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The last 20 years have yielded an explosion of information from the still nascent field of social neuroscience. Studies devoted to identifying neural correlates of social cognitive and moral judgment processing have established subcortical and cortical regions that are integral for how we filter and interpret information pertinent to family and friends, our social in-group, and strangers and engage in everything from forming immediate impressions of them to judging their behavior with respect to complex moral norms. What is less clear is how neural regions involved in implicit and explicit cognitive processing, or those cognitive processes that occur almost instantaneously as opposed to those that are more controlled respectively, interact to bias perceptions and behavior. Even less is known about how genes (and their variants) critical for neural function and the structural integrity within neural regions may modulate neural interactions critical for social cognitive and moral judgment processing. 

Recent methodological advancements assessing how different neural regions functionally work together with others, and how different genetic variants integral for neural function alter behavior, are establishing a more comprehensive view of the implicit and explicit social brain. These advancements demonstrate that structures critical for implicit processing, e.g., the amygdala, reliably covary in their activity with structures integral for explicit processing, e.g., dorsolateral prefrontal cortex, early and often during the processing of social information of varying complexity and in different contexts. This suggests that interactions between these regions are necessary to successfully navigate and immediately adapt to one’s environment. In turn, genetic variants like those that comprise the brain-derived neurotrophic factor (BDNF) gene, oxytocin receptor gene, or serotonin transporter gene likely play an important role in modulating the interaction between and within neural regions integral for interpersonal trust, intergroup processes, person perception, theory of mind (i.e., inferring the thoughts and feelings of others), and moral judgment processing. 

The purpose of this Research Topic is to further our understanding of how subcortical and cortical neural regions that vary in their functional contributions to social behavior also depend upon genetic influences in shaping individuals’ perceptions, beliefs, attitudes, behaviors, and how information is attended to and encoded to influence future social behaviors. It is particularly important to demonstrate how these regions reliably interact as a function of processing speed (i.e., implicit or explicit) and/or context to predict behavior or performance. Demonstrating how different genetic factors in turn moderate this interaction, or how genetic factors alter a specific region’s interaction with other regions, is equally important. 

We therefore solicit original empirical work, review and opinion papers, and methodological papers that can promote our understanding of how interactions between neural regions underlying implicit and explicit processes influence social cognitive and moral judgment processing and are, in turn, modulated by genetic predispositions. This includes work that utilizes fMRI, EEG and psychophysiological methodologies, lesion samples, as well as developmental and computational approaches. 

This Research Topic could serve as an important step in the evolution of our understanding of the complexity of the social mind as well as illuminate the robust effects context has on the way the brain interacts with different stimuli at every level of cognitive processing.
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The systematic examination of how social psychological phenomena can be informed by neuroscience methodologies, and how our understanding of neural function can be informed by social psychological research, began approximately 20 years ago. Increased interest in these topics largely coincided with methodological advances in electroencephalography (EEG) and functional magnetic resonance imaging (fMRI). The desire to understand how and where the world around us is represented in the brain (and vice versa) ultimately spawned a field of research that is thriving today: social neuroscience.

Many early social neuroscience studies were concerned with the basic question of where social-oriented phenomena are represented in the brain. While these studies were obviously of paramount importance for the development of the field, more recently this approach has been likened to modern day phrenology by critics. It is important to note, however, that these early studies were necessarily constrained by methodological and analytical approaches of the time. As these methodological and analytical approaches have evolved, so too has the field of social neuroscience. The ability to assess how different neural regions interact on the order of milliseconds has been particularly important for enhancing our understanding of both the complexity of the brain and the complexity inherent in any given social interaction or social perceptual process.

This second phase of social neuroscience, which focuses less on where things are happening in the brain and more on how regions of the brain form networks that interact to engender a psychological process, is poised to have a big impact on existing theories in social psychology. The notion that many different neural regions necessarily interact almost instantaneously and continuously throughout a given cognitive process seems perfectly sensible from a neuroanatomical perspective, but the ramifications this perspective has for prevailing theories in social psychology are pronounced. For instance, take the dual process perspective, i.e., the theory that many, if not all, social cognitive processes (e.g., attitudes, prejudice, attributions, etc.,) are uniquely influenced by implicit\automatic\fast\subconscious processes that occur outside of an individuals' conscious awareness and are uncontrollable, and explicit\controlled\slow\conscious processes that an individual has conscious access to and can control. According to the dual process account, implicit and explicit processes are orthogonal to one another.

From a social neuroscience perspective this would suggest some kind of neuroanatomical distinction between implicit and explicit processes as well. Indeed, there is evidence to suggest some functional and neural specificity with regards to implicit and explicit processes. For example, the amygdala has been linked to many implicit social processes such as automatic stereotype activation and perceptions of facial trustworthiness (Cunningham et al., 2004; Todorov and Engell, 2008; Forbes et al., 2012a,b). The orbitofrontal cortex (OFC) appears to be integral for regulating implicit processes and fear conditioned responses, particularly those associated with visceral arousal stemming from the medial temporal lobe, within the context of current goal states (e.g., regulating negative stereotype activation or extinguishing learned fear responses, Soliman et al., 2010; Forbes et al., 2012a,b). As the OFC is highly interconnected with regions in the medial temporal lobe like the amygdala and lateral prefrontal cortical regions such as dorsolateral prefrontal cortex (DLPFC), the functional specificity of the OFC with regards to implicit processing again seems perfectly logical (Rolls and Grabenhorst, 2008). Likewise, as DLPFC is considered a hub for executive function and conscious control of behavior and thoughts, the DLPFC must play an integral role in explicit processes in general such as the generation of explicit attitudes and beliefs, and conscious perceptions of others. Indeed, a bevy of social neuroscience studies implicate this region in explicit social cognitive processes specifically (e.g., Richeson et al., 2003; Cunningham et al., 2004; Forbes and Grafman, 2010; Forbes et al., 2012a,b).

Where the waters become much murkier so-to-speak, is when one considers the time at which these processes unfold. A fundamental assumption of dual-process theories is that time is one of the critical determinants of whether social cognition is influenced by implicit or explicit processes. Whereas implicit processes (and products of these processes) occur when individuals make perceptions or decisions quickly, explicit processes can only manifest when one has ample time. This assumption, however, is not consistent with known anatomical and neural conductive properties, where functionally distinct regions of the brain are highly interconnected with one another and neural propagation of action potentials can occur on the order of 0.5–50 ms within the cortex (Fuster, 1997; Buzsaki, 2006). How then can we disentangle the undoubtedly complex relationships inherent in the psychological interplay between implicit and explicit processes? Possibly via assessing interactions between neural correlates that represent these psychological processes (e.g., assessing how the temporoparietal junction and medial PFC, two regions thought to be integral for theory of mind, interact to influence theory of mind processes).

Assessing Interactions between Neural Regions

Gaining a better understanding of how neural regions integral for implicit or fast cognitive processing (e.g., the amygdala or anterior cingulate cortex), interact with regions integral for explicit or slower cognitive processing (e.g., lateral PFC regions; although note that PFC activations likely precede many routine/well-rehearsed daily life activities suggesting the timing of PFC activation is context dependent) early and often during the social informational processing stream can provide valuable insight in to the extent to which any specific social process is influenced by implicit and explicit social cognitive processes (Figure 1). One way this can be achieved is by examining the degree to which collections of neurons in different regions of cortex fire at a specific rate (i.e., frequency) and in synchrony with one another, i.e., by performing coherence analyses. A growing body of evidence indicates that coherence between two neural regions reflects the degree to which they are communicating with one another (Engel and Singer, 2001; Buzsaki, 2006; Siegel et al., 2011, 2012). This communication, in turn, has been associated with more efficacious cognitive processing, e.g., working memory, encoding, and error detection (Cavanagh et al., 2009; Benchenane et al., 2011), and top–down modulation of visual and working memory networks by prefrontal cortex (Zanto et al., 2011). While it is important to stress that coherence between regions depends at least in part on sustained networking as opposed to transient bindings, the effects of enhanced coherence between distant regions on behavior can occur almost instantaneously and throughout the information processing stream. Such observations directly contradict what one would expect if implicit and explicit processes are orthogonal to one another.
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Figure 1. Diagram of direct neural connectivity between regions critical for implicit and explicit social cognitive and moral judgment processes. Solid bi-directional arrows denote direct reciprocal neural connectivity between two regions within a given processing system, i.e., implicit or explicit processing. Dashed bi-directional arrows represent direct reciprocal connectivity between two regions typically involved in either implicit or explicit processing. Green colored circles denote neural regions that are typically involved in more implicit cognitive processing. Red colored circles signify neural regions that are typically involved in explicit cognitive processing. These regions are not exclusively involved in implicit or explicit processing, however. This conjecture is represented by the three shaded boxes and large arrow on the right. The lightest gray box represents neural regions, namely the amygdala here for the sake of simplicity, that are largely involved in implicit processes. Likewise, the darkest gray box highlights neural regions largely involved in explicit processes. The medium shaded box represents regions that have been shown to be recruited during both implicit and explicit processing. PFC, prefrontal cortex.



Findings from the fMRI literature, which utilizes ever-evolving analytic strategies to examine the functional connectivity between different neural regions (He et al., 2011), are also adding to our understanding of the complexity of the social brain. These analytic strategies are changing our perceptions of the functions of the brain from one where distinct neural regions perform uniform tasks independent of context to one that emphasizes the dynamic properties of each region that differentially interact with one another as a function of context. For instance, individuals with egalitarian motivations can successfully down-regulate amygdala activation in response to novel black faces via increased dorsolateral PFC activity in stereotype neutral contexts (Cunningham et al., 2004; Forbes et al., 2012a). When negative black stereotypes are primed specifically, however, i.e., the context in which the faces are presented has been altered such that novel black faces might be perceived in a negative stereotypic manner, amygdala activation is not down-regulated, even when individuals are given more time to process the faces. Instead, amygdala activation persists in to explicit processing speeds and initiates a dynamic interaction between the OFC and DLPFC that ultimately engenders stereotype-consistent perceptions of novel black faces (i.e., participants report seeing more angry black faces compared to white faces, even though all faces had neutral expressions; Forbes et al., 2012a). Importantly, the interaction between these regions normally thought to be uniquely involved in implicit and explicit processing occurs regardless of whether faces are presented subliminally or supraliminally; a finding that again speaks against the argument that implicit and explicit social cognitive processes are orthogonal to one another.

How Genetic Polymorphisms may Alter Neural Interactions

Further complicating our understanding of how different neural regions interact with one another to shape our perceptions of the social world, but immensely enriching it nonetheless, are recent advances in the burgeoning field of genetics. While far less understood, it is becoming clear that genetic polymorphisms in genes integral for neural function moderate the interaction between and within different neural regions involved in the processing of social information. Perhaps one of the more provocative examples of this stems from findings indicating that different polymorphisms in the brain derived neurotrophic factor (BDNF) gene, a gene that promotes neuroplasticity throughout the brain, have been associated with greater connectivity between and within different neural regions. For instance, different BDNF polymorphisms have been associated with increased connectivity between the amygdala and VMPFC and subsequently individuals' ability to extinguish learned fear responses (Soliman et al., 2010). BDNF induced plasticity within neural regions such as OFC and DLPFC have also been found to moderate individuals' ability to inhibit implicit and explicit bias respectively (Forbes et al., 2012b).

Given the seemingly ubiquitous role of the amygdala, PFC and amygdala-PFC connectivity in social cognition (e.g., stereotype activation and regulation, emotional expression and regulation, perceptions of trustworthiness, attribution, attitudes, etc.), BDNF-induced variation in plasticity may play an important role in explaining individual differences between and within groups on a variety of social psychological dimensions ranging from prejudice to political orientation to moral judgment. One critical area for future research is determining how exactly BDNF is modulating social cognitive processes. There are three particularly important questions that should be addressed. (1) Do different BDNF polymorphisms alter the plasticity between representations of a given construct like those between attributes associated with a given ethnic group (i.e., actually strengthen stereotypic associations)? (2) Do they alter plasticity within and between regions that are necessary to regulate cognitive processes? Or (3) Do they influence both equally or differentially? Findings from Forbes et al. (2012b) provide evidence supporting the second question, but much more research will be necessary to fully understand how BDNF polymorphisms alter associative and regulatory strength of social representations.

BDNF is not the only gene known to influence connectivity between the amygdala and other neural regions, however. In addition to the effects of BDNF on amygdala-PFC connectivity, polymorphisms in the catechol-O-methyltransferase (COMT) and serotonin transporter gene have been shown to modulate affective arousal and regulation as well as the retention of fear extinguished memories (Drabant et al., 2006; Hartley et al., 2012). While primarily studied within the context of affective disorders, it is clear to see how these findings also have important implications for future work in social neuroscience. Given that many social interactions are likely to initiate a cascade of implicit and explicit processes that would invariably rely on amygdala-PFC interactions, it stands to reason that polymorphisms in genes such as COMT, serotonin and BDNF could have subtle influences on behavior in a given situation. For example, both blacks and whites have been shown to establish learned fear responses to novel members of their ethnic outgroup faster, and have greater difficulty extinguishing these learned fear responses (Olsson et al., 2005). Findings from the literature described above would suggest then that some people would be either better or worse at extinguishing the learned outgroup fear responses based on polymorphisms in COMT, serotonin and/or BDNF; a conjecture that has direct implications for intergroup relations, prejudice and prejudice reduction strategies.

These findings, and the current state of the field for that matter, represent the tip of the iceberg with many fruitful avenues for future research. For example, current as well as future research (including a study in this research topic: See Krueger et al., 2012) is examining the role of polymorphisms in the oxytocin receptor gene in facilitating trust and social bonds. This research will likely shed light on individual differences in trustworthiness and attachment, i.e., the foundations of human society. It is equally likely that myriad discoveries of other genetic polymorphisms are imminent and will undoubtedly impact the field of social neuroscience in substantial ways.

Thus, the field of social neuroscience stands to benefit greatly from analytical and theoretical advances in neuroscience and cognitive neuroscience and should utilize the analytic strategies mentioned above to inform theories integral to the field of social psychology. In this vein, the field of social neuroscience has the potential to make dramatic contributions to social psychological theory. Articles in this research topic employ these methods and provide further evidence across a variety of domains in social psychological research that supports this conjecture.

Using EEG methodologies to further blur the lines between implicit and explicit processes, Forbes et al. (2012c) discuss EEG and lesion studies that find surprising overlap and coherence between neural regions on tasks thought to uniquely recruit implicit and explicit processes (the IAT). Similarly, Cunningham et al. (2012) highlight the dynamic, context-dependent modulation of neural processes involved in social perception in an EEG study that finds that motivational orientation alters the rapid processing of ethnic ingroup and outgroup faces such that white and black faces are perceived similarly when white individuals are motivated to approach black faces. Providing further evidence for how the interaction between implicit and explicit processes may modulate person perception, Poore et al. (2012) report an fMRI study that examines how implicit reward processing in the striatum predicts decreases in explicit trust toward close others when individuals received information from these sources that violated their expectations. Harada et al. (2012) also use fMRI to demonstrate how situational (perceived power) and sustained social factors (cultural stereotypes) interact to modulate regions integral for both math calculation and implicit and explicit processes. Beasley et al. (2012) and Hecht et al. (2012) add breadth to our understanding of the complexity of brain by situation interactions utilizing an evolutionary approach.

Studies presented in this research topic also provide new insight in to our understanding of the role genetic polymorphisms play in social cognition. Richter et al. (2011) demonstrate that a polymorphism in AKAP5 is associated with both explicit reports of aggressive behavior, anger expression and anger control, and implicit regulation of anger. These differences manifested at the neural level as well, implicating enhanced activation in ACC during the processing of angry faces among individuals with the polymorphism associated with decreased aggression. Specific to trust and the facilitation of social bonds, Krueger et al. (2012) report a study that identifies different polymorphisms in the oxytocin receptor gene associated with trusting behaviors specifically. While these findings undoubtedly represent the gateway to understanding highly complex gene-environment interactions, e.g., environmental exposures can also modulate the instructions that go from the gene to the neuron and related cells and essentially override a predisposition using epigenetic means (Rutter et al., 2006), both studies nicely exhibit how genetic polymorphisms can nonetheless affect social behavior in meaningful ways. Consistent with this, Falk et al. (2012) provide a critical examination and organizing framework for understanding how genetic polymorphisms that moderate neurochemical responses in the brain may interact with known neural networks to predispose individuals to social influences and conformity. Ratner and Kubota (2012) also highlight the promise of genetic contributions specific to the study of intergroup relations but eloquently, and rightfully, stress caution in these approaches as well.

The research and reviews presented in this research topic represent the second phase of social neuroscience. That is, they focus less on where things are happening in the brain and more on how different neural regions interact as a function of context and genetic predispositions almost instantaneously in a given situation to modulate social perceptual processes and behavior. While these forays will likely engender an appreciation of the mind-numbing complexity of dynamic gene-neural-situational interactions and their behavioral byproducts, the current steps being made toward this progress are obviously imperative. As such, this is an exciting time for social neuroscience as a field as the products of these endeavors will no doubt have a dramatic impact on theories integral for social and cognitive psychology and neuroscience for years to come.
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The Implicit Association Test (IAT) is a popular behavioral measure that assesses the associative strength between outgroup members and stereotypical and counterstereotypical traits. Less is known, however, about the degree to which the IAT reflects automatic processing. Two studies examined automatic processing contributions to a gender-IAT using a data driven, social neuroscience approach. Performance on congruent (e.g., categorizing male names with synonyms of strength) and incongruent (e.g., categorizing female names with synonyms of strength) IAT blocks were separately analyzed using EEG (event-related potentials, or ERPs, and coherence; Study 1) and lesion (Study 2) methodologies. Compared to incongruent blocks, performance on congruent IAT blocks was associated with more positive ERPs that manifested in frontal and occipital regions at automatic processing speeds, occipital regions at more controlled processing speeds and was compromised by volume loss in the anterior temporal lobe (ATL), insula and medial PFC. Performance on incongruent blocks was associated with volume loss in supplementary motor areas, cingulate gyrus and a region in medial PFC similar to that found for congruent blocks. Greater coherence was found between frontal and occipital regions to the extent individuals exhibited more bias. This suggests there are separable neural contributions to congruent and incongruent blocks of the IAT but there is also a surprising amount of overlap. Given the temporal and regional neural distinctions, these results provide converging evidence that stereotypic associative strength assessed by the IAT indexes automatic processing to a degree.
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The implicit association test (IAT) is an almost ubiquitous social psychological measure used to index implicit attitudes, biases, and stereotypes about gender, race, politics, religion, or myriad other social groups or constructs (Greenwald et al., 1998; for a recent review see De Houwer et al., 2009). According to project implicit (https://implicit.harvard.edu/implicit/), a website devoted to collecting IAT data on various topics, at least 4.5 million people have completed this measure since 1998. Given its popularity, surprisingly little is known about just how “implicit” the IAT really is and what neural processes contribute to performance on the various aspects of the IAT, i.e., the congruent and incongruent blocks from which measures of implicit bias are derived. Using a data driven approach, i.e., an approach devoid of a priori examinations of regions of interest, we systematically analyzed this question with respect to neural and temporal components hypothesized to be integral for and/or represent implicit and explicit processing. Study 1 probed for regional and temporal differences between IAT block types via assessing event-related potentials (ERPs), neural generators and event-related electroencephalogram (EEG) coherence in healthy human subjects. Study 2 examined causal distinctions by examining how volume loss in different neural regions alters performance on the two block types among a large sample of lesion patients with focal traumatic brain injuries (TBI).

Behavioral IAT Effects

The IAT measures social attitudes, stereotypes, etc. by examining the differential associations of two target categories (e.g., male/female) with two attribute categories (e.g., strong/weak; Greenwald et al., 1998, 2003; Nosek et al., 2005). Individuals' implicit beliefs are inferred from the strength of these associations or how fast and accurately people can pair target words with a given attribute category. With regards to implicit gender beliefs, in the critical conditions of the IAT, subjects classify either target or attribute stimuli in the same block of trials using stimulus-response mappings that are either congruent (e.g., “Jane, weak”) or incongruent (e.g., “Jane, strong”) with gender stereotypes. The “IAT effect,” or measure of implicit bias, is established by essentially subtracting mean reaction times on congruent blocks from mean reaction times on incongruent blocks. More positive numbers indicate that individuals were either slower to classify target words with a counterstereotypical attribute in incongruent blocks, faster to classify target words with a stereotypical congruent attribute, or both.

Thus while individuals' performance on the different blocks serves as an index of stereotypical associations (in congruent blocks) and counterstereotypical associations (in incongruent blocks), an individuals' overall performance on the respective blocks represents an assessment of the degree of bias in relation to the associative strength between stereotypical and counterstereotypical (or attitudinal and counterattitudinal, etc.) associations. In general, response times (RTs) are faster in the congruent condition compared to the incongruent condition, reflecting the socialization process in a given culture (Fazio and Olson, 2003). The IAT effect is robust across a broad range of stereotypic beliefs and has been associated with certain types of behavior, including nonverbal behaviors and hiring decisions (Dovidio et al., 2002; Greenwald et al., 2002; Fazio and Olson, 2003; Nosek et al., 2007; Agerstrom and Rooth, 2011).

It is important to note that in contrast to other priming measures that index automatically activated responses to individual categories, the IAT is a measure of the associative strength between category labels of interest (e.g., men and strength vs. women and weak; Fazio and Olson, 2003). The IAT is unique from other measures of implicit bias because IAT responses are elicited in the absence of explicit instructions to control (Dasgupta et al., 2000), but it also requires individuals to attend to targets in the task so that they can be correctly categorized (which is in direct contrast to priming measures that assess individuals' passive responses to stimuli presented subliminally, parafovealy, etc.). This basic goal requires attention, executive function, response inhibition as well as basic perceptual processes throughout the task. Indeed, reaction times on congruent blocks (which may index more automatic processing) and incongruent blocks (which require individuals to override prepotent, stereotype-consistent responses) may both be associated with cognitive control to an extent as they both require attention at a fundamental level (Forbes et al., 2012).

Does the IAT Effect Reflect Automatic, Implicit Processes?

To what extent then does the IAT actually reflect automatic, implicit processes? The classic interpretation of the IAT is that it reveals individuals' implicit, non-conscious beliefs through automatic activation of target-attribute stereotypic associations, an interpretation supported by dissociations with subjects' self-reported explicit attitudes (Greenwald et al., 1998; Baron and Banaji, 2006). However, behavioral studies of the IAT indicate that while the activation and use of stereotypes appears to be largely an automatic and stable process (Gregg et al., 2006), it can also be context sensitive (Rothermund and Wentura, 2001; Greenwald et al., 2002; Rothermund and Wentura, 2004) and thus partially explicit. For example, the size and/or direction of IAT effects are influenced by prior training on Go/No-Go tasks or manipulated IATs (Rothermund and Wentura, 2004; Forbes and Schmader, 2010) and manipulations of stimulus-valence (Dasgupta and Greenwald, 2001; Steffens and Plewe, 2001; Mitchell et al., 2003; Bluemke and Friese, 2006) or stimulus-salience (Rothermund and Wentura, 2001, 2004).

While the assumption that IAT effects are at least partly based upon automatic processes is plausible, some argue that even this claim has not been firmly established experimentally (De Houwer et al., 2009). For instance, De Houwer et al. (2009) argue that for IAT effects to be considered implicit “in the sense of unintentional, uncontrolled or autonomous” depends on whether the processes that causes IAT effects “operate independently of the goal to engage in, stop, alter or avoid these processes.” The effects of the latter two goals upon IAT performance have been examined by studies in which participants were instructed to fake an attitude, but results only complicate the issue. For instance, while some studies have demonstrated that individuals appear to be able to intentionally influence their IAT performance (De Houwer et al., 2007), others have found that IAT performance was not affected by such instructions (Kim, 2003). Thus, the extent to which the IAT is based upon implicit processes in the sense of De Houwer et al.'s (2009) criteria remains an unanswered question in the literature.

