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Relationships between adult peers are central to the structure of social groups. In some species, selective preferences for specific peers provide a foundation for consistent group composition. These preferences may be shaped by affiliation toward familiar individuals, and/or by aversion to unfamiliar individuals. We compared peer interactions in two vole species that form selective preferences for familiar same-sex individuals but differ in mating system. Prairie voles (Microtus ochrogaster) form pair bonds with mates and may reside in family groups. Meadow voles (Microtus pennsylvanicus) are promiscuous breeders that form communal winter groups in the wild, and exhibit greater social behavior in short day (SD) lengths in the laboratory. We characterized affiliative, anxiety-like, and aggressive interactions with familiar and novel same-sex conspecifics in meadow and prairie voles housed in summer- or winter-like photoperiods. Species differences in affective behaviors were pronounced, with prairie voles exhibiting more aggressive behavior and less anxiety-like behavior relative to meadow voles. Meadow voles housed in short (vs. long) day lengths were more affiliative and more interactive with strangers; prosocial behavior was also facilitated by a history of social housing. Prairie voles exhibited partner preferences regardless of sex or day length, indicating that selective peer preferences are the norm in prairie voles. Prairie vole females formed preferences for new same-sex social partners following re-pairing; males were often aggressive upon re-pairing. These data suggest that preferences for familiar peers in prairie voles are maintained in part by aggression toward unfamiliar individuals, as in mate partnerships. In contrast, social tolerance is an important feature of meadow vole peer affiliation, demonstrated by low aggression toward unfamiliar conspecifics, and consistent with field data on winter tolerance.
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INTRODUCTION

Relationships between non-mate group members are the foundation of social groups for many mammals, from same-sex bachelor herds and multi-female breeding groups to mixed-sex winter huddling groups in reproductively quiescent voles (Clutton-Brock, 2016; Smith et al., 2017; Lee and Beery, 2019). Numerous studies have provided insight into pathways involved in reproductive relationships—such as between a mother and her offspring, or between socially monogamous mates—but these pathways may or may not generalize to non-reproductive relationships between adult peers. Peer relationships themselves are not all the same. For example, they may be selective or non-selective (Lee, 1994), transient or enduring (Lidicker and Patton, 1987), and motivated or not motivated (Goodwin et al., 2018). We sought to characterize and compare the contributions of affiliation, anxiety, and aggression to selective relationships between peers, using monogamous and promiscuous vole species that both form partner preferences for a familiar same-sex peer. These studies provide a foundation for the comparison of reproductive and non-reproductive social preferences, and inform our understanding of factors shaping peer relationships.

The meadow vole (Microtus pennsylvanicus) is a promiscuous, uniparental vole species (Getz, 1972; Boonstra et al., 1993) that has been studied for its seasonal peer relationships (reviewed in Beery, 2019). In the summer reproductive season, meadow voles are intolerant of other individuals: females defend distinct territories, while males roam across multiple female territories. In the winter non-breeding season, meadow voles form social groups. They exhibit shared home ranges, nest with conspecifics, and are highly tolerant of one another (Madison, 1980; McShea and Madison, 1984; Ferkin and Seamon, 1987; Madison and McShea, 1987). In laboratory settings, meadow voles form selective, long-lasting preferences for known peers, demonstrated in the partner preference test (PPT)—in which animals can choose to spend time with a familiar or unfamiliar conspecific (Parker and Lee, 2003; Beery et al., 2008; Ondrasek et al., 2015). Laboratory manipulation of photoperiod from summer-like long days (LDs) to winter-like short days (SDs) drives variation in multiple social behaviors in parallel to seasonal variations in the field (Ferkin and Seamon, 1987; Ferkin and Gorman, 1992; Beery et al., 2008; Ondrasek et al., 2015).

The closely related but socially monogamous prairie vole (Microtus ochrogaster) has been an important study organism for research on parental behavior and pair bonding between mates (Carter, 2017; Gobrogge et al., 2017; Walum and Young, 2018). Unlike meadow voles, prairie voles in the wild form selective, long-lasting mate relationships and provide bi-parental care. From late autumn and through winter, prairie voles also display an increase in communal groups (extended family groups with unrelated adults) due to decreased dispersion by philopatric young, despite territoriality and largely exclusive male-female pairs at other times (Getz et al., 1993; Getz and Carter, 1996). Therefore, adult-adult same-sex cohabitation occurs in both species of voles under natural conditions.

In the two studies to date that assessed peer (same-sex) partner preferences in prairie voles, LD-housed prairie voles—like meadow voles—displayed partner preferences for a same-sex partner after 24 h of cohabitation (DeVries et al., 1997; Beery et al., 2018). Other studies of peer affiliation in female prairie voles have provided evidence that these peer relationships constitute social attachments by examining the effects of separation on anxiety- and depressive-like behaviors, as well as social buffering. Socially isolated female prairie voles displayed increased anxiety- and depressive-like behaviors compared to voles housed with same-sex siblings (Grippo et al., 2008). Isolation also caused neuroendocrine disturbances, changes in adult neurogenesis, and autonomic regulation of the heart (Grippo et al., 2007a,b). Furthermore, adult neurogenesis and autonomic regulation of the heart differed between socially isolated female prairie voles and voles housed with an unfamiliar female (Fowler et al., 2002; Grippo et al., 2007c). Social interactions may also buffer the experience of exogenous stressors, with male and female prairie voles displaying increased grooming of same-sex cage-mates that had undergone a stressor (Burkett et al., 2016).

The selectivity of peer relationships demonstrated in PPTs may arise from prosocial factors favoring a familiar partner, antisocial factors disfavoring unfamiliar individuals, or both. Aggression toward non-mate conspecifics is an important factor in the maintenance of pair bonds between mated prairie voles (Resendez et al., 2016), and may also play a role in shaping the specificity of affiliative peer relationships. For instance, female prairie voles become more aggressive toward other females after 8 days of cohabitation with a male, as well as during pregnancy (Bowler et al., 2002). Trios consisting of two females and a male exhibit higher female-female huddling when the two females are siblings, but higher aggression when the two females are unrelated (Firestone et al., 1991). Furthermore, both male and female prairie voles become more aggressive toward same-sex strangers after mating (Young et al., 2011). In males, upregulation of dopamine D1-like receptors in the nucleus accumbens corresponds with pair bond maintenance—specifically, with aggression toward unfamiliar females (Aragona et al., 2006). Blocking these receptors also reduced the aggressive behavior. Thus, both affiliative and aggressive interactions mediate important aspects of the social organization of prairie voles, and may shape peer interactions.

We compared characteristics of peer social relationships within and across monogamous and promiscuous vole species, focusing on affiliative, aggressive, and anxiety-like behaviors. Prior studies have demonstrated the presence of same-sex partner preferences in meadow and prairie voles, existence of sex and day length differences in meadow vole peer partner preferences, and sex differences in prairie vole peer partner preferences in LDs (DeVries et al., 1997; Beery et al., 2008, 2009; Ondrasek et al., 2015). We asked: (1) whether there are species differences (prairie vs. meadow) in affiliation and aggression toward an unfamiliar same-sex peer, or in anxiety-related behaviors (study 1a); (2) whether meadow voles exhibit photoperiodic changes in aggressive behavior related to changing seasonal social tolerance (study 1b); and (3) whether partner preferences in prairie voles are modulated by day length, as in meadow voles, and whether they can form preferences for new peer partners following separation and re-pairing (study 2). For several of these questions we had no basis for predicting a specific outcome, but based on prior work in male prairie and meadow voles, we hypothesized that female prairie voles would be less anxious than meadow voles (Stowe et al., 2005). We also expected that there would be more intraspecific aggression in meadow voles, based on data from an interspecific comparison of voles trapped in Illinois and Michigan (Getz, 1972). Finally, we predicted that SD-housed meadow voles would likely be less aggressive than LD-housed meadow voles, consistent with increased sociality in short photoperiods and winter field conditions. We relate differences in prairie and meadow vole aggression and anxiety to differences in peer affiliation. This study lays the behavioral foundations necessary for comparative work on mechanisms underlying social behaviors in meadow and prairie voles.



MATERIALS AND METHODS


Animal Subjects

Prairie and meadow voles were bred locally at Smith College as described in Goodwin et al. (2018). Animals were group weaned at 19 ± 1 days (meadow voles) or 21 ± 1 days (prairie voles), then separated to pair-housing with either a same-sex sibling or an age-matched same-sex non-sibling (about half to each type of pairing) within 1 week. One meadow vole group was weaned into solo-housing. Voles were maintained on a LD light cycle (14 h light; 03:00–17:00 EST) or transferred to a SD light cycle (10 h light; 07:00–17:00 EST) at weaning. Voles were housed in clear plastic cages (45 × 25 × 15 cm) with aspen bedding (Envigo TekLab), nesting material (Lab Supply Enviro-dri and a nestlet), and a PVC hiding tube. Rooms were maintained at approximately 20°C, and food (Labdiet Mouse Chow 5015 for meadow voles, and 5015 mixed with Rabbit Chow 5326 for prairie voles) and water were available ad libitum with every-other-day supplementation of apple or carrot.

Voles were 80 ± 7 days of age at the start of testing. This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals published by the National Research Council. The protocol was approved by the Institutional Animal Care and Use Committee at Smith College.



Experimental Design


Study 1a: Species Differences in Novel Social Interactions, Aggression, and Anxiety

Focal voles were tested for affiliative, aggressive, and anxiety-like behaviors. Subjects were pair-housed SD meadow vole females (n = 19), and pair-housed SD prairie vole females (n = 17). At 80 ± 7 days of age, focal voles were tested for aggressive and affiliative behaviors in a social interaction test in a neutral arena with an unrelated, same-sex, novel stranger. One week later, focal voles underwent open field tests and light-dark box tests (OFTs and LDB, respectively) on consecutive days.



Study 1b: Effects of Day Length and Social History in Meadow Voles

Pair-housed SD meadow vole females from Study 1a were also compared to pair-housed LD meadow vole females (n = 19), and solo-housed SD meadow vole females (n = 16), in the social interaction test. The solo-housed LD meadow vole female group was solo-housed from weaning. At 80 ± 7 days of age, focal voles were tested for aggressive and affiliative behaviors in a social interaction test in a neutral arena with an unrelated, same-sex, novel stranger.



Study 2: Formation and Reformation of Peer Partner Preferences in Prairie Voles

A separate cohort of voles was tested for the strength of preferences for familiar same-sex social partners after cohabitation with a partner from weaning (PPT 1). A subset was re-paired with a new partner in adulthood and tested after 24 h (PPT 2).

PPT 1: subjects were pair-housed SD prairie vole males (n = 13), SD prairie vole females (n = 11), and LD prairie vole females (n = 14). At 80 ± 7 days of age, focal voles were tested for partner preference for their cage-mate since weaning, as described below. The ability to form new same-sex partner preferences in adulthood was assessed in PPT 2: eight subjects from each group were separated from their partners 24 h after PPT 1. Voles were housed alone for 8 days, after which they were cohoused with novel, unrelated, same-sex partners. Focal voles underwent partner preference testing after 24 h of cohabitation with these new partners. The male sub-group was stopped early because of a high rate of aggression upon re-pairing, and is not included in the formal analysis.




Behavioral Testing


Partner Preference Test

Peer partner preference testing was conducted in a rectangular plastic apparatus consisting of three equal-sized compartments arranged linearly (75 × 20 × 30 cm), as previously described (Anacker et al., 2016a,b; Beery et al., 2018). The cage-mate of the focal vole (the partner) was tethered at one end of the apparatus, and an age-matched, unrelated, same-sex novel vole (the stranger) was tethered at the other end. Strangers were pair-housed from weaning, and were used no more than three times over the course of Study 2. The focal vole was placed in the center chamber and allowed to move freely for the duration of the 180-min test. Tests were video recorded, and trained observers used custom software (Intervole Timer1.6.pl, AKB) to quantify the amount of time focal voles spent huddling (side-by-side or one on top of the other), duration in each chamber, and number of times the focal vole crossed between chambers. Partner preference in a group was defined as significantly more time huddling with the partner than the stranger; partner preferences in individuals were defined as twice as much huddling with the partner as with the stranger, as in prior studies (Insel et al., 1995; Beery et al., 2009). Scorers were blind to subject groups and position of the partner/stranger.



Aggression/Social Interaction Test

Interactions with an unfamiliar vole were assessed in a neutral arena. For voles, prior research has suggested that aggression is as high in a neutral arena as in home-cage tests (i.e., resident-intruder tests; Harper and Batzli, 1997). The focal vole was placed in a new cage and allowed to acclimate for 10 min. An unrelated, unfamiliar stranger of matched species, sex, day length, and housing condition was marked for identification, then introduced into the cage. The test was recorded for 10 min, or was terminated early after three significant bouts of aggression. All voles were assessed for latency to attack; a latency of 10 min (the full test duration) was recorded for voles that never attacked. Tests were scored by an observer blind to subject condition, using JWatcher 0.9 (University of California, Los Angeles and Macquarie University, Sydney) to measure the frequency and duration of behaviors, and latency to behaviors. Aggressive behaviors quantified included lateral attack/threat, upright (boxing), chasing, and clinch (as in Koolhaas et al., 2013). Clinch refers to a behavior in which the voles scuffle but are not upright, and one vole is on the bottom belly up. Social and investigative behaviors included sniffing and social exploration, grooming, and huddling. Test scoring focused on the behavior of the focal vole.

Behavior in the meadow vole groups was quantified across the full 10-min test interval. Most prairie vole pairs reached the criterion for early separation, so for species comparisons of detailed behavior (study 1a), the first 1 min 51 s of testing were used—the longest interval that could be compared across all subjects.



Open Field/Light-Dark Box Tests

Animals were placed at the edge of the OFT and the dark portions of the LDB test, and filmed for 5 min from above. The OFT consists of a circular open arena (42 cm diameter). Behaviors assessed included time in the center of the OFT arena (≥7 cm from the edge), distance traveled, and the number of fecal boli deposited. The LDB (49 × 20.5 × 19.5 cm) consists of a black Plexiglas box attached to a clear lidless Plexiglas box. Behaviors assessed included time in the light portion of the LDB, and latency to emerge into the light.




Data Analysis

Differences between species were assessed with Student’s t-test (study 1a). Differences between multiple groups were assessed by one-way ANOVA (study 1b and 2). Significant ANOVAs were followed by two pair-wise comparisons between groups differing in one variable (study 1b: day length or housing; study 2: species or day length) using Fisher’s PLSD for normally distributed data, or Wilcoxon rank sum tests for pair-wise comparisons on data that violated normality, assessed with Shapiro-Wilk W tests. Wilcoxon matched-pairs signed rank tests were used for within-group comparisons of partner vs. stranger huddling.

Statistical analyses were performed in JMP 8.0 (SAS, Inc.) or GraphPad Prism 7. All tests were two-tailed. Results were deemed significant at p < 0.05.




RESULTS


Study 1a: Species Differences


Species Differences in Stranger-Directed Interactions

In social interaction tests, SD prairie vole females exhibited aggression sooner and at higher levels than SD meadow vole females. They showed significantly shorter latencies to first (Figure 1A), second, and third attacks compared to SD meadow vole females (t(34) = −5.15 for first attack, t(34) = −6.72 for second attack, t(34) = −7.91 for third attack, p < 0.0001 for all). Tests were terminated early significantly more often with prairie voles than meadow voles (12/20 vs. 4/56, p < 0.0001, Fisher’s exact test). Because early termination led to uneven test durations, species differences in specific behaviors were assessed using the first 1:51 min of testing, the longest duration that included all tests regardless of whether they were terminated early. Within this time period, SD prairie females exhibited higher frequency of clinch (t(34) = 5.04, p < 0.0001) and social exploration (t(34) = 3.90, p < 0.001) compared to SD meadow females (Figures 1B,C).
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FIGURE 1. Species differences in behavior during social interaction and anxiety tests. Top panel: in 10-min social interaction tests with a novel conspecific, prairie voles exhibited substantial aggression leading to early test termination. (A) Prairie voles showed significantly shorter latency to first attack than meadow voles. Voles who did not attack were given a latency of 600 s. Species comparisons in (B,C) were conducted on the maximum interval that included all subjects (~2 min). (B) Short day (SD) prairie vole females showed significantly higher frequency of clinch than SD meadow vole females. (C) Prairie voles showed significantly higher social exploration than meadow voles. Bottom panel: voles underwent open field tests (OFTs) and light-dark box (LDB) tests. (D) OFT: prairie voles spent significantly more time in the center of the open field arena than meadow voles housed in the same day length. (E) LDB: prairie voles exited the LDB sooner than meadow voles. *p < 0.05, ***p < 0.0005.





Species Differences in Anxiety-Like Behaviors

Prairie voles exhibited less anxiety-like behavior in the OFT and LDB (Figures 1D,E). In the OFT, prairie voles spent significantly more time in the exposed center than did meadow voles (t(35) = 4.86, p < 0.0001), and deposited somewhat fewer fecal boli during the test (Mean: 0.89 ± SEM: 0.35 vs. 3.47 ± 1.19), but this difference was not significant (t(35) = −2.03, p = 0.05). There was no difference in distance traveled between prairie voles (2,181.82 ± 312.60 cm) and meadow voles (1,609.31 ± 130.91 cm; t(35) = 1.69, p = 0.10). When tested in a LDB, prairie voles were faster to enter the light portion of the box than were meadow voles (t(35) = −2.04, p = 0.049).




Study 1b: Effects of Day Length and Social History in Meadow Voles


Day Length Effects on Meadow Vole Social and Aggressive Behavior

Stranger-directed behaviors differed between SD- and LD-housed meadow voles in the 10-min social interaction test. SD meadow vole females displayed significantly more grooming (t(34) = 2.30, p = 0.027) and pro-social contact (counts of grooming and huddling; t(34) = 2.59, p = 0.014, Figure 2A) than did LD meadow vole females. Two conflict-related behaviors were exhibited at higher frequency in SD voles: flight (3.11 ± 0.97 vs. 0.72 ± 0.37, t(34) = 2.30, p = 0.028) and lateral attack/threat (11.33 ± 2.54 vs. 2.17 ± 2.54, Z = 2.19, p = 0.02, Wilcoxon rank sum). There were no significant differences in frequency of huddling (t(34) = 2.01, p = 0.05) or composite aggression score (counts of lateral attack/threat, clinch, upright, and chase; F(2,48) = 2.83, p = 0.07; Figure 2C).
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FIGURE 2. Meadow vole stranger-directed behavior during 10-min social interaction tests. Cohoused SD meadow voles are the same individuals as in Figure 1, but analyzed for full testing intervals to compare to other meadow vole groups. (A) There were significant group differences in pro-social contact (one-way ANOVA, p < 0.001). Cohoused SD meadow voles showed higher pro-social contact than cohoused long day (LD) meadow voles. Cohoused SD meadow voles showed higher pro-social contact than solo-housed SD meadow voles. (B) There were significant group differences in olfactory investigation (sniffing; one-way ANOVA, p < 0.05). Cohoused SD meadow voles showed higher sniffing than solo-housed SD meadow voles. (C) There were no significant group differences in aggression score across meadow vole groups. *p < 0.05, ***p < 0.0005.





Housing Effects on Meadow Vole Stranger-Directed Interactions

SD meadow females that had been solo-housed from weaning exhibited different social and investigative behaviors than did pair-housed SD meadow females during the social interaction test. Pair-housed meadow vole females displayed significantly more sniffing (Z = −2.41, p = 0.016, Wilcoxon rank sum), grooming (t(31) = −3.32, p = 0.002), huddling (Z = −3.10, p = 0.002), social score (counts of social exploration, sniffing, grooming, and huddling; t(31) = −3.51, p = 0.001), and pro-social contact (Z = −4.23, p < 0.0001) than solo-housed meadow vole females (Figures 2A,B). Comparison of solo-housed voles to pair-housed voles also revealed significant differences in frequency of lateral attack/threat (Z = −2.11, p = 0.035) but not aggression score (F(2,48) = 2.83, p = 0.07), with pair-housed voles (11.33 ± 2.54) displaying higher frequency of lateral attack/threat than solo-housed voles (3.80 ± 2.78; Figure 2C).




Study 2: Formation and Reformation of Peer Partner Preferences in Prairie Voles


Peer Partner Preferences After Prolonged Cohabitation (PPT 1)

All groups—female prairie voles housed in both day lengths, and males tested in SDs—exhibited partner preferences for same-sex cage-mate partners from weaning, indicated by significantly more huddling with partners than strangers (Figure 3A; LD prairie vole females: W = −77.00, p = 0.01; SD prairie vole females: W = −64.00, p = 0.002; SD prairie vole males: W = −91.00, p < 0.001). No significant differences in partner huddling were evident across groups (F(3,47) = 1.86, p = 0.15).
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FIGURE 3. Prairie vole partner preference for stable and new partners. (A) Partner preference test 1 (PPT 1; cohoused since weaning): all prairie vole groups (n = 11–14) showed robust partner preference for their partners. There were no group differences in partner huddling. (B) PPT 2 (24 h with new same-sex partner): a subset of voles was tested for the capacity to form partner preferences for new same-sex partners. Males were not included due to high aggression upon re-pairing. Both female groups (n = 8 each) showed robust partner preference for their partners. LD prairie vole females huddled significantly more with their partners than did SD prairie vole females. *p < 0.05, **p < 0.01, ***p < 0.005.





Peer Partner Preferences and Partner Huddling After Re-pairing (PPT 2)

Both female groups demonstrated the capacity to form preferences for new same-sex partners in adulthood in PPT 2—following 8 days of separation from the first cage-mate and re-pairing with a new cage-mate for 24 h (Figure 3B). Partner huddling was significantly greater than stranger huddling in both LD prairie vole females (W = −36.00, p = 0.008) and SD prairie vole females (W = −64.00, p = 0.002). LD prairie vole females huddled significantly more with their partners than did SD prairie vole females (t(14) = −2.53, p = 0.02). Males were initially tested for the capacity to form new peer partner preferences in adulthood, but the same-sex re-pairing of males was discontinued following the observation of aggression and injuries in the home cage.





DISCUSSION

These studies are the first to directly compare the peer interactions of meadow and prairie voles, and to consider potential effects of day length on female prairie vole peer affiliation. We also extend findings on anxiety differences between species, and describe how differences in affiliation, aggression, and anxiety may contribute to differences in social structure.


Prairie Voles Are More Aggressive Than Meadow Voles

Detailed analysis of aggressive and affiliative behavior with novel conspecifics was quantified in social interaction tests. In these tests, SD prairie vole females housed with a peer were highly aggressive toward strangers compared to SD meadow vole females housed with a peer. Social exploration was also higher in prairie voles, usually in advance of the initiation of conflict interactions. This contrasts with a previous finding that meadow voles, not prairie voles, are the more aggressive species (Getz, 1962). However, that study utilized field-caught and laboratory-bred animals which were solo-housed for 2 weeks (field-caught) or 3 months (laboratory-bred) prior to behavioral testing, whereas the longest period of solo-housing in the present study was 1 week (prior to re-pairing with a new same-sex partner in Study 2 to mitigate aggression). It has been well documented that prolonged isolation produces behavioral, physiological, and neuroendocrine changes, at least in prairie voles (Grippo et al., 2008; Lieberwirth et al., 2012).

High aggression toward unfamiliar conspecifics in prairie voles may help to maintain the high selectivity of peer bonds, as it does in pair bonds among mates (Aragona et al., 2006). In other studies of meadow voles, meadow voles have displayed little aggression and high general social contact toward novel same-sex conspecifics (Beery Lab, unpublished data). Interaction with strangers in SD meadow voles may be an important avenue for the addition of new members to groups that form in winter.



Prairie Voles Are Less Anxious Than Meadow Voles

There were robust species differences in anxiety-like behavior in multiple tests. Prior research has shown species differences in anxiety behavior in males (Stowe et al., 2005), which we now extend to females. SD prairie vole females exhibited significantly less anxiety-like behavior than SD meadow vole females in the OFT and the LDB. Prairie voles also exhibited higher levels of social exploration than meadow voles in the social interaction test, consistent with lower anxiety. While used here principally to elicit affiliative and aggressive behaviors, the social interaction test is also a major means of assessing anxiety in rodents (File and Seth, 2003).

Reduced anxiety behavior may be conducive to increased social interaction. In further support of the opposing roles of anxiety and social behavior, exogenous stressors disrupt the formation of partner preferences both in meadow vole females (for peers; Anacker et al., 2016b), and prairie vole females (for mates; DeVries et al., 1996).



Day Length and Housing Affect Stranger-Directed Behaviors in Meadow Voles

SD meadow vole females displayed significantly higher frequency of social behaviors with novel peers, including grooming and social contact, than LD meadow vole females. This is consistent with higher affiliation toward strangers, expected as SD meadow vole females huddle more with both partners and strangers than LD voles (Beery et al., 2008). Unexpectedly, SD meadow voles also displayed significantly higher frequency of lateral attack/threat behaviors and flight than LD meadow voles. One possible explanation is that SD meadow voles are more willing to engage in interactions of any kind with a conspecific, and that these interactions become more social, or at least more tolerant, over a longer period of time with the conspecific. Social experience may further shape affiliative behaviors, as pair-housed meadow voles showed significantly higher sniffing, grooming, and huddling frequency compared to solo-housed meadow voles. This is consistent with past findings that developmental experiences shape adult social behavior in voles and other species (Bales et al., 2007; Curley et al., 2009; Starr-Phillips and Beery, 2014).



Prairie Voles Form Peer Partner Preferences Regardless of Day Length or Sex

While social interaction tests assessed stranger-directed behaviors, PPTs assessed affiliation for a familiar animal. All groups cohoused from weaning formed partner preferences for same-sex peers. This places vole social preferences in contrast to those of rats and mice, who do not appear to form selective preferences for familiar peers under ordinary circumstances (Harrison et al., 2016; Schweinfurth et al., 2017; Beery et al., 2018).

Twenty-four hours was sufficient for the formation of new peer partner preferences following separation from old partners in adulthood in females housed in both SD and LD (male groups were discontinued because of aggression). This is consistent with prior findings that LD prairie voles form peer partner preferences within 24 h of cohabitation (DeVries et al., 1997).

Partner huddling was higher in LD prairie vole females than SD prairie vole females in PPT 2. LD prairie vole females displayed partner preferences at consistently high levels in PPT 1 and 2, and re-paired with minimal aggression or need for separation. This supports the use of LD prairie vole females, rather than SD prairie vole females or males, in future studies of peer affiliation in prairie voles. Studying LD prairie vole females for their peer affiliation will also allow for direct comparison with previous work on pair bonding in prairie voles, which was conducted with LD-housed prairie voles.




CONCLUSIONS

Selective partner preferences for same-sex peers appear to be the norm for both prairie and meadow voles, as individuals of each species, sex, and sometimes day length tested here or previously exhibited significant preferences for cage-mates. Social selectivity thus appears to be an important characteristic of social structure in voles. Prairie voles exhibited higher aggression and lower anxiety than meadow voles, and, unlike meadow voles, did not appear to be more affiliative in SD length conditions. In meadow voles, affiliative and aggressive behaviors were altered by day length and by housing. This characterization of peer affiliation, anxiety, and aggression lays the foundations for future work on the mechanisms supporting behavior in different types of peer relationships.



DATA AVAILABILITY

The datasets generated for this study are available on request to the corresponding authors.



AUTHOR CONTRIBUTIONS

All authors designed the study. NL, NG, and KF conducted the research. NL, NG, and AB conducted statistical analyses. NL and AB wrote the manuscript. All authors critically revised the manuscript and gave approval for publication.



FUNDING

The research reported in this publication was supported by the National Institute of Mental Health of the National Institutes of Health under Award Number R15MH113085.



ACKNOWLEDGMENTS

We are grateful to Kate Shambaugh, Sarah Lopez, Katrina Blandino, Katie Moshofsky, Lydia Ross, and Jennifer Christensen for their help with behavioral testing and scoring. We would also like to thank the Smith College Animal Care Facility staff for helping maintain our animal colony.



REFERENCES

Anacker, A. M. J., Christensen, J. D., LaFlamme, E. M., Grunberg, D. M., and Beery, A. K. (2016a). Septal oxytocin administration impairs peer affiliation via V1a receptors in female meadow voles. Psychoneuroendocrinology 68, 156–162. doi: 10.1016/j.psyneuen.2016.02.025

Anacker, A. M. J., Reitz, K. M., Goodwin, N. L., and Beery, A. K. (2016b). Stress impairs new but not established relationships in seasonally social voles. Horm. Behav. 79, 52–57. doi: 10.1016/j.yhbeh.2016.01.004

Aragona, B. J., Liu, Y., Yu, Y. J., Curtis, J. T., Detwiler, J. M., Insel, T. R., et al. (2006). Nucleus accumbens dopamine differentially mediates the formation and maintenance of monogamous pair bonds. Nat. Neurosci. 9, 133–139. doi: 10.1038/nn1613

Bales, K. L., Lewis-Reese, A. D., Pfeifer, L. A., Kramer, K. M., and Carter, C. S. (2007). Early experience affects the traits of monogamy in a sexually dimorphic manner. Dev. Psychobiol. 49, 335–342. doi: 10.1002/dev.20216

Beery, A. K. (2019). Frank Beach award winner: Neuroendocrinology of group living. Horm. Behav. 107, 67–75. doi: 10.1016/j.yhbeh.2018.11.002

Beery, A. K., Christensen, J. D., Lee, N. S., and Blandino, K. L. (2018). Specificity in sociality: mice and prairie voles exhibit different patterns of peer affiliation. Front. Behav. Neurosci. 12:50. doi: 10.3389/fnbeh.2018.00050

Beery, A. K., Loo, T. J., and Zucker, I. (2008). Day length and estradiol affect same-sex affiliative behavior in the female meadow vole. Horm. Behav. 54, 153–159. doi: 10.1016/j.yhbeh.2008.02.007

Beery, A. K., Routman, D. M., and Zucker, I. (2009). Same-sex social behavior in meadow voles: multiple and rapid formation of attachments. Physiol. Behav. 97, 52–57. doi: 10.1016/j.physbeh.2009.01.020

Boonstra, R., Xia, X., and Pavone, L. (1993). Mating system of the meadow vole, Microtus pennsylvanicus. Behav. Ecology 4, 83–89. doi: 10.1093/beheco/4.1.83

Bowler, C. M., Cushing, B. S., and Carter, C. S. (2002). Social factors regulate female-female aggression and affiliation in prairie voles. Physiol. Behav. 76, 559–566. doi: 10.1016/s0031-9384(02)00755-2

Burkett, J. P., Andari, E., Johnson, Z. V., Curry, D. C., Waal, F. B. M., and Young, L. J. (2016). Oxytocin-dependent consolation behavior in rodents. Science 351, 375–378. doi: 10.1126/science.aac4785

Carter, C. S. (2017). The oxytocin- vasopressin pathway in the context of love and fear. Front. Endocrinol. 8:356. doi: 10.3389/fendo.2017.00356


Clutton-Brock, T. (2016). Mammal Societies. West Sussex, UK: John Wiley Sons


Curley, J. P., Jordan, E. R., Swaney, W. T., Izraelit, A., Kammel, S., and Champagne, F. A. (2009). The meaning of weaning: Influence of the weaning period on behavioral development in mice. Dev. Neurosci. 31, 318–331. doi: 10.1159/000216543

DeVries, A. C., DeVries, M. B., Taymans, S. E., and Carter, C. S. (1996). The effects of stress on social preferences are sexually dimorphic in prairie voles. Proc. Natl. Acad. Sci. U S A 93, 11980–11984. doi: 10.1073/pnas.93.21.11980

DeVries, A. C., Johnson, C. L., and Carter, C. S. (1997). Familiarity and gender influence social preferences in prairie voles (Microtus ochrogaster). Can. J. Zool. 75, 295–301. doi: 10.1139/z97-037

Ferkin, M. H., and Gorman, M. R. (1992). Photoperiod and gonadal hormones influence odor preferences of the male meadow vole, Microtus pennsylvanicus. Physiol. Behav. 51, 1087–1091. doi: 10.1016/0031-9384(92)90098-m

Ferkin, M. H., and Seamon, J. O. (1987). Odor preference and social behavior in meadow voles, Microtus pennsylvanicus: seasonal differences. Can. J. Zool. 65, 2931–2937. doi: 10.1139/z87-445

File, S. E., and Seth, P. (2003). A review of 25 years of the social interaction test. Eur. J. Pharmacol. 463, 35–53. doi: 10.1016/s0014-2999(03)01273-1

Firestone, K. B., Thompson, K. V., and Carter, C. S. (1991). Female-female interactions and social stress in prairie voles. Behav. Neural. Biol. 55, 31–41. doi: 10.1016/0163-1047(91)80125-x

Fowler, C. D., Liu, Y., Ouimet, C., and Wang, Z. (2002). The effects of social environment on adult neurogenesis in the female prairie vole. J. Neurobiol. 51, 115–128. doi: 10.1002/neu.10042

Getz, L. L. (1962). Aggressive behavior of the meadow and prairie voles. J. Mammal. 43, 351–358. doi: 10.2307/1376942

Getz, L. L. (1972). Social structure and aggressive behavior in a population of Microtus pennsylvanicus. J. Mammal. 53, 310–317. doi: 10.2307/1379167


Getz, L. L., and Carter, C. S. (1996). Prairie-vole partnerships. Am. Sci. 84, 56–62.


Getz, L. L., McGuire, B., Pizzuto, T., Hofmann, J. E., and Frase, B. (1993). Social organization of the prairie vole (Microtus ochrogaster). J. Mammal. 74, 44–58. doi: 10.2307/1381904

Gobrogge, K. L., Jia, X., Liu, Y., and Wang, Z. (2017). Neurochemical mediation of affiliation and aggression associated with pair-bonding. Biol. Psychiatry. 81, 231–242. doi: 10.1016/j.biopsych.2016.02.013

Goodwin, N. L., Lopez, S. A., Lee, N. S., and Beery, A. K. (2018). Comparative role of reward in long-term peer and mate relationships in voles. Horm. Behav. doi: 10.1016/j.yhbeh.2018.10.012 [Epub ahead of print].

Grippo, A. J., Cushing, B. S., and Carter, C. S. (2007a). Depression-like behavior and stressor-induced neuroendocrine activation in female prairie voles exposed to chronic social isolation. Psychosom. Med. 69, 149–157. doi: 10.1097/psy.0b013e31802f054b

Grippo, A. J., Gerena, D., Huang, J., Kumar, N., Shah, M., Ughreja, R., et al. (2007b). Social isolation induces behavioral and neuroendocrine disturbances relevant to depression in female and male prairie voles. Psychoneuroendocrinology 32, 966–980. doi: 10.1016/j.psyneuen.2007.07.004

Grippo, A. J., Lamb, D. G., Carter, C. S., and Porges, S. W. (2007c). Social isolation disrupts autonomic regulation of the heart and influences negative affective behaviors. Biol. Psychiatry 62, 1162–1170. doi: 10.1016/j.biopsych.2007.04.011

Grippo, A. J., Wu, K. D., Hassan, I., and Carter, C. S. (2008). Social isolation in prairie voles induces behaviors relevant to negative affect: toward the development of a rodent model focused on co-occurring depression and anxiety. Depress. Anxiety 25, E17–E26. doi: 10.1002/da.20375

Harper, S. J., and Batzli, G. O. (1997). Are staged dyadic encounters useful for studying aggressive behaviour of arvicoline rodents? Can. J. Zool. 75, 1051–1058. doi: 10.1139/z97-126

Harrison, N., Lopes, P. C., and König, B. (2016). Oxytocin and social preference in female house mice (Mus musculus domesticus). Ethology 122, 571–581. doi: 10.1111/eth.12505

Insel, T. R., Preston, S., and Winslow, J. T. (1995). Mating in the monogamous male: behavioral consequences. Physiol. Behav. 57, 615–627. doi: 10.1016/0031-9384(94)00362-9

Koolhaas, J. M., Coppens, C. M., de Boer, S. F., Buwalda, B., Meerlo, P., and Timmermans, P. J. (2013). The resident-intruder paradigm: a standardized test for aggression, violence and social stress. J. Vis. Exp. 77:e4367. doi: 10.3791/4367


Lee, P. C. (1994). “Social structure and evolution,” in Behaviour and Evolution, eds P. J. B. Slater and T. R. Halliday (Cambridge, UK: Cambridge University Press).


Lee, N. S., and Beery, A. K. (2019). Neural circuits underlying rodent sociality: a comparative approach. Curr. Top. Behav. Neurosci. doi: 10.1007/7854_2018_77 [Epub ahead of print].


Lidicker, W. Z., and Patton, J. L. (1987). “Patterns of dispersal and genetic structure in populations of small rodents,” in Mammalian dispersal patterns: the effects of social structure on population genetics, ed. B. D. Chepko-Sade, and Z. T. Halpin. (Chicago, FL: The University Chicago Press), 144–161.


Lieberwirth, C., Liu, Y., Jia, X., and Wang, Z. (2012). Social isolation impairs adult neurogenesis in the limbic system and alters behaviors in female prairie voles. Horm. Behav. 62, 357–366. doi: 10.1016/j.yhbeh.2012.03.005

Madison, D. M. (1980). Space use and social structure in meadow voles, Microtus pennsylvanicus. Behav. Ecol. Sociobiol. 7, 65–71. doi: 10.1007/bf00302520

Madison, D. M., and McShea, W. J. (1987). Seasonal changes in reproductive tolerance, spacing and social organization in meadow voles: a microtine model. Integr. Comp. Biol. 27, 899–908. doi: 10.1093/icb/27.3.899

McShea, W. J., and Madison, D. M. (1984). Communal nesting between reproductively active females in a spring population of Microtus pennsylvanicus. Can. J. Zool. 62, 344–346. doi: 10.1139/z84-053

Ondrasek, N. R., Wade, A., Burkhard, T., Hsu, K., Nguyen, T., Post, J., et al. (2015). Environmental modulation of same-sex affiliative behavior in female meadow voles. Physiol. Behav. 140, 118–126. doi: 10.1016/j.physbeh.2014.12.021

Parker, K. J., and Lee, T. M. (2003). Female meadow voles (Microtus pennsylvanicus) demonstrate same-sex partner preferences. J. Comp. Psychol. 117, 283–289. doi: 10.1037/0735-7036.117.3.283

Resendez, S. L., Keyes, P. C., Day, J. J., Hambro, C., Austin, C. J., Maina, F. K., et al. (2016). Dopamine and opioid systems interact within the nucleus accumbens to maintain monogamous pair bonds. Elife 5:e15325. doi: 10.7554/elife.15325

Schweinfurth, M. K., Neuenschwander, J., Engqvist, L., Schneeberger, K., Rentsch, A. K., Gygax, M., et al. (2017). Do female norway rats form social bonds? Behav. Ecol. Sociobiol. 71:98. doi: 10.1007/s00265-017-2324-2


Smith, J. E., Lacey, E. A., and Hayes, L. D. (2017). “Sociality in non-primate mammals,” in Comparative Social Evolution, ed. D. R. Rubenstein (Columbia University, NY: Patrick Abbot), 284–319.


Starr-Phillips, E. J., and Beery, A. K. (2014). Natural variation in maternal care shapes adult social behavior in rats. Dev. Psychobiol. 56, 1017–1026. doi: 10.1002/dev.21182

Stowe, J. R., Liu, Y., Curtis, J. T., Freeman, M. E., and Wang, Z. (2005). Species differences in anxiety-related responses in male prairie and meadow voles: the effects of social isolation. Physiol. Behav. 86, 369–378. doi: 10.1016/j.physbeh.2005.08.007

Walum, H., and Young, L. J. (2018). The neural mechanisms and circuitry of the pair bond. Nat. Rev. Neurosci. 19, 643–654. doi: 10.1038/s41583-018-0072-6

Young, K. A., Gobrogge, K. L., Liu, Y., and Wang, Z. (2011). The neurobiology of pair bonding: insights from a socially monogamous rodent. Front. Neuroendocrinol. 32, 53–69. doi: 10.1016/j.yfrne.2010.07.006

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Lee, Goodwin, Freitas and Beery. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 17 May 2019
doi: 10.3389/fnbeh.2019.00107






[image: image]

Analysis of Motor Function in the Tg4-42 Mouse Model of Alzheimer’s Disease

Jannek M. Wagner1, Marius E. Sichler1, Eva M. Schleicher1, Timon N. Franke1, Caroline Irwin1, Maximilian Johannes Löw1, Nicola Beindorff2, Caroline Bouter3, Thomas A. Bayer1 and Yvonne Bouter1*

1Division of Molecular Psychiatry, Department of Psychiatry and Psychotherapy, University Medical Center Göttingen, Georg-August-University, Göttingen, Germany

2Berlin Experimental Radionuclide Imaging Center, Charité – University Medicine Berlin, Berlin, Germany

3Department of Nuclear Medicine, University Medical Center Göttingen, Georg-August-University, Göttingen, Germany

Edited by:
Ekrem Dere, Sorbonne Universités, France

Reviewed by:
Siv Vingill, University of Oxford, United Kingdom
Terence Y. Pang, The Florey Institute of Neuroscience and Mental Health, Australia

*Correspondence: Yvonne Bouter, Yvonne.bouter@med.uni-goettingen.de

Received: 28 February 2019
Accepted: 02 May 2019
Published: 17 May 2019

Citation: Wagner JM, Sichler ME, Schleicher EM, Franke TN, Irwin C, Löw MJ, Beindorff N, Bouter C, Bayer TA and Bouter Y (2019) Analysis of Motor Function in the Tg4-42 Mouse Model of Alzheimer’s Disease. Front. Behav. Neurosci. 13:107. doi: 10.3389/fnbeh.2019.00107

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common form of dementia. Hallmarks of AD are memory impairments and cognitive deficits, but non-cognitive impairments, especially motor dysfunctions are also associated with the disease and may even precede classic clinical symptoms. With an aging society and increasing hospitalization of the elderly, motor deficits are of major interest to improve independent activities in daily living. Consistent with clinical findings, a variety of AD mouse models develop motor deficits as well. We investigated the motor function of 3- and 7-month-old Tg4-42 mice in comparison to wild-type controls and 5XFAD mice and discuss the results in context with several other AD mouse model. Our study shows impaired balance and motor coordination in aged Tg4-42 mice in the balance beam and rotarod test, while general locomotor activity and muscle strength is not impaired at 7 months. The cerebellum is a major player in the regulation and coordination of balance and locomotion through practice. Particularly, the rotarod test is able to detect cerebellar deficits. Furthermore, supposed cerebellar impairment was verified by 18F-FDG PET/MRI. Aged Tg4-42 mice showed reduced cerebellar glucose metabolism in the 18F-FDG PET. Suggesting that, deficits in coordination and balance are most likely due to cerebellar impairment. In conclusion, Tg4-42 mice develop motor deficits before memory deficits, without confounding memory test. Thus, making the Tg4-42 mouse model a good model to study the effects on cognitive decline of therapies targeting motor impairments.

Keywords: motor function, cerebellum, Alzheimer, transgenic mice, behavior, FDG-PET


INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common form of dementia. The main clinical symptoms of AD are memory impairments and cognitive deficits. However, non-cognitive impairments especially motor dysfunctions are also associated with the disease. The observed motor deficits range from impaired balance and gait changes to disturbed activity levels (Larson et al., 1992; O’Keeffe et al., 1996; Pettersson et al., 2002; Camicioli et al., 2006).

In AD patients, motor impairments may even precede the clinical symptoms, providing a link between motor function and the development of AD (Buchman and Bennett, 2011).

Motor signs (MOSIs) decline with age and severity of the disease. The most affected MOSIs are speech, facial expression, rigidity, posture, gait, bradykinesia, and less frequently tremor (Scarmeas et al., 2004).

From mild to moderate AD the decline in motor abilities is stronger than from moderate to severe AD and associated with an increased risk of falls (Zidan et al., 2012). Slowing in fine motor dexterity seems to depend on the severity of the disease and is associated with functional decline in the active daily living (de Paula et al., 2016). In the ‘Sydney Older Persons Study’ a combination of cognitive decline and motor deficits was investigated over a 6-year period. Motor slowing and gait abnormalities resulted in poorer outcome of patients with dementia. Patients with decreased motor abilities were more likely to have severe cognitive impairments and even died earlier (Waite et al., 2005). Another study showed that gait abnormalities in aged patients without the diagnosis of dementia at baseline were related to lower cognitive performance and an increased incidence of mild cognitive impairment (MCI) or dementia (Beauchet et al., 2014). Wilson et al. (2000) showed a link between progression in parkinsonism (bradykinesia, gait disorder/postural reflex impairment, rigidity, tremor) and the progression of cognitive decline in AD patients. Furthermore, rigidity has been shown to be linked to death as well and to increased hospitalization in AD patients (Lopez et al., 1997).

Consistent with clinical findings, a variety of AD mouse models develop motor deficits (Kobayashi and Chen, 2005; Wirths and Bayer, 2008) (Table 1). There are several well established behavioral tests to assess motor function, coordination and balance in rodents such as the rotarod test, balance beam task, string suspension task, inverted grip strength task and the Open Field task for locomotor activity (Brooks and Dunnett, 2009; Deacon, 2013).

TABLE 1. Motor function of different AD mouse models.
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While the exact etiology of AD is still not fully understood, considerable evidence points to amyloid-beta peptides (Aβ) as a key player in the pathogenesis of AD. According to the amyloid cascade hypothesis, Aβ-plaques seem to play a causative role in the pathogenesis of AD (Hardy and Higgins, 1992). More recent data claim that, truncated and modified Aβ variants play an important role next to full-length Aβ. Especially N-truncated forms of Aβ enhance aggregation and neurotoxicity (Pike et al., 1995; Bayer and Wirths, 2014). Among the different species, Aβ beginning with phenylalanine at position 4 is particularly abundant in the brain of AD patients (Masters et al., 1985; Portelius et al., 2010). The transgenic mouse model Tg4-42 expresses exclusively intraneuronal Aβ4-42 without human amyloid precursor protein (APP) overexpression (Bouter et al., 2013). Intracellular Aβ accumulation is accompanied by micro- and astrogliosis that is most abundant in the hippocampus of these mice. Tg4-42 mice develop severe synaptic impairments and neuron loss especially in the CA1 region of the hippocampus. Furthermore, Tg4-42 mice develop age-dependent behavior and memory deficits albeit without plaque formation (Bouter et al., 2013, 2019; Dietrich et al., 2013).

The aim of the current study was to extend previous findings on the Tg4-42 model by examining motoric abilities and compare these results with the widely used 5XFAD mouse model. We investigated mice at 3 months, with no known memory deficits in comparison with 7-month-old mice, which already present strong memory deficits. Furthermore, we discuss the results in the context of other, well-studied AD models, to facilitate model selection for further research on the causes of motor impairments related to AD and the development of possible therapies.



