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Cognitive flexibility plays an important role in an individual's ability to adapt to a continuously changing environment and is considered central to goal-oriented behavior. Accordingly, increasing attention has been devoted to understanding the factors, including genetic and early life experiences, which might contribute to individual differences in this ability. In the present investigation, we examined the contribution of the BDNF Val66Met polymorphism to cognitive flexibility, as assessed by set-shifting ability on the Wisconsin Card Sorting Task (WCST), and whether this polymorphism moderated the relation between trauma experiences (including type and timing of trauma occurrence) and cognitive flexibility. Among undergraduate students (N = 239), greater frequency of total traumas experienced prior to the age 5 was associated with greater difficulties in set-shifting (as indexed by more frequent perseverative errors on the WCST) among individuals carrying the Met allele of the BDNF polymorphism, but not those who were Val homozygotes. By contrast, total traumas experienced between the age of 6 to 12 and 13 to 18 were not related to set-shifting ability, and these relations were not moderated by BDNF genotype. Moreover, greater frequency of general traumas and emotional abuse was associated with set-shifting difficulties for both male and female Met allele carriers, but not Val homozygotes. In contrast, physical punishment was related to difficulties in set-shifting, but only among male Met carriers, an effect that was likely attributed to greater frequency of this form of trauma among males. The present findings suggest that the relationship between early life trauma and later-life cognitive flexibility might depend on the presence of the BDNF Val66Met polymorphism as well as the development stage at which the trauma has occurred. Moreover, the present investigation provides further understanding into the factors (i.e., genetic and early life experiences) that might be associated with individual differences in cognitive functioning and goal-directed behaviors, such as problem-solving and decision-making.
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INTRODUCTION

Cognitive flexibility comprises the ability to modify cognitive strategies (“sets”) in response to changing environmental demands, and is considered to be a central aspect of goal-oriented behaviors, such as creative problem-solving and multi-tasking (Ionescu, 2012). At the most fundamental level, this ability is the manifestation of several cognitive (executive) control processes, including attention, working memory, and response inhibition (Dajani and Uddin, 2015), and is governed by fronto-parietal and fronto-striatal neuronal circuits (Kehagia et al., 2010; Dajani and Uddin, 2015). Impaired cognitive flexibility is generally marked by perseverative responding to goal-irrelevant (or inappropriate) information, and has been observed in multiple psychiatric illnesses, including depressive disorders (Trivedi and Greer, 2014), obsessive compulsive disorder (Chamberlain et al., 2006), and schizophrenia (Thoma et al., 2007). Although cognitive flexibility has begun to receive increased attention with respect to its involvement in goal-oriented behavior and psychiatric illness, the factors which contribute to individual differences in this ability have yet to be fully explored.

Brain Derived Neurotrophic Factor (BDNF) plays an important role in the growth and differentiation of neurons, synaptic plasticity, and maintenance of neurons in adult life (Lewin and Barde, 1996), and has been implicated as a key neurobiological mediator of learning and memory processes (Kovalchuk et al., 2002; Egan et al., 2003; Cunha et al., 2010). Although relatively few studies have examined the significance of this neurotrophin to cognitive flexibility in humans, research in animals indicated that manipulation of BDNF signaling can influence performance on behavioral paradigms assessing this ability in rodents (Savitz et al., 2006; D'Amore et al., 2013; Sakata et al., 2013). Specifically, intra-striatal infusions of BDNF in mice facilitated strategy shifting by minimizing perseverative responding to a previously acquired strategy (D'Amore et al., 2013), whereas attenuation of activity-dependent BDNF expression in rats disrupted spatial memory reversal and contextual memory extinction (Sakata et al., 2013). In effect, it is possible that genes regulating the expression of BDNF might contribute to differences in cognitive flexibility.

A common polymorphism in the BDNF gene (Val66Met) produces a Val to Met amino acid substitution of the pro-BDNF sequence, which leads to disruptions of BDNF functioning (Egan et al., 2003). The Met allele has been related to reduced hippocampal and prefrontal cortical volume (Pezawas et al., 2004) as well as disturbances in learning and memory processes (Bath and Lee, 2006). Moreover, in comparison to Val homozygotes, individuals carrying the Met allele of the BDNF polymorphism reported greater rumination (Beevers et al., 2009), an emotion regulation strategy associated with reduced cognitive flexibility (Davis and Nolen-Hoeksema, 2000). Although no studies have examined the contribution of the BDNF Val66Met polymorphism to cognitive flexibility in healthy individuals, among those with bipolar disorder, Met carriers of this polymorphism committed more perseverative errors on the WCST (Rybakowski et al., 2003, 2006). In the present study, it was hypothesized that, relative to individuals with the Val/Val genotype, Met allele carriers of the BDNF polymorphism would display reduced cognitive flexibility, as assessed through difficulties in set-shifting on the WCST.