One way to resolve these discrepancies could be via an examination of time. According to De Houwer et al. (2009), the timing of a process can serve as a determinant of its automaticity because a short duration process would be less susceptible to conscious control. Indeed, theories of attention have long posited that the processing of signals involves both automatic and controlled mental operations (Posner and Snyder, 1975a,b), with automatic processing being evident behaviorally as early as 250 ms (e.g., Neely, 1977) and neurally as early as 30 ms (in the amygdala; e.g., Cunningham et al., 2004; Luo et al., 2010; Forbes et al., 2012) and controlled processing occurring later in time, e.g., 280 ms and later (Luo et al., 2010).

In addition to gaining insight from the timing at which implicit and explicit processes unfold, recent theories have implicated specific neural regions involved in implicit and explicit social cognitive processing. According to Lieberman (2007), regions important for automaticity include dorsal anterior cingulate cortex (ACC), lateral temporal cortex [including anterior temporal lobe (ATL)], amygdala, basal ganglia and ventromedial prefrontal cortex (PFC). Other regions implicated in automatic social processing include the insula and orbitofrontal cortex, but it is likely that other regions involved in basic sensory processing such as superior colliculus and occipital cortex play an integral role as well (Cunningham and Zelazo, 2007; Adolphs, 2009; Forbes et al., 2012). Conversely, regions including lateral PFC, medial temporal lobe, medial and lateral parietal cortex, rostral ACC and medial aspects of the medial PFC are integral for control. It is important to note, however, that it is likely that these regions ultimately interact both on the order of milliseconds and throughout the information processing stream to bias social cognitive processes accordingly (Forbes and Grafman, 2010; Forbes et al., 2012; Siegel et al., 2011).

Thus, to the extent that the IAT recruits implicit and/or explicit processes we would expect recruitment of some, if not all, of the aforementioned regions during performance on different blocks of the IAT at specific points in time. Implementing a data-driven, temporal and spatial assessment of the neural regions involved during performance on congruent and incongruent blocks of the IAT can therefore provide a necessary, comprehensive assessment of the degree to which performance on the IAT recruits and/or indexes automatic processes. Past research has attempted to address these questions to various degrees using EEG, fMRI, and lesion methodologies.

Temporal and Spatial Neural Contributions to the IAT

ERP Studies

Many social-cognitive processes occur quickly (Bargh, 1997), and ERPs have the potential to better track these processes than self-report or behavioral measures of response-latency (Bartholow and Dickter, 2007) due to their millisecond temporal resolution.1 Consequently there is an emerging literature combining ERPs and IAT or IAT-like tasks, but like the studies concerning IAT automaticity addressed above, the methods and subsequent findings vary considerably. For instance, while Barnes-Holmes et al. (2004) were among the first to report an ERP-IAT study within the context of investigating relations among nonsense words, they found only a lateral, frontal positive ERP deflection in a post-response interval indicative of controlled processing (1000–1400 ms). No differences were found during early temporal intervals, however, which is surprising given that typical behavioral IAT effects were found. He et al. (2009) provided some evidence of automatic processing by finding that race IAT scores were correlated with ERP data collected while participants viewed different-race faces. Specifically, they found relationships between implicit bias and positive potentials elicited over midline, right frontal-central and right temporal scalp regions between 172 and 400 ms. ERP measures were not gathered while participants completed the IAT, however, thus it was impossible to assess the extent to which the IAT and face processing task stemmed from the same automatic processes.

Findings from studies that have collected EEG activity simultaneously while individuals completed a standard IAT also yield mixed or incomplete results (e.g., EEG data was not collected over the entire scalp). Nevertheless, findings indicate that ERPs are sensitive to IAT task conditions. O'Toole and Barnes-Holmes (2009) recorded ERPs during an IAT and found that congruent trials elicited significantly more positive ERPs in comparison with incongruent trials in the 300–600 ms latency range at parietal and central sites. Assessing ERPs along the midline only, Williams and Themanson (2011) recorded EEG activity while individuals completed a Gay-Straight IAT (Gay and Straight relationships were indicated by pictures, while good and bad attributes were indicated by words). Results revealed that ERPs from congruent trials were more positive than ERPs from incongruent trials for both words and pictures in both early and late measurement intervals at all six midline sites. In the shorter latency ranges (110–370 ms) the congruency effect was most pronounced over frontal scalp. In the longer latency ranges (400–1000 ms) the congruency effect was most pronounced over posterior scalp. Finally, Coates (2011) recorded ERPs from 10 scalp sites during a weapons-IAT and found positive deflections over the 300–800 ms interval that were maximal at central-parietal scalp and were larger for congruent trials in comparison with incongruent trials.

Overall, these findings indicate that the amplitudes of ERPs elicited during congruent IAT blocks were more positive compared with ERPs elicited during incongruent blocks in IAT and IAT-like paradigms. This enhanced positivity was generally evident over frontal and posterior scalp regions at time intervals that could be construed as reflecting automatic and controlled processes. However, the onset latencies of the congruency-related shifts in ERP amplitudes were too late to provide conclusive evidence for automatic processing contributing to IAT performance (although findings from Banfield et al. (2006) and He et al. (2009) suggest automatic processes may have been operative, finding ERP differences between time intervals of 250–400 ms and 172–400 ms, respectively) nor did most studies examine differences across the entire scalp. Nevertheless, these findings lead us to expect greater positivity among ERPs collected during congruent blocks compared to incongruent blocks on the IAT that is maximal over frontal and parietal scalp sites at both early and later intervals.

fMRI and Lesion Studies

fMRI and lesion studies have also identified specific brain regions that contribute to the IAT. Most pertinent to the studies reported here, Knutson et al. (2007) assessed blood oxygen level dependent (BOLD) signals elicited while individuals completed congruent or incongruent blocks of gender and race IATs (using a block design as opposed to trial-by-trial). Results revealed that when subjects completed congruent (compared to incongruent) blocks of the race and gender IATs, greater activity was found in anteromedial PFC and rostral ACC. Insula activity was also found while subjects completed congruent blocks of race IATs. Conversely, when completing incongruent blocks, only dorsolateral PFC activity was found. The differential activity observed in these regions is consistent with known functional and anatomical circuits involved in automatic and controlled processing respectively (Satpute and Lieberman, 2006; Cunningham and Zelazo, 2007; Forbes and Grafman, 2010). Race-IAT scores have also been shown to be correlated with activity elicited in the amygdala, insula and ACC, regions integral for processing visceral, often negative emotionally arousing information (Ploghaus et al., 1999; Shi and Davis, 1999), in response to novel black faces (Phelps et al., 2000).

Lesion studies have also elucidated the role of specific neural regions underlying implicit bias indexed by the IAT effect. Gozzi et al. (2009) found that volume loss in ventromedial PFC and ATL predicted greater implicit gender bias among a sample of TBI patients. These regions are integral for the representation of self, social semantic information and conceptual social knowledge respectively (Amodio and Frith, 2006; Zahn et al., 2007, 2009; Forbes and Grafman, 2010). Marked changes in social attitudes have also been documented in patients with either focal lesions or focal neurodegeneration in the frontal lobes (Kleist, 1922), as well as patients with focal atrophy in the ATL (Edwards-Lee et al., 1997; Miller et al., 2001). While these studies typically employed block designs as opposed to trial-by-trial designs, they provide valuable, converging insight regarding specific regions recruited by different aspects of the IAT, including those thought to be typically involved in implicit processing.

Objective of the Current Study

Findings from fMRI and lesion studies identify specific neural regions recruited during IAT performance including medial regions of the PFC, the ACC, insula and ATL that are also likely integral for automatic processing in general. Together with ERP findings, this suggests that the contribution of automatic processes to performance on congruent and incongruent blocks on the IAT can be informed by temporal neurophysiological patterns and the extent to which performance on these blocks is related to specific neural regions.

The current study sought neurophysiological and lesion evidence for the contribution of automatic processes to performance on a gender-IAT using a data driven approach. Given that amygdala responses to evaluative stimuli can be elicited as early as 30–40 ms after exposure (Cunningham et al., 2004; Luo et al., 2010; Forbes et al., 2012) and that initial registration of visual stimuli at visual cortex is in the latency range of 20–35 ms (Brazier, 1977; Regan, 1989), we reasoned that cortical events following visual stimuli with sufficiently short latencies (e.g., about 60–160 ms) are most likely to be automatic rather than under conscious control, i.e., onset latency can be used as a surrogate for automatic processing.

We hypothesized that to the extent congruent IAT blocks recruit automatic processes, ERPs collected during these blocks should be more positive at early temporal intervals in frontal and more posterior regions on the scalp compared to incongruent blocks. We would not necessarily expect to find these relationships during the later interval, however, but based on past findings we might expect greater ERP positivity during late intervals on congruent blocks. Source localization analyses were also conducted to identify the neural generators of these block-specific EEG manifestations and assess for convergence among past work implicating specific neural regions involved in implicit and explicit processing. Finally, EEG coherence analyses, i.e., analyses that gauge the extent to which different brain regions fire synchronously and potentially communicate with one another, can add to our understanding of how automatic processes contribute to performance on congruent or incongruent IAT blocks by assessing how the different brain regions involved in said processes interact with one another on the order of milliseconds. To our knowledge, this is the first EEG study designed to provide a comprehensive assessment of the neural and temporal correlates of IAT automaticity. That is, we employed a stringent, data-driven assessment that included recording from the entire scalp, subsequent neural generators and network coherence specific to congruent and/or incongruent blocks of the IAT.

Specific to Study 2, we expected to find a relationship between performance on congruent blocks (compared to incongruent blocks) and volume loss in the ATL, insula, medial PFC and cingulate cortex among other regions. Conversely, incongruent blocks should recruit regions involved in more explicit processing including lateral PFC. Findings of IAT-related EEG/ERP activity at short latencies and lesion related relationships between neural regions involved in automatic processing would provide causal evidence that the IAT effect is based, at least in part, on automatic neural processes.

Study 1

Methods

Participants

Sixteen volunteers participated in the EEG study. The data from two participants were not used due to excessive artifacts in the EEG. The remaining 14 participants were right-handed native English speakers (seven female). The mean age was 19.3 years (range, 17–25) and the Edinburgh laterality quotient was 0.79 (range 0.39–1.0). This study was approved by the Institutional Review Board of Washington College where the data were collected. All subjects provided their informed consent and received partial course credit for their participation.

Design and procedure

Participants completed a gender-stereotype IAT. On each trial, participants discriminated between either male/female names or strong/weak words (adjectives, verbs, nouns). There were two experimental blocks of 200 trials in which 100 names and 100 words were presented in a random sequence. In one block the mapping of name and word discriminations to the response buttons was stereotype congruent (e.g., left button press to a male name or strong word, and right button press to a female name or weak word). In the other block the mapping of name and word discriminations to response buttons was stereotype incongruent (e.g., left button press to a male name or weak word, and right button press to a female name or strong word). The order of congruent/incongruent blocks, sequences of names and words, and mapping of discriminations to response buttons were counterbalanced across subjects. The RTs and EEG recordings from these 400 experimental trials were the dependent variables, and congruency was the independent variable.

Each 200 trial block was divided into four equal length sub-blocks, with a rest break after each run of 50 trials. Prior to the start of each sub-block, there was a series of 10 practice trials consisting of words and names that were not used in the 400 experimental trials. The practice trials ensured that the participants were thoroughly accustomed to the mappings of the discriminations to response buttons employed in the subsequent experimental trials. Practice was also provided prior to the two blocks of experimental trials by means of two 50 trial blocks in which only name discriminations were performed in one block and only word discriminations in the second block. The mappings of discriminations to response buttons in these initial practice blocks were the same as employed in the first block of experimental trials. Finally, to prepare participants for the reversal of congruency conditions between the first and second blocks of experimental trials, there was a 50 trial practice block of name or word discriminations that employed the same stimulus-response mappings as used in the second block of experimental trials.

Stimuli were presented on a black background on a computer screen 57 cm from the participant. A stimulus was either a name or a word. Names were presented in grey lowercase letters (~1.5–2.0 cm high). Words were presented in yellow uppercase letters (~2.0 cm high). Reminder labels of stimulus categories (male/female, strong/weak) were continually present on the bottom of the screen in small cursive letters (~0.7 mm high).

Prior to the start of a block of trials, categorization and response instructions appeared on the screen for 5 s. Participants started a block of trials via a button press. A stimulus remained on the screen until subjects' response decision button press. The next stimulus was presented 450 ms after the response button press. No feedback was provided with respect to errors or response latencies, so as to eliminate interfering effects upon IAT performance-related ERPs by ERP activity that would have been elicited by feedback displays.

Stereotype-congruency, the congruent or incongruent mapping of stimuli to response buttons, was the key experimental manipulation. The dependent variables were RT, scalp-recorded event-related brain potentials (ERPs) and between-channel coherence of current source densities (CSDs) derived from the scalp EEG. It was expected that RTs would be shorter in blocks of congruent mappings of attributes to response buttons than in blocks of incongruent mappings.

Stimulus materials

The stimuli were male and female first names (length, 3–9 letters), and non-name words (length, 3–11 letters). Potential stimuli were selected from previously published lists (Blair and Banaji, 1996; Rudman and Kilianski, 2000), baby-name websites, or generated by the experimenters. Fifty undergraduate participants (30 females), with a mean age of 19.1 years (range 17–23), rated 184 words and 160 first names (80 female) on 7-point Likert scales along the dimensions of familiarity, ethnicity or imageability, strength, pleasantness, and gender.

One hundred first names, 50 male and 50 female, were balanced for familiarity, ethnicity (White/Caucasian), strength, length, and frequency using the MRC psycholinguistic database (http://websites.psychology.uwa.edu.au/school/MRCDatabase/mrc2.html) and the U.S. Census Bureau database (http://www.census.gov/genealogy/www/) (p > 0.1). Gender ratings of male (1.6) and female (6.5) names differed significantly [T(49) = 69.4, p < 0.00001]. Female names (4.5) were rated as more pleasant than male names (4.3) [T(49) = 2.3, p = 0.03].

One hundred words, 50 associated with strength and 50 with weakness were balanced for familiarity, imageability, length in letters and syllables, and Kucera–Francis written frequency using the MRC psycholinguistic database. The mean ratings of strength for strong (5.6) and weak (2.7) words were significantly different [T(49) = 30.5, p < 0.00001]. For familiarity, imageability, length and frequency, the mean ratings for strong and weak words were all within 1 SD (p > 0.1). Following gender stereotypes, strong words were rated as more male (mean = 3.4), and weak words as more female [mean = 4.5; t(49) = 10.3, p < 0.00001]. Strong words were also rated more pleasant (mean = 4.8) than weak words (mean = 2.8) [T(49) = 10.2, p < 0.00001]. An additional 54 names and 56 words were selected for the practice trials.

For the experimental blocks of the IAT task, 50 names (25 female) and 50 words (25 strong) were chosen for the congruent, and another 50 names and 50 words for the incongruent task conditions, and these were balanced across all of the rating dimensions with means within 1 SD.

IAT effect D-score

The IAT D-score (Greenwald et al., 2003) was used for the measure of each subject's IAT effect. The RTs from the eight 50-trial blocks of experimental trials were used to compute the D-score. There were no trials with RTs greater than 10,000 ms in the data, and no subjects with more than 10% of their trials with RTs less than 300 ms. Mean RTs were computed for the correct response trials for each of the four incongruent and congruent experimental trial blocks. Error response trials' RTs were replaced with the block mean plus 600 ms. A pooled SD was computed across all trials in the eight 50-trial experimental blocks (congruent and incongruent trials). The block mean RTs were averaged separately across the four incongruent and the four congruent experimental blocks. The IAT D-score was obtained by subtracting the across-congruent blocks mean from the across-incongruent blocks mean and dividing the difference by the pooled SD.

Electrophysiological recording and analysis

Ag-AgCl Electrodes were placed at 29 scalp sites taken from the 81-site 10–20 system (see Figure 1), and a further pair of electrodes were placed 2 cm below the outer canthi of the eyes (F11 and F12). In addition, two electrodes were placed on the temporal-central midline, 2 cm below the left tragus (A1) and right tragus (A2), respectively. The A1 electrode served as the reference electrode for the other 32 electrodes.
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Figure 1. Upper panel: Congruent (solid lines) and incongruent (dashed lines) ERP waves, averaged across all 14 subjects. The waveform layout is in approximate correspondence to the placement of the electrodes on the head. The top of the panel corresponds to the front of the head, and the right side of the panel corresponds to the right hemisphere. In this, the waveforms are plotted with negative polarity up, the time line extends from 140 ms prior to stimulus onset, to 700 ms after stimulus onset; and the average level of activity in the 20 ms interval immediately preceding the stimulus is used as the baseline. Lower panel: Congruent minus incongruent ERP difference waveforms.



The 32-channel EEG montage was recorded with a bandpass from DC to 100 Hz. The digitizing rate was 250 Hz. No special effort to suppress blink or eye movements was required of the subjects. Blink and eye movements were removed from the EEG after recording was complete via a spatial-temporal modeling procedure implemented by BESA 5.1 (Lins et al., 1993a,b; Berg and Scherg, 1994). A detailed description of our implementation of the removal of eye artifacts has been previously presented (Ruchkin et al., 1997).

For the ERP analysis, the EEG was digitally filtered to a 0.2–20.0 Hz bandpass (6 dB/octave roll-offs, no phase shift) and then re-referenced to a linked A1–A2 reference. To avoid problems interpreting average ERPs that include trials with long, outlier RTs or very short RTs, an RT window of 600–1250 ms was used for computing the average ERPs. Sixty-three percent of the trials were within this window. For each participant and electrode site, ERPs were averaged separately for congruent and incongruent trials, pooled across male/female names and strong/weak words. Trials with both correct and incorrect responses were included in the averages since we were interested in the operations being performed regardless of accuracy and participants did not receive feedback on their accuracy. Moreover, since the IAT D-score included a contribution from error trials, we reasoned that the averaged ERPs should also have a contribution from error trials.

The analysis epoch began 140 ms prior to stimulus onset and extended to 700 ms after stimulus onset. The average amplitude over the 20 ms pre-stimulus interval immediately preceding the stimulus was used as the baseline. Trials with deflections of more than 50 μv from the baseline were excluded from the averages. The short pre-stimulus baseline (20 ms) was necessary to accommodate the 450 ms interval between the subjects' response to the previous trial and the start of the current trial, which was within the range of inter-trial intervals recommended for IAT research (Greenwald et al., 1998; Lane et al., 2007). An examination of the post-movement ERP activity in the inter-trial interval indicated that such activity was not fully decayed until about 20–30 ms prior to onset of the next stimulus. A longer pre-stimulus baseline would have been contaminated by residual post-movement ERP activity and would have introduced variance in the ERP measures due to between-subjects differences in the decay of the post-movement ERP activity.

As an analog to an “IAT effect” measure (i.e., the D-score), a difference ERP was computed for each electrode site by subtracting the average ERP for incongruent blocks from the average ERP for congruent blocks. The ERPs were quantified by computing the average amplitudes over the 92–240 ms and 368–572 ms latency intervals. The 92–240 ms window, which included the onset of congruency effects in the ERP difference waveform, quantified ERP activity that was most likely to reflect automatic processing related to performance of the IAT. The 368–572 ms window quantified later posterior positive ERP activity, in line with prior ERP-IAT studies. Together these two latency windows covered 352 ms of the 700 ms post-stimulus epoch.

Latencies of ERP deflections were computed by the mid-mean method. The waveforms were first smoothed with a running average of nine time points (four points prior and four points after the smoothed point). Then the peak amplitude was found in an interval that began at 80 ms and extended to 350–550 ms (depending upon the individual subject's waveform). The algorithm then searched forward and backwards to find the half-peak-amplitude latencies. The peak latency was estimated by computing the mean of the two half-amplitude latencies, and the initial half-amplitude latency was used as an estimate of the onset latency. The mid-mean method combats latency measurement errors due to broad or noisy peaks. It provides a more stable measure of a deflection's latency than the latency of the deflection's peak.

A global electrode site [31] × latency interval [2] × congruency condition [2] repeated measures ANOVA of the unsubtracted ERP amplitudes tested whether there was a reliable congruency effect in the overall ERP data. To reveal the combinations of electrode sites and latency interval that displayed systematic congruency effects, post-hoc F-tests of the effect of congruency were computed for each individual electrode site and latency interval, and the F(1, 13) values were rank-ordered. The rank-ordered F(1, 13) values and the size of the ERP congruency effect were used to identify electrode sites with robust congruency effects. These sites were designated as a region-of-interest (ROI) for further analyses.

Coherence

Coherence analysis was used to quantify EEG relationships between sites that had been identified as sensitive to stereotype congruency in the ERP difference waveforms. In order to reduce confounds due to volume conduction in the estimation of between-channel coherence, the 32-channel montage (A1 reference) of EEG waves was converted to a 27-channel montage of CSD waves. BESA 5.1 was used to compute the across-trials average coherence between the CSD waves for the pair of frontal (Fp1) and posterior (O2) sites whose ERPs displayed the largest and most robust effects of congruency. Coherence was computed at 20 ms intervals, starting 20 ms prior to stimulus onset and extending to 700 ms after stimulus onset. The frequency range extended from 5 to 48.2 Hz, with a resolution of 2.4 Hz.

Results

Behavioral IAT results

An initial t-test conducted on participants' reaction times and error rates on congruent and incongruent blocks of the modified IAT revealed no significant effects of stereotype-congruency p's > 0.10. The means and standard errors of the RTs were 926 ms (44 ms) for congruent trials and 951 ms (71 ms) for incongruent trials. The means and standard errors of the error rates were 0.081 (0.012) for congruent trials and 0.076 (0.015) for the incongruent trials. The IAT D-scores ranged from 0.505 to −0.412, with the mean IAT D-score being −0.0023 (0.075). It should be noted that the mean D score is representative of half of our sample exhibiting the typical IAT effect and half exhibiting a more egalitarian bias. Indeed, seven participants (four females) had negative D-scores (M = −0.221, SE = 0.064), and the other seven participants (three females) had positive D-scores (M = 0.216, SE = 0.061). Supplementary Table A1 presents average RTs and average error rates for the four combinations of group membership (positive or negative D-score) and congruency (congruent or incongruent). There were no statistically reliable effects for the main effects of group [F(1, 12)= 0.833], congruency [F(1, 12)= 0.247] or the group × congruency interaction [F(1, 12) = 1.393]. Thus our sample consisted of participants who tended to harbor either positive or negative implicit associations between women and weakness related words, a finding not uncommon in the literature (Nosek et al., 2007; He et al., 2009).

Brain activity

Congruency effect. To assess for congruency effects over average amplitudes at early (92–240 ms) and late (368–572 ms) latency intervals, a global Three-Way repeated-measures ANOVA that included both measurement intervals and all electrode sites was conducted (Figure 1). The factors were Latency Interval [2] × Electrode Site [31] × Congruency [2]. These analyses revealed main effects for latency interval [F(30, 390) = 17.48, ε = 0.57, p = 0.001] and electrode [F(30, 390) = 3.24, ε = 0.20, p < 0.001] that was qualified by significant interactions between latency interval and electrode site [F(30, 390) = 3.32, ε = 0.20, p < 0.001] and congruency and electrode site [F(30, 390) = 3.16, ε = 0.088, p = 0.043], indicating that a latency interval and congruency effect was present in a subset of the electrode sites. No other main effects or interactions reached significance (p's > 0.09).