MATERIALS AND METHODS

Transgenic Mice

The generation of Tg4-42 mice has been described previously (Bouter et al., 2013). Briefly, Tg4-42 mice express human Aβ4-42 fused to the murine thyrotropin releasing hormone signal peptide under the control of the neuronal Thy-1 promoter. Tg4-42 mice were generated and maintained on a C57Bl/6J genetic background. Only homozygous Tg4-42 mice were used in this study.

The double transgenic 5XFAD model (Jackson Laboratories, Bar Harbor, ME, United States) over-expresses the 695 amino acids isoform of the human amyloid precursor protein (APP695) carrying the Swedish, London, and Florida mutations under the control of the murine Thy-1 promoter. In addition, human presenilin-1 (PSEN-1) carrying the M146L/L286V mutations is also expressed under the control of the murine Thy-1 promoter in 5XFAD mice (Oakley et al., 2006). 5XFAD mice used in the current study were kept on a C57Bl/6J genetic background (Jawhar et al., 2012). Wild-type littermates served as age-matched control animals. In the current study, only female mice were used.

All animals were handled according to the guidelines of the ‘Society for Laboratory Animals Science’ (GV-SOLAS) and the guidelines of the ‘Federation of European Laboratory Animal Science Association’ (FELASA). All experiments were approved by the ‘Lower Saxony State Office for Consumer Protection and Food Safety’ (LAVES).

Mice were kept on a 12 h/12 h inverted light cycle and behavior experiments were performed during the dark phase. Mice were subjected to a battery of behavior tests at 3 and 7 months of age to assess possible motor deficits. Weight was monitored as part of a general physical assessment.

Paw-Clasping Test

The clasping test was used to test for functional impairments (Jawhar et al., 2012). Each mouse was suspended by their tail for 30 s to provoke a clasping phenotype. Healthy mice try to escape the grip by twisting their body and kicking their paws and therefore do not show any clasping phenotype. Clasping behavior was scored on a scale from zero to three: 0 = no clasping behavior, 1 = fore paws clasping, 2 = one hind paw and fore paws clasping, 3 = clasping of all paws (Miller et al., 2008).

String Suspension

Grip strength and general motor coordination were analyzed using the string suspension task as described previously (Jawhar et al., 2012). In brief, mice were permitted to grasp a cotton string with their fore paws and were then released. Their ability to climb across the string was assessed using a 0 to 5 rating score: 0 = falls of string; 1 = hangs onto string by fore- or hind paws; 2 = hangs onto string by fore- or hind paws and attempts to climb onto string; 3 = hangs onto string by all four paws but no lateral movement; 4 = hangs onto string using all four paws and tail and moves laterally; 5 = escapes to the edge of string and touches wooden support beam (Moran et al., 1995). Each animal performed three 60-s trials throughout 1 day with a minimum of 30 min between the trials. The average score of all three trials was taken for each mouse.

Balance Beam

Fine motor coordination and balance of mice were assessed using the balance beam test as previously described (Jawhar et al., 2012). The test essentially examines the ability of a mouse to remain upright and to walk on the relatively narrow and elevated beam to one of the platforms. During a single day of testing each mouse was given three 60-s trials with a minimum of 10 min between the trials. The average time of all three trials was taken as the score for each mouse. A test trial was given to familiarize the mouse with the beam. For each trial, the mouse was placed in the center of the beam facing one of the platforms and then released. The latency to fall from the beam was recorded. If a mouse escaped to one of the platforms or remained on the beam for the entire trial, the maximum time of 60 s was given.

Inverted Grip Task

Neuromuscular abilities and muscle strength were tested with the inverted grip test as previously described (Wirths et al., 2008). Mice were placed on a metal grid and turned upside down 30 cm elevated above a padded surface. Latency to fall within 60 s was measured in one single trial.

Rotarod

Motor performance and motor learning were tested using the rotarod (TSE Systems, Germany). Testing consists of four trials per day for two consecutive days with intertrial intervals of 10–15 min. Each mouse was placed on the rod, which accelerated from 4 to 40 rpm. over the trial time of 300 s. Trials were terminated when animals fell off or the maximum time was reached. Up to five mice were tested simultaneously, separated by black plastic walls. Mice were taken out of the apparatus when the last mouse fell. Latency to fall served as an indicator of motor coordination.

18F-FDG PET/MRI

18F-fluoro-deoxy-glucose positron emission tomography/magnetic resonance image (18F-FDG-PET/MRI) acquisition and analysis were used to evaluate brain glucose metabolism in the cerebellum of 7-month-old Tg4-42 mice and 5XFAD mice. Female Tg4-42 (n = 5), 5XFAD (n = 3) and wild-type C57Bl/6J (n = 5) control mice were fasted overnight and blood glucose levels were measured. As previously described 9–21 MBq (mean 15.76 MBq) of 18F-FDG were administered intravenously into a tail vein with a maximum volume of 200 μl (Bouter et al., 2019). Mice were anesthetized with isoflurane supplemented with oxygen during the scans and were awake during the uptake period. After an uptake period of 45 min, PET imaging was performed on a small animal 1 Tesla nanoScan PET/MRI (Mediso, Hungary). During the scan mice were placed on a 37°C heated bed. Respiration rate was monitored constantly during the scans. PET scans were performed for 20 min. MRI-based attenuation correction was conducted (matrix 144 × 144 × 163 with a voxel size of 0.5 × 0.5 × 0.6 mm3, TR: 15 ms, TE 2.032 ms and a flip angle of 25°) and the PET images were reconstructed with the following parameters: matrix 136 × 131 × 315 with a voxel size of 0.23 × 0.3 × 0.3 mm3. Image analysis was performed using PMOD v3.9 (PMOD Technologies, Switzerland). A predefined mouse brain atlas template was used to analyze different brain areas including the cerebellum (Cb). Corresponding PET images were matched to the MRI and statistics within the cerebellum volume of interest (VOI) in kBq/cc were generated. Standardized uptake value (SUV) was calculated [SUV = tissue activity concentration average (KBq/cc) × body/weight (g)/injected dose (kBq)] for semi-quantitative analysis and SUV values were corrected for blood glucose levels [SUVGlc = SUV × blood glucose level (mg/dl)].

Statistical Analysis

Differences between groups were tested with one-way analysis of variance (ANOVA) or two-way ANOVA followed by analysis of Bonferroni multiple comparison indicated. All data are given as mean ± standard error of the mean (SEM). Significance levels are given as follows: ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05. GraphPad Prism version 6.07 for Windows (GraphPad Software, San Diego, CA, United States) was used for all calculations.



RESULTS

Normal Body Weight of Tg4-42 and 5XFAD Mice

The body weight of all mice was taken at 3 and 7 months of age. Tg4-42 and 5XFAD mice demonstrated no altered body weight compared to wild-type mice at the tested time points [Figure 1A, two-way ANOVA, genotype: F(2,66) = 3.744, p = 0.0688]. Statistically significant was the gain of weight of Tg4-42 and 5XFAD mice, but although wild-type mice gained some weight as well, this effect was not statistically significant [Figure 1A, two-way ANOVA, age: F(1,66) = 18.55, p < 0.0001, post hoc analysis Tg4-42: p < 0.01, 5XFAD: p < 0.05].
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FIGURE 1. General physical assessment of Tg4-42 and 5XFAD mice. (A) 3- and 7-month-old Tg4-42 and 5XFAD mice displayed normal body weight compared to aged-matched wild-type mice. (B) Wild-type and Tg4-42 mice showed no clasping phenotype during the tail suspension task regardless of age. 5XFAD mice showed a clasping phenotype at 7 months of age. Two-way repeated measures ANOVA, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001; n = 12 per group; data presented as mean ± SEM; WT, wild-type; m, months.



Clasping Phenotype in 7-Month-Old 5XFAD Mice

At 3 months none of the tested animals showed any clasping phenotype. However, 5XFAD mice develop an age-dependent clasping phenotype [Figure 1B, two-way ANOVA, age: F(1,66) = 10.61, p = 0.0019; genotype: F(2,66) = 12.12, p < 0.001]. Tg4-42 mice did not show a clasping behavior at 7 months and they tried to escape the grip by twisting their body and kicking their paws similar to wild-type animals.

Impaired Sensorimotor Function in Tg4-42 Mice

Fine motor coordination and balance of mice can be assessed by the balance beam task (Hau and Schapiro, 2002; Luong et al., 2011). At the age of 3 months none of the tested animals showed impairments in the balance beam task. However, 7-month-old Tg4-42 mice spent significantly less time on the beam compared to same-aged wild-type animals [Figure 2A, two-way ANOVA, genotype: F(2,66) = 3.702; p < 0.05]. Tg4-42 mice showed an age-dependent decline in balance and motor coordination [Figure 2A, two-way ANOVA, Tg4-42 age: F(1,66) = 5.904, p = 0.0178; post hoc analysis Tg4-42: p < 0.05]. In contrast, aged 5XFAD mice performed similar to wild-type controls.
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FIGURE 2. Motor deficits in aged Tg4-42 mice. (A) Tg4-42 mice showed age-dependent motor deficits in the balance beam. 5XFAD mice displayed no deficits in the balance beam. Tg4-42 and 5XFAD mice performed similar to same-aged wild-type control mice in the (B) string suspension task and (C) inverted grip task. (D) 5XFAD mice displayed an age-dependent decreased distance traveled in the Open Field task. Seven-month-old 5XFAD mice traveled significantly less than same-aged Tg4-42 and wild-type mice. (E) Young Tg4-42 and 5XFAD mice showed a similar latency to fall on the accelerating rotarod on trials 1–7. On the last trial of the test Tg4-42 mice performed worse than same-aged wild-type mice. (F) Aged Tg4-42 mice showed a decreased performance on the accelerating rotarod compared to same-aged wild-type and 5XFAD mice. Two-way repeated measures ANOVA, vs. 5XFAD ###p < 0.001; vs. WT ∗∗∗p < 0.001; ∗p < 0.05; n = 9–15 per group, data presented as mean ± SEM; WT, wild-type; m, month.



Unaltered Grip Strength in 5XFAD and Tg4-42 Mice

The string suspension task evaluates motor coordination, grip and muscle strength of mice (Hullmann et al., 2017), whereas the inverted grip task assesses muscle strength (Deacon, 2013). Neither 5XFAD, nor Tg4-42 mice showed a lower grip strength in any of these tests compared to wild-type control mice [Figures 2B,C, two-way ANOVA, string suspension genotype: F(2,66) = 0.9058, p = 0.4092, age: F(1,66) = 0.450, p = 0.5047; inverted grip genotype: F(1,66) = 2.435, p = 0.1234, age: F(1,66) = 2.435, p = 0.1234].

Decreased Locomotor Activity of 5XFAD, but Not Tg4-42 Mice in the Open Field Task

To measure general locomotor activity, mice were tested in an Open Field task (Seibenhener and Wooten, 2015). Tg4-42 mice traveled the same distance as wild-type controls, showing no impaired locomotor activity at any tested age. On the other hand, 5XFAD mice traveled less, showing an age-dependent decreased in locomotor activity [Figure 2D, two-way ANOVA, age: F(1,71) = 22.33, p < 0.001; genotype: F(2,71) = 3.706, p = 0.0294].

Impaired Motor Learning Skills in Tg4-42 Mice

The rotarod task assesses motor skill learning abilities and coordination (Buitrago et al., 2004; Deacon, 2013). Performance of 5XFAD mice did not differ from wild-type controls at 3 or 7 months of age. While young Tg4-42, 5XFAD and WT mice showed an overall improved motor learning over the training trials [Figure 2E, two-way ANOVA, trials: F(7,210) = 20.18, p < 0.0001], Tg4-42 displayed a shorter latency to fall on the last trial compared to same-aged wild-type animals [Figure 2E, two-way ANOVA, genotype: F(2,30) = 1.114, p = 0.3413; post hoc analysis Tg4-42 trial 8: p < 0.05]. At 7 months of age Tg4-42 mice showed decreased motor learning and performed significantly worse than wild-type and 5XFAD animals [Figure 2F, two-way ANOVA, genotype: F(2,41) = 33.00, p < 0.0001].

Decreased Metabolic Activity in the Cerebellum of Aged Tg4-42 Mice

18F-FDG-PET/MRI was used to determine cerebellar glucose metabolism. Quantitative analysis of FDG-uptake was performed using a mouse brain atlas and blood glucose corrected SUV values (SUVglc) were measured within a predefined cerebellum VOI (Figure 3B). Seven-month-old Tg4-42 and 5XFAD mice showed significantly decreased 18F-FDG uptake in the cerebellum compared to wild-type mice [Figures 3A,C,D, one-way-ANOVA, F(2,11) = 2.007, p = 0.0018; post hoc analysis WT vs. Tg4-42: p < 0.01; WT vs. 5XFAD: p < 0.05].
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FIGURE 3. 18F-FDG-PET shows decreased metabolic activity in the cerebellum of 7-month-old Tg4-42 and 5XFAD mice. (A) Quantification of 18F-FDG uptake in the cerebellum. 18F-FDG-uptake in the cerebellum was significantly reduced in aged Tg4-42 and 5XFAD mice compared to wild-type. (B) Magnetic resonance image (MRI; coronal view) with volumes of interest (VOIs) of the mouse brain atlas MRIs of each mouse. (C) Fused 18F-FDG-PET/MRI of a wild-type mouse in coronal view. (D) Fused 18F-FDG-PET/MRI of a 7-month-old Tg4-42 mouse in coronal view with distinctly lower FDG uptake compared to the wild-type mouse. One-way-ANOVA; ∗∗p < 0.01; ∗p < 0.05; WT, wild-type; m, months; Cb, cerebellum; B, brainstem.





DISCUSSION

Impairments of motor abilities are an important phenotype in the progression of AD. Several studies show a decline in motor function throughout the progression of the disease in patients (Zidan et al., 2012; Beauchet et al., 2014; de Paula et al., 2016). Furthermore, motor impairments can be useful in the prediction of the onset as well as the outcome of AD (Waite et al., 2005). In an aging society, maintaining motor performance in AD patients should be of major interest to help to facilitate independence in daily living and activity (Yan and Zhou, 2009). Assessing motor deficits through physical exercise in preclinical stages of AD could delay or decline the development of AD as shown previously (Larson et al., 2006). Thus, motor deficits are an important symptom to study in AD.

Similar to AD patients, most mouse models mimicking AD show motor impairments as the disease progresses. This study compared motor behavior of young and aged Tg4-42 mice with their age-matched wild-type controls and compared the results with other AD mouse models. Motoric performance of AD mice ranges from unaltered and impaired to improved motor performance. There are several tests to assess motor abilities in mice, but protocols and experimental apparatus differ highly between laboratories, complicating the comparison of results. These differences in behavior tests should always be taken into consideration (Table 1).

Weight can severely influence the outcome of behavior studies. Therefore, the animal’s weight should always be taken into consideration especially when analyzing motor performance in mice. Previous studies showed that body weight significantly correlates with the performance of mice in the rotarod task, a test widely used to assess grip strength, motor coordination and balance (Brown and Wong, 2007; Shiotsuki et al., 2010). The weight of young and aged Tg4-42 mice was comparable to same-aged wild-type and 5XFAD mice in this study. In contrast, weight loss has previously been observed in several other AD mouse models. A reduction in the gain of body weight has been described especially in mouse models overexpressing APP (Lalonde et al., 2005a; Pugh et al., 2007; Alexandru et al., 2011). For example, 9-month-old 5XFAD mice showed a significantly reduced body weight in comparison to their wild-type littermates (Jawhar et al., 2012). Interestingly, epidemiologic studies showed that weight loss is often associated with AD and can be observed in all stages of the disease (Gillette-Guyonnet et al., 2000; Guérin et al., 2005; Cova et al., 2016). Weight loss in AD patients often correlates with a general health decline and is suggested as a clinical predictor of mortality (White et al., 1998). In mice, weight variances can also indicate poor health and a lack of body weight gain might contribute to predicting mortality.

In contrast to 5XFAD mice, Tg4-42 mice did not show a limb clasping phenotype. Aged 5XFAD mice exhibited motor abnormalities and abnormal extension reflexes by retracting their hind- and fore paws simultaneously when suspended by the tail. An abnormal clasping pattern has been observed in several mouse models including mice transgenic for human four-repeat tau and mutant human APP (Probst et al., 2000; Lalonde et al., 2012), as well as APP/PS1KI and 5XFAD mice. Interestingly, all of these mice showed signs of axonopathy (Tesseur et al., 2000; Wirths et al., 2007; Jawhar et al., 2012). But surprisingly, the number of motor neurons of 6-month-old 5XFAD mice in the cervical spinal cord was similar to wild-type littermates (Chu et al., 2017). Both Tg4-42 and 5XFAD mice show intracellular Aβ accumulation in the spinal cord, but only 5XFAD show signs of axon swelling and axonopathy (Jawhar et al., 2012; Lopez-Noguerola et al., 2018).

The Open Field locomotion test can be used to examine motor function by measuring spontaneous activity in an open arena (Lee et al., 2009). The Open Field task is an easy task to perform and measures general locomotor activity in mice (Seibenhener and Wooten, 2015). Our results show that Tg4-42 mice did not have alterations in locomotor activity. In contrast, 5XFAD mice showed lower activity levels consistent with previous studies (Sawmiller et al., 2017). Surprisingly, O’Leary et al. (2018a) found increased locomotor activity in 6- to 7-month-old female 5XFAD mice. This variation is likely due to different experimental protocols. However, in older 5XFAD mice the data is consistently showing reduced locomotor activity (Schneider et al., 2014; Griñán-Ferré et al., 2016; O’Leary et al., 2018a,b) (Table 1). Altered locomotor activities need to be taken into consideration when interpreting results of behavioral tests such as anxiety-related or memory-related tests (Crawley and Bailey, 2008; Brooks et al., 2012; Deacon, 2013). Nevertheless, Tg4-42 mice did not show any impairments in the Open Field that could possibly influence anxiety- and memory-related behavior. In line with these findings, general motor abilities of Tg4-42 mice have been shown to be intact in the Morris water maze as swimming speed did not differ from wild-type animals (Bouter et al., 2013, 2014, 2019; Antonios et al., 2015).

Generally speaking, APP single-transgenic mice seem to show increased locomotor activity at young ages (King and Arendash, 2002; Harris et al., 2010), whereas mouse models with multiple mutations develop impairments at an older age (Gulinello et al., 2009; Filali et al., 2012; O’Leary et al., 2018a). Similar to Tg4-42 mice, double-transgenic mice carrying single APP and PS1 mutation are less likely to have locomotor activity impairments (Lalonde et al., 2004; Sadowski et al., 2004; Webster et al., 2013) (Table 1).

It has to be mentioned that the Open Field task is one of the tests with relatively high variability in experimental procedures (Walsh and Cummins, 1976). The material and the size of the arena, as well as the testing time, differ immensely between the protocols used in analyzing different AD models. For example, some mice were granted time to adapt to the apparatus (van Dam et al., 2003) and others not (Lalonde et al., 2005a; Harris et al., 2010; Jawhar et al., 2012). The amount of time tested ranged from 5 min (Arendash et al., 2001; Jawhar et al., 2012; O’Leary et al., 2018a) to 30 min (Dineley et al., 2002; Webster et al., 2013). In addition, most mice were placed into the center of the box (King and Arendash, 2002; Jawhar et al., 2012), whereas others started in the corners (van Dam et al., 2003; O’Leary et al., 2018a). While most studies use only a single trial, other groups tested the same mouse multiple times and therefore assessing habituation rather than spontaneous locomotor activity alone (Dai et al., 1995; Lalonde et al., 2005b). Furthermore, the experimental apparatus used for the Open Field often differs in size, material, form or transparency between laboratories (King and Arendash, 2002; Gulinello et al., 2009; Filali et al., 2012; Jawhar et al., 2012). These varieties need to be taken into consideration when comparing different AD mouse lines.

Several studies suggested a link between muscle strength and cognitive decline in AD patients (Boyle et al., 2009). In mice, the string suspension and grip strength test can be used to measure muscle strength (Deacon, 2013). We could show that 7-month-old Tg4-42 and 5XFAD mice did not present any impairments in muscle strength in the string suspension or grip strength tasks, consistent with previous findings for 5XFAD mice (Jawhar et al., 2012; Bhattacharya et al., 2014). However, previous studies showed a loss of muscle strength in both tests beginning at the age of 9 months (Jawhar et al., 2012). In contrast, O’Leary et al. (2018a) could show deficits already beginning from 6 to 7 months of age in 5XFAD mice. Generally speaking, a decline in muscle strength seems to be more frequent in aged AD mice (Table 1). Tg4-42 mice display severe memory deficits at 7 months of age and therefore mice were not tested for muscle strength at older ages, which should be investigated in upcoming studies to compare strength with other AD mouse models. The pyroglutamate Aβ3-42 expressing mouse model TBA42 showed muscle strength deficits starting with 6 months, while muscle strength declined in Tg2576 not before 14 months, preceding memory deficits in both models (King and Arendash, 2002; Meissner et al., 2014) (Table 1). Interestingly, homozygous TBA42 had such severe motor deficits, that they had to be sacrificed at the age of 2 months (Lopez-Noguerola et al., 2018). APP+PS1 mice did not show signs of strength decline before 15 to 17 months of age (Holcomb et al., 1999; Arendash et al., 2001). APP+PS1 mice develop memory deficits at younger ages, similar to 5XFAD mice. Noteworthy, female and male 3xTg mice show memory impairments before the onset of motor deficits with 16 months of age (Garvock-de Montbrun et al., 2019), similar to Tg4-42 mice (Table 1), but memory deficits do not progress through age in 3xTg mice (Stevens and Brown, 2015). These inconsistent findings with regard to onset of memory and motor deficits should be considered when choosing a suitable mouse model for research, depending on the symptom of interest.

Motor coordination is an important aspect of AD since bradykinesia and gait disturbances are part of AD motor impairments (Scarmeas et al., 2004), correlating with a poorer outcome of patients (Waite et al., 2005).

The rotarod and balance beam test are mainly used to test motor coordination and balance in mice. Additionally, the rotarod test assesses motor learning (Hamm et al., 1994; Le Marec and Lalonde, 1997; Luong et al., 2011; Deacon, 2013).

The cerebellum as a major player of motor control is important for regulation of balance and locomotion through practice (Morton and Bastian, 2004). Especially the rotarod task is able to detect motor disturbances through cerebellar dysfunction (Shiotsuki et al., 2010).

We could show deficits in the balance beam task of aged Tg4-42 mice. In context with Lopez-Noguerola et al. (2018) who tested younger Tg4-42 mice at the age of 5 months, an age dependent decline in balance and coordination could be observed. These findings suggest an onset of this deficit in the Tg4-42 mouse model for AD at the age of 6 to 7 months.

Deterioration in the rotarod test was already observed in young Tg4-42 mice and aggravated with age. Early deficits in the rotarod have been described in male APP23 mice (van Dam et al., 2003). In contrary Tg2567 mice did not show any impairment in the rotarod (Dineley et al., 2002; King and Arendash, 2002), but the balance beam test was able to detect deficits (King and Arendash, 2002). APP/PS1 KI mice did not show any motor deterioration and were comparable to controls at even older ages (Webster et al., 2013). Strikingly, male and female 3xTg mice performed better in rotarod task than controls up to the age of 16 months (Oore et al., 2013; Stover et al., 2015; Garvock-de Montbrun et al., 2019) (Table 1), but performance declined with age (Garvock-de Montbrun et al., 2019). Only Filali et al. (2012) who tested only female 3xTg mice showed reduced performance in the rotarod, possibly due to protocol differences. Stover et al. (2015) suggests that tau P301L might be responsible for enhanced motor performance. Whereas other researchers found increased motor performance to be paradoxical (Filali et al., 2012), since other tau mouse models do present motor impairments in the rotarod test (Scattoni et al., 2010; Xu et al., 2010). Thus, suggesting no direct correlation between the transgene and severity of motor deficits.

Since Tg4-42 mice did not have altered muscle strength, we presumed that impairments in the balance beam task and rotarod was rather due to learning and balance, coordination impairments than muscle function. In previous studies we could show a severe learning deficit in the Morris water maze, beginning from the age of 5 months in Tg4-42 mice (Antonios et al., 2015). Interestingly, despite the massive impairments in the rotarod, the ability to swim in the Morris water maze was not altered in same-aged Tg4-42 mice (Bouter et al., 2013, 2014; Antonios et al., 2015).

The cerebellum is the center of motor function and contributes to motor learning by determining how to perform correct and accurate movements. It has been shown that cerebellar damage leads to disturbance in movements and body support (Porras-García et al., 2013) and cerebellar atrophy is characteristic for sporadic AD (Jacobs et al., 2018). Kuwabara et al. (2014) could detect relatively high levels of Aβ1-42 in cerebellar lysates and impairments in the rotarod test in 3-month-old APP/PS1 mice, but no impairments in the balance beam test.

Subsequently, we analyzed the cerebellum of Tg4-42 mice via 18F-FDG-PET to detect possible synaptic dysfunctions. 18F-FDG-PET, as a functional biomarker for synaptic dysfunction, confirmed findings of the behavioral tests showing reduced glucose metabolism in the cerebellum of aged Tg4-42 mice. Findings are in line with several earlier 18F-FDG-PET studies showing cerebellar hypo metabolism in different transgenic mouse models of AD (Platt et al., 2011; Macdonald et al., 2014; Deleye et al., 2016; Takkinen et al., 2017; Waldron et al., 2017; Bouter et al., 2019). But furthermore, intraneuronal Aβ accumulation in the spinal cord of Tg4-42 mice have been described previously (Lopez-Noguerola et al., 2018) and may contribute to motor deficits. But since strength was not yet affected in 7-month-old Tg4-42 mice we focused on the processing and coordination of motor function by in vivo imaging of the cerebellum.

Interestingly, a study by Macdonald et al. (2014) using 18F-FDG-PET in 2-, 5-, and 12-month-old 5XFAD mice showed decreased FDG-uptake in the cerebellum of 12-month-old 5XFAD mice while 2- and 5-month-old animals did not show significant differences to wild-type mice. In line with these findings, female 7-month-old 5XFAD performed as wild-type mice on the rotarod, while older mice display strong impairments (O’Leary et al., 2018a) (Table 1). However, 5XFAD mice showed decreased FDG-uptake as early as 7 months of age in our study. This seems to be an indicator of early cerebellar changes, even before motor impairments occur, as glucose metabolism is known to be an early marker of neuronal dysfunction.

Mouse models allow to investigate motor abilities and are suitable tools to analyze different aspects of AD pathologies and the effectiveness of possible therapies.

Tg4-42 displays an AD mouse model with intact general motor activity and strength, but age-dependent motor impairments in motor coordination and balance present at the age of 7 months, most likely due to impaired cerebellar activity.
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During the past decade, there has been a substantial rise in the knowledge about the effects of gut microbiota on host physiology and behavior, including depressive behavior. Initial studies determined that gut microbiota can regulate host tryptophan levels, which is a main serotonin precursor. A dysfunctional serotonergic system is considered to be one of the main factors contributing to the development of depression. Therefore, we hypothesized that regulation of brain tryptophan and serotonin can explain, at least partly, the effects of microbiota on depressive behavior. To test this hypothesis, we examined depressive-like behavior and brain levels of serotonin and tryptophan, of germ free (GF) and specific-pathogen free (SPF) mice under basal conditions, or after acute tryptophan depletion (ATD) procedure, which is a method to decrease tryptophan and serotonin levels in the brain. In basal conditions, GF mice exhibited less depressive-like behavior in sucrose preference, tail-suspension and forced swim tests, compared to SPF mice. In addition, in mice that were not subjected to ATD, GF mice displayed higher levels of tryptophan, serotonin and 5-hydroxyindoleacetic acid (the main degradation product of serotonin) in medial prefrontal cortex (mPFC) and hippocampus (HIPPO), compared to SPF mice. Interestingly, ATD increased depressive-like behavior of GF, but not of SPF mice. These behavioral changes were accompanied by a stronger reduction of tryptophan, serotonin and 5-hydroxyindoleacetic acid in mPFC and HIPPO in GF mice after ATD, when compared to SPF mice. Therefore, the serotonergic system of GF mice is more vulnerable to the acute challenge of tryptophan reduction, and GF mice after tryptophan reduction behave more similarly to SPF mice. These data provide functional evidence that microbiota affects depression-like behavior through influencing brain tryptophan accessibility and the serotonergic system.
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INTRODUCTION

Depression is one of the most common psychiatric conditions, with lifetime prevalence ranging from 6 to 18% across different populations worldwide (Kessler and Bromet, 2013). Most often it is a recurrent condition, which leads to reduced quality of life in addition to an increased risk for other medical problems, such as diabetes, heart disease, and stroke (Merikangas et al., 2007; Kessler et al., 2009; Bhattacharya et al., 2014). All these factors make depression one of the leading contributors to global chronic disease burden.

The serotonin hypothesis of depression is among the first suggested biological causes of this disorder, dating from about 50 years ago, that was based on unexpected findings regarding several drug actions (Coppen, 1967; Albert et al., 2012). Although the understanding of the complexity of brain function and etiology of depression has increased much in the past 50 years, a dysfunctional serotonergic system is still considered to be one of the main factors contributing the development of depressive symptoms (Belmaker and Agam, 2008; Albert et al., 2012; Fakhoury, 2016).

In the brain, serotonin or 5-hydroxytryptamine (5-HT) is synthetized in serotonergic neurons originating from raphe nuclei, from amino acid tryptophan (TRP; Ruddick et al., 2006; Lesch and Waider, 2012). TRP crosses blood brain barrier via a specific transporter, competing with other large neutral amino acids to enter the brain (Ruddick et al., 2006). The first enzyme in brain serotonin synthesis pathway is tryptophan hydroxylase 2 (TPH2; Walther et al., 2003) that is only half-saturated by normal physiological TRP concentrations, and represents a rate-limiting step of the pathway (Boadle-Biber, 1993). After the release of 5-HT, the neurotransmitter is reuptaken by a serotonin transporter (SERT), to the presynaptic terminal (Borowsky and Hoffman, 1995) and can be further metabolized to 5-hydroxyindoleacetic acid (5-HIAA), as a final product of its degradation (Jacobs and Azmitia, 1992).

Certain genetic variants of serotonin receptors (Lemonde et al., 2003), SERT (Hoefgen et al., 2005; Caspi et al., 2010), as well as TPH2 (Zill et al., 2004; Zhang et al., 2005) were associated with a higher risk of depression. In addition, decreased levels of TRP in blood (Cowen et al., 1989) and 5-HIAA in cerebrospinal fluid were reported in some depressed patients (Ashcroft et al., 1966; Dencker et al., 1966). However, some of the most consistent findings regarding the role of 5-HT in the pathophysiology of depression come from studies of acute tryptophan depletion (ATD). The procedure involves dietary manipulation in order to decrease TRP levels, and subsequently brain 5-HT synthesis. TRP depletion leads to acute mood lowering effects in patients with depression in remission, as well as in first degree relatives of depressed patents but not in healthy subjects without family history of depression (Booij et al., 2003; Ruhé et al., 2007). These data suggest that vulnerability of the serotonin system is implicated in the development of depressive episode (Jans et al., 2007).

During the past decade, there was a huge rise in knowledge about the effects of gut microbiota on host physiology and behavior, including depressive behavior. For example, germ free (GF) mice exhibit less behavioral despair compared to their conventional counterparts (De Palma et al., 2015; Campos et al., 2016). Also, patients with depression have altered gut microbiota compared to healthy subjects (Jiang et al., 2015; Kelly et al., 2016; Zheng et al., 2016).

One of the potential mechanisms through which gut microbiota could impact depressive behavior is through influence on TRP and brain 5-HT metabolism. TRP, which is an essential amino acid, is mainly supplied from ingested food and is a biosynthetic precursor of a large number of host as well as microbial metabolites (Milligan et al., 1978; Lee and Lee, 2010; Agus et al., 2018). In addition, studies have shown that gut microbiota directly regulates the blood TRP levels through stimulation of serotonin production of the gut enterochromaffin cells (Yano et al., 2015). Indeed, GF mice have higher plasma levels of TRP (Wikoff et al., 2009; Clarke et al., 2013), but lower blood levels of serotonin, compared to conventional mice. However, GF mice have higher 5-HT levels in the brain (Clarke et al., 2013). Further, some studies of gut microbiota alterations in depressed patients found increased levels of Alistipes, a bacterial genus that produce indole from TRP (Jiang et al., 2015). The authors suggested that its enrichment could potentially decrease TRP availability for host cells, thus impacting the balance of host brain serotonergic system. While these studies have given corroborating arguments that brain accessibility to TRP and its effect on serotonin production may partially explain the effects of microbiome on depressive-like behavior, there is yet little direct functional evidence to make this mechanistic claim.

In this study, we hypothesize that microbial influence on the availability of TRP to the brain may be a mechanism explaining, at least partly, the effects of the microbiome on depressive-like behavior. To gain evidence for this hypothesis, we performed TRP depletion in GF mice and specific-pathogen free (SPF) mice, to test if TRP reduction would attenuate the anti-depressive behavior of GF animals. Indeed, we determined that in basal conditions GF mice exhibit less depressive-like behavior compared to SPF mice. However, their serotonergic system is more vulnerable to the acute challenge of TRP reduction, leading to that GF mice act more similarly to SPF mice after TRP reduction. Therefore, these data provide direct functional evidence that microbial effects on depression-like behavior can be mediated through its effects on brain TRP accessibility and consequently serotonergic system.



MATERIALS AND METHODS


Mice

All animals used in the study were bred and maintained in animal facilities at our research institute. SPF Swiss Webster male mice were housed in SPF vivarium with 12 h light/12 h dark cycle, at 22°C, with food and water available ad libitum. GF Swiss Webster male mice were housed in semi-solid GF isolators, also under a 12 h light/12 h dark cycle, at 22°C, with autoclaved food and water available ad libitum. Three to five mice were housed per cage and the experiment was carried out at 8–10 weeks of age. In the study of behavioral differences between GF and SPF animals, a total of 20 mice was used (10 mice per group). In the study of the effects of ATD on both GF and SPF animals, a total of 44 mice were used (11 mice per group). All experimental protocols were approved by the Animal Care and Use Committee of Bar-Ilan University.



Behavioral Testing

Behavioral tests, except sucrose preference, were performed during the light phase of the diurnal cycle, between 12 a.m. and 16 p.m. On the day of behavioral testing, SPF as well as GF mice were brought to the behavioral room in the SPF facility, at least 1 h before the test, for acclimatization.

Sucrose preference test (SPT) was used to assess anhedonic behavior in mice. The test was carried out in home cages, while mice were single-housed by dividers. Each of the mouse was presented with two pipettes to choose freely: one containing drinking water and the other 0.5% sucrose solution. The position of pippets was switched every 24 h to eliminate side preference as a confounder. The test lasted 5 days, with the 1st day considered as habituation, while the next 4 days were considered as the test. During that time consumption of water and sucrose solution was measured and sucrose preference was calculated as a percentage of the volume of sucrose solution intake divided by the volume of total fluid intake.

Tail suspension test (TST) was performed by suspending mice by their tail for 6 mins, with the tape applied about 1 cm from the tip of their tail, under low light conditions (25 lux). Behavior other than trying vigorously to escape was scored as immobility, and considered as an indicator of depressive-like behavior (i.e., small movements with only front legs as well as swinging were not considered as mobility; Can et al., 2011b). The maze was cleaned with 10% alcohol after testing of each mouse. All testing was recorded by a video camera, and scoring was done manually.

Forced swim test (FST) was performed using modified procedure with pre-test 24 h before the test day (Dulawa et al., 2004). Both pre-test and test lasted 6 min and were conducted in plastic buckets 21 cm in diameter and filled with 24 ± 1°C water 15 cm from the bottom, under low light conditions (25 lux). After testing, mice were dried, and then returned to their home cages. Immobility, defined as the absence of active swimming with all four paws and tail moving, was scored during all 6 mins on the test day as a sign of depression-like behavior (Dulawa et al., 2004; Can et al., 2011a). All experiments were recorded by a video camera, and scoring was done manually.



Experimental Procedures


Characterization of Behavioral and Gene Expression Differences Between SPF and GF Mice

After SPT was done, TST and FST were performed on the next three consequent days. In the case of GF mice, they were taken out from the isolators before TST test, and till the end of behavioral experiments, they were housed in the SPF facility.

Separate cohorts of GF and SPF mice were used for analyses of dorsal raphe nucleus (DRN) gene expression. GF mice used for these analyses were sacrificed 1 h after being taken out from the isolator.



Acute TRP Depletion in SPF and GF Mice

Prior to TRP depletion procedure, mice were handled for 3 days and once gavaged with protein-carbohydrate mixture with TRP, in order to habituate to the procedure. On the experimental day, mice were food deprived for 5 h in order to avoid the effects of TRP available in regular chow. After starvation, mice were gavaged with protein-carbohydrate mixture containing TRP (TRP+ group, 0.28% TRP of the total protein amount) or without TRP (TRP− group). The composition of the given protein-carbohydrate mixture is shown in Table 1. Carbohydrates are added to the mixture in order to stimulate protein synthesis, leading to an optimal decrease of TRP levels relative to other large amino acids, which is the major factor determining TRP accessibility to the bran (Fernstrom and Wurtman, 1997; van Donkelaar et al., 2011). Mice were assigned to groups randomly and received two doses of 10 ml/kg of the corresponding mixtures, within 30 min interval. The behavioral testing or sacrifice was performed 2 h after application of the first dose. This treatment regime was chosen according to the previous study showing that it can efficiently reduce TRP levels in the blood, compared to all other large neutral amino acids, in Swiss Webster mice (van Donkelaar et al., 2010).


TABLE 1. Composition of protein-carbohydrate mixture and amino acid content in gelatine-based protein.

[image: image]


The schedule of the treatment and subsequent tests and sacrifices was as follows. Food deprivation started at 7 a.m., the first dose of the corresponding mixtures was given at 12 p.m., and behavioral testing or euthanasia started at 14 p.m. First, TST was performed, and after 1 day of rest, FST was performed on the next two consecutive days. At the end of each testing day, mice were returned to their home cages and had access to the food ad libitum. All the procedures were done in behavioral room in the SPF animal facility. GF mice were taken out from the isolators 1 day before the 1st day of testing and placed in isocages. On the days of testing, they were brought to the behavioral room of the SPF facility, and after the tests, they were returned to isocages. Two days after completing behavioral experimentation, mice were euthanized and brains extracted.




Brain Tissue Collection

Mice were rapidly decapitated and their brains were quickly removed. The medial prefrontal cortices (mPFC), the hippocampi (HIPPO) and dorsal rapeh nucleus (DRN) were isolated using brain matrix and gauge 13 (for mPFC and HIPPO) or 14 (for DRN). Brain tissues were immediately frozen on dry ice and stored at −80°C until further application.



Neurochemical Analyses

After weighting, the desired tissue was homogenized with lysis buffer containing 1.8% perchloric acid and 10 mM ascorbic acid. After 15 min incubation on ice, the homogenates were centrifuged for 30 min 20,000x g, at 4°C and the supernatants were used for subsequent measurements according to Yamaguchi et al. (1981). The HPLC analyses were performed using C18 reversed-phase column (InfinityLab Poroshell 120 EC-C18, Agilent), and Agilent 1260 Infinity II system. The mobile phase was 10 mM potassium phosphate buffer with 5% methanol (pH 5.0) and the flow rate was 1 ml/min. TRP, 5-HT and 5-HIAA were identified by fluorescence detector, with wavelength set at 285 nm for excitation, and at 345 nm for emotion. During the HPLC procedure, all samples and standards were kept at 4°C and protected from light. The desired compounds were identified according to their retention times, and their amounts were calculated according to the standard curves prepared with different concentrations of the corresponding standards. The final tissue amounts of TRP, 5-HT and 5-HIAA were expressed in pg per mg of the tissue.



Gene Expression Analyses

Total RNA was extracted by PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. High Capacity cDNA Reverse Transcription kit (Life Technologies, Carlsbad, CA, USA) was used for the synthesis of cDNA, from 400 ng of total RNA from DRN extracts.

Quantitative real-time PCR was performed using Fast Start Universal SYBR Green Master (Rox; Roche) and ViiA™7 Real-Time PCR System (Life Technologies, Carlsbad, CA, USA). Relative quantification by ddCt method was used for analyses of gene expression. Primer sequences of analyzed genes: TPH2, serotonin autoreceptor (5-HT1A) and SERT, as well as housekeeping gene (actin; ACTB) are listed in the Supplementary Table S1.



Statistical Analyses

Statistical analyses were done by SPSS. Data from GF and SPF mice were compared using two-tailed t-test. The effects of mice microbiological status and TRP depletion were analyzed by two-way analysis of variance (ANOVA), followed by LSD post hoc test for evaluating differences between specific groups. Values that fell out of the range mean ± 2 SD were considered as outliers and excluded from the analyses. The level of significance was set at p < 0.05. As a measure of the effect size of ATD in GF and SPF mice, Cohen’s d was used.




RESULTS


GF Mice Show Less Depressive-Like Behavior Compared to SPF

First, we characterized the depressive-like behavior of GF mice compared to SPF. In the SPT, an established test of anhedonia, GF mice showed a greater preference for 0.5% sucrose compared to SPF (t = 2.34, p < 0.05, Figure 1A). Since we proposed that GF mice are hyperhedonic, we chose 0.5% sucrose according to our pilot experiment (Supplementary Figure S1), showing that SPF mice drink this percentage of sucrose solution significantly less than 1% or 2% solution of sucrose.


[image: image]

FIGURE 1. Germ free (GF) mice exhibit less depressive-like behavior than specific pathogen free (SPF) mice. GF mice have higher preference for 0.5% sucrose (A), show less immobility time in tail suspension test (B) and forced swim test (C) compared to SPF mice. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t-test, N = 10 mice per group.



In tests of behavioral despair, GF mice were less immobile in both TST (t = −3.76, p = 0.001, Figure 1B) and FST (t = −4.40, p < 0.001, Figure 1C), in comparison to SPF. Altogether, GF mice exhibited less depressive-like behavior paralleled to their SPF counterparts.



GF Mice Have Higher Expression of TPH2, SERT and 5-HTR1A in DRN

With the aim to obtain further insight into differences of serotonergic system of GF mice, and their depressive behavior, we assessed expression levels of TPH2, 5-HTR1A and SERT in DRN, being that it is the major source of serotonergic neurons projecting to the forebrain, involved in regulation of depressive behavior (Lesch and Waider, 2012).

The expression of TPH2 was two times higher in GF mice compared to SPF (t = 2.50, p < 0.05, Figure 2A). Further, the expression of 5-HTR1A was three times higher (t = 4.16, p < 0.001, Figure 2B), while the SERT levels of mRNA were twice higher in GF mice than in SPF (t = 3.87, p < 0.01, Figure 2C). Therefore, the expression of genes regulating serotonin production and firing rate of serotonergic neurons, differed in GF mice, compared to SPF.
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FIGURE 2. Germ free (GF) mice exhibit different gene expressions in dorsal raphe nucleus (DRN) compared to specific pathogen free (SPF) mice. GF mice have higher expression of tryptophan hydroxilase 2 (TPH2; A), serotonin autoreceptor 5-HT1A (B) and serotonin transporter (SERT; C) compared to SPF mice. *p < 0.05, ***p < 0.001, two-tailed t-test, N = 10 mice per group.





GF Mice Are More Sensitive to TRP Depletion Than SPF

In the next set of experiments, we examined whether GF mice respond differently to the acute challenge of TRP deprivation compared to SPF, being that it is known their nervous system develops in conditions of high availability of TRP from their blood (Wikoff et al., 2009; Clarke et al., 2013). For that purpose, we performed ATD procedure.


Assessment of Depressive-Like Behavior

First, we determined how ATD affected depressive-like behavior of SPF and GF mice. In TST (Figure 3A), ANOVA showed a significant effect of both TRP depletion (F = 5.26, p < 0.05) and microbial status (F = 15.82, p < 0.001) of mice. However, SPF mice that underwent ATD did not significantly differ from mice receiving full amino acid mixture (p > 0.05, Cohen’s d = 0.41, Figure 3A). On the other hand, TRP depletion led to a strong increase of immobility in GF mice in comparison to control mixture (p < 0.05, Cohen’s d = 1.01, Figure 3A). Therefore, acute depletion of TRP from the diet had a stronger effect on GF mice than on SPF in TST.
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FIGURE 3. Effects of acute tryptophan depletion (ATD) on depressive-like behavior in germ free (GF) and specific pathogen free (SPF) mice. Changes in immobility time in tail suspension test (A) and forced swim test (B) after ATD in GF and SPF mice. TRP+ - group receiving control amino acid mixture with tryptophan, TRP− - group receiving amino acid mixture without tryptophan. *p < 0.05, **p < 0.01, LSD post hoc test, N = 11 mice per group.



Similarly, in FST (Figure 3B) the effect of ATD was significant (F = 4.94, p < 0.05), while the effect of microbial status was close to significant (F = 3.22, p = 0.08). Also, no significant differences were observed in SPF mice between TRP+ and TRP− groups (p > 0.05, Cohen’s d = 0.318, Figure 3B), while GF TRP− group showed increased immobility time compared to GF TRP+ group (p < 0.05, Cohen’s d = 0.94, Figure 3B). Therefore, acute depletion of TRP from diet had a stronger effect on GF mice than on SPF in FST as well.

Altogether, TRP depletion led to increased depressive-like behavior with larger effect size in GF mice compared to SPF.



Levels of TRP, 5-HT and 5-HIAA in mPFC

To gain insight into the mechanism of higher sensitivity of GF mice to ATD, we examined the levels of TRP, 5-HT and 5-HIAA in the brains of GF and SPF animals after ATD.

In mPFC, the brain region involved in coordination and control of depressive behavior (Drevets, 2000; Liu et al., 2017), levels of TRP were influenced by both TRP depletion (F = 99.32, p < 0.001) and GF state (F = 31.14, p < 0.001; Figure 4A). In mice not treated with TRP depletion, GF mice had higher TRP levels than SPF mice (p < 0.001, Figure 4A). In TRP depleted mice, TRP levels were significantly decreased, as expected. However, the effect of TRP depletion was much more pronounced in GF mice (p < 0.001, Cohen’s d = 4.47, Figure 4A) than in SPF mice (p < 0.001, Cohen’s d = 1.75, Figure 4A). Further, ANOVA showed a significant interaction between factors of ATD and microbial status (FATDxGF = 21.33, p < 0.001).
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FIGURE 4. Effects of ATD on tryptophan, serotonin and its metabolite in the brain of GF and SPF mice. Changes in the levels of tryptophan (TRP; A), serotonin (5-HT; B) and the main serotonin metabolite (5-HIAA) in medial prefrontal cortex (mPFC) after ATD in GF and SPF mice. Changes in levels of TRP (D) serotonin (E) and 5-HIAA (F) in hippocampus (HIPPO) after ATD in GF and SPF mice. TRP+ - group receiving control amino acid mixture with tryptophan, TRP− - group receiving amino acid mixture without tryptophan. #1 > p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.01, LSD post hoc test, N = 10 mice per group.



