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Behavioral profiles are strongly shaped by an individual's whole life experience. The accumulation of negative experiences over lifetime is thought to promote anxiety-like behavior in adulthood (“allostatic load hypothesis”). In contrast, the “mismatch hypothesis” of psychiatric disease suggests that high levels of anxiety-like behavior are the result of a discrepancy between early and late environment. The aim of the present study was to investigate how different life histories shape the expression of anxiety-like behavior and modulate fear memory. In addition, we aimed to clarify which of the two hypotheses can better explain the modulation of anxiety and fear. For this purpose, male mice grew up under either adverse or beneficial conditions during early phase of life. In adulthood they were further subdivided in groups that either matched or mismatched the condition experienced before, resulting in four different life histories. The main results were: (i) Early life benefit followed by late life adversity caused decreased levels of anxiety-like behavior. (ii) Accumulation of adversity throughout life history led to impaired fear extinction learning. Late life adversity as compared to late life benefit mainly affected extinction training, while early life adversity as compared to early life benefit interfered with extinction recall. Concerning anxiety-like behavior, the results do neither support the allostatic load nor the mismatch hypothesis, but rather indicate an anxiolytic effect of a mismatched early beneficial and later adverse life history. In contrast, fear memory was strongly affected by the accumulation of adverse experiences over the lifetime, therefore supporting allostatic load hypothesis. In summary, this study highlights that anxiety-like behavior and fear memory are differently affected by specific combinations of adverse or beneficial events experienced throughout life.
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INTRODUCTION

Development of fear and anxiety in an adult individual are thought to be critically shaped by its environmental conditions. It is conventionally accepted that cumulative stress throughout lifetime poses one of the predominant environmental risks for the development of several psychiatric disorders (anxiety disorders, phobias, posttraumatic stress disorders (PTSD), depression, etc.). So far, different hypotheses exist which address the correlation between early life socio-environmental stressors and the individuals' vulnerability to psychiatric diseases (de Kloet et al., 2005; McEwen, 2006; Taylor, 2010). One acknowledged hypothesis suggests that an accumulation of negative events results in an increase of the subjects' allostatic load over lifetime. This effect is described as “cumulative stress” or “allostatic load” hypothesis and is particularly detrimental since it is considered to augment the susceptibility to express anxiety-related behaviors (McEwen, 2003). On the contrary, overall positive experiences are thought to facilitate learning and resilience, leaving the individual less vulnerable to develop an anxious phenotype (Doulames et al., 2014).

Beyond anxiety-related behaviors, fear responses are equally observed across many species. Fear and anxiety are crucial to evoke behavioral responses, such as avoidance or caution upon threatening stimuli to protect the individual from potential harm. In general, fear responses are related to the presence of a particular cue or context, whereas anxiety is a more diffuse state that can occur irrespective of these triggering elements. Both emotional states result in specific and measurable reactions, such as flight, freezing, risk-assessment, or reduced locomotor activity. Therefore, a broad variety of standard procedures exists to differentiate between fear and anxiety on the behavioral level (e.g., open field-, elevated plus-maze test, Pavlovian fear conditioning; for review see Tovote et al., 2015). Especially Pavlovian fear conditioning has become one of the standard behavioral paradigms to study explicitly emotional learning and fear memory processes (LeDoux, 1993; for review see Pape and Pare, 2010). In such a conditioned fear paradigm, a neutral stimulus (e.g., tone or light) is paired with an aversive stimulus (e.g., electric footshock) to trigger fear responses on demand, which provides a measure for fear learning per se and also facilitates the subject to predict possible environmental threats (LeDoux, 2000). These fear responses typically decline if the subject is exposed to repetitive presentations of non-reinforced cues where it learns that the conditioned stimulus (CS) no longer predicts danger, a physiological response, called fear extinction (Maren and Quirk, 2004). Fear and anxiety are part of an organisms' defensive mechanism and critical for survival. Yet, pathological expression of fear and anxiety brain states are shown to modulate neuronal activities and lead to behavioral changes (Calhoon and Tye, 2015).

It is known that neuronal networks are shaped by the social environment throughout an individual's development. So far, several critical life phases could be identified which are particularly sensitive to alterations in the environment (Hubel and Wiesel, 1970). The impact of social experiences, encountered during these developmental stages, is reflected by changes in neuronal plasticity and distributed brain networks. Hereby, the individuals' behavior is predefined for further encounters throughout adulthood (Pohl et al., 2007). In contrast to the allostatic load hypothesis, the more recent match/mismatch hypothesis of psychiatric disease includes this aspect. It states that early environmental cues influence the development of a phenotype in a manner that provides optimal adaptation to similar environmental conditions later in life. However, a discrepancy between early and late environment would result in maladaptation (Bateson et al., 2004, 2014; Gluckman et al., 2005a,b, 2007; Belsky and Pluess, 2009; Schmidt, 2011; Ricon et al., 2012; Santarelli et al., 2014).

Results of numerous studies show that positive and especially negative experiences during distinct phases of life, ranging from the prenatal and early postnatal stage, through adolescence to adulthood, do have profound effects on the behavioral phenotype (prenatal phase: Cratty et al., 1995; Seckl, 2004; Kaiser and Sachser, 2005; early postnatal phase: Vallée et al., 1997; Caldji et al., 1998; Meaney, 2001; Gross and Hen, 2004; Heiming et al., 2009; Taylor, 2010; Eiland et al., 2012; Ricon et al., 2012; adolescence: Spear, 2000; Schmidt et al., 2007; McCormick et al., 2008; Sachser et al., 2011, 2013; Chaby et al., 2015; Meyer et al., 2016; adulthood: Buwalda et al., 2005; Jansen et al., 2010). However, only little is known about a possible interplay between these developmental stages. Thus, incorporating an experimental design, which combines several socio-environmental interactions during critical life stages throughout lifetime, is needed to outline more natural conditions. A first promising whole life approach was conducted in male mice varying in serotonin transporter (5-HTT) genotype to elucidate the effects of genotype and social environment as well as their interaction on the adult behavioral phenotype. In this study, it has been shown that life history indeed modulates the anxiety-like behavior profoundly (Bodden et al., 2015). More precisely, 5-HTT knockout and wildtype mice that experienced early beneficial and later escapable adverse conditions showed less anxiety-like behavior compared to mice of other life histories. However, it has to be determined how these over lifetime acquired behavioral profiles not only enhance or reduce the expression of anxiety-related behaviors, but especially how they shape fear memory and extinction in adulthood. Since mechanisms underlying fear extinction have attracted considerable interest because of their potential clinical significance, extensive studies have been conducted to understand the importance of single life stages for fear memory and extinction processes in adult humans and rodents (Quirk and Beer, 2006; Myers and Davis, 2007; Sehlmeyer et al., 2009; Lee et al., 2011; Narayanan et al., 2011; Bingham et al., 2013; Shechner et al., 2014; Ponchio et al., 2015; Zoicas and Neumann, 2016).

The aim of the present study was to investigate the effects of either consistent or changing social life experiences on body weight development, anxiety-like behavior, and exploratory locomotion as well as conditioned fear and extinction in adult C57BL/6J mice.

MATERIALS AND METHODS

All procedures complied with the regulations covering animal experimentation within the EU [European Communities Council DIRECTIVE 2010/63/EU and in accordance with national and local authorities LANUV NRW (reference numbers: 8.87-51.04.20.09.334 and 84-02.05.20.12.212)].

Animals and Housing Conditions

All experiments were performed in male C57BL/6J mice, which were bred in the Department of Behavioral Biology at the University of Münster, Germany. The original breeding stock originated from Charles River Laboratories (Sulzfeld, Germany). All animals were housed in transparent standard Makrolon cages type III (38 × 22 × 15 cm) with sawdust and a paper towel as bedding material (Allspan, Höveler GmbH & Co. KG, Langenfeld, Germany), food (1324, Altromin GmbH, Lage, Germany) and water provided ad libitum in a temperature and humidity controlled animal facility under a 12 h/12 h light/dark cycle (light on at 8.00 a.m.).