Post-hoc F-tests for the congruency effect at individual electrode sites and latency intervals revealed that 10 sites displayed a significant congruency effect in the early 92–240 ms latency interval. Results of the statistical analyses of amplitudes in the early latency interval are presented in Table 1, with electrode sites rank-ordered for level of statistical significance. Table 1 indicates that the largest and most robust congruency effects in the 92–240 ms interval were detected at O2, O1, and Fp1, followed by P3 and Fp2. On the basis of these findings a ROI consisting of O1, O2, Fp1, and Fp2 was formed for further analyses of congruency effects over frontal and posterior scalp. Parietal sites were not included in the ROI since their difference waveforms appeared to reflect the same activity indexed by O1 and O2, at least in the early interval, but at lower amplitudes and with statistically less robust effects than at occipital sites.

Table 1. Results of the statistical analyses of the congruent-incongruent amplitude differences in the early, 92–240 ms latency interval, for those electrode sites that displayed a significant congruency effect in the early interval.
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For the early interval, a binary Bernoulli distribution was used to evaluate the probability under the null hypothesis of indicating a congruence effect for 10 or more electrode sites in a 31 channel montage when the false rejection rate was set at 0.033. For this case, under the null hypothesis the expected number of false rejection electrode sites is 1.023 and the standard deviation is 0.995. Thus the probability of 10 or more electrode sites with false rejections of the null hypothesis is less than 0.0000001.

In the late 368–572 ms interval, only O2 and O1 displayed statistically significant congruency effects. Results of the statistical analysis of the average amplitudes in the late interval are presented in Table 2 for the electrode sites in the ROI. A similar binary Bernoulli distribution approach evaluated the probability under the null hypothesis of indicating a congruence effect for two or more electrode sites in a 31 channel montage when the false rejection rate was set at 0.02. In this case the expected number of electrode sites is 0.62 and the standard deviation 0.78, and thus the probability of falsely rejecting the null hypothesis at two or more electrode site is 0.038 (one tail).

Table 2. Results of the statistical analyses of the congruent-incongruent amplitude differences in the late, 368–572 ms latency interval, for those electrode sites in the ROI.
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IAT effect. The ERP difference waves from the ROI of the entire 14 participant sample displayed systematic effects of congruence. However, neither the RTs nor the D-scores derived from the RTs of the 14 participant sample provided signs of congruence effects. To understand the meaning of this divergence between the ERP and behavioral data, the 14 participants were divided into two sub-groups consisting respectively of the seven participants that showed the gender stereotype IAT effect of positive D-scores (three females and four males) and the seven participants that showed a counter stereotypical effect with negative D-scores (four females and three males).

It is evident that the difference waves are dissimilar for the two sub-groups, with clear positive deflections in the difference waves for the group demonstrating gender stereotypical IAT effects, i.e., positive D-scores, at FP1 (MEARLY = 1.17, SE = 0.33; MLATE = 0.88, SE = 0.57) and FP2 (MEARLY = 0.66, SE = 0.19; MLATE = 0.48, SE = 0.47; Figure 2). In contrast, the difference waves for the group with counter-stereotypical IAT associations (negative D-scores) have negligible positivity in the early interval (MFP1 = 0.30, SE = 0.26; MFP2 = 0.22, SE = 0.26) and are negative in the late interval (MFP1 = −0.60, SE = 0.30; MFP2 = −0.46, SE = 0.37; Figure 2). A MANOVA that compared the ERP difference waves for the two sub-groups for the combination of the two prefrontal sites and both early and late latency intervals indicated that the amplitude divergence between the sub-groups at frontal sites was reliable [F(1, 12) = 5.36, p = 0.039].
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Figure 2. Across-subjects averaged unsubtracted and difference ERP waveforms for the ROI. Top panel: Averaged unsubtracted ERPs for the seven subjects with negative IAT scores for congruent (solid lines) and incongruent (dashed lines) stimuli. Middle panel: Averaged unsubtracted ERPs for the seven subjects with positive IAT scores for congruent (solid lines) and incongruent (dashed lines) stimuli. Bottom panel: Averaged congruent minus incongruent difference ERP waveforms for the seven subjects with negative IAT scores (dashed lines) and for the seven subjects with positive IAT scores (solid lines).



The ERP difference waves in early intervals at O1 (MSTEREOTYPIC = 0.98, SE = 0.32; MCOUNTER−STEREOTYPIC = 0.48, SE = 0.47) and O2 (MSTEREOTYPIC = 1.15, SE = 0.30; MCOUNTER−STEREOTYPIC = 1.03, SE = 0.49) tended to be similar for the two sub-groups. This pattern held in late intervals at O1 (MSTEREOTYPIC = 0.71, SE = 0.51; MCOUNTER−STEREOTYPIC = 0.97, SE = 0.41) and O2 (MSTEREOTYPIC = 0.93, SE = 0.49; MCOUNTER−STEREOTYPIC = 0.96, SE = 0.40) as well. The difference waves for both groups displayed positive deflections. A MANOVA that compared the ERP difference waves for the two sub-groups for the combination of the two occipital sites and both early and late latency intervals indicated that the amplitude divergence between the sub-groups at the occipital sites was not significant [F(1, 12) = 0.01].

For the positive D-score, gender stereotypical group, a latency interval [2] × electrode site [4] × congruency [2] ANOVA of the ERP amplitudes for the sites in the ROI revealed a significant main effect of congruence [F(1, 6) = 7.31, p = 0.035]. An ANOVA confined to the two occipital sites found a significant main effect for congruence [F(1, 6) = 8.65, p = 0.026]. An ANOVA confined to the two pre-frontal sites and further confined to the early interval also found a significant main effect of congruence [F(1, 6) = 15.04, p = 0.0082].

For the negative D-score, gender counter-stereotypical group, a latency interval [2] × electrode site [4] × congruency [2] ANOVA of the ERP amplitudes for the sites in the ROI revealed a significant interaction between congruence and electrode site [F(1, 6) = 6.64, p = 0.020]. This was due to ERP differences at the two frontal sites being negligible in the early interval and in the late interval being opposite polarity from the ERP differences at occipital sites [main effect of congruency for frontal sites: F(1, 6) = 0.37]. At the two occipital sites the ERP differences were positive in both the early and late intervals [main effect of congruency for occipital sites: F(1, 6) = 7.03, p = 0.038].

These results suggest that two different types of brain processes contributed to IAT performance. One process, indexed by ERP activity at occipital sites, was sensitive to congruency, but not to whether the participants displayed an IAT effect of faster responses for gender stereotypes. The other process, indexed by ERP activity at pre-frontal sites, was clearly sensitive to congruency for the participants with a gender stereotypical IAT effect. For these participants, the pre-frontal difference waves were positive in both early and late intervals. For the gender counter-stereotypical group, the pre-frontal difference waves were negligible in the early interval and, in further contrast with the gender stereotypical group, were negative in the late interval. The late negative deflection was marginally significant at Fp1 [F(1, 6) = 4.03, p = 0.091].

Latency and chronology effects. A relationship between IAT D-scores and ERP activity was further demonstrated by correlating D-scores with the peak latency of the ERP difference at O2, where the congruency effect was most robust. A Spearman rank-order correlation coefficient was computed across all 14 participants (Rs = −0.58, p = 0.030, df = 12). This result revealed a significant association of the latency at which congruence effects emerged in the ERPs at O2 with the degree to which gender stereotypes influenced the IAT response; the shorter the latency of the ERP congruency difference at O2, the higher the D-score. When participants were divided by D-scores, those with positive D-scores showed a Spearman rank-order correlation of −0.82 (p < 0.025) between their D-score and the ERP difference latency at O2 whereas for those with negative D-scores the correlation was non-significant at −0.11 (p = 0.82).

The emergence of congruence effects at O2 preceded the emergence of congruence effects at Fp1, where the congruency effect was most robust over frontal scalp. Average latencies for the seven participants with positive D-scores were as follows: onset at O2 = 92 ms, onset at Fp1 = 131 ms; peak at O2 = 155 ms, peak at Fp1 = 222 ms. The differences between O2 and Fp1 timing were reliable for both onset and peak latencies (p < 0.022), as was the Spearman rank-order correlation coefficient between the onset latencies at O2 and Fp1 (Rs = 0.86, p = 0.014, DF = 5).

Coherence between O2 and Fp1 EEG activity. The neural synchrony between O2 and Fp1 was assessed by means of event-related coherence between CSD waves derived from the O2 and Fp1 EEGs. Coherence was computed over all time points in the analysis epoch, separately for congruent and incongruent blocks.

An initial repeated measures ANOVAs with the factors Time [37] × Frequency [19] × Congruency [2], revealed no significant within-participants effects of congruence upon coherence (p's > 0.10). Consequently coherence was pooled across congruent and incongruent conditions. Figure 3 displays Time × Frequency maps of the coherence between O2 and Fp1, pooled across congruence. To facilitate interpretation of the regression analyses described below, coherence maps were generated separately based on a median split between participants who had positive D scores compared to negative D scores (n = 7 for each cell). In general, the level of coherence was highest at short latencies (80–180 ms) and at low frequencies (maximal in the 7.4–12.2 Hz band).
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Figure 3. O2-Fp1 Time × Frequency coherence maps, pooled across congruent and incongruent blocks and averaged across subjects. The upper map is the average for subjects with negative IAT scores. The lower map is the average for subjects with positive IAT scores. Stimulus onset corresponds to the zero time point.



To assess whether these differences were statistically reliable, two stepwise regression analyses were conducted. Mean coherence values obtained in the 80–160ms time range post-response within the 5–7.4 Hz and 9.8–12.2 Hz frequency range were calculated separately and included in the model predicting either mean reaction times or D scores. These analyses revealed that coherence values within the 9.8–12.2 Hz frequency band were significant predictors of both mean reaction times between the two block types (β = 0.60, p < 0.03, R2= 0.36) and D scores (β = 0.73, p < 0.01, R2 = 0.54). Mean coherence values within the 5–7.4 Hz frequency band were not significant predictors in either model (p's > 0.27). Thus, while O2-Fp1 coherence level was essentially the same for congruent and incongruent trials on a within-participant basis, participants who had faster reaction times on congruent blocks compared to incongruent blocks and more positive D-scores exhibited unique neural responses. Namely, individuals with greater implicit bias elicited higher coherence levels between the occipital and prefrontal regions in the 9.8–12.2 Hz frequency band at earlier temporal intervals.

Initial latencies of reliable IAT and ERP/EEG relationships. We searched for the shortest latencies at which reliable congruent-incongruent ERP differences appeared at O2 and Fp1. For all 14 participants, the ERP difference at O2 first became reliable at 88 ms [F(1, 13) = 5.76, p = 0.032]. At Fp1 the ERP difference first became reliable at 96 ms [F(1, 13) = 7.90, p = 0.015].

We also examined the reliability of the correlation between O2-Fp1 coherence (9.8 Hz band) and IAT scores, when restricted to only the three time points at 80, 100, and 120 ms latencies. The Spearman rank-order correlation coefficient was 0.569 (df = 12, p = 0.034).

Source analysis. Approximate locations and time courses of activation of the brain sources responsible for the ERP activity recorded from scalp were estimated using BESA 5.1. The brain activity was modeled by eight regional sources. The estimated locations of the eight regional sources and the associated magnitudes of their temporal activation that underlay the across-participants averaged congruent-incongruent difference waves for the seven participants with positive D-scores can be seen in Figure FA1. The residual variance of the fit of the model to the montage of across-participants average ERP difference waves was 3.00%.

The model suggested that ERP activity recorded from the occipital sites consisted of currents that were volume conducted from sources in extrastriate visual cortex. The timing of the source activation waves suggested that the early segment (50–320 ms) of the occipital ERP congruency difference was generated in a region in or near the Right Fusiform Gyrus, while the long-latency segment (380–580 ms) was generated in a region in or near the Right Precuneus.

The model further suggested that ERP activity recorded from the pre-frontal sites consisted of currents that were volume conducted from the vicinity of the Left Superior Frontal gyrus. The source activation wave shape suggested that there was continuous activation from 70 to 700 ms in the Left Superior Frontal Gyrus. The source activation magnitude wave had two peaks between stimulus onset and 600 ms (Figure A1). The first peak extended over the 80–280 ms interval. The second peak extended over the 340–600 ms interval.

Discussion

Results from Study 1 suggest there are distinguishable contributions of automatic processing to IAT performance as pronounced, statistically reliable ERP differences were found over occipital and pre-frontal scalp regions as early as 90–130 ms post-response. On congruent blocks, ERP amplitudes were more positive in frontal, occipital and parietal regions at early intervals compared to incongruent blocks, which is consistent with past findings employing similar designs (Banfield et al., 2006; Barnes-Holmes et al., 2008; O'Toole and Barnes-Holmes, 2009; Coates, 2011; Williams and Themanson, 2011). The differences found here were at earlier time intervals then the aforementioned studies, however, which could have been due to discrepancies in how trials were paced in the respective studies or the use of feedback in the IAT. At later time intervals (368–572 ms) congruency effects were unique to the occipital region as more positive amplitudes were found on congruent blocks in sites O1 and O2 only.

Furthermore, the EEG found at frontal and occipital sites appeared to be synchronized with one another within the 9.8–12.2 Hz range in the early interval but not the late interval. Greater coherence between occipital and frontal regions within the 9.8–12.2 Hz frequency range elicited during the early temporal interval in turn predicted stronger implicit negative bias toward women (i.e., those with more positive D scores). Why synchrony between frontal and occipital regions during automatic processing speeds specifically would engender greater implicit bias is an intriguing question warranting future research. However, these findings are consistent with models indicating greater interareal coherence between regions involved in sensory processing and those involved in executive function, e.g., the occipital cortex and lateral PFC, when there is a close match between existing associations and the presented stimulus during tasks that require selective attention (Ardid et al., 2010). These findings suggest that greater synchrony between regions involved in visual and social processing at automatic processing speeds predicts the efficiency with which information congruent with neural representations of gender stereotypes are processed. However, they also highlight the possibility that the IAT inherently recruits top-down, executive function and attentional processes.

Study 2

The neurophysiological findings from Study 1 provide temporal insight in to the degree to which congruent and incongruent IAT blocks involve automatic processing, and suggest the fusiform gyrus, precuneus, and superior frontal gyrus may play a unique role in congruent IAT block performance (at least among those with implicit gender biases). However, the spatial limitations of EEG and source localization methodologies leave the question regarding specific spatial contributions to performance on the two IAT block types unanswered. To find converging evidence and identify neural regions that are necessary for performance on the different aspects of the IAT, a second study was conducted that utilized a data driven approach to assess the relationship between performance on congruent and incongruent blocks of the IAT and volume loss across the brain. We hypothesized that greater volume loss in regions integral for automatic social processing would be associated with performance on congruent and incongruent blocks of the IAT to the degree that these blocks require the use of automatic processing in general.

Methods

Subjects

Subjects (N = 226) were Veterans of the Vietnam conflict selected from Phase III of the W.F. Caveness Vietnam Head Injury Study registry (VHIS; see Raymont et al., 2011). This sample includes 177 patients with traumatic brain injury (TBI) incurred from combat-related penetrating head injuries, as well as 49 normal controls with healthy, intact brains who completed the gender-IAT. Patient and control groups were matched by age (Mcontrol = 59.14, SEcontrol = 0.51; MTBI = 58.24, SETBI = 0.22; t = 1.83, p = 0.07), total years of education (Mcontrol = 15.23, SEcontrol = 0.36; MTBI = 14.70, SETBI = 0.19; t = 1.32, p = 0.19), handedness (Mcontrol = 1.41, SEcontrol = 0.14; MTBI = 1.44, SETBI = 0.07; t = −0.18, p = 0.86), and pre-injury intelligence (Mcontrol = 0.94, SEcontrol = 0.09; MTBI = 0.97, SETBI = 0.02; t = −0.46, p = 0.65). Pre-injury intelligence was assessed by computing percentile scores from the Armed Forces Qualification Test (AFQT-7A) (Defense 1960), a standardized battery used by the U.S. military that correlates highly with the Wechsler Adult Intelligence Scale (WAIS) intelligence quotient scores (Grafman et al., 1988).

IAT

Subjects completed a gender IAT similar to that described in Study 1. Participants saw male (e.g., Brian, Scott, Kevin, Mark, etc.) and female (e.g., Beth, Marcia, Sara, Laurel, etc.) names, as well as words associated with strength (e.g., power, strong, dominant, assert, etc.) and weakness (e.g., weak, surrender, timid, vulnerable, etc.) taken from Knutson et al. (2007). On congruent blocks, subjects were asked to categorize male names with words associated with strength with one key on a keyboard and female names with words associated with weakness on another key on a keyboard as quickly and accurately as possible. Conversely, on incongruent blocks, subjects were asked to categorize male names with words associated with weakness with one key and female name with words associated with strength on incongruent blocks on another key as quickly and accurately as possible. Reaction times to words presented in practice and test congruent blocks were averaged together separately from reaction times to words presented in practice and test incongruent blocks of the IAT. Longer reaction times indicate subjects took longer to pair words from one category with another across blocks where those pairings were required. IAT scores, i.e., D scores, reflect effect size estimates calculated from the congruent and incongruent blocks on both practice and test blocks in accordance with Greenwald et al. (2003).

Lesion data

VHIS patient lesion data was assessed from Computed Tomography (CT) scans. Lesion localization and volume loss was calculated via the Analysis of Brain Lesions (ABLe) software implemention of MEDx v3.44 (Medical Numerics) (Makale et al., 2002; Solomon et al., 2007). Lesions were manually traced in all relevant slices of CT images in native space. Tracings were completed by a trained psychiatrist with clinical experience in neuropsychological testing and reviewed by an investigator blind to the results of psychological testing (J.G.). To calculate volume loss, trace areas were summed and multiplied by slice thickness. Once volume loss was calculated, subjects' CT images were spatially normalized to a CT template image in MNI space. This spatial transformation was then applied to the lesion image (Solomon et al., 2007). Doing such allowed for statistical comparison of imaging data and produced calculations for both the percentage of volume loss across each subjects' whole brain as well as the percentage of loss within each BA using cytoarchitectural reference atlases (Lancaster et al., 2000; Maldjian et al., 2003).

Lesion analyses

Participants' lesion data was analyzed using Voxel-Based Lesion Symptom Mapping (Bates et al., 2003). This exploratory approach utilizes circumscribed lesion data in CT (or MRI) image volumes, transforms volumes into standardized space (i.e., MNI, Talairach), and performs voxel-by-voxel t-tests with respect to pre-defined behavioral scores entered for each subject. In the VLSM analyses presented below, larger t values are represented by warmer voxel colors, which in turn highlight areas where mean reaction times on congruent or incongruent blocks are slower for patients with tissue loss at that specific voxel compared to those without tissue loss at that voxel. For example, a red voxel in a given region indicates that patients with volume loss in that area are much slower on either congruent or incongruent blocks of the IAT compared to those without volume loss in that area. Significance thresholds were set prior to analysis using False Discovery Rate corrections for multiple comparisons across voxels (Bennett et al., 2009). The VLSM analytical approach is similar to general linear model implementations and significance thresholding strategies used in the analysis of functional neuroimaging data (e.g., fMRI, PET) (Bates et al., 2003). It affords a more rigorous approach to identifying the anatomical location of lesions that produce group level differences between behavioral measures compared to standard region of interest (ROI) approaches to lesion data (Bates et al., 2003). Localization for significant clusters were performed using the Volume Occupancy Talairach Labels (VOTL) atlas implementation built into ABLe software (Lancaster et al., 2000; Maldjian et al., 2003; Solomon et al., 2007).

Results

IAT performance

Initial t-tests were conducted on patients and controls' mean reaction times on congruent and incongruent blocks as well as their D scores. As expected, patients reaction times on congruent blocks (M = 1263.29, SE = 37.99) were significantly faster than their reaction times on incongruent blocks (M = 1416.78, SE = 40.94), t = −7.25, p < 0.001. This pattern was mirrored in the control sample (Mcongruent = 1075.84, SEcongruent = 39.07; Mincongruent = 1274.38, SEincongruent = 55.30, t = −6.58, p < 0.001). There were no differences between patients' (M = 0.34, SE = 0.02) and controls' (M = 0.39, SE = 0.04) D scores, t = 0.96, p = 0.34, and reaction times on incongruent blocks, t = −1.71, p = 0.09. There was, however, a difference between patients and controls' reaction times on congruent blocks, t = −2.49, p < 0.02, suggesting that patients were somewhat slower on congruent blocks compared to their control counterparts. Patients' D scores still fell within the range of normative IAT standards (Greenwald et al., 2009), however, and they also exhibited the typical IAT behavior of slower reaction times on incongruent blocks compared to congruent blocks, t = −4.04, p < 0.001.

VLSM analyses

All VLSM analyses were corrected for false discovery rates with a significance threshold of p < 0.05 and 10 contiguous voxels. Results from VLSM analyses conducted on reaction times from congruent blocks of the IAT revealed that volume loss in large regions of the left temporal lobe, particularly in the inferior temporal gyrus and ATL, was associated with slower reaction times (Figure 4). In addition, volume loss in the left insula exhibited robust associations with slower reaction times on congruent blocks. Other areas exhibiting these relationships included voxels in the left supraparietal lobule and angular gyrus, which extended anteriorally in to the pre and post central gyrus, as well as the superior and middle frontal gyrus.
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Figure 4. Voxel-based lesion-symptom maps: congruent blocks. VLSM maps for reaction times on congruent blocks of the IAT. Colored voxels are significant at p < 0.05 correcting for multiple comparisons. Brighter colors indicate stronger statistical effects.



VLSM analyses conducted on reaction times on incongruent blocks of the IAT revealed some similarities compared to congruent blocks but there were marked differences as well (Figure 5). For instance, there was slight overlap between voxels in posterior sections of the left temporal lobe, supraparietal lobule, angular gyrus, pre and post central gyrus and superior and middle frontal gyrus. However, the robustness of voxels exhibiting this relationship with reaction times was markedly decreased compared to congruent blocks. Furthermore, there was no relationship found among reaction times on incongruent blocks and voxels in the ATL or insula. Unique to incongruent blocks, we found relationships between voxels and reaction times in anterior regions of left cingulate gyrus, as well as bilateral pre and post central gyrus and superior and middle frontal gyrus.
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Figure 5. Voxel-based lesion-symptom maps: incongruent blocks. VLSM maps for reaction times on incongruent blocks of the IAT. Colored voxels are significant at p < 0.05 correcting for multiple comparisons. Brighter colors indicate stronger statistical effects.



Discussion

Using a strict, data-driven approach results from this study identified both unique and common neural contributors to performance on congruent and incongruent blocks of the IAT. Regions such as inferior temporal gyrus, ATL, left insula, left supraparietal lobule, angular gyrus, pre and post central gyrus and superior and middle frontal gyrus all exhibited reliable relationships with reaction times on congruent blocks of the IAT. Reaction times on incongruent blocks of the IAT exhibited unique relationships with anterior regions of left cingulate gyrus, as well as bilateral pre and post central gyrus and superior and middle frontal gyrus. There was, however, overlap as well as relationships between performances on both tasks were associated with posterior sections of the left temporal lobe, supraparietal lobule, angular gyrus, pre and post central gyrus and superior and middle frontal gyrus. These relationships were not as strong on incongruent blocks compared to congruent blocks, however, suggesting these regions may play a role in the representation of social knowledge in general. Overall, these findings are consistent with source localization analyses in Study 1 and theories of the implicit and explicit social brain, i.e., those theories that suggest specific neural regions are involved in implicit and explicit processing and past literature. They add to our understanding of past work, however, by both identifying direct causal links between these brain regions and IAT performance, and highlighting the considerable overlap between neural regions involved in both IAT block types.