The levels of 5-HT (Figure 4B), as well as 5-HIAA (Figure 4C), which is the final product of 5-HT degradation, were also affected by both ATD (5-HT: F = 14.09, p < 0.001; 5-HIAA: F = 12.74, p = 0.001) and microbiota status (5-HT: F = 9.41, p < 0.01; 5-HIAA: F = 5.23, p < 0.05). In mice with no TRP depletion, GF mice had higher 5-HT and 5-HIAA levels compared to SPF (5-HT: p < 0.01, Figure 4B; 5-HIAA: p < 0.01, Figure 4C). After TRP depletion, levels of 5-HT and 5-HIAA were decreased only in GF mice (5-HT: p < 0.001, Cohen’s d = 1.65, Figure 4B; 5-HIAA: p < 0.001, Cohen’s d = 1.37, Figure 4C), and not in SPF mice (5-HT: p > 0.05, Cohen’s d = 0.32; 5-HIAA: p > 0.05, Cohen’s d = 0.84). The interactions of ATD and GF status at the levels of 5-HT and 5-HIAA were also close to significance (5-HT: FATDxGF = 3.16, p = 0.08; 5-HIAA: FATDxGF = 3.80, p = 0.06).

The ratio of 5-HT/5-HIAA, as a measure of 5-HT turnover, was not affected by any of the treatments (data not shown).

Therefore, GF mice had more 5-HT in the mPFC, but their 5-HT system showed higher vulnerability to ATD challenge, compared to SPF.



Levels of TRP, 5-HT and 5-HIAA in HIPPO

In HIPPO, a brain region also involved pathophysiology of depression (Campbell and Macqueen, 2004; Liu et al., 2017), the levels of TRP were affected by both TRP depletion (F = 64.48, p < 0.001) and GF status (F = 6.31, p < 0.05; Figure 4D), similarly to mPFC. In mice not subjected to TRP depletion, SPF group had lower levels of TRP compared to GF mice (p < 0.01, Figure 4D). ATD lead to TRP decrease in both SPF (p < 0.001, Cohen’s d = 1.66, Figure 4D) and GF mice (p < 0.001, Cohen’s d = 3.63, Figure 4D), as expected, but the effect was greater in GF animals. There was also a significant interaction of TRP depletion and microbiota status (FATDxGF = 5.16, p < 0.05).

Serotonin levels in HIPPO (Figure 4E) were affected by ATD treatment (F = 41.03, p < 0.001) but not by the absence of microbiota. There was a tendency of increased 5-HT levels in SPF mice compared to GF control mice (p = 0.058, Figure 4D). After TRP depletion, 5-HT levels dropped in both SPF (p < 0.05, Cohen’s d = 1.18, Figure 4D) and GF (p < 0.001, Cohen’s d = 2.88, Figure 4D) mice, but the effect was stronger in GF animals. Additionally, the interaction of TRP depletion and microbiota presence was significant (FATDxGF = 7.12, p < 0.05).

The levels of 5-HIAA (Figure 4F) were affected by both ATD procedure (F = 80.83, p < 0.001) and GF status (F = 4.84, p < 0.05). In mice not subjected to TRP depletion, GF had higher 5-HIAA levels compared to SPF (p < 0.01, Figure 4F). However, the decrease in 5-HIAA was higher in GF TRP− compared to GF TRP+ mice (p < 0.001, Cohen’s d = 4.55, Figure 4F), than in SPF TRP− compared to SPF TRP+ mice (p < 0.001, Cohen’s d = 1.60, Figure 4F). Also, the significant interaction of ATD and GF status was detected (FATDxGF = 8.99, p < 0.01).

There were no differences between groups in 5-HT turnover (data not shown).

In conclusion, 5-HT system in HIPPO, as in mPFC, was affected more strongly in GF mice than in SPF.





DISCUSSION

There is an increasing interest in dysbiosis of gut microbiota and its role in the development of various psychiatric problems, including depression. Our results show that GF mice exhibit less depressive-like phenotype, but they are more sensitive to acute TRP depletion challenge. These results give direct evidence that TRP availability to the brain and its subsequent regulation of serotonin levels is one mechanism through which gut microbiota may affect depression behavior.

We first characterized the depressive-like behavior of GF animals, compared to their counterparts with normal nonpathogenic commensal microbiota. Indeed, it was already reported that GF mice exhibit different behavior compared to control mice: they are less anxious, with altered social behavior, and impaired memory. Our results are in concert with previous data showing that GF mice display reduced immobility in tests of behavioral despair, TST (De Palma et al., 2015) and FST (Campos et al., 2016). However, contrary to recent data where the authors reported no difference in sucrose preference (Campos et al., 2016), our results showed that GF mice are also hyperhedonic compared to SPF mice. The reason for this discrepancy could be due to the fact that we used 0.5% of sucrose in the test of anhedonia, while Campos et al. (2016) used 2% sucrose solution for the test. Therefore, using a lower concentration of sucrose, we were able to detect an increased preference of GF mice for sucrose solution. Altogether, GF mice exhibit a strong reduction of depressive-like behavior.

To start revealing molecular mechanisms underlying these differences in depressive behavior, we evaluated levels of genes related to serotonin metabolism in DRN, the largest nucleus with serotonergic neurons projecting to the forebrain (Jacobs and Azmitia, 1992). We found increased levels of TPH2, the rate-limiting enzyme responsible for serotonin synthesis. The previous study of serotonin system in GF mice did not find differences in TPH2 in HIPPO (Clarke et al., 2013). However, since the DRN is the major site of serotonin synthesis, our results indicate that production of serotonin is increased in GF mice, as indeed was confirmed by HPLC analyses (discussed below). The expression of 5-HT1A autoreceptor and SERT were also increased in DRN of GF mice. In DRN, 5-HT1A is a somatodendric autoreceptor, a part of negative feedback loop, sensing the serotonin release and inhibiting further serotonin release, while SERT plays a role of serotonin clearance from the synaptic cleft (Jacobs and Azmitia, 1992). Therefore, an increased expression of these two components of serotonergic system in DRN could indicate that the firing rate of serotonin neurons is decreased. However, it could be also an adaptation mechanism to the high availability of TRP in GF animals, and consequently, high serotonin synthesis, leading to actually decreased depressive-like behavior in GF mice compared to SPF.

To further evaluate the role of microbiota in shaping serotonergic system and depressive behavior of the host organism, we used TRP depletion procedure, known to be a good indicator of vulnerability of brain serotonin system and predisposition to depression (Jans et al., 2007). In humans, TRP depletion induces a decrease in mood in depressive patients or healthy subjects with a family history of depression, but not in euthymic controls (Booij et al., 2003; Ruhé et al., 2007). Effects of ATD on anxiety and depression-like behavior in animal studies are mixed, likely reflecting variation in vulnerability of different rodent strains to serotonin system manipulation (Blokland et al., 2002; Jans et al., 2007, 2010; van Donkelaar et al., 2010; Biskup et al., 2012). In our study, GF mice, despite showing reduced basal levels of depression, were more sensitive to acute TRP reduction, i.e., exacerbation of their depression-like behavior was much stronger than in SPF mice. In fact, GF mice after TRP reduction displayed similar depressive-like behavior to SPF mice. The fact that ATD did not affect depressive-like behavior of control SPF Swiss Webster mice is in line with previous studies demonstrating that ATD did not change anxiety and depression-like behavior of SPF C57 mice (van Donkelaar et al., 2010) or Brown Norway rats (Jans et al., 2010). However, the same procedure augmented depressive-like behavior of GF mice. Therefore, our results indicate that the presence of microbiota can protect mice from the behavioral consequences of TRP depletion.

GF mice had higher TRP concentration in the brain than SPF mice, which is in accordance with previous data showing that GF mice have elevated plasma TRP levels (Wikoff et al., 2009; Clarke et al., 2013). Accordingly, levels of serotonin were also elevated, with a more pronounced increase in mPFC than in HIPPO. Indeed, expression of TPH2 in DRN, the major enzyme involved in the synthesis of brain serotonin, was two times higher in GF mice compared to SPF. The levels of 5-HIAA, a major metabolite of serotonin, was also increased in brains of GF mice receiving control amino acid mixture, while 5-HIAA/5-HT levels did not differ compared to SPF mice fed with control amino acid mixture. Therefore, it seems that in GF conditions, brain serotonin synthesis is increased, as so is its release and degradation, resulting in no change in its turnover. The higher levels of serotonin and 5-HIAA have already been reported in HIPPO of GF mice (Clarke et al., 2013). However, our data indicate that the elevation was more pronounced in mPFC than in HIPPO. Also, this increase of brain serotonin levels, especially in the mPFC, was parallel to the less depressive-like phenotype of GF mice.

After TRP depletion, the decrease of brain TRP was much more pronounced in GF mice than in SPF. This TRP reduction resulted in decreased serotonin levels in mPFC of GF mice but not SPF mice. In HIPPO, after ATD, serotonin levels were lower in both GF and SPF mice, but the decrease was more prominent in GF mice. Therefore, the stronger effect of TRP depletion on brain serotonin reduction in GF mice was in concordance with their increased depressive-like behavior after ATD.

There are several possible explanations of why SPF mice are less vulnerable to ATD, both at the molecular and behavioral levels, compared to GF mice. First, microbiota induces the production of serotonin from TRP in gut enterochromaffin cells (Yano et al., 2015), therefore decreasing the availability of dietary TRP to enter the bloodstream and brain, and to be converted to serotonin in the brain. In GF animals, in contrast, the ingested TRP will be more readily available to enter the brain, induce serotonin production, and have behavioral effects. Therefore, the action of enterochromaffin cells may attenuate the effects of ATD in SPF mice. In other words, in such way, SPF mice can be less vulnerable to the acute effects of dietary fluctuation in TRP levels. Second, there is also a possibility that TRP and serotonin produced by gut bacteria (Priya et al., 2014; Roshchina, 2016) may be supplementing the brain of SPF mice, therefore attenuating the effect of ATD. However, this is a more controversial claim. Namely, although there are some data showing that bacteria can produce TRP (Priya et al., 2014), it is still regarded that the main source of TRP for mammals is supplied by ingested food (Agus et al., 2018). Then, it is considered that most brain serotonin is produced in specific neurons of the brainstem and it does not cross the blood brain barrier (Ruddick et al., 2006; El-Merahbi et al., 2015). However, there is some evidence that brain endothelial cells express SERT, opening a possibility that blood can provide the brain with serotonin (Brust et al., 2000; Wakayama et al., 2002) which could certainly be an intriguing topic for further research. Finally, microbiota can be an important factor in the shaping of brain serotonergic system as also observed in our data by increased expression of TPH2, 5-HT1A and SERT in DRN of GF mice (Clarke et al., 2013; O’Mahony et al., 2015), and in such way it can possibly influence on the sensitivity of the serotonergic system to acute TRP deficits as well.

Overall, we have found that the presence of microbiota in mice is accompanied by lower serotonin levels and higher levels of depressive-like behavior. In contrast, the presence of microbiota can provide a better resistance to mood lowering effect induced by acute depletion of brain TRP. Therefore, this suggests that microbiota regulation of depressive behavior is complex, and may be disadvantageous or beneficial, dependent on the environmental conditions (i.e., baseline or conditions of reduced TRP brain levels), which is also in line with previous data. For example, it was shown that GF mice, despite exhibiting anxiolytic and anti-depressive phenotype, have more exaggerated rise of corticosterone, in a response to restrained stress (Sudo et al., 2004; Diaz Heijtz et al., 2011; Neufeld et al., 2011; Clarke et al., 2013), which is related to increased predisposition for depression (de Kloet et al., 2005). On the other hand, GF mice showed hypo-responsiveness to LPS challenge as well as maternal separation (De Palma et al., 2015; Campos et al., 2016). Namely, in the absence of microbiota, mice were resistant to LPS-induced depressive-like changes in behavior (Campos et al., 2016). In a separate study, examining the effects of early life stress, gut microbiota was shown to be an important factor driving depressive and anxiety-like phenotype later in the adult life, while GF mice were resilient to such experience (De Palma et al., 2015). Therefore, normal gut microbiota could be protective to some vulnerability factors towards developing depression, while mediating unfavorable effects of some other depression vulnerability factors. Which particular bacterial groups are involved in these effects is an avenue for future research.

In conclusion, our data revealed anti-depressive effect of microbiota absence, but also higher sensitivity of GF mice in response to the challenge of TRP depletion. These results suggest that microbiota, through affecting brain TRP availability, affects the brain serotonergic system of the host, and can influence the vulnerability to depression.
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Stress disturbs the balance of the gut microbiota and stimulates inflammation-to-brain mechanisms. Moreover, stress leads to anxiety and depressive disorders. Bifidobacterium adolescentis displays distinct anti-inflammatory effects. However, no report has focused on the anxiolytic and antidepressant effects of B. adolescentis related to the gut microbiome and the inflammation on chronic restraint stress (CRS) in mice. We found that pretreatment with B. adolescentis increased the time spent in the center of the open field apparatus, increased the percentage of entries into the open arms of the elevated plus-maze (EPM) and the percentage of time spent in the open arms of the EPM, and decreased the immobility duration in the tail suspension test as well as the forced swimming test (FST). Moreover, B. adolescentis increased the sequence proportion of Lactobacillus and reduced the sequence proportion of Bacteroides in feces. Furthermore, B. adolescentis markedly reduced the protein expression of interleukin-1β (IL-1β), tumor necrosis factor α (TNF-α), p-nuclear factor-kappa B (NF-κB) p65 and Iba1 and elevated brain derived neurotrophic factor (BDNF) expression in the hippocampus. We conclude that the anxiolytic and antidepressant effects of B. adolescentis are related to reducing inflammatory cytokines and rebalancing the gut microbiota.

Keywords: Bifidobacterium adolescentis, antidepressant, chronic restraint stress, gut microbiota, inflammation


INTRODUCTION

With high mortality and morbidity, depression is a common and recurrent mood disorder accompanied by behavioral deficits (McKeever et al., 2017). Evidence shows that response to the first-line treatment of depression is 40%–60%, while remission following antidepressant treatment is 30%–45% (Trivedi et al., 2006). Thus, our efforts have focused on developing better antidepressant drugs.

In recent years, emerging evidence has suggested an involvement of the gut microbiota in inflammation, brain development and behavior (Evrensel and Ceylan, 2015). The relationship between microbiota and anxiety/depression has been studied by the chronic restraint stress (CRS) model, in which the gut microbiota, specifically the abundance of Allobaculum, Bifidobacterium, Turicibacter and Clostridium, is altered (Wong et al., 2016). It is becoming apparent that probiotics induce substantial impacts on the health of the host. The absence of probiotic bacteria in the gut is implicated in the etiology of depression (Desbonnet et al., 2008), and additionally, the prolonged intake of probiotics (Lactobacillus helveticus R0052 and Bifidobacterium longum R0175) has favorable effects on anxiety- and depression-related behaviors without the presence of any adverse events (Messaoudi et al., 2011). Studies have found that Bifidobacterium has positive effects on stress-related diseases (Meyer and Vassar, 2018), and furthermore, the probiotic Bifidobacterium infantis may possess antidepressant properties (Desbonnet et al., 2008). However, the exact mechanisms underlying the antidepressant effect of Bifidobacterium in connection with the brain-gut axis remain poorly understood.

Inflammatory mechanisms mediate increased stress responsiveness and depression susceptibility (Hennessy et al., 2019). The increased release of peripheral cytokines exacerbates anxiety- and depression-like behaviors in stressed animals (Hodes et al., 2014). In addition, interleukin (IL)-1β is pivotal to the acquisition of depressive phenotypes in stressed animals (Maes et al., 2012). Antidepressant effects occur when the interleukin-1β (IL-1β) level is decreased (Zhang et al., 2015). The data from a clinical study suggest that plasma tumor necrosis factor (TNF)-α is also correlated with depression severity (Oglodek et al., 2017), and anti-TNF-α treatment alleviates depressive mood (Krishnan et al., 2007). In chronic stress models, microglial activation is significantly increased in the cingulate and medial orbital cortices, nucleus accumbens, caudate putamen, amygdala and hippocampus in the mouse brain (Farooq et al., 2012), and furthermore, the levels of IL-1β, IL-6 and tumor necrosis factor α (TNF-α) are increased in the substantia nigra (de Pablos et al., 2014). Stress can disturb the balance of the gut microbiota, stimulate inflammation-to-brain mechanisms, and lead to microglia activation in depressive disorders (Maes, 2008). Nuclear factor κB (NF-κB) is one of the major transcription factors that mediate inflammatory responses, and the activation of NF-κB in HT-29 cells can be inhibited by pre-incubation with Bifidobacterium adolescentis NCC251 (Riedel et al., 2006). B. adolescentis IM38 can regulate the Proteobacteria to Bacteroidetes ratio in the gut microbiota and inhibit NF-κB activation in the colon (Lim and Kim, 2017). B. adolescentis NK98 can suppress the occurrence and development of anxiety/depression, the infiltration of activated microglia into the hippocampus, and hippocampal NF-κB activation caused by acute immobilization stress (Jang et al., 2019). However, for CRS, the underlying connection between the anxiolytic and antidepressant effects of B. adolescentis, the gut microbiota, and inflammation are still unclear.

In this study, we investigated the anxiolytic and antidepressant effects of B. adolescentis related to the gut microbiota, inflammation, and behavior in CRS mice to evaluate the gut microbiota and inflammation as potential therapeutic targets in anxiety and depression.



MATERIALS AND METHODS


Animals

Male ICR mice (6 weeks old) were purchased from Kunming Medical University. The mice were housed in groups of 4–5 per cage (290 mm × 178 mm × 150 mm) in a room under normal conditions (22 ± 1°C, 50 ± 2% humidity, and a 12-h light/12-h dark cycle) with free access to food and water. The animals were adapted to the laboratory conditions for 1 week before the experiment. The procedures were approved by the Institutional Animal Care and Use Committee of Kunming Medical University and were performed in accordance with the Guide for the Care and Use of Laboratory Animals.



Experimental Design and Sample Collection


Experiment 1

The mice were randomly divided into five groups: the Con group, which received 10 mL/kg distilled water; the Ami group, which received 10 mg/kg amitriptyline (the dose was determined by our preliminary experiments and the references; Manning et al., 2014; Sanna et al., 2017); the Bif 0.25 (Bif) group, which received 0.25 × 109 CFU/kg B. adolescentis; the Bif 0.5 group, which received 0.5 × 109 CFU/kg B. adolescentis; and the Bif 1 group, which received 1 × 109 CFU/kg B. adolescentis. Each experimental group consisted of ten mice. The mice were treated with distilled water, amitriptyline (dissolved in distilled water), or B. adolescentis (dissolved in distilled water) by gavage for 21 days depending on the group. After 21 days, all mice underwent a behavioral test for three consecutive days (Figure 1).
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FIGURE 1. Potential anxiolytic and antidepressant effects of B. adolescentis. The mice in the Con, Ami (10 mg/kg), Bif (0.25 × 109 CFU/kg), Bif (0.5 × 109 CFU/kg), and Bif (1 × 109 CFU/kg) groups were treated with 10 mL/kg distilled water, 10 mg/kg amitriptyline, 0.25 × 109 CFU/kg B. adolescentis, 0.5 × 109 CFU/kg B. adolescentis, and 1 × 109 CFU/kg B. adolescentis, respectively, by gavage for 21 days. (A) The timeline of Experiment 1. (B) The results of the FST showed that the immobility duration was significantly decreased in the Ami (10 mg/kg), Bif (0.25 × 109 CFU/kg), Bif (0.5 × 109 CFU/kg), and Bif (1 × 109 CFU/kg) groups. (C) The OFT showed no significant difference between the control group and the Bif (0.25 × 109 CFU/kg) group in the total distance traveled. (D) The OFT showed that the time spent in the center was significantly increased in the Bif (0.25 × 109 CFU/kg) group. (E) The EPM test showed no significant difference between the control group and the Bif (0.25 × 109 CFU/kg) group in the total number of entries. (F) The number of entries into the open arms of the EPM was significantly increased in the Bif (0.25 × 109 CFU/kg) group. (G) The EPM test showed no significant difference between the control group and the Bif (0.25 × 109 CFU/kg) group in time spent in the open arms. The data are shown as the mean ± SEM. Student’s t-test was used. *p < 0.05 and **p < 0.01 vs. control. Con, Control; Bif, B. adolescentis; FST, forced swimming test; OFT, open field test; EPM, elevated plus-maze.





Experiment 2

The mice were randomly allocated into three groups: the Con group, which received 10 mL/kg distilled water; the CRS group, which was subjected to the CRS procedure and received 10 mL/kg distilled water; and the Bif+CRS group, which was subjected to the CRS procedure and received 0.25 × 109 CFU/kg B. adolescentis. Each group consisted of twelve mice. The mice were treated with distilled water or B. adolescentis by gavage for 21 days depending on the group. For the CRS procedure, the mice were placed in a 50-mL tube for 4 h for 21 consecutive days. The behavioral test procedure was performed as reported previously with few modifications (Yang et al., 2015). After 21 days, all mice underwent a behavioral test for four consecutive days (Figure 2). One day after the completion of the behavioral test, six mice from each group were anesthetized (6% sodium pentobarbital, intraperitoneally) and subsequently sacrificed by decapitation. The whole hippocampus was quickly dissected and frozen in liquid nitrogen and stored at −80°C for Western blotting (Figure 5). The cecal contents were collected and used for 16S rRNA sequence analysis (Figures 3, 4). After deep anesthesia with 6% sodium pentobarbital, six mice from each group were perfused with 4% paraformaldehyde for immunofluorescence labeling (Figure 6).
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FIGURE 2. Anxiolytic and antidepressant effects of B. adolescentis in chronic restraint stress (CRS) mice. The mice in the Con, CRS, and Bif+CRS groups were treated with 10 mL/kg distilled water, 10 mL/kg distilled water, and 0.25 × 109 CFU/kg B. adolescentis, respectively, by gavage for 21 days. (A) The schedules show the establishment of the CRS model, treatment, and behavioral tests. (B) The OFT showed that the time spent in the center was significantly decreased in the CRS group, and the change in the time spent in the center induced by CRS was reversed by B. adolescentis. (C) The OFT showed no significant difference among the three groups in the total distance traveled. (D) The EPM test showed no significant difference in the total number of entries induced by B. adolescentis. (E) The number of entries into the open arms of the EPM was significantly increased in the B. adolescentis group. (F) The time spent in the open arms of the EPM was significantly increased in the B. adolescentis group. (G) The TST showed that the immobility duration was significantly increased in the CRS group; the change in the immobility duration induced by CRS was reversed by B. adolescentis. (H) The FST showed that the immobility duration was significantly increased in the CRS group; the change in the immobility duration induced by CRS was reversed by B. adolescentis. The data are shown as the mean ± SEM. One-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test was used. *p < 0.05 and **p < 0.01 vs. the control; #p < 0.05 and ##p < 0.01 vs. the CRS group; n = 12 per group. Con, Control; CRS, chronic restraint stress; Bif+CRS, B. adolescentis + chronic restraint stress; OFT, open field test; EPM, elevated plus-maze; TST, tail suspension test; FST, forced swimming test.
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FIGURE 3. B. adolescentis reversed the imbalance of the intestinal microflora induced by CRS at the phylum level. The mice in the Con, CRS, and Bif+CRS groups were given 10 mL/kg distilled water, 10 mL/kg distilled water, and 0.25 × 109 CFU/kg B. adolescentis, respectively, by gavage for 21 days. (A) There was no significant difference in the Shannon index at the phylum level induced by B. adolescentis. (B) The principal component analysis (PCA) results showed no significant difference in the microbial community composition. (C) Community barplot analysis showed the community composition and species abundance in the three groups. (D) The decrease in Firmicutes abundance in the CRS group was enhanced by B. adolescentis. (E) The increased Bacteroidetes abundance in the CRS group was decreased by B. adolescentis. The data are shown as the mean ± SEM. One-way ANOVA followed by the Student-Newman-Keuls test was used. *p < 0.05 vs. the control; #p < 0.05 vs. the CRS group; n = 3 per group. Con, Control; CRS, chronic restraint stress; Bif+CRS, B. adolescentis + chronic restraint stress.
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FIGURE 4. B. adolescentis reversed the imbalance of the intestinal microflora induced by CRS at the genus level. The mice in the Con, CRS, and Bif+CRS groups were treated with 10 mL/kg distilled water, 10 mL/kg distilled water, and 0.25 × 109 CFU/kg B. adolescentis, respectively, by gavage for 21 days. (A) An increased Shannon index was observed in the CRS group compared with the control group, and the increase in the index was attenuated by B. adolescentis. (B) PCA revealed that the microbial community composition in the B. adolescentis group was more similar to that in the control than that in the CRS group, as shown by the clustering of the samples in the plots. (C) Community barplot analysis is shown. (D) The decrease in the Lactobacillus abundance in the CRS group was increased by B. adolescentis. (E) The enhanced Bacteroides abundance in the CRS group was reversed by B. adolescentis. The data are shown as the mean ± SEM. One-way ANOVA followed by the Student-Newman-Keuls test was used. *p < 0.05 and **p < 0.01 vs. the control; #p < 0.05 and ##p < 0.01 vs. the CRS group; n = 3 per group. Con, Control; CRS, chronic restraint stress; Bif+CRS, B. adolescentis + chronic restraint stress.
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FIGURE 5. Changes in the protein expression of BDNF, IL-1β, TNF-α, p-NF-κB p65 and Iba1 in the hippocampus induced by pretreatment with B. adolescentis. The mice in the Con, CRS, and Bif+CRS groups were treated with 10 mL/kg distilled water, 10 mL/kg distilled water, and 0.25 × 109 CFU/kg B. adolescentis, respectively, by gavage for 21 days. (A) Western blotting showed that (B) the protein level of BDNF was upregulated by B. adolescentis, and the protein levels of (C) IL-1β, (D) TNF-α, (E) p-NF-κB p65 and (F) Iba1 in the hippocampus were obviously suppressed by B. adolescentis. The data are shown as the mean ± SEM. One-way ANOVA followed by the Student-Newman-Keuls test was used. *p < 0.05 and **p < 0.01 vs. the control; #p < 0.05 and ##p < 0.01 vs. the CRS group; n = 4 per group. Con, Control; CRS, chronic restraint stress; Bif+CRS, B. adolescentis + chronic restraint stress; BDNF, brain derived neurotrophic factor; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor α; NF-κB, nuclear factor-kappa B; Iba1, ionized calcium binding adapter molecule 1.
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FIGURE 6. Changes in the protein expression of BDNF, IL-1β, TNF-α, and Iba1 in the CA1 region of the hippocampus induced by pretreatment with B. adolescentis. Immunofluorescence analysis showed that (A) the protein level of BDNF was upregulated by B. adolescentis, and the protein levels of (B) IL-1β, (C) TNF-α, and (D) Iba1 in the CA1 region of the hippocampus were obviously suppressed by B. adolescentis. The data are shown as the mean ± SEM. One-way ANOVA followed by the Student-Newman-Keuls test was used. **p < 0.01 vs. the control; #p < 0.05 and ##p < 0.01 vs. the CRS group; n = 3 per group. (E) The CA1 region was identified as shown in the box. Scale bar = 200 μm. (F) Immunofluorescence was performed and subsequently visualized with Cy3 (red)-labeled secondary antibodies. DAPI (blue) was used as a nuclear stain. Scale bar = 20 μm. Con, Control; CRS, chronic restraint stress; Bif+CRS, B. adolescentis + chronic restraint stress; BDNF, brain derived neurotrophic factor; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor α; Iba1, ionized calcium binding adapter molecule 1.





CRS

To establish the CRS model, the mice were placed in a horizontal resting position inside a well-ventilated (12 holes and 0.5 mm in diameter) 50-mL tube for 4 h for 21 consecutive days (Wong et al., 2016).





ANTIBODIES AND REAGENTS

Rabbit anti-brain-derived neurotrophic factor (BDNF) antibody, rabbit anti-ionized calcium binding adapter molecule 1 (Iba1) antibody, and rabbit anti-IL-1β antibody were acquired from Abcam (Shanghai, China). Rabbit anti-TNF-α, rabbit anti-p-NFκBp65, rabbit anti-NFκBp65, β-actin, and horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies were obtained from Cell Signaling Technology (Boston, MA, USA). An E.Z.N.A. Stool DNA Kit was acquired from Omega Bio-Tek (Norcross, GA, USA). An AxyPrep DNA Gel Extraction Kit was obtained from Axygen Biosciences (Union City, CA, USA). Live B. adolescentis AY240946 was purchased from Lizhu Pharmaceutical Factory (Guangdong, China).


Behavioral Tests

The illumination in the testing room was controlled, providing 60 lux inside the apparatus. Thirty minutes before the tests, each mouse was brought into the testing laboratory. The behavioral tests were carried out between 9:00 and 13:00.


Open Field Test (OFT)

The open field apparatus was a box (50 × 50 × 28 cm) with a floor divided into 25 squares. The nine central squares were defined as the center. On the day of the OFT, each mouse was gently placed in the center of the open field, and its movements were digitally recorded by video tracking software Smart V3.0 (Panlab, Spain) over a 6-min trial.



Elevated Plus-Maze (EPM) Test

On the day of the EPM test, each mouse was gently placed in the center of the EPM. The EPM was elevated 50 cm above the floor and consisted of two open arms (31 × 7.8 cm), two enclosed arms (31 × 6.5 × 11 cm) with walls, and a central area (7.8 × 6.5 cm). Movements were measured over a 6-min trial by Smart V3.0.



Tail Suspension Test (TST)

On the day of the tail suspension test, the mice were suspended upside down by their tails 40 cm above the floor, and an adhesive tape was placed 1 cm from the tail tip. The testing period was 6 min long, and the immobility time was analyzed over the last 4 min by Smart V3.0.



Forced Swimming Test (FST)

On the day of the FST, the mice were placed in a vertical transparent cylinder (30 cm in height and 12 cm in diameter) containing tap water at 25 ± 1°C and 20 cm in depth. The testing period was 6 min long, and the immobility time of each mouse was scored over the last 4 min by Smart V3.0.




Analysis of Cecal Microflora Community Diversity

Previously described procedures (Ravel et al., 2011) were used. For 16S rRNA sequence analysis, DNA was extracted and then amplified to target the V1-V3 region with indexes and the adaptor-linked universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 533R (5′-TTACCGCGGCTGCTGGCAC-3′). Amplicons were extracted, purified, and quantified by QuantiFluor-ST (Promega, San Luis Obispo, CA, USA). The purified amplicons were tagged with nucleotide barcodes, pooled in equimolar quantities and paired-end sequenced (2 × 300 bp) on an Illumina MiSeq platform. The raw fastq files were de-multiplexed, quality-filtered with Trimmomatic (Version 3.29), and merged with FLASH (version 1.2.7). Operational taxonomic units (OTUs) were collected with a 97% similarity cut-off by UPARSE (version 7.11), and chimeric sequences were identified and removed by UCHIME. The taxonomy of each 16S rRNA gene sequence was analyzed by the RDP Classifier algorithm2 against the Silva (SSU128) 16S rRNA database with a confidence threshold of 70%. The data were analyzed on the free online platform called Majorbio I-Sanger Cloud Platform3.



Western Blotting of the Hippocampus (Yuan et al., 2014)

Samples were homogenized with a protein extraction reagent containing protease inhibitors, and the concentrations of the proteins were determined using a BCA protein concentration assay kit. The proteins were separated by sodium dodecyl sulfate poly-acrylamide gel electrophoresis in a Mini-Protein II apparatus (Bio-Rad, CA, USA). The protein bands were electro-blotted onto a polyvinylidene fluoride membrane, and the membranes were blocked. The membranes were incubated with primary antibodies against BDNF (1:1,000), IL-1β (1:1,000), Iba1 (1:1,000), TNF-α (1:1,000), p-NF-κB p65 (1:1,000), and NF-κB p65 (1:1,000) overnight at 4°C. They were further incubated with a HRP-conjugated anti-rabbit IgG (1:5,000) antibody and then developed with ECL reagents. The different blots were incubated with different antibodies. As much of the proteins, which had different molecular weights, as possible were transferred to a single membrane, and then the blots were cut at different molecular weights and incubated with different antibodies according to the molecular weight of the target proteins. The target protein band was compared with the β-actin band on the same membrane. The chemiluminescence signal was imaged using a ChemiDoc XRS system (Bio-Rad) and the protein band signals were measured using ImageJ 1.4.3.67 software. The signal intensities of the individual protein bands were normalized to the β-actin band intensity and were represented by arbitrary units.



Immunofluorescence Labeling in the Hippocampus (Fang et al., 2015)

The brains were removed and embedded in paraffin. Coronal sections of 7 μm thickness were cut using a microtome (Model: CUT5062; Mainz, SLEE, Germany), and the sections were blocked in 5% goat serum for 1 h at room temperature (22–24°C). After the serum was discarded, the sections were incubated with primary antibodies against BDNF (1:100), TNF-α (1:100), IL-1β (1:100), and Iba1 (1:100) overnight at 4°C. The sections were incubated with a Cy3-conjugated secondary antibody (1:200) for 1 h at room temperature and then mounted with a fluorescent mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI). Eight successive slices from each mouse were used for immunofluorescence, and four successive slices (two arrays) were allocated for incubation with the different antibodies. The sections were subsequently observed by an inverted fluorescence microscope (Axio Observer. Z1, Zeiss, Germany). The CA1 region was assessed in the immunofluorescence and was represented on the template coronal slices from 1.70 mm to 1.94 mm inclusive, anterior to the bregma. The quantification of immunofluorescence intensity in the fluorescence images was expressed as integrated density, which was quantified using ImageJ software.



Statistical Analysis

All data are presented as the mean ± standard error of mean (SEM). Statistical analyses were performed using a two-tailed Student’s t-test or one-way analysis of variance (ANOVA) followed by a Student-Newman-Keuls post hoc test using SPSS 19.0 (SPSS Inc., Chicago, IL, USA). For the microbiota, the Adonis test was used to analyze the ß diversity in principal component analysis (PCA), and False Discovery Rate (FDR) was used to correct for multiple testing of the comparisons of specific genera. A p-value < 0.05 was considered statistically significant.




RESULTS


Potential Anxiolytic and Antidepressant Effects of B. adolescentis

To preliminarily investigate the antidepressant effects of B. adolescentis, the FST was used. The immobility duration (t18 = 2.698, p = 0.015; t18 = 2.741, p = 0.013; t18 = 2.794, p = 0.012; t18 = 2.824, p = 0.011; Figure 1B) was decreased significantly by amitriptyline (10 mg/kg) and B. adolescentis (0.25 × 109 CFU/kg, 0.5 × 109 CFU/kg, and 1 × 109 CFU/kg). The OFT and the EPM were used to evaluate spontaneous activity and the anxiolytic effects of B. adolescentis. The total distance traveled in the OFT (t18 = −0.995, p = 0.333, Figure 1C) did not significantly differ between the control group and the B. adolescentis-treated (0.25 × 109 CFU/kg) group, and the time spent in the center of the OFT apparatus (t18 = −3.11, p = 0.006, Figure 1D) was increased by B. adolescentis (0.25 × 109 CFU/kg). Moreover, the total number of entries into the arms of the EPM (t18 = −1.087, p = 0.292, Figure 1E) did not differ between the control group and the B. adolescentis-treated (0.25 × 109 CFU/kg) group. B. adolescentis (0.25 × 109 CFU/kg) increased the percentage of entries into the open arms of the EPM (t18 = −2.768, p = 0.013, Figure 1F). However, B. adolescentis (0.25 × 109 CFU/kg) did not increase the percentage of time spent in the open arms of EPM (t18 = −2.018, p = 0.059, Figure 1G). These data (Table 1) indicate the potential anxiolytic and antidepressant effects of B. adolescentis.


TABLE 1. Potential anxiolytic and antidepressant effects of B. adolescentis.
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Anxiolytic and Antidepressant Effects of B. adolescentis in CRS Mice

To further investigate the anxiolytic and antidepressant effects of B. adolescentis, a CRS model was used, as shown in the schedule (Figure 2A). There was a significant difference in the time spent in the center of the OFT apparatus (F(2,33) = 4.183, p = 0.024, Figure 2B). The time spent in the center of the OFT apparatus was decreased in the CRS group compared with the control group (p < 0.05), and the B. adolescentis group spent a significantly longer time in the center than that spent by the CRS group (p < 0.05). There were no remarkable changes among the three groups in the total distance traveled in the OFT (F(2,33) = 1.875, p = 0.169, Figure 2C). The EPM test showed no significant difference between the two groups in the total number of entries (F(2,33) = 0.104, p = 0.901, Figure 2D). B. adolescentis increased the percentage of entries into the open arms of the EPM (F(2,33) = 9.108, p = 0.001, Figure 2E) and the percentage of time spent in the open arms of the EPM (F(2,33) = 3.465, p = 0.043, Figure 2F). Both the percentage of entries into the open arms of the EPM (p < 0.01) and the percentage of time spent in the open arms of the EPM (p < 0.05) were decreased in the CRS group compared with the control group. Both percentages (p < 0.01, p < 0.05) were increased in the B. adolescentis group compared with the CRS group. There was a significant difference in the immobility durations in the TST (F(2,33) = 3.422, p = 0.045, Figure 2G) and the FST (F(2,33) = 5.78, p = 0.007, Figure 2H). The results showed markedly increased immobility durations in the CRS mice in both the TST (p < 0.05) and the FST (p < 0.01). Decreased immobility durations were observed in both the TST (p < 0.05) and the FST (p < 0.01) in the B. adolescentis group compared with the CRS group. Altogether, these data (Table 2) indicate that B. adolescentis has anxiolytic and antidepressant effects on CRS mice in these behavioral tests.


TABLE 2. Anxiolytic and antidepressant effects of B. adolescentis in CRS mice.

[image: image]




B. adolescentis Reversed the Imbalance of Cecal Microflora Induced by CRS

To test the assumption that the anxiolytic and antidepressant effects of B. adolescentis are related to rebalancing the gut microbiota, cecal microflora community diversity was analyzed. There was no significant difference in the Shannon index at the phylum level (F(2,6) = 4.5, p = 0.064, Figure 3A). PCA revealed that there was no significant difference in the microbial community composition of the three groups at the phylum level (R2 = 0.53264, p = 0.108, Figure 3B). Community barplot analysis showed the community composition and species abundance in the three groups (Figure 3C). Further analysis showed a significant difference in the abundance of Firmicutes (F(2,6) = 5.946, p = 0.038, Figure 3D) and Bacteroidetes (F(2,6) = 5.9, p = 0.038, Figure 3E) at the phylum level. The decline (p < 0.05) in Firmicutes abundance in the CRS group was enhanced (p < 0.05) by B. adolescentis. Additionally, the previous increase (p < 0.05) in Bacteroidetes in the CRS group was decreased (p < 0.05) by B. adolescentis (Table 3).


TABLE 3. B. adolescentis reversed the imbalance of the intestinal microflora induced by CRS at the phylum level.
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For the further verification of cecal microflora community diversity, Shannon index, principal component and community barplot analyses were performed at the genus level. There was a significant difference in the Shannon index at the genus level (F(2,6) = 7.294, p = 0.025, Figure 4A). An increased Shannon index (p < 0.05) was observed in the CRS group compared with the control group, and the increase in the index was attenuated (p < 0.05) by B. adolescentis. PCA revealed that the microbial community composition in the B. adolescentis group was more similar to that in the control group than that in the CRS group, as shown by the clustering of the samples in the plots (R2 = 0.54811, p = 0.008, Figure 4B). Community barplot analysis is shown in Figure 4C. Significant differences in the abundance of Lactobacillus (F(2,6) = 14.997, p = 0.005, Figure 4D) and Bacteroides (F(2,6) = 7.488, p = 0.023, Figure 4E) are shown. The decrease in Lactobacillus abundance (p < 0.01) in the CRS group was increased (p < 0.01) by B. adolescentis. Furthermore, the enhanced abundance of Bacteroides (p < 0.05) in the CRS group was also reversed (p < 0.05) by B. adolescentis (Table 4). The 16S rRNA sequencing datasets for this study were deposited at NCBI and are accessible at https://www.ncbi.nlm.nih.gov/sra/PRJNA498761.


TABLE 4. B. adolescentis reversed the imbalance of the intestinal microflora induced by CRS at the genus level.
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B. adolescentis Increased BDNF Expression and Reduced the Expression of Inflammatory Cytokines in the Hippocampus of CRS Mice

To investigate the relationship between the anti-inflammatory effects and the anxiolytic/antidepressant effects of B. adolescentis and to verify the effects of the inflammatory conditions that are induced by chronic stress, we evaluated protein expression in the hippocampus, which is related to inflammation and chronic stress (Sathyanesan et al., 2017). Chronic stress can trigger both anxiety- and depression-like behaviors as well as reduce BDNF levels (Berry et al., 2012) and additionally, cytokines can attenuate the BDNF level in depression (Yu and Chen, 2011). There was a significant difference in BDNF expression (F(2,9) = 5.731, p = 0.025, Figure 5B). It is striking that the decreased BDNF expression (p < 0.05) in the CRS treated with B. adolescentis showed the most drastic increase (p < 0.05). Western blotting analysis also showed that the protein levels of IL-1β (F(2,9) = 9.477, p = 0.006, Figure 5C), TNF-α (F(2,9) = 13.469, p = 0.002, Figure 5D), p-NF-κB p65 (F(2,9) = 9.3, p = 0.006, Figure 5E) and Iba1 (F(2,9) = 7.066, p = 0.014, Figure 5F) in the hippocampus were significantly different. The increases (p < 0.01, p < 0.01, p < 0.05, p < 0.05) were clearly suppressed (p < 0.01, p < 0.01, p < 0.01, p < 0.01) in the B. adolescentis-treated mice compared with the CRS mice (Table 5). To further explore the correlation between anxiety/depression and inflammation, the protein expression of BDNF, IL-1β, TNF-α and Iba1 were examined in the CA1 region (Berkiks et al., 2018) of the hippocampus, as shown in Figure 6E. The protein expression of BDNF (F(2,6) = 8.868, p = 0.016, Figure 6A), IL-1β (F(2,6) = 15.471, p = 0.004, Figure 6B), TNF-α (F(2,6) = 143.837, p = 0, Figure 6C) and Iba1 (F(2,6) = 15.24, p = 0.004, Figure 6D) was verified by immunofluorescence (Figure 6F). The integrated density results showed that decreased BDNF expression (p < 0.01) was increased by B. adolescentis (p < 0.05), and the enhanced expression of IL-1β (p < 0.01), TNF-α (p < 0.01) and Iba1 (p < 0.01) was reduced (p < 0.01, p < 0.01, p < 0.01) by B. adolescentis (Table 6). The results imply that B. adolescentis increases BDNF expression under CRS conditions related to its anti-inflammatory effects in the hippocampus.


TABLE 5. Changes in the protein expression of BDNF, IL-1β, TNF-α, p-NF-κB p65 and Iba1 in the hippocampus induced by pretreatment with B. adolescentis.
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TABLE 6. Changes in the protein expression of BDNF, IL-1β, TNF-α and Iba1 in the CA1 region of the hippocampus induced by pretreatment with B. adolescentis.
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DISCUSSION

Here, we present novel evidence that B. adolescentis prevents the development of anxiety- and depression-like behaviors caused by CRS and that the effects of B. adolescentis are related to reducing inflammatory cytokines and rebalancing the gut microbiota.

The gut immune system consists of 70%–80% of the body’s immune cells (Furness et al., 1999). Injury to the gastrointestinal tract, which is induced by CRS and related to the alteration of intestinal flora, triggers the discrimination of pathogenic and commensal microorganisms by the gut immune system and an immune response to the pathogen (Artis, 2008). The immune system is an indispensable part of central nervous system activity, including anxiety (Bercik et al., 2010) and depression (Hayley, 2011; Park et al., 2011). Additionally, intestinal flora exert substantial impacts on brain function through immune pathways by inducing the release of inflammatory cytokines into the circulatory system and then into the brain through the transport system of the blood brain barrier to directly influence brain activity and function (Pfau et al., 2018). Moreover, alterations in brain activity and function contribute to behavioral changes (Foster, 2016).

Depressed patients exhibit dysbiosis of gut bacteria or alterations in enteric microorganisms (Aizawa et al., 2016; Zheng et al., 2016; Dinan and Cryan, 2017; Fung et al., 2017). Chronic stress and depression were found to increase both the diversity and richness of gut bacterial populations (Naseribafrouei et al., 2014; Jiang et al., 2015; Li et al., 2018), but this result is in contrast to others (Kelly et al., 2016; Bharwani et al., 2017). In our study, an increase in gut bacterial α-diversity (Shannon index) was found in the CRS group, indicating that it is possible that CRS triggers an increase in the diversity of microbiota similar to dysbiosis induced by depression in patients.

Furthermore, Lactobacillus was reduced in the CRS group compared with the control group. Women who receive Lactobacillus rhamnosus HN001 have significantly lower depression and anxiety scores in the postpartum period, and appropriate intervention with Lactobacillus is beneficial for depressive patients (Slykerman et al., 2017). Our data reinforce the essential link between anxiety/depression and the abundance of Lactobacillus. The data showed an increase in Lactobacillus in the CRS plus B. adolescentis group, verifying that the Lactobacillus increase was probably a major factor in preventing anxiety and depression. Consistent with the previous study, this study presumes that highly diverse bacterial communities, which are likely included in the pathogenesis of stress-induced behavioral deficits, are related to decreased Lactobacillus abundance (Li et al., 2018). The recovery of intestinal Lactobacillus levels is effective in improving behavioral deficits. Host kynurenine metabolism may be suppressed by reactive oxygen species derived by Lactobacillus via inhibiting the metabolizing enzyme IDO1 in the intestine (Marin et al., 2017).

