when compared to B6N mice. Together, these data suggested a distinct locomotor activity of the two sub-strains. For anxiety-like behavior, there were no differences in the frequency to the centre, using open field test, (Figure 2E) or dark-to-light transition ratio in the light-dark box test (Figure 2F). Together, these data suggested a comparable level of anxiety-like behavior under steady state between the two sub-strains.




Figure 2 | Affective and cognitive behavior in C57BL/6 sub-strains. (A) Experimental design set 1. Naïve adult C57BL/6N and C57BL/6J mice were assessed for affective and cognitive behavior using a battery of tests that started with the least to the most stressful ones. (B) Heat map of the sub-strains movement pattern in open field test under steady state. (C) Total distance travelled, (D) Velocity, and (E) frequency to the centre were measured. (F) Dark-to-light transition ratio using light-dark box test. (G) Depression-like behavior was assessed using FST (H) and total immobility time was determined using EthoVision® XT 8. (I) Exploration ratio and (J) Discrimination index in NOR test. (K) Exploration ratio and (L) Discrimination index in OLT test. Results are representative of two independent experiments with 4–7 mice/group. Data are expressed as mean ± S.E.M. *P < 0.05, **P < 0.001 by two-tailed unpaired Student t-test.



We then assessed the immobility pattern as an indicator of depression-like behavior using Forced Swim Test (FST) (Figure 2G). Under steady state, B6J mice displayed longer immobility duration compared to the B6N substrain (Figure 2H), suggesting that B6J mice might have a higher propensity to develop depression-like behavior.

We next evaluated the cognitive functions using Novel Object Recognition Test (NORT) and Novel Object Location Test (OLT). NORT is a hippocampal-independent non-spatial learning and memory whereby mice were allowed to explore two identical objects, one of these objects were then replaced with a novel one (20). Under steady state, our analyses indicated a trend of lower exploration time (Figure 2I) and discrimination index (Figure 2J) between B6N and B6J. This trend was, however; not up to the significance level. Next, we assessed the hippocampus-dependent spatial learning and memory using OLT whereby mice were allowed to explore two identical objects, one of these objects was then placed in a different location. We noted a trend of lower exploration ratio (Figure 2K) with a similar discrimination index (Figure 2L) in B6J mice compared to B6N. Together, these data suggested a modest alteration in the basal level of hippocampus-dependent and independent spatial learning and memory in B6J mice compared with B6N.





Microbial and environmental factors have an influential impact on the locomotor activity of C57BL/6 sub-strains

Given that our findings of affective and cognitive behaviors are in accordance with previously published reports and contrast with others (2–4, 9–11), we sought to disentangle the contribution of the microbial and environmental factors to the phenotype noted. To examine the role of the microbiome, we treated B6J and B6N with an antibiotic cocktail for five consecutive days followed by reciprocal faecal microbiota transfer (FMT), i.e., B6J received FMT from B6N and vice versa. The mice were then exposed to affective and cognitive behavioral tests (Figure 3A). In the open field test, we noted a significant increase in the distance travelled (Figure 3B) and velocity (Figure 3C) of B6N mice after receiving FMT from B6J mice. In the same manner, B6J mice receiving FMT of B6N displayed a reduction in the total distance travelled (Figure 3B) and velocity (Figure 3C) when compared to its naïve counterpart, B6J. No difference was noted in the frequency of centre visits before or after FMT in B6J or B6N mice (Figure 3D). Together, these data suggested a role of gut microbiome in locomotor activity as FMT recipient mice displayed a locomotor activity similar to the donor. We next assessed the role of environmental factors whereby mice were environmentally co-housed for 6 months and then exposed to affective and cognitive behavioral tests (Figure 3E). In the open field test, the difference in the total distance travelled (Figure 3F) and velocity (Figure 3G) between B6N and B6J mice, previously demonstrated, vanished after the period of environmental co-housing. Together, these data further supported the influential role of environmental and microbial factors in locomotor activity in C57BL/6 sub-strains. Of note, the frequency to the centre was significantly reduced in the co-housed B6J mice compared to the co-housed B6N, suggesting a higher propensity of B6J mice to develop a higher level of anxiety-like behavior after long-term co-housing (Figure 3H). Using the light-dark box test, we noted similar dark-to-light transition ratio after FMT (Figure 3I) and long-term environmental co-housing (Figure 3J) in B6J and B6N mice, suggesting a similar level of anxiety-like behavior in the two sub-strains.