Experimental Design

Induction of Life Histories

Four different life histories (group size AA: 28, AB: 27, BA: 28, BB: 27) were experimentally induced according to the paradigm published earlier (Bodden et al., 2015). Deviating from the procedure previously described, an additional sham-handled control group was included (group size SH: 28; see Figure 1). Briefly, life histories were divided into an early and a late phase, in which mice were provided with either adverse (“A”) or beneficial (“B”) environmental modifications, or a sham-handling procedure (“SH”). Thus, animals underwent either consistent or changing social life experiences from prenatal stage till adulthood.
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FIGURE 1. Overview of the four different life histories and sham-handled mice. The figure shows the five different experimental groups of male C57BL/6J mice, subdivided into four different life histories (AA, AB, BA, and BB) and a sham-handled group (SH). Every life history comprises an early and a late phase, each being either adverse or beneficial. Sham-handled mice received no modifications in their social environment (n = 138) (figure modified after Bodden et al., 2015).



In the course of the early phase, two groups (AA and AB group) were exposed to an adverse social environment. For this purpose, pregnant and lactating female C57BL/6J mice were treated with soiled bedding from unfamiliar males. This treatment signals the danger of infant killing and has been shown to cause a significantly higher increase in the females' stress level (e.g., corticosterone) as well as reduced maternal care behavior compared to neutral bedding (Heiming et al., 2009, 2011). On postnatal day (PND) 22, the offspring were separated from the mother and housed in same-sex groups of two to five animals until age of PND 35 ± 2. Subsequently, male mice were single housed in order to exclude social influences such as social hierarchies and agonistic interactions when reunited after loser experience. Yet, due to possible adverse effects, social isolation has to be considered as an experimental limitation of this study. From then on, during adolescence, male offspring of AA and AB group were repeatedly confronted with an adult male mouse from the aggressive NMRI strain (Navarro, 1997) to provide loser experiences. Loser experience increases stress levels and anxiety-like behavior, and thus is considered aversive (5 times, 10 min duration, PND 37 ± 2 – 61 ± 2, Jansen et al., 2010; Kloke et al., 2011). In contrast, two other groups (BB and BA group) experienced beneficial conditions during their early life phase. In this case, female C57BL/6J mice were treated with neutral bedding during pregnancy and lactation to generate a safe environmental setting. With the onset of adolescence, male offspring of BB and BA group repeatedly encountered a female mouse in estrous, allowing for the benefit of mating experiences (5 times, 10 min duration, PND 37 ± 2 – 61 ± 2).

In the course of adulthood (PND 70–77), late phase environmental modifications provided either an adverse or beneficial social experience. For animals of groups AA and BA, an escapable adverse late environment was achieved by confronting C57BL/6J test subjects with a dominant male from the aggressive NMRI strain once a day for the duration of 1 week. These confrontations took place in a custom-made cage system, which provided the C57BL/6J test subject the opportunity to escape to its connected home cage (Lewejohann et al., 2010). This experience has been shown to elicit a significant increase in stress levels in the subdominant animals, and is thus considered an adverse condition (Bodden et al., 2015). In the beneficial social experience design, animals of groups AB and BB gained permanent access to a mating partner for 1 week.

Animals of SH group did not experience any environmental modifications in their life history (neutral environment). Instead of social encounters during adolescence and adulthood, these animals were handled by the experimenter at corresponding times.

After successful generation of the individuals' life history, all experimental subjects were tested for their anxiety-like and exploratory behavior. Subsequently (between PND 77 ± 2 and 82 ± 2), a subset of 75 animals was transported from the Department of Behavioral Biology to the Institute of Physiology 1 (transportation time ~8–10 min), where they were allowed to adapt to the facility for 2 weeks before being fear conditioned and tested for fear memory retrieval, extinction learning and recall of fear extinction as described below.

Body Weights

Animals were weighed during the early phase (PND 22), right before the beginning of the late phase (PND 70 ± 2), and at the end of the late phase (PND 77 ± 2).

Tests for Anxiety-Like Behavior and Exploratory Locomotion

Behavioral testing was performed between PND 75 ± 2 and 77 ± 2 as described earlier (Bodden et al., 2015). In total, 138 males (group size: AA: 28, AB: 27, BA: 28, BB: 27, SH: 28) were investigated for their anxiety-like and exploratory behavior in the following order of tests: Elevated plus-maze test (EPM), Dark-light test (DL), and Open field test (OF), with a 24 h delay between each test. All behavioral tests lasted 5 min and were performed in a room different from the housing room during the light phase. Test equipment was cleaned with 70% ethanol between subjects. The animal's movements were recorded by a webcam (Logitech Webcam Pro 9000) and analyzed by the video tracking software ANY-maze (Version 4.75, Stoelting Co., Wood Dale, USA).

Mice were tested in the EPM (Pellow et al., 1985; Lister, 1987, 1990) on PND 75 ± 2. The plus-shaped apparatus, elevated 50 cm above the ground, consisted of two opposing open arms (30 × 5 cm) and two opposing closed arms (30 × 5 cm) with 20 cm high walls that extended from a central square (5 × 5 cm), and was illuminated by a light bulb (150 lx). Parameters analyzed were percentage of time spent on open arms as well as the percentage of entries into open arms to assess anxiety-like behavior, and sum of entries into open and closed arms as an indicator of exploratory locomotion. On PND 76 ± 2, mice were tested in the DL (Crawley and Goodwin, 1980). The apparatus was a modified Makrolon cage type III, which was divided into two compartments by a partition including a sliding door. The light compartment (28 × 27 × 16 cm) had transparent walls, no lid, and was illuminated by overhead lighting (570 lux), while the dark compartment (17 × 27 × 16 cm) was painted black, had an opaque lid, and was unlit. The parameters measured were latency to enter the light compartment and time spent in the light compartment as indicators of anxiety-like behavior, and number of entries into the light compartment to assess exploratory locomotion. The OF (Archer, 1973; Treit and Fundytus, 1988) was performed on PND 77 ± 2 and consisted of a white square arena (80 × 80 × 42 cm), illuminated by an overhead bulb (600 lx). The parameters analyzed were time spent in the center of the arena to measure anxiety-like behavior and distance traveled for assessing exploratory locomotion.

Fear Conditioning and Fear Memory Testing

C57BL/6J mice (n = 75) were tested for fear memory retrieval, extinction and extinction recall as published earlier (Seidenbecher et al., 2003; Sangha et al., 2009; Lesting et al., 2011a,b, 2013; Figure 2). Briefly, animals were placed in the fear conditioning chamber (context A) and adapted twice (inter-trial interval: 6 h) to a neutral tone (CS−: 2.5 kHz, 85 dB SPL). CS− was presented 6 times for 10 s with an interval of 20 s (Figure 2A). On the second day, mice underwent fear conditioning in the fear conditioning chamber (context A). The conditioned stimulus (CS+, 10 kHz, 85 dB SPL, for 10 s) was presented 3 times with an inter-stimulus interval of 20 s and co-terminated for 1 s with a 0.4 mA unconditioned stimulus (footshock). This session was performed twice with an inter-trial interval of 6 h (Figure 2B). On the following day, animals were placed into an open-field like arena (neutral context, context B), made up by a standard makrolon cage type III. In a first retrieval session (R1), CS− was presented 4 times (10 s, ISI 20 s) followed by 4 CS+ presentations (10 s, ISI 20 s) after 40 s. This session was repeated 5 times (R2–R6) with an inter-session interval of 30 min, representing extinction learning. Fear extinction recall (E) was tested on day 4. In this case animals underwent the same procedure as on day 3 (Figure 2C).
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FIGURE 2. Schematic drawing of experimental paradigm of fear conditioning and extinction. (A) Mice were placed in the fear conditioning chamber (context A) and adapted twice (inter-trial interval: 6 h) to a neutral tone (neutral conditioned stimulus, CS−; 2.5 kHz, 85 dB). CS−, indicated by striped bars, was presented 6 times for 10 s with an interval of 20 s. (B) C57BL/6J mice underwent fear conditioning in context (A). Conditioned stimulus (CS+; 10 kHz, 85 dB, 10 s), indicated by black bars, was presented 3 times (interval: 30 s) followed by a 0.4 mA electrical stimulus (1 s) indicated by arrows. This was performed twice with an inter-trial interval of 6 h. (C) Animals were placed into the recording chamber (context B). After 120 s CS− was presented 4 times (interval: 30 s) followed by 4 CS+ presentations (interval: 30 s) after 40 s. This was performed 6 times (extinction training; inter-session interval: 30 min). Twenty four hours later fear extinction recall was tested with one final repetition.