It has been reported that 80% of patients with depression have a high proportion of Bacteroides in the fecal microbiota (Liu et al., 2016). As our study showed, the increased Bacteroides proportion in the CRS group was reversed by pretreatment with B. adolescentis, and at the same time, the decreased Firmicutes proportion in the CRS group was reversed by pretreatment with B. adolescentis. However, another controversial report showed that (R)-ketamine significantly increases the levels of Bacteroidales in susceptible mice after chronic social defeat stress (CSDS; Qu et al., 2017). The difference between the trends of Bacteroidales and Bacteroides may result from the different models, drugs and drug doses. The antidepressant effects of (R)-ketamine in a CSDS model may be regulated by the rebalancing of the intestinal microbiota to some extent, and (R)-ketamine can reduce the level of Butyricimonas in susceptible mice (Yang et al., 2017b). Moreover, Clostridium butyricum, a probiotic, augments 5-HT and BDNF expression, and its antidepressant effects in mice exposed to chronic unpredictable mild stress are partly due to the stimulation of intestinal glucagon-like peptide-1 secretion (Sun et al., 2018). The distinct appearance of Bifidobacterium is discovered in unsusceptible (resilient) mice and additionally, the administration of Bifidobacterium may confer resilience against CSDS (Yang et al., 2017a). Together, these findings show that the antidepressant mechanisms of Bifidobacterium related to the intestinal flora are complicated and require further investigation.

Gut microbiota can influence peripheral inflammation or CNS processes and subsequent behavioral responses to stress through cytokine-mediated immune signaling pathways, such as by increasing TNF-α (Ren et al., 2018), IL-1β (Grenham et al., 2011), and NF-κB (Wang et al., 2016), which is consistent with our data. Gut microbiota analysis shows that an anti-mouse IL-6 receptor antibody significantly improves the decreased Firmicutes/Bacteroidetes ratio in susceptible mice in a CSDS model (Zhang et al., 2017). It is possible that the increased Firmicutes and decreased Bacteroidetes levels induced by B. adolescentis are related to blockade of the IL-6 receptor. The gene expression of IL-1β in bone marrow-derived macrophage cells is increased after treatment with an isolate of Bacteroides fragilis (Deng et al., 2016). The bacterial flora of neonatal necrotizing enterocolitis patients contain significantly higher amounts of Bacteroides, which is accompanied by an enhancement of TNF-α (Hui et al., 2017), and Bacteroides vulgatus induces NF-κB activation and pro-inflammatory gene expression in intestinal epithelial cells (Haller et al., 2003). These studies show that Bacteroides is positively correlated with inflammatory factors, including IL-1β, TNF-α, and NF-κB. Additionally, a study demonstrated that the anxiolytic effect of B. adolescentis IM38 in mice may occur via reducing the blood IL-6 and TNF-α levels (Jang et al., 2018). Our data also showed an increase in Bacteroides and inflammatory cytokines, including IL-1β, TNF-α and NF-κB, in the CRS group, and the downregulation of these cytokines after pretreatment with B. adolescentis, confirming that a decreased Bacteroides level may be a vital element in the anti-inflammatory effects of B. adolescentis.

Lactobacillus brevis 23017 relieves colon toxicity by modulating oxidative stress and inflammation through NF-κB signaling cascades (Jiang et al., 2018). Additionally, our data demonstrate a reduction in Lactobacillus in the CRS group and the upregulation of Lactobacillus after pretreatment with B. adolescentis, verifying that an increase in Lactobacillus may be another key factor in the anti-inflammatory actions of B. adolescentis.

Microglia, which participate in synaptic pruning, promoting tissue repair, and recruiting peripheral leukocytes to sites of inflammation, have been observed in brain regions such as the hippocampus, amygdala, and prefrontal cortex (Wohleb, 2016; Ménard et al., 2017). B. adolescentis NK98 can inhibit the infiltration of Iba1 into the hippocampus caused by the acute immobilization stress (Jang et al., 2019). In our study, the B. adolescentis-pretreated group showed reduced Iba1 levels following CRS, which is in agreement with previously published studies that have highlighted the potential therapeutic efficacy of targeting central inflammatory processes, particularly those mediated by microglia, in depression (Alcocer-Gómez et al., 2016).

This study has a few limitations. First, in the preliminary efficacy screening experiment, B. adolescentis showed anxiolytic and antidepressant effects, then the mice were divided into a control group and a B. adolescentis-treated group. In our subsequent experiment, to study the anxiolytic and antidepressant mechanisms of B. adolescentis, we established a B. adolescentis treatment plus CRS group, but we did not use a B. adolescentis-treated group as a control. Second, our current analyses of the gut microbiota and the brain were obtained from three or four samples per group; therefore, a large sample size may be needed in future studies to improve our understanding of the mechanisms underlying the relationship between the gut microbiota and inflammation. Third, the current study is correlational in nature, so no conclusions can be drawn about whether the inflammatory effects are the mechanism for the treatment effect on behavior. It could equally be the case that there is some other mechanism and the inflammatory findings are merely tangential.



CONCLUSION

In conclusion, we found that B. adolescentis increases the sequence proportion of Lactobacillus and reduces the sequence proportion of Bacteroides in feces. Moreover, B. adolescentis decreases IL-1β, TNF-α, NF-κB, and Iba1 protein expression and increases BDNF protein expression in the hippocampus of CRS mice. B. adolescentis has anxiolytic and antidepressant effects on behavioral performance in mice exposed to CRS. Thus, we conclude that the anxiolytic and antidepressant effects of B. adolescentis are related to reducing inflammatory cytokines and rebalancing the gut microbiota. Our data will contribute to the understanding of anti-inflammatory effects and the rebalancing of the gut microbiota as possible essential experimental therapeutic strategies for anxiety and depression.
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Background and objectives: Understanding behavioral issues associated with eating would provide important insight into obesity development and possibly procure ways to prevent its occurrence or to treat it. This study's objectives were to examine links between cognitive, behavioral, and emotional aspects of eating habits and chronotype, impulsivity, anxiety, and depression among university students.

Subjects and methods: The following questionnaires were used: TFEQ-R 18, UPPS-short, HADS, and MEQ. All participants gave their informed written consent prior to enrolment.

Results: Among females, increased BMI was associated to uncontrolled eating and emotional eating, while in males, BMI was associated to emotional eating only. In males, no associations of BMI with impulsivity were found while in females they were present. Chronotype scores were positively correlated to cognitive restraint and negatively to uncontrolled eating among males. No associations were found for females. CR was lower among females with higher depression scores, while higher anxiety scores were associated to UE among males.

Conclusions: This was a cross-sectional study of three cognitive and emotional domains related to eating habits among university students (young adults). Results showed significant correlations between BMI, TFEQ-R18 scores, impulsivity and anxiety or depression. Future studies should replicate findings in samples of individuals with different aspects of eating disorders such as binge eating disorder, food addiction or bulimia nervosa.

Keywords: eating habits, cognitive restraint, uncontrolled eating, emotional eating, impulsivity, chronotype, anxiety, university students


INTRODUCTION

Obesity is one of the most prevalent public health problems but is often ignored (Singh et al., 2017). Numerous factors at the individual, interpersonal, environmental, and macrosystem levels contribute to obesity (Banna et al., 2018). Understanding behavioral eating issues would provide important insight into obesity development and possibly procure ways to prevent its occurrence or to treat it. One of the tools used to examine disorders in eating behaviors related to development of obesity is the Three-Factor Eating Questionnaire (TFEQ) (de Lauzon et al., 2004). It was initially developed to assess cognitive restraint, disinhibition, and susceptibility to hunger in adults (Stunkard and Messick, 1985). The TFEQ, which was first created by Stunkard and Messick (1985), is a widely used instrument in eating behavior researches all over the world. The TFEQ-R18 is a shortened, revised version of the TFEQ questionnaire with three subscales, where disinhibition and hunger scales were grouped in a single subscale and labeled as uncontrolled eating (UE); The Cognitive Restraint (CR) scale was shortened, and a third subscale was added including three items tagged as emotional eating (EE) (Provencher et al., 2003; Hays and Roberts, 2008).

CR or restricting eating to control body weight is characterized as the cognitive and self-imposed limitation of food ingestion to control weight (Preedy et al., 2011). However, disinhibited eating could happen among individuals with high cognitive restraint under stress (Zigmond and Snaith, 1983; Boutelle et al., 2010).

The UE behavior is a tendency to lose control regarding food when an individual feels hungry or when external cues (e.g., very palatable food) are present. This could happen even when physiological hunger is absent (Tholin et al., 2005). Finally, EE is the tendency to eat in response to negative mood states and emotional stress (Gibson, 2012). EE is considered a common dimension of all eating disorders (Rotella et al., 2015) and is more frequent among women than men (Kemp et al., 2011). People who present an increased CR and a decreased EE and/or UE achieve better results when following weight-loss programs (Keränen et al., 2009; Konttinen et al., 2009).

In addition to eating behavior, multiple studies shows that sleeping habits have an impact on regulation of body weight (Chaput et al., 2011). Short sleep duration and poor sleep quality are major factors linked to weight and eating pattern. A longitudinal study of a large sample of adults reported higher food consumption in the event of sleep deprivation (Chaput et al., 2011) leading to an increase in stress-related eating (Bond et al., 2001).

Chronotype is a circadian typology that splits individuals into morning, intermediate or evening types, each with its own properties and predispositions to several diseases. The disparity between chronotype groups is an important factor that affects sleep and sleep patterns (Adan et al., 2012; Song et al., 2018). Night-type individuals exhibit a social jet lag that is defined by a gap between the social clock and the endogenous circadian clock, leading to chronic sleep loss, metabolic and psychological modification, including cardiovascular diseases, type 2 diabetes, depressive symptoms, and emotional eating (Haffen, 2009; Konttinen et al., 2014). On the other hand, a positive association is shown between morning chronotype and dietary restriction (Schubert and Randler, 2008).

Another factor contributing to eating behavior is impulsivity: some dimensions of impulsivity have been implicated in binge eating and more specifically in exaggerated food consumption with loss of control (Espel et al., 2017). Impulsivity is defined as a general tendency to have rapid or even unforeseen reactions to external or internal stimuli regardless of the consequences of these actions on oneself or others (Jasinska et al., 2012). Depression, anxiety, chronotype and impulsivity are closely related (Caci et al., 2005; Moustafa et al., 2017). This study's objectives were to examine links between cognitive, behavioral, and emotional aspects of eating habits and chronotype, impulsivity, anxiety, and depression among young adults (university students). To the best of our knowledge, no previous study has assessed these associations.



MATERIALS AND METHODS


Ethical Considerations

The ethics committee of Saint-Joseph University (Ref USJ-2017-81) approved the protocol of this study. Informed written consent was obtained from all participants in the study.



Survey Procedure and Sampling

This is a cross-sectional questionnaire-based survey conducted among Lebanese university students (Grand Beirut universities: USJ, Lebanese university, USEK, ALBA, NDU, LAU, SAGESSE), from October 2017 till March 2018. Inclusion criteria were: students ≥18 years, willingly participating in the study. Exclusion criteria were the presence of any cognitive deficit or other chronic diseases. A random number table was used to randomly select students within each university, in order to ensure the representativeness of the sample. The random selection was proportional to students number in each university. The selected students were approached at the end of their courses, before leaving the classroom, by two trained research assistants. Out of 580 students approached (56% females−44% males), 400 agreed to participate. In the final sample, 81% of females approached agreed to participate while only 53.7% of males approached did.



Data Collection

Data were collected during a face-to-face interview, using a survey tool (self-administered and standardized) based on internationally reliable and validated questionnaires, namely the TFEQ-R 18, the UPPS-short, the HADS, and the MEQ. The duration of interviews ranged from 15 to 25 min.



Measures
 
Participants

Socio-demographic characteristics of the participants were collected. The crowding index (number of people living in the same house divided by the number of rooms in the house excluding the kitchen and bathrooms) was calculated. Caffeine intake was assessed with two questions: number of cups of coffee/day and number of units of any beverage containing caffeine (mainly soft drinks containing caffeine).

Eating Habits Assessed With the Three-Factor Eating Questionnaire Revised 18-Item Version (TFEQ-R 18)

Originally consisting of 51 items, Karlsson et al. (2000) developed a reduced version of the TFEQ-R18 (Three-Factor Eating Questionnaire Revised 18-item version). The reduced version assesses three main eating behaviors: emotional eating (EE), uncontrolled eating (UE), and cognitive restraint (CR). The components of eating behavior assessed by this questionnaire are related to energy and macronutrient intake or intake of certain types of foods. It is based on a four-point answer scale (absolutely true, mostly true, absolutely wrong, and mostly false). Responses to each of the 18 points have a score range between 1 and 4 and the scores are added (de Lauzon et al., 2004). The Cronbach alpha was 0.726.

Impulsivity Assessed With the Impulsive Behavior Scale (UPPS-P Short Version)

The UPPS scale was originally developed by Whiteside and Lynam (2003). Four impulsivity traits were included in the original version of the scale: lack of premeditation, negative urgency, sensation seeking, and lack of perseverance (Jasinska et al., 2012; Booth et al., 2018). Impulsive action under extreme positive emotions were not well-conceptualized in this scale. Therefore, Cyders and colleagues created a scale of positive urgency, which was later incorporated into the UPPS-P scale and in the shorter version, the UPPS-P short version that we used in this study (Cyders et al., 2014). Higher scores indicate higher impulsivity. The Cronbach alpha was 0.843.

Evaluation of Anxiety and Depression With the Hospital Anxiety and Depression Scale (HADS)

The HADS is an effective instrument for evaluating anxiety and depressive disorders and was validated by Zigmond and Snaith (1983). Fourteen items are included in the scale. Each item is rated on a scale from 0 to 3. The HADS is divided into two subscales: HADS-A with seven items built to the clinical criteria for diagnosis of anxiety symptoms and HADS-D, with seven other items built to the clinical criteria for diagnosis of depression symptoms. Each subscale score is calculated by summing the points of the items included in the subscale and the value range is 0–21. The interpretation of the obtained score is as follows: ≤7: absence of anxiety/depression; 8–10: borderline abnormal; 11–21: severe anxiety/depression. A total HADS score can also be calculated. The Cronbach alpha was 0.771.

Evaluation of the Chronotype With the Morningness-Eveningness Questionnaire (MEQ)

The Morningness-Eveningness Questionnaire (MEQ) is a widely-used international questionnaire validated by Horne and Ostberg (1976). This questionnaire is composed of 19 items. It is self-administered and measures the person's peak alertness/sleepiness (morning or evening). MEQ consists of 19 questions allowing to calculate a total score between 16 and 86; scores ≤30 indicate definite evening type, 31–41 indicate moderate evening type, 42–58 intermediate type, 59–69 moderate morning type, and 70–86 definite morning type. The Cronbach alpha was 0.784.

Data Analysis
 
Statistical analysis

The statistical analyses were performed with SPSS software for Windows (version 24.0, Chicago, IL, USA). A significance level of 0.05 was set. Means and standard deviations were calculated for continuous variables and percentages for categorical variables. The normality distribution of continuous variables was tested with Kolmogorov-Smirnov tests. Chi-square independence tests and Fisher Exact tests were used to examine the relationship between categorical variables. Pearson and Spearman correlation coefficients were used to evaluate the association between continuous variables. In step one, univariate analyses were carried out with the Student's t-test or its equivalent non-parametric Mann-Whitney test and analysis of variance (ANOVA) or its equivalent non-parametric Kruskal-Wallis test. Univariate followed by multivariate analyses were performed to assess the association between explanatory variables and eating habits dimensions.

Each of cognitive, behavioral and emotional eating was the dependant variables of the study. Impulsivity, anxiety and depression were the explanatory independent variables.

Candidates for the multivariate model, according to the Enter method were the independent variables that showed associations with a p <0.200 in univariate analyses. Collinearity among independent variables was also examined and we excluded variables highly correlated from the model. Interaction between each component of impulsivity and anxiety/depression was also tested when introduced in the same multivariate model. The interaction results between impulsivity and anxiety/depression were not statistically significant (p > 0.05).




RESULTS

The socio-demographic characteristics of the participants are summarized in Table 1. 400 students were included (65.8% females), with a mean age of 20.39 (SD = 1.83).



Table 1. Sociodemographic characteristics of the participants.

[image: image]




BMI was analyzed in two different ways: as continuous variable and was also categorized according to the World Health Organization (WHO) cut-off points (underweight < 18.5, normal 18.5–24.9, overweight 25–29.9, and obese > 30 kg/m2) (WHO, 1995).

The average scores relative to the questionnaires, according to gender, are summarized in Table 2. Among eating habits, emotional eating component was significantly different between males and females (p = 0.038). Impulsivity facets and chronotype did not show gender differences. Anxiety scores were significantly higher among females and depression scores higher among males (p = 0.000 and 0.039, respectively).



Table 2. Eating habits, impulsivity, chronotype, anxiety, and depression: average scores, standard deviation (SD) and percentages.
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Tables 3, 4 show the correlations found between the different components of the questionnaires and the continuous sociodemographic factors among males and females. BMI was significantly correlated to cognitive restraint and emotional eating in both gender; however, no significant correlation was detected between BMI and uncontrolled eating among males. BMI was also significantly and positively correlated to lack of premeditation among males as well as to higher depression scores among females and higher anxiety scores among males.



Table 3. Associations between the different components of the questionnaires and the continuous socio-demographic characteristics of male participants (N = 400).
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Table 4. Associations between the different components of the questionnaires and the continuous socio-demographic characteristics of female participants (N = 400).
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Age was significantly and positively correlated to the chronotype score in both gender. Crowding index was significantly and positively associated several impulsivity facets. As for alcohol, increased intake was associated with higher uncontrolled eating scores among males and higher seeking sensations scores in both gender. Coffee intake was associated with higher anxiety scores as well as higher lack of premeditation, positive and negative urgency among females.

Table 5 shows the association between the three components of eating habits and categorized BMI (according to gender). Tables 6, 7 present the correlations between the 3 domains of the eating habits questionnaire and the other questionnaires among females and males. Multiple significant correlations were seen between the eating habits and impulsivity (especially among females), while anxiety was significantly associated to eating habits in males.



Table 5. Association between eating habits and categorized BMI in males and females.
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Table 6. Correlations observed between the three aspects of eating habits and impulsivity, chronotype, anxiety, and depression among male participants.
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Table 7. Correlations observed between the three aspects of eating habits and impulsivity, chronotype, anxiety, and depression among female participants.
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Multivariate Analysis (Table 8)

Among females, increased BMI was associated to uncontrolled eating and emotional eating, while in males, BMI was associated to emotional eating only. In males, no associations of BMI with impulsivity were found while in females they were present.



Table 8. Multivariate analysis: factors significantly correlated to the three domains of the eating habits questionnaire.
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Chronotype scores were positively correlated to cognitive restraint and negatively to uncontrolled eating among males. No associations were found for females.

CR was lower among females with higher depression scores, while higher anxiety scores were associated to UE among males.




DISCUSSION

The results of this study showed a gender difference in the emotional eating (EE) component (higher in females). This finding confirms previously published results showing that females turn out to be more emotional eaters than males (Hantsoo and Epperson, 2017). Males resort less to emotional eating to overcome their negative feelings, they rather resort to other ways of coping such as gambling, alcohol drinking or internet addiction (Asarian and Geary, 2013).

Significant associations between two dimensions of eating habits (uncontrolled eating UE and EE) and BMI were observed. Thus, an increased BMI was associated to emotional eating in both genders. This result was further supported by the finding that emotional eating scores increased steadily from underweight to obese categories (in both genders).

For UE, it was associated to increased BMI only in females and when BMI was analyzed as a continuous variable, not as categorized. The findings show that UE and EE may be correlated to an increase in BMI was already reported in previous studies. What was interesting in this study were the gender specificities observed highlighting EE as principal component related to BMI in both genders while UE association to BMI was only significant in females. CR was not significantly associated to BMI in our study (analyzed as continuous variable). The only significance observed was among females after categorizing the BMI: normal weight females scored the highest on cognitive restraint component. Cognitive restraint (CR) is the intention to control food intake in order to maintain or lose weight (Hofmann et al., 2014; Julien Sweerts et al., 2019). The impact of CR on weight is very controversial; Many studies have shown a correlation between weight or body mass index (BMI) and CR, either negative (de Lauzon-Guillain et al., 2017; Singh et al., 2017) or positive (Banna et al., 2018).

UE was inversely associated to age and positively to alcohol intake among males, highlighting the fact that when age increases, uncontrolled eating decreases and that participants with larger alcohol intake had also higher UE behavior.

Interestingly, impulsivity was intimately associated to eating habits in females as well as depression to lower cognitive restraint while chronotype and anxiety were two factors associated to eating habits domains in males. Higher negative urgency and lack of perseverance were associated to lower CR among females while UE and EE were both associated to higher negative urgency. High impulsivity was already reported to be associated with personality disorders in bulimia nervosa and the inverse was observed in anorexia nervosa (Cassin and von Ranson, 2005). In addition, previous studies have pointed to similarities between addictive behaviors and eating disorders and both individuals with addiction and restrained eating behavior presented higher impulsivity (Jansen et al., 1989). Negative urgency is defined as the propensity to act out when experiencing negative emotions and it was already linked to substance use disorders and eating disorders (Owens et al., 2018). It could be a positive moderator of reactivity to stressful situations (Owens et al., 2018). Negative urgency was associated with eating concern and frequency of loss of control over eating (Lavender et al., 2017) and predicted binge eating and weight and shape concerns (Stojek et al., 2014). This is the first study showing that eating behavior in females, impulsivity in general and negative urgency in particular are significantly associated. These associations were not significant among males.

Another novel finding in this study was the association between eating habits and the chronotype among males: morning type individuals had higher CR and lower UE. A single precedent study found a positive association between morningness and dietary restraint (Schubert and Randler, 2008). More is known about links between food addiction and evening type individuals who seem more likely to exhibit food addiction than the morning types (Kandeger et al., 2018).

Finally, correlations between eating habits and anxiety or depression show gender differences. While depression scores were inversely associated to CR among females (an increase in depression score was associated to lower CR), anxiety increases in parallel to UE among males.

Depression was previously reported to be a major consequence of being overweight (Barnes et al., 2015). In addition, anxiety and depression can lead to an overconsumption of food as means to cope, leading to food consumption (Yau and Potenza, 2013), mostly comfort food (Andersen et al., 2010; Boutelle et al., 2010). Our study cannot establish a causal relationship between depression or anxiety and eating behavior because of the cross-sectional design.

Our finding that anxiety is associated to UE among males confirms previous results that uncontrolled eating (but not emotional eating or cognitive restraint) significantly mediated a relationship between certain type of anxiety and BMI (Wilkinson et al., 2019). Previous studies revealed that depression history and severity were associated with less cognitive restrained eating (Paans et al., 2018), which is similar to our results. However, gender differences were not reported before.

Our findings should take into account the study's design and limitations. The results were obtained through self-reported questionnaires. Even though self-reporting questionnaires are widely used in community surveys (NIMH; Ciarma and Mathew, 2017), the self-report methods reflect the participant's own perspective, and could lead to bias due to forgetting or not willing to disclose information sometimes. The questionnaires were formulated as scales or multiple-choice to make it easier to respond and to shorten the interview duration as much as possible, thus avoiding to disturb the students. The simplicity of the questionnaire makes it somewhat easy for the participants to give accurate information. Another limitation is that neither insomnia nor sleep quality have been examined and thus need to be explored in future studies since they are important determinant of eating habits. Chronic disease and chronic medications were among the exclusion criteria, therefore, the impact of comorbidities or the use of drugs were not examined. Another limitation is that the sample is imbalanced for male and female ratio; even though the ratio was balanced during the random selection (56% females vs. 44% males, similar to the gender distribution of the university students), 81% of the females approached agreed to participate vs. only 53.7% of the males that we approached. This limitation was taken into account in part by separating females' data from males.

Finally, our study cannot establish a causal relationship between impulsivity, depression or anxiety and eating behavior because of the cross-sectional design. Other, prospective longitudinal studies are needed to establish causality with eating behavior.

Despite the limitations, several findings observed in this study are of major importance in explaining eating habits and their relation to BMI and warrant further future investigations.

To the best of our knowledge, this study was the first to assess the relationships between four different neuropsychiatric aspects, i.e., impulsivity, chronotype, anxiety, and depression, and eating habits among young adults. Even though some findings were already reported in other countries, our results are very informative for the Lebanese population.

In conclusion, this was a cross-sectional study of three cognitive and emotional domains related to eating habits among university students (young adults). We surveyed chronotype, impulsivity and affective scores (depression/anxiety). Results showed significant correlations between BMI, TFEQ-R18 scores, impulsivity and anxiety or depression. There was a significant association between two dimensions of eating habits (UE and EE) and BMI. Significant correlations between eating habits and impulsivity domains or depression were observed among females. Among males, chronotype and anxiety seem to play a key role. Future studies should replicate findings in samples of individuals with different aspects of eating disorders such as binge eating disorder, food addiction or bulimia nervosa.
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There is a long history that protracted periods of circadian disruption, such as through frequent transmeridian travel or rotating shift work, can have a significant impact on brain function and health. In addition, several studies have shown that chronic periods of circadian misalignment can be a significant risk factor for the development of depression and anxiety in some individuals with a history of psychiatric illness. In animal models, circadian disruption can be introduced through either phase advances or delays in the light–dark cycle. However, the impact of chronic phase shifts on affective behavior in rats has not been well-studied. In the present study, male rats were subjected to either weekly 6 h phase advances (e.g., traveling eastbound from New York to Paris) or 6 h phase delays (e.g., traveling westbound from New York to Hawaii) in their light/dark cycle for 8 weeks. The effect of chronic phase shifts was then examined on a range of emotional and cognitive behaviors. We found that rats exposed to frequent phase advances, which mirror conditions of chronic jet lag in humans, exhibited impairments in object recognition memory and showed signature symptoms of depression, including anhedonia, increased anxiety behavior, and higher levels of immobility in the forced swim test. In addition, rats housed on the phase advance schedule also had lower levels of hippocampal neurogenesis and immature neurons showed reduced dendritic complexity compared to controls. These behavioral and neurogenic changes were direction-specific and were not observed after frequent phase delays. Taken together, these findings support the view that circadian disruption through chronic jet lag exposure can suppress hippocampal neurogenesis, which can have a significant impact on memory and mood-related behaviors.
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INTRODUCTION

Proper circadian rhythms are an important feature of normal health enabling organisms to adapt to daily changes in their environment. Frequent transmeridian travel and rotating shift work are well-known disruptors of this internal timing system in humans (Waterhouse et al., 2007). In some individuals, short-term misalignment between the endogenous circadian clock and the desired destination sleep/wake schedule can produce a temporary “jet lag” disorder, which is associated with symptoms of fatigue, gastrointestinal distress, reduced psychomotor coordination, and diminished cognition and mood. These symptoms generally dissipate as the circadian clock gradually entrains to the new destinations’ time. However, with sustained periods of circadian disruption, a host of adverse health outcomes and clinical pathologies can occur, including a higher incidence of cancer, diabetes, obesity, cardiovascular diseases, and early mortality (Ekstrand et al., 1996; Maywood et al., 2006; Greene, 2012; Mota et al., 2017; Gotlieb et al., 2018; Lin and Farkas, 2018).

Long-term, repeated disturbances of the internal circadian system has been documented to adversely impact the brain (for review, see, Hastings et al., 2003). For example, flight attendants who had experienced repeated jet lag with limited recovery period between flights were found to have reduced temporal lobe volume and exhibited spatial learning deficits when compared to a ground crew control group (Cho, 2001). Interestingly, these cognitive deficits were long lasting—extending for several years—and were associated with elevated levels of the stress hormone cortisol (Cho et al., 2000), a key component of the hypothalamic-pituitary-adrenal stress axis (Sapolsky, 2015). In addition, chronic sleep disturbances have been associated with reduced cortical gray matter volume in several brain regions, including the prefrontal cortex (Altena et al., 2010; Sexton et al., 2014) and hippocampus (Joo et al., 2014). These findings underscore that structural and functional brain adaptations can be downstream effects associated with frequent episodes of circadian dysrhythmia and sleep loss.

Experimental conditions of jet lag can be simulated in rodents through either advancing or delaying the onset of when housing lights are turned off. Using this approach, there is clear evidence that repeated phase shifts of the light/dark (LD) cycle can produce disruptions to learning and memory processes in rats with phase advances typically inducing the greatest impairment (Tapp and Holloway, 1981; Fekete et al., 1985; Devan et al., 2001; Craig and Mcdonald, 2008; Loh et al., 2010; Phan et al., 2011). While the adverse effect of chronic circadian disruption on cognition in rodents and humans is clear, the impact of these changes on affective behaviors is less known. Nonetheless, there is a long history demonstrating that repeated periods of circadian misalignment can contribute to the etiology of mood and anxiety disorders (Vadnie and Mcclung, 2017). For instance, jet lag was found to be a significant precipitator of depressive symptoms in some individuals with a history of psychiatric illness (Tec, 1981; Jauhar and Weller, 1982; Young, 1995; Katz et al., 2002). In rodents, disruption of the natural circadian rhythm by constant lighting increases anxiety-like and depressive-like behavior (Tapia-Osorio et al., 2013). Furthermore, mice with mutations of circadian clock genes show abnormal emotional behaviors (Roybal et al., 2007; Kovanen et al., 2013; Landgraf et al., 2016a). These findings suggest that the proper entrainment of circadian rhythms is necessary for normal functioning of neural circuits that control emotion and regulate stress reactivity (Bedrosian and Nelson, 2017).

Despite the increasing awareness of the health risks associated with chronic jet lag, the neurobiological factors that underlie the accompanied changes in mood and cognitive behavior remain poorly understood. To address this, we exposed adult male rats to 8-weeks of frequent (6-h) phase delays or phase advances to the LD cycle to investigate the impact of chronic circadian disruption on behavioral measures related to cognitive and affective behavior. This procedure has been used extensively to simulate conditions of experimental “jet lag” in rodents (Filipski et al., 2004; Davidson et al., 2006; Craig and Mcdonald, 2008; Gibson et al., 2010; Kott et al., 2012). In addition, we examined whether chronic jet lag conditions could alter levels of hippocampal neurogenesis. Our findings demonstrate that chronic phase advancements of the LD cycle produce clear impairments in object recognition memory along with increases emotional responses, and that disruption in neurogenic processes in the hippocampus may contribute to the changes in affective and cognitive behavior associated with chronic jet lag conditions.



MATERIALS AND METHODS

Male Sprague Dawley rats, weighing between 200 and 220 g, were purchased from Charles River Laboratories (Montreal, QC, Canada). Upon arrival, rats were acclimated to the housing facility and were single housed in standard polypropylene cages with corn bedding. Rats were given free access to food and water for the duration of the study unless otherwise noted. Ambient temperature in the housing rooms was maintained between 21 ± 1°C. All experimental procedures were approved by Trent University Animal Care Committee and were in accordance with the Canadian Council on Animal Care (CCAC). Efforts were made to minimize the number of experimental animals used.


Experimental Groups

All rats were initially maintained on a standard 12:12 h LD cycle with lights on at 0700 h and off at 1900 h for 3-weeks prior to the start of the experiment. During the study, luminance was provided by a fluorescent white light (∼200–300 lux at cage level). Following acclimation to these conditions, the rats were assigned randomly to either remain under the standard LD cycle (n = 8) or placed on a chronic LD shift schedule (n = 8 per group for each of the lighting regimens, see below) to simulate the conditions of repeated jet lag. The procedures were carefully controlled as to match those used in a previous study (see Kott et al., 2012). The shifting protocols consisted of either shortening the light period by 6 h (phase advance – similar to the effects of eastward travel from New York To Paris) or lengthening the dark period by 6-h (phase delay – similar to the effects of westward travel from New York to Hawaii) for 8-weeks (Figure 1). After each 6 h phase advance or delay, the rats were left undistributed to allow adjustment until the next phase shift, which occurred 7 days later. This resulted in 8 weekly LD shifts over the course of the study. Beginning after the 8th phase advance/-delay LD shift, all rats were assessed on a battery of tests [open field test, elevated plus maze, forced swim tests (FSTs), and object recognition tests]. The open field test, elevated plus maze, and FSTs were used to examine changes in emotional behavior, such as anxiety and depressive-like behavior, whereas the object recognition test was used to examine learning and short-term memory. Throughout the experiment, sucrose consumption was used to assess for anhedonia, at phase shifts 2, 4, 6, and at the completion of behavior testing.
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FIGURE 1. Experimental design. Rats were housed on a standard 12/12 LD cycle for 3 weeks before the start of experiment. Rats were subjected to chronic phase advance (n = 8) or delay (n = 8) protocols, which consisted of weekly 6 h phase advances or 6 h delays of the LD cycle. A group of rats (n = 8) that remained on the standard LD cycle served as controls. All shifts took place on Monday. For 3 days prior to the first phase shift, rats were habituated to a sucrose solution (baseline sucrose consumption). Two days after the 8th final shift, rats underwent behavioral testing: open field (OF), object recognition test with 15 min retention interval (OR-15), object recognition test with 60 min retention interval (OR-60), elevated plus maze (EPM), and 2 days of forced swim test (FST1 and FST2). Rats were euthanized the day after the last sucrose consumption test. Sucrose consumption tests were conduct at the end of shifts 2, 4, 6 and at the end of behavioral testing (shift 8).




Behavioral Testing

All behavioral experiments began 48 h after the final LD cycle shift (8th cycle) and were performed during the light phase (1000 and 1600 h). The order of behavioral testing was as follows: open field test (2 habituation sessions), object recognition test 1 (retention interval: 15 min), object recognition test 2 (retention interval: 60 min), elevated plus maze, and 2 days of FST. As discussed above, sucrose consumption tests (see below) were conducted at multiple times during the experiment and on the day after the FST (please see Figure 1 for timeline of behavioral testing).



Sucrose Consumption Tests

Anhedonic-like behavior was evaluated by monitoring of sucrose intake using a single bottle test. Rats were habituated to a 1.5% sucrose solution for 3 days prior to the first LD cycle shift. This allowed for the estimation of baseline sucrose consumption before beginning the phase advance or delay of the LD cycles. Sucrose consumption was measured after the 2nd, 4th, and 6th LD shifts, as well as after behavioral testing (i.e., end of 8th LD cycle). For the test, the rats were deprived of food and water overnight. Following overnight fluid and food deprivation, the rats were exposed to a pre-weighed 1.5% sucrose solution bottle for 1 h. The total amount of sucrose water consumed during the 1 h test was evaluated at the end of cycles 2, 4, and 6. Food and water was immediately resumed after testing before initiating the next cycle shift. As a control, water intake was measured over a 1 h and 24 h period the day after completing a sucrose consumption test. Sucrose consumption was estimated by calculating the ratio of sucrose water consumed over tap water consumed multiplied by 100.

After completion of behavioral testing (cycle 8), a final sucrose consumption test was completed. The rats underwent a period of overnight fluid and food deprivation as described above. Following this period, the rats were exposed to a preweighed 2.0% sucrose solution bottle for 24 h. The total amount of sucrose consumption during this period was measured.



Open Field Test

Two days after the initiating the final LD cycle shift (8th shift), the rats from all three groups were given two separate 10 min exposures to freely explore a novel open field arena. The arena was a stainless steel 60 cm × 60 cm × 60 cm open square box. Each arena contained a small amount of corn bedding, fully covering the flooring. During the exploration period, the distance traveled, and the time spent in the peripheral (46.6 cm × 46.6 cm) and central (24 cm × 24 cm) compartments of the arena well as the movement velocity was recorded by a video camera mounted directly above the apparatus. All behaviors were analyzed using Any-Maze software (v. 4.71, Stoelting, Co., United States). Immediately after exploration, the rat was returned to its home cage and was left undisturbed until the next exploration session. The inter-session interval was approximately 6 h. To minimize the impact of olfactory cues, the chambers were cleaned with Oxivir Five 16 concentrate (Diversey, Inc., Canada) prior to testing each rat.



Object Recognition Tests

Novel object recognition testing was carried in the same empty open field arena as described above and was completed the day after open field testing. The test consisted of two phases: a sample trial and a retention (test) phase. For the sample phase, each rat was allowed 5 min to freely explore the arena, which now contained two identical objects. The object pairs were located 15 cm from each adjacent wall. A retention test was conducted 15 min later. During this test, one of the objects previously presented was replaced by a new object. The rats were returned to the open field arena and allowed to explore for 5 min during the test phase. Object investigation was defined as sniffing (within ∼3 cm) or touching the object with the nose and/or forepaws. Turning around or sitting on the object was not considered exploratory behavior. The time spent by the rats investigating each object, familiar or novel, during the test phase was recorded by a video camera and was scored by a researcher blind to the housing condition of each subject. All object pairs as well as the position of the novel object during the test were counter-balanced across rats. A discrimination index (DI) was calculated as follows: DI = (novel object)/(novel object + familiar object) multiplied by 100, this ratio represents the time spent investigating the novel object expressed as a proportion of the total time spent investigating both objects. The open field arena was cleaned with 70% alcohol and air-dried prior to the commencement of each trial for every rat.

Twenty-four hours later, each rat was placed in the same open field arena as before, but the arena now contained a new set of objects. The rat was allowed to explore the arena and the object pairs for 5 min. A retention test was carried out 1 h later, and one of the objects presented previously was replaced by a novel object. As before, the time spent by investigating the novel and familiar objects was recorded and a discrimination index was calculated.



Elevated Plus Maze

Anxiety-like behavior was assessed using an elevated plus maze consisting of two open arms (50 cm × 10 cm) and two enclosed arms (50 cm × 10 cm × 40 cm), elevated 50 cm from the floor. The plus maze was placed in the center of a homogeneously illuminated room. Each rat was placed in intersection between the arms facing the open arm opposite to the investigator. Each session was video recorded for 5 min and the rat’s position was determined by automatic video tracking (AnyMaze, Stoelting, Co.). The percentage of open arm entries, time in open arms (in seconds, s), time in closed arms (s), and time in the center square (s) was recorded.



Forced Swim Test

Behavioral despair was assessed using the FST. The rats were placed in a Plexiglas cylinder (20 cm diameter; 50 cm height) filled to a depth of 30 cm with water (23–25°C) for 15 min. The next day, the rats were re-exposed to the swim tanks for a 5 min period. Both swim sessions were video recorded. The time spent immobile was scored by an observer blind to the rat’s housing history. Immobility was defined as a lack of movement but includes the presence of movements necessary to keep the head above water.



Tissue Preparation and Immunohistochemistry

The day after the last sucrose consumption test, all rats were deeply anesthetized with sodium pentobarbital (340 mg/ml; Euthansol, Merck Animal Health Canada) and then transcardially perfused with room temperature 0.1M phosphate buffered saline (PBS; pH = 7.4) followed by ice-cold 4% (w/v) formaldehyde fixative (pH = 7.4) that was freshly prepared from depolymerized paraformaldehyde. The brains were extracted and post-fixed in the same fixative overnight at 4°C. After fixation, the brains were sectioned on vibrating microtome in the coronal plane at a thickness of 40 μm. All sections were stored at −20°C in a cryoprotectant solution consisting of 30% (w/v) sucrose, 1% (w/v) polyvinylpyrrolidone, and 30% (v/v) ethylene glycol in PBS until use.

To visualize immature neurons, we used the microtubule binding protein doublecortin (DCX) (Brown et al., 2003; Spampanato et al., 2012). DCX immunohistochemistry was conducted as previously described (Fournier et al., 2010) on free-floating sections with all rinses and incubations carried out under gentle agitation. Sections were incubated for 30 min in 0.3% (v/v) H2O2 to quench endogenous peroxidase. Following a series of PBS rinses, sections then underwent heat-induced epitope retrieval in sodium citrate buffer (pH = 8.5) at 85°C for 30?min and then were placed in a blocking solution containing 0.3% (v/v) Triton X-100, 5% (v/v) normal horse serum and 1% (w/v) bovine serum albumin for 1 h to reduce non-specific antibody binding. The sections were then incubated with rabbit anti-DCX polyclonal antibody (1:1000, Cell Signaling Technology) diluted in blocking solution for 48 h at 4°C. Two days later, the sections were washed several times in PBS and then incubated for 2 h at room temperature with biotinylated goat anti-rabbit IgG secondary antibody (1:500, Vector Laboratories) diluted in 0.3% Triton X-100 in PBS. The sections were then placed in avidin-biotin-peroxidase complex (1:200, 1 h, room temperature, Vectastain ABC Elite, Vector Laboratories) solution and immunolabeling was visualized using 0.02% (w/v) DAB, 2.5% (w/v) nickel ammonium sulfate, 0.083% (v/v) H2O2 in 0.175M sodium acetate (pH = 7.0) to yield a bluish black product. After sufficient staining, the reaction was halted by washing in PBS several times. The sections were then mounted onto glass slides and left to air-dry overnight. Slides were dehydrated through a series of alcohols, cleared in xylene, and coverslipped with Entellan (Fisher Scientific) mounting medium.



Doublecortin Stereological Quantification

The total number of DCX + immature dentate granule cells (GCs) was estimated using the unbiased optical fractionator method (West et al., 1991). Every 8th section was examined at 100X (oil immersion) magnification on Nikon Eclipse microscope equipped with a motorized stage and a computerized stereology system (Stereologer). DCX + cells were counted within the dentate granule cell layer and sub-granular zone. The total number of DCX + cells was estimated using the following formula: Ntotal = ΣQ– ∗ 1/ssf ∗ A(x,y step)/a(frame) ∗ t/h; where ΣQ– is the number of counted cells; ssf is the section sampling fraction (1/8); A(x,y step) is the area associated with each x, y movement (90,000 μm2) were used to count cells; a(frame) is the area of the counting frame (8,019 μm2); t is the weighted average section thickness; and h is the height of the dissector (15 μm). A guard zone height of 2.5 μm on each side of the dissector was used during cell counting to avoid sectioning artifacts. The estimated number of cells represented the total number of cells for the combined left and right dentate gyrus. All cell counts yielded a coefficient of error that was below 0.10.



Analysis of Maturational Stage of Doublecortin Cells

For analysis of the maturation of DCX + cells, at least 8–10 images of the entire dentate gyrus were captured at 20X magnification using a Nikon TiE inverted research microscope with NIS Elements software. Images acquired were processed with ImageJ. Structural maturation of 50 DCX + cells was evaluated with a staging system based on the classifying cells into one of six stages based on the morphology, length and elaboration of the dendritic tree (Plumpe et al., 2006). Each stage was defined in the following manner: Stage 1: the DCX + cell soma was positioned in the subgranular zone and no dendritic processes were visible. Stage 2: the DCX + cell has 1–2 small short processes that stayed within the subgranular zone. Stage 3: the principal dendrite of the DCX + cell extended into the inner half of the granule cell layer. Stage 4: the leading dendrite reached the outer half of the granule cell layer. Stage 5: the leading dendrite reached the inner molecular layer. Stage 6: the leading dendrite reaches the outer molecular layer. A systematic and random sampling of the DCX + cells was accomplished by placing a 150 × 150 μm grid over the dentate gyrus and only classifying DCX + cells that resided at the points of intersections across the grid. This resulted in total 5–7 DCX + cells per section being examined across the whole hippocampus. The DCX + cells counted for each of the stages was then pooled into early (stages 1 and 2), intermediate (stages 3 and 4) and late (stages 5 and 6) stages.



Statistical Analyses

Statistical analysis was performed using Statistical Package for the Social Sciences (v. 21.0) statistical software. All data was examined for normality and homogeneity of variance. There were no violations in these parametric assumptions. One-way ANOVA with Fisher’s protected least significant difference post hoc tests were used to determine differences between standard house and the LD shifting groups on behavioral test measures as well as DCX + cell counts. Body weight gain, sucrose consumption, and FST data were analyzed using a two-way repeated measure ANOVA with time as the within-subject factor and group as the between-subject factor. One-sample t-tests statistics were used to examine whether the discrimination indices calculated for each group was significantly different from chance. All data are presented as mean and standard error of the mean.



RESULTS


Effect of Chronic LD Shifting on Body Weight

All rats showed a progressive increase in body weight over the duration of the experiment. A two-way repeated measures ANOVA revealed a significant time by housing condition interaction in the relative change in body weight from baseline to the end of the behavioral testing [F(12,126) = 2.69, P < 0.003, Figure 2A]. The major source of the interaction was the higher change in body weight at cycles 5, 6, and 8 of the experiment for the rats housed on the phase advance schedule compared to those from the standard and phase delay groups [All Ps < 0.05]. In addition, when examined over the entire duration of the study, the rats housed on the phase advance schedule weighed significantly more than standard (P < 0.046) and phase delay (P < 0.030) groups.
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FIGURE 2. Effect of circadian disruption on body weight and sucrose consumption. (A) The proposition of body weight (g) gain (from baseline) in rats housed on a standard, phase advance, or weekly 6-h phase delay LD cycle for 8 weeks. Rats housed on a chronic phase advance schedule weighed significantly more than rats housed on a standard LD cycle rats or rats housed on a chronic phase delay schedule. ∗P < 0.05. (B) Sucrose consumption over a 1 h period was measured before the onset of circadian disruption (baseline) and after cycle shifts 2, 4, and 6. Rats housed on a chronic phase advance schedule consumed significantly less sucrose solution after cycle shift 4 than rats housed on the standard LD cycle. ∗P < 0.05. (C) Sucrose consumption test over a 24 h period was measured after the last LD cycle shift (shift 8). Rats housed on a chronic phase advance schedule consumed significantly less sucrose solution over the 24 h period than rats housed on the standard LD cycle or rats housed on a chronic delay schedule. ∗P < 0.05.




Effect of Chronic LD Shifting on Anhedonia

To assess the potential effects of chronic LD shifts on anhedonia, the rats were presented with a drinking bottle that contained 1.5% sucrose solution for a period of either 1 or 24 h. The results of a repeated measures ANOVA with time (baseline, cycles 2, 4, 6) as the within-subject factor and housing condition (standard vs. advance vs. delay) revealed a significant main effect of group [F(2,21) = 5.98, P < 0.008]. The major source of the difference was the reduction in sucrose consumption during a 1 h test at cycles 4 and 6 for rats housed on a chronic phase advance schedule compared to rats maintained on a standard LD cycle (Figure 2B). In addition, examination of sucrose consumption over a 24 h period after the completion of behavior testing (i.e., at the end of cycle 8) further confirmed a decrease in sucrose consumption for rats maintained on the phase advance schedule (advance vs. standard: P = 0.031, advance vs. delay: P = 0.077, Figure 2C). There was no significant difference in general water consumption at any time point during the study (data not shown; All Ps > 0.149) suggesting that the change in sucrose preference was not related to general alterations in fluid consumption.