Figure 3 | Microbial and environmental factors influence locomotor activity of C57BL/6 sub-strains. (A) Experimental design set 2. Faeces were collected from C57BL/6N and C57BL/6J mice day 0. These mice were treated for 5 days with antibiotic cocktail for microbiome clearance. Faecal microbiota transfer (FMT) was then done through oral gavage. (B) Total distance travelled, (C) Velocity, and (D) Frequency to the centre in C57BL/6N and C57BL6/J upon FMT are depicted. (E) Experimental design set 3. In the third setup, C57BL/6N and C57BL/6J mice were environmentally co-housed for six months followed by an assessment of the affective and cognitive behaviors. (F) Total distance travelled, (G) Velocity, and (H) Frequency to the centre after long-term co-housing are depicted. (I) Dark-to-light ratio using light-dark box test was measured upon FMT, and (J) after long-term co-housing. Results are representative of two independent experiments with 5–7 mice/group. Data are expressed as mean ± S.E.M. *P < 0.05, ***P < 0.0001 by two-tailed unpaired Student t-test.







Immobility pattern in C57BL/6 sub-strains is more resilient to microbial and environmental factors

Next, we investigated the involvement of gut microbiome and environmental factors in the development of depression-like behavior in the two sub-strains (Figure 2H). Under FMT condition, we noted a marginal role of microbiota in immobility pattern. Even though FMT promoted the immobility duration in both strains, the distinctive pattern of immobility duration, i.e., higher immobility time in B6J compared to B6N, was maintained in the two sub-strains before and after FMT (Figure 4A). Similarly, under long-term environmental co-housing, B6J mice displayed higher immobility duration (Figure 4B), compared to B6N. Together, our data demonstrated a dispensable role for microbial and environmental factors in immobility pattern in these sub-strains.




Figure 4 | Microbial and environmental factors are dispensable for depression-like behavior pattern in C57BL/6 sub-strains. Immobility duration in C57BL/6N and C57BL6/J mice upon (A) FMT and (B) after long-term co-housing. Results are representative of three independent experiments with 5–7 mice/group. Data are expressed as mean ± S.E.M. * P < 0.05, ** P < 0.001, by two-tailed unpaired Student t-test.







Impact of microbial and environmental factors on cognitive function

In our characterization, we noted modest alteration in cognitive functions between the two sub-strains, and thus we sought to investigate whether changes in microbial and environmental factors may change the cognitive behavior pattern. For hippocampal-independent non-spatial learning and memory, and similar to NORT steady state condition, B6N and B6J displayed similar exploration ratio (Figure S2A). Of interest, the discrimination index in B6N FMT recipient mice was reduced to a level comparable to B6J ones (Figure S2B). Similarly, the discrimination index in B6J mice receiving FMT from B6N was enhanced to a level comparable to B6N mice (Figure S2B). After long-term environmental co-housing, the two sub-strains had similar exploration ratio (Figure S2C) and discrimination index (Figure S2D). However, B6J had a significant reduction in the total exploration time (Figure S2E). Assessment of hippocampal-dependent spatial learning and memory using OLT indicated that FMT transfer from B6J to B6N led to a reduction in the exploration ratio (Figure S2F) and discrimination index (Figure S2G), reproducing a pattern similar to B6J mice. In contrast, FMT transfer from B6N to B6J did not cause major alteration in either the exploration ratio (Figure S2F) or discrimination index (Figure S2G). After long-term co-housing, B6N and B6J mice exhibited a comparable exploration ratio (Figure S2H) and discrimination index pattern (Figure S2I). Together, these data indicated a differential impact of microbial and environmental factors on HPC-dependent and independent learning and memory.





Marginal impact of microbiota and environmental factors on immune cell populations in the meninges

We then analysed how microbiota and environmental factors influenced the immune cell profile in brain. Characterization of T cells after FMT in meninges indicated a comparable frequency of CD3+ (Figure 5A) and CD3+ CD4+ T cell populations (Figure 5B) in the two sub-strains, similar to the findings under steady state.




Figure 5 | meningeal T cells are resilient to changes in microbial and environmental factors. (A) Frequency of CD3+ T cells, (B) CD4+ T cells, and (C) IL-4, (D) IL-5, (E) IL-6, and (F) IL-13-expressing CD4+ T cell in C57BL/6N and C57BL/6J upon FMT. (G) Frequency of CD3+ T cells, (H) CD4+ T cells, and (I) IL-4 and IL-10-expressing CD4+ T cell in C57BL/6 sub-strains after long-term environmental co-housing. Results are representative of three independent experiments with 5–7 mice/group. Data are expressed as mean ± S.E.M. *P < 0.05 by two-tailed unpaired Student t-test.