General Discussion

Theoretically, congruent blocks of the IAT gauge the associative strength between stereotype congruent categories and traits, e.g., men-strength and women-weakness, and incongruent blocks assess the strength of associations between counterstereotypical categories and traits, e.g., men-weakness and women-strength. Results from Study 1 suggest that the strength of stereotypic associations indexed by performance on congruent blocks of the IAT are associated with more positive ERPs that manifest in frontal and occipital regions at automatic processing speeds. At longer latencies we also found increasing ERP positivity in occipital regions. Among individuals exhibiting the most implicit bias, potentials from occipital regions appeared to originate near right fusiform gyrus and precuneus. Potentials from the prefrontal sites appeared to be generated from a region near the left superior frontal gyrus. These neural generators were uniquely recruited during performance on congruent blocks (i.e., they were isolated from congruent-incongruent difference waves). The coherence findings add to our understanding of these processes by suggesting that frontal and occipital regions interacted with one another on the order of milliseconds to influence performance on both congruent and incongruent blocks of the IAT. Greater coherence between these two regions predicted greater implicit bias, which could be indicative of the top-down modulation of attention and perceptual processing that occurs when there is a better match between established associations and stimuli presented (Ardid et al., 2010).

Results from Study 2 identified specific neural regions that were necessary for performance on congruent and incongruent blocks of the IAT. Consistent with theories of neural contributors to implicit social cognitive processing, the ATL, insula and medial PFC appeared necessary for stereotype activation and strength as volume loss in these regions were associated with slower reaction times on congruent blocks of the IAT specifically. This suggests that congruent IAT blocks involve automatic processing to a degree.

Conversely, the strength of counterstereotypic associations (i.e., performance on incongruent blocks) was associated with volume loss in supplementary motor areas and cingulate gyrus. Strength of counterstereotypic associations was also associated with volume loss in medial PFC regions, which was similar to that found in congruent blocks. Thus while lesion findings suggest there are separable neural contributions to congruent and incongruent blocks of the IAT, there was a surprising amount of overlap as well. In conjunction with results from Study 1, and the coherence findings in particular, findings suggest automatic processing may have been involved in both block types. This may reflect the likelihood that both stereotypic and counterstereotypic associations are represented in similar neural regions and recruit similar automatic processes during IAT performance. Less neurophysiological and spatial distinction overall could also be the result of counterstereotypical associations simply being weaker given their reduced frequency in society.

The lesion findings indicated overlap between regions involved in stereotype congruent and incongruent processing. One possibility for this is that the IAT effect is based partly on perceptual input as well as semantic processing and contextual associations. Involvement of the parietal region, i.e., the perceptual processing stage, may have reflected a socially prevalent attitude about male strength that was common to the participants in the current study. The involvement of prefrontal regions may have reflected semantic, conceptual and contextual associations that differed among the participants.

Interestingly, while there were differences between ERP activity at frontal and occipital sites as a function of block type, as the coherence findings suggest, implicit bias was more likely (i.e., slower reaction times on incongruent blocks, faster reaction times on congruent blocks or both) when EEG activity within the alpha frequency band (~8–12 Hz) in these two regions covaried more with one another at automatic processing speeds. To elaborate on the notion of top-down modulation of attention and perceptual processing mentioned above, these findings suggest that associative semantic knowledge can be ported down to perceptual processes concerned with, in this case, early linguistic perceptual operations. In turn, frontal region processes may instruct perceptual zones and bias them to more quickly process, even on a superficial basis, items that tend to appear together more frequently in print or sound. Thus, while activity in occipital and frontal regions would normally be assumed to be involved uniquely in more automatic and controlled processing respectively, these findings provide further evidence that automatic and controlled processes ultimately may lie on a temporal continuum as opposed to representing orthogonal constructs (Cunningham and Johnson, 2007; Devine and Sharp, 2009; Forbes and Grafman, 2010; Forbes et al., 2012).

Source localization analyses from Study 1 revealed that participants who exhibited the most implicit bias also exhibited congruency effects conceptualized as an early transient variation of activation in the right fusiform gyrus of extra-striate cortex. This was followed by a more sustained change in activation in the left superior frontal gyrus of pre-frontal cortex that was similar in locations identified by VLSM analyses in Study 2. Furthermore, these temporal changes in activation overlapped with the time of highest O2-Fp1 coherence, suggesting that the facilitated performance normally seen on stereotype-congruent blocks of the IAT may be associated with more efficient neural processing.

This suggests that there were two phases of activation in the left superior frontal gyrus. In the first phase (70–340 ms) neural activity in the left superior frontal gyrus was synchronized with neural activity in the right fusiform gyrus. During this phase task-relevant information may have been automatically transmitted from extra-striate to pre-frontal cortex. In the second phase (340–600 ms), variation of congruency-related activity subsided in the right fusiform gyrus while continuing in the left superior frontal gyrus. This latency interval is near the beginning of the time range of behavioral responses and activity in this interval may well index conscious processing. Importantly, the activity localized to superior frontal gyrus in Study 1 was similar in location to both voxels found exhibiting differences in reaction times on congruent blocks in Study 2 and past lesion studies (Gozzi et al., 2009). Results from the two studies thus suggest an important role of the superior frontal gyrus in the processing of associative social knowledge of gender stereotypes. Findings also ultimately suggest a complex interplay between regions involved in both implicit and explicit processing rapidly and frequently during the social cognitive information processing stream.

Conclusion

De Houwer et al. (2009) raised questions about the extent to which automatic and controlled processes contribute to performance on the IAT. Utilizing a data-driven, comprehensive temporal and spatial examination of neural regions recruited by congruent and incongruent blocks of the IAT, results from the two studies reported here provide support for the assumption that the IAT recruits and involves automatic processing to an extent. Timing of the coherence between posterior and anterior regions and of the ERP differences found at frontal and occipital regions is indicative of automatic processing during performance on the IAT. Furthermore, volume loss in ATL, insula and medial PFC distinguished performance on congruent blocks from performance on incongruent blocks of the IAT. While the functional characteristics of the different anatomical regions necessary for performance on congruent and incongruent IAT blocks ties the idea of automatic processing to congruent blocks, there was a moderate degree of overlap between regions recruited by both blocks as well. Together, the ability to study temporal resolution and network coherence in conjunction with identifying neural mediators of different aspects of the IAT presents a refined understanding of exact processes recruited by IAT performance overall. Such findings are also highly consistent with recent theories highlighting functionally distinct neural contributions to automatic and controlled processes that necessarily interact to bias social cognitive processing accordingly (e.g., Cunningham and Zelazo, 2007; Lieberman, 2007; Adolphs, 2009). Consequently, these data provide concrete evidence that the IAT effect is based, at least in part, upon automatic processing and thus provides a valid index for the strength of intrinsic associations forged through experience and socialization processes.
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Footnotes

1We do not refer to our ERP findings in Study 1 in terms of known ERP components for two reasons. First, the difference waves, which delineate the functional significance of the ERP data and have a long history of being used to reveal otherwise obscure ERP components (e.g., the mismatch negativity), did not display effects that could be interpreted in terms of known components. Second, and more importantly, we feel it is important to conceive of components as intervening variables that serve as a more readily interpretable means for describing the spatial, temporal and functional aspects of observed ERP activity. In some cases the use of component terminology may be apt (e.g., P300 in an odd-ball paradigm or N400 in a study of semantic processing). However, some investigations using ERPs may not necessarily engender or require a specific component or the psychological phenomena it correlates with. Indeed, to unilaterally rely on known ERP components in any investigation could constrict our ability to identify novel spatial, time sensitive or functional ERP components. Thus, this study will focus more on ERP data in terms of its basic properties: spatial location, timing, and function.
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Figure A1. Maps and activation magnitude waveforms for the eight sources from the BESA source estimation for the across-subjects averaged congruent-incongruent difference waves. The data were from the seven subjects with positive IAT scores. Note that six of the electrode sites (F11, F12, T7, T8, P9, and P10) in the 33 electrode montage were located below the estimated locations of the deepest sources.



Table A1. Across-subjects average error rates and across-subjects average of within-subject median reaction times.
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Research on person categorization suggests that people automatically and inflexibly categorize others according to group memberships, such as race. Consistent with this view, research using electroencephalography (EEG) has found that White participants tend to show an early difference in processing Black versus White faces. Yet, new research has shown that these ostensibly automatic biases may not be as inevitable as once thought and that motivational influences may be able to eliminate these biases. It is unclear, however, whether motivational influences shape the initial biases or whether these biases can only be modulated by later, controlled processes. Using EEG to examine the time course of biased processing, we manipulated approach and avoidance motivational states by having participants pull or push a joystick, respectively, while viewing White or Black faces. Consistent with previous work on own-race bias, we observed a greater P100 response to White than Black faces; however, this racial bias was attenuated in the approach condition. These data suggest that rapid social perception may be flexible and can be modulated by motivational states.
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Introduction

People often perceive others according to their race, gender, or other social category membership (Brewer, 1988; Fiske and Neuberg, 1990). This process of social categorization provides an efficient way to understand others and guides the direction of limited attentional and cognitive resources. In the past few decades, social psychologists have found extensive evidence that social categorization can occur rapidly and without intention, effort, or conscious control, triggering stereotypes (Devine, 1989), prejudice (Fazio et al., 1995), and ultimately, discrimination (Dovidio et al., 1997). Several dual-process models of person perception have proposed that processing others according to social category membership is the initial stage in person perception, and that only sufficiently motivated perceivers individuate targets or correct for initial categorical judgments in a later stage (e.g., Brewer, 1988; Devine, 1989; Fiske and Neuberg, 1990). However, while there is evidence that social categories influence the earliest phases of social perception, others have argued that the initial influence of social categories may not be inevitable (see Van Bavel and Cunningham, 2011 for a discussion). The current paper utilizes electroencephalography (EEG) to examine the malleability of early perceptual processes in social categorization during the first few 100 ms of face perception.

Several recent studies using event-related potentials (ERPs), which offer precise information about the timing of different cognitive processes as they unfold online, have shown that social categories can influence perceptual processing very quickly (Ito and Cacioppo, 2000; Smith et al., 2003; Ito et al., 2007). People differentially process own-race and other-race faces within a few 100 ms of stimulus presentation (see Ito and Bartholow, 2009 for a review). For instance, target race can modulate ERPs to faces as early as 122 ms after face onset (Ito and Urland, 2003). Moreover, these racial biases in perceptual processing persist even when participants attend to another dimension of social categorization (e.g., gender; Ito and Urland, 2003) or attempt to individuate the faces (Ito and Urland, 2005). Consistent with most dual-process models of person perception, these results have led some researchers to conclude that racial biases in “automatic attentional allocation cannot be inhibited” except under conditions of perceptual load (Ito et al., 2007, p. 410) or later during subsequent controlled processing (e.g., Devine, 1989).

In contrast, recent developments in the cognitive and neural sciences suggest that human information processing is better characterized in terms of dynamical system models, rather than dual-process models (see Dehaene et al., 2006; Cunningham and Zelazo, 2007; Van Bavel et al., in press for recent reviews). In a dynamical systems approach, what have generally been considered to be inevitable automatic responses may be influenced by top-down processes. For example, the Iterative Reprocessing (IR) Model (Cunningham and Zelazo, 2007; Cunningham et al., 2007), argues that a sharp distinction between automatic and controlled processes is not accurate (see also Freeman and Ambady, 2011). Instead, the IR Model suggests that goals and contextual features can shape the computations in brain regions involved in ostensibly automatic processes. As such, automatic responses—even those occurring within 100–200 ms of stimulus onset—may be shaped by the goals or motivations of the perceiver.

Indeed, several behavioral studies have shown that goals or contextual factors can diminish the automatic activation of attitudes and stereotypes suggesting that automatic biases in social categorization are not inevitable (see Blair, 2002 for a review). For example, in a pair of recent studies, people who were assigned to a mixed-race team had relatively positive automatic evaluations toward in-group members on a response-window priming task, regardless of their race, whereas people who were not assigned to a mixed-race team had more positive automatic evaluations toward own-race versus other-race faces (Van Bavel and Cunningham, 2009). However, because these studies only capture the behavioral consequences of perceptual and cognitive processing, it is difficult to determine the time course of these processes. It is, therefore, unclear whether these manipulations affected initial responses to social categories, altered underlying stereotypic or evaluative associations, or produced controlled processes to correct for initial biases (see Conrey et al., 2005).

The current study was designed to determine if rapid responses to members of different social categories can be modulated by relatively transient, motivational states. Prior research has shown that a variety of motivational states, such as approach/avoidance, can affect perception and attention (e.g., Cacioppo et al., 1993a; Crites and Cacioppo, 1996; Fazio et al., 2000; Friedman and Forster, 2005). For example, non-Black participants who repeatedly used a joystick to approach (versus avoid) Black target stimuli were subsequently faster to associate the self with Blacks and showed less racial bias on the Implicit Association Task (Phills et al., 2011; see also Amodio, 2010). Therefore, in order to determine if motivational processes can modulate automatic social perception, we placed participants in an approach or avoidant frame during a person perception task while collecting scalp EEG data. Specifically, we examined whether approaching other-race faces would attenuate racial biases in early perceptual processing.

Although the influence of social categories during person perception is widely distributed in the brain (see Cunningham and and Van Bavel, 2009), social categories appear, in particular, to influence very early components of the face processing network (see Ito and Bartholow, 2009). For instance, the core and extended face processing network (Kanwisher et al., 1997), including the fusiform gyri and amygdala, respectively, have been associated with own-race (Golby et al., 2001; Lieberman et al., 2005) and own-group (Van Bavel et al., 2008, 2011) biases in social perception. Although the relationship between specific brain regions and ERP waves is not perfectly precise (see Luck, 2005), very early ERP waves, such as the P100 (Bentin et al., 1996) and N170 (Herrmann et al., 2005) appear to subserve early face processing. The P100 is the first positive going component and peaks around 100 ms following stimulus presentation with a source generated in the ventrolateral prestriate cortex (Martinez et al., 1999; Di Russo et al., 2003). The N170 is a negative going component that peaks around 170 ms after stimulus presentation with a source generated in the fusiform and inferior-temporal gyri (Halgren et al., 2000). Several studies have shown differential responses to race in the N170 (e.g., Ito and Urland, 2005; Herrmann et al., 2007). For the purposes of the present research, we were interested in examining whether motivational states might influence these very rapid responses to the race of target faces.

If the very early effects of social categories are inevitable, motivational states induced during person perception should not affect rapid biases—that is, manipulating an approach/avoidance frame should have no impact on very early ERP components, and participants should show racial bias in perceptual processing regardless of motivational state. However, if the earliest effects of social categories are not inevitable, but are sensitive to current motivational states, then biases in early ERP components may differ depending on whether people are in an approach versus avoidance frame. Specifically, we predict that race-based biases will be attenuated when participants are approaching versus avoiding social stimuli because social categories are less likely to be used in person perception in an approach-motivated state. A person that one approaches is more motivationally relevant than a person that one avoids, and prior studies have shown that altering the motivational relevance of social stimuli through manipulations of processing goals (Cunningham et al., 2008) and group membership (Van Bavel et al., 2008) affects the way that people are perceived and evaluated. In particular, increasing motivational relevance during person perception seems to increase the extent to which a target is individuated rather than processed in terms of a category membership (e.g., Neuberg and Fiske, 1987; Van Bavel et al., 2011). Thus, if motivational processes can affect initial social categorization, then putting people in the mindset of approaching others should alter the immediate processing of race and attenuate racial bias in early perceptual processing.

Materials and Methods

Participants

Fourteen White male undergraduate psychology students from the University of Toronto completed this study for partial completion of course credit or $15. All participants gave informed consent.

Experimental Design

Upon arrival at the lab, participants were informed that they would be completing an experiment designed to examine the neural processing underlying social cognition. Participants were asked to respond to the presentation of faces with a joystick as quickly as possible. The experiment employed a block design in which participants approached or avoided blocks of three faces presented in succession. To simulate approach and avoidance toward the faces, participants pulled or pushed a joystick at the onset of each face (Cacioppo et al., 1993b; Kawakami et al., 2007). At the start of each block an instruction screen appeared for 2 s. During the approach blocks, this instruction screen indicated that participants should “pull each face toward” them. During the avoidance blocks, this instruction screen indicated that participants should “push each face away” from them. Twenty-four faces of Black or White college-aged males were presented randomly during the blocks (taken from Van Bavel and Cunningham, 2009). Faces were cropped to include only the faces and neck, but included hair. None of the faces had facial hair. Faces were fully counterbalanced across conditions to ensure that interactive effects with condition could not be attributed to low-level features of the stimuli. Participants saw four runs of 16 blocks of three trials each for a total of 192 trials (48 trials per condition). In each block, three faces were presented for 1 s each, and 3 s of fixation separated each face. To create and maintain a motivational mental set, two runs included approach blocks and two runs included avoid blocks (randomized within participants). To minimize blink artifacts during experimental trials, runs were separated by a 12 s rest period and participants were encouraged to blink during this period rather than during the task. Further, between each set of three faces, participants were instructed to blink if necessary during this period. Scalp electroencephalographic data were acquired with a 128-channel ANT system (Advanced Neuro Technology, Netherlands) using a 64-channel acquisition setup, sampled at 512 Hz, using an average reference, digitally filtered off-line with a 1–15 Hz bandpass filter.

Results

After deleting trials with noncephalic artifacts using BESA default settings1 (MEGIS Software, Germany), each participant's trials were aggregated based on trial type. On average, 86% of trials were retained. For each participant, trials in each the four stimulus conditions (Black-Pull, Black-Push, White-Pull, White-Push) were averaged to create grand average waveforms for each electrode, as well as a grand average aggregating across all trials. The 100 ms period prior to stimulus presentation was used as baseline for averaging. Because EEG data is not independent, a source modeling analysis was run on the average waveform in order to characterize the whole brain signal (see Smith et al., 2003), using the full time series for the epoch and all of the electrodes as input using BESA 5.2. The average waveform was used for source modeling to avoid biasing the results toward any particular condition.

The resulting PCA indicated that one latent source centered in the right occipito-temporal cortex accounted for 90.2% of the observed variance (see Figure 1A). The occipito-temporal cortex plays a key role in face processing (Kanwisher et al., 1997) and this region has been associated with own-race (Golby et al., 2001; Lieberman et al., 2005) and own-group (Van Bavel et al., 2008, 2011) biases in social perception. An additional LORETA source analysis replicated this localization to the right fusiform gyrus (see Figure 1B). Plotting the latent time courses, we found that this latent variable included both the P100 and N170 components typically found in studies of attention and face processing for each of the four experimental conditions (Figure 2). These results are consistent with previous studies that have shown the P100 (Bentin et al., 1996) and N170 may be associated with processing in the fusiform gyrus (Herrmann et al., 2005). Therefore, in order to test our hypotheses, we analyzed these waveforms as a function of target race and motivational condition.


[image: image]

Figure 1. (A) Localization of BESA Dipole modeling for latent variable. (B) LORETA source modeling result for latent variable.
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Figure 2. Latent time courses for Black and White faces in the Pull and Push conditions. Because these values are projected from latent space, values on the y axis are scaled in arbitrary units with respect to underlying microvolts.



If the early effects of social categories such as race are inevitable, there should only be a main effect of race on early ERP waveforms (Ito et al., 2007), regardless of motivational state. However, if early processes in person perception are malleable, there should be an interaction between race and motivational state, such that any pattern of racial bias in the avoidance blocks should be attenuated in the approach blocks. To examine this hypothesis, we back projected the latent variable to create individual scores for each participant for each trial type. These scores were subjected to a 2 (race: Black, White) × 2 (motivational state: approach, avoid) ANOVA. Separate analyses were conducted for the P100 (mean amplitude between 90 and 110 ms) and N170 (mean amplitude between 135 and 200 ms) components of the waveform.

Consistent with the prior evidence that people show racial bias during early perceptual process, White faces were associated with a larger P100 than Black faces, [F(1, 13) = 12.68, p < 0.01, partial η2 = 0.49] (see Figure 3). This pattern replicates previous research showing an own-race bias during very automatic facial processing (e.g., Ito et al., 2004). Importantly, this own-race effect was qualified by a race × motivational state interaction, [F(1, 13) = 4.32, p = 0.05, partial η2 = 0.25]. Simple effects indicated that the own-race effect was significant for the avoid blocks, [F(1, 13) = 12.51, p < 0.01], but not the approach blocks, [F(1, 13) = 4.07, p = 0.07]. Moreover, a contrast pitting all other conditions versus the Black-Push condition (1, 1, 1, −3) was significant, [F(1, 13) = 10.66, p = 0.01]. These results are consistent with the suggestion that approach oriented motivational states can alter the influence of social categories—even during the first 100 ms of perceptual processing. When considering the later N170 component, there was no main effect of race, [F(1, 13) = 1.25, p = 0.28, partial η2 = 0.09], nor was there a race × motivational state interaction, [F(1, 13) = 0.62, p = 0.45, partial η2 = 0.05].
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Figure 3. Mean amplitudes for the P100 for Black and White faces in the Pull and Push conditions.



Secondary analyses were run using the raw data rather than the latent variable. For these analyses, we averaged data from the right and left occipital electrodes to create two waveforms of interest2. The P100 and the N170 mean amplitudes were extracted from the subject level grand averages using the same time windows as above and were subjected to a 2 (race: Black, White) × 2 (motivational state: approach, avoid) × 2 (laterality: right, left occipital electrodes) ANOVA. Replicating the results from the latent variable analysis, we found a main effect of race, [F(1, 13) = 9.20, p < 0.01], and a race × motivational state interaction, [F(1, 13) = 9.00, p < 0.01], for the P100 component. Specifically, the P100 difference between Black and White faces was larger for the avoid blocks (MWhite = 2.68; MBlack = 1.22) than the approach blocks (MWhite = 2.04; MBlack = 1.58). There were no significant laterality interactions. Unlike the latent variable analysis, we did find a race × motivational state for the N170 [F(1, 13) = 5.91, p < 0.03]. This analysis suggested that there was a larger N170 response to Black faces than White faces (MWhite = −1.07; MWhite = −0.45) for the avoid blocks, but not the approach blocks (MBlack = −0.76; MWhite = −0.75). However, this effect was not significant when controlling for the P100 effects [F(1, 13) = 1.55, p = ns]. No significant differences in latency were found for either component.

Discussion

The current research is consistent with the idea that the earliest aspects of social perception are flexible and sensitive to motivational frames. Putting people in the mindset of approaching others attenuated racial bias in very early perceptual processing. Specifically, when people pushed a joystick away from themselves—an experimental manipulation designed to induce an avoidance motivation—they showed an own-race bias, such that early perceptual processing (as indexed by ERP activity around 100 ms after stimulus onset) was stronger to own-race than other-race faces. However, this own-race bias was modulated by motivational state, such that approaching faces by pulling a joystick toward oneself reduced the bias in neural activity.

This finding challenges theories suggesting that early biases associated with social categorization are inevitable and only interrupted by controlled processing (e.g., Devine, 1989) or perceptual load (e.g., Ito et al., 2007). These models are difficult to reconcile with the current results since the P100 occurs much faster than downstream corrective processes (Amodio et al., 2008), and there is no reason to believe that the two conditions in the current study (approach versus avoid) differ in terms of perceptual demands.