Effect of Chronic LD Shifting on Exploratory Behavior

The open field test and elevated plus maze test were used to evaluate the patterns of explorative behavior and anxiety. For the open field test, the rats were habituated to the open field arena twice (10 min each) on a single day (6 h between exposure). For the first session, the results of a one-way ANOVA showed a significant effect of housing condition on the time spent in the center region of the open field arena [F(2,21) = 7.06, P < 0.005, Figure 3C]. Post hoc analyses revealed that the major source of this difference was the reduced activity of the rats housed on the phase advance schedule in the center region compared to those on the phase delay [All Ps < 0.001, Figure 3C] or standard LD cycle [All Ps < 0.024, Figure 3C] groups. There was no difference across the groups with respect to the total distance traveled (Figure 3A) or movement velocity (Figure 3B). Interestingly, movement velocity in the peripheral compartment, but not center compartment, was significantly reduced for the rats housed on the phase advance schedule compared to the two other groups [F(2,21) = 5.91, P < 0.009]. For the second session, none of the behavioral parameters (e.g., time spent in center compartment, total distance traveled, movement velocity) were significantly different between groups (Figures 3D–F).
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FIGURE 3. Effect of circadian disruption on exploratory behavior. The total distance traveled (A), movement velocity (B), and time spent in the center (C) of the open field during the AM session. There was no difference in either the total distance traveled or movement velocity for rats housed on a weekly phase advance, phase delay or standard LD schedule. However, rats housed on a chronic phase advance schedule traveled and spent significantly less in the center compartment of the open field arena compared to rats housed on the standard LD cycle or rats housed on the phase delay schedule. The total distance traveled (D), movement velocity (E), and time spent in the center (F) of the open field during the PM session. There were no differences between any of the groups on these measures. Total time spent in the open (G) and closed (H) arms of the elevated plus maze. Rats chronically housed on the phase advance schedule spent significantly less time in the open arms of the elevated plus maze. (I) Total arm entries (open + closed arms) in the elevated plus maze. There was no significant difference in overall arm entries between groups. ∗P < 0.05 from standard and phase delay groups.


The results from the open field arena suggested that the initial reduction of the center compartment during the first session might have been related to increased anxiety or avoidant behaviors induced by the novelty of the environment. To explore this possibility, a second test for anxiety and exploratory behavior was conducted using the elevated plus maze. There was a significant effect of housing condition on the time spent in the open arms of the elevated plus maze [F(2,21) = 3.96, P < 0.035]. As shown in Figures 3G,H, the rats housed on a chronic phase advance schedule spent significantly less time in the open arms and more time in the closed arms compared to rats maintained on a standard LD cycle [phase advance vs. standard LD controls, P < 0.013]. There was no significant effect for housing condition on the total number of arm entries [F(2,21) = 0.971, P = 0.395, Figure 3I].



Effect of Chronic LD Shifting on Recognition Memory

To examine if chronic LD shift schedules could impair cognitive function, the novel object recognition test was performed. None of the groups showed preference for either of the two identical objects presented during the sample (acquisition) phases (All Ps > 0.652). After the 15 min retention interval, a one-sample t-test was used to examine whether the discrimination index was significantly different from 50% (chance level). As shown in Figure 4A, all groups showed a comparable level of discrimination for the novel object after the 15 min retention interval [standard: t(7) = 2.64, Ps < 0.033; phase delay: t(7) = 4.16, P < 0.002; phase advance: t(7) = 3.72, P < 0.007, Figure 4A]. However, when the retention interval was increased to 60 min, the discrimination index for rats housed on the phase advance schedule did not differ significantly from chance [phase advance: t(7) = 1.08, P = 0.315, Figure 4B], whereas rats housed on either phase delay schedule or the standard condition all showed a significantly greater preference for the novel object [phase delay: t(7) = 2.60, P = 0.036; standard: t(7) = 4.56, P = 0.003, Figure 4B].
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FIGURE 4. Effect of circadian disruption on object recognition memory. (A) Discrimination index for the 15 min retention interval. All groups successfully discriminated the novel object over the familiar object at levels that were greater than 50% chance (∗one-sampled t-test, P < 0.05). (B) Discrimination index for the 60 min retention interval. Rats housed on a chronic phase advance schedule did not discriminate the novel object over the familiar object at levels greater than 50% chance. ∗P < 0.036 from chance for standard and phase delay groups.




Effect of Chronic LD Shifting on Depressive-Like Behavior

The 2-day version of the FST was used to examine whether chronic LD shifting increases responsiveness to stress (behavioral despair). The first FST session lasted for 15 min, whereas the second FST lasted for 5 min, and these two sessions were separated by 24 h. The analysis of data on the first day of the FST showed that all groups exhibited similar levels of immobility during this test [F(2,21) = 0.223, P = 0.802, Figure 5A]. However, for the second day of FST, rats housed on phase advance LD schedule exhibited significantly higher levels of immobility compared to the other groups [F(2,21) = 4.39, P < 0.026; phase advance vs. standard, P < 0.016, phase advance vs. phase delay, P < 0.021, Figure 5B]. Further analysis revealed that immobility time increased significantly beginning at the third minute of testing and persisted until the end of the session for the phase advance group [F(8,84) = 2.24, P < 0.032]. In addition, there was a tendency for rats housed on the phase advance schedule to display shorter latencies to the first episode of immobility on the second day of the FST compared to the other groups [phase advance: 24.72 ± 5.76 s vs. phase delay: 34.9 ± 5.45 s vs. standard: 35.2 ± 9.1 s], however, this difference did not reach statistical significance [P = 0.255].
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FIGURE 5. Effect of circadian disruption on FST. (A) Total time spent immobile on day 1 of a 15 min FST. (B) Total time spent immobile on day 2 of a 5 min FST. Rats that were chronically housed on a weekly phase advance schedule spent significant more time immobile than all other groups on day 2 of the FST. ∗P < 0.05 from standard and phase delay group.




Effect of Chronic LD Shifting on Hippocampal Neurogenesis

To measure the effects of phase shifting schedules on hippocampal neurogenesis, we quantified the number of immature GCs in the dentate gyrus using unbiased stereological procedures. A large number of DCX + cells were located in the sub-granular zone or in the inner one-third region of the dentate granule cell layer (Figures 6A,B). The total number of DCX + cells was decreased in the rats housed on the chronic phase advance schedule compared to the standard housed and phase delay groups [F(2,21) = 6.90, P < 0.005, Figure 6C].
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FIGURE 6. Effect of circadian disruption on hippocampal neurogenesis. (A) Representative (10x) photomicrographs of doublecortin (DCX) immunolabeling in the adult dentate gyrus of a rat in each housing condition: standard housing, weekly 6 h phase delay schedule, or weekly 6 h phase advance schedule. Scale bar: 300 μm. (B) Representative (20x) photomicrographs of DCX immunolabeling in the adult dentate gyrus of a rats in each housing condition: standard housing, weekly 6 h phase delay schedule, or weekly 6 h phase advance schedule. Scale bar: 100 μm. (C) Quantitative stereological estimates at the number of immature DCX + cells in the dentate subgranular zone. Rats housed on a chronic 6 h weekly phase advance schedule had significantly less DCX + cells in the dentate subgranular zone than rats housed on a standard LD cycle, or rats housed on a chronic 6 h weekly phase delay schedule. (D) Immature adult born DCX + GCs were classified into three distinct stages according to the degree of their structural maturation (i.e., orientation, outgrowth of dendritic processes in the dentate subgranular zone). DCX + cells were considered to be in the early stage (stage 1 and stage 2) when the soma was positioned in the subgranular zone (SGZ) and no dendritic processes were visible (stage 1) or when the cell displayed short processes that were located within the SGZ (stage 2); DCX + cells were considered to be in the intermediate stage (stages 3 and 4) when the principal dendritic process projected into the inner half of the granule cell layer (stage 3) or when the leading dendrite reached the outer half of the GCL (stage 4); DCX + cells were considered to be in the late stage (stage 5 and stage 6) when the leading dendrite extended into the inner molecular layer (stage 5) or when the leading dendrite reached the outer molecular layer (stage 6). (E) Classification of adult-born DCX + cells into early, intermediate and late stages revealed a marked shift in stage distribution. Rats housed on the weekly phase advance schedule had a higher proportion of early stage DCX + cells and a reduction in late stage DCX + cells compared to rats placed on a standard LD cycle or rats housed on a weekly phase delay schedule. ∗P < 0.05.


Next, we employed a classification system to examine the degree of structural maturation of the immature dentate GC neurons (Figure 6D). The DCX + cells were classified according to the orientation and outgrowth of apical dendritic processes in the subgranular zone. As shown in Figure 6E, there was a marked shift in the distribution of DCX + cells as a function of housing condition. Rats that were chronically housed on the phase advance cycle had a greater proportion of early stage DCX + cells (stages 1, 2) then standard housed controls [F(2,21) = 3.47, P < 0.05; phase advance vs. standard, P < 0.016]. The soma of these DCX + cells was positioned in the sub-granular zone and these cells had either no dendritic processes or a very short dendritic process. Interestingly, the rats placed on the phase advance cycle also had a significantly lower proportion of late stage DCX + cells than the standard housed controls [F(2,21) = 5.47, P < 0.012; phase advance vs. standard, P < 0.004]. These DCX + cells have a leading dendrite that reached into the molecular layer and often showed branching. However, this difference did not reach statistical significance for the phase delay group [phase delay vs. phase advance, P < 0.062].



DISCUSSION

Our study confirms that experimental simulation of chronic jet lag in male rats can have a number of important consequences. First, we found that frequent phase advances of the LD cycle disrupted the retention of object recognition memory, but only after an interval of 1 h. Second, we found that rats exposed to the phase advance schedule exhibited signature symptoms of depression observed in animal models, including changes in body weight, anhedonia, altered exploratory behavior in a novel environment, and increased immobility in the FST. Third, we showed that rats exposed to the phase advance schedule have lower levels of hippocampal neurogenesis and reduced dendritic complexity of immature dentate GCs compared to controls. And lastly, while phase advances of the LD cycle were found to be disruptive across all measures examined, phase delays had little to no effect. Taken together, these results confirm and extend past findings (Gibson et al., 2010; Fonken et al., 2012; Kott et al., 2012; Ikeno et al., 2016) that repeated phase advances of the LD cycle disrupt neurogenic processes in the hippocampus and produce clear impairments in memory function as well as increases in anxiety and depressive behavior underscoring the importance of proper circadian alignment in regulating normal affect and cognition.


Chronic Jet Lag Disrupts Memory

Frequent episodes of circadian disruption have well-documented effects on learning and memory. Cho and colleagues observed spatial learning deficits in a group of flight attendants who had experienced repeated exposure to jet lag from working transmeridian flights for more than 3 years (Cho et al., 2000). Similar findings involving cognitive performance deficits have also been reported in industrial workers who had been exposed to frequent shift work (Rouch et al., 2005; Marquie et al., 2015). In rodents, performance on several behavioral tasks were shown to be impaired after chronic jet lag, including the Morris water maze, radial arm, and active/passive avoidance learning (Devan et al., 2001; Loh et al., 2010; Zelinski et al., 2014). In the present study, we found that repeated phase advances to the LD cycles, which can evoke symptoms of chronic jet lag in rodents (Filipski et al., 2004; Davidson et al., 2006; Craig and Mcdonald, 2008; Gibson et al., 2010; Kott et al., 2012), produced impairments in object recognition memory. This effect was observed only after a 1-h delay interval between the sample and test phases suggesting that chronic phase advances might impair consolidative processes involved in either maintaining or stabilizing new memories. At the cellular level, changes in synaptic efficacy and membrane excitability are thought to be critical events in the formation of new memories (Bliss and Collingridge, 1993), and there have been some suggestion that these neuronal properties can be altered during periods of sleep and by sleep disruption (Prince and Abel, 2013). Indeed, multiple studies have shown that sleep deprivation can alter neuronal excitability as well as reduce the strength of long-term potentiation, a cellular marker of memory, induced in hippocampal slices from sleep-deprived rats (Mcdermott et al., 2003; Marks and Wayner, 2005).



Chronic Jet Lag Increases Anxiety and Depressive-Like Behaviors

In addition to cognitive effects, evidence supporting an association between circadian rhythm disruptions and changes in mood and anxiety has been slowly accumulating (Bedrosian and Nelson, 2017). Modifications in lighting conditions and aberrant LD cycles can affect mood-like behavior in rodents. For example, anxious- and depressive-like behavior is evident in mice exposed to dim light during nocturnal periods (Bedrosian et al., 2011, 2013; Fonken and Nelson, 2013). Furthermore, short photoperiods are associated with elevated depression in diurnal rodents (Ashkenazy et al., 2009; Ashkenazy-Frolinger et al., 2015) and in some nocturnal rodent species (Prendergast and Nelson, 2005; Prendergast and Kay, 2008; Monje et al., 2011). While these findings clearly show that alterations in day length and light intensity can have an influence on affective states, the impact of chronic LD phase shifts is less clear.

The present study used multiple behavioral measures to examine the impact of chronic phase shifts on depression and anxiety. Anhedonia (i.e., diminished interest or pleasure in all or most activity most of the day) is a core diagnostic symptom of depression and can be readily modeled in rodents using the sucrose consumption test (Scheggi et al., 2018). Reduced sucrose consumption is taken as a measure of anhedonia; an interpretation validated by the demonstration that the same rats do not exhibit reduced consumption to water (Papp et al., 1991; Matthews et al., 1995). Consistent with this idea, we found that rats subjected to weekly phase advances consumed less sucrose than rats housed on a standard LD cycle or those placed on a weekly phase delay schedule. Decreased sucrose consumption was apparent after cycle 4 and persisted at each time point of assessment until the end of the study. Importantly, there was no difference in water consumption between the groups at any phase of the study arguing against the possibility that alterations in sucrose intake reflect a tendency toward reduced thirst. Next, we examined the effect of chronic jet lag on behavioral responses in the FST—a widely utilized rodent model of behavioral despair (Kara et al., 2018; Molendijk and De Kloet, 2019). Rats repeatedly exposed to phase advances engaged in more immobility during the second FST than all other groups. Finally, rats placed on the phase advance schedule also engaged in less time exploring the center portion of a novel open field arena and spent less time in the open arms of the elevated plus maze. Decreased exploration of these regions is widely accepted to reflect higher levels of anxiety behaviors in rodents (Belzung and Griebel, 2001; Walf and Frye, 2007).

Our findings also suggest a specific impact of the direction of phase shifts of the LD cycle on affective behaviors, namely that chronic phase advances induce higher levels of depression and anxiety in rats than phase delays. This is in line with evidence in both human (Aschoff et al., 1975) and rodents (Zee et al., 1992; Gibson et al., 2010; Kott et al., 2012; Zelinski et al., 2014) that phase advances of the LD cycle are typically more disruptive to physiological and behavioral processes than phase delays. Indeed, previous work has shown that reentrainment to a 6 h phase delay in mice occurs within a couple of days, whereas reentrainment to a phase advance takes at least 5 to 6 days to occur (Reddy et al., 2002). Anyan et al. (2017) found that the rate of reentrainment after a 6 h phase advance was associated with higher levels of anxiety behavior in rats, reflected as less time in the center of an activity box and reduced time spent in the open arms of the plus maze, a finding that mirrors our own. While the effect of acute circadian shifts on emotional behavior is clear, research on the impact of chronic jet lag on the development of mood disorder has been limited. However, several studies have shown that acute episodes of jet lag can exacerbate depressive and anxiety symptoms in clinically depressed patients (Tec, 1981; Jauhar and Weller, 1982; Young, 1995; Inder et al., 2016). Our findings are consistent with this observation and further suggest that chronic circadian disruption after repeated phase advancements can impact the function of neural circuits important in mood regulation and anxiety behavior. Finally, the impact of chronic jet lag on female heath has been increasingly recognized (Logan and Mcclung, 2019). While our study only examined the effect of jet lag simulation in male rats, we predict that repeated phase advances of the LD cycle could exert greater effects in females particularly regarding emotional behaviors. Indeed, female flight attendants are 2 to 5.7 times more likely to develop depression and anxiety disorders than the general population (Mcneely et al., 2014). Nonetheless, additional work will be necessary to determine whether sex differences may exist in the behavioral and cellular responses to chronic circadian disruptions that simulate conditions of jet lag.



Impact of Chronic Jet Lag on Hippocampal Neurogenesis

Although the functional role of adult hippocampal neurogenesis is still unclear, increasing evidence has highlighted an important contribution of ongoing neurogenesis in learning and plasticity, as well in mood and stress reactivity (Cameron and Glover, 2015; Kropff et al., 2015). In rodents, exposure to chronic stress and behavioral models that induce depressive-like behavior are well-known disruptors of hippocampal neurogenesis leading to the idea that impaired neurogenesis might play as a role in the development of depression and other affective disorders (Fournier and Duman, 2012). Given our finding that chronic phase advances of the LD disrupted recognition memory and increased depressive-like behaviors, we considered that chronic phase advances might act as a stressor that could impact levels of hippocampal neurogenesis. In support of this, we found that the total number of DCX + cells was significantly reduced in rats repeatedly exposed to phase advances of the LD cycle compared to those housed on a chronic phase delay cycle or those who remained on a constant 12/12 h LD cycle. These findings are in accordance with the conclusions reached from two independent studies demonstrating that circadian disruptions mimicking jet lag conditions can reduce levels of neurogenesis (Gibson et al., 2010), and that the severity of the neurogenic deficits appear to be direction-dependent with repeated advancements of the LD cycle producing a higher suppression in cell proliferation and neurogenesis than phase delays (Kott et al., 2012).

Because DCX is expressed not only during the initial steps of neuronal differentiation but also during other periods of maturation of young neurons, such as synaptogenesis (Couillard-Despres et al., 2005; Plumpe et al., 2006), we also determined whether chronic jet lag might affect the structural maturation of immature (DCX+) neurons. We found that repeated phase advances increased the proportion of early stage post-mitotic DCX + cells (stages 1 and 2) but decreased the proportion of late stage DCX + cells (stages 5 and 6). Late stage DCX + cells are characterized by the growth of established dendritic processes that extend into the inner and outer molecular layer, and this phase of development is associated with intense spine synapse formation and circuit integration (Zhao et al., 2006, 2015; Toni and Sultan, 2011; Vivar and Van Praag, 2013; Radic et al., 2015; Beining et al., 2017; Petsophonsakul et al., 2017). The potential loss of the later stage DCX + cells, but not early stage DCX cells could suggest that chronic phase advancements might interfere with processes associated with cell maturation and/or survival as we observed a net decrease in the number of DCX + cells in this group. There is evidence that repeated phase advancements increase corticosteroid levels (Gibson et al., 2010) and can potentiate responses of the HPA axis to stress (Loh et al., 2010). Prolonged periods of stress along with aberrant glucocorticoid signaling are well-known to impair the proliferation and structural maturation of neuronal progenitors in the adult hippocampus (Wong and Herbert, 2006; Schoenfeld and Gould, 2013). Similar to our findings, Lussier et al. (2011) observed that chronic high doses of corticosterone in rats for 21 days selectively decreased the number of late phase DCX + cells and reduced dendritic complexity immature (but not mature) granule cells. Thus, it is possible that that elevated levels of GR signaling associated with frequent phase advancements might slow the maturational development of newborn neurons resulting in a decrease in late stage neural progenitors.



CONCLUSION

Chronic circadian rhythm misalignment is a core feature of many neuropsychiatric conditions, including mood and anxiety disorders, and there is increasing evidence that disrupted circadian rhythms might be involved in development of these disorders. Our findings demonstrate that chronic phase advancements of the LD cycle, an experimental model of jet lag, produce impairments in object recognition memory and increases depression and anxiety behavior in male rats. In addition, chronic phase advances also decreased levels of hippocampal neurogenesis and appeared to impair the maturation of immature neurons. In sharp contrast, chronic phase delays produced limited effects on behavior as well as levels of hippocampal neurogenesis suggesting the possibility of a direction-dependent effect of chronic jet lag conditions.

While the mechanism that mediates the adverse effect of weekly phase advances observed in this study is unclear, different responses of the circadian system to phase advances and delays have been described. For example, behavioral reentrainment in rodents takes longer after phase advances than phase delays (Reddy et al., 2002), which agrees with observations that circadian clock gene expression is more readily disrupted with phase advances of the LD cycle (Nagano et al., 2003). Indeed, the severity of jet lag symptoms is known to be influenced by the direction of travel and the number of time zones crossed with eastward flights (i.e., phase advances) taking longer to reentrain circadian processes than westward flights (i.e., phase delays) (Waterhouse et al., 2007). Phase shifts can impact glucocorticoid secretion and stress responses, however, these effects tend to be larger and more sustained with repeated phase advances (Gibson et al., 2010; Kiessling et al., 2010; Loh et al., 2010) suggesting that phase advances of the LD cycle may function as a form of chronic stress. Given the observed link between stress and circadian disruption, it is interesting to note that chronic stress can alter molecular clock gene expression in several brain areas known to be critically involved in mood regulation and learning, such as the amygdala, nucleus accumbens, prefrontal cortex, and hippocampus (Savalli et al., 2014; Logan et al., 2015; Landgraf et al., 2016b). Interestingly, hippocampal clock gene expression can regulate the proliferation, maturation, and survival of adult-born neurons (Bouchard-Cannon et al., 2013; Malik et al., 2015) and several lines of evidence suggests that intact levels of hippocampal neurogenesis is critical for healthy mood and cognition (Fournier and Duman, 2012; Cameron and Glover, 2015). Since these behavioral processes could depend on levels of intact neurogenesis, as well as a variety of biochemical and signal transduction processes that occur across multiple brain regions (Bunney and Potkin, 2008; Vadnie and Mcclung, 2017; Snider et al., 2018), we speculate that chronic phase advances might lead to widespread disruption in circadian clock gating mechanisms thereby contributing to impaired memory and increased emotionality. In summary, our findings underscore the importance of recognizing the impact that chronic disruptions in circadian processes can have on brain function and mental health and suggests the possibility that disruptions in levels of hippocampal neurogenesis along with other neuroplastic changes might contribute to functional impairments associated with chronic jet lag.
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Background: Educational psychology research has linked fluid intelligence (Gf) with working memory (WM), but it is still dubious whether electroencephalography (EEG) markers robustly indicate Gf. This study addresses this issue and notes the relationship between WM task-related EEG markers with Gf and academic performance.

Method: A sample of 62 healthy children between the ages of 9 and 12 years was selected to perform three tasks: (1) Raven’s Standard Progressive Matrices (RSPM) test to assess Gf; (2) 2-back task to assess central executive system (CES); and (3) delayed match-to-sample task to assess short-term storage. These subjects were divided into high ability (HA) and low ability (LA) groups based on their RSPM scores. Support vector machine and logistic regression were used to train the EEG candidate indicators. A multiple regression was used to predict children’s academic performance using P3 amplitude, P2 latency, and θ-ERS.

Results: Behavioral results demonstrated that the correct rate of the HA group is higher than that of the LA group. The event-related potential results of the 2-back task showed that the P3 amplitude of the HA group was relatively larger and that the P2 latency was shorter than that observed in the LA group. For the delayed matching to sample task, the θ-ERS of the LA group was higher than that of the HA group. However, the area under the curve of these three indicators for Gf was < 0.75 for each and < 0.85 for the combined indicators. In predicting academic performance, only P3 amplitude showed a significant effect.

Conclusion: These results challenge previous findings, which reported that P3, P2, or theta power might be used in standard psychometric tests to assess an individual’s intelligence.

Keywords: event-related potentials, event-related synchronization, fluid intelligence, academic achievement, machine learning


HIGHLIGHTS


- Both executive and storage components of working memory were considered in this research at the EEG level.

- Both logistic regression and support vector machine classifiers were applied to train the EEG data from working memory tasks to classify the fluid intelligence (Gf) of children.

- Single (area under curve [AUC] < 0.75) or combined (AUC < 0.85) indicators of three EEG signals (P3 amplitude/P2 latency/θ-event-related synchronization) all showed moderate AUC in the receiver operating characteristic analysis of Gf.

- A multiple linear regression of EEG markers to children’s academic achievement showed that only the P3 amplitude exhibited an effect (β = 0.017, p = 0.035).





INTRODUCTION

With the development of artificial intelligence (AI), exploring the relationship between neurophysiological markers and psychological characteristics has become intensified. Especially in the fields of information engineering, facial expression recognition, and smart surgery, an integrated automatic identification system based on biomarkers is gradually being established. By collecting and analyzing the information of specific groups of index, it is possible to recognize and diagnose certain characteristics, abilities, or attributes of an organism. Relevant studies from the interdisciplinary fields of medicine and cognitive neurology have indicated that multiple brain activity markers extracted from EEG results can be good indicators of the state of consciousness or the cognitive state of human beings (Missonnier et al., 2007; Sitt et al., 2014; Engemann et al., 2018). Specially, compared with other biomarkers, EEG biomarkers have the advantages of economy, convenience, and efficiency. Combined with machine learning, EEG biomarkers can automatically identify and classify various clinical patients, so they represent the preferred clinical indicators for predicting treatment response (Engemann et al., 2018).

Fluid intelligence (Gf) has always been the focal topic in cognitive psychology, as well as in recent years. In many cases, such as career counseling or clinical application, it is necessary to assess a person’s level of intelligence. However, presently, the intelligence test is still based on a pencil-and-paper test; the era of intellectualization has introduced new requirements for assessing intelligence. Intelligence scales such as Raven’s and Wechsler’s have demonstrated good reliability and validity; even when the testing method is relatively simple, these intelligence scales are widely used in general intelligence tests; however, when it comes to the plasticity of Gf and the evaluation of robot intelligence, these methods appear to be insufficient. How do we develop a scientific evaluation system based on neurocognition? How do we carry out targeted intelligent shaping based on the working mechanism of the brain? Obviously, to solve these problems, the neural basis of Gf warrants further clarification. In addition, with the demand of AI for intelligence shaping and people’s expectations for improving Gf, the current ways of intelligence assessment are facing new challenges: “Knowing wisdom and making intelligence, knowing intelligence and making evaluation” requires cognitive neuroscience to make further breakthroughs in the understanding of Gf and develop a more reliable evaluation system. Several previous studies have applied machine learning methods to explore EEG signals that were effective in verifying Gf (Neubauer and Fink, 2009; Itthipuripat et al., 2013; Wronka et al., 2013; Amin et al., 2015; Dong et al., 2015; Qazi et al., 2017; Wongupparaj et al., 2018), and some of them revealed that individuals with different Gf levels can be well distinguished (Amin et al., 2015; Qazi et al., 2017).

Amin et al. (2015) conducted research on 34 healthy adults (ranging in age from 20 to 30 years) using the visual oddball task. An analysis of P3 component induced by the visual oddball task showed that P3 amplitude could significantly predict individual scores on Raven’s Advanced Progressive Matrices with an area under the curve (AUC) reaching 0.82. Therefore, P3 amplitude could be used as a good supportive index in the standard psychological test for evaluating an individual’s learning or memory ability (Amin et al., 2015). This study is the first to test the EEG effect in measuring Gf. Subsequently, Qazi et al. (2017) also used the visual oddball paradigm as a tool to examine Gf (marked by Raven’s Advanced Progressive Matrices scores) and used the support vector machine (SVM) classifier to test the discriminant ability of delta band to Gf in 34 adult males. The authors showed that the statistical wavelet features and the wavelet coefficient features from the frequency bands 0.0–1.875 and 1.875–3.75 Hz resulted in 100 and 98% prediction accuracies, respectively (Qazi et al., 2017). However, the sample sizes of these studies were restricted to no more than 40, and the EEG evaluation index was limited to only one. Additionally, in the field of EEG markers of Gf, there are few comparable quantitative analysis studies, and the discriminant effect is easily affected by the discriminant method. Therefore, it is not robust enough to arrive at a conclusion; further exploration and verification are warranted. It is worth noting that while there was less discussion on the evaluation of EEG indicators in the studies of Gf, in other research fields such as mild cognitive impairment (MCI) and consciousness, the discrimination effect of EEG indicators has been discussed more fully. Missonnier et al. (2006) showed that the theta event-related synchronization (ERS) during the n-back working memory (WM) task can distinguish progressive MCI cases whose θ-ERS power was lower than that in the stable MCI cases, and the Area Under Curve (AUC) was 76% (Missonnier et al., 2006). While adding the event-related potential (ERP) index (P200 and N200), the combination model showed a higher AUC reaching 0.938 (Missonnier et al., 2007).

A relationship between WM and Gf has been well established. WM might be fractionated into two components: short-term memory (STM) storage and the central executive (CE). The CE is a processing component, which may be fractionated further into executive functions (EFs) like updating, inhibition, and shifting: the updating of information temporarily memorized for processing, the inhibition (or interference control) of information not or no longer relevant for the current processing step, and the shifting of the attentional focus between different task demands. Accordingly, WM-load can be differentiated into WM storage-load and WM processing-load (i.e., demanding STM processes and demanding EFs, respectively). A typical task to induce WM storage-load is the simple digit span (Dspan) task (i.e., the short-term memorization of a sequence of digits for later recall). In contrast, complex span tasks like N-back (N ≥ 2) tasks are conceptualized to induce WM processing-load (Engel De Abreu et al., 2010; Scharinger et al., 2017). Notably, even though STM and WM are theoretically distinct and sometimes assessed separately, no single task is a pure measure of either of them; even a seemingly simple task, such as Dspan, is likely to involve EFs mechanisms (Engel De Abreu et al., 2010).

The relationship between these two components of WM and Gf can be summed up using three kinds of views (mainly from the studies of structural equations and path analysis). First, STM system (the storage component of WM) has a particularly important connection with general intelligence (Colom et al., 2005; Gignac et al., 2016). Second, CE function plays a major role in Gf (Gray et al., 2017; Myers et al., 2017). Third, both STM (storage function) and WM (EF) are related to intelligence, and both components produce independent contributions to Gf, respectively (Unsworth and Engle, 2007; Unsworth et al., 2014). In all, none of them has completely denied the effect of WM processing or storage components on Gf; moreover, the relationship among them at the EEG level is still unclear. So, we assume that both the storage component (STM) and the non-storage component (EF) of WM affect Gf, and then we choose two typical representative tasks: 2-back for EF and delay match to sample (DSM) for STM in the present study.

Nevertheless, whether there exist EEG markers indicating Gf robustly is still dubious. Neural efficiency hypothesis and attentional resources allocation give cues that P3 amplitude induced by executive function task and θ-power in simple memory task may have the ability to indicate Gf. The neural efficiency hypothesis stated that brighter individuals display lower (more efficient) brain activation while performing simple cognitive tasks (Neubauer and Fink, 2009), and Julie et al. (2005) showed that the frontal midline θ-power increased as the memory load increased (Julie et al., 2005), suggesting that the frontal midline θ-power may indicate the amount of cognitive resources that need to be invested in current memory tasks, thus reflecting the subjective sense of task difficulty. Attentional resources allocation illustrated that P3 amplitude at parietal sites in the complex tasks would reflect the amount of attentional resources allocation that one person concentrates on current EF task (Polich, 2007). So, increased P3 amplitude is a manifestation of sufficient cognitive resources (Scharinger et al., 2017), and it would be accompanied by a better N-back performance (Tusch et al., 2016). In addition, neural speed is considered to be an evaluation index of cognitive ability, while P2 component is considered to reflect processes involved in selective attention (Wongupparaj et al., 2018) and shorter P2 latency is considered to reflect more shifting ability, which indicates more efficient use of brain resources (Lijffijt et al., 2009; Wongupparaj et al., 2018). So, we hypothesize that in the same simple memory task, children with high Gf would exhibit lower frontal midline θ-power (saving brain resources due to an easy feeling toward the task), and that in the EF task, they would exhibit larger parietal P3 amplitude (more attention resources can be focused on the task) and shorter P2 latency (more flexible) than that of children with low Gf. The present study intends to explore whether WM task-related EEG biomarkers can diagnose Gf level and predict academic achievement in healthy primary school children.



MATERIALS AND METHODS


Subject

For the experiment, a sample of 62 healthy students (28 male; all right-handed; age range, 9–12 years) were recruited from a primary school in Nanning, China. They had normal or “corrected to normal” vision and were free from medication, neurological disorders, and cognitive impairments. Their parents all signed informed consent forms before the children participated in the trials. This study was approved by the Psychology Experimental Ethics Committee of Nanjing University.



Raven’s Standard Progressive Matrix (RSPM) Test

The RSPM test was performed for intelligence assessment, during which 60 items were completed within 40 min. The original scores were calculated by adding up the scores for completing 60 items, which were converted into standardized intelligence scores (RSs) ranging from 0 to 100, and according to the Intelligence Level Grading Standard, intelligence levels were classified into the following five grades: 1 (>95, very good), 2 (95–75, good), 3 (74–25, average), 4 (24–5, below average), and 5 (<5, deficit) (Wang et al., 2009).



WM Tasks

DMS task is used to assess children’s ability related to encoding and storing information in STM. In general, the WM capacity of DMS paradigm is set at 4 (Zhang et al., 2016); so, the WM load in the present experiment was also 4. That is, four digits appeared each time. The task process is shown in Figure 1 (left): First, four Arabic numerals (1,000 ms) appear on the screen. The subjects are asked to remember the four numerals. Then, a blank screen of 3,000 ms appears. Finally, a capitalized numeral appears. The subjects are asked to react immediately to determine whether the current number was contained in the four numerals that just appeared. Contained, press “F” key, while not contained, press “J” key. The task includes two blocks; each block has 20 trials, making a total of 40 trials.


[image: image]

FIGURE 1. Working memory task.


The 2-back task was applied to examine the children’s EF of WM. Apart from updating the WM content, when doing the task, the subjects must shift between the two subtasks and inhibit currently irrelevant information (Scharinger et al., 2017); so, it’s a complex task that requires all EF subcomponents (including inhibition, updating, and shifting). The instructions are shown in Figure 1. After reminding the subjects with “+,” an Arabic numeral in the range of 1–9 will appear randomly around the “+” for 600 ms. The subjects were required to compare whether the current number matched the number that was shown two numbers prior, by pressing the “J” key for matching, or by pressing the “F” key for mismatching. Each number after the third number should be judged one by one. Matching and mismatching conditions accounted for half of the trials. In order to ensure that the subjects understand the task, an exercise session was set before they entered the formal experiment. Only those with the correct rate of exercises reaching up to 60% can enter the formal test. The exercise is set to ensure that the participants understand the task; so, if they did not pass the exercise the first time, they can get a second and even a third opportunity to exercise again (no more than three exercise in all). In this research, all of the participants got through the exercise no more than three times.

There are two blocks, 40 trials in each block, and 80 trials in total. These two tasks were all programed in E-Prime 2.0, and each task was presented on a 16-inch computer screen from a height of horizontal line of sight.



Experiment Procedure

All of the participants were informed of the schedule for data collection and, as per their availability, the experiments were arranged individually. Each subject was seated in a partially sound-attenuated room and was briefed on the procedure. Each subject was asked to perform the RSPM pencil-and-paper test first; next, each subject went to the nearby EEG room to perform the DMS task; and finally, they performed the 2-back task. The subjects had a 3-min break between tasks. During the WM time, an EEG cap was set until they completed the two computer tasks.

By the end of the next term (6 months later), the Chinese and mathematics scores of those subjects were collected as an index for academic achievement. The examinations test the students’ mastery of knowledge acquired in a semester, and the items are designed by teachers who teach the corresponding curriculum. The original scores of the examinations were transformed into Z scores according to the calculating formula: [image: image], and the average score and the standard deviation values corresponded to the subjects’ grades to which they belonged.



Electrophysiological Recordings

When the participants were performing the WM tasks, the EEG data were recorded using an EEG amplifier (NuAmps 40, Compumedics Neuroscan, VIC, Australia). The sample rate was set to 1,000 Hz with a bandpass filter (0.05–100 Hz), and the reference electrode was situated on the left mastoid online, and the grounding electrode was located at the midpoint of connection between FPz and Fz (called AFz). Horizontal eye movements were recorded by electrodes positioned at the outer canthus of each eye whereas vertical eye movements were recorded by electrodes positioned above and below the left eye. The electrode impedance was maintained at <10 kΩ throughout the EEG recordings. To attenuate low- and high-frequency noise, the averaged waveforms were filtered using a 30-Hz low-pass filter and a 0.5-Hz high-pass filter in the off-line analysis.


Preprocessing

Preprocessing was conducted using Curry 7.0 (Compumedics Neuroscan), including re-reference, removing EOG artifacts, deleting bad block. and segment epoch. This procedure is described as follows:


(1) Re-reference: change the reference from left mastoid to bilateral mastoid.

(2) Remove EOG artifacts: set the removing-threshold at 150 mV, removing EOG artifacts (which are above the threshold value) from the EEG signals based on a covariance method.

(3) Delete bad block: set the delete threshold at ±100 mV to exclude the impact of bad block in the next averaged waveforms step.

(4) Segment epoch: for 2-back data, the artifact-free EEG was segmented into epochs ranging from 200 ms before stimulus onset to 800 ms after stimulus onset, with a period of “–200 ms to 0” as baseline correction, fewer than 40 of 80 good target segments were excluded in the data analysis. For DMS data, the artifact-free EEG was segmented into epochs ranging from 500 ms before stimulus onset to 4,000 ms after stimulus onset, according to the task design; the 0–1,000 ms was coding period, 1,000–4,000 ms was delay period at each epoch, and “–500 ms to 0” was used as baseline correction. Fewer than 20 of 40 good target segments were excluded in the subsequent data analysis.





Data Analysis


Behavioral Analysis

Behavioral data were analyzed to measure performances corresponding to fluid cognitive ability as well as the WM tasks. To assess fluid cognitive ability, RSPM raw scores and standardized intelligence scores, as well as the intelligence level, were calculated for each subject. Considering that there were no children with deficits in our study sample and that the “very good” and “below average” levels were also not sufficient to form an independent group, we combined the “very good” and “good” children into the HA group and the “average” and “below average” children into the LA group. It should be noted that in similar studies by Amin et al. (2015) and Qazi et al. (2017), in which they grouped adult subjects according to the median scores of RAPM raw scores, those who scored above the median were placed in the HA group, and conversely, those who scored below the median were placed in the LA group. But in children, age is a notable factor that would affect the Raven raw scores; so, if we do like this in the present experiment, most of the older children might be grouped in the HA group. Therefore, in order to prevent this issue, we use the intelligence level that has already considered Raven’s score and children’s age at the same time.

For the WM tasks, each subject’s performance was computed by calculating the number of correct responses (accuracy, ACC) in addition to reaction time (RT). Independent sample t-test was used to analyze the data with ACC and RT. A statistical analysis was performed using SPSS version 22.0 software (IBM, China).



ERP and ERS Analyses

For 2-back EEG data, a superimposed averaging process can be carried out after preprocessing; only good segments were retained in the individual averaged waveforms. In addition, to investigate whether the differences between the two groups are specific to P3 only, the P2 component was extracted and analyzed. For DMS EEG data, before obtaining the superposed average, a wavelet transform was applied to extract theta power. Both the wavelet transform and the superposed average were conducted using MATLAB R2013b, with toolbox Letswave71.

For ERP analysis, the waveforms and the 2-D plot of group grand average were performed before determining the time window of ERP components; the major electrodes were selected in the groups (HA vs. LA) × electrode sites (n) repeated measurements analysis of variance (ANOVA) test; both ERP amplitude and latency were extracted from the respective electrodes for each subject per group. For ERS analysis, the time-frequency map and the 3D-plot of group grand average were conducted before selecting the representative electrode sites. Also, the θ-power of the selected electrodes were analyzed by repeated measurements of variance of 2 (grouping: HA vs. LA)× n (electrode sites). Greenhouse–Geisser method was used to correct the p value while the statistical results were not satisfied with the spherical assumption, and Bonferroni method was used to correct multiple comparisons (n times) afterward. The ANOVA test was conducted using SPSS 22.0 software.



Logistic Regression and SVM

Logistic regression (LR) and SVM were two major classifiers that were applicable for non-linear discriminant analysis. The LR was based on probability theory [see Function (1), the samples that indicate P > 0.5 would be considered to be positive ones; a positive event here refers to LA], whereas the SVM is based on maximizing geometric interval [see Function (2)–(5)]; thus, the optimal hyperplane found by the LR model is to try to keep all of the sample points away from it, and the optimal hyperplane that the SVM is looking for is to maximize the margins (keep only the training points closest to the boundary line as far as possible). So, in the LR model, each sample data would affect the result, whereas in the SVM model, only the samples near the boundary line (that is, only those samples that support the vector) would be considered. Because of the data limitations, the kernel SVM was chosen as classifier instead of linear SVM. It projects implicitly the feature of low dimensionality to high dimensionality, and makes the feature disentangled in high dimensionality.

[image: image]

Y: intelligence group (1: LA, 0: HA); x: EEG markers; β0: the constant; β1: The estimated coefficient of x; P(Y = 1|x): Given the x, the probability that an individual belongs to the LA group.

As described above, the hyperplane in kernel SVM can be described as follows:

[image: image]

And the radial basis function is:

[image: image]

where σ is the width of kernel function; usually, [image: image]is called gamma factor. It assumes that all of the samples are separated, and subjects to the inequation as follows:

[image: image]

In practice, not all of the samples can be separated precisely by hyperplane. In order to reduce the influence of these special undesired samples, the approach of soft margin is introduced to SVM. It allows the samples to classify the opposite category in some degree:

[image: image]

where ξiis slack variable, representing the degree of every sample that deviates from the accurate category. In the phase of optimization, C will be introduced to control the degree of fitting.

In the present study, we used the “tune” parameter sweep tool [R coding: tune (SVM, Group∼, data = IQ_train, kernel = “radial,” ranges = list (cost = c(0.001, 0.01, 0.1, 1, 10, 100, 1000)))]. A grid search was performed on seven parameter values between C = [10–3 to 103] on the whole data. This suggested values of C = 1 (which let the model reach its least error: 0.27). In addition, the gamma is set to 1/Nf (Nf represents the feature of dimensionality). Those parameter values were used for the subsequent analysis.

In order to obtain more compelling results, We adapted fourfold cross-validation, which separated data into four segments: three for training and one for testing [75% for training and 25% for testing, leaving sufficient testing sample to ensure that it can provide useful information about accuracy rate (Stewart et al., 2014)]. Iterating through the cross-validation, each subset was used once as test data, and the score was averaged across the four splits. Additionally, to ensure comparability between these two models, an R code “set.seed(20)” was written before the cross-validation part to ensure that the division of sets was exactly the same between each model. Relatedly, the caret2, glm and e10713 packages of the R Studio software version 1.1.456 were utilized to conduct the corresponding tests (i.e., glm for logistic model testing; e1071 for SVM testing; and caret for cross-validation).

Besides, the receiver operating characteristic (ROC) technique was adopted for evaluating the LR and SVM models [for more details about the ROC technique, see Fawcett, 2006; Hand, 2009]. An ROC plot illustrates both sensitivity and specificity with the AUC of the ROC of 0.5 signifying random chance prediction and 1 being perfect prediction. Therefore, the closer the AUC is to 1, the greater the diagnostic value of the indicator(s). The pROC packages4 of the R Studio software version 1.1.456 were utilized to plot the ROC curve.



Multiple Linear Regression (MLR) Model

The MLR is a linear statistical method, which is used for predicting the relationship of a single dependent variable (response variable: Y) with one or more independent variables (predictors: X1, X2, …, Xn). A general MLR model can be described by the following equation:

[image: image]

where Y represents the dependent variable, xiindicates the ith independent variable, βirepresents ith predicted parameter (regression weight), and ε is the error between predicted response and observation. The regression weights (βi) are computed in such a way that minimizes the sum of squared deviations.

In this study, the MLR analysis was performed using SPSS 22.0 with “enter” method on the selected EEG index with selected electrodes to predict academic achievement (Y). Before performing the regression, we had to decide which variable should be used in the regression model. The method included “enter,” “remove,” “forward,” “backward,” and “stepwise.” We selected “enter” method to let all the Xs enter the model to test their determinant coefficients. To evaluate statistically the LR model, the following important assumptions about the residuals were considered and verified (Amin et al., 2015):


(1) The residuals should have zero mean value (Linearity).

(2) The residuals should be plotted as normal distribution (Normality).

(3) The residuals should have constant variance (Homoscedasticity).

(4) The residuals are independent (or random); otherwise, autocorrelation problem exists.

(5) The Xs are independent; otherwise, multicollinearity problem exists.



Assumption (1) is easily verified by Residual Frequency Distribution Map (see Figure 9C in the Results). And if a normal probability plot of the standardized residuals showed a straight line, assumption (2) is verified. Assumptions (3) and (4) can be evaluated by using scatter plots that show the relationship between standardized residuals and predicted values. Besides, the variance inflation factor (VIF) is introduced to detect the LR model collinearity with a threshold at 10 to verify assumption (5). The verification of these assumptions is given in the section “Verification of Regression Assumptions.”



RESULTS

According to the participants’ RSPM scores, eight subjects were rated as “very good,” 34 as “good,” 17 as “average,” and 3 as “below average”; so, 42 children were assigned to the HA group and the rest were assigned to the LA group. Sex distribution has shown non-significant difference between the two groups (x2 = 1.154, p = 0.413). The grouping information is presented in Table 1.


TABLE 1. Grouping results (mean ± standard deviation).

[image: Table 1]
Behavioral Results

Behavioral data recorded during the DSM and the 2-back task were analyzed for both groups (HA and LA). As shown in Table 2, the HA group’s accuracy (ACC) was significantly (or marginally significant) higher than the LA group’s ACC for both tasks, while the HA group’s reaction time (RT) was shorter (non-significantly) than the LA group’s RT. Additionally, Cohen’s d results (Table 2) indicated an intermediate effect size between the HA and the LA groups’ performances for the ACC.


TABLE 2. Working memory performance measurements (mean ± standard deviation).

[image: Table 2]


ERP Results

The subjects were excluded from further ERP analysis due to an insufficient number of target segments (fewer than 40 of 80 good target segments) that failed to obtain adequate “signal to noise ratio.” This exclusion allowed 60 subjects for 2-back ERP analysis and excluded two subjects. With regard to waveform and 2-D topographic map (Figures 2, 3), the time window of P2 is set at 220–280 ms, and P3 is set at 350–420 ms.


[image: image]

FIGURE 2. Average ERP waveforms for 2-back task of LA (red) and HA (blue) groups.



[image: image]

FIGURE 3. 2-D plot of grand average ERP responses of HA and LA groups from 34 scalp locations (except for four eye electrodes and two reference sites).