Notably, the cytokine production ability by CD3+ CD4+ T cell population was not altered in response to FMT (Figures 5C–F) when compared to naïve mice. For instance, B6N produced a comparable amount of IL-4 (Figure 5C), IL-5 (Figure 5D), IL-6 (Figure 5E), and IL-13 (Figure 5F) before and after FMT. The same thing was also noted for B6J mice (Figures 5C–F). Together, these data suggested that gut microbiota alteration did not have a major impact on T cell profile in meninges in C57BL/6 sub-strains. Under long term environmental co-housing, we noted a significant reduction in CD3+ (Figure 5G) and CD3+ CD4+ T cell populations (Figure 5H) in B6J mice compared to B6N mice. Of note, T cell production of IL-4 and IL-10 was also reduced in B6J mice (Figure 5I).

Similar impact of microbial and environmental factors was also noted on CD11b+ population in the meninges. In fact, under gut microbiome transfer condition, the frequency of CD11b+ population (Figure S3A) was comparable between the two sub-strains. The level of IL-4 (Figure S3B), IL-5 (Figure S3C), IL-6 (Figure S3D), and IL-13 (Figure S3E) were comparable before and after FMT in each sub-strain, thus maintaining the same profile of higher tendency of type 2 cytokine production by CD11b+ population in B6J mice. Under environmental co-housing condition, we found a significant reduction in CD11b+ population in B6J when compared to B6N mice (Figure S3F). Except for IL-4 which was significantly reduced in B6J mice (Figure S3G), CD11b+ cells produced a comparable level of IL-6 and IL-10 in the two sub-strains (Figure 3G). Together, this data suggested that long-term co-housing resulted in reduction in meninges immune cell frequency and their type 2 cytokine production.





Microglia in HPC are responsive to changes in microbial and environmental factors

Microglia play key roles in cognitive and affective behavior. Furthermore, microglia are highly sensitive to changes in gut microbiota and environmental factors (19, 25–28). Thus, we assessed microglia response to FMT and long-term co-housing in HPC. Under FMT condition, gut microbiota transfer did not alter microglia frequency in either B6J or B6N (Figure 6A). Of interest, the B6N FMT recipient mice displayed a significant reduction in microglia production of IL-6 (Figure 6B) and IL-4 (Figure 6C). Notably, these cytokines were reduced to the level noted in B6J mice. In support, the total IL-4 in HPC was significantly reduced in B6N mice after FMT (Figure 6D). In contrast, transfer of B6N’s gut microbiome to B6J did not cause significant alteration in microglia production of either IL-6 (Figure 6B) or IL-4 (Figure 6C) as well as the total level of IL-4 (Figure 6D). Together, these data indicated that after short-term antibiotic treatment and FMT, there was a unidirectional impact of gut microbiota in altering cytokine production ability of microglia in HPC. Under long-term co-housing condition, there was a comparable frequency of microglia in B6J and B6N (Figure 6E). Of note, microglia produced similar amount of type 2 cytokines (IL-4, IL-6, and IL-10) (Figure 6F). The long-term co-housing might have helped in normalizing the microbiome differences between the two strains. Collectively, these data suggested an influential impact of microbial and environmental factors on microglia cytokine production ability.




Figure 6 | Microglia are responsive to microbial and environmental factors in C57BL/6 sub-strains. Hippocampus were collected from C57BL/6N and C57BL/6J under different experimental conditions to assess changes in microglia proportion and their cytokine production. (A) Frequency of microglia (CD11b+ CD45low/inter). Frequency of microglia (CD11b+ CD45low/inter) producing (B) IL-6 and (C) IL-4 upon FMT. (D) IL-4 level measured in HPC upon FMT using ELISA and normalized to mg of HPC tissue. (E) Frequency of microglia (CD11b+ CD45low/inter) and (F) frequency of IL-4, IL-6, and IL-10-producing microglia in C57BL/6N and C57BL/6J after long-term co-housing. Results are representative of three independent experiments with 5–7 mice/group. Data are expressed as mean ± S.E.M. * P < 0.05, *** P < 0.0001 by two-tailed unpaired Student t-test.