Behavioral Expressions after Fear Conditioning

To detect discrete behavioral changes after fear conditioning, the following behavioral expressions were assessed online via visual observation by an experimenter blind to the life history: freezing, risk-assessment, flight, grooming, exploration, rearing, and quiescence. Freezing was defined as absence of movement except respiratory movements and attentive watching (Grossen and Kelley, 1972; Fanselow and Bolles, 1979; Blanchard et al., 1997; Gerlai, 1998; Laxmi et al., 2003). Risk-assessment was scored, if animals displayed stretched-attention and sensory scanning (sniffing, auditory, and visual scanning, marked by side-to-side head sweeps) (Blanchard et al., 2003). Flight was rated, if animals reacted with sudden running, followed by freezing behavior. Grooming was assessed during phases of mouth washing, fur and paw licking and whisker cleaning. Exploration was defined as animals in motion (walking and running). Rearing was rated, if animals positioned themselves on hind limbs. Quiet was rated, if animals were in rest, but not sleeping and showed no further movement except respiratory movement and no further reaction toward tone presentation.

For the determination of life history-dependent changes in total defense, comprising freezing, risk-assessment and flight (Laxmi et al., 2003), analysis was performed for percentage of time within 40 s bins for time periods preCS− (40 s prior first CS onset), CS− (total of 4 CS− presentations), preCS+ (40 s interval between last CS− offset and first CS+ onset), CS+ (total of 4 CS+ presentations) and postCS+ (40 s after last CS+ offset).

To assess the impact of life histories on the individual behavioral profile (“discrete behavioral expressions”) comprising the behavioral expressions as described above each behavior, was analyzed separately as percentage of time for preCS−, CS−, preCS+, CS+, and postCS+. Importantly, for both analyses (total defense and discrete behavioral expressions) preCS− of R1 was considered as “behavioral baseline,” since during this time period animals were placed in a novel, open field-like context.

Furthermore, to elucidate effects of life history on fear retrieval and extinction of conditioned fear, freezing behavior was analyzed for 10 s of first CS− and CS+ presentation (firstCS− and firstCS+) as percentage of time spend freezing during retrieval and extinction sessions as published before (Sangha et al., 2009; Lesting et al., 2011a,b, 2013).

Statistics

General Linear Models (GLM) were used for the analysis of the obtained data. In case of significant main or interaction effects, post-hoc pairwise comparisons of different levels were conducted using Bonferroni adjustment. All data are expressed as mean ± SEM. Statistical significance for all experiments was p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Statistical analyses were conducted using the statistical software IBM SPSS Statistics (IBM Version 23, Release 2015) and STATISTICA 12 (StatsoftEurope, Release 2012). Graphs were created using the software GraphPad Prism 6 for Windows (GraphPad Software, Inc., Release 2014).

Body Weights and Anxiety-Like Behavior

GLM were applied for the analysis of body weights and data obtained from tests for anxiety-like behavior and exploratory locomotion. In order to meet the assumptions of parametric analysis, residuals were graphically examined for homoscedasticity and outliers and the Lilliefors corrected Kolmogorov-Smirnov Test was applied. When necessary, raw data were transformed using either logarithmic or square root transformations.

In particular, ANOVA with repeated measures was performed for the analysis of body weight with within-subjects factor “time” (postnatal day, PND), fixed between-subject factor “life history” and the interaction of “life history” and “time.”

Univariate ANOVA was used to analyze several dependent variables (anxiety-like and exploratory behaviors) with fixed between-subject factor “life history.”

For the analysis of “early vs. late phase” effects (without group SH), ANOVA was performed for several dependent variables (body weights, anxiety-like and exploratory behaviors) with fixed between-subject factors “early phase” (adverse: AA and AB; beneficial: BA and BB), “late phase” (adverse: AA and BA; beneficial: AB and BB), and the interaction of “early phase” and “late phase.”

Total Defense and Behavioral Expressions of Conditioned Fear

ANOVA with repeated measures with first within-subject factor “session” (R1, R6, and E), second within-subject factor “time periods” (preCS−, CS−, preCS+, CS+, and postCS+), and between-subject factor “life history” was used to analyze total defense and individual behaviors, such as freezing, risk-assessment, rearing, flight, exploration, grooming and quiet, of life history dependent behavioral expressions.

To determine the “behavioral baseline” after fear conditioning, ANOVA with repeated measurements with R1, R6 and E as within-session factors and “life history” as between-subject factor was performed for total defense and discrete behavioral analysis during preCS− in R1.

To determine dynamics of fear retrieval and extinction, ANOVA with repeated measures was utilized, with freezing within 10 s bins (firstCS− and firstCS+) as within-subjects factor during sessions and as between-subjects factor for “life history.”

To detect “early vs. late” phase effects of life history (without group) on the different analyzed parameters, multifactorial ANOVA with repeated measures was performed with “session” (R1, R6, and E) as first within-subject factor, “time periods” (preCS−, CS−, preCS+, CS+, and postCS+) as second within-subject factor and “early phase” (adverse: AA and AB; beneficial: BA and BB) and “late phase” (adverse: AA and BA; beneficial: AB and BB) as between-subject factors for total defense, behaviors (40 s bins) and freezing (10 s bins).

RESULTS

Four different life histories were induced in male C57BL/6J mice comprising an “early phase” and “late phase” which were either dedicated by an adverse (A) or beneficial (B) social environment. Consequently, animals of a matched life history were represented by groups AA (adverse early and late phase) and BB (beneficial early and late phase) while mismatched life histories were introduced to mice of groups AB (adverse early phase and beneficial late phase) and BA (beneficial early phase and adverse late phase). A fifth group, that was solely sham-handled after separation from the litter, served as control for possible handling effects (SH) (Figure 1). Over the course of each life history (PND 22, 70 ± 2, and 77 ± 2) body weights were measured and in addition animals were tested in three tests for anxiety-like behavior and exploratory locomotion (PND 75 ± 2 − 77 ± 2). Subsequently, animals were trained in a Pavlovian fear conditioning paradigm.

Body Weight

A significant main effect of life history on body weight development was detected [F(4, 133) = 3.373, p < 0.05]. Furthermore, the “early vs. late phase” analysis revealed a significant main effect of the early phase on body weights PND 22: [F(1, 106) = 4.186, p < 0.05], PND 70 ± 2: [F(1, 106) = 17.691, p < 0.001]; PND 77 ± 2: [F(1, 106) = 7.435, p < 0.01]. It was found that adversity during the prenatal and early postnatal phase caused higher body weights compared to a safe environment (PND 22). Additionally, body weights in mice experiencing adversity during adolescence were increased in comparison to mice in the beneficial condition (PND 70 ± 2). This effect lasted into adulthood (PND 77 ± 2). For a detailed description of the results, see Appendix.