Instead, this research adds to a growing literature demonstrating that motivational processes can influence the most automatic aspects of social perception and evaluation (e.g., Cunningham et al., 2005; Cunningham and Zelazo, 2007; Amodio, 2010). Additionally, this research adds to the literature suggesting that motivational relevance can determine whether top-down processes will override automatic, bottom-up perceptual and attentional effects (Cunningham et al., 2008; Van Bavel et al., 2008). By showing that very early processes in person perception are sensitive to motivational states, this research demonstrates that processes once thought to be inevitable may in fact be malleable. As such, dual-process models of social perception may be unable to account for the flexibility of automatic social perception and evaluation (see Cunningham et al., 2007).

Addressing the question of the inevitability of attentional biases to social categories requires measures that are highly temporally sensitive. Whereas other research has shown that biases associated with social categorization can be eliminated in a number of ways, such as by getting people to focus on a different dimension of categorization (e.g., Van Bavel and Cunningham, 2009), the behavioral methods typically used to measure bias do not provide sufficient information to determine if these biases are circumvented during early perceptual processing or rapidly corrected after the fact. By using a measure with exquisite temporal resolution (i.e., EEG), we were able to determine that very rapid aspects of social categorization are not inevitable and can be altered by modifying motivational states.

It is important to note that Ito et al. (2007) conclusion regarding the inevitability of early attentional biases in social categorization was based on the N170 waveform, while our results were found for the P100 waveform. Although they likely differ in important ways, both waveforms are related to early attentional processing (Bentin et al., 1996; Clark and Hilyard, 1996) as well as face processing (e.g., Liu et al., 2002; Herrmann et al., 2005). Moreover, a recent study found that people with greater left alpha asymmetries in the prefrontal cortex—a correlate of approach motivation—had different ERP responses to Black (versus White) faces on the P2, which peaked approximately 170 ms following stimulus presentation (Amodio, 2010). In that study, P2 responses to Black faces were also associated with decreased racial bias on an implicit measure of racial stereotypes. Together with the current research, these results suggest that motivation may help one have less prejudiced responses by modulating perception (see Balcetis and Dunning, 2006).

Conclusion

The current research suggests that very early effects of social categorization can be modulated before they impact subsequent perceptions, evaluations, or behavior. Given that post-categorization control often has negative side effects, like rebound (Macrae et al., 1994) and depletion (Richeson and Shelton, 2003; Gordijn et al., 2004), altering initial processing of social categories by changing motivational states provides a powerful alternative for changing these biases. While preventing the effects of attentional biases associated with social categorization is not necessarily positive (Trawalter et al., 2008), it does provide an opportunity to overcome ostensibly automatic stereotyping and prejudice. Knowing which steps in the processing sequence are malleable is important for understanding what types of interventions will be successful in preventing the downstream consequences of social categorization.
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Footnotes

1Trials that had amplitude or gradient shifts larger than 120 and 75 μV, respectively, were excluded from analysis.

2Separate averages were creates from P7, P3, O1, P5, P1, P6, PO5, PO7 and P4, P8. O2, P2, P6, PO4, PO6, PO8.
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We live in an era where genomic information can be collected with the ease of a saliva sample and the cost of genotyping is plummeting (Hirschhorn and Daly, 2005; Quinque et al., 2006). Intergroup researchers interested in incorporating biological approaches into their methodological toolbox are thus faced with the question of whether molecular genetics can provide novel insight into their understanding of people’s responses to members of other groups. In the current commentary, we stitch together human and animal neuroscience with insight from molecular biology to posit mechanisms through which genetic variation and life experience may give rise to responses during intergroup situations. We then discuss avenues for empirical investigation and urge for responsible research practices that take into consideration the negative societal consequences that can result from overinterpreting genetic data.

Intergroup phenomena, such as discrimination and ethnic violence, emerge at the interindividual level, and as a result, cannot be fully explained by intrapsychic processes. However, in order to understand the effects of intergroup influences on the individual, it is useful to examine the processes unfolding in the person’s mind and brain. For this reason, researchers have increasingly combined experimental social psychology and neuroimaging techniques to dissect the neural basis of affective and cognitive mechanisms that contribute to intergroup responses. This approach has revealed many interconnected, but dissociable, brain regions involved in perceiving, evaluating, and regulating behaviors toward other people, including the amygdala, fusiform gyrus, anterior cingulate cortex, and various parts of the prefrontal cortex. For comprehensive reviews of the existing neuroscience research pertaining to intergroup relations we direct readers to Amodio and Ratner (2011), Cunningham and Van Bavel (2009), Ito and Bartholow (2009), and Kubota et al. (2012).

To understand how these neuroimaging findings might relate to genetics, it is important to recognize that communication between neurons is facilitated by neurochemicals, such as neurotransmitters (e.g., serotonin, dopamine), neurotrophic factors (e.g., BDNF), and hormones (e.g., cortisol, testosterone, and oxytocin). The enzymes that synthesize these molecules, the receptors to which they bind, and the reuptake mechanisms and enzymes that determine their availability are all proteins that are coded for by genes (Way and Gurbaxani, 2008). Thus, the cellular and molecular levels of analysis, although not currently considered by most intergroup researchers, have the potential to provide unique insight into how genetic variation might influence intergroup responses.

Genes are biologically meaningful segments of DNA (Snyder and Gerstein, 2003). Each gene consists of a sequence of nucleotides. Frequent variations in the ordering, number, type, and repetition of nucleotides are called polymorphisms. A single gene can have many different types of polymorphisms (den Dunnen and Antonarakis, 2001; Gibson and Muse, 2002). In order for polymorphisms to influence cellular functioning, their genetic code has to be transcribed into RNA and this RNA needs to be translated into amino acids. The type of amino acids that are produced and their configuration determine the form of the resultant proteins (e.g., enzymes, receptors; Crick, 1958).

Gene expression occurs when biochemical processes within a cell stimulate transcription factors that bind to particular DNA motifs (i.e., specified nucleotide sequences) in the promoter region of a gene. Extracellular events can control genomic responses through receptor-mediated channels (Cole, 2009). Relevant to the present concerns, social stressors, such as interacting with unknown outgroup members, have been shown to elevate levels of the hormone cortisol (Page-Gould et al., 2008; Amodio, 2009). Other research indicates that cortisol binds to corticosteroid receptors and then the bound receptors translocate to the nucleus and act as transcription factors. One effect is that they bind to sites in the promoter of the serotonin transporter gene to trigger the synthesis of proteins that control the reuptake of extracellular serotonin. The availability of serotonin has important effects on an individual’s emotional responses and also indirectly contributes to serotonin regulation by influencing hypothalamic–pituitary–adrenal (HPA) pathways that release cortisol (Glatz et al., 2003; Heisler et al., 2007; Way and Gurbaxani, 2008). Thus, at the level of gene expression there is a bidirectional relationship between the genetic code and the environment.

The expression of a gene can also be influenced by epigenetic factors, such as DNA methylation and histone modification (Goldberg et al., 2007). DNA methylation occurs when a methyl group attaches to the promoter region and blocks DNA transcription. Environmental factors (e.g., stress) can increase DNA methylation, and thus have long-term effects on gene expression. Research in rodents has shown that DNA methylation can persist through the reproductive process, and as a result, can influence gene expression across generations (Meaney and Szyf, 2005; Champagne, 2008). For instance, rat pups raised by stressed mothers demonstrate increased methylation of the gene for BDNF and this methylation is passed on to offspring (Roth et al., 2009). BDNF is a nerve growth factor that increases synaptic plasticity throughout the nervous systems and has been shown to influence amygdala and prefrontal cortex responses to learned categories (Soliman et al., 2010; Forbes et al., 2011).

By tracing pathways in the brain that link the social context to genetically mediated cellular processes, it becomes clear that even the most basic intergroup responses (e.g., a negative feeling) reflect a vast amount of inputs and there is a bidirectional relationship between genes and the environment. Thus, there is no one-to-one gene to phenotype relationship that should be expected. This logic is matched by the reality that single genes often account for a small amount of variability in complex psychological phenomena (Risch and Merikangas, 1996; Colhoun et al., 2003; Hattersley and McCarthy, 2005).

It is possible that networks of gene variants could be inherited together, due to evolutionary pressures, and these genes collectively nudge people toward life experiences and attitudes that result in a particular aversion to outgroup members or a strong sense of ingroup loyalty. This possibility would be consistent with evidence supportive of gene-culture coevolution effects on emotional reactivity and social interdependence (Chiao and Blizinsky, 2010; Kim et al., 2010; Way and Lieberman, 2010). However, even if it is discovered that inheritance of multiple genetic polymorphisms increases the likelihood that a person will exhibit a certain intergroup response, any deterministic claims should be met with a high level of scrutiny. There are many steps through which countervailing influences could take hold and the polygenetic basis of diseases and traits with a recognized heritable component (e.g., cardiovascular disease and height) have proven difficult to establish (Ioannidis, 2009; Lango Allen et al., 2010). The prominence of the eugenics movement during parts of the nineteenth and twentieth centuries stands as a reminder of the perils of essentializing genetic differences (Duckitt, 1992; Eberhardt, 2005).

Although we believe that a deep integration of advances in molecular biology into social neuroscience research will ultimately show that genes are not sufficient to produce intergroup reactions, we hope that such efforts usher in a rival of Lewinian psychology (Lewin, 1936, 1943). Group psychologists have long treated person and situational variables independently (Duckitt, 1992), mainly because from a psychological level of analysis it is difficult to understand how they fit together. However, neuroscience can serve as a lingua franca connecting the social and genetic levels of analysis. At the level of molecules and cells, genetic and psychological factors can be considered in the same conceptual space and their interplay is illuminated.

A natural starting point for testing empirical predictions about the relationship between genes and intergroup reactions is through a candidate gene approach (Moffitt et al., 2005). Such an approach uses findings from animal research and pharmacological manipulations to theoretically predict which genes should be involved in a psychological process. In the only published study to examine genetic factors related to intergroup responses, Forbes et al. (2011) measured gender stereotypes in genotyped frontal lobe patients. They found that a BDNF polymorphism that enhances synaptic plasticity was associated with better regulation of implicit gender stereotypes in patients with relatively small OFC lesions. The same polymorphism related to less explicit stereotyping in participants with relatively small DLPFC lesions. Given reported associations between amygdala-mediated affective arousal and polymorphisms in several genes, including serotonin transporter, COMT, and BDNF genes (Hariri et al., 2005; Drabant et al., 2006; Soliman et al., 2010; Hartley et al., 2012), there is reason to believe that a candidate gene approach might also identify genetic contributions to emotionally charged group-based responses, such as anxious arousal during intergroup interactions, stereotype threat, ingroup favoritism, and outgroup derogation.

Due to the likelihood that most complex processes involve a multitude of genetic influences and our ability to identify them a priori is limited by the complexity, an alternative data-driven approach called genome-wide associations has gained in popularity (Hirschhorn and Daly, 2005; Pearson and Manolio, 2008). This method involves correlating a psychological factor with variation across the entire genome. Despite the allure of association studies, both candidate gene and genome-wide findings have proven difficult to replicate (Hattersley and McCarthy, 2005; Shriner et al., 2007; Williams et al., 2007).

One possible reason for replication failures is that epigenetics have largely not been taken into account. Technological advances that are enabling the characterization of gene expression (transcriptomics) and downstream production of proteins (proteomics) have given rise to a burgeoning area of research that has the potential to facilitate understanding of genetic pathways that are functionally related to psychological processes (Zivy and de Vienne, 2000; Figeys, 2002; Chaussabel et al., 2010). This work is complicated, however, by the fact that methylation patterns vary across the body and across different regions of the brain (Xin et al., 2010; Aberg and van den Oord, 2011).

The joint consideration of multiple genes, epigenetic information, and cultural and social psychological variables requires large samples to achieve sufficient statistical power. Data collection via the internet provides a natural solution for addressing this problem (Eriksson et al., 2010; Gibson and Copenhaver, 2010). Internet-based behavioral assays can reach thousands of research participants, are relatively easy to administer, and a growing number of cases have demonstrated data quality comparable to experiments carried out in controlled laboratory settings (Nosek et al., 2007; Buhrmester et al., 2011; Mason and Suri, 2012). Moreover, information from online social networks (e.g., facebook) could be used to objectively characterize important intergroup factors, such as people’s contact with members of different groups and their family and friends’ attitudes and exposure to diversity (Wright et al., 1997; Pettigrew and Tropp, 2006; Saribay and Andersen, 2007; Turner et al., 2007). Investigators could also examine whether the genes of individuals in a person’s network influence that person’s gene expression and intergroup behavior (for a demonstration of a related concept outside of the intergroup context, see Fowler et al., 2011). Furthermore, it is only a matter of time before researchers collect location information and physiological data (e.g., saliva, pupil dilation, anxiety in speech patterns) through mobile devices, and dynamically assess intergroup processes in the real world. Eventually, efforts will not be impeded by sample size, cost, or the difficulty of acquiring data, but by the bioinformatic techniques capable of making sense of these data.

Although the true value of incorporating genetics into the scientific understanding of intergroup relations is currently unknown, technologies are beginning to converge and allow for an environment capable of testing questions of gene and environment interactions that could not be empirically considered even a decade ago. The theoretical possibilities are vast, but as psychologists explore these issues they should do so judiciously. Single candidate genes and even multiple gene interactions are distal predictors of behavior that account for small portions of variance. As a result, any indication that genetic polymorphisms explain some variance in a prejudicial response should not be sensationalized as evidence for “racism genes.” Inheriting certain genes does not necessarily indicate that an individual will behave in a prescribed fashion across all situations or even in a particular instance. The complexity of mapping the interplay of social factors and genes should give people pause before using this insight to predict everyday behavior. Future researchers should join with legal scholars and philosophers to fully explore the moral implications of such endeavors.
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Normative social influences shape nearly every aspect of our lives, yet the biological processes mediating the impact of these social influences on behavior remain incompletely understood. In this Hypothesis, we outline a theoretical framework and an integrative research approach to the study of social influences on the brain and genetic moderators of such effects. First, we review neuroimaging evidence linking social influence and conformity to the brain's reward system. We next review neuroimaging evidence linking social punishment (exclusion) to brain systems involved in the experience of pain, as well as evidence linking exclusion to conformity. We suggest that genetic variants that increase sensitivity to social cues may predispose individuals to be more sensitive to either social rewards or punishments (or potentially both), which in turn increases conformity and susceptibility to normative social influences more broadly. To this end, we review evidence for genetic moderators of neurochemical responses in the brain, and suggest ways in which genes and pharmacology may modulate sensitivity to social influences. We conclude by proposing an integrative imaging genetics approach to the study of brain mediators and genetic modulators of a variety of social influences on human attitudes, beliefs, and actions.
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Folk wisdom suggests that “beauty is in the eye of the beholder,” however, human judgments of people, objects, ideas, and experiences are strongly influenced by the reactions or valuations made by others. In fact, given the profound effects of social influence on human behavior, it may be more accurate to say, “Beauty is the consensus of many beholders.” Forms of influence range from intentionally designed persuasive arguments (Petty and Cacioppo, 1986a,b; Chaiken et al., 1989; Eagly and Chaiken, 1993, 2005, 2007), to conformity in the face of peer influence (Casey et al., 2008b; Juvonen and Galván, 2008; Steinberg, 2008; Albert and Steinberg, 2011), to implicitly acquired local norms and cultural values (Cialdini and Goldstein, 2004; Goldstein et al., 2008). Such influences shape our attitudes, beliefs, and behaviors, both consciously and outside of conscious awareness (Cialdini and Goldstein, 2004). However, the power of normative social influences is subject to multiple contextual factors, and individuals are not uniformly susceptible across circumstances (Petty and Cacioppo, 1986a; Cialdini and Goldstein, 2004; Juvonen and Galván, 2008) or developmental periods (Casey et al., 2008b; Steinberg, 2008; Albert and Steinberg, 2011). Given that influence processes are moderated both by environmental and person-level variables, interdisciplinary perspectives that combine social psychological, developmental, and biological theory may be especially fruitful in uncovering common pathways that underlie different types of influence, and factors that explain divergent results.

Consistent with this interdisciplinary perspective, a growing body of literature has identified neural mediators of the relationship between different forms of social influence and behavior. These data point toward several conclusions that provide the theoretical framework for this manuscript and which we briefly overview here, and summarize in Figure 1. First, as depicted in Figure 1, diverse forms of influence overlap in their underlying neural circuits. Therefore, we treat these diverse forms of influence together and use the umbrella term “normative social influences” to encompass a range of directly observed and inferred social and normative cues that motivate compliance, conformity, susceptibility to peer influence, and responsiveness to persuasion. Second, the constellation of brain areas identified in these studies comprises the brain's social reward and pain networks, which are likely mediators of social influence processes; in other words, as depicted in Figure 1, people may respond to normative social influences as a joint function of sensitivity to social rewards (conferred by conformity), as well as sensitivity to social punishment (conferred by violation of norms or rejection of persuasive inputs). Finally, as indicated in Figure 1, genetic variation affects the reactivity of these neural systems to social influences and thereby behavior. In addition, some genetic moderators affect the sensitivity of both systems through heightening responsiveness to both positive and negative social cues, such that genetic variants that increase sensitivity to social reward are also likely to increase sensitivity to social punishment. In this Hypothesis, we suggest a relational theory of social influence that bridges social psychological theories of influence (Cialdini and Goldstein, 2004) with extant neuroimaging and imaging genetics findings.


[image: image]

Figure 1. An imaging genetics approach to understanding the neural mediators and genetic modulators of social influence. In this Hypothesis, we review evidence that neural systems sensitive to social rewards and social punishments mediate the relationship between social influences and behavior. We argue that these neural systems are moderated by genetic variants that confer increased sensitivity to social cues by increasing sensitivity in the brain's reward and punishment systems. Increasing evidence also suggests a neural and genetic overlap between reward and punishment processes in the brain, such that some genetic variants that increase sensitivity to social reward are also likely to increase sensitivity to social punishment. As depicted, these neural systems are also moderated by the broader social environment. Finally, although beyond the scope of this Hypothesis and omitted from the figure for simplicity, gene by environment interactions (G × E) are also likely to be critical in shaping the sensitivity to social influence.



Social Reward/Social Punishment Framework

The same neural circuits that respond to primary rewards (e.g., food) and punishments (e.g., physical pain) also encode information about social rewards and punishments, likely due to the importance of preserving social bonds for human survival (Lieberman and Eisenberger, 2009; Takahashi et al., 2009). Approaching rewards and avoiding punishments are key motivational drivers across a number of domains (Skinner, 1963; Panksepp et al., 1978; Gray, 1990; Sobotka et al., 1992; Carver and White, 1994; Cacioppo et al., 1997). Reward tends to elicit approach and a positive emotional response, whereas punishment has the opposite effect of provoking withdrawal and a negative emotional response. This principle applies to rewards and punishments that are actually received as well as to those that are only anticipated (Adcock et al., 2006; Knutson et al., 2007; Knutson and Greer, 2008). Both reward and punishment also serve to trigger learning: in the case of reward, the specific behavior leading to the rewarding outcome is reinforced and likely to be repeated (Berridge, 2012), whereas in the case of punishment, the specific behavior leading to the aversive outcome is inhibited and thus prevented from reoccurring (Gray, 1987). Finally, a large body of research has documented individual differences in sensitivity to rewards and sensitivity to punishments in motivating behavior (Gray, 1990; Carver and White, 1994; Cacioppo et al., 1997), as well as in the neural correlates of approach and avoidance tendencies across stimulus valence (Harmon-Jones et al., 2006; Berkman and Lieberman, 2010).

Susceptibility to normative social influences may also be viewed in terms of social rewards and punishments that elicit and reinforce certain behaviors. Such behaviors are likely driven by the motivation to affiliate and maintain a positive self-concept, and correspondingly to avoid exclusion and triggers of negative self-concept (Cialdini and Goldstein, 2004). In this framework, we argue that one pathway of social influence would be the drive to pursue social rewards conferred by conforming (Albert and Steinberg, 2011). A second pathway of social influence would be avoidance of social punishment, including social exclusion (Williams et al., 2000). These processes might also extend to responses elicited by positive and negative persuasive messages or public service announcements (PSAs). We elaborate upon the inter-relationship between social conformity and reinforcement in the next section by discussing reward processing first and then punishment processing.

Social Reward and Influence: Neuroimaging Evidence

Conformity is one of the most basic and widespread forms of social influence (Sherif, 1936; Asch, 1955). Conforming to perceived social norms serves a number of adaptive purposes. Following the behavior of others can help us to be accurate, to connect with others, and to preserve a positive self-view (Cialdini and Goldstein, 2004). Consistent with the idea that conformity serves motivationally relevant goals, the neural regions that have been most frequently associated with conformity and responsiveness to social norms include the ventral striatum (VS) and ventromedial prefrontal cortex (VMPFC), key structures in detecting salient inputs, and also key components of the brain's reward system (Knutson et al., 2001; McClure et al., 2004b; Knutson and Cooper, 2005; Haber and Knutson, 2010). More dorsal aspects of the striatum and MPFC (Brodmann's Area 10; BA10) also track aspects of normative social influence, including popularity and social relevance, respectively (Mason et al., 2009).

As with other forms of attitudinal evaluation, it is likely that signals from the striatum and PFC are iteratively re-processed depending on contextual factors (Klucharev et al., 2008), internal motivation, and social cues to arrive at a final stimulus evaluation and goal-directed action (Cunningham and Zelazo, 2007; Cunningham et al., 2007). Numerous examples support the role of VMPFC in integrating such information. For example, in making choices about foods to consume, the VMPFC has been shown to integrate information about attributes such as healthiness and taste (Hare et al., 2009, 2011), as well as information reflecting societal value (Plassmann et al., 2008) and ultimately determines factors such as willingness to pay for such items (Plassmann et al., 2007). In fact, attributes that reflect societal value (e.g., price), have been shown to affect both the subjective experience of pleasantness during consumption, as well as neural activity in this circuit (Plassmann et al., 2008) cf. (McClure et al., 2004a). In addition, activity in VS and VMPFC increases in response to stimuli that have been rated positively by peers (Zaki et al., 2011), and when conforming to the opinion of others (Campbell-Meiklejohn et al., 2010). Conversely, activity in the striatum decreases when individuals' opinions are out of line with others, and this signal predicts subsequent conformity (Klucharev et al., 2009). Receptivity to peer influence in adolescence also appears to be strongly tied to the reward system (Casey et al., 2008a; Steinberg, 2008), and the VS in particular (Chein et al., 2010). These neural responses in the VS may track positive feelings, or may track salience of the incoming social signals more broadly, which are then integrated in VMPFC. Indeed, the response of the amygdala, another key limbic structure thought to detect salience, to persuasive smoking-cessation messages, has been shown to predict smokers' quitting outcomes (Jasinska et al., 2012).

This constellation of regions may also be of particular practical interest, given that patterns of activity in VMPFC have been shown to predict purchase decisions (Knutson et al., 2007), and other preference decisions, even when exposure to the choice objects is passive (i.e., when no explicit value judgment or purchasing decisions are required) (Tusche et al., 2010). Furthermore, signals in these regions also predict individual health behavior change over the course of weeks (Falk et al., 2010) or months (Falk et al., 2011), and population level behavior change in response to persuasive messages (Falk et al., 2012) and other socially relevant stimuli (Berns and Moore, 2012).

In sum, we propose that, as a natural extension of its role in integrating value and reward signals and motivating goal pursuit, the VS-VMPFC circuit also plays an integral role in adherence to social group norms and in responding to normative social influences more broadly. One explanation is that activity within this system may reflect the hedonic value of conformity to normative influences and the potential for rewards conferred by social acceptance. Such signals should positively reinforce future susceptibility to normative social influences, in accordance with the pleasurable feelings that arise from close social bonds (Lieberman and Eisenberger, 2009).