The BDNF Val66Met polymorphism has been shown to interact with early life stressors as well as current life events in predicting negative cognitive and emotional outcomes. For instance, among Met allele carriers, early life stressors were accompanied by decreased volume in the prefrontal cortex (PFC) and hippocampus as well as impaired working memory and elevated symptoms of depression and anxiety (Gatt et al., 2009). Likewise, in response to current or ongoing stressors, individuals who carried the Met allele reported more frequent rumination and symptoms of depression (Clasen et al., 2011). However, the potential moderating role of this BDNF polymorphism in the relation between stressful life events and cognitive flexibility has not been explored. This said, adolescents who experienced childhood trauma (physical abuse and neglect) committed more frequent perseverative, but not non-perseverative, errors on the WCST, in comparison to those who did not experience these events (Spann et al., 2012). Similarly, early life stressor exposure in rodents produced a selective deficit in set-shifting and reversal learning (Han et al., 2011; Baudin et al., 2012), which was accompanied by alterations in BDNF protein expression in the PFC and nucleus accumbens (Han et al., 2011). Given this latter finding, we hypothesized that greater frequency of trauma would be related to reduced cognitive flexibility, particularly among individuals carrying the Met allele of the BDNF polymorphism, or those with altered BDNF functioning.

Cognitive flexibility skills, as with executive functions in general, vary over the course of development (Dajani and Uddin, 2015; Buttelmann and Karbach, 2017). In particular, cognitive flexibility skills begin developing at age 4 (Zelzo, 2006; Dick, 2014), with a sharp increase in competence of these abilities occurring between 7 and 9 years of age (Chelune and Baer, 1986; Huizinga and van der Molen, 2007). By age 10, cognitive flexibility is typically fully developed (Chelune and Baer, 1986), although improvements in this ability can persist throughout adolescence and into adulthood (Anderson, 2002; Huizinga et al., 2006). Given these developmentally-related cognitive changes, in the present study, it was of interest to determine whether the relation between cognitive flexibility in adulthood and early life trauma varied across several developmental stages. To this end, we examined the relation between WCST performance in adults and traumas reported to have occurred between the age of 0 to 5, a period when cognitive flexibility is presumably immature (Dick, 2014), between the age of 6 to 12, in which cognitive flexibility skills develop rapidly (Chelune and Baer, 1986; Dajani and Uddin, 2015), and 13 to 18 years of age, a time when cognitive flexibility is thought to be fully developed (Dick, 2014; Dajani and Uddin, 2015). We hypothesized that the moderating role of the BDNF Val66Met polymorphism in the relation between frequency of trauma and diminished cognitive flexibility would be most pronounced during earlier developmental stages (i.e., 0 to 5 and 6 to 12 years of age), as this time is especially important for the development of cognitive flexibility (Chelune and Baer, 1986; Zelzo, 2006; Dick, 2014), relative to that seen later (at the 13 to 18 years of age).

The association between trauma and cognitive flexibility might also depend on the type of traumatic event (or stressor) encountered (Hurtubise and Howland, 2017). For instance, greater frequency of childhood physical abuse and neglect, but not emotional abuse or neglect, was associated with impaired set-shifting ability among adolescents (Spann et al., 2012). Thus, in the present investigation, we examined whether the relation between trauma and cognitive flexibility would vary across several additional forms of traumatic events, including general traumas (e.g., serious personal injuries or illness, death or serious illness of a loved one, family history of violence, mental illness, or alcohol/drug abuse), physical punishment, emotional abuse, and sexual abuse. Furthermore, it was previously reported that males and females differ in the types of stressors encountered (Kendler et al., 2001), including those experienced early in life (Meng and D'Arcy, 2016). In particular, it has consistently been reported that males were more likely to experience physical abuse and interpersonal violence (Thompson et al., 2004; Meng and D'Arcy, 2016), whereas females were more likely to encounter sexual abuse (Maikovich-Fong and Jaffee, 2010; Stoltenborgh et al., 2011; de Waal et al., 2017). It was also suggested that males and females might differ in their sensitivity to certain types of stressful events, including childhood abuse, with women generally reporting more negative outcomes than men (MacMillan et al., 2001; Thompson et al., 2004; Afifi et al., 2016; Meng and D'Arcy, 2016). Given these findings, we further examined whether the moderating role of the BDNF Val66Met polymorphism in the relation between type of trauma and cognitive flexibility varied among males and females. As females typically exhibited more negative outcomes following traumatic experiences (e.g., MacMillan et al., 2001), in the present investigation, it was hypothesized that females would display a greater disturbance in cognitive flexibility than would males. However, it was expected that females would be particularly affected by emotional and sexual abuse, whereas males would be affected to a greater extent by physical abuse. Moreover, it was hypothesized that these sex-specific relations would be most pronounced among Met allele carriers of the BDNF polymorphism than those who were Val allele homozygous.