Anxiety-Like Behavior and Exploratory Locomotion

Anxiety-like behavior was significantly influenced by life history, as demonstrated by the percentage of time on the open arms of the EPM [F(4, 133) = 3.237, p < 0.05], the time spent in the light compartment of the DL [F(4, 133) = 5.708, p < 0.001], and the time spent in the center of the OF [F(4, 133) = 4.894, p < 0.01; Figures 3A,C,E]. Post-hoc analysis revealed that BA mice spent significantly more time in the light compartment than AB (p < 0.01) and BB mice (Figure 3C; p < 0.001). Furthermore, SH mice spent significantly more time on the open arms than BB mice (Figure 3A; p < 0.05) and remained longer in the center of the OF compared to AB and BB mice (Figure 3E; p < 0.01). Neither the percentage of entries into open arms of the EPM nor the latency to enter the light compartment of the DL was significantly influenced by life history. In summary, life history significantly influenced anxiety-like behavior. Particularly low levels of anxiety were found in animals experiencing early beneficial and later adverse conditions (BA) as well as in sham-handled individuals (SH). Concerning exploratory locomotion, significant main effects of life history were found on the sum of entries into open and closed arms of the EPM [F(4, 133) = 6.178, p < 0.001], number of entries into the light compartment of the DL [F(4, 133) = 9.069, p < 0.001], and distance traveled in the OF [F(4, 133) = 4.081, p < 0.01; Figures 3B,D,F]. Post-hoc testing revealed that the sum of entries into open and closed arms of the EPM as well as the number of entries into the light compartment of the DL was higher in BA mice compared to both AB (EPM: p < 0.05; DL: p < 0.001) and BB mice (EPM, DL: p < 0.001; Figures 3B,D). BA mice entered the light compartment more frequently than SH mice (p < 0.01) and traveled significantly more in the OF than AB mice (p < 0.05; Figure 3F). AA mice showed a higher sum of entries into open and closed arms (Figure 4B; p < 0.01) and more entries into the light compartment than BB mice (Figure 3D; p < 0.05). AA as well as SH mice traveled significantly more in the OF than AB mice (Figure 3F; AA vs. AB, SH vs. AB; p < 0.05). In summary, life history significantly influenced exploratory locomotion. In particular, animals experiencing early beneficial and later adverse conditions (BA) exhibited highest levels of exploratory locomotion.
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FIGURE 3. Impact of life history on anxiety-like behavior and exploration. (A) Time spent on open arms of EPM, (B) Sum of entries into open and closed arms of EPM, (C), Time spent in and (D) Entries into light compartment of DL, (E) Time spent in center and (F) Distance traveled in OF, displayed by male mice grown up in an early adverse (AA and AB) or beneficial (BA and BB) environment and provided with later matching (AA and BB) or mismatching (AB and BA) living conditions in adulthood. Data are given as means +SEM. Statistics: ANOVA; post-hoc testing: Bonferroni. *p < 0.05; **p < 0.01; ***p < 0.001. Animals per group: AA = 28, AB = 27, BA = 28, BB = 27, SH = 28.
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FIGURE 4. Stacked bar graph illustrates the impact of life history on total defensive behavior (freezing, risk-assessment, flight) during behavioral baseline (preCS− in R1). Total defense (freezing, risk-assessment, flight; % of time) scored for behavioral baseline (preCS− in R1) showed a significant increase for AA and BA animals compared to AB, BB, and SH life histories prior first stimulus presentation. Analysis of proportional values for individual behaviors revealed that this effect was due to a significant increase in risk-assessment. Life histories: AA, early and late adversity; AB, early adversity and late benefit; BA, early benefit and late adversity; BB, early and late benefit; SH, sham-handled. ***p < 0.001; animals per group: n = 15.



The additional “early vs. late phase” analysis revealed a significant main effect of the late phase on both anxiety-like behavior [time in light compartment of DL: F(1, 106) = 11.977, p < 0.001; latency to enter light compartment of DL: F(1, 106) = 5.253, p < 0.05; time in center of OF: F(1, 106) = 9.000, p < 0.01] and exploratory locomotion [sum of entries in EPM: F(1, 106) = 19.939, p < 0.001; entries into light compartment of DL: F(1, 106) = 25.003, p < 0.001; distance traveled in OF: F(1, 106) = 9.460, p < 0.01]. Escapable adversity in adulthood (AA, BA) was linked to significantly lower levels of anxiety and higher levels of exploratory behavior. Moreover, a significant early-by-late phase interaction was detected regarding measures of anxiety-like behavior [time in light compartment of DL: F(1, 106) = 5.445, p < 0.05] and exploratory locomotion [entries into light compartment of DL: F(1, 106) = 4.628, p < 0.05]. Post-hoc analysis demonstrated that early beneficial conditions caused significantly lower levels of anxiety-like behavior in mice experiencing later adverse conditions (BA) compared to later beneficial conditions (BB, time in light compartment: p < 0.001). Moreover, mice that grew up under early beneficial conditions exhibited significantly higher levels of exploratory locomotion when confronted with adverse (BA) compared to beneficial conditions (BB) in adulthood (entries into light compartment: p < 0.001). Additionally, later life adversity caused significantly increased exploratory behavior in mice experiencing early life benefits (BA) compared to early life adversity (AA, entries into light compartment: p < 0.05).

Behavioral Expressions of Conditioned Fear

After the completion of the life history paradigm, animals were trained in a Pavlovian fear conditioning paradigm (Figure 2) to address the question how an individual's whole life experience influences not only the behavioral profile, but processes of conditioned, retrieved, and extinguished fear in particular.

In a first approach we cumulated freezing, flight, and risk-assessment as total defense to detect major defensive behavioral changes between sessions and groups.

Total Defense at Behavioral Baseline

Evaluation of baseline behavior was performed for time period preCS− during retrieval of learned fear (R1), in which animals were exposed to the novel, open-field-like context. Analysis of total defense during “behavioral baseline” ANOVA showed a main effect of life history [F(4, 70) = 13.841, p < 0.001]. Bonferroni post-hoc analysis revealed that animals of group AA and BA showed significantly increased defensive behaviors even prior to the first sessions' first neutral stimulus presentation (preCS−) during retrieval (R1) (Figure 4, Table 1; AA vs. AB, BB and SH: p < 0.001; BA vs. AB, BB and SH: p < 0.001).


Table 1. Influence of life history on total defensive behavior (freezing, risk-assessment, flight).
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Additional analysis of “discrete behavioral expressions” during preCS− in retrieval showed that the impact of total defense was caused by an increased display of risk-assessment. ANOVA with risk-assessment as dependent variable detected a main effect of life history during preCS− [F(4, 70) = 11.93, p < 0.001]. Post-hoc analysis revealed that already prior to first stimulus presentation animals of group AA and BA displayed significantly elevated levels of risk-assessment when compared to other groups (Figure 4; p < 0.001). No significant effects could be determined for freezing, flight, grooming, exploration, rearing and quiet during retrieval baseline (Supplementary Figure S2, Supplementary Table S1).

Total Defense in Response to Stimulus Presentation

Analysis focused on changes in total defense and discrete behavioral expressions during all four CS+ presentations during retrieval, extinction learning and extinction recall (Figure 5, Table 1, Supplementary Figure S2, Supplementary Table S1).
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FIGURE 5. Stacked bar graphs illustrate the expression of total defensive behaviors in response to CS+ presentation during fear retrieval (R1), extinction (R6), and extinction recall (E). Total defense (TD; freezing, risk-assessment, flight; % of time) scored for mean of all four CS+ presentations during R1, R6, and E showed that (A) during R1, all groups similarly expressed defensive behaviors upon stimulus presentation. (B) R6: At the end of extinction training, AA and BA animals showed significantly elevated levels of TD in comparison to other life histories, which were mainly a result of significantly prolonged freezing periods upon stimulus presentation. (C) E: AA animals showed significantly increased TD in comparison to BB and SH animals due to elevated freezing. Life histories: AA, early and late adversity; AB, early adversity and late benefit; BA, early benefit and late adversity; BB, early and late benefit; SH, sham-handled. **p < 0.01; ***p < 0.001; animals per group: n = 15.



Here, analysis revealed a significant interaction effect of time period × session × life history on total defense [F(32, 560) = 4.442, p < 0.001]. Evaluation of total defense revealed that proportional values of expressed behaviors showed an ubiquitous increase of defensive behaviors upon CS+ presentations in all groups over subsequent sessions. Bonferroni post-hoc analysis on interaction between time period × session × life history for between-group comparisons showed no significant effects for retrieval, but analysis of extinction learning revealed that during CS+ presentation AA and BA animals showed a significant elevation in total defense as compared to AB, BB, and SH groups (Figure 5; p < 0.001). During extinction recall this effect was solely observed in AA mice as compared to BB (p < 0.01) and SH (p < 0.001).

Additional “early vs. late phase” analysis revealed an interaction effect of session × time period × late phase on total defense [F(8, 448) = 1787.0, p < 0.001]. Post-hoc analysis demonstrated that, as compared to late life benefit (AB and BB), escapable adversity in adulthood (AA and BA) was correlated with significant elevation in total defense during CS− and CS+ presentation at the end of extinction training (R6: CS− and CS+, p < 0.001).