Social Punishment and Influence: Neuroimaging Evidence

Just as conforming to social norms leads to social rewards, not adhering to social norms can lead to ostracism and exclusion, a powerful form of social punishment. This phenomenon has been well documented in developmental psychological studies of person-group misfit demonstrating that children whose behavior deviates from group norms are more likely to be rejected and disliked (Wright et al., 1986; Boivin et al., 1995; Stormshak et al., 1999; Chen et al., 2003; Juvonen and Gross, 2005). In fact, Juvonen and Gross (2005) argue that one function of social exclusion or threats of rejection is to limit group deviance, and increase adherence to social norms. Of relevance to the argument that exclusion serves to limit group deviance, following exclusion experiences, people actively attempt to mitigate psychological consequences of exclusion by seeking out (DeWall et al., 2009) and working to regain social connection (Williams and Sommer, 1997; Maner et al., 2007; DeWall et al., 2008) through increased conformity (Williams et al., 2000; DeWall, 2010). Importantly, exclusion need not be experienced directly to have strong effects; for example, witnessing others be excluded can also be a powerful motivator to comply with perceived group norms (Juvonen and Galván, 2009), a phenomenon known as jeer pressure (Janes and Olson, 2000). Hence susceptibility to social exclusion may be increased for those who are most sensitive to the costs of exclusion, even in the absence of a particular rejection or exclusion stimulus.

What, then, determines the costliness of exclusion? Given the centrality of social bonds for human survival, humans have developed strong biological alarm systems thought to reduce the likelihood of isolation (Cacioppo et al., 2002; Hawkley et al., 2003, 2010; Peters et al., 2011; Eisenberger, 2012). A key component of this biological alarm system is the brain's response to rejection or threats of rejection. It has been theorized that the system for detecting the pain of social exclusion evolved out of the system for detecting physical pain (Panksepp et al., 1978; Eisenberger et al., 2003; Eisenberger, 2012). As noted above, brain regions and neurotransmitters that process physical pain are also thought to process social pain.

Consistent with a relational theory of social influence, neuroimaging studies of conformity have also found that failure to conform is associated with increased activity in dorsal anterior cingulate cortex (dACC) (Klucharev et al., 2009) and that changing one's opinion when it does not originally conform to the group is associated with activity in dACC and anterior insula (Berns et al., 2010). This pattern of activity may reflect calculations over the psychological (and physiological) cost of non-conformity. As such, these data are consistent with the idea that social exclusion may deter future deviations from group norms by highlighting the salient aversiveness of exclusion for the target of exclusion (Juvonen and Gross, 2005). In this way, neural systems that are sensitive to threats of social pain underpin social learning that brings individuals back in line with group norms.

Individuals vary, however, in the sensitivity of their neural response to social pain (DeWall et al., 2012) and its consequences. For example, heightened reactivity in social pain regions during exclusion is associated with individual differences in negative affect, risk of depression in adolescents (Masten et al., 2011), and increased inflammatory responses to social stressors (Slavich et al., 2010). Those individuals who are more sensitive to rejection, or feel the greatest unmet social needs in social interactions, may be more responsive to social influence (Juvonen and Galván, 2008, 2009). Specifically, individuals more sensitive to rejection may be: (1) more motivated to restore social status following an experience of social exclusion; and (2) more motivated to comply with perceived normative social influences in order to preemptively avoid exclusion as experienced in the past or as witnessed with others as victims. Consistent with this idea, developmental studies have observed that susceptibility to peer norms in childhood covaries with the extent to which youth are distressed by exclusion (Juvonen and Galván, 2009). Understanding the mechanisms underlying these individual differences would be greatly enhanced by identifying the neurochemical systems involved in the regulation of responses to exclusion. One way to probe these systems is through measuring variation in the genes that regulate the underlying brain systems.

Probing the Genetic Basis of Individual Differences: the Imaging Genetics Approach

Extensive evidence from human genetics suggests that, in addition to influencing physical characteristics and physiology, genetic variation also accounts for individual differences in complex behavioral traits (Plomin et al., 1994). Individuals vary greatly in how susceptible they are to the social environment, including both social reward and social punishment (Carver and White, 1994). Investigation of the genetic bases of individual differences in sensitivity to social influences or in any other behavioral trait is challenging, however, in part because the path from genes to behavior is long and complex [for reviews, see (Burmeister et al., 2008; Way and Gurbaxani, 2008)]. Imaging genetics mitigates some of these challenges. Imaging genetics integrates neuroimaging and genetics to assess the impact of genetic variation on brain function and structure, instead of attempting to link genetic variation directly to the more distal behavioral or clinical phenotype (Hariri and Weinberger, 2003; Hariri et al., 2006). Imaging genetics reduces the complexity inherent in linking genes and behavior by focusing on neuroimaging endophenotypes (or intermediate phenotypes), which are postulated to lie closer in the biological pathway to the genes than behavioral phenotypes (Gottesman and Gould, 2003; Bearden and Freimer, 2006; Cannon and Keller, 2006). In particular, genetic variation in neurochemical systems may critically modulate neural and behavioral reactivity to both positive and negative social cues and thus in some cases serve as a common pathway contributing to individual differences in susceptibility to social influences (Figure 1 and Table 1). For example, elements of both the brain's reward and pain networks are known to detect salience and motivational relevance in response to both appetitive and aversive cues, and may have common genetic moderators. Thus, in the following sections, we review evidence for the involvement of different genetic variants in increasing the sensitivity of the reward and punishment systems separately, and conclude with a more integrative perspective suggesting that many of the genetic variants in question may sensitize both systems in parallel (Table 1).

Table 1. Summary of genetic variants implicated in the modulation of neural and behavioral sensitivity to social influences.
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Genetic Moderators of Social Influence: Pathways through Social Rewards

One function of the brain's reward system is to encode the expected value of stimuli, and to reinforce behaviors linked to positive experience (Berridge, 2012). The paradigmatic neurotransmitter within the reward system is dopamine. Dopamine is key in several types of learning processes, where reinforcing effects presumably stem from dopamine's role in mediating natural rewards. For example, VS activity increases when receiving a positive social evaluation just as it does when receiving monetary rewards (Izuma et al., 2008; Yacubian and Buchel, 2009), indicating that there is a common neural currency across rewards (Montague and Berns, 2002). Likewise, nearly all drugs of abuse increase levels of dopamine in the VS (Di Chiara and Imperato, 1988), which is thought to be critically involved in the reinforcing and addictive effects of drugs. Dopamine release in the VS as well as the PFC is thought to heighten the incentive salience of a stimulus (Berridge, 2012). Individuals who are more sensitive to such signals may perceive more subjective value and have more positive outcome expectancies for equivalent hedonic inputs, including anticipated social rewards (Caldu and Dreher, 2007). As such, these individuals may be more susceptible to persuasion and normative social influence when conforming is expected to produce social rewards.

Support for this hypothesized dopaminergic role in social influence comes from a study where synaptic dopamine levels were increased pharmacologically (Campbell-Meiklejohn et al., 2012). Methylphenidate, commonly known as Ritalin, exerts its primary pharmacological effect by inhibiting the reuptake of dopamine by the dopamine transporter (Solanto, 1998; Volkow et al., 2001). Administration of methylphenidate, compared to a placebo control, led to increased conformity to group opinion in healthy adults. Both placebo and experimental participants altered their behavior in response to large discrepancies between self and group ratings; however, methylphenidate significantly amplified conformity when the social influence manipulation was more subtle (i.e., when ratings were moderately discrepant from the group). Although the neural or psychological mechanism by which this conformity effect occurred is unclear, one hypothesis would be that the increases in dopamine led to an assignment of greater value to the opinions of the group. This account is consistent with studies in other domains where increases in dopamine elicited by methylphenidate heighten the incentive salience of stimuli (Volkow et al., 2002, 2004).

As a complement to such pharmacological manipulations of the dopamine levels in the brain, the effects of naturally occurring variability in dopamine transporter function can also be assessed with an imaging genetics approach. The most studied variant in the dopamine transporter gene (SLC6A3) lies in the 3′ untranslated region of the gene. This polymorphism consists of a 40 base-pair segment that is repeated multiple times (Vandenbergh et al., 1992). The most common alleles consist of 9- and 10-repeats. Although not universally replicated, the general consensus is that the 9-repeat allele is associated with reduced dopamine transporter expression [(Fuke et al., 2001; VanNess et al., 2005); but see (Pinsonneault et al., 2011)], which is likely to lead to higher synaptic dopamine levels in response to a stimulus. The 9-repeat allele has been associated with greater striatal reactivity in a variety of reward-related tasks (Forbes et al., 2009; Nikolova et al., 2011; Zhong et al., 2012), particularly those that involve the anticipation of reward (Dreher et al., 2009; Franklin et al., 2009, 2011; Aarts et al., 2010). Consistent with these reward-related effects being mediated by higher extracellular dopamine levels, the 9-repeat allele is associated with greater dopamine release in the VS during cigarette smoking (Brody et al., 2006). In a situation requiring adjustment to social norms, the 9-repeat allele is likely to amplify the salience of the information about the opinions of the social group and give them greater value.

Synaptic levels of dopamine, particularly in the PFC, are also regulated by the enzyme catechol-O-methyl-transferase (COMT) (Karoum et al., 1994; Yavich et al., 2007), which we suggest is also likely involved in moderating the neural processes underlying social influence. Within the coding region of the COMT gene, there is a polymorphism that results in a substitution of the amino acid valine by methionine (Val158Met). This substitution affects activity of the enzyme such that homozygotes for the val allele have 40% greater enzymatic activity than homozygotes for the met allele (Chen et al., 2004). This greater COMT activity is then associated with increased metabolism of dopamine, leading to lower synaptic dopamine levels in val/val individuals compared to met carriers.

Just as was reported with the dopamine transporter, genetic variation associated with greater extracellular dopamine is associated with greater VS response to reward anticipation (Yacubian et al., 2007; Dreher et al., 2009). Because of the relatively greater impact of COMT on prefrontal dopamine signaling than striatal signaling (Yavich et al., 2007), these associations between COMT Val158Met and striatal activity are likely to be mediated by top-down influences from the PFC. Accordingly, the COMT met allele is also associated with greater prefrontal activity during reward anticipation (Yacubian et al., 2007) and VMPFC activation during reward receipt (Dreher et al., 2009). In line with the model we have been developing here, there is preliminary evidence that VMPFC activity is associated with memory for socially relevant messages (Langleben et al., 2009), and that COMT Val158Met may be involved in social influence related processes in response to such messages (Falcone et al., 2011).

In addition to the genes involved in regulating synaptic levels of dopamine, there is also variation in the genes coding for dopamine receptors. These variants appear to act in concert with those in the DAT and COMT genes to affect reward-related processing (Forbes et al., 2009; Nikolova et al., 2011). Therefore, they are also likely to impact social influence processes. For example, in a study of social influence, young adults carrying at least one copy of the dopamine receptor dopamine receptor 4 (DRD4) 7-repeat allele conformed more to the drinking behavior of confederates than non-carriers of the allele (Larsen et al., 2010). Such effects are also consistent with observed covariation between rapid development of the brain's reward system during adolescence and increased susceptibility to social influence during this period (Steinberg, 2008; Spear, 2009; Galván, 2010; Albert and Steinberg, 2011). In particular, during adolescence, the dopaminergic system, and the VS in particular, show increased responsiveness to rewards (Galván et al., 2006; Galván, 2010). However, there are individual differences in the magnitude of such responsiveness (Galván, 2010), which may be driven in part by genetic modulators of the reward system. Furthermore, reward responses in the adolescent brain are amplified in the presence of peers (Chein et al., 2010), suggesting social modulation of these processes, which may also interact with genetic variants to produce more or less sensitivity to social cues (Larsen et al., 2010).

Genetic Moderators of Social Influence: Pathways through Social Punishment

Just as reward signals reinforce behavior, and may promote susceptibility to social influence when conforming leads to social rewards, social punishment reinforces avoidance of behaviors that lead to such punishments. As described earlier, social pain and signals of social rejection activate the dACC and anterior insula (Eisenberger et al., 2003; Kross et al., 2011), and may also be modulated by the VS (Masten et al., 2009). These same regions, along with the amygdala, are also activated when an individual's preferences do not conform to those of others (Klucharev et al., 2009; Berns et al., 2010), and appear to be involved in eliciting changes in these preferences. As such, genetic factors that make exclusion feel more costly or increase sensitivity to signals of potential social rejection may predispose individuals to avoid impending exclusion in an effort to avoid the sting of social punishment (Juvonen and Galván, 2009).

Although identification of genetic variants that affect activity within social rejection-related circuits is just beginning, initial studies have built on physical pain–social pain overlap theory (Eisenberger et al., 2005). For example, morphine is the prototypical pain killer (Price et al., 1985) and exerts its pharmacological action on the μ-opioid receptor (Pert and Snyder, 1973). Consistent with the μ-opioid receptor being critically involved in responsivity to pain, variation in the μ-opioid receptor gene (OPRM1) is associated with differences in sensitivity to physical pain. The most widely, though not universally (Klepstad et al., 2011), replicated finding is that the G allele of a polymorphism in exon 1 (A118G) of OPRM1 is associated with greater sensitivity to physical pain (Klepstad et al., 2004; Bruehl et al., 2008; Tan et al., 2008), as well as greater need of opioid analgesia during experimental pain (Fukuda et al., 2009), cancer pain (Reyes-Gibby et al., 2007), or post-surgical recovery pain (Sia et al., 2008).

With respect to the pain of social rejection, the OPRM1 G allele is also associated with greater self-reported dispositional concern and worry about social rejection (Way et al., 2009). These dispositional concerns over perturbing others are also manifest in the neural response to an actual experience of social exclusion. Carriers of the G allele exhibited greater activity within the dACC and anterior insula when being excluded from an online ball-tossing game. Other studies using this ball-tossing game (Williams et al., 2000) and other methods (DeWall, 2010) to simulate exclusion have shown that exclusion leads to increases in conformity. Thus, the psychological and neural effects of the A118G polymorphism could increase the likelihood of conformity following specific exclusion episodes, as observed by Williams and colleagues (2000) and by (DeWall, 2010), or more generally by motivating individuals who have felt most affected by exclusion in the past to preemptively avoid such exclusion in the future by conforming to perceived normative social influences. Psychologically, a heightened concern over being rejected in G allele carriers may increase the aversiveness of the discordance between their own preferences and those of others. This could potentially be mediated by their greater dACC and anterior insula reactivity at the neural level, as these are the same areas that show greater reactivity during social dissonance (Klucharev et al., 2009; Berns et al., 2010). Recent work from our group (Falk et al., in preparation) also suggests that increased neural activity in the social pain network during exclusion predicts later susceptibility to social influence in adolescence.

In addition to possessing a high concentration of μ-opioid receptors (Zubieta et al., 1999), the dACC and anterior insula also have a high concentration of the enzyme monoamine oxidase A (MAOA) (Ginovart et al., 2005). This enzyme is critical for breaking down serotonin and dopamine (Shih et al., 1999), which are important regulators of neural activity in these paralimbic areas, and are proposed here to be key mediators of effects of conformity and normative social influence. The promoter region of the MAOA gene harbors a repeat polymorphism (MAOA-uVNTR) that affects gene expression (Sabol et al., 1998) or is in close association (i.e., linkage disequilibrium) with a functional polymorphism that affects expression (Pinsonneault et al., 2006).

The MAOA-uVNTR is associated with structural differences in the dACC (Meyer-Lindenberg et al., 2006) as well as functional differences in this region on several cognitive tasks (Fan et al., 2003; Meyer-Lindenberg et al., 2006; Buckholtz et al., 2008). This polymorphism is also associated with differential neural activation during exclusion from the on-line ball-tossing game in the precise portion of the dACC that is correlated with self-reported distress to the exclusion experience (Eisenberger et al., 2007). The same genotype associated with greater dACC reactivity was also associated with greater self-reported interpersonal hypersensitivity in these participants. This greater MAOA-uVNTR-related sensitivity to others at both the psychological and neural levels may increase the dissonance felt when not in conformity with the group and thereby increase the probability of conforming.

Further evidence for a role of the serotonin system in social influence and persuasion processes comes from a study of genetic variation in the serotonin transporter gene. The serotonin transporter is best known as the target of drugs like Prozac (fluoxetine) and other serotonin reuptake inhibitors (Wong et al., 1995), which are powerful modulators of amygdala activity (Arce et al., 2008). Intron 2 of the serotonin transporter gene (SLC6A4) harbors an insertion/deletion polymorphism (serotonin transporter intron 2, or STin2), containing 9, 10, 11, or 12 copies of a 17 base-pair repeat element (Lesch et al., 1994; Ogilvie et al., 1996). The 12-repeat allele has been shown to be more efficiently transcribed than the 10-repeat allele, using a reporter-gene expression assay in vitro (Fiskerstrand et al., 1999), demonstrating that STin2 is a functional polymorphism.

In a study of persuasive communication amongst smokers trying to quit, the 10-repeat allele was associated with greater amygdala activity when viewing smoking cessation messages (Jasinska et al., 2012). Furthermore, the magnitude of this amygdala activity predicted quitting behavior, significantly mediating the relationship between the STin2 polymorphism and post-intervention quitting outcome. Thus, it appears that genetic variation can heighten the salience of the persuasive messages. These data provide intriguing support of the framework proposed here—that genetic variants influence neural circuits coding received or anticipated social reward and punishment, which can then impact behavior. These findings are consistent with separate work showing that when making loss decisions under risk in a behavioral economics task, the 10-repeat allele is associated with both greater amygdala activity (Zhong et al., 2009) and greater valuation of losses (Zhong et al., 2012). As more studies integrate imaging, genetics, and behavioral outcomes in a similar manner, a critical question to resolve will be the precise mechanisms by which these processes interact.

Differential Susceptibility and Salience Detection

Up to this point, this this Hypothesis has primarily focused on genetic variation affecting sensitivity to a particular hedonic valence, either social reward or social punishment. However, an emerging consensus from psychological genetic studies is that alleles conferring greater sensitivity to social stressors like rejection may also confer greater sensitivity to positively valenced stimuli such as social reward or support. This has been termed biological sensitivity to context (Boyce and Ellis, 2005), social sensitivity (Way and Gurbaxani, 2008; Way and Taylor, 2010), or differential susceptibility to the environment (Belsky and Pluess, 2009). For example, the G allele of the A118G OPRM1 polymorphism that was found to be associated with greater sensitivity to social rejection (Way et al., 2009) has also been associated with greater approach to appetitive stimuli (Wiers et al., 2009) as well as greater response to rewarding stimuli. G allele carriers have greater striatal dopamine response to alcohol (Ramchandani et al., 2010) as well as greater VS and VMPFC activation in response to alcohol cues (Filbey et al., 2008). G allele carriers also report greater subjective reinforcement following drinking alcohol in the laboratory (Ray and Hutchison, 2004) or in daily life (Ray et al., 2010). Thus, the G allele may confer greater sensitivity to both social rewards and social punishment, and the G allele may therefore increase social conformity by both increasing the hedonic value of conforming as well as increasing the aversiveness of non-conformity.

Similar effects have been seen for the COMT Val158Met polymorphism. The met allele which was discussed here as being associated with greater reward-related neural activity has also been associated with greater anxious-related personality traits, anxiety disorders, and neural activity during negative emotion processing (Mier et al., 2009). The COMT Val158Met polymorphism also plays a prominent role in physical pain processing, with the met allele generally (Kambur and Mannisto, 2010; Belfer and Segall, 2011), though by no means exclusively (Schmahl et al., 2012), associated with greater pain reactivity. Therefore, it would be expected that the met allele could also confer greater conformity by heightening the salience of cues of social rejection.

With respect to the dopamine transporter, there are preliminary indications that it may also function in a differentially susceptible manner. The 9-repeat allele that was associated with greater ventral striatal response to reward also shows greater ACC reactivity in a working memory task (Bertolino et al., 2006) and in an interference task (Brown et al., 2010). Though speculative, this greater ACC activity associated with the 9-repeat allele could heighten the salience of other stimuli processed by the ACC, such as cues of exclusion, and thereby increase conformity.

Finally, the serotonin transporter represents one of the most prominent examples of differential susceptibility stemming from genetic variation. The STin2 polymorphism in combination with another polymorphism in the serotonin transporter gene, the serotonin transporter gene-linked polymorphic region (5-HTTLPR), which contains short and long alleles, has been found to moderate responsivity to the early caregiving environment in a differentially susceptible manner (Heils et al., 1996; Lesch et al., 1996). Individuals with the 10-repeat allele of the STin2 as well as the short allele of the 5-HTTLPR show the greatest levels of aggression and non-compliant behavior when exposed to poor parenting, but the lowest levels of such behavior when given nurturing parenting (Sulik et al., 2012). This pattern has also been seen in other studies of the 5-HTTLPR. Thus, although they are more vulnerable to depression in harsh, stressful life conditions, individuals with the short allele also benefit more from protective, nurturing environments, in which their risk of depressive symptoms is actually lower than the risk for individuals with two copies of the long allele (Caspi et al., 2003; Eley et al., 2004; Taylor et al., 2006). At the neural level, some evidence suggests that short allele carriers (compared to long/long individuals) show increased left lateralized neural activity in response to positive, compared to neutral inputs (Canli et al., 2005). Although less well studied, there is evidence that the MAOA-uVNTR may also function in a differentially susceptible manner with the low expression alleles conferring greater sensitivity to both negative and positive stimuli as well as positive ones (Belsky and Pluess, 2009).

An important question for future research is the mechanism(s) by which such differential susceptibility is occurring. The imaging genetics approach is uniquely positioned to address this issue. There are two different models that could account for this effect. The first is that the neurochemical systems affected by the genetic variants discussed in this Hypothesis innervate both the social reward and social pain networks and thereby modulate their activity. Accordingly, the dopamine system exerts a powerful influence over the dACC (Vollenweider et al., 1998) in addition to its paradigmatic role in regulating VS activity. Similarily, the μ-opioid receptor is highly concentrated in the ventral tegmental area dopamine cells and the VS (Spanagel et al., 1992; Svingos et al., 2001) in addition to the dACC and insula where it is regulating pain responses. Likewise, the serotonin system heavily innervates the VS (Way et al., 2007) and has prominent role in reward processing (Kranz et al., 2010). Presumably then, genetic variants in these neurochemical systems will have modulatory effects on both the social pain and social reward networks. Thus, the same variant would potentially increase reactivity in both pathways, leading to greater neural response to cues of social reward and signals of social rejection.

An alternative model is that the brain areas discussed in this Hypothesis as dedicated to processing a particular hedonic valence (e.g., VS: reward; dACC: social pain) may in fact be processing salience. In support of this model, the ACC and insula have been found to record a prediction error for both rewards and punishments (Metereau and Dreher, 2012). Similarly, the VS has also been found to be activated for anticipation of aversive outcomes (Jensen et al., 2003; Zink et al., 2003, 2004, 2006; Seymour et al., 2004; Menon et al., 2007) and physical pain (Becerra et al., 2001; Baliki et al., 2010). Furthermore, the amygdala and striatum have been associated with independence (failure to conform) when wrong information is provided by peers (Berns et al., 2005), suggesting that these regions may signal the salience of non-conformity. Therefore, the genetic variants discussed herein could affect social conformity by affecting the overall salience attributed to a social stimulus. In accord with this, dopamine neuron activity has been shown to code for both aversive and appetitive signals (Matsumoto and Hikosaka, 2009) and so genetic variants affecting dopaminergic activity could affect salience detection. Likewise, serotonin neurons have been shown to be involved in both reward- and punishment-related processing (Miyazaki et al., 2012). Future research attending to subareas of the brain structures described here, such as the dACC, may uncover patterns of activity dedicated to social reward-related processing, social pain-related processing, and salience. Paradigms that more clearly and unambiguously distinguish between the reward and punishment aspects of social influence will be critical in the larger ongoing endeavor of understanding the neural and neurochemical bases of reinforcement processing, and social influence on behavior more broadly.