MATERIAL AND METHODS

Participants

The present study involved 239 (female: n = 147) Carleton University undergraduate students. Given that BDNF polymorphism frequency varies across cultural groups (e.g., Euro-Caucasian vs. Asian), all participants were of Euro-Caucasian decent, ranging in age from 17 to 31 (M = 19.38, SD = 3.37). None of the participants reported a neurological disorder or learning disability, 24 participants were currently taking anti-depressant and/or anti-anxiety medication, and 2 individuals were using the psychostimulant methylphenidate.

Procedure

Once signed informed consent was obtained, participants provided a saliva sample for genotyping, while completing a series of questionnaires pertaining to demographics variables (e.g., age and sex), current levels of anxiety, and affective state. Once these questionnaires were finished, participants completed a computerized version of the WCST. This task was followed by a self-report measure of early life trauma. All procedures were approved by the Carleton University Ethics Committee for Psychological Research.

Genotyping

Samples for genotyping were collected using Norgen collection kits (Norgen Biotek Corp., Thorold, Ontario Canada). Genomic DNA was extracted from the sample collection kits according to the manufacturer's instructions, and diluted to approximately equal concentration (20 ng/μL). Samples were sent for genotyping to McGill University and Génome Québec Innovation Center (Montreal, Canada). Using polymerase chain reaction (PCR), the DNA was amplified, and QIAXcel was used to determine amplification status. Shrimp alkaline phosphatase was used to remove all unincorporated deoxyribose nucleoside triphosphates (dNTPs). One probe per marker was used to do a single base extension and the product was desalted using 6mg of resin. The product was spotted on Agena BioScience 96-well chips using a Samsung Nanodispenser, and the chip read by a Mass Spectrometer. A manual analysis was done for each marker. Primer sequences were as follows:

BDNF Val66Met forward: ACGTTGGATGTACTGAGCATCACCCTGGA

BDNF Val66Met reverse: ACGTTGGATGGCTTGACATCATTGGCTGAC

BDNF Val66Met probe: TCCAACAGCTCTTCTATCA

The allele distribution for the BDNF Val66Met polymorphism was 157 Val/Val, 61 Val/Met, and 4 Met/Met, which met Hardy-Weinberg Equilibrium expectations, [image: image] =.484, p = 0.486. Due to the relative infrequency of Met homozygotes, we collapsed across Val/Met and Met/Met carriers, as done in previous studies (Caldwell et al., 2013). A total of 17 individuals were excluded from the genotype analyses because we were either unable to determine a genotype from the samples provided or the individual chose not to provide a saliva sample.

Cognitive Flexibility: Set-Shifting

Cognitive flexibility was determined using a computerized version of the WCST provided by the Psychology Experiment Building Language (PEBL) version 0.14, referred to as Berg's Card Sorting Task (BCST) (Mueller and Piper, 2014). The BCST consists of a 128 card deck with each card containing a different combination of one of four shapes, colors, and quantities. Four key cards are displayed at the top of the screen as a guide to help determine to which of the four stacks the deck's up-card is sorted. The deck is revealed one card at a time, and the visible card is matched to key cards depending on the particular rule (unknown to the participant) for a given set. After ten cards have been successfully matched (i.e., the participant has acquired the rule for the first attentional set), the set is completed and the sorting rule changes (also unknown to the participant). The new rule must be discovered using trial and error and through feedback received after each card is sorted. After a card is sorted, the participant is provided with feedback regarding whether it was sorted correctly (i.e., according to the current rule). This process continues until the participant either sorts all 128 cards, or until the participant successfully completes 9 sets/categories (for more information see Fox et al., 2013). The BCST takes approximately 10 min to complete.