Regarding discrete behavioral expressions of total defense, between-group comparison during CS+ presentation revealed significant elevation of freezing duration for AA and BA animals as compared to AB, BB, and SH groups in extinction learning (R6; p < 0.001). At extinction recall (E) a significant increase in time spent freezing was observed for AA animals as compared to BB, BA, and SH mice (p < 0.001) and AB group as compared to BB (p < 0.01) and SH (p < 0.001) animals. Analysis of risk-assessment and flight as further behavioral components of total defense revealed no statistical significance for CS+ time period.

Analysis of “early vs. late phase” for freezing duration revealed a significant interaction effect of session × time period × early phase [F(8, 448) = 3.678, p < 0.001] and session × time period × late phase [F(8, 448) = 14.645, p < 0.001]. Post-hoc analysis showed that an adverse early life (AA and AB) significantly increased freezing duration during CS+ at extinction learning (R6; p < 0.01) and at extinction recall (E; p < 0.001) as compared to a beneficial early life (BA and BB). Also, adversity experienced in the late phase (AA and BA) significantly increased freezing in response to CS+ at extinction learning (p < 0.001) as compared to late life benefit (AB and BB). Detailed analysis of all discrete behavioral expressions are described in the Appendix.

In a brief summary, AA animals displayed highest levels of total defense in response to the conditioned stimulus which were maintained throughout retrieval (R1), extinction learning (R6) and extinction recall (E) as compared to other groups. Additionally, AA mice showed increased defensive behaviors during CS− at R1. Interestingly, AA and BA animals showed defensive behaviors already prior to the first stimulus presentation (preCS−) during retrieval.

Next, analysis of freezing behavior during presentation of the first CS+ (duration 10 s) of each session was considered separately for mice of each life history group.

Freezing (firstCS+)

ANOVA with repeated measures with session (R1-E) as dependent variable and group as independent variable revealed a significant interaction of session × life history [F(8, 140) = 5.107, p < 0.001]. Bonferroni post-hoc analysis showed that AA animals displayed a pronounced level of freezing upon CS+ presentation during retrieval (R1), extinction learning (R6), and extinction recall (E) (Figure 6A). AB mice that were initially raised under adverse social conditions and subsequently encountered a beneficial environment showed a significant reduction of freezing behavior (p < 0.001) in retrieval session R6. However, when tested for extinction recall, AB mice exhibited a significant increase in freezing duration during extinction recall (p < 0.001; Figure 6A). BA animals successfully diminished freezing duration (p < 0.001) after extinction training, but showed no significant change in freezing duration between values for retrieval (R1) vs. extinction recall (E) and extinction learning (R6) vs. extinction recall (E) (Figure 6A). In contrast, post-hoc analysis showed that BB and SH mice decreased their freezing response upon CS+ presentation significantly (p < 0.001) during extinction learning and extinction recall (p < 0.001; Figures 6A,B). Furthermore, mice of all groups showed significantly increased freezing upon CS+ compared to CS− presentation (p < 0.001), indicating a cue specific fear response (Figure 6, Supplementary Figure S3).
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FIGURE 6. Expression of freezing (% of time) in response to first CS+ presentation during retrieval (R1), extinction (R6), and extinction recall (E) dependent on different life histories. (A) Life histories: early and late adversity (AA, top left) mice showed no decline in freezing. Early and late benefit (BB, low right) was significantly accompanied with the capability of extinction learning (R1 to R6) and extinction memory consolidation (R1 to E). Mismatched life history mice (AB and BA, top right and low left) extinguished learned fear, though consolidation of extinction memory (E) was affected. (B) Sham-handled animals significantly extinguished learned fear and consolidated extinction memory. **p < 0.01; ***p < 0.001; animals per group: n = 15.



Bonferroni post-hoc analysis between groups showed that all groups exhibited similar freezing levels during retrieval (Figure 7A). Yet significant group-dependent differences could be detected during extinction learning (Figure 7B): AA mice showed significantly augmented freezing duration when compared to AB (p < 0.001), BB (p < 0.001), and SH mice (p < 0.01). Similarly, BA mice exhibited a significant increase in freezing duration upon CS+ presentation in comparison to BB and AB (p < 0.001). However, at extinction recall (E), AA, and AB animals displayed significantly increased freezing duration as compared to SH mice (Figure 7C; p < 0.05).
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FIGURE 7. Between-group comparison of freezing (% of time) in response to first CS+ presentation during fear retrieval (R1), extinction (R6), and extinction recall (E). (A) R1: No significant differences were detected between groups, implying that all animals acquired conditioned fear memory to the same extent. (B) R6: Comparison between groups revealed that matched life history had the strongest diverging effect during fear extinction learning. Early and late adversity (AA) compromised extinction training, while early and late benefit (BB) significantly facilitated extinction learning. Animals experiencing late life adversity (BA) also showed significantly elevated freezing, whereas late life benefit (AB) as well as sham-handled mice (SH) showed moderate levels. (C) E: Mice subdued to early life adversity (AA and AB), were significantly negatively affected when tested for extinction memory consolidation in comparison to sham-handled mice. Animals of early life benefit showed moderate expression of freezing in response to CS+. *p < 0.05; **p < 0.01; ***p < 0.001; animals per group: n = 15.



“Early vs. late phase” analysis revealed a significant main effect of “early phase” [F(2, 112) = 5.231, p < 0.01] and “late phase” [F(2, 112) = 13.026, p < 0.001] on freezing. Bonferroni post-hoc analysis revealed that “early” as well as “late” adverse experience increased freezing duration. Especially early life adversity compared to early benefit was related to elevated freezing levels during extinction learning (R6; p < 0.001) and extinction recall (E; p < 0.01). Late life adversity, as compared to late life benefit, resulted in high freezing during extinction learning (p < 0.001).

It can be summarized, that accumulation of adversity (AA) throughout life history led to increased freezing during the first CS+ during retrieval (R1), extinction learning (R6) and extinction recall (E). All groups (except AA) significantly diminished freezing from R1 to R6. At recall of extinction (E), BA, and AB mice showed increased freezing as in contrast to BB and SH animals. It could be shown that late life adversity as compared to late life benefit mainly affected extinction learning (R1–R6), while early life adversity as compared to early life benefit interfered with extinction recall. Furthermore, the experience of late life adversity (AA and BA) resulted in increased risk-assessment during behavioral baseline. Accumulation of adversity in AA animals led to increased flight behavior. In contrast, BB mice were most quiet at the end of extinction training (R6).

DISCUSSION

Our study focused on how the experience of a matched/mismatched whole life history modulates anxiety-like behavior and fear memory during adulthood in C57BL/6J male mice. The aim was to create a realistic and natural life history for mice, which included a match/mismatch experience. In principle, four phases of life (prenatal and early postnatal phase, adolescence, and adulthood) were manipulated in this approach, which mimics a match/mismatch condition in close analogy to human life histories (McEwen, 2003; Gluckman et al., 2007). Although it is known, that distinct manipulation during each of these life phases can lead to vastly different outcomes (for detailed references see Introduction), we show that the establishment of this specific life history approach has a significant impact on (i) body weight gain, and (ii) anxiety-like behavior and exploratory locomotion. Life history modification also resulted in (iii) divergent, life history-dependent, changes in total defense and discrete behavioral expressions, but (iv) had no effect on fear retrieval. It could further be concluded that (v) the experienced life history shaped fear extinction and extinction consolidation for each life history combination in a distinct manner.

Impact of Life History on Body Weight Gain, Anxiety-Like Behavior, and Exploratory Locomotion

Life history was found to significantly influence body weights, similar to the previous findings (Bodden et al., 2015). We show that adverse experiences in form of exposure to olfactory cues of unfamiliar adult males during prenatal and suckling period caused significantly higher body weights at the time of weaning (PND 22) compared to a safe early environment in the offspring. This finding indicates the relevance of this stimulus, which simulates a high density of foreign, infanticidal male mice (Heiming et al., 2009, 2011), hereby generating an adverse early life. Similarly, Dantzer et al. (2013) found that offspring of female North American red squirrels, which experienced experimentally heightened perceived population density, gained weight significantly faster than offspring of control females. Furthermore, we found that loser experiences during adolescence led to a significant increase in body weights compared to mating experiences, exactly as it was found in the preceding study (Bodden et al., 2015). Such an association between social defeat and increased body weight has also been found by Bartolomucci et al. (2004) and Nestler (2012).