Discussion

C57BL/6 mice are one of the most widely used inbred wildtype and genetically engineered mouse model in biomedical sciences (2, 11, 29). This strain has been generated decades ago and several sub-strains were then subsequently driven. Studies have indicated variations in several phenotypic traits and behavior between the different sub-strains (2–4, 9–11). While some of the behavioral variations could be genetically driven, others are not consistent in the literature (3, 9, 10, 29), suggesting the involvement of other factors like environmental and/or microbial factors. In the present study, we characterized cognitive and affective behavior in B6J and B6N in association with the immune cell profile in brain. We further demonstrated the contribution of genetic, microbial and environmental factors to cognitive and affective behaviors in C57BL/6 sub-strains. Our analyses demonstrated a distinct pattern of immune cell profile in the two sub-strains whereby a higher basal level of type 2 cytokine by T cells and CD11b+ myeloid cells in the meninges along with reduction in type 2 cytokines, i.e., IL-4, production by microglia in HPC, was noted in B6J compared to B6N sub-strain. This immune profile was associated with changes in behavior like locomotor activity, immobility pattern and spatial and non-spatial learning and memory abilities between B6J and B6N under steady state. Some of the noted differences between the two sub-strains were most likely driven by microbial and environmental factors, while others were genetically driven. In fact, our data demonstrated that locomotor activity was highly sensitive to alteration in microbial and environmental factors as gut microbiota transfer and co-housing led to a remarkable change in the locomotor activity. In contrast, high-immobility time in FST, as an indicative of depression-like behavior, was highly resilient, as immobility pattern in the two sub-strains was the same under all the tested conditions. We further noted a differential influence of microbiome and environmental factors on spatial and non-spatial learning and memory abilities. Of interest, changes in the phenotypic behavior in response to environmental and microbial factors were associated with changes in immune cells profile. While microglia were highly sensitive to alteration in gut microbiome, immune cells in meninges were more resilient. Collectively, our findings demonstrated that alteration in environmental factor impacts gut microbiome which alter immune cell profile in brain parenchyma and subsequently cognitive and affective behavior. Our findings demonstrated the affective and cognitive domains which were sensitive to changes in microbial and environmental factors and further shed the light on the importance of characterizing the available sub-strains to select the one that fits best for the study purpose.

Recent studies have indicated that phenotype development is dependent on host genes, microbial factors, and/or the interaction between them. Therefore, the interplay between host genetics, environmental factors and microbiome composition has a great influence on phenotype development (13). In the present study, we sought to disentangle the contribution of host genes, microbiome and environmental factors to the phenotypic variation in C57BL/6 sub-strains. We first analysed the locomotor activity in the two sub-strains and noted a distinct pattern of locomotor activity in B6J compared to B6N mice. B6J displayed a higher velocity that was associated with increase in the total distance moved. The difference in locomotor activity was previously reported. While the findings of some studies are in accordance with ours (3, 10, 11), others have indicated the opposite whereby B6N mice displayed higher activity (3). These contrasting findings suggested the contribution of factors other than host genes, like for instance microbial and/or environmental factors. Faecal microbiome transfer was used to assess the role of microbiome, whereases long-term co-housing helped in assessing the impact of both environmental factors and microbiome, as mice are coprophagic. Gut microbiome transfer from B6J to B6N led to increase in the velocity and the total distance in the recipient B6N mice compared to their naïve counterparts, and vice versa in the case of B6J FMT recipient mice. Alteration in gut microbiome could be likely driven by either genetic or environmental factors. The latter is most likely the case in the present study, as mice co-housed for long-time displayed a comparable velocity and total distance (locomotor activity). Thus, these findings suggested that variations in environmental factors resulted in alteration in gut microbial composition that led to differences in locomotor activity. These results are in accordance with a previously published report that indicated a role of gut microbiota in modulating locomotor activity through altering neuronal function in Drosophila (30).

Unlike locomotor activity profile, the pattern of high-immobility time in FST, as an indicator of depression-like behavior, seems to be consistent under all tested conditions. Under steady state, the analyses of FST indicated an increase in immobility time in B6J mice, suggesting a higher basal level of depression-like behavior in B6J compared to B6N mice. The mentioned immobility pattern of the two sub-strains was reproducible, and even more robust, under FMT and long-term environmental co-housing conditions. Thus, increased immobility time in B6J mice could be likely driven by genetic factors as it was more resilient to changes in environmental and microbial factors. The higher basal level of immobility time may indicate a higher propensity for depression-like behavior development in B6J mice which might make this model not the best choice for testing this phenotype but this has to be further validated in a depression-induced experimental model. Of note, opposite depression-like behavior pattern was reported elsewhere, suggesting laboratory-specific variations that develop over time and highlighting the importance of characterizing the available laboratory sub-strains to select the best model that fits best for the study purpose (10).