The primary measures of the BCST are the type of errors the individual makes. Perseverative errors occur when the individual continues to sort cards according to a previously, but no longer, relevant or correct sorting rule. These types of errors were the central measure of reduced cognitive flexibility within this behavioral paradigm. In the present study, perseverative errors were computed according to procedures described by Heaton et al. (1993). Non-perseverative errors, by contrast, refer to all other errors. Among the non-perseverative errors are failures to maintain set, which refers to selecting an incorrect card once a sorting rule has been learned (i.e., switching after the fifth correctly sorted card). Failures to maintain a set are thought to represent the individual's distractibility or difficulties maintaining information in working memory (Barceló and Knight, 2002). Finally, the BCST also assesses trials to first category, which refers to the speed of which an individual acquires an attentional set.

Measures

Traumatic Life Events

The frequency of traumatic life events was assessed using a modified version of the Early Trauma Inventory—Short Report (ETI-SR; Bremner et al., 2007). The ETI-SR is a 27-item self-report questionnaire assessing various types of early life events, including (i) general traumas (e.g., serious personal injuries or illness, death or serious illness of a parent, sibling, or friend, family history of violence, mental illness, or alcohol/drug abuse), (ii) physical punishment, (iii) emotional abuse, and (iv) sexual abuse. In the present study, for each item, participants were asked to indicate the frequency that each event occurred, from 0 (never) to 5 (more than 10 times), at 4 different age ranges (subscales), including 0 to 5, 6 to 12, 13 to 18, and after the age of 18. To generate a total frequency score for trauma the occurred between the age of 0 to 5, we summed across all 27 items (e.g., all types of trauma). This procedure was repeated for traumas that occurred between the age of 6 to 12 and 13 to 18. In the present study, we did not use the “traumas after 18” category as approximately 50% of the study sample was 18 years old or younger. Furthermore, to determine a total frequency for (i) general traumas, (ii) physical punishment, (iii) emotional abuse, and (iv) sexual abuse, we summed across all age subscales (i.e., 0 to 5, 6 to 12, 13 to 18, and after 18) for all items relevant to each type of trauma experience.

Table 1 displays the frequency of traumas that occurred between the age of 0 to 5, 6 to 12, and 13 to 18 as well as the frequency of different types of trauma among male and female participants in the present study. As shown in Table 1, males reported greater frequency of physical punishment than females, t(162.91) = 4.06, p < 0.001, but no sex differences were observed for the frequency of general traumas, emotional abuse, or sexual abuse, or in the occurrence of total traumas experienced between the age of 0 to 5, 6 to 12, or 13 to 18 (p's > 0.05).


Table 1. Mean (SD) sex differences in the timing and frequency of traumatic events.
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Anxiety

State anxiety prior to the WCST was assessed using the 20-item Spielberger State Trait Anxiety Inventory (STAI) (Spielberger et al., 1983). Items for this measure ranged from 1 (not at all) to 4 (very much), where higher scores indicated greater state anxiety. Total scores were obtained by summing across all items (α = 0.95) (M = 35.03, SD = 9.32).

Affective State

The 20-item Positive and Negative Affect Schedule (PANAS; Watson et al., 1988) was used to assess positive and negative affect prior to the WCST. Responses ranged on a six-point scale from 1 (very slightly or not at all) to 5 (extremely). Positive (M = 28.38, S.D. = 7.54) and negative (M = 14.50, SD = 14.15) affect scores were computed by summing across all 10 relevant items for each subscale. Cronbach's alphas were: positive (0.85) and negative (0.90).

Statistical Analyses

Statistical analyses were performed using SPSS for Windows 18.0 (SPSS Science, Chicago, IL). Pearson's correlation coefficients were determined between current mood state (i.e., state anxiety and positive and negative affect) and WCST performance indices. An independent samples t-test was used to examine whether individuals currently taking psycho-active medication differed from those who were not on WCST performance. A MANOVA was used to examine the contribution of BDNF genotype and Sex to performance indices of the WCST. Moderation analyses were carried out using the PROCESS add-on to SPSS provided by Hayes (2013). Specifically, using Model 2 in PROCESS, unstandardized frequency of Trauma scores were entered as the X (independent) variable, BDNF genotype as M1 (first moderator), Sex as M2 (second moderator), and perseverative errors (or other WCST performance indices) and the Y (outcome variable). Significant three-way interactions were followed up and graphed using the coefficients provided by Model 2 PROCESS output, whereas significant two-way interactions (e.g., when sex differences did not significantly contribute to the model) were followed up using Model 1.