Anxiety-like behavior and exploratory locomotion were assessed using three standard tests (EPM, DL, and OF). Our data reveal that life history has a profound effect on state anxiety and exploration. Similar to our previous findings (Bodden et al., 2015), we could confirm the finding that a beneficial early life followed by escapable adversity (BA) causes decreased anxiety-like behavior and increased exploratory locomotion in comparison to most other life histories. This result shows that limited adversity in later life can have a positive effect on state anxiety in comparison to both accumulating adversity and sheltering from all stressors. Thus, the experience of some adversity may promote the ability of an individual to better cope with future challenges (Dienstbier, 1989; Fontana and Rosenheck, 1998; Parker et al., 2004, 2006; Seery et al., 2010, 2013; Sachser et al., 2011; Meyer et al., 2016).

Impact of Life History on Total Defense, Discrete Behavioral Expressions and Fear and Extinction Memory

Freezing, flight and risk-assessment were assessed and cumulated to identify life history-dependent changes in total defensive behaviors in mice. Our data show that levels of total defensive behaviors were identical between groups and balanced throughout time intervals (e.g., preCS−, CS−, etc.) during fear retrieval. All groups were capable of identifying the neutral stimulus as non-threatening cue, as reflected by significantly lowered total defense at the end of extinction training. Mice experienced with whole life adversity (AA) displayed higher levels of arousal, as indicated by a higher percentage of total defensive behavior upon both presented stimuli and only a low decline of defensive actions. This suggests that an accumulation of adversity might not only contribute to higher alertness, but also to an overexpression of underlying defensive behaviors. In line with this finding, a previous study conducted on life history, reported that the generation of AA life history indeed resulted in high levels of anxiety-like behavior and decreased locomotor activity in male 5-HTT mice, which could contribute to heightened defensive behaviors as observed in this study (Bodden et al., 2015). Individual life history analysis reveals that experienced early life adversity and late life benefit (AB) led initially to a decrease in total defense during extinction training, but recovered to high values at extinction recall. Comparison of life history groups and sham-handled mice reveals that chronic subordination during adolescence (AA and BA) results in higher levels of defensive behaviors upon CS− and CS+ presentation. This finding is confirmed by the analysis of “early vs. late phase” for life history mice. Other studies reported that after social defeat stress rodents showed a consistent increase in anxiety in the elevated plus-maze (Korte and de Boer, 2003; Klinsey et al., 2007; Caldwell and Riccio, 2010; Hammels et al., 2015).

Explicit analysis of distinct behavioral expressions allowed a more defined readout of individual behaviors after fear conditioning. In AA mice, accumulation of lifetime adversity did not compromise extinction learning processes in terms of freezing, but might lead to higher states of arousal, as deduced from increased risk-assessment and flight behavior in absence of potential threats. AA mice displayed a high percentage of risk-assessment even in absence of a potential threat during behavioral baseline, and a higher probability to respond with flight upon the presented stimuli compared to other life history groups. Furthermore, although being capable of reducing freezing upon stimuli presentation in the course of extinction training, AA mice showed highest freezing of all groups. McEwen reviewed that accumulation of stress would add to the individuals “allostatic load” and consequently produce cumulative changes in both brain and body (McEwen, 2003). It is suggested that a chronic imbalance in the activity of adaptive systems, such as the hypothalamic-pituitary-adrenal (HPA) axis and endogenous neurotransmitters such as glutamate, would contribute to atypical behavioral coping responses, reflecting emotional arousal and psychic disorganization as one might assume for AA life history mice (Sachar et al., 1970; McEwen, 2003).

In contrast, from our data on mice which experienced a matched beneficial life history (BB), it can be presumed that an overall beneficial social environment facilitates fear learning and memory and allows faster adaption to the relevant cue and the experimental environment. Our data show that BB mice displayed low risk-assessment and flight behavior and a rapid decline of freezing in the course of extinction training. Furthermore, in comparison to all groups, highest levels of quiet were observed, even in the presence of both stimuli at the end of extinction learning (R6), indicating the capability of enhanced emotional adaption. In rodents, it has been shown that high quality of maternal care (Caldji et al., 1998) and mating experience (Edinger and Frye, 2007; Kästner et al., 2015) positively mediate the individuals' expression of fear and anxiety-like behaviors. Therefore, it can be assumed that a combination of these social experiences would contribute to the observed lowered vulnerability of adult BB mice.

Our findings on a mismatched life history in mice, which initially experienced early life adversity, followed by late life benefit (AB), raise the notion that this pairing did not interfere with the individuals' basal behavioral expressions per se, but might compromise consolidation processes of long-term emotional memory formation of defensive behaviors. Like BB mice, AB animals displayed low levels of defensive behaviors and reduced freezing in the presence of CS+ during extinction training. Interestingly, although this life history group showed freezing levels in the range of BB and SH group during extinction learning, AB mice responded with a strong elevation of freezing levels upon CS+ presentation also during extinction recall. In fact, prenatal stress in rodents was shown to interfere with adult behavior in terms of attention and learning deficits, increased anxiety-like behavior and depression (Weinstock, 2008; Brunton, 2013). Furthermore, studies on the variation of the quality of maternal care in rats reported changes in dopaminergic responsivity to stress; adult rats which received low levels of maternal care displayed long lasting responses to stressors (Zhang et al., 2005; Ponchio et al., 2015). By contrast, it was recently reported that maternal separation had no detrimental effect on fear extinction memory (Zoicas and Neumann, 2016). Yet, although no elevation in anxiety-like or fear behaviors were observed for AB mice, one might assume that the efficacy to retain the newly formed memory for emotional learning was impaired due to maladaptive changes in overall neuronal plasticity during development.

Our data, assessed for mice of a mismatched, beneficial-adverse live history pairing (BA), points toward a higher state of arousal post fear conditioning, which declined over the course of extinction training. Although BA mice displayed reduced freezing during extinction training within the groups dynamics, freezing during R6 was still high in comparison to AB, BB, and sham-handled mice, indicating a delay in extinction learning. Interestingly, during extinction recall, these mice showed still a high percentage of freezing, on one hand, but reduced freezing behavior compared to AA und AB during extinction recall, indicating a distinct, life history–dependent modulation of emotional learning processes. Additionally, similar to AA life history, BA mice displayed initially increased levels of risk-assessment. Therefore, it can be assumed that chronic subordination with the possibility to escape indeed raises arousal in adult mice and disturbs emotional learning during training, which is in line with previous studies on social defeat (Korte and de Boer, 2003; Klinsey et al., 2007; Caldwell and Riccio, 2010; Hammels et al., 2015). Thus, future studies will be needed to identify the impact of this experience on fear memory, without possible counterbalancing factors of early life experiences.

Sham-handled animals, which served as a handling- and non-social control group, showed successful extinction and extinction recall. Compared to BB life history, overall behavioral expressions of these mice were similar, except quiet, which was not as prominent during extinction training. This finding might undermine our conclusion, that, though being handled, BB mice indeed displayed lower levels of stress-related behaviors after extinction training.

Next, assessment of “early vs. late phase” analysis showed that life history distinctly modulated individual behaviors. Chronic subordination during late life, negatively affected the emotional learning task by increasing levels of freezing and risk-assessment as it was observed in a number of previous studies (Korte and de Boer, 2003; Klinsey et al., 2007; Caldwell and Riccio, 2010; Hammels et al., 2015). Early life adversity negatively impacted freezing behavior during extinction recall, which is in line with Bingham et al. (2013). Specific combination of early and late phase shaped flight behavior and quiet in mice. An accumulation of adversity (AA) led to more flight responses, as an indicator of increased anxiety (Zhang et al., 2005; Ponchio et al., 2015), while a pairing of early and late benefit (BB) resulted in better adaption to cue presentation and experimental (environmental) condition. Taken together, these observations illustrate how the experience of positive and negative social-interactions during development impacts the overall behavioral outcome in an adult individual.