The analysis of latency showed that the Fz site reaches the P2-peak first (around t = 0.26 s) and that the Pz site reaches the P3-peak first (around t = 0.37 s); so, the comparison of the latency between LA and HA group is conducted for P2(Fz) and P3(Pz), respectively. The results revealed a marginally shorter (t = 1.783, p = 0.080, Cohen’s d = 0.497) P2 (Fz) latency of the HA group (253.55 ± 12.75 ms) compared to that of the LA group (260.06 ± 13.43 ms). For P3(Pz) latency, a non-significant difference has been found [HA: 371.9 ± 33.0 ms; LA: 386.1 ± 38.7 ms, t = 1.492, p = 0.141, Cohen’s d = 0.395].

Following previous research (Amin et al., 2015; Zhang et al., 2018) and based on our total average results (Figure 3), the electrode sites that show P200 or P300 component are used in further analysis (see Tables 3, 4, respectively); so, a 2 (group: HA and LA) × 5 (sites: Fz, FCz, Cz, CPz, and Pz) repeated measures ANOVA was performed to analyze the average amplitude of the P200, and a 2 (group: HA and LA) × 5 (sites: FCz, Cz, CPz, Pz, and Oz) repeated measures ANOVA was performed to analyze the average amplitude of the P300.


TABLE 3. P200 amplitude of each group in 2-back task (μV, mean ± standard deviation).

[image: Table 3]

TABLE 4. P300 amplitude of each group in 2-back task (μV, mean ± standard deviation).

[image: Table 4]The results of repeated measures ANOVA of P2 amplitudes between these two groups indicated a significant main effect of electrode sites [F(4,232) = 19.948, p < 0.001, η2 = 0.256], Further multiple comparisons showed that the P2 amplitude in the central-parietal region (CPz) was significantly higher than that in the frontal region (Fz, p < 0.001), frontal-central region (FCz, p < 0.001), central region (Cz, p = 0.005), and parietal region (Pz, p = 0.023); and the P2 amplitude at Fz site was significantly smaller than that at other sites (p ≤ 0.001). The group’s main effect [F(1,58) = 0.196, p = 0.660, η2 = 0.003] and the interaction effect between groups and electrode sites [F(4,232) = 1.412, p = 0.231, η2 = 0.024] were not significant.

For P3 amplitude, the statistical results showed a significant main effect of electrode sites [F(4,232) = 55.074, p < 0.001, η2 = 0.487], revealing that the P3 amplitude decreased from Pz and CPz sites to Cz, FCz, and Oz sites, respectively; and a marginally significant group main effect was found [F(1,58) = 2.876, p = 0.095, η2 = 0.047]. Further multiple comparison indicated that the P3 amplitude in the HA group was significantly higher than that in the LA group at Cz site (p = 0.049). The interaction effect between electrodes sites and groups was non-significant [F(4,232) = 21.496, p = 0.702, η2 = 0.007].



θ-ERS Results

The subjects were excluded from further ERS analysis due to an insufficient number of target segments (fewer than 20 of 40 good target segments) that failed to obtain adequate “signal to noise ratio.” This exclusion allowed 58 subjects for DMS ERS analysis and excluded four subjects. With regard to the 3-D spectrogram (Figure 4), the major sites with obvious activity in the theta band were included in the repeated measures ANOVA.


[image: image]

FIGURE 4. 3-D plot of theta power for coding and delay periods of each group.


Consistent with previous empirical studies like, Tóth et al. (2014) and Raghavachari et al. (2001), the theta band (4–7 Hz) activities were major in the frontal area. Then, a 2 (group: HA and LA) × 6 (sites: F3, Fz, F4, FC3, FCz, and FC4) repeated measures ANOVA was conducted to analyze the theta power between these two groups for coding and maintaining periods, respectively. The statistical results for coding period showed a significant main effect of electrode sites [F(5,280) = 31.693, p < 0.001, η2 = 0.361] and a significant interaction effect between electrodes sites and groups [F(5,280) = 2.649, p = 0.023, η2 = 0.045], while the main effect of group was non-significant [F(1,56) = 0.407, p = 0.526, η2 = 0.007]. A further simple effect analysis shows that the theta power of the LA group was marginally higher than that of the HA group at FCz site (p = 0.081). The statistical results of delay (maintaining) period indicated a significant main effect of electrode sites [F(5,280) = 21.251, p < 0.001, η2 = 0.275], while non-significant effects of group [F(1,56) = 0.522, p = 0.473, η2 = 0.009] and the interaction of group and electrode sites [F(5,280) = 1.785, p = 0.116, η2 = 0.045] were found. The theta power of these sites for each period of two groups are presented in Table 5.


TABLE 5. θ-ERS of each group in DSM task (Power, μV2/Hz).

[image: Table 5]Taking FCz site as an example (Figure 5), the theta power increased at the commencement of the trial and was elevated through the memory coding period and the delay period. The average spectrograms for the LA group demonstrated more energy in the theta frequency band across the coding period.
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FIGURE 5. Average spectrograms at FCz site of HA (left) and LA (right) groups.




Machine Learning Results

P3 amplitude (Cz), P2 latency (Fz) of 2-back task, and the θ-ERS (FCz) within the coding period of the DSM task were included in the machine learning analysis; the total number of subjects in this section was 56 (consider both 2-back and DSM tasks). The Gf (marked by RSPM) of our subjects was linearly inseparable by three EEG indicators (Figure 6). As illustrated in the section “Materials and Methods,” the classification performance of fourfold cross-validation of kernel SVM and LR classifiers for each EEG indicator and the combination of the indicators are presented in Table 6. The mean was the average of the testing results of fourfold cross-validation, as well as standard deviation values. Use of a single EEG parameter permitted correct classification of 76.8% (for P3 amplitude), 69.6% (for P2 latency and theta ERS) using the SVM model, as well as a combination of these three EEG markers of 73.2%, which was lower than the P3 amplitude. For the LR model, the correct classification of P3 amplitude is 69.6%, and the classifications of both P2 latency and theta ERS are 67.9%, a combination of them is 71.4%.


[image: image]

FIGURE 6. High ability (blue) and LA (red) individual location determined by three EEG indicators.



TABLE 6. Parameters of classification (mean ± standard deviation) of testing set.

[image: Table 6]The accuracy of SVM was higher than that of LR classifier for both the single or combined EEG indicators, which again verified the good generalization capabilities of SVM algorithms based on maximizing the margin that Lotte et al. (2007) had previously mentioned. But it should be noted that with respect to the AUC of ROC, the LR model showed better outcomes, especially in the regression of three comprehensive indicators, reflecting its advantages of “taking care of the overall samples” which leads to an AUC at 0.844, which is higher than that of SVM (0.792), and far higher than any single EEG indicator in the LR model (AUC all < 0.6, almost equal to 0.5, which signifies random chance prediction). Among the three single EEG indicators, P3 amplitude was by far the more suitable indicator in the discrimination of Gf because of its highest accuracy rating in both classifiers. It is worth mentioning that while the specificity was excellent in the SVM classifier (single or comprehensive indicators have reached 1 for all four subsets), the sensitivity of diagnosing individuals with LA in both classifiers was very small, even < 0.5, indicating the limitation of those EEG signals.

The training sets that corresponded to the testing sets with the highest accuracy in both SVM and LR models were used to draw ROC curves. Interestingly, the area under the ROC curve of SVM and LR showed different styles. In the ROC curve under the SVM model (Figure 7), all of the best cutoff points were set at the point where sensitivity was equal to 1, and the shape of single or combined signals was similar to each other (all showed high sensitivity and low specificity). But in the ROC curve of the LR model, the combination of the three EEG indicators led to a substantial improvement of sensitivity (reach at 1.00), specificity (reach at 0.75), and proportion of correctly classified cases (Figure 8). Meanwhile, when the best cutoff points of P3 amplitude and P2 latency were set at the point where they had an advantage in specificity (equal to 1), the best cutoff point of θ-ERS had an advantage in sensitivity; so, it is reasonable to infer that their combination will demonstrate substantial improvement in AUC (under the LR model).


[image: image]

FIGURE 7. Receiver operating characteristic curves for two-back-related frontal P3 amplitude (A), P2 latency (B), and DMS-related theta ERS (C), and their combination based on electrode sites selected from the ANOVA test (D) using the SVM model.



[image: image]

FIGURE 8. Receiver operating characteristic curves for two-back-related frontal P3 amplitude (A), P2 latency (B), and DSM-related theta ERS (C), and their combination based on electrode sites selected from the ANOVA test (D) using the LR model.




Multiple Linear Regression Results

Multiple linear regression analysis with “enter” method was performed on selected three electrodes for P3 amplitude, P2 latency, and theta ERS for predicting academic achievement (6 months later). The regression parameter was presented in Table 7, and the regression function was described as follows. The P3 amplitude at Cz site predicted statistically and significantly the academic achievement (total scores of Chinese and Mathematics) in this model. The explanation ratio of variance between regression and residuals was marginally significant (F = 2.655, p = 0.058).


TABLE 7. Regression parameter of EEG signals to academic achievement.

[image: Table 7]
Verification of Regression Assumptions

With regard to the regression analysis for prediction of academic scores, the mean value of the residual is about 3.82 × 10–17, which is very close to zero (Figure 9C), and it also presents a normal distribution for the standardized residual; thus, the first and second regression assumption (linearity and normality) is verified. Besides, the normal probability plot of the standardized residuals shows a straight line that verifies the second assumption again (Figure 9B). The VIF of each independent variable is lower than 10, which shows that there is no multicollinearity problem in the regression model. The scatter plot of the residual against the predicted variable (Figure 9A) shows no specific pattern that can be observed, hence verifying the third assumption (constant variance, or homoscedasticity) and the fourth assumption (independence). Thus, the regression model assumptions are considered verified.


[image: image]

FIGURE 9. (A) Scatter plot of regression standardized residual against the regression standardized predicted value of dependent variable (academic score). (B) Normal P–P plot of regression standardized residual, the plot of the residual fits the expected pattern well enough to support that the residual is normally distributed. (C) Normal distribution plot of regression standardized residual with zero mean value.




DISCUSSION

This study details a method for classifying Gf level in children using WM task-related EEG signals relying on machine learning. It also investigates the relationship between individual differences in WM task-related EEG signals and academic achievement. The present data suggest that P3, which reflects attentional processes involved in stimulus processing and inhibitory control, may be a biomarker for academic achievement during childhood, supporting in part what Hillman et al. (2012) had previously mentioned. To the best of our knowledge, this study is the first to apply pure EEG variables as independent variables to predict academic scores in a multiple linear regression model with verification, although the overall explanatory power is not strong (the explanation ratio of variance between regression and residuals was only 2.655); this research supplements the current literature: Although several studies demonstrated a significant connection between EEG signals measures and Gf, e.g., spectral power (Qazi et al., 2017) or P3 amplitude (Amin et al., 2015), in which the AUCs were >0.80, the present data in children could not support such connections.

The present results offer three implications: The first implication concerns experimental object. The discriminant analysis conducted in healthy people often does not demonstrate significant differentiation; not only in the results of the ROC but also in the analytical results of repeated measures ANOVA or T-test can we see that the differences between the HA and the LA groups of the three EEG indicators are only marginally significant. This may help to explain why some studies like the one by Covey et al. (2019), whose aim was to improve Gf in healthy groups, showed little change in the Raven’s scores, while the change in EEG signals yielded a significant training effect, as reported previously in a meta-analysis by Melby-Lervåg et al. (2016). The EEG signals did not appear to be so sensitive in the assessment of Gf, especially when Gf was evaluated using the pencil-and-paper test and Raven’s scores. Thus, we can infer from the present study that there may have been two possible reasons related to this phenomenon. One is that the EEG signals actually have little in common with the pencil-and-paper test; that is, the EEG signals change a lot, whereas the pencil-and-paper scores do not, or vice versa. If so, there will again be the challenge to determine what Gf is. Do the current tests based on the pencil-and-paper test really measure Gf? The other one is that in healthy samples, the difference between EEG signals and their Gf was too small to reach an acceptable sensitivity, at least based on the present method. So, if those methods were applied to the clinical samples with intellectual impairment in which the difference between positive and negative patients is large enough, the effect size would be greater.

Second, from the comparison of SVM and LR in the present study, we can summarize that while the accuracy of SVM was higher than the LR, the AUC of ROC in the LR model showed a larger AUC for the combined EEG signals, under the condition that the training and testing sets were the same between these two models. Additionally, it should be noted that although several studies have found that the indicator effect of the comprehensive indicator was better than the single indicator (Missonnier et al., 2007; Engemann et al., 2018), a counterexample appeared in this study, indicating that using one signal of P3 amplitude as input increases the classification accuracy to 76.8 from 73.2% with three complexes in the SVM model. There is speculation that the kernel SVM projects implicitly the feature of low dimensionality to high dimensionality and makes the feature disentangle in high dimensionality; so, adding features may cause redundancy rather than improve accuracy. In addition, every single indicator in the LR model showed only a small AUC just above chance (the AUC is close to 0.5), indicating that the LR method is sensitive to outliers; meanwhile, a complementary effect has been found between ERP and ERS in the LR model, verifying that the selection of indicators is comprehensive and that it contributed to the improvement of the AUC in the combined indicators.

Finally, starting from the relationship between WM and Gf, this study essentially analyzes the WM task-related EEG signal and other EEG signals like resting state EEG signal (Gordon et al., 2018), functional connection signals, and other task-related EEG indicators that warrant further investigation in future studies. If there are EEG markers that can robustly indicate human Gf – no matter in what forms – current test styles for assessing intelligence could change dramatically.

Altogether, these findings extend and challenge previous findings that reported EEG signals might be used as a supporting factor in standard psychometric tests to assess an individual’s IQ. We hope that the present work, as well as recent studies, will motivate researchers to further explore these important concerns.


Limitations

As we tried to control the experiment object and operation process, there are still some aspects that can be improved. First, we included children of different ages because we could not recruit a sample of children of the same age; when we grouped the children, we did consider this limitation. However, if we use a sample of children of the same age, or perhaps different age groups, the study would undoubtedly be stronger. Second, this study only focuses on three WM-related EEG candidate indicators. Although the WM is thought to be a complex system, perhaps there will be a more comprehensive EEG index system to reflect the WM in the future. Third, when we considered the predictive ability of EEG index, we only perceived it within the “WM-related” scope in the present study, but other EEG signals showed a significant correlation to academic performance, such as error-related negativity (Hirsh and Inzlicht, 2010). Therefore, future research might explore a more intense or broader scope.
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Individual differences in Pavlovian approach predict differences in devaluation sensitivity. Recent studies indicate goal-tracking (GT) rats are sensitive to outcome devaluation while sign-tracking (ST) rats are not. With extended training in Pavlovian lever autoshaping (PLA), GT rats display more lever-directed behavior, typical of ST rats, suggesting they may become insensitive to devaluation with more Pavlovian training experience. Here, we use a within-subject satiety-induced outcome devaluation procedure to test devaluation sensitivity after limited and extended PLA training in GT and ST rats. We trained rats in PLA to determine GT and ST groups. Then, we sated rats on either the training pellets (devalued condition) or homecage chow (valued condition) prior to brief non-reinforced test sessions after limited (sessions 5/6) and extended (sessions 17/18) PLA training. GT rats decreased conditioned responding under devalued relative to valued conditions after both limited and extended training, demonstrating they are sensitive to satiety devaluation regardless of the amount of PLA training. While ST rats were insensitive to satiety devaluation after limited training, their lever directed behavior became devaluation sensitive after extended training. To determine whether sign-tracking rats also displayed sensitivity to illness-induced outcome devaluation after extended training, we trained a separate cohort of rats in extended PLA and devalued the outcome with lithium chloride injections after pellet consumption in the homecage. ST rats failed to decrease conditioned responding after illness-induced outcome devaluation, while Non-ST rats (GT and intermediates) were sensitive to illness-induced outcome devaluation after extended training. Together, our results confirm devaluation sensitivity is stable in GT rats across training and devaluation approaches. Extended training unmasks devaluation sensitivity in ST rats after satiety, but not illness-induced devaluation, suggesting ST rats respond appropriately by decreasing responding to cues during state-dependent but not inference-based devaluation. The differences in behavioral flexibility across tracking groups and devaluation paradigms have translational relevance for the understanding state- vs. inference-based reward devaluation as it pertains to drug addiction vulnerability.
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INTRODUCTION

Pavlovian lever autoshaping (PLA) unveils distinct sign- and goal-tracking behaviors in rats. In this task, the insertion and retraction of a Pavlovian lever cue predicts food reward delivery. Rats are not required to interact with the lever; yet, sign-tracking (ST) rats preferentially approach and interact with the lever, while goal-tracking (GT) rats approach the food cup (Hearst and Jenkins, 1974; Boakes, 1977; Flagel et al., 2007). Studies suggest that ST and GT rats vary in the extent to which they attribute incentive motivational properties of cues (Flagel and Robinson, 2017). The lever cue is more attracting and reinforcing to ST than GT, and both natural and drug-associated cues invigorate instrumental responses to a greater degree in ST than GT, resulting in greater cue-induced relapse to drug-seeking (Tomie, 1996; Robinson and Flagel, 2009; Saunders and Robinson, 2010, 2013; Meyer et al., 2012; Yager and Robinson, 2013; Yager et al., 2015; Versaggi et al., 2016; Villaruel and Chaudhri, 2016). Sign-tracking in rats also predicts heightened drug relapse despite having to traverse an electrified barrier to seek and take drugs (Saunders and Robinson, 2013). We and others have shown that even prior to the drug experience, sign-trackers are inflexible, continuing to respond to cues when associated outcomes are devalued (Morrison et al., 2015; Nasser et al., 2015; Smedley and Smith, 2018). In contrast, goal-trackers flexibly adapt after outcome devaluation and are less susceptible to drug relapse when punishment is imposed (Saunders and Robinson, 2013; Nasser et al., 2015). Sign- and goal-tracking differences in adaptive behavior evident prior to and after drug experience highlight the utility of the sign- and goal-tracking model for understanding addiction vulnerability. Despite the trait-like qualities often attributed to ST and GT, we and others have observed a shift towards lever-directed behaviors in GT rats with extended PLA training (Villaruel and Chaudhri, 2016; Bacharach et al., 2018). The increased lever approach observed in GT rats leads to our prediction that behavior of GT rats will become devaluation insensitive as they shift towards sign-tracking behaviors.

Several studies reveal a dichotomy between GT and ST behaviors in devaluation sensitivity. Outcome devaluation by lithium chloride (LiCl)-induced conditioned taste aversion (CTA) decreases conditioned responding in GT and intermediate rats, while failing to reduce conditioned responding in ST rats (Nasser et al., 2015). The failure of ST to appropriately reduce responding to cues after devaluation is evident after both after light-food and lever-food Pavlovian conditioning (Morrison et al., 2015; Nasser et al., 2015). Satiety-induced devaluation similarly results in the flexibility of goal-tracking, but not sign-tracking behaviors in rats (Patitucci et al., 2016) and humans (De Tommaso et al., 2017). In contrast, sign-tracking behaviors are sensitive to satiety and illness-induced devaluation in other studies (Cleland and Davey, 1982; Derman et al., 2018). The differences in sign-tracking devaluation sensitivity between studies may be due to differences in the amount of training prior to devaluation procedures. Insensitivity to devaluation has been observed in ST rats after limited training [<10 training sessions; Morrison et al., 2015; Nasser et al., 2015)], and some studies using extended training prior to devaluation [>10 training sessions; (Patitucci et al., 2016; Smedley and Smith, 2018)]. Yet other studies using extended training prior to devaluation report devaluation sensitivity of lever directed behaviors generally, and in ST rats specifically (Cleland and Davey, 1982; Derman et al., 2018). Regarding goal-tracking behaviors, Pavlovian food cup directed behavior remains sensitive to devaluation, independent of the amount of training (Holland, 1998). Together, these studies suggest the observed tracking-related differences in devaluation sensitivity may be experience dependent. Here, we sought to determine how the amount of Pavlovian training influences devaluation sensitivity in sign- and goal-tracking rats.

We have previously shown GT, but not ST, rats are sensitive to LiCl-induced outcome devaluation (Nasser et al., 2015). However, this procedure results in permanent CTA, which would limit our ability to test whether extended training causes GT rats to become devaluation insensitive as they shift towards sign-tracking behaviors. Thus, in Experiment 1, we tested the same GT and ST rats on satiety-specific outcome devaluation after limited (five sessions of training) and after extended PLA (>15 sessions of training). First, we sought to determine whether sating rats on the outcome associated with the Pavlovian lever cue would also produce devaluation sensitivity in GT rats, but not ST rats, after limited training. Next, we continued to train the rats in PLA to the point that GT rats display more ST than GT behaviors. After GT rats shifted towards lever-directed behavior, we tested all rats again in satiety-specific outcome devaluation. We predicted that GT rats would be sensitive to devaluation after limited training but become devaluation insensitive after extended training when they shift towards sign-tracking behaviors. This outcome would suggest the behavioral flexibility observed in GT rats might not reflect a stable trait, instead providing evidence for experience-dependent variation in flexibility. If instead, GT and ST rats remain consistent in their devaluation sensitivity after both limited and extended training, this would suggest that behavioral flexibility differences reflect stable GT and ST trait differences.

To extend our previous study that used illness-induced outcome devaluation, and to compare the results of Experiment 1 with prior PLA devaluation studies (Cleland and Davey, 1982; Morrison et al., 2015; Nasser et al., 2015; Derman et al., 2018), in Experiment 2 we examined devaluation sensitivity using LiCl-induced outcome devaluation after extended training. Devaluation by satiation tests rats while they are in a sated state and probes approach immediately after ad libitum consumption of the training pellet, which requires little to no inference about the current value of the outcome. The illness-induced outcome devaluation procedure we use, instead, probes approach in a distinct context from and days after the last pairing of training pellets and illness. Thus, our illness-induced devaluation procedure requires that rats adjust responding to the lever cue based on inference about the current value of the outcome. The outcome of the two experiments allowed us to determine whether GT and ST groups differ in devaluation sensitivity based on how they respond in (1) a sated state during test and (2) an inference-based state during test, temporally and contextually distinct from taste aversion.



MATERIALS AND METHODS


Subjects

Male Long–Evans rats (Charles Rivers Laboratories, Wilmington, MA, USA; 250–275 g upon arrival; Experiment 1, n = 48 run as two separate cohorts; Experiment 2, n = 38 run as one cohort) were double housed and maintained on a 12 h light/dark cycle (lights on at 07:00). All behavioral training and testing were conducted during the light phase of the cycle. During acclimation, rats had ad libitum access to standard laboratory chow and water. After acclimation, rats were singly housed, food-restricted, and maintained at ~90% of their baseline body weight throughout the experiment. All behavioral experiments were performed in accordance to the “Guide for the Care and Use of Laboratory Animals” (8th edition, 2011, US National Research Council) and were approved by the University of Maryland, School of Medicine Institutional Animal Care and Use Committee (IACUC).



Apparatus

Behavioral experiments were conducted in identical behavioral chambers (25 × 27 × 30 cm; Med Associates) located in a room different than the colony room. Each chamber was in an individual sound-attenuating cubicle with a ventilation fan. During PLA and devaluation probe tests, each chamber had one red house light (6 W) located at the top of the wall that was illuminated for the duration of each session. The opposite wall of the chamber had a recessed food cup (with photo beam detectors) located 2 cm above the grid floor. The food cup had an attached programmed pellet dispenser to deliver 45 mg food pellets (catalog# 1811155; Test Diet Purified Rodent Tablet (5TUL); protein 20.6%, fat 12.7%, carbohydrate 66.7%). One retractable lever was positioned on either side of the food cup, counterbalanced between subjects, 6 cm above the floor. Sessions began with the illumination of the red house light and lasted ~26 min.



Experiment 1: Satiety-Induced Outcome Devaluation


Limited and Extended Pavlovian Lever Autoshaping

A summary of our experimental design can be found in Figure 1A. Prior to behavioral training, we exposed rats to a single 26 min magazine training session to reduce the novelty of the context and unconditioned stimuli. This session consisted of 25 trials in which two 45 mg pellets [Testdiet pellets (5TUL)] were delivered (0.5 s apart) on a VI 60 s schedule (50–70 s). The following day, we trained rats on daily, 26 min PLA sessions. Each session consisted of 25 presentations of a lever conditioned stimulus (CS+) occurring on a VI 60 s schedule (50–70 s). For each trial, the retractable lever was inserted for 10 s, then retracted, which was immediately followed with the delivery of two food pellets into the food cup, independent of contact with the lever or food cup. Following each training session, chow was provided to maintain rats at 90% of ad libitum body weight, and rats were transported back to the colony room.
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FIGURE 1. Experiment 1: lever- and food cup-directed behaviors during Pavlovian lever autoshaping (PLA). (A) Experimental timeline. We trained rats for five daily reinforced PLA sessions (1–5) to determine their tracking groups. We then tested rats using a within-subject satiety-induced outcome devaluation procedure after limited training. On test days we gave rats 1 h ad libitum access to standard chow (valued) or training pellets (devalued), counterbalanced, prior to 10 min probe tests that consisted of 10 CS presentations under extinction conditions. Between tests, we gave one reinforced PLA session. We gave rats 11 more reinforced PLA (7–17) sessions and repeated identical satiety-induced devaluation testing after extended training. (B–F) Data are mean ± standard error of the mean (SEM) for Pavlovian Conditioned Approach (PCA) scores (B), percentage of time contacting the lever for limited (C) and extended PLA (D), and percentage of time contacting the food cup for limited (E) and extended PLA (F).





Satiety-Induced Outcome Devaluation Procedures

As indicated in Figure 1A, after the 5th and 17th sessions of PLA, we gave rats two rounds of satiety-induced outcome devaluation tests. We sated half the rats by providing ad libitum access to the Testdiet training pellets (devalued condition), and the other half received standard chow (valued condition) in pre-habituated ceramic ramekins for 1 h in their homecage. Immediately, following consumption, we transported rats to the behavioral chambers for a 10 min lever autoshaping probe test under extinction conditions. Each probe test consisted of 10 presentations of the 10 s lever conditioned stimulus (VI 60 s, 50–70 s). After a day of rest, we retrained rats in a single reinforced PLA session. The next day we sated rats on the opposite condition (pellet or chow) prior to lever autoshaping probe test under extinction conditions. After extended PLA autoshaping (Figure 1A), we used identical procedures in the second round of satiety induced devaluation (pellet and chow). Notably, satiety conditions were reversed such that rats pre-fed on chow followed by pellets during limited testing received pellets followed by chow during extended testing and vice versa. This within-subject testing allowed us to measure responding in lever autoshaping during a sated state, either to the pellet outcome specifically associated with the lever (devalued) or generally sated on standard chow (valued) across conditioning.



Consumption Test of Specific Satiety

To confirm satiety was specific to the outcome on which rats were pre-fed, we gave one cohort a food choice test after all outcome devaluation testing was completed (cohort 1, n = 36; GT: n = 9; INT: n = 11; ST: n = 16). We provided rats with ad libitum access to either the training pellets or chow, counterbalanced for order, in ceramic ramekins for 1 h. Food was removed and replaced with two ceramic ramekins, one with 10 g of pellets and one with 10 g of chow for 30 min, after which we measured consumption of both outcomes. Two days later, we tested rats again after satiety with the opposite outcome.


Experiment 2: Illness-Induced Outcome Devaluation


Extended Pavlovian Lever Autoshaping

We trained a separate cohort of rats through extended (17 sessions) training in PLA (Figure 4) prior to illness-induced devaluation. Magazine training and extended autoshaping were identical to Experiment 1, except rats were tested only after extended PLA training and not after limited training.
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FIGURE 2. Experiment 1: performance during satiety-induced outcome devaluation probe test. Data show mean and individual data points for performance on devaluation probe test by goal-trackers (left column) and sign-trackers (right column), classified based on PCA scores after limited training. (A–C) Goal-trackers’ approach under valued (white bars) and devalued (gray bars) conditions during limited and extended satiety-induced outcome devaluation tests for (A) total behavior (sum of lever and food cup contacts), (B) food cup contacts, and (C) lever contacts. (D–F) Sign-trackers’ approach under valued (white bars) and devalued (gray bars) conditions during limited and extended satiety-induced outcome devaluation tests for (A) total behavior (sum of lever and food cup contacts), (B) food cup contacts, and (C) lever contacts. #p = 0.051, *p < 0.05, **p < 0.025, ***p < 0.01.
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FIGURE 3. Experiment 1: performance during extended satiety-induced outcome devaluation probe test after reclassification of tracking groups based on PCA scores after extended training. Data show mean and individual data points. (A) Approach for reclassified GT, INT and ST under valued (white bars) and devalued (gray bars) conditions during extended satiety-induced outcome devaluation tests for (A) total behavior (sum of lever and food cup contacts), (B) food cup contacts, and (C) lever contacts. (D) Preferred responding index during valued relative to devalued conditions for goal-trackers (food cup contact) and sign-trackers (lever contact). Valued preferred responding index = valued preferred responding/(valued + devalued preferred responding). Devalued preferred responding index = devalued preferred responding/(valued + devalued preferred responding). A Preferred responding index value of 0.5 reflects similar responses during valued and devalued conditions. #p = 0.056, **p < 0.025, ***p < 0.01.
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FIGURE 4. Experiment 2: performance during illness-induced outcome devaluation probe test after extended PLA. (A) Experimental timeline. We trained rats on 17 sessions of PLA. We split rats into valued (unpaired) and devalued (paired) groups gave 4 days of conditioned taste aversion (CTA) training in the rats’ homecages. After the last day of CTA, we conducted a 10 min probe test that consisted of 10 CS presentations under extinction conditions. Approximately 3 h after the probe test we gave rats 10 min access to 50 training pellets in the magazine of the conditioning chamber. The next day we gave rats 10 min access to 100 training pellets in their homecage to confirm CTA. (B–D) Effect of illness-induced devaluation on (B) total behavior (sum of lever and food cup contacts), (C) food cup contacts, and (D) lever contacts for Non-sign-tracking (Non-ST- made up of GT and INT rats) valued and devalued groups, left; and sign-tracking (ST) valued and devalued groups, right. Data are mean ± SEM and show individual data points. *p < 0.05.





Conditioned Taste Aversion Training

After extended PLA, we devalued the training pellets using a CTA procedure that took place in rats’ homecages over 4 days. Matching groups based on rats’ lever and food cup directed behavior during training, we divided rats into devalued (n = 19 pellet/LiCl paired) and valued (n = 19 pellet/LiCl unpaired) groups. Prior to the CTA procedure, we habituated all rats to the ceramic ramekins used to present the food pellets during CTA. On days 1 and 3 of CTA, we gave devalued rats 10 min access to 100 pellets in ceramic ramekins in their homecage followed immediately by lithium chloride (LiCl) injection (0.3 M, 5 ml/kg, i.p.), while we gave valued rats only the LiCl injection. On days 2 and 4, we gave valued rats 10 min access to 100 pellets in ceramic ramekins in their homecage, while devalued rats received no treatment. Across 4 days of CTA, we exposed all rats to training pellets and LiCl-induced gastric malaise; however, only the devalued group experienced pairings of training pellets with illness, while the valued group received explicit temporal separation of the training pellets and illness. We gave all rats standard homecage chow based on 90% body weight with compensation for CTA pellet consumption ~6 h after pellet and/or injections each day to prevent association of LiCl-induced illness with homecage chow.



Outcome Devaluation Probe Test

After the last day of CTA procedure, we conducted an outcome devaluation test under extinction conditions (Figure 4A). This 10 min lever autoshaping probe test consisted of 10 presentations of the 10 s lever conditioned stimulus (VI 60 s, 50–70 s) with no pellet delivery, identical to the probe test in Experiment 1. Approximately 3 h after the probe test, we gave rats a pellet consumption test in the conditioning chambers to assess generalization of the CTA from the homecage to conditioning chamber. We gave rats 10 min access to 50 training pellets that were placed in the magazine of the chambers, and we recorded the number of pellets consumed. The following day we confirmed CTA to the pellets in the homecages. We gave all rats 10 min access to 100 pellets in the ramekins in their homecage and recorded the number of pellets consumed.


Behavioral Measurements

During the PLA and devaluation probe tests, we collected and recorded four behavioral measurements during the 10 s CS (lever) period. For both food cup contacts and lever contacts, the total number of contacts and total duration of response (% time) were automatically recorded for all sessions. The latencies to first contact the lever and food cup during the CS for each trial were also automatically recorded. On trials in which contact did not occur, a latency of 10 s was recorded. For each session the lever or food cup probabilities were calculated by determining the number of trials that the lever or food cup response was made, divided by the total number of trials in the session.

We used a Pavlovian Conditioned Approach (PCA) analysis (Meyer et al., 2012) to determine sign-, goal- and intermediate tracking groups. The PCA score quantifies the variation between lever-directed (sign tracking) and food cup-directed (goal tracking) behaviors. Each rat’s PCA score is the average of three difference score measures (each ranging from −1.0 to +1.0) including: (1) preference score; (2) latency score; and (3) probability score. The preference score is the duration of lever contacts during the CS minus the duration of food cup contacts during the CS, divided by the sum of these two measures. The latency score is the average latency to make a food cup contact during the CS minus the latency to lever contact during the CS, divided by the duration of the CS (10 s). The probability score is the probability of a lever contact minus the probability of a food cup contact observed across trials in the session. We determined tracking groups by averaging PCA scores during training sessions 4 and 5. Sign-tracking PCA scores range from +0.33 to +1.0, goal-tracking PCA scores range from −0.33 to −1.0, and intermediate group PCA scores range from −0.32 to +0.32.

For the devaluation tests, we examined total behavior, which is the sum of food cup and lever contacts during the 10 s CS period, and we also present these measures separately. We also examined preferred responding—food cup contact for goal-trackers and lever contact for sign-trackers. To account for differences in number of lever and food cup contacts, we examined rats’ preferred responding during valued relative to devalued conditions using the following equations: valued preferred responding index = valued preferred responding/(valued + devalued preferred responding) and devalued preferred responding index = devalued preferred responding/(valued + devalued preferred responding). A preferred responding index of 0.5 reflects similar responses during valued and devalued conditions.

We recorded the amount (in grams) of pellets and chow consumed during the hour of satiety prior to all outcome devaluation probe tests and during all the choice consumption tests. For illness-induced devaluation procedures, we recorded the total number of pellets consumed during the CTA procedures and test sessions.



Statistical Analysis

Data were analyzed using SPSS statistical software (IBM v.25) with mixed-design repeated-measures ANOVAs. Significant main effects and interactions (p < 0.05) were followed by post hoc paired samples or independent t-tests when applicable. The between- and within-subject factors and dependent measures within each statistical analysis are described in the corresponding results section.








RESULTS


Experiment 1: Satiety-Induced Devaluation


Pavlovian Lever Autoshaping

We first examined how lever- and food cup- directed behaviors change across training in sign-, goal-, and intermediate tracking rats. The experimental timeline is shown in Figure 1A. In Table 1 we summarize mixed ANOVA (Tracking × Session) main effects and interactions from lever autoshaping training session analyses for each composite measure that makes up the PCA score. In summary, the PCA scores for reinforced lever autoshaping sessions 1–18 are shown for three tracking groups in Figure 1B. Notably, we observed a significant main effect of Session (F(17,765) = 36.75, p < 0.001) and a Tracking by Session interaction for PCA scores (Figure 1B; F(34,765) = 4.84, p < 0.001), indicating that the behavior of sign-, goal-, and intermediate tracking rats is differentially affected by experience in lever autoshaping. When looking specifically in sign-tracking (ST) rats, lever directed behavior emerged during training sessions 1–6 (Figure 1C, Supplementary Table S1), indicated by a main effect of Session (ST lever; F(5,90) = 14.18, p < 0.001), and like all other behaviors measured, remained remarkably stable across extended training sessions 7–18 (Figure 1D, Supplementary Table S2, F’s < 1.5, p’s > 0.1). Goal-trackers’ (GT) food cup behavior increased across training sessions 1–6 (Figure 1E, Supplementary Table S1), indicated by a main effect of Session (GT food cup; F(5,70) = 12.06, p < 0.001). As extended training sessions 7–18 progressed, GT rats spent more time engaged with the lever (GT lever, Session main effect; F(11,154) = 4.55, p < 0.001; Figure 1D), and less time at the food cup (GT food cup, Session main effect; F(11,154) = 13.20, p < 0.001; Figure 1F). This shift is confirmed by analysis in GT rats, including Response (lever, food cup) and Session (7–18) as factors, for which the critical interaction (F(11,154) = 11.93, p < 0.001) indicates that GT rats’ shift towards lever-directed responding and away from food cup responding during extended training (Supplementary Table S2). This shift during extended lever autoshaping is also evident in analysis of GT’s positive shift in PCA scores during sessions 7–18 (Session: F(11,154) = 10.24, p < 0.001; Figure 1B), and each of the PCA composite measures summarized in Supplementary Table S2, including slower latency to first food cup contact (Supplementary Figure S1A), faster latency to first lever contact (Supplementary Figure S1B), reduced food cup contact probability (Supplementary Figure S1C), and increased lever contact probability (Supplementary Figure S1D). GT’s shift towards sign-tracking is consistent with our previous report (Bacharach et al., 2018). The analyses of approach behavior in intermediate (INT) rats are reported in Supplementary Materials.

TABLE 1. Repeated measures ANOVAs for Pavlovian lever autoshaping across all tracking groups.
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Devaluation Tests

Next, we investigated the effects of limited and extended lever autoshaping training on satiety-induced outcome devaluation in GT and ST rats. After replicating our prior observation that GT rats shift towards sign-tracking responses with extended training, we set out to test our a priori hypothesis that extended training would make GT rats devaluation insensitive. The primary predictions for GT rats are (1) with limited training, GT rats are devaluation sensitive, replicating effects we and others have previously reported (Morrison et al., 2015; Nasser et al., 2015; Patitucci et al., 2016) and (2) with extended training, GT become devaluation insensitive. Based on prior reports of devaluation insensitivity in ST rats, we hypothesized that after both limited and extended training ST rats would be insensitive to devaluation. To directly test these two a priori hypotheses, we separately examined satiety-induced outcome devaluation effects in GT and ST rats.


GT Show Devaluation Sensitivity After Limited and Extended Training in Lever Autoshaping

Devaluation performance for GT rats after limited and extended training is shown in Figures 2A–C. Due to GT rats’ shift in approach from food cup to lever across conditioning, we first examined effects of satiety devaluation on total approach behavior (sum of lever and food cup contacts) using repeated-measures ANOVA with factors of Phase (limited, extended) and Devaluation Condition (valued, devalued). This revealed a main effect of Devaluation (F(1,14) = 27.96, p < 0.001), expressed as a difference in total approach behavior between the valued and devalued condition during limited (p = 0.019) and extended (p = 0.006) tests (Figure 2A). Based on our consistent observation that GT shift from primarily food-cup behaviors to increasingly more lever directed behavior during extended training (Figure 1, Supplementary Figure S1; Bacharach et al., 2018), we sought to examine the devaluation sensitivity of each approach response across conditioning. We incorporated Response (lever, food cup) factor into the analysis above maintaining devaluation effect reported above and revealing a marginally significant Phase by Response interaction (F(1,14) = 3.80, p = 0.072). These results suggest that GT rats maintain devaluation sensitivity throughout training. We aimed to confirm that the effects of devaluation were evident in both food cup and the lever approach. Analysis of food cup contacts alone in GT rats revealed main effect of Devaluation (F(1,14) = 20.39, p < 0.001), and post hoc’s confirmed devaluation sensitivity of food cup contacts during the limited (t(14) = 3.713, p = 0.002) and extended tests (t(14) = 2.305, p = 0.037; Figure 2B). Analysis of lever contacts alone in GT rats revealed a marginal main effect of Phase (F(1,14) = 4.28, p = 0.058) but no interaction (F < 2.1, p > 0.1), with post hoc’s confirming marginal devaluation sensitivity of lever approach only after extended training (t(14) = 2.134, p = 0.051; Figure 2C). These results suggest that despite a shift in response from food cup to lever directed behavior across conditioning, GT rats use the current value of the outcome to flexibly guide both forms of approach.



ST Show Devaluation Sensitivity Only After Extended Training in Lever Autoshaping

Devaluation performance for ST rats after limited and extended training is shown in Figures 2D–F. We examined the effects of satiety devaluation on total approach behavior using repeated-measures ANOVA with factors of Phase (limited, extended) and Devaluation (valued, devalued). This revealed marginal main effects of Devaluation (F(1,18) = 3.92, p = 0.063) and Phase (F(1,18) = 4.15, p = 0.057). Post hoc analysis revealed a marginal devaluation sensitivity in ST only after extended training (p = 0.051). We incorporated Response (lever, food cup) factor into the analysis above and found a Response by Devaluation interaction (F(1,18) = 4.61, p = 0.046) and a Phase by Response by Devaluation interaction (F(1,18) = 5.15, p = 0.036), suggesting devaluation sensitivity in ST is carried by a specific response and varies based on the extent of training. Post hoc analyses revealed that after extended training ST rats respond more at the lever during valued relative to devalued tests (t(18) = 2.277, p = 0.035; Figure 2F), suggesting that lever responding becomes more sensitive to devaluation with extended training. While there is very little food cup responding in ST rats, we observed a devaluation effect in the opposite direction for food cup contacts during the extended test (devalued > valued, p = 0.026; Figure 2E), which may account for the marginally significant devaluation sensitivity of ST when examining total approach behavior. Overall, these results suggest ST rats that are insensitive to devaluation after limited training become more sensitive to devaluation after extended Pavlovian training. This emerging devaluation sensitivity in ST rats is specific to lever responding.



Intermediates

The analyses up to this point were based on our a priori hypotheses about GT and ST rats. We also analyzed devaluation test data for intermediate rats that approach the food cup and lever at comparable levels (Supplementary Figure S2). We present parallel analyses on intermediate rats’ devaluation test data in the Supplementary Materials. Intermediate data is also included in the next analysis that compares devaluation sensitivity considering tracking group reclassification after extended training.



Devaluation Sensitivity After Extended Training Accounting for Tracking Group Shifts

In the interest of comparing our results with that of prior studies, we analyzed the extended devaluation test data after reclassification of tracking group due to the shift in PCA scores that occurred during extended training (Figure 3). We calculated PCA scores for session 17, which was the last session of training prior to extended devaluation testing and resulted in 8 GT, 10 INT, and 30 ST. We analyzed the approach behavior during extended devaluation tests using a repeated-measures ANOVA including between-subject factor of Tracking group (GT, INT, ST) and within-subject factors of Devaluation (valued, devalued) and Response (lever, food cup). We observed a main effect of Devaluation (F(1,45) = 15.58, p < 0.001), and a Devaluation by Response by Tracking group interaction (F(2,45) = 3.41, p < 0.05). Post hoc analysis revealed reclassified GT rats were devaluation sensitive on food cup contacts (t(7) = 3.80, p < 0.01; Figure 3B) and reclassified ST were devaluation sensitive on lever contacts (t(29) = 2.77, p < 0.01; Figure 3C). When we analyzed the data with only reclassified GT and ST groups (excluding reclassified INT), we observed the same statistical outcomes as reported above (same significant main effects and interactions). To eliminate the difference in response levels between GT and ST groups, we examined each rat’s preferred response (GT food cup, ST lever) data for the late outcome devaluation test session (see figure legend and methods for preferred response index calculation; a value of 0.5 means rats responded equally during the valued and devalued tests). After extended training, we observed a main effect of Devaluation (F(1,36) = 17.29, p < 0.001; Figure 3D), but no Devaluation by Tracking group interaction (F < 2.5, p > 0.1), confirming devaluation sensitivity of GT and ST after extended training. Altogether, Experiment 1 results suggest regardless of when tracking group classification occurs, GT rats are devaluation sensitive, and after extended training ST rats become sensitive to satiety-induced outcome devaluation.



Satiety and Devaluation Choice Test

Prior to the devaluation tests sessions, we found no difference in the amount of food consumed between tracking groups during the satiation hour (F < 0.1, p > 0.8). To confirm the devaluation of the sated food, we gave one cohort of rats a post-satiety choice test. Rats consistently chose to consume the food they were not sated on, as indicated by the main effect of Choice (F(1,23) = 356.62, p < 0.001). There were no Tracking main effects (F < 1.0, p > 0.4) or Tracking by Choice interactions (F < 1.0, p > 0.6), indicating ST and GT rats had a similar preference for the non-sated food during choice test. Because the satiety procedures for devaluation and choice tests were identical, we infer that satiety conditions going into devaluation probe tests were equivalent for both tracking groups.


Experiment 2: Illness-Induced Outcome Devaluation


Pavlovian Lever Autoshaping

The experimental timeline is shown in Figure 4A. We gave rats 17 sessions of PLA followed by CTA training to the pellets and devaluation probe and consumption tests. The PCA scores for reinforced lever autoshaping sessions 1–17 are shown in Supplementary Figure S3A. Tracking group is based on PCA score classification during extended PLA session 17 to make our results more comparable to previous studies that examined illness-induced outcome devaluation after extended training. Similar to Experiment 1, we observed a significant main effect of Session (F(16,576) = 41.77, p < 0.001) and a Tracking by Session interaction for PCA scores (Supplementary Figure S3A; F(16,576) = 6.97, p < 0.001). We analyzed lever- and food cup-directed behaviors throughout PLA using repeated-measures ANOVA with a between-subject factor of Tracking group [Non-ST (GT and INT), ST] and within-subject factors of Response (lever, food cup) and Session (1–17; Supplementary Figures S3B,C). As expected, we observed a Response by Tracking group interaction (F(1,36) = 32.23, p < 0.001), a Response by Session interaction (F(16,576) = 15.01, p < 0.001), and a Response by Session by Tracking group interaction (F(16,576) = 4.63, p < 0.001), indicating that behavior of Non-ST (GT and INT) and ST rats is differentially affected by experience in lever autoshaping, similar to Experiment 1.



Devaluation Testing

In Experiment 2, we gave rats the same amount of extended PLA as in Experiment 1, before homecage LiCl-induced CTA procedures [devalued (paired), valued (unpaired)]. We examined approach in a single outcome devaluation test under extinction conditions. Outcome devaluation performance is shown in Figure 4. We analyzed devaluation total approach behavior using repeated measures ANOVA including between-subject factors of Tracking group [Non-ST (GT and INT), ST] and Devaluation (valued, devalued). We performed post hoc analysis based on a Devaluation by Tracking group interaction (F(1,34) = 6.22, p < 0.05), which revealed Non-ST (GT and INT) rats were sensitive to devaluation (t(16) = 2.23, p < 0.05; Figure 4A). In contrast, ST rats did not show sensitivity to devaluation on total behavior (p’s > 0.1; Figure 4A). We present Non-ST and ST food cup and lever data in Figures 4C,D, respectively. Incorporating Response as a factor in the analysis revealed the expected main effect of Response (F(1,34) = 144.17, p < 0.001), and Response by Tracking group interaction (F(1,34) = 10.05, p < 0.01), which are mainly driven by the group assignments and a greater level of lever compared to food cup contacts. We did not observe a Devaluation by Response by Tracking group interaction (F < 3.1, p > 0.05), suggesting a specific response did not carry the devaluation difference between Non-ST and ST groups. Altogether, results suggest Non-ST rats’ total approach behavior is sensitive to inference-based devaluation after extended training, consistent with our prior study (Nasser et al., 2015). In contrast, ST rats’ total approach is devaluation insensitive, consistent with our prior results using inference-based homecage LiCl-induced devaluation (Nasser et al., 2015).