RESULTS

Performance on the WCST, including the frequency of perseverative and non-preservative errors, failures to maintain set, and number of trials required to learn the first category, was not related to state anxiety, positive affect, or negative affect. Individuals who were currently taking psychoactive medications (n = 26) did not differ on any of the WCST performance indices. A MANOVA revealed no significant Genotype x Sex interaction on WCST performance. However, this analysis indicated that, in comparison to Val homozygotes (M = 10.84, S.D. = 4.14), Met (M = 12.41, S.D. = 5.85) allele carriers committed more frequent perseverative errors, F(1, 226) = 6.36, p = 0.01, but did not differ on any other WCST indices. Additionally, males committed more perseverative errors, F(1, 226) = 4.23, p < 0.05, and took more trials to learn the first sorting category, F(1, 226) = 4.25, p < 0.05, than females.

Timing of Trauma in Relation to Cognitive Flexibility: Moderating Role of BDNF Genotype

We examined whether frequency of traumas experienced at different developmental stages (i.e., 0 to 5, 6 to 12, and 13 to 18 years of age) was associated with frequency of perseverative errors, and whether these relations were moderated by the BDNF genotype. In these regression analyses, when examining the relation between trauma experienced during one time frame (e.g., 0 to 5 years of age) and perseverative errors, we controlled for traumas that were encountered during other times (e.g., 6 to 12 and 13 to 18). The relation between frequency of total traumas that occurred between the age of 0 to 5 was moderated by BDNF genotype, ΔR2 = 0.04, F(1, 222) = 9.36, p < 0.01. As illustrated in Figure 1A, simple slopes for this interaction indicated that greater frequency of traumas between the age of 0 to 5 was associated with more perseverative errors among individuals carrying the Met allele, b = 0.26, t = 2.30, p < 0.05, but not among Val homozygotes, b = −0.12, t = −1.34, p > 0.05. The frequency of total traumas that occurred between the age of 6 to 12 and between 13 to 18 were not moderated by BDNF genotype, ΔR2 = 0.01, F(1, 222) = 1.60, 1.47, p's > 0.05, respectively (Figures 1B,C).


[image: image]

FIGURE 1. The moderating role of the BDNF Val66Met polymorphism in the relationship between total traumas between the age of (A) 0–5, (B) 6–13, and (C) 13–18 on frequency of perseverative errors on the WCST. Low frequency of total traumas = 1 SD. below the mean, high frequency of total traumas = 1 SD. above the mean.



In addition to set-shifting performance (i.e., perseverative errors), we repeated these regression analyses to determine whether BDNF genotype moderated the relationship between traumas encountered at different developmental stages and other WCST performance indices. In this regard, traumas occurring between 0 to 5, 6 to 12, or 13 to 18 years of age were not related to non-perseverative errors, including the ability to acquire (i.e., trials to first category) and maintain (i.e., failures to maintain set) an attentional set, and these relations were not moderated by BDNF genotype.

Type of Trauma in Relation to Cognitive Flexibility: Moderating Role of BDNF Genotype

In addition to examining the relationship between timing of traumas, we examined whether the relationship between trauma and frequency of perseverative errors varied across different types of events, and whether this was moderated by the BDNF genotype and sex differences. When considering the frequency of General Traumas, Genotype, and Sex in relation to perseverative errors, a General Traumas x Genotype, ΔR2 = 0.02, F(1, 226) = 5.75, p < 0.05, General Traumas × Sex, ΔR2 = 0.02, F(1, 226) = 5.69, p < 0.05, and General Traumas × Genotype × Sex interaction, ΔR2 = 0.05, F(1, 226) = 6.11, p < 0.01, was observed. As illustrated in Figure 2A, among males, greater frequency of general traumas was modestly, but not significantly, associated with more frequent perseverative errors among Val homozygotes, b = 0.11, t = 1.83, p = 0.07, and this relationship was much stronger for those carrying a Met allele, b = 0.26, t = 4.09, p < 0.001. In contrast, among females, greater frequency of general traumas was not related to perseverative errors among Val homozygotes, b = −0.04, t = −0.95, p > 0.05, and only modestly related among females carrying the Met allele, b = 0.10, t = 2.08, p < 0.05 (Figure 2B).
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FIGURE 2. The moderating role of the BDNF Val66Met polymorphism in the relationship between frequency of general traumas and frequency of perseverative errors on the WCST among (A) males and (B) females. Low frequency of general traumas = 1 SD. below the mean, high frequency of general traumas = 1 SD. above the mean.