Notably, there was no difference in anxiety-like behavior between the two sub-strains as they displayed similar frequency to the centre in the open field test and had a comparable level of dark-to-light transition ratio which is in agreement with previously published report (3). Thus, the two sub-strains had a similar basal level of anxiety-like behavior. Of note, B6J mice under FMT and co-housing conditions displayed a trend of a lower frequency to the centre relative to its B6N counterparts, suggesting a higher tendency of B6J to develop anxiety-like behavior under less favourable conditions which may explain why in some studies B6J displayed higher anxiety level compared with B6N (29).

In addition to affective behavior, previous report also assessed cognitive behavior whereby they could not detect a significant difference in spatial learning and memory capacity (11, 29). Our data, however; demonstrated a modest alteration in hippocampus-dependent and independent learning and memory in the two sub-strains. In hippocampus-independent non-spatial learning and memory, B6J mice displayed a trend of lower exploration ratio and discrimination index. This pattern was replicated after gut microbiome transfer as recipient mice displayed a similar discrimination index as the donor mice. For instance, B6N mice receiving FMT from B6J mice displayed a discrimination index similar to that of naïve B6J mice, and vice versa, suggesting a bidirectional impact of gut microbiota on hippocampus-independent non-spatial learning and memory. In contrast, gut microbiome impact on the pattern of hippocampus-dependent spatial learning and memory seemed to be unidirectional because B6N mice receiving FMT from B6J had a reduction in total exploration time and discrimination index to a level comparable to B6J mice but not vice versa. This could be explained by our findings on microglia profile in HPC whereby the impact of gut microbial factors on microglia was unidirectional. In fact, gut microbiota transfer from B6J to B6N did significantly reduce the expression of IL-4 and IL-6 by microglia to a level comparable to the ones recorded in B6J mice, but not vice versa, which might have driven the relative reduction in discrimination index and exploration ration in OLT test. The unidirectional phenomenon can be explained by the fact that reciprocal FMT protocol can help in supplementing a relatively sparse microbial population with taxa from a richer source, but it may not be efficient in repopulating the mice with a less rich and diverse microbial populations than was originally exist (15). Depleting a rich microbial population may require a longer time than supplementing. Our data can support this hypothesis as long-term environmental co-housing did normalize many variations between the co-housed mice. For instance, co-housed mice displayed a comparable level of cytokine production by microglia in HPC which was associated with a similar exploration ratio and discrimination index in hippocampus-dependent and independent learning and memory. A control group with a shorter time of co-housing might have been beneficial to control for age as a possible confounding factor, but it may not have been ideal for enriching sparse microbial populations. Collectively, our analyses indicated a differential impact of gut microbiota on hippocampus-dependent and independent learning and memory. It further highlighted the sensitivity of microglia in HPC to alterations in gut microbiota and environmental factors, most likely through the gut-brain axis (19, 25–28), which subsequently impact specific cognitive domains.

Unlike microglia, immune cells in meninges were more resilient to changes in gut microbiome and environmental factors. Under steady state, our analyses indicated that while T cells and CD11b+ myeloid cells frequency in meninges were comparable between the sub-strains, their basal level of type 2 cytokines production was remarkably different. In B6J mice, meningeal T and CD11b cells produced more type 2 cytokines: namely IL-4, IL-5, IL-6, and IL-13 under steady state. This pattern of cytokine production was reproducible under FMT condition, suggesting a higher resilience of meningeal immune cells to gut microbiota alteration. Long-term co-housing did, however; lead to a reduction in type 2 cytokines production in B6J mice which was associated with enhanced production of type 2 cytokines by microglia in B6J HPC to a level comparable to the one noted in B6N mice after co-housing. Thus, type 2 cytokine pattern noted under steady state and long-term cohousing suggests a dynamic cytokine balance between meninges and brain parenchyma.

Overall, our results demonstrated an association between changes in gut microbiome, environmental factors, brain immune cells profile and manifestation of distinct patterns of cognitive and affective behavior. We also indicated that while microglia in HPC were the most responsive brain resident immune cells to alterations in gut microbiome, immune cells in meninges were more resilient. Our data further suggested a dynamic balance of cytokine production by immune cells in meninges and brain parenchyma. The current study also emphasized the differences between the sub-strains pointing towards the importance of characterizing the laboratory available strains to select the most appropriate one that fits best for the study purpose.
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