Conditioned Taste Aversion Training and Consumption Tests

To confirm CTA, we analyzed the CTA data using a mixed model repeated measures ANOVA with between-subject factors of Devaluation group (valued, devalued) and Tracking group [Non-ST (GT and INT), ST] and within-subject factor of Trial (1, 2). We found main effects of Devaluation group (F(1,34) = 38.07, p < 0.001) and Trial (F(1,34) = 36.24, p < 0.001) and a Trial by Devaluation group interaction (F(1,34) = 57.14, p < 0.001). Critically, there were no main effects of nor interactions with the Tracking group (F’s < 3.8, p’s > 0.05; Supplementary Figure S4A), suggesting the devalued groups that received pellet-LiCl pairings, developed a CTA to the pellets with no difference between tracking groups.

On the same day of the devaluation probe test, we performed a pellet consumption test in the experimental chamber to confirm aversion to the pellets in the training context. Using an ANOVA with between-subjects factors of Devaluation group (valued, devalued) and Tracking group [Non-ST (GT and INT), ST], we observed the expected main effect of Devaluation (F(1,34) = 92.43, p < 0.001), but no main effect of Tracking group or interaction (F’s < 3.6, p’s > 0.05; Supplementary Figure S4B). The following day we performed a post-probe homecage consumption test and analyzed consumption data using an ANOVA with between-subject factors of Devaluation (valued, devalued) and Tracking group [Non-ST (GT and INT), ST]. We also observed a main effect of Devaluation (F(1,34) = 714.86, p < 0.001), but no main effect of Tracking group or interaction (F’s < 3.5, p’s > 0.1; Supplementary Figure S4A). The consumption data indicate successful and strong CTA to the training pellets in the devalued groups that readily transfer to the experimental chambers and, importantly, no differences between tracking groups. Additionally, these results confirm behavioral differences observed during the devaluation probe test reflect differences in inference-based devaluation and not a result of differences in CTA training.








DISCUSSION

Using a within-subject satiety-induced outcome devaluation procedure, we replicated our previous findings that after limited Pavlovian training, GT rats are sensitive to outcome devaluation while ST rats are not (Nasser et al., 2015). This tracking-specific devaluation sensitivity has replicated across several studies, Pavlovian paradigms, and devaluation procedures (Nasser et al., 2015; Patitucci et al., 2016; Smedley and Smith, 2018). As GT rats increased lever-directed and decreased food cup-directed behaviors across extended training, we expected their behavior to become inflexible during outcome devaluation, similar to ST rats. However, GT rats remained devaluation sensitive for both lever- and food cup-directed behaviors after extended training. ST rats’ lever-directed behavior became sensitive to satiety-induced outcome devaluation after extended training in PLA. The results of Experiment 1 suggest GT rats remain behaviorally flexible, regardless of the amount of training, while ST rats become flexible with extended training. However, in Experiment 2, while a Non-ST group, made up of GT and intermediates rats, flexibly reduced approach after illness-induced outcome devaluation, ST rats inflexibly responded to lever cues after extended training. The differences in devaluation sensitivity of ST and Non-ST rats in Experiment 2 are consistent with our prior study using illness-induced outcome devaluation after limited training (Nasser et al., 2015).

The tracking-, training-, and devaluation procedure-dependent differences reported here may help to explain the inconsistencies in devaluation sensitivity of sign- and goal-tracking behaviors reported in prior studies. The strong influence of training duration is confirmed by the present within-subject measurement of satiety-induced devaluation sensitivity in ST rats. In Experiment 1, we found the same ST individuals that are insensitive early in training become sensitive to satiety devaluation with extended training. Conversely, we consistently find that ST rats are insensitive to illness-induced devaluation after limited Pavlovian conditioning (Nasser et al., 2015), and extended PLA training (Experiment 2), consistent with studies from other labs (Morrison et al., 2015). Yet, other studies using illness-induced outcome devaluation find the lever approach to be devaluation sensitive, suggesting other procedural differences may account for contrasting findings (Cleland and Davey, 1982; Derman et al., 2018).

The devaluation sensitivity of GT rats and associated food cup behaviors is consistent with other studies using limited training procedures (<10 sessions). These prior studies used LiCl-induced CTA to devalue outcomes associated with classic Pavlovian cues, including lights, tones, and levers (Holland, 1998; Morrison et al., 2015; Nasser et al., 2015). Consistently, we find GT behavior (food cup approach) is devaluation sensitive across devaluation procedures (satiety and LiCl) and amounts of conditioning. This is entirely consistent with the finding that classic Pavlovian auditory conditioning, which preferentially promotes food-cup behavior, is sensitive to devaluation independent of the number of CS-US pairings (Holland, 1977, 1998). The present study extends these findings, showing that GT rats, defined by their food cup approach, remain sensitive to devaluation with more CS-US pairings, despite a shift away from predominantly food cup-directed and towards lever-directed behaviors. This shift in goal-tracking towards sign-tracking has been reliably observed across labs using different reinforcers (Villaruel and Chaudhri, 2016; Bacharach et al., 2018; Derman et al., 2018). The present study adds an important psychological caveat to the goal-to-sign-tracking behavioral shift, which may appear maladaptive at face value, but remains adaptively sensitive to manipulations of outcome value.

The devaluation insensitivity of ST behavior that we observe after limited training is consistent with several studies that vary in the amount of training prior to outcome devaluation. Insensitivity to devaluation has been observed in ST rats after limited training (<10 training sessions; (Morrison et al., 2015; Nasser et al., 2015) and for lever-directed behaviors after more extended training (>10 training sessions; (Patitucci et al., 2016; Smedley and Smith, 2018).

The emergence of satiety-induced devaluation sensitivity of sign-tracking rats that we observe with extended training is consistent with other studies that also extensively conditioned rats prior to outcome devaluation (>10 training sessions). Notably, two such studies report devaluation sensitivity of lever directed behaviors generally, and specifically in ST rats (Cleland and Davey, 1982; Derman et al., 2018). Extensive training (>25 sessions) of CS-US pairings result in robust devaluation sensitivity of both lever- and food cup-directed behaviors after both illness- and satiety-induced outcome devaluation procedures (Cleland and Davey, 1982). Comparatively less extensive PLA training on two distinct levers (12 sessions of training on each lever contingency for a total of 24 training sessions) also results in robust devaluation sensitivity of lever-directed behaviors (during the cue) and magazine entries (post-cue; Derman et al., 2018). In contrast, after extended training we observe ST rats’ lever directed approach becomes devaluation sensitive but is accompanied by a small increase in their non-preferred food cup approach under devalued conditions. We expect the decreased preferred lever approach we observe in ST rats is primarily driven by the current value of the associated outcome. As a result of less lever interaction time, we postulate that the non-preferred food cup approach emerges, which may reflect response competition specifically under devalued conditions. Certainly, this emergence of food cup approach is not sensitive to the current value of the outcome. While we do not observe the emergence of a non-preferred lever approach in GT rats under devalued relative to valued conditions, others have (Morrison et al., 2015). This suggests the emergence of non-preferred responding under devalued conditions is not specific to GT or ST rats and is clearly not sensitive to the current value of the outcome. Notably, the amount of non-preferred responding we observe here after extended training in ST rats represents a very small fraction of overall approach behavior, which is largely driven by the preferred, devaluation sensitive, lever approach. Finally, in Experiment 2, after extended training we observed devaluation sensitivity in GT and intermediate rats (Non-ST), but not in ST rats after illness-induced outcome devaluation. The devaluation sensitive behavior of Non-ST rats was expressed as a decrease in total approach, and neither group showed an emergence of non-preferred responding in the devaluation condition. This difference in the emergence of non-preferred responding for satiety, but not LiCl devaluation suggests potentially divergent psychological processes that warrant further investigation. Altogether, the conflicting observations that sign-tracking and lever-directed behaviors are devaluation sensitive in some studies and insensitive in other studies suggests experience and other procedural differences may be key factors in experimental outcomes (Cleland and Davey, 1982; Patitucci et al., 2016; Derman et al., 2018; Smedley and Smith, 2018).

Notably, such studies have varied considerably in the devaluation approach (satiety, illness), context in which US was devalued (training, homecage, or novel context) and amount of CTA (limited, extensive US-LiCl pairings). Most notably, devaluation sensitivity of lever-directed behaviors is evident when CTA of the US is directly associated with the context in which the rats are trained and tested (Cleland and Davey, 1982; Derman et al., 2018). For CTA in these studies, rats consumed the US in the training context and then received injections of lithium chloride to induce gastric malaise. While the aim of CTA is for the gastric malaise to be associated solely with the US, the aversion induced by the gastric malaise could be generalized to the context itself, resulting in relevant contextual devaluation that influences later testing (Meachum, 1990; Boakes et al., 1997; Rodriguez et al., 2000; Limebeer et al., 2006). If rats are either in the sated state at test (Cleland and Davey, 1982; and Experiment 1 of the present study, but also see Patitucci et al., 2016) or are directly exposed to the training context with CTA (Cleland and Davey, 1982; Derman et al., 2018), then state-dependent or contextual associations may facilitate adaptive suppression of conditioned responding to cues at test (Bouton et al., 2019). There is arguably little inference required at the time of test when using satiety devaluation or CTA in training context procedures, in which devaluation occurs in a temporally contiguous way with exposure to the testing environment. In these cases, rats can use direct experience with the aversion to adaptively reduce responding to cues. Conversely, if CTA occurs independent of the training context, such as in the homecage or novel context, inference mediated by a representation of devalued outcome is required to adaptively reduce responding to associated cues [(Morrison et al., 2015; Nasser et al., 2015), Experiment 2 of the present study]. Additionally, both the context and amount of CTA (five rounds of US-LiCl pairings in training context in the Derman study) were greater in prior studies than in our Experiment 2 (two rounds of US-LiCl pairings in rats’ homecages). Altogether, we expect these contextual and CTA procedural differences contributed to the dissimilar findings between studies.

Here, in Experiment 1, we employed identical satiety devaluation manipulations after limited and extended training, thus controlling for devaluation procedure within-subject, and find that the same ST individuals that are insensitive early in training become sensitive to satiety devaluation with extended training. Our observations that ST rats are sensitive to satiety-, but not illness-, induced outcome devaluation after extended training suggests that ST rats are able to adjust behavior when tested in the devalued state (sated on pellet during testing in the chamber; Experiment 1). Specifically, this indicates ST rats can encode sensory-specific characteristics of the food they are sated on and relate this to the associated stimuli (i.e., lever) to appropriately respond during satiety-induced outcome devaluation, but only after extended PLA training. However, when an inference based on prior, contextually-distinct experience is required (Experiment 2), ST rats are unable to appropriately adjust behavior based on the current value of the outcome.

Instrumental devaluation studies pose a striking dissimilarity to Pavlovian studies regarding devaluation sensitivity after extended training. Instrumental responding, mediated by competing action-outcome and stimulus-response associations, transitions from goal-directed (devaluation sensitive) to habitual (devaluation insensitive) with extended instrumental experience (Adams, 1982; Dickinson et al., 1983; Blundell et al., 2003; Coutureau and Killcross, 2003; Killcross and Coutureau, 2003; Johnson et al., 2009; Parkes and Balleine, 2013). In contrast, Pavlovian behaviors remain sensitive to devaluation, independent of the amount of training (Holland, 1998). While fundamental differences between instrumental and Pavlovian associations likely explain these contrasting findings, the present study suggests individual differences in Pavlovian approach impact the expression of devaluation sensitivity. While we are careful in making parallels to the instrumental devaluation literature, the present study uses a Pavlovian task that results in sign-tracking (i.e., lever pressing), which resembles instrumental responses, but critically is not based on instrumental contingencies. In the instrumental literature, habit is operationally defined as insensitivity of instrumental actions to outcome devaluation, while goal-directed responding reflects the sensitivity of instrumental actions to outcome devaluation. Since rats on the GT end of the tracking continuum are consistently devaluation sensitive under all conditions tested in the current study, one might predict that GT rats would be more goal-directed than ST rats in instrumental settings, perhaps even independent of the amount of instrumental experience. Yet, other factors can impact instrumental devaluation sensitivity, including the amount of reinforcer experience (Adams, 1982), reinforcement schedules (continuous reinforcement, fixed interval/ratio, variable interval/ratio, etc.; Dickinson et al., 1983) and motivational state during training and testing (Balleine, 1992; Dickinson et al., 1995). The extent to which goal-directed vs. habitual responding emerges across conditioning in ST and GT rats requires instrumental devaluation procedures.

The current studies provide a behavioral framework to extend the investigation of individual behavioral and neurobiological differences in devaluation sensitivity, which we find depend on training history and devaluation approach. The individual and timing-dependent differences in devaluation sensitivity suggest potentially distinct and/or shifting neural mechanisms mediating the expression of behavior when outcome value changes. During limited training in PLA cue-evoked striatal dopamine release is evident in ST, but not GT rats, and intra-nucleus accumbens dopamine receptor antagonists reduce sign-, but not goal-tracking behaviors (Flagel et al., 2011; Saunders et al., 2013). Yet, the striatal dopamine release and dopamine-dependence associated with sign-tracking declines with extended training (Clark et al., 2013), at a time that we observe emerging devaluation sensitivity in ST rats. This raises the possibility that, after limited training, striatal dopamine signaling in ST rats masks devaluation sensitivity that is mediated by competing brain mechanisms.

The present study using male rats indicates the importance of considering tracking- and experience-dependent effects in inference-based and state-dependent devaluation. Future studies considering these factors in both sexes will elucidate more precisely defined contributions of dopamine and other brain circuits driving Pavlovian approach and devaluation sensitivity (Pickens et al., 2003; Coutureau et al., 2009; Johnson et al., 2009; Shiflett and Balleine, 2010; Parkes and Balleine, 2013; Zeeb and Winstanley, 2013; Hart et al., 2014; Parkes et al., 2015; Wassum and Izquierdo, 2015; Gourley et al., 2016; Mannella et al., 2016; West and Carelli, 2016; Izquierdo, 2017; Lichtenberg et al., 2017; Fisher et al., 2020). Such efforts are translationally relevant, as human studies report evidence for sign-tracking and individual variability in cue reactivity as well as devaluation sensitivity (Garofalo and di Pellegrino, 2015; Versace et al., 2016; De Tommaso et al., 2017; Pool et al., 2019). Particularly relevant is a recent study dissociating devaluation sensitive and insensitive responses during Pavlovian learning in humans (Pool et al., 2019). Future investigations of psychological and neurobiological differences that are evident prior to drug-experience will further our understanding of how sign- and goal-tracking differences relate to addiction vulnerability (Saunders and Robinson, 2010; Saunders et al., 2013; McClory and Spear, 2014; Versaggi et al., 2016; Pitchers et al., 2017; Valyear et al., 2017).
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Human studies with self-reported measures have suggested a link between an avoidant coping style and high anxiety. Here, using the common marmoset as a model, we characterize the latent factors underlying behavioral responses of these monkeys towards low and high imminence threat and investigate if a predominantly avoidant behavioral response to high imminence threat is associated with greater anxiety-like behavior in a context of low imminence threat. Exploratory factor analysis (EFA) of the human intruder test of low imminence threat revealed a single factor in which a combination of active vigilance and avoidance responses underpinned anxiety-like behavior. In contrast, two negatively-associated factors were revealed in the model snake test reflecting active and avoidant coping to high imminence threat. Subsequent analysis showed that animals with a predominantly avoidant coping style on the model snake test displayed higher anxiety-like behavior on the human intruder test, findings consistent with those described in humans. Together they illustrate the richness of the behavioral repertoire displayed by marmosets in low and high imminence threatening contexts and the additional insight that factor analysis can provide by identifying the latent factors underlying these complex behavioral datasets. They also highlight the translational value of this approach when studying the neural circuits underlying complex anxiety-like states in this primate model.
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INTRODUCTION

Anxiety and fear are key components of human emotion and have been described in the NIMH’s research domain criteria as adaptive responses to potential threat and acute threat respectively. Anxiety and fear may also be differentiated based on their position on the predatory-threat imminence continuum; with imminence being influenced by temporal, spatial, and probabilistic closeness to the threat, as well as other threat characteristics (Perusini and Fanselow, 2015). Anxiety is hypothesized to drive pre-encounter defensive behaviors when imminence is considered to be low and there is a high level of uncertainty or ambiguity, e.g., increased vigilance for risk assessment (Blanchard et al., 2011). In contrast, fear is hypothesized to drive post-encounter defense behaviors when imminence is considered to be high, e.g., freezing, attack.

Distortion of threat imminence and dysregulated defensive behaviors may form the core symptomatology of anxiety disorders. Individuals with high trait anxiety, a natural disposition to attend to, experience and report negative emotions across many situations, have increased risk of developing anxiety disorders and depression (Weger and Sandi, 2018), and display greater responsivity to threat cues (Indovina et al., 2011). Maladaptive coping patterns to threatening stimuli may play a role in the dysfunctional regulation of emotion observed in patients with anxiety disorders. Specifically, studies of self-report measures in humans have suggested that the tendency to adopt an avoidant coping strategy is linked to anxiety and depressive symptoms during adolescence (Chan, 1995; Herman-Stabl et al., 1995; Seiffge-Krenke and Klessinger, 2000; Gomez and McLaren, 2006), and increased post-trauma PTSD symptom severity (Pineles et al., 2011).

The human literature of coping inventories and questionnaires broadly delineates coping into active and avoidant strategies (Herman-Stabl et al., 1995; Seiffge-Krenke and Klessinger, 2000; Frydenberg and Lewis, 2009; Pineles et al., 2011). Active and avoidant coping refers to cognitive or behavioral activity either towards (active) or away (avoidant) from the threat, sometimes simplified as fight-or-flight. Similarly, animal studies of coping in highly stressful situations categorize responding to the active and avoidant dimensions (Koolhaas et al., 1999). For example, “active/proactive” rats display more aggressive behavior in response to an intruder and spend more time actively burying shock probes, whereas “avoidant/reactive” rats display less aggressive behaviors to an intruder and spend more time being immobile in the defensive burying test (Koolhaas et al., 2010).

To study these complex latent constructs representative of human anxiety and fear in an animal model, first, we should determine whether a similar relationship between coping styles and anxiety is reflected in animals. This requires an approach that can properly represent the construct driving the diverse repertoire of behaviors that animals display across different situations involving low and high imminence threat. Unfortunately, preclinical paradigms often rely on simple unidimensional measures of anxiety-like and fear-like animal behavior that only bear a weak resemblance to human anxious and fear-driven behavior. While these measures may have predictive validity, e.g., rodent’s tendency to stay in enclosed spaces in an anxiety-provoking context is sensitive to anxiolytics (Borsini et al., 2002), the use of these measures to represent latent constructs may be an oversimplification. Behaviors such as an animal’s tendency to stay in enclosed spaces are likely driven by multiple underlying factors such as an animal’s territoriality or propensity for exploration, and not just anxiety per se. Indeed, misattributing these observed effects may contribute to the current difficulty in translating findings from animal studies to humans. Thus, a multivariate approach modeling the underlying latent construct driving the observed behaviors is needed.

Such an approach has been used in macaques (Williamson et al., 2003; Fox et al., 2008) and marmosets (Agustín-Pavón et al., 2012; Shiba et al., 2014) in tests measuring responsivity when there is low (human intruder test) and high (model snake test) imminence threat with composite or principal component scores. However, a limitation of using these simple composite scores is that it only simplifies the data and does not determine the latent variables driving the observed changes within the data. Instead, factor analysis is widely utilized in validation studies of psychological tests and has recently been used to uncover the latent variables affecting the behavioral response of rhesus macaques in the human intruder test (Gottlieb and Capitanio, 2013).

Thus, in the present study, we applied an exploratory factor analysis (EFA) to characterize the factors underlying the common marmoset’s behavior in response to both low threat imminence (the human intruder test) and high threat imminence (the model snake test) in order to reveal the relationship between coping styles in the high threat imminence context and anxiety-like behavior (in a low threat imminence context) as reported in self-report studies in human.



MATERIALS AND METHODS


Subjects

All animals were bred on-site at the Innes Marmoset Colony (Behavioral and Clinical Neuroscience Institute, BCNI) and when adult, pair-housed predominantly (~90%) as unrelated male-female pairs (males were vasectomized). Temperature (22 ± 1°C) and humidity (50 ± 1%) conditions were controlled and a dawn/dusk-like 12 h-period was maintained. They were provided with a balanced diet and water ad libitum. All procedures were performed in accordance with the project and personal licenses held by the authors under the UK Animals (Scientific Procedures) Act 1986.

The total tested population consists of 184 common marmosets (Callithrix jacchus). 171 animals (sex (M/F) = 90/81; age: 2.32 ± 0.62 years) were tested with the human intruder test and 151 common marmosets (sex (M/F) = 77/74; age: 2.51 ± 0.68 years) were tested with the model snake test. Of these, 134 (sex (M/F) = 71/63) were tested on both the human intruder test (age: 2.29 ± 0.62 years) and model snake test (age: 2.5 ± 0.68). For animals tested on both tests, the human intruder test was conducted before the model snake test (time between test (months): 2.5 ± 4). Although the order of these tests was not counterbalanced, these two tests used completely different stimulus types and were conducted at least 3 days apart, thus, whilst a potential effect of test order cannot be ruled out, it is unlikely.

All animals received either the human intruder and/or model snake test in early adulthood after having left the family group and been paired with a cagemate of similar age for at least 1 month. The majority of these animals (139 out of 184) formed part of the screening procedure within the colony allowing an animal’s emotional reactivity to be assessed prior to entering an experimental protocol. Only thirty-nine of these were not completely naïve, having received anesthesia for restraint purposes only while undergoing MRI scanning during development and early adulthood. The remaining animals (45) were tested on the human intruder and snake tests prior to the introduction of the screening procedure and had received additional non-related procedures beforehand. Twenty-nine had received a telemetry probe into the descending aorta, and sixteen received a single dose of 5-HT2A receptor radioligand (altanserin) as part of PET scanning. No animal received the human intruder or model snake test within a week of these procedures.



Testing Apparatus

Both tests were performed in the top right-hand quadrant of the animal’s home-cage [92 cm (high) × 60 cm (wide) × 98 cm and 73 cm (length of sides)] and were conducted in the presence of conspecifics in adjacent cages. A typical home cage room contains approximately 22–28 animals. Under these conditions, the subject displays a richer repertoire of behaviors in an aversive or ambiguous context than would be seen if the animal was fully isolated. Indeed, unpublished observations from our own laboratory show us that marmosets make little in the way of vocalizations or display active coping behaviors when confronted with an unknown human in isolation and individual differences are less marked. As it is not possible to control for the behavior of neighboring animals in the room, it cannot be ruled out that they may influence the behavior of the subject. But given that up to 184 animals were tested across nine different home cage rooms, it is unlikely that any specific effect of conspecifics on any individual had a significant effect on the overall dataset.



Human Intruder Test

The human intruder test involves measuring the animal’s behavioral response to an unfamiliar human, the “human intruder,” who stands in front of the animal’s home-cage and maintains eye contact with the animal. Since animals bred in the laboratory have prior positive and negative experiences with human encounters, e.g., receiving food treats or being restrained for husbandry or experimental purposes, the unfamiliar “human intruder” acts as a threat with low probabilistic imminence and creates an anxiety-provoking context. Avoidance and vigilance during the task resemble that described for human anxious behavior (reviewed in Grupe and Nitschke, 2013), and behavioral responses to the human intruder are sensitive to anxiolytics (Carey et al., 1992; Santangelo et al., 2016).

The procedure for the human intruder test is based on the method used by Santangelo et al. (2016). Cameras and microphones are routinely present in the room for recording purposes such that all animals are habituated to the presence of recording equipment. Before the testing session begins, a camera and microphone are set up in front of the animal’s home-cage. The animal was tested in the top-right quadrant of their home cage (Supplementary Figure S1). During testing, the cagemate was separated from the subject and restricted to the left half of the home cage and was obscured from both the human intruder and the subject. After 8 min of being separated, an experimenter (unfamiliar to the animal) wearing a realistic latex human mask (Greyland Film, UK) and standard lab attire stood 40 cm from the cage and maintained eye contact with the subject for 2 min (intruder phase). Recording continued for a further 5 min after the intruder left (recovery phase). Behavior and vocalizations during the intruder phase were scored.

The animal’s observable behavior was scored using the program JWatcher V1.01. For the purposes of scoring, the test quadrant was divided into multiple zones represented by different depths and heights (Figures 1A, 2A). While, as described below, the average distance from the threat was used in the model snake test, this measure was not used in the human intruder test because the position of the threat in the model snake test can be reduced to a single point relative to the different positioning of the animal. In contrast, in the human intruder test, the “human intruder” facing the animal covers a larger area and the animal’s position relative to the “human intruder” is better represented independently by depth and height instead. Furthermore, both time spent at the front of the cage and the back of the cage were used as measures of approach-avoidance behavior due to studies showing the sensitivity of these measures to anxiolytic and anxiogenic manipulations (Carey et al., 1992).
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FIGURE 1. Human Intruder test exploratory factor analysis (EFA). (A) Schematic of the top-right quadrant of the home-cage in which the human intruder test takes place, with relevant zones for the measurement of average height, and time spent at the front and back. (B) The relative contribution of each behavioral measure loading significantly on the factor representing anxiety-like behavior reflected by the width of the arrow. Red arrows represent positive-loading; blue arrows signify negative-loading. Positive loadings indicate that higher anxiety-like behavior corresponds to an increase in that specific measure, while a negative loading indicates a decrease. (C) Table of descriptive statistics, communalities, factor loadings and factor score coefficients for the variables in the human intruder test. *Significant factor loadings (>|0.4|) in bold. Mean (M) and standard deviation (SD) of variables from the cohort (n = 171).
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FIGURE 2. Rubber snake test EFA. (A) Schematic from Shiba (2013) of the top-right quadrant of the home-cage with the snake box in the rubber snake test. Zones are depicted in different colors indicating the mean distances those zones represent relative to the rubber snake model. Similar to the human intruder test, the cagemate is separated into the left half of the homecage by dividers (not shown). (B) The relative contribution of each behavioral measure in the rubber snake test to the coping factor scores reflected by the width of the arrow. Red arrows represent positive-loading; blue arrows signify negative-loading. Positive loadings indicate that higher coping scores correspond to an increase in that specific measure, while a negative loading indicates a decrease. (C) Table of descriptive statistics, communalities, factor loadings and factor score coefficients for the variables in the rubber snake test. *Significant factor loadings (>|0.4|) in bold. Mean (M) and SD of variables from the cohort (n = 151).





Human Intruder Test: Behavioral Measures


Time Spent at the Front (TSAF)

Percentage time spent at the front of the cage reflects approach behavior towards the human intruder. For the purposes of scoring, the test quadrant was divided into 3 zones: front, middle, and back. These different zones represent the depth of the zone relative to the “human intruder.”



Time Spent at the Back

Percentage of time spent at the back of the cage reflects avoidance behavior away from the human intruder. Scored similarly to “Time spent at the front.”



Average Height

Average height of the marmoset in the home-cage throughout the test period in centimeters. Positioning high in the cage and closer to the nestbox may reflect the common marmoset’s innate flight response upwards as an arboreal species. For scoring purposes, the test quadrant is divided into five different zones: top of the nestbox, high, middle, low, floor. These different zones represent the height of the zones relative to the bottom of the test quadrant (shown in Figure 1).



Locomotion

Percentage of time spent changing locations within the home-cage.



Head and Body Bob

Frequency of the animal making rapid bobs of its head and body from side to side (without changing head angle) while staring at the object of interest and is often followed with egg and tse-egg vocalizations (see descriptions below). Head and body bobs are often observed in the presence of an unfamiliar human and may be an alarm behavior intended to signal potential threats to conspecifics (Carey et al., 1992; Agustín-Pavón et al., 2012).


Model Snake Test

The model snake test involves recording the animal’s behavioral response to a rubber snake which acts as an inherent predatory stimulus, provoking an innate fear response (Barros et al., 2002; Cross and Rogers, 2006). Furthermore, as the model snake is placed directly within the homecage, the model snake presents far higher spatial threat imminence compared to the intruder in the human intruder test.

The procedure of the model snake test is based on the methods in Shiba et al. (2014). Before the testing session begins, wireless cameras and a microphone are placed to record the animal’s behavior from a top-down view and a frontal view. During a test session, the animal is separated from their cagemate and restricted to the upper right quadrant of their home cage (Supplementary Figure S1), while the cagemate was separated by opaque dividers to the left half of the home cage and cannot see into the testing quadrant. The 20-min test session is divided into four 5-min phases: a separation phase, where only the camera and microphone were present; a pre-snake phase, where an empty box without the model snake (a 27 cm tall rubber model of a rearing cobra) is placed in the test quadrant; a snake phase, where the empty box from the previous phase is replaced with a box containing the model snake (a sliding door is removed to expose the model snake once the box is in position); and a post-snake phase, where the empty box from the pre-snake phase is re-introduced into the test quadrant.



Model Snake Test: Behavioral Measures


Average Distance

Average distance of the marmoset from the model snake throughout the test period. For scoring purposes, the test area was divided into seven zones based on their proximity to the model snake (shown in Figure 2). Each zone is represented by the distance of the mid-point of that zone from the snake. The average distance is calculated by obtaining the sum of the multiplication of the percentage time spent in each zone with the distance of the respective zones.



Locomotion

Percentage of time spent changing locations around the home-cage.



Stare Duration

Percentage time the animal spent maintaining eye and head orientation directed towards the model snake.



Stare Count

Number of times the animal spends directing its attention towards the snake. Multiple counts indicate looking away and back towards the model snake and reflect an animal repeatedly averting its gaze away from the snake but clearly pre-occupied with the snake.



Head-Cock

Frequency of the animal tilting its head in a smooth motion while maintaining its attention towards the visual target. Head-cocks have been described as an observational behavior when presented with a novel stimulus and occur during visual inspection (Menzel, 1980; Barros et al., 2002).


Vocalizations in the Human Intruder and Model Snake Tests

The animal’s vocalizations recorded with a directional microphone to isolate vocalizations from the subject were extracted from the video files using Audacity, an audio editing software (Audacity, v.1.3.13) and subsequently visualized in the form of sonograms using Syrinx, a sound analysis software. The scoring of vocalizations was guided by the video recording to confirm the subject as the source of the vocalizations. Classification of vocalizations was based on identifications from Bezerra and Souto (2008) observation of wild common marmosets. Although other calls such as phee, twitter, and bark were observed, they occurred very infrequently and only in a small subset of the population which lead to their exclusion from this study.


Egg Calls

A short call with a few harmonics. Maybe uttered singly, in series, or in continuous combination after tse or tsik calls. Egg calls have been associated with vigilance behavior, for instance when an unknown human approaches the group or when the calling marmoset is on the ground with sparse vegetation (Souto et al., 2007). Primarily heard in response to human intruder and seldom heard in response to snake.



Tsik Calls

Tsik calls are uttered as a mobbing call and have been observed being made by captive and wild common marmosets against conspecifics from other social groups, unfamiliar humans, and potential predators (Epple, 1968; Bezerra et al., 2009). Tsik calls have also been observed being made by captive common marmosets in response to the stimulus presentation of a predator (Hook-Costigan and Rogers, 1998; Cross and Rogers, 2006).



Tsik-Egg Calls

Although not clearly characterized in the wild, tsik-egg calls of common marmosets have been associated with isolation in a novel environment and have been shown to be sensitive to anxiogenic drug treatment (Kato et al., 2014).



Tse Calls

Sounds similar to tsik calls but distinguishable via sonogram. The lower frequency and end frequency of tse calls are higher than tsik calls. The frequency range in tse calls is also lower than tsik calls (Bezerra and Souto, 2008).



Tse-Egg Calls

A vocalization consisting of a single utterance of tse followed by a single or a series of egg calls. In the wild, tse-egg calls are the primary call type uttered during vigilance behavior (89.2% and 80.4% of total calls during vigilance in adults and juveniles respectively; Bezerra and Souto, 2008).


Exploratory Factor Analysis (EFA)

All statistical analyses were conducted with SPSS (v. 24; IBM Corp.). An EFA with a principal axis factoring extraction method was performed on the data obtained from the human intruder and model snake tests separately. The principal axis factoring extraction method was used as the variables revealed violations of normal distribution (shown in Supplementary Figures S2, S3) and principal axis factoring does not assume a multivariate normal distribution.


Pre-factor Extraction Tests

Before factor extraction, the Kaiser-Meyer-Olkin measure of sampling adequacy (MSA) was used to determine the proportion of common variance among the variables that may be driven by underlying factors. The Bartlett’s test of sphericity was used to evaluate if there were sufficient correlations between the variables such that the factor analysis is able to model underlying constructs driving these correlations.



Post-factor Extraction

After factor extraction, the communality of a variable is the extent to which that variable correlates with all other variables in the analysis. If the average communality of the variables is more than 0.7 after extraction, the Kaiser’s criterion (eigenvalue > 1) should be used to determine the number of factors to extract, otherwise, the scree plot’s points of inflection should be referred to instead (Field, 2013). The scree plot shows the eigenvalue, which reflects the amount of variance explained, of each individual factor.



Rotation

If more than 1 factor is extracted, the factors are rotated to improve the interpretability of the resulting factors by maximizing the loadings of each variable to a specific factor and minimizing loading on other factors. A direct oblimin method (oblique rotation) was used to allow for correlations between the factors as there were no theoretical grounds to assume the independence of the factors.

After the factors were extracted and rotated, the factor loadings could be referred to as a measure of each variable’s correlation with the extracted factor. Factor loadings are considered significant above |0.4| (Stevens, 1992). To measure the goodness-of-fit for the extracted factor model, a correlation matrix was constructed based on the model and the difference (residuals) between the reproduced correlation matrix and the original correlation matrix computed. The proportion of nonredundant residuals with absolute values greater than 0.05 should be below the recommended value of 50% if the factor model does not have issues of poor fit (Field, 2013). The factor scores were estimated with a regression method, preserving any existing correlation between the factors.

The internal consistency of the factors with significant loading variables was examined using Cronbach’s alpha. Cronbach’s alpha evaluates how consistently the factor reflects the construct it is measuring (Cronbach, 1951).


Correlation Between Model Snake Test Factor Scores

The resulting factor scores of the model snake test were correlated using Pearson’s product-moment correlation coefficient or, if the assumption of normality was severely violated (p < 0.001), using Spearman rank correlation coefficient. Data are presented as mean ± SEM, standard error of the mean. Effect sizes of correlations are reflected in the correlation coefficients, rs (Cohen, 1988, 1992).












RESULTS


EFA Reveals a Single Factor Reflecting Avoidance and Vigilance to Explain Behavior in Response to a Human Intruder

A single factor explained behavior on the human intruder test (Figure 1A). Those behaviors that contributed greatest to the factor were the time spent at the front and back of the cage, average height, and head and body bob. Locomotion and tse-egg calls also contributed (Figure 1B). Highest scores were associated with greater avoidance (more time spent at the back of the cage and relatively high up) and increased vigilance (making little movement, performing a greater number of head and body bobs and tse-egg calls).

To derive this factor, initial runs of the EFA included: time spent at the front, time spent at the back, average height, locomotion, head and body bobs, egg calls, tsik call, tsik-egg calls, tse calls, and tse-egg calls. The variable with the lowest MSA that was below the standard of 0.5 defined by Field (2013), tse calls (MSA = 0.42) was removed from the EFA. Subsequently, the KMO MSA for the final model indicated sufficient common variance for the factor analysis, KMO = 0.82, well above the recommended threshold of 0.6 (Kaiser, 1974). Bartlett’s test of sphericity was significant ([image: image] = 460.8, p < 0.001), indicating that correlations between items were sufficiently large for factor analysis. Due to the low level of communalities, reflecting low inter-variable correlations, after extraction (Figure 1C), the scree plot was consulted to decide the number of factors to extract, instead of using Kaiser’s criterion. The factor coefficient matrix estimated from the final output of the EFA and descriptive statistics of the sample is also shown in Figure 1C. Only 1 factor was extracted based on the point of inflection on the scree plot (Supplementary Figure S4A). This factor accounted for 39.7% of the total variance. There were 16 (44.0%) nonredundant residuals, reflecting the sufficient fit of the one-factor model.

The factor (as described above) with 6 significant loading items had moderate reliability, Cronbach’s alpha = 0.64. Kline (2000) notes that psychological constructs with Cronbach’s alpha below 0.7 should be realistically expected. Eliminating individual variables from the factor did not yield substantial increases to the alpha measure.



EFA Reveals Two Negatively Correlated Factors Reflecting Active and Avoidant Coping to Explain Behaviors in Response to a Model Snake

Two factors described behaviors elicited on the model snake test (Figure 2A). The first factor included attention towards the snake (long durations spent staring at the model snake and higher frequencies of re-attending to the model snake after looking away) and mobbing calls (tsik-egg and tsik calls). Those scoring high on this factor displayed heightened attentional engagement and increased mobbing calls, altogether reflecting an active coping response. The second factor included distance, locomotion and stare duration. A high score was characterized by an animal maintaining a greater distance from the model snake, remaining relatively stationary and spending less time staring at the snake, reflecting overall behavioral and attentional avoidance of the snake (Figure 2B).

To derive these factors, initial runs of the EFA included: average distance, locomotion, stare duration, stare count, head-cocks, egg calls, tsik call, tsik-egg calls, tse calls, and tse-egg calls. Tse calls (MSA = 0.32), the variable with the lowest MSA that was below the criterion of 0.5 defined by Field (2013), were removed from the EFA. Under the same criterion (MSA = 0.46), tse-egg calls were removed in the subsequent run. The KMO MSA for the final model indicated sufficient common variance for the factor analysis, KMO = 0.63, just above the recommended threshold of 0.6 (Kaiser, 1974). Bartlett’s test of sphericity was significant ([image: image] = 233.1, p < 0.001), indicating that correlations between items were sufficiently large for factor analysis. Due to the low level of communalities after extraction (Figure 2C), the scree plot was consulted to decide the number of factors to extract instead of using Kaiser’s criterion (Field, 2013). The factor loadings, factor score coefficients estimated from the final output of the EFA and descriptive statistics of the sample are also shown in Figure 2C. Two factors were extracted based on the point of inflection on the scree plot (Supplementary Figure S4B) for 50.3% of the total variance. There were 10 (35.0%) nonredundant residuals, indicating that the two-factor model does not have issues of poor fit.

Factor 1, that reflected active coping behaviors, consisted of 4 significant loading items and had moderate reliability, Cronbach’s alpha = 0.61. Factor 2, that reflected avoidant coping behaviors, consisted of 3 significant loading items and had relatively lower reliability, Cronbach’s alpha = 0.52. This may be due, in part, to the low number of variables contributing to this factor.

A comparison of the two factors showed that they were negatively correlated with one another. Active coping behavior was significantly negatively correlated (nonlinear) with avoidant coping behavior (rs = −0.25, p = 0.002) with a small to medium effect size (0.1 < |r| < 0.3; Figure 3A), indicating that behaviors corresponding to actively attending to the model snake are negatively associated with avoidant behaviors towards the model snake. The nonparametric Spearman’s rank-order correlation was used to determine the relationship between the factors as the factor representing active coping severely violated the assumption of normality (W(151) = 0.93, p < 0.001, Supplementary Figure S5).
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FIGURE 3. Coping style to high imminence threat and associated anxiety-like behavior. (A) Factors representing active and avoidant coping with high imminence threat in the rubber snake test were significantly negatively correlated (Spearman’s, p < 0.005). (B) Animals were grouped based on their coping style to high imminence threat: animals grouped as having active coping styles had significantly higher active coping factor scores compared to avoidant coping scores, while the opposite was true for animals grouped as having avoidant coping styles. For animals grouped as having a mixed coping style, coping scores were both above the mean and not significantly different. Lastly, animals that had low responsivity in the test had coping scores that were both below the mean and not significantly different. (C) Animals with an avoidant coping style had higher levels of anxiety-like behavior as measured by the human intruder test factor score. *p < 0.05. Error bars represent SEM.





Animals Who Display High Avoidance and Low Active Coping to High Imminence Threat Show the Highest Levels of Anxiety-Like Behavior to Low Imminence Threat

Finally, it was determined whether animals with a predominantly avoidant coping style in response to the high imminence threat of the model snake, display higher levels of anxiety-like behavior to the low imminence threat of the human intruder. Accordingly, animals receiving both tests were grouped according to their overall response style to the snake (Figure 3B). First, active and avoidant coping factor scores from the model snake test were categorized as high if they were above the median of the population and low if they were below the median (advantages and disadvantages of a median split discussed in Allen, 2017). Subsequently, animals with high avoidant but low active coping scores were grouped as animals with an avoidant coping style (n = 39); animals with low avoidant but high active coping scores were grouped as having an active avoidant coping style (n = 39), and animals with both high avoidant and high active coping scores were grouped as animals with mixed coping styles (n = 28). Animals that showed overall low reactivity towards the model snake (both low avoidant and low active coping scores, n = 28) did not show a specific coping style and were not included in the subsequent group comparison. The group’s distinct distribution of factor scores is shown in Figure 3B.

A subsequent analysis comparing these groups’ respect to their corresponding behavior towards a human intruder revealed that animals with an avoidant coping style showed greater anxiety-like behavior to the human intruder in comparison to all other groups. Specifically, there was a significant effect of coping style (F(2,103) = 3.91, p = 0.023) on anxiety-like avoidant/vigilant behavior, and a Dunnett’s post hoc comparison revealed that animals with a selectively avoidant coping style had higher anxiety-like behavior compared to both animals with a selectively active coping style (p = 0.027) and those with a mixed coping style (p = 0.048; Figure 3C).




DISCUSSION

Although preclinical research with animal models has made substantial contributions to our understanding of emotion regulation in response to the threat, the behavioral substrates underlying these latent constructs remain simply represented and the relationship between these constructs remains poorly understood. Here, in a nonhuman primate, we modeled the factors driving behavior in the context of low imminence (human intruder test) and high imminence (model snake test) threat and established a relationship between these underlying constructs.

In relation to an unknown human, EFA of data from 171 marmosets yielded one underlying factor driving the observed behaviors. We interpret this factor as reflecting the animal’s anxious temperament as it includes behavior typically associated with high levels of anxiety-like responses. Specifically, an animal with a high anxiety factor score is characterized by marked avoidance behavior that includes spending more time at positions further away from the human intruder (higher up and at the back of the cage), less time at positions close to the human intruder (the front of the cage) and less time moving around (low locomotion). Moreover, they display marked vigilance behavior including head and body bobs and vigilance calls (tse-egg calls). This pattern is similar to that shown by marmosets in the wild, which predominantly make tse-egg calls when being vigilant of their surroundings, peer into the vegetation while being stationary and make head and body bobs (Bezerra and Souto, 2008). The uncertainty and anticipation model of anxiety posits that behavioral and cognitive avoidance and increased threat vigilance are among the key psychological processes central to the increased threat expectancies of subclinical and clinical anxiety (Grupe and Nitschke, 2013). Taken together, the putative anxiety factor in the human intruder test reflects classic components of anxiety-like behavior, specifically avoidance and active vigilance (Figure 4).
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FIGURE 4. Transition of behaviors in response to low and high imminence threat. As an animal’s appraisal of threat transitions from low to high imminence, an animal’s behavioral pattern shifts from a combination of both active (red) and avoidant behaviors (blue) to either a “fight” response characterized by active behaviors to confront the threat or a “flight” response characterized by attempts to avoid confrontation with the threat. The direction of arrows for variables indicates the direction of factor loading.



In contrast, the EFA of data from 151 animals confronted by the model snake yielded two underlying factors driving the observed behaviors. The two factors may be interpreted as reflecting the animal’s active and avoidant coping response. A higher active coping response (factor 1) includes higher frequencies of mobbing calls (tsik-egg and tsik) in the presence of the predatory stimulus as well as increased attention towards the predatory stimulus, namely longer durations of staring at the model snake and higher levels of re-diverting attention towards the snake (measured by stare count). The mobbing calls serve to alert conspecifics of a potential predator and to drive predators away (Epple, 1968). Tsik calls, in particular, have also been associated with reduced cortisol levels, implicating mobbing behavior in the reduction of physiological stress (Cross and Rogers, 2006). Thus, overall, this active coping factor consists of attentional engagement and vocalizations that may underlie the animal’s attempt to confront and overcome the threat (Figure 4). In contrast, a higher avoidant coping response (factor 2), including higher average distance, lower locomotion, and lower stare duration serve to avoid contact between the animal and the threat (model snake) and avoid drawing attention to the animal.

While these two factors in the model snake test reflect active and avoidant behaviors separately, the single factor underlying anxiety-like behavior in the human intruder test consists of both active and avoidant behaviors. A potential explanation for this differential pattern of behavior between high and low imminence threat (Figure 4) is that high imminence threat necessitates the selection of a specific strategy e.g., active coping vs. avoidance. Evolutionarily, being able to choose between one or other of these two different coping behaviors may allow for higher chances of survival overall, dependent on whether the predator is deterred by active engagement (predators that rely on remaining unnoticed, e.g., snakes) or is not deterred, and therefore the more appropriate course of action would be to avoid and flee (Crofoot, 2012). In contrast, when the threat has low imminence, selecting one option over another is not immediately required and thus the animals show a combination of behaviors more consistent with threat appraisal and risk assessment (Blanchard et al., 2011).

When comparing animal scores on the two factors of the model snake test, it was evident that there was marked individual variation. Noticeably, most animals either showed high scores on the avoidant coping factor but low scores on the active coping factor (avoidant copers), or high scores on the active coping factor but low scores on the avoidant coping factor (active copers). The other animals either had high scores on both the active and avoidant coping factors (mixed copers) or showed low scores on both factors and thus appeared relatively unreactive to the snake overall (low coping behavior). Since 76% were either active or avoidant copers, this suggests that most animals tend to have a predominant coping style. This is consistent with the finding that although most people use both active and avoidant coping strategies in response to stressful situations, individuals tend towards a bias in using one type over the other, reflecting their coping styles (Folkman and Lazarus, 1980).