In contrast to the findings observed for general traumas, perseverative errors varied as a function of the Physical Punishment × Sex interaction, ΔR2 = 0.02, F(1, 226) = 3.82, p = 0.05, and the Physical Punishment x Genotype × Sex interaction was just shy of statistical significance, ΔR2 = 0.02, F(1, 226) = 2.85, p = 0.06. As indicated by simple slopes analyses for the three-way interaction (Figure 3A), greater frequency of physical punishment was related to more perseverative errors among male Met carriers, b = 0.14, t = 2.54, p = 0.01, but not among Val homozygotes, b = 0.07, t = 1.33, p > 0.05. Among females, by contrast, physical punishment was not related to the frequency of perseverative errors among Met carriers, b = 0.02, t = 0.29, p > 0.05, or those who were homozygous for the Val allele, b = −0.05, t = −1.06, p > 0.05 (Figure 3B).
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FIGURE 3. The moderating role of the BDNF Val66Met polymorphism in the relationship between frequency of physical punishment and frequency of perseverative errors on the WCST among (A) males and (B) females. Low frequency of physical punishment = 1 SD. below the mean, high frequency of physical punishment = 1 SD. above the mean.



In examining the relationship between Emotional Abuse, Genotype, and Sex on frequency of perseverative errors, we did not observe significant interactions between Emotional Abuse x Genotype, ΔR2 = 0.01, F(1, 226) = 2.76, p = 0.10 or Emotional Abuse x Genotype x Sex, ΔR2 = 0.02, F(1, 226) = 1.99, p = 0.14. However, as shown in Table 1, in comparison to other forms of trauma, considerable inter-individual variability was apparent in the frequency of emotional abuse in the present sample, which might have contributed to the lack of statistical significance concerning this form of abuse. Given this possibility and a priori hypotheses, we proceeded with follow-up simple slopes analyses to determine whether perseverative errors varied as a function of emotional abuse and BDNF genotype. As shown in Figure 4, simple slopes for the two-way interaction indicated that emotional abuse was related to more perseverative errors for male and female Met carries, b = 0.08, t = 2.26, p < 0.05, but not for Val allele homozygotes, b = 0.01, t = 0.28, p > 0.05.
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FIGURE 4. The moderating role of the BDNF Val66Met polymorphism in the relationship between frequency of emotional abuse and frequency of perseverative errors on the WCST. Low frequency of emotional abuse = 1 SD. below the mean, high frequency of emotional abuse = 1 SD. above the mean.



Finally, we did not observe a Sexual Abuse x Genotype, Sexual Abuse x Sex, or a Sexual Abuse x Genotype x Sex interaction in relation to the frequency of perseverative errors, ΔR2 = 0.00, F(1, 226) =.03, p > 0.05. As indicated earlier, these findings might be due to the relative infrequency of sexual abuse reported by the present study sample.

Once again, we repeated these regression analyses to determine whether BDNF genotype moderated the relationship between different types of trauma and other WCST performance indices. In this regard, general traumas, physical punishment, emotional abuse, and sexual abuse were not related to non-perseverative errors, including the ability to acquire (i.e., trials to first category) and maintain (i.e., failures to maintain set) an attentional set, and BDNF genotype did moderate any of these relations.

DISCUSSION

The Met allele of the BDNF Val66Met polymorphism (RS6265) has been associated with disrupted BDNF functioning, decreased volume in prefrontal cortical and hippocampal regions (Pezawas et al., 2004), diminished neuroplasticity (Lamb et al., 2015), and impaired learning and memory processes (Bath and Lee, 2006). In the present investigation, the presence of the Met allele of this polymorphism was related to reduced cognitive flexibility, as reflected through difficulties in set-shifting (i.e., more frequent perseverative errors on the WCST). In fact, this behavioral profile among Met carriers was unique to perseverative response tendencies as individuals with this genotype did not differ from Val homozygotes in the frequency of non-perseverative errors, including the ability to acquire (i.e., trials required to learn the first sorting category) or maintain (i.e., failures to maintain set) an attentional set. These findings are reminiscent of those observed in rodents, wherein selective disruption of activity-dependent BDNF protein expression (i.e., in BDNF mutant rats) did not affect working, spatial, or fear memory, but contributed to pronounced perseverative responding, including impairments of reversal learning in a spatial memory task as well as in extinction of fear memory (Sakata et al., 2013). Thus, the Met allele of the BDNF gene (or disruptions in BDNF functioning) seems not to influence the ability to acquire or maintain a cognitive set (or behavioral strategy), but might specifically disrupt the ability to shift attention away from a previously, but no longer, appropriate behavioral strategy and toward one that is newly effective.