Integrative Imaging Genetics Approach

In this Hypothesis, we review a growing body of evidence suggesting that susceptibility to normative influences shares its neurobiological underpinnings with, and can be conceptualized in parallel with, sensitivity to social rewards and punishments. We further argue that this sensitivity to social reward and punishment is likely to be moderated by shared genetic variation which produces differential sensitivity in the brain's reward and pain systems, respectively (Figure 1). In particular, building on theory and extant evidence examining sensitivity to the broader social environment, some genetic moderators are likely to affect the sensitivity of both systems through heightening responsiveness to all salient cues, including both positive and negative social cues. Finally, we propose that an integrative imaging genetics approach focusing on neural systems for reward and social pain and their genetic modulators is particularly well suited to the investigation of the neurobiological bases of individual differences in susceptibility to a range of normative social influence, including persuasion and peer pressure.

In closing, we note some challenges of the imaging genetics approach. Some of these challenges are inherent to mapping of behavioral phenotypes to their underlying causal genotypes [for reviews, see (Burmeister et al., 2008; Way and Gurbaxani, 2008)]. Early genetic studies focused on monogenic Mendelian traits, i.e., traits that are largely determined by a single genetic factor whose influence is fully manifested in each individual. But most behavioral phenotypes are thought to be polygenic (i.e., shaped by multiple genetic factors). In addition, the impact of any genetic variant on behavior may be modified by gene–gene interactions (epistasis). Consistent with this tendency, it is almost certainly the case that interactions between genetic systems reviewed, as well as interactions with other systems (e.g., the oxytocin system), exert both direct and indirect effects on susceptibility to social influence (e.g., by triggering dopaminergic responses). The impact of any given genetic variant is also subject to gene-environment interactions (G × E); in fact, growing evidence suggests that such G × E effects may be key to understanding many of the connections proposed in this review. Future research examining the hypotheses outlined herein in the context of normative influences, across multiple genes and their potential additive or interactive effects on the brain systems in question, will be of great interest moving forward. Additional challenges stem from integration of genotyping and neuroimaging—two techniques that can independently produce massive data-sets, and require careful and rigorous statistical analyses. And perhaps the most acute practical challenge of imaging genetics is the sample size required to obtain balanced genotype groups of even one genetic polymorphism, in order to examine its impact on the brain systems and behaviors of interest. As such, approaches that work from strong a priori hypotheses and select groups prospectively are likely to be most informative in advancing this research agenda.

Future Directions

In the current review, we offer hypothesized relationships between an initial set of brain systems that appear to be involved in processes relevant to social influence and genetic factors that modulate these systems. Despite the complexity and difficulty of linking gene variation to behavioral phenotypes, joint consideration of genes, neural systems and behavioral outcomes may provide insight that is not possible when considering any one of these systems in isolation. Future work that specifically links each of these levels of analysis, as well as pharmacological work that manipulates the functions of key neurotransmitters, may be particularly useful in elucidating the processes that lead to “the profound effects that groups exert on their members” (Asch, 1955), as well as the factors that lead individuals to be differentially susceptible to such effects.
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The A-kinase-anchoring protein 5 (AKAP5), a post-synaptic multi-adaptor molecule that binds G-protein-coupled receptors and intracellular signaling molecules has been implicated in emotional processing in rodents, but its role in human emotion and behavior is up to now still not quite clear. Here, we report an association of individual differences in aggressive behavior and anger expression with a functional genetic polymorphism (Pro100Leu) in the human AKAP5 gene. Among a cohort of 527 young, healthy individuals, carriers of the less common Leu allele (15.6% allele frequency) scored significantly lower in the physical aggression domain of the Buss and Perry Aggression Questionnaire and higher in the anger control dimension of the state-trait anger expression inventory. In a functional magnetic resonance imaging experiment we could further demonstrate that AKAP5 Pro100Leu modulates the interaction of negative emotional processing and executive functions. In order to investigate implicit processes of anger control, we used the well-known flanker task to evoke processes of action monitoring and error processing and added task-irrelevant neutral or angry faces in the background of the flanker stimuli. In line with our predictions, Leu carriers showed increased activation of the anterior cingulate cortex (ACC) during emotional interference, which in turn predicted shorter reaction times and might be related to stronger control of emotional interference. Conversely, Pro homozygotes exhibited increased orbitofrontal cortex (OFC) activation during emotional interference, with no behavioral advantage. Immunohistochemistry revealed AKAP5 expression in post mortem human ACC and OFC. Our results suggest that AKAP5 Pro100Leu contributes to individual differences in human aggression and anger control. Further research is warranted to explore the detailed role of AKAP5 and its gene product in human emotion processing.
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Introduction

Human aggression shows considerable interindividual variability. Significant contributions to aggression originate in the emotion of anger, which itself shows high variability within the population (Berkowitz and Harmon-Jones, 2004). Several studies suggest that aggressive behavior is related to interactions of environmental factors like aversive childhood experience or substance-related disorders with genetic variations in monoaminergic neuromodulatory systems, specifically dopaminergic, noradrenergic, and serotonergic neurotransmission, might influence aggressive behavior (Caspi et al., 2002; Panksepp, 2006; Kang et al., 2008; Kulikova et al., 2008; Heinz et al., 2011). Functional neuroimaging studies have demonstrated that genetic variants linked to aggression and anger are associated with altered neuronal activation patterns during emotional processing (Meyer-Lindenberg et al., 2006; Buckholtz and Meyer-Lindenberg, 2008). Up to now, genetic studies on anger and aggression have focused on variants directly related to these transmitter systems, like receptors or metabolizing enzymes (Buckholtz and Meyer-Lindenberg, 2008; Kang et al., 2008; Kulikova et al., 2008; Hess et al., 2009). G-protein-coupled receptor (GPCR) activation by monoamines, however, triggers complex intracellular signaling cascades that exert relatively long-lasting influences on neuronal processing. Thus the question arises whether genetic heterogeneity in these signaling cascades might also influence interindividual variability in human anger and aggression. Initial evidence from depressed patients suggests that the transcription factor CREB, which is activated by GPCR signaling, shows genetic variations that affect human anger expression (Perlis et al., 2007), but the influence of genetic variations in intracellular signaling molecules on anger and aggression in the healthy population remains thus far unclear.

The A-kinase-anchoring proteins (AKAPs) are a family of proteins that bind the cAMP-dependent protein kinase A (PKA), a major effector enzyme of numerous GPCRs. AKAPs are involved in the subcellular targeting of receptor-activated protein kinases and phosphatases and are likely to play a crucial role in the coordination of GPCR-mediated signaling (Carnegie et al., 2009). AKAP5 (AKAP79/150) is a multi-adaptor molecule that binds GPCRs, particularly beta-adrenergic receptors (Fraser et al., 2000; Gardner et al., 2007), protein kinases A and C, protein phosphatase 2B, and MAGuK-type post-synaptic adaptor molecules (Dell’Acqua et al., 2006; Figure 1A).


[image: image]

Figure 1. (A) Structure of the human AKAP5 protein with the Pro100Leu polymorphism. A, B, C, basic membrane association domains; PP2B, protein phosphatase 2B binding site; PKA, protein kinase A binding site; GPCR, G-protein-coupled receptor binding region; MAGuK, binding region for membrane-associated guanylate kinase proteins. (B) Protein structure prediction using PEP-FOLD software suggests that AKAP5 Pro100Leu substitution leads to extension of an α-helical region (depicted as red cylinder), with potential consequences on the folding of domains located downstream of the mutation. (C) Genotyping of the AKAP5 Pro100Leu polymorphism. AluI digestion of the PCR products results in two fragments (174 + 98 bp) for the Leu allele or a single fragment (272 bp) for the Pro allele. PP, Pro/Pro; PL, Pro/Leu; LL, Leu/Leu; M, DNA size marker. (D) Gender bias in the distribution of the AKAP5 Pro100Leu polymorphism. Bar plots depict percentages of Pro/Pro (P/P), Pro/Leu (P/L), and Leu/Leu (L/L) carriers, separated by gender. The Leu allele was significantly more prevalent among women.



In striatal and prefrontal cortex neurons, where precise communication between glutamatergic and dopaminergic systems is crucial to neural processes underlying cognitive control, emotion, and reward, the AKAP5 gene product was shown to be critically involved in this crosstalk between D1 receptor-dependent neuromodulation and AMPA receptor-mediated synaptic plasticity (Swayze et al., 2004). Animal research has provided converging evidence for a role of AKAP5 in the neural processing of (negative) emotions. In rodents, inhibition of the corresponding protein AKAP150 has been associated with impaired consolidation of fear learning (Moita et al., 2002), specifically with reduced consolidation and enhanced extinction of fear memories (Nijholt et al., 2008). Disruption of AKAP5 in mice has been associated with physiological and behavioral abnormalities, including deficits in long-term depression (LTD) and memory retention (Tunquist et al., 2008).

So far, the impact of genetic variations in AKAP5 on human behavior is yet unclear. In the human AKAP5 gene (Chr 14q21–24), a functional genetic polymorphism leads to a substitution of proline to leucine at position 100 of the protein (AKAP5 Pro100Leu; dbSNP rs2230491). Protein structure prediction suggests that this amino acid substitution might influence protein folding and curvature (Figure 1B) Based on cell-biological findings and animal experiments about AKAP function as a key synchronizer of neuronal events (Tunquist et al., 2008) and its association with GPCR signaling, we therefore hypothesized that the polymorphism might influence human aggression as well as aggression-related emotions and their control. Previous expression studies of the human AKAP5 gene product (AKAP79) showed a high abundance in several CNS regions relevant for emotional and motivational processes, including the amygdala, the hippocampus and the striatum (Sik et al., 2000; Ulfig et al., 2001, 2003), also pointing to a role of AKAP5 in human emotional processing.

We investigated the effects of AKAP5 Pro100Leu on human aggressive behavior and anger expression in young, healthy participants by using well-established questionnaires of anger and aggression (Buss and Perry, 1992; State Trait Anger Expression Inventory; Spielberger, 1991). Based on the questionnaire data, which revealed significantly lower physical aggression and significantly higher anger-control behavior in carriers of the more rare Leu allele, we developed a functional magnetic resonance imaging (fMRI) study to investigate the neurobiological processes that may underlie these behavioral effects. Because Leu carriers exhibited stronger anger control, we aimed to integrate anger-related stimuli in a demanding cognitive task.

Several studies of emotional conflict regulation haved use an “emotional Stroop” task (see Etkin et al., 2006; Haas et al., 2006; Egner et al., 2008) and discussed the important role of rostral and caudal anterior cingulate cortex (ACC) in the processing of incompatible emotional dimensions. The cited emotional Stroop tasks have used compatible and incompatible combinations of emotional words and emotional faces in order to create congruent and incongruent trials and to provoke “real” emotional conflicts in incongruent conditions. In another version of the emotional Stroop task, subjects are asked to identify the ink color of neutral vs. emotionally salient words. The slower reaction times (RTs) for emotionally salient words have been suggested to reflect emotional interference (Etkin et al., 2006). Concerning the specific emotion of anger, Van Honk et al. (2001) demonstrated that individuals scoring high on trait–anger exhibited an attentional bias toward angry faces. In addition to Stroop tasks, variants of the Flanker task (Eriksen and Eriksen, 1974) have also been used to investigate the interaction of emotional and cognitive processes. Neuroimaging studies of classical Flanker tasks typically discuss the role of the dorsal anterior cingulate cortex (dACC) in conflict processing during incongruent trials (Kerns et al., 2004; Mansouri et al., 2009). In emotional variants of this paradigm, when neutral vs. emotional faces were used as target stimuli (Fenske and Eastwood, 2003; Horstmann et al., 2006), prolonged RTs have been observed for the processing of negative emotional stimuli. It should be noted, though, that in all these tasks, processing of the emotional stimuli was directly relevant for task performance.

An alternative approach was used in an ERP-Study by Wiswede et al. (2009), where pictures from the International Affective Picture System (IAPS) served as task-irrelevant distracters during a flanker paradigm. A stronger increase of the error-related negativity (ERN) was observed for errors in trials with negative emotional distraction (Wiswede et al., 2009). It should be noted though, that no neuroimaging study so far has used a comparable paradigm (i.e., emotional task-irrelevant distracters in the background of flanker stimuli) with face stimuli.

Given our primary aim, to assess neural mechanisms underlying the genetically mediated individual differences in anger control, we aimed to design a paradigm in which emotional stimuli were anger-related and interfered with task performance. To this end, we designed a modified version of the task described by Wiswede et al. (2009). Instead of IAPS pictures, facial emotional distracters (neutral vs. angry) were displayed in the background of the flanker stimuli in order to assess, how carriers of the two alleles might differ in their neural processing of interference of attention and anger processing rather than processing of negative emotions in general. We hypothesized that Leu carriers, who exhibit stronger anger control, would show a higher ability to successfully focus on the cognitive flanker task while fading out the emotional distracters. At a neural level, such a behavioral advantage might be associated with increased ACC activation. Pro homozygotes, in contrast, might react more intensely to the emotional distracters, which might be reflected by weaker task performance and neuronal activation in emotion-relevant prefrontal areas like the orbitofrontal cortex (OFC).

Since the AKAP5 expression pattern in human cortical areas implicated in the cognitive control of emotions, has not been published so far, we also performed post mortem immunohistochemistry in the frontolimbic cortical regions of interest (ROIs) of our fMRI study.

Materials and Methods

Participants

Five hundred fifty-seven young (age range 18–36 years, mean 22.9 ± 3.1), healthy volunteers participated in the behavioral part of our study. All participants had at least obtained university entrance diploma or were enrolled at the Otto von Guericke University Magdeburg or at the Magdeburg-Stendal University of Applied Sciences. The university entrance diploma was selected as one of our criteria of inclusion in order to reach a comparable educational background within our sample. Furthermore, the participants were recruited from all departments of both universities like medicine, natural sciences, educational sciences, social and health sciences, or economic sciences which ensured a certain degree of variance in the sample. Moreover, students of psychology were only allowed to take part in the study within their first academic year, to make sure, that they were as naïve as the other participants to our questionnaires and tests. In addition to the analyses of our data, a post hoc analysis of AKAP5 Pro100Leu effects on Buss–Perry aggression questionnaire (BPAQ) scores was performed in a cohort of 604 participants from the University of Barcelona community (457 female, mean age 21.6 ± 3.1 years; see Table 3). This cohort had been described in detail previously (Krämer et al., 2007).

Seventy young, healthy German volunteers (35 Pro homozygotes and Leu carriers, respectively) were recruited from our initial cohort for participation in the fMRI study after exclusion of contraindications. Three of these participants had to be excluded due to technical problems, leaving 67 participants for data analysis (see Table 4 for detailed demographics). All participants gave written informed consent in accordance with the Declaration of Helsinki and received financial compensation for participation. The work was approved by the Ethics Committee of the University of Magdeburg, Faculty of Medicine.

Genotyping

Genomic DNA was extracted from blood leukocytes using the GenElute DNA extraction kit (Sigma Aldrich) according to the manufacturer’s protocol. Genotyping was performed using PCR followed by allele-specific restriction analysis. The DNA fragment on Chr 14q21–24 containing the AKAP5 Pro100Leu polymorphism was amplified using the primers AKAP5_100-f (5′-GCT TCT GAT CAG CCA GAG CCC AC-3′) and AKAP5_100-r (5′-GCT TCT TCC TGG ACT TTG ATG CTG CAG-3′) and standard Taq polymerase (Qiagen and Fermentas). PCR products were digested with AluI (Fermentas), yielding two fragments (174 + 98 bp) for the Leu allele or a single fragment (272 bp) for the Pro allele. DNA fragments were separated on an ethidium bromide-stained agarose gel and visualized under UV light (see Figure 1C for genotyping example). All subjects suspected to be homozygous for the less common Leu allele were genotyped twice. The rater was blinded to the results of the personality inventories. PCR products from two homozygous subjects (one P/P, one L/L) were verified via custom sequencing (SeqLab), confirming that the PCR reaction had provided the desired DNA fragment on Chr 14q21–24.

To avoid population stratification effects and to exclude asymmetric distribution of other genetic variations that might affect aggression or anger, participants were also genotyped for the BDNF Val66Met polymorphism (Chr 11p13), the COMT Val108/158Met polymorphism (Chr 22q11), the DRD2 TaqIA polymorphism (Chr 11q23), the DRD3 Ser9Gly polymorphism (Chr 3q13), the MAOA VNTR polymorphism (Chr Xp11), the serotonin transporter fragment length polymorphism (Chr 17q11–12), for the serotonin receptor 5HT-2a His452Tyr polymorphism (Chr 13q14–21), and for additional polymorphisms in pre- and post-synaptic adaptor proteins (detailed genotyping protocols are available upon request), and X2 tests were used to compare the genotype distributions of these polymorphisms between AKAP5 Pro homozygotes and Leu carriers.

Questionnaire Study

Personality questionnaires

Participants completed two well-established questionnaires that assess interindividual variability of aggression and anger. Self-rating on aggressive behavior was assessed using the German version of the BPAQ. The 29-item questionnaire (Buss and Perry, 1992) assesses four factors of aggressive behavior: physical aggression, verbal aggression, anger, and hostility.

The self-rating concerning the emotional state of anger was surveyed with the state-trait anger expression inventory (STAXI) developed by Spielberger (1991); German version by Schwenkmezger and Hodapp, 1991). The STAXI contains five anger-related subscales: the current level of anger (state anger), anger as personality trait (tendency to experience anger, i.e., trait anger); Anger-out behavior (AO; frequency with which anger is expressed toward other people or objects); Anger-in behavior (AI; directing anger toward oneself or inwardly; also related to suppressed hostility); Anger-control behavior (AC; active management of feeling angry in order to avoid anger expression).

Statistical analysis

To examine the overall influence of AKAP5 on measures of aggressive behavior and anger expression, we investigated the relationship between AKAP5 genotype and the four domains of the BPAQ (physical aggression, verbal aggression, anger, hostility) as well as four out of five domains of the STAXI (trait anger, anger-in, anger-out, anger control) as dependent variables. The state anger dimension of the STAXI was not included, as this dimension is defined as a temporary emotional state and no stable quality of the person. Therefore, possible genetic influences on the state measure would most likely be disguised by considerable intra-individual variability at any given time of testing. To circumvent the problem of multiple testing, we computed a single multivariate analysis of variance (MANOVA) with the above mentioned test scores as dependent variable and AKAP5 Pro100Leu (Pro homozygotes vs. Pro/Leu and Leu/Leu) as independent variable of interest. Because of the unequal distribution of the polymorphism in males and females in our cohort (see below) and previous reports showing higher aggression in males, we included gender as a further independent variable. Age, which was slightly lower in Leu carriers (see below), was included as a covariate of no interest. To ensure that all data met the required assumptions for MANOVA, we ensured that the sample size was large (N > 50 for all cells), and we computed Levene’s test of variance homogeneity for all dependent variables. Because variance homogeneity was not met for the dimension of anger control (F3 = 5.858; p = 0.001), we adjusted the significance level for all post hoc tests to.025, as previously suggested for this case (Tabachnick and Fidell, 1983).

Subscores with significant effects of AKAP5 genotype in the MANOVA were verified using one-tailed post hoc two-sample t-tests, using a Bonferroni correction for multiple comparisons. To further verify a possible specific influence of AKAP5 Pro100Leu on certain BPAQ and STAXI subscores, a linear discriminant analysis (LDA) was performed, into which all eight subscores were entered in a stepwise fashion.

Functional MRI Experiment

Paradigm

Emotional stimuli have previously been demonstrated to interfere with attentional processing, among others in the Eriksen flanker task (Fenske and Eastwood, 2003; Larson et al., 2006; Wiswede et al., 2009). For instance, Wiswede et al. (2009) could demonstrate that the presentation of unpleasant pictures from the International Affective Picture System (IAPS) prior to each flanker stimulus led to an increased ERN compared to trials with neutral or pleasant IAPS pictures.

The aim of the present study was to investigate the neural mechanisms underlying the cognitive control of anger-related emotional interference. Van Honk et al. (2001) had previously demonstrated that attentional biases for angry faces are related to trait anger. In relation to that observation and to our behavioral finding of Leu carriers showing a higher anger control, we hypothesized a genetically mediated performance advantage for Leu carriers in an emotional flanker task. Flanker stimuli, comprising a central target arrow pointing to the left or right side and requiring a button press with the corresponding left or right index finger were flanked by irrelevant arrows either pointing in the same (=congruent trials) or opposite (=incongruent trials) direction. Flanker stimuli were superimposed on neutral or emotional pictures (Van Honk et al., 2001; Larson et al., 2006; Wiswede et al., 2009). According to the concept of embodying emotion (Niedenthal, 2007) it is assumed that the perception of emotional expressions evokes a re-experiencing of the specific emotion in one’s self. Because we were particularly interested in anger control processing, faces with either neutral or angry expressions were chosen as background stimuli. Face stimuli were obtained from the Karolinska Directed Emotional Faces database (KDEF; Lundqvist et al., 1998) and converted into black and white.

Figure 3A depicts the structure of an example trial. All trials started with the presentation of a face (neutral or angry) for 650 ms, followed by a flanker stimulus (congruent or incongruent) for 200 ms, during which the face stimulus was blurred, and the presentation of the face stimulus for another 650 ms. The inter-trial interval was jittered near-exponentially between 2 and 8 s, to optimize estimation of the trial-specific hemodynamic response functions (HRFs; Hinrichs et al., 2000). To further improve our estimation concerning the trial-specific HRFs, we included a baseline condition in which the target stimulus was flanked by neutral stimuli (“-”) and presented with a blurred background face. The experiment consisted of two runs, both comprising of 40 trials of each condition (high vs. low interference × emotional vs. neutral; baseline).

Image acquisition

Functional magnetic resonance imaging was performed using a GE Signa 1.5 T magnetic resonance system (General Electric) and a standard head coil. Two sessions of 428 echo-planar images (EPIs) were acquired in an interleaved manner (23 axial slices; voxel size = 3.13 mm × 3.13 mm × 4 mm +1 mm gap; TR = 2 s; TE = 35 ms; odd numbers first). Additionally, a co-planar proton-density (PD)-weighted MR image was acquired and used for coregistration to improve spatial normalization.

Data processing and analysis

Statistical analyses were performed using Statistical Parametric Mapping (SPM8, Wellcome Department of Imaging Neuroscience, London, UK). EPIs were corrected for acquisition delay and head motion. The co-planar PD-weighted image was coregistered to the mean image obtained from motion correction and used as reference image for spatial normalization to the Montreal Neurological Institute (MNI) stereotactic coordinate system (voxel size = 3 mm × 3 mm ×3 mm), the co-planar PD-weighted image was used to determine normalization parameters.

Statistical analysis was carried out using a two-stage mixed effects model. In the first stage, the hemodynamic response was modeled by convolving a delta function at stimulus onset with a canonical HRF (Friston et al., 1998). The resulting time courses were down sampled for each scan to form covariates of a general linear model (GLM). The model included separate covariates for each condition of interest (emotional incongruent, neutral incongruent, emotional congruent, neutral congruent, baseline), the six rigid-body movement parameters determined from realignment as covariates of no interest, and a single constant representing the mean over scans. Model estimation was performed using a restricted maximum likelihood fit, and contrasts of parameter estimates were computed for the comparisons of interest (emotional incongruent > neutral incongruent and emotional congruent > neutral congruent).