The finding that avoidant copers in response to the snake showed the greatest responsivity to the ambiguous situation created by the human intruder is consistent with human studies with self-reported measures, and the high comorbidity of avoidant personality disorder and anxiety disorders (Skodol et al., 1995). Furthermore, individuals who changed from an active to avoidant coping style showed an increase in depressive symptoms, whereas individuals who did the opposite showed a decrease (Herman-Stabl et al., 1995). It is important to note that mixed copers which not only showed high avoidant coping but also highly active coping in response to the snake displayed lower anxiety-like behaviors in response to low imminence threat, similar to active copers, compared to avoidant copers. This highlights the fact that high anxiety-like behavior in the face of uncertainty and ambiguity was linked specifically to the combination of both high avoidant and low active coping when the threat was highly imminent.

Adopting an avoidant coping style can reduce stress acutely by the removal of the individual from the stress-provoking environment, but may lead to prolonged stress in the future as the source of the stress is not overcome (Bardeen, 2015). In addition, natural processes that serve to reduce anxiety and conditioned threat responses such as desensitization or fear extinction are not experienced if the threat is wholly avoided. Consequently, the individual’s avoidant coping style is reinforced via negative reinforcement and may gain predominance over active coping impulses. Taken together, a predominantly avoidant behavioral pattern to high imminence threat and a lack of active coping behaviors may be maladaptive as it impedes the resolution of threat via threat engagement/confrontation, leading to an increased vulnerability to anxiety.

In summary, factors characterizing behaviors in response to low imminence and high imminence threat were identified in the common marmoset on the human intruder and model snake tests respectively. Our findings of distinct factors representing avoidant and active coping support the bimodal theory of defensive behavior under high stress and threatening contexts. Taking an analytical approach to modeling the full repertoire of an animal’s behavior revealed a differential pattern of active and avoidant behavioral responses as threat imminence is appraised.

With the factors identified, we demonstrate that a primarily avoidant coping style is associated with higher levels of anxiety-like behavior in response to low imminence threat, implicating a link between a predominantly avoidant coping strategy under high imminence threat and heightened sensitivity to uncertain/ambiguous situations associated with low imminence threat. These findings emphasize the importance of active coping strategies to alleviate stress reactivity and in helping individuals with avoidant coping styles suffering from excessive anxiety and fear. Insights from the paradigms described here promise to guide subsequent work interrogating the brain circuits involved in the control of active and avoidant coping behaviors and should facilitate translation to humans.
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The role of estrogen receptors in neuroprotection and cognition has been extensively studied in humans over the past 20 years. Recently, studies have shifted their focus to the use of selective estrogen receptor modulators in the treatment of mental illnesses in the central nervous system. We conducted this study to test the behavioral changes shown by G protein-coupled estrogen receptor 1 knockout (GPER1 KO) and wild-type (WT) mice with MK-801-induced schizophrenia (SZ). GPER1 KO and WT mice received intraperitoneal injections of MK-801 for 14 continuous days. Behavioral, learning and memory, and social interaction changes were evaluated by using the IntelliCage system, open-field, three-chamber social interaction, and novel object recognition tests (NORT). The protein expression levels of the NR2B/CaMKII/CREB signaling pathway were tested via Western blot analysis. The KO SZ group was more likely to show impaired long-term learning and memory function than the WT SZ group. Learning and memory functions were also impaired in the KO Con group. MK-801 administration to the GPER1-KO and WT groups resulted in memory deficiencies and declining learning capabilities. GPER1 deficiency downregulated the expression levels of proteins related to the NR2B/CaMKII/CREB signaling pathway. Our study suggested that GPER1 played an important role in cognitive, learning, and memory functions in the MK-801-induced mouse model of SZ. The mechanism of this role might partially involve the downregulation of the proteins related to the NR2B/CaMKII/CREB signaling pathway. Further studies should focus on the effect of GPER1 on the pathogenesis of SZ in vivo and in vitro.

Keywords: schizophrenia, MK-801, behavioral change, intellicage, learning and memory capacity


INTRODUCTION

Schizophrenia (SZ) is a neurological disorder that affects approximately 0.7–1% of the population (Valton et al., 2017; Marder and Cannon, 2019). The symptoms of this disorder include delusions, movement disorders, anhedonia, hallucinations, and cognitive deficits (Marder and Cannon, 2019). SZ is a chronic disease that negatively affects all aspects of a patient’s life. Although most patients with SZ can live in a community, the outcome of this mental disease is generally poor, and some patients with SZ may require chronic institutional care (Borelli and Solari, 2019).

The role of estrogens and estrogen receptors in neuroprotection and cognition has been extensively studied in humans over the past 20 years. Results obtained with rodent models suggest that estrogen treatment can improve memory and cognition functions in various neurological disorders (Bean et al., 2014). For example, a previous study showed that postmenopausal women receiving estrogen therapy may experience improved cognition functions, including verbal memory, oral expression, and information processing (Persad et al., 2009). These findings suggest that estrogens can be used in the clinical therapy of patients with SZ to ameliorate cognitive function. Recent studies have focused on the use of selective estrogen receptor modulators in the treatment of mental illnesses in the central nervous system (Mirkin and Pickar, 2015). Although these modulators may have a positive influence on cognition and memory and exhibit other effects, the related signaling pathways are not fully understood.

G protein-coupled estrogen receptor 1 (GPER1) is a G protein-coupled receptor that was previously known as GPR30 (Funakoshi et al., 2006). GPER1 is expressed in the plasma membranes of neurons in the hippocampus and prefrontal cortex of the brain (Brailoiu et al., 2007; Akama et al., 2013; Almey et al., 2014). In contrast to estrogen receptor α/β, the classic nuclear function of GPER1 is mainly exerted through activation of nongenomic estrogen signaling pathway members, including the second messengers Ca2+ and cyclic adenosine monophosphate, and tyrosine kinase receptor. Studies have shown that estrogen may induce synaptic and cognitive functions through the GPER1-mediated signaling pathway (Gaudet et al., 2015; Waters et al., 2015).

The regulatory effects of GPER1 on the N-methyl-d-aspartate receptor (NMDAR) complex and cognition has received little attention. GPER1 may regulate NMDAR expression and function by affecting NMDAR subunit 2B (NR2B) phosphorylation, which affects brain cognitive function. Potentially, GPER1 can phosphorylate NR2B and regulate the NR2B/CaMKII/CREB pathway. In this study, we aimed to determine whether GPER1 deficiency is related to MK-801-induced SZ dysfunction (such as impaired spatial learning, social communication, and executive function) in mice. The reduced expression of the NR2B subunit in SZ has been investigated in previous work (Kristiansen et al., 2010; Yang et al., 2015; Gulchina et al., 2017; Leung and Ma, 2018). Given that GPER1 is a promising therapeutic target in SZ, the present study investigated changes in the behavioral phenotype and NR2B/CaMKII/CREB signaling pathway related to GPER1 in MK-801-induced SZ.



MATERIALS AND METHODS


Mice

GPER1-KO mice that had been knocked out for 17 nucleotides were obtained from Professor Rong Wei Fang (Shanghai Jiaotong University). Wild-type (WT) mice were provided by the Experimental Animal Center of Ningxia Medical University. Mice (7–8 weeks old; male) were randomly divided into experimental groups and then acclimated for 7 days prior to MK-801 intervention. All mice were housed (four mice/cage) in an animal room at 22 ± 2°C with a 12 h light/dark cycle and lights on at 7:30 AM. They had access to water and food ad libitum. Only male WT C57BL/6 and GPER1-KO mice were used in the research. This work was conducted in accordance with the Animal Care Committee of Ningxia Medical University (Protocol approval number: 2019-152). Animal suffering was minimized. WT and KO mice that had been induced with MK-801 (0.6 mg/kg/day, Sigma–Aldrich, Czechia) via intraperitoneal injection for 14 consecutive days were designated as the experimental groups: WT SZ and KO SZ (n = 14 per group), respectively. WT and KO mice that had been injected with saline (SAL) were designated as controls (WT Con and KO Con, n = 14 per group). IntelliCage research was performed with five C57BL/6 and five GPER1-KO MK-801-treated male mice, as well as five C57BL/6 and five GPER1-KO SAL-treated male mice. The classical behavior studies involved nine mice from each group.



Behavioral Assessment


Classical Behavior Studies

On days of classical behavioral testing, mice were transferred to the behavioral facility 24 h in advance to begin the behavioral assessment for adaptation. All classical behavioral procedures (Figures 1A, 2A) were performed between 06:30 and 11:30 AM (experimental preparation stage: 6:30–7:30 AM and formal experiment stage: 7:30–11:30 AM).
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FIGURE 1. G protein-coupled estrogen receptor 1 (GPER1) deficit increases hyperlocomotion and anxiety-like behavior. (A) Classical behavioral experiment design schedule. (B) Time spent in the center area among different groups of mice. (C) Total distances traveled during the open field test are depicted. (D,E) Performance on the social interaction test. Different groups discriminated against the novel individual during the social recognition task. Compared with wild-type (WT) Con mice, knockout (KO) Con mice, and WT schizophrenia (SZ) mice showed less preference for the two unfamiliar mice. Compared with KO Con mice, KO SZ mice showed less preference for the two unfamiliar mice. Compared with WT SZ, KO SZ mice showed less preference for the two unfamiliar mice. (F) Novel object preference index (PI). Compared with WT Con mice, KO SZ and KO Con mice spent less time exploring the novel object during the test trial phase. (G) Novel placement PI. WT SZ and KO Con mice spent less time exploring novel placement during the test trial phase than WT Con mice. KO SZ mice showed less preference for novel placement than KO Con and WT SZ mice. Data represent the mean ± SD of n = 9 mice/group and were analyzed via two-way ANOVA followed by post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001; ##P < 0.01, ###p < 0.001; ∧∧∧p < 0.001; *WT Con vs. WT SZ, KO Con, KO SZ; #WT SZ vs. KO SZ; ∧KO Con vs. KO SZ).
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FIGURE 2. (A) Drug administration and the behavioral experiment protocol in this study. (B) Intellicage experiment design schedule for assessing multiple cognitive domains with advantages in the validation and characterization of expected cognitive deficits. FA, free adaptation; NPA, nose-poke adaptation; PP, place preference; PPR, place preference reversal; NOR, novel object recognition. (C,D) Free exploratory session. No difference was observed among the four groups in terms of the number of visits and number of nose pokes. (E,F) Nosepoke learning session, including the number of visits and nose pokes. Compared with those in the WT Con group, the number of visits decreased and the number of nose pokes remained the same in the other groups. (G) Position learning. The WT SZ and KO SZ groups showed a higher percentage of erroneous visits than the WT Con group. The KO Con group showed a higher percentage of erroneous visits than the WT Con group. (H) Reversal position learning. KO SZ, KO Con, and WT SZ mice showed a higher percentage of erroneous visits than WT Con mice. (I) Novel object exploration. WT Con mice had a higher number of nose pokes than the other groups. Data represent the mean ± SD of n = 5. Data were analyzed via two-way ANOVA followed by Bonferroni post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001; ###p < 0.001; ∧∧p < 0.01; *WT Con vs. WT SZ, KO Con, KO SZ; #WT SZ vs. KO SZ; ∧KO Con vs. KO SZ).





Open Field Test

The mice were tested in a Plexiglass open field (OF) after 14 successive days of MK-801 administration to quantify stereotypical behavior and general locomotor activity. Mice were placed in a square OF arena (50 × 50 × 50 cm) and allowed to move freely for 10 min. The time that each mouse spent in the middle of the OF and total distance moved were recorded by using an automatic video tracking system (Smart version 3.0; Panlab, S.L.U., Barcelona, Spain).



Social Interaction Test

Mice were tested in a sociability testing apparatus 1 day after the OF test. Social communication and social response to new individuals were evaluated by using a three-chamber apparatus. The three-chamber test consisted of three stages. First, a mouse was transferred to the three-chamber polycarbonate facility and allowed to explore freely for 10 min for habituation. Second, the test mouse was transferred gently to the middle area, and the door on both sides was closed. An unfamiliar, age-matched male mouse was placed in a small cage in the upper area. The doors on both sides of the gates were opened, and the test mouse was allowed to explore for 10 min at will. Last, the test mouse was transferred into the middle area. Both gates were closed again, and a second, unfamiliar age-matched male mouse was placed in the small cage in the lower area. The social capability of mice was expressed by using the preference index (PI).
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PIS1-Em: Social communication capability; A: Time spent in empty cage; B: Time spent with an unfamiliar, age-matched male mouse.
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PIS2-S1: New social individual’s capability; B: Time spent with an unfamiliar, age-matched male mouse.

C: Time spent with a second, unfamiliar age-matched male mouse.



Novel Object Recognition Test

Mice were subjected to the novel object recognition test (NORT) at 1 day after the social interaction test. The NORT was used to test the animal’s ability to recognize a novel object (position) and preference for novel objects (position; Binyamin et al., 2019) in a familiar environment. The preference for a novel object (position) was expressed as PI as follows: (Timenovel object(position)/(Timenovel object(position)+ Timefamiliar object(position); Loh et al., 2015; Dos et al., 2019; Kárpáti et al., 2019; Liu et al., 2019). A mouse that exhibited less than 2 s of the total time exploring objects (position; Timenovel object(position)+ Time familiar object(position)) was excluded from the analysis. Object recognition testing occurred in two stages, namely, novel object recognition and position recognition. The mice were allowed to explore a field with two identical objects for 5 min during a familiarization trial. This experiment was performed to test the learning and memory of mice for novel objects or positions under free movement. Nonspatial learning and memory capability were evaluated via the NORT to verify the effect of GPER1-KO on the recognition and memory functions of SZ mice. After subjecting the mice to 5 min of familiarization and training, the familiar object was replaced with a novel object. The NORT was performed after the mice had rested for 5 min. During the training phase of the novel position recognition test, a mouse was placed in the experimental field. Two identical objects were placed on the same side of the experimental field. During the 5 min training phase, the mouse could identify two objects. One object was placed at the opposite corner of the other object before the test. The novel position recognition test was carried out. The identification time in this experiment was set as 5 min. The PI of the novel object (position) was used to indicate the ability of the mouse to explore the novel object (position).
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N: Exploring new objects (positions) time; F: Exploring old object (position) time.


Intellicage

The Intellicage test was performed with mice by using the IntelliCage system, an automated apparatus that monitors the cognitive behavior of multiple mice in a normal living environment (NewBehavior AG1). The system contained four intelligent learning condition corners. Each corner had two drinking bottles, and the mouse triggered a sensor chip to open the door by nose-poking and drinking freely. The system automatically recorded the numbers and times the door was opened and the water bottle nozzle was licked. It traced the behavior of the mouse through a transceiver. The IntelliCage system was used to set different experimental procedures to monitor the general activity, spatial learning, and executive function of mice automatically. At 14 days after MK-801 administration, a miniature signal sensor was implanted, and the mice were transferred to an IntelliCage device. During the experiment process, a single administration of MK-801 (0.6 mg/kg) was injected to keep the SZ-like symptoms on days 27 and 34, respectively (Figures 2A,B). The general activity, spatial learning, and executive function of mice were detected. The Intellicage system test protocol included five phases: simple adaptation, nose-poke adaptation, place preference learning, reversal learning, and novel object cognition. (1) Free adaptation stage: all mice could enter the cage and obtain water freely, and all corners and doors were open. Before starting the test programs, the mice were allowed to habituate for 1 day in the IntelliCage with free access to food and water. Following habituation, the mice were trained to obtain access to drinking spouts in all four corners after nose-poking. (2) Nose-poke adaptation stage: for 5 days, all doors were closed, and mice had to open the appropriate door through nose-poking to drink. The door remained open for 7 s. The door opened only when mice visited. Therefore, the mice could gain access to water when visiting. The least-preferred corners by each mouse were identified to guide the design of the next module. (3) Place-learning stage: this phase was similar to phase 2, but the mice could only access water from one corner. Spatial location learning was tested to explore the changes in the spatial positioning and recognition memory of mice. The test time was 7 days. The corners for which the mice showed the least preference for nose-poking were set as “correct,” and the remaining corners were set as “wrong.” Although the experimental mice could poke all corners, the door to the drinking water would open only when the mice poked the “correct” corner. Position-learning capability was evaluated by calculating the error rate of the mice. (4) Reversal learning stage: the identified water corner was replaced by the corner opposite to the one in the place-learning phase. For 7 days, the diagonal corners of the “correct” corners in the spatial position learning of mice were set as the “correct” corners, and the remaining corners were set as the “wrong” corners. The mice may enter all corners at will, and their exploration activities, error rates, and capability to explore new “correct” corners were analyzed. (5) Novel object recognition stage: LED lights in one corner were turned on randomly, and mice could enter and exit all corners and drink water freely. The LED lights in one corner were turned on daily, and the LED lights in different corners were turned in a counter-clockwise direction to monitor the drinking times of mice in the corners where the LED lights were lit. The preference of mice for “new things” were analyzed for 4 days.



Western Blot Analysis


One Week After the Object Recognition Test, Half of the Animals Were Weighed and Decapitated

The mice were sacrificed 1 day after the completion of the classical behavioral tests, and their brains were dissected and isolated. The hippocampus of each mouse was homogenized on ice by using a tissue homogenizer with RIPA buffer. After 15 min of centrifugation at 12,500 rpm and 4°C, the protein concentration was tested via the Bradford method. A certain volume of loading buffer was added to each protein sample for denaturation at 100°C for 6 min. After performing SDS–polyacrylamide gel electrophoresis, the targeted proteins were transferred onto PVDF membranes and then blocked with 1% BSA for 1 h. The membranes were incubated with primary antibodies at 4°C overnight (8–12 h), washed with TBST three times, and incubated with secondary antibodies for 1 h at room temperature. Target bands were scanned and analyzed by using the Odyssey Infrared imaging system (Odyssey, LICOR). The following primary antibodies were utilized: mouse anti-NMDAR2B (Abcam, ab181102, 1:500), rabbit anti-phospho-NMDAR2B (Abcam, ab181102, 1:1,000; sites: Tyr1070), mouse anti-CaMKII-α (Cell Signaling Technology, #50049, 1:1,000), rabbit anti-phospho-CaMKII-α (Cell Signaling Technology, #12716, 1:1,000, sites: Thr286), rabbit anti-CREB (Abcam, ab32515, 1:2,000), rabbit anti-phospho-CREB (Abcam, ab32096, 1:1,000, sites: S133), and rabbit anti-β-actin (ZSGB-bio, ZM-0001, 1:1,000).


Data Analysis

Data were analyzed by using SPSS 24.0 software. Unpaired two-tailed t-test and two-way ANOVA with Bonferroni or Tukey–Kramer multiple comparison post hoc tests were used to determine differences among groups. P-values less than 0.05 were considered statistically significant.








RESULTS


Behavioral Studies


OF Test

GPER1 knockdown and MK-801 treatment only slightly influenced stereotypical behaviors (F(1,32) = 1.563, p = 0.22, two-way ANOVA; Figure 1B) and hyperlocomotor activity (F(1,32) = 0.175, p = 0.68, two-way ANOVA; Figure 1C) in the OF test. Meanwhile, our results demonstrated that GPER1-KO mice had higher total distance (F(1,32) = 28.46, p < 0.001, two-way ANOVA; Figure 1C) and spent less time in the central area (F(1,32) = 17.36, p < 0.001, two-way ANOVA; Figure 1B) than WT Con mice. WT SZ mice spent less time in stereotypical behavior (F(1,32) = 98.75, p < 0.001, two-way ANOVA; Figure 1B) and significantly higher locomotion (F(1,32) = 28.46, p < 0.001, two-way ANOVA; Figure 1C) than WT Con mice. Post hoc analysis showed that GPER1-KO exacerbated the impairment of hyperlocomotion (t = 7.873, p < 0.001; Figure 1C) and anxiety of mice (t = 12.96, p < 0.001; Figure 1B) with SZ induced by MK-801. Additionally, KO SZ mice showed increased total distance (t = 5.589, p < 0.001; t = 12.55, p < 0.001; Figure 1C) and spent less time in the central area (t = 3.677, p = 0.002; t = 5.956, p < 0.001; Figure 1B) than WT SZ and KO Con mice.



Social Interaction Test

In the second phase, KO Con (F(1,32) = 36.59, p < 0.001, two-way ANOVA; Figure 1D) and WT SZ (F(1,32) = 59.44, p < 0.001, two-way ANOVA; Figure 1D) mice showed less preference for the first unfamiliar mouse than WT Con mice. In the third stage, the KO Con group (F(1,32) = 26.62, p < 0.001, two-way ANOVA; Figure 1E) and WT SZ (F(1,32) = 121.2, p < 0.001, two-way ANOVA; Figure 1E) showed less preference for the second unfamiliar mouse than the WT Con group. GPER1 knockdown and MK-801 treatment had no effects on sociability (F(1,32) = 3.84, p = 0.06, two-way ANOVA; Figure 1D) and social novelty recognition (F(1,32) = 0.62, p = 0.44, two-way ANOVA; Figure 1E). Compared with mice in the WT SZ and KO Con groups, those in the KO SZ group had less preference for the first (t = 5.363, p < 0.001; t = 6.049, p < 0.001; Figure 1D) and second unfamiliar mice (t = 6.258, p < 0.001; t = 17.13, p < 0.001; Figure 1E). KO SZ mice exhibited abnormal social interaction ability with their conspecifics and novel conspecifics, indicating that GPER1 KO impaired social interaction and novelty recognition in SZ mice.



NORT

The WT SZ group showed a significantly lower preference for novel objects (F(1,32) = 343.2, p < 0.001, two-way ANOVA; Figure 1F) and placement (F = 122.8, p < 0.001, two-way ANOVA; Figure 1G) than the WT Con group. Compared with WT Con mice, KO Con mice had less preference for novel objects (F(1,32) = 12.24, p = 0.001, two-way ANOVA; Figure 1F) and placement (F = 32.94, p < 0.001, two-way ANOVA; Figure 1G). Meanwhile, the ability of KO SZ mice to identify novel objects was lower than that of KO Con group mice (t = 10.82 p < 0.001; Figure 1F). Compared with the WT SZ group, the KO SZ group showed reduced capability to recognize novel placement (t = 6.265, p < 0.001; Figure 1G). There was no interaction of GPER1 knockdown and MK-801 treatment of novel object (F(1,32) = 1.563, p = 0.22, two-way ANOVA; Figure 1F) and novel position (F(1,32) = 0.175, p = 0.68, two-way ANOVA; Figure 1G).



Intellicage Behavioral Experiment

We used the Intellicage system to further investigate the behavioral differences of mice in different groups. The free adaptation phase showed no difference among the four groups in terms of the number of visits and number of nose pokes. There was no statistically significant difference between-group × within-group interaction (Figures 2C,D) observed. During the nosepoke adaptation phase, the number of visits significantly differed among the four groups and was lower in GPER1 KO mice (F(1,16) = 31.62, p < 0.001, two-way ANOVA; Figure 2E) and WT SZ group (F(1,16) = 9.83, p = 0.006, two-way ANOVA; Figure 2E) than in WT Con mice. During this phase, the number of visits in the KO Con group was higher than that in the KO SZ group (t = 2.78, p = 0.0652; Figure 2E). WT SZ mice exhibited a higher number of visits than KO SZ mice (t = 1.021, p = 0.8572; Figure 2E). The number of nose pokes showed lower degrees of decline in KO Con (F(1,16) = 5.773, p = 0.029, two-way ANOVA; Figure 2F) and WT SZ mice (F(1,16) = 41.91, p < 0.001, two-way ANOVA; Figure 2F) compared with those in WT Con mice. At the same time, the number of nose pokes in the KO SZ group significantly decreased (t = 2.957, p = 0.048; Figure 2F) compared with that in the KO Con group. GPER1 knockdown and MK-801 treatment significantly affected the number of nose pokes (F(1,16) = 5.446, p = 0.033, two-way ANOVA; Figure 2F). The place learning results showed that the percentage of erroneous visits was higher in the WT SZ group (F(1,16) = 102.7, p < 0.0001, two-way ANOVA; Figure 2G) than in the WT Con group, and KO Con mice exhibited a higher rate of errors in this stage than WT Con mice (F(1,16) = 21.84, p = 0.0003, two-way ANOVA; Figure 2G). A significant effect was seen in the following parameters: genotype × MK-801 interaction in position learning (F(1,16) = 18.31, p = 0.0006, two-way ANOVA; Figure 2G). Meanwhile, KO SZ mice had a higher percentage of erroneous visits than KO Con mice (t = 4.14, p = 0.0038; Figure 2G). In the reversal learning phase, the percentage of erroneous visits in the KO SZ group was higher than that in the WT SZ group (t = 7.71, p < 0.001; Figure 2H). WT Con mice showed a lower percentage of erroneous visits than KO Con mice (F(1,16) = 30.66, p < 0.0001, two-way ANOVA; Figure 2H) and WT SZ mice (F(1,16) = 25.17, p = 0.0001, two-way ANOVA; Figure 2H). There was no interaction of GPER1 knockdown and MK-801 treatment of the reversal learning phase (F(1,16) = 2.835, p = 0.11, two-way ANOVA; Figure 2H). The results from the new object recognition stage showed that the number of nose pokes in the WT SZ (F(1,16) = 30.91, p < 0.0001, two-way ANOVA; Figure 2I) and KO Con groups (F(1,16) = 81.44, p < 0.0001, two-way ANOVA; Figure 2I) was lower than that in the WT Con group. The KO SZ group displayed a lower number of nose pokes than the WT SZ group (t = 5.951, p < 0.001; Figure 2I). Additionally, our results revealed the weak effect of GPER1 knockdown and MK-801 treatment (F(1,16) = 0.7807, p = 0.39, two-way ANOVA; Figure 2I).


Western Blot Analysis

We tested several key proteins of the NR2B/CaMKII/CREB pathway in the hippocampus of GPER1-KO mice to investigate the possible mechanism by which MK-801 induced SZ-like symptoms (Figure 3A). GPER1 knockdown and MK-801 treatment significantly influenced the expression levels of the following proteins: CREB (F(1,16) = 4.761, p = 0.0444, two-way ANOVA; Figure 3F), p-CREB (F(1,16) = 15.11, p = 0.0013, two-way ANOVA; Figure 3G), CaMKIIα (F(1,16) = 5.539, p = 0.0317, two-way ANOVA; Figure 3D), p-CaMKIIα (F(1,16) = 27.08, p < 0.0001, two-way ANOVA; Figure 3E), and NR2B-pTyr-1070 (F(1,16) = 199.3, p < 0.0001, two-way ANOVA; Figure 3C). These results suggested that GPER1 deficiency might cause a reduction in the levels of proteins related to the NR2B/CaMKII/CREB signaling pathway in the mouse hippocampus, and MK-801 aggravated this change. Meanwhile, we found there was no interaction of GPER1 knockdown and MK-801 treatment of NR2B expression (F(1,16) = 2.182, p = 0.1591, two-way ANOVA; Figure 3B). Overall, these results proved that the expression levels of NR2B, NR2B-pTyr-1070, CaMKIIa, p-CaMKIIa, CREB, and p-CREB decreased in the presence of SZ symptoms (Figures 3B–G). Therefore, the NR2B/CaMKII/CREB signaling pathway in the hippocampus might be involved in the behavioral effects induced by MK-801 in KO SZ mice.
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FIGURE 3. GPER1 deficiency downregulated the NMDAR subunit 2B (NR2B)/CaMKII/CREB signaling cascade in the hippocampus of the mouse models of SZ-like phenotypes. (A) Representative immunoblots showing the protein levels of NR2B, pTyr-1070-NR2B, p-CaMKIIα, CaMKIIα, CREB, and phospho-CREB in the hippocampus detected by Western blot analysis. (B–G) Histograms showing the quantification of protein band densities that had been normalized to β-actin. Data are presented as mean ± SD of n = 5 mice/group. Data were analyzed via two-way ANOVA followed by Bonferroni post hoc test (*p < 0.05, ***p < 0.001; ##p < 0.01, ###p < 0.001; ∧p < 0.05, ∧∧∧p < 0.001; *WT Con vs. WT SZ, KO Con, KO SZ; #WT SZ vs. KO SZ; ∧KO Con vs. KO SZ).








DISCUSSION

SZ is a neuropsychiatric disease with gender differences (Bratek et al., 2016). Female patients with SZ are usually older and have milder symptoms than male patients with SZ. Clinically, estrogen may improve the cognitive impairment caused by SZ. GPER1, a newly identified estrogen receptor, may regulate the rapid nongenetic effect of estrogen. Studies have proven that GPER1 can promote spatial working memory in ovariectomized animals via the systemic injection of a GPER1 agonist (Gurvich et al., 2019). GPER1 can regulate anxiety-related emotions, spatial learning, and memory (Hammond et al., 2009; Kastenberger and Schwarzer, 2014; Kim et al., 2016). NMDAR plays a key role in the etiology and drug treatment of SZ (Lee and Zhou, 2019). Numerous studies have confirmed that NMDAR antagonists induce SZ-related behavior (Jeon et al., 2017). Meanwhile, our previous studies (Ding et al., 2017, 2019) and other work (Seillier and Giuffrida, 2009; Jacklin et al., 2012; Karamihalev et al., 2014; Li et al., 2016) found cognition impairment and alterations in anatomical and neurochemical aspects in a mouse subchronic model of SZ induced by the intraperitoneal injection of MK-801 for 14 consecutive days. Given that SZ is a chronic psychiatric disorder, subchronic administration with MK-801 might better represent the enduring cognition deficits of SZ (Karamihalev et al., 2014; Xiu et al., 2014), meaning it may serve as a robust model for the disease. Thus, the subchronic model of SZ was utilized in this study. Moreover, the dose of MK-801 (0.6 mg/kg/day) was utilized in our previous research (Huang et al., 2018; Ding et al., 2019). Based on the hypothesis of this past study, we evaluated the effects of GPER1 deficiency on the hyperlocomotion, stereotypical behaviors, novel object recognition, social interaction, general activity, spatial learning, and the executive capability of the mouse subchronic model of SZ. We also investigated whether GPER1 deficiency is associated with the expression levels of several proteins in the NR2B/CaMKII/CREB signaling pathway in SZ-like mice induced by MK-801. Previous studies found that the male hippocampus expresses all three major estrogen receptors (ER, ER, and GPER1; Hazell et al., 2009; Loh et al., 2015). Meanwhile, no apparent gender differences were observed in the distribution of GPER1/GPR30 in the adult mouse brain (Hazell et al., 2009). GPER1 is an extranuclear estrogen receptor whose functions in the central nervous system are largely unknown. However, it can activate kinase cascades and accelerate calcium flux within cells (Hadjimarkou and Vasudevan, 2018). Studies have demonstrated that GPER1 signaling in the brain is a response to estrogen, and it performs neuroprotection, cognition, and memory enhancement functions (Vajaria and Vasudevan, 2018). Other studies have reported that GPER1 improves spatial memory and promotes the generation of newborn neurons in the hippocampus; moreover, it may be involved in the release of neurotransmitters (Almey et al., 2015; Briz et al., 2015). Recently, the role of GPER1 in the regulation of mood disorders has been described (Kastenberger and Schwarzer, 2014). Studies on rodents have reported that there is an anti-depressant-like effect of estradiol that is mediated by GPER1, leading to the hypothesis that GPER1 might be an innovative target for the treatment of depression. The serum of patients with generalized anxiety disorder shows increased GPER1 levels, which correlate with the degree of anxiety (Orhan et al., 2018). However, there is no evidence that GPER1 deficiency might aggregate SZ-like behaviors induced by MK-801 in vivo. In this study, we performed a classical and intelligent behavioral analysis of mice that received GPER1 knockdown, and our results demonstrated increased hyperlocomotion and stereotypical behaviors, decreased social interaction, impaired novelty exploration, and recognition function, and impaired executive function in GPER1-KO SZ mice compared with their control counterparts. Impairments in learning and memory (Goldman-Rakic, 1994; Stefani and Moghaddam, 2005), hyperlocomotion, and stereotypical behaviors (Morrens et al., 2006; Xiao et al., 2019), and social withdrawal (Kay et al., 1987) are typical SZ symptoms. Our comprehensive behavioral results from learning and memory, social interaction, and executive function tests supported the notion that the administration of MK-801 interfered easily in GPER1-KO mice. Thus, our results suggested that GPER1 knockout aggravated the onset of SZ-like symptoms. We also found that CPER1 deficiency significantly reduced the learning capability and memory of SZ mice. Notably, this study is the first to demonstrate that GPER1 deletion led to further declines in the learning and memory of mice with MK-801-induced SZ. These results implied that the lack of GPER1 aggravated the cognitive impairment of SZ. Our results were consistent with previous studies on molecular changes in patients with SZ and animal models of the hippocampus (Silvestre de Ferron et al., 2015; Yang et al., 2015; Gulchina et al., 2017; Zhou et al., 2018). Notably, MK-801 significantly reduced the expression of NR2B in the mouse hippocampus. Meanwhile, GPER1 deficiency exacerbated the reduction in NR2B protein levels of SZ mice. We found that the expression of NR2B-pTyr-1070 protein was reduced in SZ mice. In GPER1-KO SZ mice, we found a significant decrease in the NR2B-pTyr-1070 protein expression level. This result indicated that GPER1 was related to the regulation of NR2B phosphorylation possibly in SZ mice. However, the mechanisms by which GPER1 regulates NR2B phosphorylation in the hippocampus of mice with SZ requires further investigation.

As a downstream signal factor of the NR2B subunit, CaMKII participates in a variety of signaling cascade responses and is an important mediation center for learning and memory. CaMKIIα is an extremely abundant protein kinase in brain tissue that participates in multiple signaling cascade reactions to regulate learning and memory. Consistent with previous studies, in this work, we found that the protein expression levels of CaMKIIα, phosphorylated CaMKIIα, CREB (Ren et al., 2014), and phosphorylated CREB decreased in SZ mice. We also saw that the protein expression levels of CaMKIIα, phosphorylated CaMKIIα, CREB, and phosphorylated CREB significantly decreased in GPER1-deficient SZ mice. GPER1 deficiency promoted MK-801-induced SZ in mice, indicating that GPER1 deficiency resulted in NR2B and NR2B-pTyr-1070 hypofunction and NR2B/CaMKII/CREB signaling pathway downregulation in SZ mice. The mechanism underlying the further decline of some cognitive abilities in SZ mice caused by GPER1 deletion might partially occur through the downregulation of the NR2B/CaMKII/CREB signaling pathway. This study is the first to evaluate the relationship between GPER1 and the NR2B/CaMKII/CREB signaling pathway in an animal model of SZ. Thus, GPER1 might phosphorylate NR2B and regulate the NR2B/CaMKII/CREB pathway.



CONCLUSION

Collectively, the results of this study suggest that GPER1 deficiency can attenuate cognitive function in SZ mice. GPER1 deficiency might promote the degradation of the NR2B/CaMKII/CREB signaling pathway by inhibiting NR2B phosphorylation. Therefore, GPER1 activity may be a new target in the treatment of SZ and other symptoms, such as learning and memory impairment. Future studies should focus on the effect of GPER1 on the pathogenesis of SZ in vivo and in vitro.
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TNF-a 2,829 4,075 3323 15288 14,160 16,283 7,956 8932 7,249 26 143837 0

Ibat 6,533 7142 5706 10,026 8717 10,69 5719 6477 7,329 26 15.24 0.004

The mice in groups of Con, GRS and Bif+CRS were given with distilled water (10 mL/kg), distilled water (10 mi/kg), B. adolescentis (0.25 x 109 CFU/kg), respectively, by gavage for

21 days. N — 3 per group.
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B. Time in Center of  C. Total Distance of Open Field  D. Total Entries of EPM E. Entries in Open Arms  F. Time in Open Arms of  G. Immobility Duration of  H. Immobility Duration of

Open Field (%) (cm) of EPM (%) EPM (%) Tail Suspension Test (%) ~ Forced swimming test (%)
Con CRS Bif+CRS Con  CRS Bif+CRS  Con CRS Bif+CRS Con CRS Bif+CRS Con CRS Bif+CRS Con CRS Bif+CRS Con CRS  Bif+CRS
539 082 2.6 194164 1658.82  1543.94 15 13 8 2000 1538 2500 21.82 1682 2347 2205 8453 1155 59 1933 1518
581 284 1220 1977.99 146280  2161.88 19 21 14 2632 1429 2857 2544 2448 3654 282 4282 1215 831 1545 222
802 378 17 204367 169625  2026.44 2 5 6 2174 000 1667 2358 O 17.25 1.85 2454 32.22 22 2935 1488
696 056 697 185472 160473  2330.81 10 8 20 2000 1250 2000 21.95 1542 1894 149 2268  17.27 683 359 1.08
701 302 551 193698 223428  2407.91 25 24 10 1600 1667 2000 2883 1829 2349 525 224 0 288 1032 753
451 376 1056 2572.20 190254  1907.05 6 15 9 1667 667 3333 2203 1054 84 24.03 149 1277 962 22.08 363
246 146 462 170471 160822 239815 21 10 30 2857 2000 2333 3426 2098 2005 1158 1392 1302 {922 7.22 2497
371 498 631 196525 1994.95  1623.36 8 22 22 1250 1364 900 935 1476 527 1352 11.15 668 062 1873 767
1641 396 226 2074.08 195694  2101.34 1711 19 17.65 909 1579 2942 10 15.74 04 8327 19038 105 7.52 553
464 396 1206 152013 158810 230845 10 18 27 1000 1141 1852 454 1185 1957 5 2132 1825 7.03 1578 1.7
56 653  13.08 211162 250200  2458.90 20 12 17 2500 833 2353 26 742 2246 356 1392 395 1227 1825 2128
10.18 351 225 238522 187310 153285 18 19 8 1667 1579 2500 1755 1411 2657 2395 1272 965 864 2033 3.08
o F P o F P o F P dof F P o F P o F P o F P
233 4183 0024 283 1875 0.169 233 0404 0901 233 9408 0001 2,83 8485 0043 2,33 8422 0045 233 578 0.007

The mice in groups of Con, CRS and Bif+CRS were given with distilled water (10 mlL/kg), distilled water (10 miL/kg), B. adolescentis (0.25x 10° CFU/kg) respectively, by gavage for 21 days. N = 12 per group.
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A. Shannon index on Phylum level

B.PCA on Phylum level

D. Proportion of sequences on
Phylum level: Firmicutes

E. Proportion of sequences on
Phylum level: Bacteroidetes

Con CRs Bif+CRS PC1 pPc2 Con CRS Bif+CRS Con CRS Bif+CRS
0.618248 0.804381 0.538529 Con 1.4023 -0.4719 0.75699 0.4212 0.8048 02271 0.5547 0.186
0.490792 0.785661 0.652056 1.4472 0.1895 0.8335 0.646 0.6492 0.1586 0.3226 0.3261
0.639374 0.737641 0.754216 0.7645 21739 0.7751 0.6067 0.7693 01977 0.3805 0.2002

CRS -1.258 —1.4395
df F P —3.2233 1.7086 df F P df F P
26 4.5 0.084 -0.8385 —2.0185 26 5.946 0.038 26 5.9 0.038
Bif+CRS 15016 —0.047
—0.1986 -09116
0.3979 05164

FR?=053264, p=0.108

The mice in groups of Con, CAS and Bif+CRS were given with distiled water (10 mLkg), distilled water (10 mL/kg), B. adolescentis (0.25x 109 CFU/kg) raspectively, by cavage for 21 days. N = 3 per group.
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A. Shannon index on Genus level B. PCA on Genus level D. Proportion of sequences on E. Proportion of sequences on Genus level:

Genus level: Lactobacillus Bacteroides
Con CRs Bif+CRS NMDS1 NMDS2 Con CRS Bif+CRS Con CRS Bif+CRS
1.29678 2136918 1.103383 Con —4.3868 —1.0162 0.684 0.261 0.7448 0.0057 0.0618 0.0125
1.106301 1.925281 1.781085 -3.218 —1.3881 0.7875 0.4001 0.5294 0.0065 0.0188 0.0016
1.5611226 1.984399 1.145668 —4.0307 —0.46 0.6449 0.3768 0.5968 0.0131 0.0598 0.0006
CRS —1.8479 9.6013
df F P 7.3082 —0.9993 df F P df F P
26 7.294 0.025 8.495 2.9069 26 14.997 0.006 26 7.488 0.023
Bif+CRS —3.6345 —0.6355
—2.0275 -2.618
3.3472 —5.3902

R? =054811, p = 0.008

The mice in groups of Con, CRS and Bif+CRS were given with distiled water (10 mL/kg), distilled water (10 mi/kg), B. adolescentis 0.25x 109 CFU/kg) respectively, by gavage for 21 days. N= 3 per group.
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B. Western blotting analysis for BDNF, IL-16, TNF-c,
p-NF-« B p65 and Ibat expression

BDNF IL-16 TNF-«  p-NF-kB p65/ Ibat
NF-xB p65
Con 1.0723 09218 09743 09441 1.1421
10099 14345 08306 0.8215 07453
1.0872 08812 10628 1.1499 1.4128
08307 10634 14325 1.0852 1.0011
CRS 04804 11463 19127 1.4227 1.1859
06007 13988  1.7253 1.2378 1.1808
06971 18309  1.8475 1.4009 1.3169
05803 13691 15323 1.4565 1.5206
BIf+fCRS 1.5267 06976 11223 0.9601 08247
14179 09694 13875 0.8072 1.0179
14195 1.0616 11956 09221 09956
06419 09869 1.4328 1.0082 08338
if 29 29 29 29 29
F 5731 9477 13489 9.3 7.066
P 0.025 0.008 0.002 0.006 0014

The mice in groups of Con, CRS and Bif+CRS were given with distiled water (10 mL/kg),
distiled water (10 mL/kg), B. adolescentis (0.25x 109 GFU/kg) respectively, by gavage
for 21 days. N = 4 per group.
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B. Immobility Duration of Forced swimming test (%) C. Total Distance of D. Time in Center E. Total Entries of F. Entries in Open G. Time in Open

Open Field (cm) of Open Field (%) EPM Arms of EPM (%) Arms of EPM (%)
Con  Ami  Bif(0.25x10°  Bif (0.5x10° Bif (1x10°  Con  Bif(0.25x10° Con Bif(0.25x10°  Con Bif (0.25x10° Con Bif (0.25x10°  Con Bif (0.25x10°
(10mgrkg)  CFU/Kg) CFU/kg) CFU/kg) CFU/kg) CFU/kg) CFU/kg) CFU/kg) CFU/kg)
3047 25 28.89 2222 16.69 126321 205369 443 734 15 10 26,67 20.00 32.24 26.28
2778 444 2347 125 14.81 150541 246583 467 1269 14 8 14.29 3750 1492 3556
21.94 2306 1141 20.72 17.08 112171 163551 251 9.32 16 26 12.50 2462 1852 62.16
2189  3.06 2208 7.22 13.97 124233 249329 244 1236 8 18 12.50 16.67 33.28 34.88
3056 1056 6.39 25 12.67 1382.98 5049 537 856 19 12 0.00 4167 0 54.24
2306  81.11 25.83 13.06 30,67 1480.85 97153 964 428 18 15 1141 40.00 10.24 3148
24.44 1417 1278 23.33 15.47 157751 14467 045 6.13 7 22 14.29 18.18 26.4 42.32
5141 18.06 2028 15.83 2027 97273 211914 335 421 9 27 33.33 25.93 4252 3276
23.06 35 18.06 18.61 2653 241268 178553 64 14.25 22 15 13.64 20.00 1472 28
27.22 2111 19.72 20 22.42 1324.97 127291 465 72 12 15 25,00 26.67 486 2052
compared with control t-test for Equality of Means compared with control  compared with control  compared with control  compared with control  compared with control
t-test for Equality of Means t-test for Equality of Means t-test for Equality of Means t-test for Equality of Means t-test for Equality of Means
p=0015 0013 0012 0011 p=0333 p=0008 0.202 0013 0.059
df =18 18 18 18 df =18 dr=18 df =18 df =18
t=2608 2741 2.794 2.824 t=—8.11 t=—1.087 t=—2768 t=—2018

The mice in groups of Con, Ami (10 mg/kg), Bif0.25x 10° CFU/Kg), Bf (0.5x 10° CFU/kg) and Bif (1 10° GFU/kg) were given with distiled water (10 mi/kg), amitriptyiine (10 mg/kg), B. adolescentis (0.25x 10° CFU/kg), B. adolescents
(0.5x10° CFU/kg) and B. adolescentis (1x 10° CFU/kg) respectively, by gavage for 21 days. N = 10 per group.
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Negative urgency

Positive urgency

Lack of premeditation

Lack of perseverance

Seeking sensations

Anxiety

Depression

HADS

Chronotype

CR, cognitive restraint; UE, uncontrolled eating; EE, emotional eating. Spearman and Pearson tests were used.
Bold mean that the results are significant.
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Depression
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CR, cognitive restraint; UE, uncontrolled eating; EE, emotional eating. Spearman and Pearson tests were used.
Bold mean that the results are significant.
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Men Women Total P
Eating habits (TFEQ-R 18) Cognitive restraint 1299+ 3.244 13.19 + 3566 13.12 % 3.456 059
Uncontrolied eating 21.61£5524 20.80 + 5.448 21.08 + 5.481 0.164
Emotional eating 6.62 2346 716 2549 6.98 +2.491 0038
Impuisivity (UPPS) Negative urgency 982 £3.001 991 3,045 9.88+3.026 0766
Positive urgency 1069 = 2.789 10.90 £ 2.730 1082 %2748 0.466
Lack of premeditation 7.42 £2.637 7.36£2.795 7.38£2.738 0820
Lack of perseverance 7.42 £2.785 724 38.107 7.30 £2.999 0571
Seeking sensations 11.71:£2883 11303212 11.44 £3.106 0209
Anxiety and depression (HADS) Anxiety 7.77 £3.824 924 +3.820 8.74.+3.886 0.000
Depression 6.96 +8.705 6248124 6.48 +3.348 0.039
HADS 14.73  6.665 15.48 £ 6.121 15.22 & 6.314 0263
Chronotype (MEQ) Chronotype 47.39+9.218 47.70 +9.306 4760 +9.266 0.746
Definite evening type 7(6.1%) 6(2.3%) 13 (3.2%)
Moderate evening type 28 (20.4%) 57 (21.7%) 85 (21.2%) 0568
Intermediate type 87 (63.5%) 169 (64.3%) 256 (64.0%)
Moderate morning type 15 (10.9%) 29 (11.0%) 44.(11.0%)
Definite morning type 0(0.0%) 2(0.8%) 2(0.5%)
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