Stressful events, including those experienced early in life, can have a profound impact on PFC structure and functioning (Lupien et al., 2009; McEwen and Morrison, 2013; Arnsten et al., 2015), and it has become increasingly evident that these experiences can result in disturbed cognitive flexibility (Hurtubise and Howland, 2017). For instance, when assessed in adolescence, perseverative errors on the WCST, but not non-perseverative, were more frequent among individuals who had experienced childhood trauma (Spann et al., 2012). Similarly, in rodents, maternal deprivation (Baudin et al., 2012) and early social isolation (Han et al., 2011), produced a selective deficit in set-shifting and reversal learning, but not spatial learning, and this effect was accompanied by altered BDNF protein expression in the PFC and nucleus accumbens (Han et al., 2011). Consistent with these findings, in the present investigation, greater frequency of total traumas was associated with difficulties in set-shifting, but only among individuals carrying the Met allele of the BDNF polymorphism. Interestingly, however, this relationship was most pronounced among individuals who experienced relatively high levels of trauma prior to the age of 5. After this age (6 to 12 and 13 to 18 years of age), the moderating effects of the BDNF polymorphism in the relation between trauma frequency and set-shifting performance was progressively less notable and not statistically significant. Once again, these relations were unique to set-shifting ability as, regardless of development stage, traumas were not associated with the ability to acquire or maintain a set, nor were these relationships moderated by BDNF genotype. These findings are in keeping with the view that the skills necessary for cognitive flexibility begin to develop at an early age (i.e., approximately the age of 4), and are generally fully developed by about age 10 (Chelune and Baer, 1986; Zelzo, 2006; Huizinga and van der Molen, 2007; Buttelmann and Karbach, 2017). Thus, it is possible that trauma experienced particularly early in childhood might be most strongly accompanied by diminished cognitive flexibility later in adulthood.

These present findings are consistent with animal data indicating that stressors experienced early in life produced a selective impairment in set-shifting (Baudin et al., 2012; Hurtubise and Howland, 2017), and studies in humans which have investigated the moderating role of the BDNF Val66Met in the relationship between early life stressors and later-life negative cognitive, affective, biological outcomes. In particular, among Met allele carriers, early life stressors were accompanied by decreased volume in the PFC and hippocampus as well as impaired working memory and elevated symptoms of depression and anxiety (Gatt et al., 2009). Additionally, among individuals with the BDNF Met allele, high levels of childhood trauma were associated with lower levels of BDNF mRNA levels, diminished hippocampal subfield volumes, and reduced cognitive functioning (Aas et al., 2013). This is not to say that the moderating role of the BDNF Val66Met polymorphism in the relation between stressors (including trauma) and negative outcomes is restricted to early developmental periods. In this regard, in response to ongoing stressors, individuals who carried the Met allele reported more frequent rumination and symptoms of depression (Clasen et al., 2011). As will be recalled, although cognitive flexibility skills sharply increase early in life, improvements in these skills can persist throughout adolescence and into adulthood, peaking between the ages of 21–30 (Cepeda et al., 2001; Anderson, 2002; Huizinga et al., 2006; Huizinga and van der Molen, 2007). It is possible that the relation between current stressors and cognitive flexibility might also be influenced by the BDNF Val66Met polymorphism.