Freezing is considered to be a highly reliable behavioral readout when it comes to fear-related responses to adverse conditioned cues and is widely used to evaluate fear memory in rodents (Bouton and Bolles, 1979, 1980; Maren, 2008; Lesting et al., 2011b). Our findings on freezing duration to the first CS+ presentation of each session show that life history modifications and sham-handling did not affect fear memory retrieval. This suggests not only that each group successfully learned to associate the conditioned cue with an adverse event, but also the quality of fear memory was obtained to the same extent, thus no significant differences in freezing could be determined (Figure 7A). Furthermore, animals of each group could clearly differentiate between neutral and conditioned cue (Figure 6, Supplementary Figure S3) hereby excluding a possible effect of fear generalization due to prior treatment. Although previous studies reported that environmental enrichment improves cognitive function in mice (Doulames et al., 2014), and also stressing rats prenatally could already lead to fear generalization (Salm et al., 2015), no enhancing or reducing effects could be observed within this lifetime approach at the time point of fear retrieval.

Our results suggest that life history shaped fear extinction and consolidation for each life history setup in a distinct manner. Regarding a matched early and late life phase, represented by groups AA and BB, our data show that prior experience of early and late adversity (AA) is linked to an impairment of extinction learning and thus a disruption of its consolidation (Figure 6A). On the contrary, an early and late beneficial social environment (BB) seems to facilitate extinction learning, followed by internalization of the newly formed memory (Figures 6, 7). Several studies have reported that an accumulation of stressful events can lead to an impairment of fear extinction and consequently to diminished extinction memory consolidation in adult animals, which is in line with our findings in group AA (Baran et al., 2009; Green et al., 2011; Bingham et al., 2013). As discussed above, accumulation of beneficial socio-environmental experiences, as in BB life history, might contribute to lower vulnerability to stress in adult mice. However, opposing studies suggested that the absence of adversity is not inevitably associated with optimal outcomes (Seery et al., 2010, 2013). Sheltering from all stressors is assumed to prevent the individual to adequately develop coping strategies in their early life, while at least some adversity is considered to promote the ability to successfully cope with stressful events later on (Gluckman et al., 2007; Seery et al., 2010). Presentation of the conditioned stimulus creates a stressful (threatening) situation that is difficult to cope with or escape from. Therefore, a predictive adaptive response, as learned in a prior social context, is not immediately feasible.

Mice, which had faced a mismatch between early and late life were represented by groups AB and BA. Although, in this study, BA animals were capable to extinguish fear memory to some extent and to consolidate this newly formed memory, beneficial early life experiences could not fully compensate adverse life events during adulthood, especially when compared to other life history subjects in R6. High levels of arousal, indicated by an increase in risk-assessment even prior to the first neutral stimulus presentation, may have rendered them particularly vulnerable for further negative encounters in terms of the presented stimuli. One might speculate that elevated stress levels add to a corruption of underlying extinction mechanisms (Sachar et al., 1970; McEwen, 2003; Zhang et al., 2005; Bingham et al., 2013; Ponchio et al., 2015). In contrast, early life adversity followed by benefit during late phase (AB) enabled the subjects initially to perform extinction training and lowering basal arousal, but deteriorated extinction memory consolidation. In prior studies it was reported that at least some adversity in an individuals' early life would function as a precursor for resilience to further stressors encountered in late life (Seery et al., 2013). Additionally, it was also shown in rats that mating success in late life was correlated to lower anxiety and elevated levels of oxytocin which could also function as a shelter against upcoming adverse events (Waldherr and Neumann, 2007). Nevertheless, it can be assumed that a mismatch in life history experiences (BA and AB) mainly influenced extinction memory consolidation.

We show that adverse early life events (AA and AB) as compared to early life benefit (BA and BB) impacted consolidation of fear extinction memory, whereas late life adversity (AA and BA) affected extinction learning. To our knowledge, there is no study investigating the impact of adverse early life events on extinction consolidation as used in our paradigm. However, studies in rats revealed that early life adversity can induce depressive-like behavior, deficits in social behavior and modulation of emotional learning processes later in life (Moriceau et al., 2009; Callaghan and Richardson, 2012; Raineki et al., 2012). One might speculate that the experience of early live adversity leads to morphological changes in still developing brain structures, needed for fear learning and extinction processes. It was reported that adversity in early life, such as maternal separation, indeed reduced neurogenesis and generated morphological changes in the hippocampus and medial prefrontal cortex (Lajud et al., 2012; Soztutar et al., 2016). Together with the amygdala, these brain structures form a tripartite system which governs fear learning, extinction processes and memory consolidation (LeDoux, 2000; Milad and Quirk, 2002; Maren and Quirk, 2004; Likhtik et al., 2005; Quirk et al., 2006). Lesion studies in rats showed that especially the prefrontal cortex contributed to extinction memory consolidation (Quirk et al., 2000; Zelinski et al., 2010).

There is no data on extinction learning in mice which experienced chronic subordination with a possibility to escape. Thus, there are some indicators for chronic stressors, such as repeated loser experiences in adult animals (Korte and de Boer, 2003; Klinsey et al., 2007; Caldwell and Riccio, 2010; Hammels et al., 2015). Social defeat was reported to increase anxiety-like behavior, but did not affect extinction learning in 5-HTT mice (Narayanan et al., 2011). Interestingly, loser experience in heterozygous 5-HTT mice, which initially behaved like 5-HTT mice, resulted in an impairment of fear extinction. It can be speculated that a further modulator, in this case the genetic pre-disposition, or an adverse early life environment as used in the present study, might lead to a shift toward an impairment of fear extinction as seen in AA life history. Hence, BA animals showed no impairment of fear extinction, although freezing was significantly increased as compared to BB and AB in R6. Finally, as discussed above, our life history approach, comprising four stages of life (prenatal and early postnatal phase, adolescence, and adulthood), was assigned to two experimental phases, i.e., early phase and late phase. Thereby, three out of the four life stages (prenatal phase, early postnatal phase, adolescence) were combined to create either “beneficial” or “adverse” early life conditions, while “beneficial” or “adverse” late life conditions involved experiences exclusively made during adulthood. The rather long period of early life experiences was thus contrasted with a short intervention during adulthood. The adversity experienced in the early phase lasted thus much longer than the beneficial conditions experienced in later life. A short beneficial experience in adulthood may therefore be too subtle to buffer or even reverse the chronic character of adverse experiences made in early phases of life, and might point to a putative timely imbalance between the defined early and late life phase. Yet, this study was dedicated to mimic a match/mismatch condition in analogy to human life histories to gain a deeper understanding on the overall impact of whole life experiences. Follow up studies will build on this gained knowledge and focus specifically on distinct life phases.

CONCLUSION

Our study shows that life history explicitly shaped anxiety-like behavior as well as fear memory and extinction. Notably, anxiety-like behavior and fear extinction were differently expressed depending on the life history background. The distinction between anxiety and fear becomes particularly evident as a beneficial early and adverse later mismatched life history (BA) positively impacted anxiety-like behavior, whereas such life experience led to a disruption of extinction memory consolidation. Correspondingly, accumulation of beneficial experiences throughout lifetime (BB) led to higher levels of anxiety-like behavior, but facilitated extinction learning and extinction memory consolidation. Finally, accumulation of adverse life experiences (AA) led to an impairment of fear extinction and disruption of extinction memory consolidation as compared to a throughout beneficial life history (BB). In contrast, anxiety-like behavior did not differ significantly between these two life history groups.

Concerning anxiety-like behavior, the results do neither support the allostatic load nor the mismatch hypothesis, but rather indicate an anxiolytic effect of a mismatched early beneficial and later adverse life history. In contrast, fear memory was strongly affected by the accumulation of adverse experiences over the lifetime, supporting the allostatic load hypothesis. In summary, anxiety-like behavior and fear memory are differentially shaped during lifetime development. These results stress the need for comprehensive information on molecular and neuronal processes of anxiety- and fear-related brain structures throughout an individual's life history.
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Supplementary Figure S1. Influence of life history on body weights. Body weights were assessed at weaning (PND 22) after simulation of either dangerous or safe environment, at the end of the early phase (PND 70 ± 2) after 5 loser or mating experiences, and at the end of the late phase (PND 77 ± 2) after escapable defeat or cohabitation with a female. Data are presented as means ±SEM. Statistics: ANOVA; post-hoc testing: ANOVA with repeated measures. *p < 0.05; ***p < 0.001. Animals per group: AA = 28, AB = 27, BA = 28, BB = 27, SH = 28.