As varied stressors can have diverse effects on brain neurochemical processes and behavioral outcomes (Anisman et al., 2008), we examined whether the moderating effects of the BNDF Val66Met polymorphism in the relation between trauma and cognitive flexibility would vary across different traumatic events. Moreover, given that males and females might differ in the frequency and sensitivity to different forms of stressful and traumatic events (Thompson et al., 2004; Maikovich-Fong and Jaffee, 2010; Afifi et al., 2016; Meng and D'Arcy, 2016), we also considered sex differences in these relationships. In the present study, several forms of trauma, other than sexual abuse, were related to reduced set-shifting (but not the ability to acquire or maintain a set) among Met allele carriers, but not Val homozygotes. The strength of these associations, however, varied slightly between males and females across type of trauma. Among Met allele carriers, general traumas appeared to have the strongest relationship to reduced set-shifting, especially among males. As will be recalled, the general traumas subscale of the ETI-SR is comprised of various non-abuse related traumas, including serious personal injuries or illness, death or serious illness of a parent, sibling, or friend, family history of violence, mental illness, or alcohol/drug abuse. It is difficult to discern which of these traumas uniquely accounted for the observed effects. Indeed, it is possible that the cumulative actions of all these general traumas, coupled with the Met allele of the BDNF polymorphism, was most aligned with the poorer set-shifting performance.

It is not entirely clear why the association between general traumas and set-shifting performance was stronger among males. It has been reported that males and females differ in the types of negative outcomes that accompany certain traumas (Thompson et al., 2004; Maikovich-Fong and Jaffee, 2010; Meng and D'Arcy, 2016), but it is uncertain whether this is linked to specific hormonal factors. This said, although the performance difference between males and females was statistically significant, it is not clear that the sex-specific difference in the relation between general traumas and set-shifting performance was meaningful. This is underscored by the fact that among both male and female Met carriers, more frequent general traumas were associated with diminished set-shifting performance. It is also possible that the sex differences were simply a reflection of the greater proficiency of females in behavioral tasks assessing cognitive flexibility, particularly the WCST (Boone et al., 1993; Aly et al., 2015).

In contrast to the relations observed concerning general traumas, physical punishment was associated with diminished set-shifting, but only among male Met allele carriers. This effect was likely attributable to the greater frequency of physical punishment reported by males in the present study. Although it is possible that a history of physical punishment is associated with more detrimental effects on cognitive functioning in males than females, but there does not appear to be clear and consistent evidence to support this assumption. In contrast to physical punishment, in the present study, emotional abuse was associated with diminished set-shifting performance equally in male and female Met allele carriers, whereas sexual abuse was not related to set-shifting ability, regardless of BDNF genotype. However, a detailed analysis of the potential moderators between sexual abuse and cognitive flexibility was not feasible given that this form of trauma was infrequently reported.

Taken together, the present findings suggest that the relationship between greater frequency of trauma and diminished cognitive flexibility might be most pronounced among individuals carrying the BDNF Met allele, or those with altered BDNF functioning. Moreover, among individuals carrying the Met allele, reduced cognitive flexibility seemed to be most strongly tied to trauma experienced relatively early in life (e.g., prior to the age of 5). That said, the present data do not speak to the potential role of the BDNF Val66Met polymorphism in moderating the relation between current stressors and cognitive flexibility nor that of individuals who encountered both early life and adult trauma. In contrast to our hypotheses, the present data did not provide clear evidence that the association between trauma and cognitive flexibility (set-shifting performance) would vary based on the type of trauma experienced, and that this would be moderated by the BDNF polymorphism. Although slight differences across traumas were observed at least among Met allele carriers, various forms of trauma might be associated with diminished cognitive flexibility, irrespective of the form of the trauma. Once again, rather than any single form of trauma being uniquely related to performance disturbances, cumulative trauma experiences are most likely predictive of diminished cognitive flexibility, especially among Met allele carriers. Finally, although we did observe sex differences in the relationship between trauma type, the BDNF polymorphism, and cognitive flexibility, these differences appeared to be relatively small, and their meaningfulness is uncertain.

Several limitations should be considered regarding the findings of the present study. The assessment of early life trauma was determined through a self-report measure, which might have been susceptible to memory biases and difficulties recalling early life events. Moreover, given that the frequency of gene polymorphisms varies across ethnic groups, and that their influence on behavior might vary by ethnicity, the present sample included only Euro-Caucasian individuals. Thus, the present findings might not be generalizable to other ethnicities. Nonetheless, the present findings suggest that the relationship between early life trauma and later-life cognitive flexibility might depend on the presence of the BDNF Val66Met polymorphism as well as the development stage at which the trauma has occurred. Moreover, the present findings provide further understanding into the factors (i.e., genetic and early life experiences) that might be associated with individual differences in the ability to adapt to continuous changing environments and goal-directed behaviors, such as problem-solving and decision-making.
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