Supplementary Figure S2. Influence of life history on behavioral expressions after conditioned fear. (A) Fear retrieval (R1): Proportional values of displayed behaviors show a general increase of anxiety-related behaviors (freezing, risk-assessment and flight) upon CS presentations in all groups during R1 session. Non-adverse, active behaviors, such as grooming, exploration and rearing, were mostly observed prior, between and post stimulus presentations. Animals of AA and BA life history showed proportionally elevated levels of risk-assessment prior to the first stimulus presentation. (B) Fear extinction: Defensive responses became less during final session of extinction learning (R6). AA and BA mice still displayed elevated defensive behaviors during stimuli presentations. BB animals were mostly quiet. (C) Extinction recall (E): Defensive responses were mainly observed in response to stimuli presentations, whereas AA and AB mice showed a strong augmentation during CS+ presentation in comparison to other groups. Color code of different behaviors is illustrated; animals per group: n = 15.

Supplementary Figure S3. Expression of freezing (% of time) in response to first CS− presentation during retrieval (R1), extinction (R6), and extinction recall (E) dependent on different life histories. (A) Animals of all life history groups and (B) sham-handled mice significantly reduced their freezing response to the neutral stimulus (R1 vs. R6 and E). Furthermore, comparison to freezing levels in response to the first CS+ revealed, that all groups were able to distinguish between the stimuli. Therefore, no generalization effect could be detected. ***p < 0.001; animals per group: n = 15.

Supplementary Table S1. Influence of life history on discrete behavioral expressions after fear conditioning (% of time). Life histories: AA, early and late adversity; AB, early adversity and late benefit; BA, early benefit and late adversity; BB, early and late benefit; SH, sham-handled. Fear memory states: R1, retrieval session 1; R6, retrieval session 6 (end of extinction learning); E, extinction recall. Discrete behavioral expressions (freezing, risk-assessment, flight, grooming, exploration, rearing, quiet; % of time) was scored before, during and after CS− and CS+ presentation, respectively. Animals per group: n = 15.
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APPENDIX

Body Weight

Over the course of each life history (PND 22, 70 ± 2, and 77 ± 2) body weights were measured.

Body weights changed over the course of life, demonstrated by a significant main effect of time [Huynh-Feldt correction: F(1.7, 226.6) = 27572.696, p < 0.001; Supplementary Figure S1]. Bonferroni post-hoc analysis revealed a significant weight increase from PND 22 to 70 ± 2 (8.78 ± 0.09 vs. 23.69 ± 0.12; p < 0.001) as well as from PND 70 ± 2 to 77 ± 2 (23.69 ± 0.12 vs. 24.20 ± 0.11; p < 0.001).

Furthermore, a significant main effect of life history was detected [F(4, 133) = 3.373, p < 0.05] as well as a significant life history-by-time interaction [Huynh-Feldt correction: F(6.8, 226.6) = 4.813, p < 0.001], with body weights increasing from PND 22 to PND 70 ± 2 in mice of each life history (p < 0.001). From PND 70 ± 2 to 77 ± 2, a significant increase in weights was found in mice of four life history groups (AA: p < 0.001; BA: p < 0.001; BB: p < 0.001; SH: p < 0.05).

The analysis of body weights at the three different time points revealed significant main effects of life history on weights at PND 22 [F(4, 133) = 3.067, p < 0.05], PND 70 ± 2 [F(4, 133) = 5.033, p < 0.001]. Post-hoc analysis showed that on PND 22, AA mice weighed significantly more than SH mice (p < 0.05). On PND 70 ± 2, AB mice had significantly higher body weights compared to BA (p < 0.01) and BB mice (p < 0.01).

To disentangle specific effects of the early and the late phase, an additional “early vs. late phase” analysis was conducted. A significant main effect of the early phase on body weights at PND 22 [F(1, 106) = 4.186, p < 0.05], PND 70 ± 2 [F(1, 106) = 17.691, p < 0.001] and PND 77 ± 2 [F(1, 106) = 7.435, p < 0.01] was detected, with mice that experienced early adversity (AA and AB) having higher body weights at both sampling points compared to mice of the early beneficial condition (BA and BB). No significant main effects of the late phase were found.

In brief summary, animals of all groups increased their body weight throughout development. At PND 22, AA animals showed highest body weight as compared to SH. At PND 70 ± 2, AB mice weighed more than BA and BB, while no significant differences could be detected at PND 77 ± 2. Experience of early life adversity (AA and AB) led to higher body weights as in contrast to early life benefit (BA and BB) at PND 70 ± 2 and 77 ± 2.

Behavioral Expressions after Conditioned Fear (Exploration, Quiescence, Grooming Rearing; Supplementary Figure S2 and Supplementary Table S1)

Exploration

Exploration was observed during all sessions. Analysis revealed a significant interaction effect of time period × session × life history interaction on explorative behavior [F(32, 560) = 2.201, p < 0.001]. Post-hoc analysis demonstrated that AA mice showed a significant diminishment in exploratory movements from R1 to R6 during preCS− (p < 0.001) and postCS+ (p < 0.001). Additionally, exploration duration significantly increased from R6 to E during CS− presentation (p < 0.05). BB mice significantly reduced exploratory movements during extinction training in postCS+ (p < 0.001), while exploration was significantly decreased for preCS+ at R6 compared to R1 (p < 0.001) and E (p < 0.05). Animals of a mismatched life history (BA and AB) and sham-handled mice showed significantly diminished exploration duration during postCS+ at R6 (p < 0.001), while BA mice displayed a significant increase from R6 to E (p < 0.001). Furthermore, a significant increase of exploratory movements could be observed during CS− presentation for SH mice (p < 0.001) at the end of extinction training. Early and late phase effects on exploration, utilizing “early vs. late phase” analysis, excluding SH animals, detected no interaction effect.

Quiescence

Quiescence was mainly observed during the final extinction session R6. Analysis revealed a significant interaction effect of time period × session × life history [F(32, 560) = 1.845, p < 0.01] on quiet. Post-hoc analysis regarding AA group showed that time spent quiet was significantly increased for preCS− during R6 and E compared to R1 (p < 0.001). Also, a significant increase could be detected for preCS+ and postCS+ at R6 (p < 0.001) and for postCS+ at E as compared to R1 (p < 0.01). Animals of BB group were significantly quiet in all time periods of session R6 as compared to R1 (p < 0.001) and E (p < 0.001). Furthermore, quiet was also significantly decreased during postCS+ at R6 when compared to E (p < 0.05). Animals of mismatched life histories were most quiet at R6, with BA mice displaying this behavior during all time periods compared to R1 (preCS−, preCS+, CS+, and postCS+: p < 0.001; CS−: p < 0.01) and additionally during postCS+ in E (p < 0.001). AB mice showed the following diverging pattern: during preCS−, time spent quiet at R6 was significantly elevated compared to E (p < 0.01) and not to R1. Except during preCS+, a significant effect was detected for time periods CS− (p < 0.01), CS+ and postCS+ (p < 0.001) at R6 as compared to R1. At E significant effects were detected for CS+ and postCS+ as in comparison to R1 (p < 0.001).

Notably, between-group comparisons revealed that BB animals spent significantly more time quiet during CS− presentation in contrast to AA (p < 0.01), BA (p < 0.01), and AB (p < 0.05), while during CS+ this effect was found only for comparison of AA and BB mice (p < 0.01).

Early and late phase effects on quiet, detected an interaction effect of session × time period × early phase × late phase [F(8, 448) = 2.711, p < 0.01]. Post-hoc analysis demonstrated that combination of early and late benefit compared to animals which experienced adversity in any life phase, resulted in a significant increase in time spent quiet during CS− presentation at R6 (AA and BA, p < 0.01; AB, p < 0.05). This effect was also observed during CS+ and postCS+ time period at R6, if early and late adversity was compared to early and late benefit (CS+, p < 0.01; postCS+, p < 0.05).

Grooming and Rearing

Analysis of grooming and rearing behavior revealed no significant influence of life history.
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