In the second stage of the model, the conditions of interest (emotional vs. neutral in the incongruent and congruent condition, separated by genotype) were submitted to second level random effects analyses. Specifically, planned t-test comparisons were computed for the emotional interference contrasts in the incongruent and congruent conditions, respectively, and masked inclusively with the genotype by condition interaction F contrast (thresholded at p < 0.05). Because of our strong a priori hypotheses derived from the questionnaire data that AKAP5 genotype would affect emotional interference processing in the anterior cingulate (and adjacent dorsomedial PFC) and possibly in the OFC, we focused our analyzes on ACC and OFC ROIs. ROIs were defined by Brodmann Areas (BAs 24, 32, and 6 for the ACC ROIs; BA 11 for the OFC ROI) and extracted from the WFU PickAtlas (Wake Forest University), and the significance level was set to p < 0.05, ROI–volume-corrected for family wise error (FWE). Peak activation differences (SPM contrasts of parameter estimates) within these ROIs were submitted to confidence interval estimation using Bootstrap resampling and the percentile-t method (Efron and Tibshirani, 1993; Schott et al., 2006). Only activation differences that showed non-overlapping confidence intervals for Pro homozygotes and Leu carriers were considered reliable.

To test whether genetically mediated ACC activation differences were associated with performance differences on the behavioral level, we computed a stepwise linear regression analysis with ACC activation in the high interference condition (emotional vs. neutral incongruent) as dependent variable and the RTs in the four conditions (incongruent vs. congruent × emotional vs. neutral) as independent variables.

Immunohistochemistry and Western Blotting

Human brain material

Brain material was obtained from the New Magdeburg Collection (Department of Psychiatry and Psychotherapy, University Hospital Magdeburg, Germany). The collection of human brain material has been carried out in accordance with German laws and the rules outlined by the local ethics committee. Brains from four individuals (one 50-year-old female and three males of age 48, 54, and 56 years) without any signs of neurological or psychiatric disorders were studied. The postmortem intervals ranged from 11 to 24 h. Two brains were flash–frozen in liquid nitrogen for biochemical purposes, and the other two were processed for immunohistochemistry.

Immunohistochemical procedures

Brain tissue was processed for histochemical analyses in a standard manner, including immersion fixation in 8% phosphate-buffered formaldehyde for 2 months, embedding in paraplast, and cutting with a microtome (whole brain sections, 20 μm). Every 50th section was histologically stained by combining the methods of Nissl and Heidenhain–Woelcke. To localize AKAP5 immunoreactivity, we used a commercially available mouse monoclonal antibody raised against the human AKAP79 protein (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The working dilution of the primary antiserum was 1:100 in PBS. The nickel-enhanced avidin–biotin technique was used as described previously (Bernstein et al., 1999). The specificity of immunoreactivity was controlled by replacing the antibody with buffer and Ig-free serum. Brain regions were selected for AKAP staining based on the results of our fMRI study.

Western blotting

Protein preparation and Western blotting were essentially performed as described previously (Seidenbecher et al., 2002; Schott et al., 2006), with minor modifications. Briefly, human brain tissue from the hippocampus (including dentate gyrus and CA1 and CA3 regions), the cingulate cortex and from the cerebellum was homogenized in 20 mM HEPES (pH 7.4) containing 20 mM NaCl, 5 mM EDTA, and 1% Triton X-100 and centrifuged at 20.000 × g for 30 min. Protein probes from the pellet and supernatant were solubilized with SDS and mercaptoethanol. Proteins were separated by SDS-PAGE on 5–20% gels under fully reducing conditions, and transfer onto nitrocellulose was performed according to standard protocols. Western blots were incubated overnight with the primary antibody also used for immunohistochemistry and developed using the enhanced chemiluminescence detection system (Amersham, Arlington Heights, IL, USA).

Results

Effects of AKAP5 Pro100Leu on Human Aggression and Anger

To assess a potential influence of AKAP5 Pro100Leu on human aggression and anger, we systematically investigated genotype-dependent group differences in well-established self-report questionnaires of aggressive behavior and anger expression in a cohort recruited from the interdisciplinary campus community of the University of Magdeburg, Germany. From 527 young, healthy participants (289 women, 238 men), complete genetic, and questionnaire data were available. In this cohort, we identified 370 Pro homozygotes, 150 heterozygotes, and 7 Leu homozygotes. With 15.6% frequency of the Leu allele and 28% heterozygosity, the distribution was at Hardy–Weinberg equilibrium (X2 = 3.646; p = 0.162), and frequencies were similar to those observed previously in a Caucasian population (Frank et al., 2008). Detailed demographics are shown in Table 1. To avoid population stratification effects, participants were also genotyped for additional polymorphisms in unrelated genes (see Materials and Methods). The polymorphisms were observed at allele frequencies similar to those reported previously, and no imbalance was observed in the distribution of any of these polymorphisms between Pro homozygotes and Leu carriers (all p > 0.133). However, the distribution varied between male and female participants, with the Leu allele being significantly more prevalent in females (X2 = 9.37; p = 0.009; Figure 1D; see supplemental information for discussion). Given the low number of Leu homozygous subjects (n = 7), all Leu carriers (Pro/Leu and Leu/Leu) were grouped together for all further analyzes.

Table 1. Demographic data of the behavioral study.
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Buss–Perry aggression questionnaire and STAXI results are displayed in Figure 2 (see also Table 2), separated by AKAP5 genotype. Because of the unequal distribution of AKAP5 Pro100Leu across gender and because of a small age difference between genotypes (Table 1), we computed a MANOVA with gender and AKAP5 genotype as independent factors and age as covariate. Dependent variables were the four dimensions of the BPAQ and all STAXI domains except for state anger. The MANOVA yielded main effects of AKAP5 genotype and gender, but no significant interaction (Table 2, bottom). There was also a significant main effect of age (see below). Between-subjects univariate ANOVAs yielded significant effects of AKAP5 genotype on the physical aggression scale of the BPAQ (F1,522 = 8.087; p = 0.005; η2 = 0.015) and on the anger control scale of the STAXI (F1,522 = 6.917; p = 0.009; η2 = 0.013). Post hoc one-tailed two-sample t-tests showed that AKAP5 Leu carriers had significantly lower scores in physical aggression (t525 = 2.874; p = 0.004, Bonferroni-corrected) and significantly higher scores in anger control (t530 = 2.354; p = 0.019, Bonferroni-corrected).


[image: image]

Figure 2. Effects of AKAP5 Pro100Leu on aggression and anger. Top: in the BPAQ, AKAP5 Pro100Leu was associated with significantly lower physical aggression in Leu carriers. Bottom AKAP5 Pro100Leu also predicted higher STAXI anger control scores in Leu carriers. Bar plots depict mean test scores ± SE, separated by AKAP5 genotype.



Table 2. Effects of AKAP5 Pro100Leu on BPAQ and STAXI scores.
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To test, which of the dependent variables distinguished best between AKAP5 Pro homozygotes and Leu carriers, the four domains of interest from the BPAQ (physical aggression, verbal aggression, anger, hostility) and the STAXI scales for trait anger, anger-in, anger–out, and anger control were entered into a stepwise LDA. The LDA showed that physical aggression (Wilk’s lambda = 0.985; F1,1,525 = 8.262; p = 0.004) and anger control (Wilk’s lambda = 0.975; F2,1,524 = 6.687; p = 0.001) separated the two genotype groups best, with no other subscores of either questionnaire entering the model.

In order to validate our results obtained in the German cohort we performed post hoc genotyping for AKAP5 Pro100Leu in a previously described cohort of 604 participants from the University of Barcelona community (457 female, mean age 21.6 ± 3.1 years; see Krämer et al., 2007, for detailed demographics). The participants had completed the Spanish version of the BPAQ, but no STAXI scores data were available from that cohort. Table 3 displays demographic data and BPAQ scores. Carriers of the Leu allele showed trends for lower total BPAQ scores (t = 1.515; p = 0.065, one-tailed) as well as for the domains physical aggression (t = 1.478; p = 0.073, one-tailed), hostility (t = 1.666; p = 0.048, one-tailed), and, to a lesser degree, anger (t = 1.128, p = 0.130, one-tailed). These trends could be observed across the whole group and in female participants alone.

Table 3. Demographic data and mean BPAQ scores of Spanish cohort.
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Gender and Age Effects on BPAQ and STAXI Scores

While age and gender did affect BPAQ and STAXI scores, they exerted their influence on domains distinct from those affected by AKAP5 Pro100Leu genotype. In our MANOVA model, a significant gender effect was observed for the anger-out dimension of the STAXI (F1,522 = 4.292; p = 0.039; η2 = 0.008), but not for either physical aggression or anger control (all p > 0.523). At the level of between-subject comparisons, we also observed a significant genotype by gender interaction for anger control (F1,522 = 6.740; p = 0.010; η2 = 0.013). Age exerted a significant effect on the trait anger dimension of the STAXI (F1,529 = 10.051; p = 0.002; η2 = 0.019), but there were no age effects on either physical or verbal aggression or on anger control (all p > 0.131). Post hoc Pearson correlations showed a weak but significant negative correlation between age and trait anger (r = −0.121; p = 0.005) and a trend for a negative correlation between age and the anger-out scale (r = −0.084; p = 0.053). No further significant correlations between age and BPAQ or STAXI subscores were observed (all p > 0.203).

Effects of AKAP5 Pro100Leu on Neural Correlates of Emotional Interference

To further explore the neural mechanisms that might underlie the observed associations of AKAP5 Pro100Leu with aggression and anger control, we conducted an fMRI study in 67 young, healthy participants (34 Pro homozygotes, 33 Leu carriers). Because of the observed effect of AKAP5 Pro100Leu on anger control and the known trait anger-related attentional bias for angry faces (Van Honk et al., 2001), we hypothesized that Pro homozygotes and Leu carriers might differ at neural level during the cognitive control of emotional interference. We addressed this hypothesis by using an Erikson flanker paradigm with task-irrelevant background pictures (Larson et al., 2006; Wiswede et al., 2009), which, in our study, were angry vs. neutral faces (Figure 3A). In the Eriksen flanker paradigm, processing of incongruent stimuli is typically associated with activations in medial frontal cortex (mFC) regions like the supplementary motor area (SMA, Brodmann area/BA 6) and the ACC (Ridderinkhof et al., 2004).
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Figure 3. Functional MRI correlates of emotional interference. (A) Schematic illustration of the experimental paradigm in Section “Materials and Methods” for details. (Note: the example face stimuli in this figure and Figure 4 are not part of the actual stimulus set used in the experiment, but were created by the authors for illustrative purposes.) (B) Leu carriers exhibited increased activation of the ACC (BA 24, extending into BA 6) for emotional vs. neutral background pictures in the incongruent condition, when compared to Pro homozygotes. Conversely, Pro homozygotes showed higher activation of the medial OFC. All activations were significant at p < 0.05, small-volume FWE-corrected for anatomical ROIs. Coordinates are in MNI space; box plots depict fitted and adjusted responses for emotional vs. neutral backgrounds in the incongruent condition, separated by genotypes; error bars depict confidence intervals obtained from Bootstrap resampling.



Behavioral results

Demographic and behavioral data of the fMRI study are summarized in Table 4. Error rates were significantly higher in the incongruent relative to the congruent flanker condition (main effect of congruency: F1,65 = 42.56; p < 0.001; two-way ANOVA for repeated measures with AKAP5 genotype as between-subjects factor). There were also slightly higher error rates in the emotional vs. neutral conditions (F1,65 = 4.33; p = 0.041), but no significant interaction between congruency and emotional vs. neutral background pictures (F1,65 = 2.42; p = 0.125). Post hoc one-tailed t-tests suggested that the effects of emotionality on error rates were mainly driven by the incongruent condition (incongruent: T66 = 1.892; p = 0.032; congruent: T66 = 1.097; p = 0.139). AKAP5 genotype did not influence error rates in any condition (all p > 0.314).

Table 4. Demographic and behavioral data of the fMRI experiment.
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Reaction times were significantly longer in the incongruent relative to the congruent condition (F1,65 = 226.22; p < 0.001; two-way ANOVA for repeated measures with AKAP5 genotype as between-subjects factor), but there was no effect of emotional background on RTs and no interaction between congruency and emotion (all p > 0.488). A nominal tendency for shorter RTs in Leu carriers relative to Pro homozygotes in all conditions was not significant (main effect of AKAP5 and all interactions with AKAP5 genotype: all p > 0.246).

Functional MRI results

T-test based ROI analyses comparing the emotional vs. neutral contrasts in the incongruent condition revealed that AKAP5 Leu carriers showed a significantly stronger emotion-dependent activation of a cluster within the left (ACC, BA 24, extending into the supplementary motor area, SMA, BA 6; p = 0.019, FWE-corrected for ROI volume) when compared to Pro homozygotes (Figure 3B). This activation difference showed non-overlapping 95% confidence intervals for Pro homozygotes and Leu carriers as estimated using Bootstrap resampling and the percentile-t method (Efron and Tibshirani, 1993; Schott et al., 2006). We also observed a tendency for increased emotion-dependent activation of the right ACC [BA 32; (x y z) = (12 35 28)] in Leu carriers during incongruent trials, but this activation difference showed only a trend after small-volume FWE correction (p = 0.071, FWE-corrected for ROI volume).

Pro homozygotes, on the other hand showed relatively increased activity in the right medial OFC during incongruent emotional trials when compared to Leu carriers. The activation difference in the OFC was significant after small-volume FWE correction (p = 0.003, FWE-corrected for ROI volume), and Bootstrap-based 95% confidence intervals did not overlap between Pro homozygotes and Leu carriers.

In the congruent condition, the pattern observed in the incongruent condition was partly reversed. Here, Pro homozygotes showed a stronger ACC activation relative to Leu carriers [BA24; (x y z) =(−15 −4 49); p = 0.048, FWE-corrected for ROI volume], and this activation difference was robust after bootstrap resampling. No FWE-correctable genotype-related activation differences in either direction were observed in the OFC during the congruent condition.

Brain-behavior correlations

Across our study cohort, we observed a negative correlation of RTs with emotion-related ACC activation peak in the incongruent condition. A stepwise multiple regression analysis showed that this RT advantage was most prominent in the emotional incongruent condition itself (β = −0.258; p = 0.035). Neither OFC activation differences during the incongruent condition and the peak activation difference in the ACC during the congruent condition showed a correlation with RTs, and neither ACC nor OFC activations were significantly correlated with error rates in any condition (all p > 0.1).

Expression of AKAP5 in Human Frontolimbic Cortices

Previous studies had demonstrated AKAP5 expression in the human amygdala, hippocampus and striatum, but no information was thus far available on the expression of AKAP5 in frontolimbic cortical structures. In our experiments AKAP5 Pro100Leu affected cortical rather than subcortical limbic activity during emotional interference. Therefore, expression of AKAP5 in the human frontal limbic neocortex was taken into account. We used immunohistochemistry on post mortem human brain tissue to assess expression of AKAP5 in human anterior cingulate, medial frontal, and orbitofrontal regions, based on our fMRI results. Indeed, we found AKAP5 immunoreactivity widely distributed in the human cortex. In the ACC (BA 24, 32) and in the mFC (BA 6) AKAP5 was expressed in pyramidal cells and a subset of interneurons (Figure 4A, top row, middle row, left). A similar expression pattern was observed in the medial OFC (BA 11). To verify the validity of these findings, AKAP5 immunoreactivity was also assessed in the hippocampus and striatum, brain regions that have previously been shown to express AKAP5 (Sik et al., 2000; Ulfig et al., 2001; Figure 4A, bottom row). Western blotting using the same primary antibody revealed expression of the previously observed AKAP5-immunoreactive band at approximately 75 kDa (Gardner et al., 2006) in the detergent-insoluble pellet fractions of the human hippocampus and cingulate cortex (Figure 4B), but not in the cerebellum, compatible with previous observations for the AKAP5 ortholog in rodents (Ostroveanu et al., 2007), thus confirming the specificity of the antibody.
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Figure 4. Expression of AKAP5 in the human medial frontal cortex. (A) Top, middle row: strong AKAP5 immunoreactivity was observed in pyramidal cells and a subset of interneurons in the medial anterior cingulate (BA 24, 32) and in the medial PFC/supplementary motor area (SMA, BA 6). A similar pattern was also observed in the orbitofrontal cortex (OFC, BA 11). Bottom row: positive control staining from the hippocampus and striatum confirm previous findings. (B) Western blotting confirmed AKAP5 immunoreactivity in a ∼75 kDa band in the pellet fractions of the hippocampus and in the cingulate cortex, but not in the cerebellum.



Discussion

In our study cohort of 527 young, healthy participants, the AKAP5 Pro100Leu polymorphism was associated with human aggression and anger traits. Specifically, carriers of the less common Leu allele showed lower physical aggression and higher anger control relative to Pro homozygotes. In line with the behavioral data, Leu carriers exhibited stronger activations in the left ACC (BA 24) in our fMRI study of emotional interference. Complementary, Pro homozygotes showed a stronger activation in the right medial OFC during the same experimental condition.

AKAP5 and the Genetic Variability of Aggression and Anger

Previous studies on genetically mediated variability of aggression and anger have largely focused on genes directly related to neuromodulatory, particularly monoaminergic, transmitter systems (Buckholtz and Meyer-Lindenberg, 2008; Kang et al., 2008; Kulikova et al., 2008; Hess et al., 2009). Here we could demonstrate that a genetic variation in an adaptor molecule that is involved most likely in intracellular signaling pathways of several monoaminergic neurotransmitter systems is associated with human anger and aggression phenotypes in young, healthy, participants. Notably, carriers of the less common variant show lower aggression and stronger anger control when compared to homozygotes of the presumed wild type allele. The association was observed in young, healthy participants and is therefore likely to reflect variability in the normal population. It should be noted that effect sizes were small, but given the complexity of both the phenotypes and the multiple other genetic and environmental influences, no larger influence could have been reasonably expected. In our analysis, effects of AKAP5 Pro100Leu were primarily observed for the dimensions of physical aggression and anger control, while other BPAQ and STAXI subscales showed trends into the same direction that did not reach significance.

The AKAP5 gene product interacts with beta-adrenergic receptors (Gardner et al., 2006), which are highly expressed in the mammalian brain. As beta-adrenergic signaling has been associated with human aggression (Fava, 1997; Hess et al., 2009), modulation of CNS beta-adrenergic activity might be a promising explanation for our observations. AKAP5 has also been linked to dopaminergic signaling and its interaction with glutamatergic neurotransmission (Swayze et al., 2004). Among the neuromodulatory monoamines, serotonin has previously been particularly strongly linked to aggressive behavior (Buckholtz and Meyer-Lindenberg, 2008; Popova, 2008). The role of AKAP5 in serotonergic signaling is thus far unclear, however, an in vitro study suggests a molecular association of AKAP150 with different 5HT receptors (Sandoz et al., 2006). Investigating a potential role of AKAP5 in the serotonergic system is therefore warranted to help explain the present results.

Because our study cohort consisted mainly of students, one might argue that it was somewhat stratified. It should be noted, though, that students were from a large variety of fields of studies (including economics, educational and natural sciences, and medicine, among others), and that the distribution of numerous additional genetic polymorphisms, which all occurred with the previously reported allele frequencies, showed no significant linkage disequilibrium with AKAP5 Pro100Leu. Moreover, the observation of a behavioral phenotype related to a genetic variation in a socially rather homogeneous population, such as the one investigated here, would be expected to be rather subtle and thus, if detected, even more likely to result from genetic differences rather than a sampling bias. Despite a small difference in the distribution of AKAP5 Pro100Leu between men and women (see Results), multivariate statistics revealed independent main effects of gender and genotype that were observed for distinct subscales.

Further though limited support for the validity of the present results comes from post hoc analysis of AKAP5 Pro100Leu on BPAQ scores in a previously reported cohort from Barcelona (Krämer et al., 2007), where comparable trends for lower aggression in Leu carriers were observed. Although the investigation of the AKAP polymorphism and its link to human aggression was not the primary goal in the original design of the Barcelona cohort, it yielded comparable trends for lower aggression in Leu carriers, but the effects were generally less pronounced and did not reach statistical significance in two-tailed comparisons. However, it should be noted that the participants from the Spanish cohort had overall lower BPAQ scores those from the German cohort. The most likely explanation for this might be that the majority of participants in the Spanish study were female (75.6%), and women showed generally lower aggression. Furthermore, the lower overall BPAQ scores might also be related to linguistic or cultural aspects of the Spanish BPAQ version, as in an earlier validation study, García-León et al. (2002) had also reported lower scores in their Spanish subjects as compared Buss and Perry’s original validation of the questionnaire in an American sample, and a direct comparison of BPAQ scores with Dutch and Japanese samples also revealed lower BPAQ scores in a Spanish cohort (Ramírez et al., 2001). The sensitivity of the BPAQ might also have been reduced to some degree by the fact that the participants from Barcelona were largely native speakers of Catalán rather than Spanish, but the Spanish version of the questionnaire was used. Support for the notion that the BPAQ might show linguistically or culturally mediated differences in sensitivity comes from several studies on adaptations of the BPAQ in different languages and cultures (Meesters et al., 1996; Nakano, 2001; Fossati et al., 2003). Those studies were able to confirm the four-factor structure, but reported disagreements on item level and concerning the interpretation of the factors (Von Collani and Werner, 2005), which might be reflected here by hostility being the BPAQ factor most strongly associated with AKAP5 Pro100Leu in the Spanish, but not in the German cohort. Future attempts to replicate our results in different ethnic and cultural populations should therefore include additional instruments, particularly the STAXI, which had not been obtained in the Barcelona cohort.

In the present study, we had focused our investigations on aggression and anger traits. It should be noted, however, that we cannot exclude further influences of the polymorphism on individual differences in emotional processing beyond aggression and anger. Previous animal research has demonstrated a role for AKAP5 in anxiety and fear memory (Moita et al., 2002; Nijholt et al., 2008; Tunquist et al., 2008). Further research is required to assess potential effects of AKAP5 Pro100Leu on anxiety and possibly on the processing of other negative emotions.

AKAP5 Pro100Leu and Its Effect on the Processing of Emotional Interference

Compatible with significantly higher anger control in Leu carriers, our fMRI study showed stronger activation of the left (ACC, BA 24) in Leu carriers relative to Pro homozygotes when an angry face was presented in the background of an incongruent trial, that is, when emotional interference occurred in the condition that required higher attentional control. Increased activation of brain regions involved in attention and executive functions has previously been linked to decreased processing efficiency (Egan et al., 2001; Blasi et al., 2005; Meyer-Lindenberg and Weinberger, 2006). In those studies, increased prefrontal or ACC activation occurred despite similar or even inferior behavioral performance. Here we observed a significant correlation between the ACC BOLD signal in the emotional incongruent condition and shorter RTs. Moreover, as error rates did not significantly covary with the ACC response and were not higher in Leu carriers relative to Pro homozygotes, the reduced RTs likely reflect an actual behavioral advantage rather than impulsivity or a behavioral tradeoff, which would be associated with a corresponding error rate increase (Caldu et al., 2007). Compatible with our results, a recent study investigating the role of the well-described catechol-O-methyl transferase (COMT) Val108/158Met polymorphism on inhibitory control of memory has shown a similar pattern of increased cortical activity linked to better task performance. In that study, COMT Met carriers showed increased prefrontal activation during selective retrieval associated with more efficient inhibition of irrelevant memories (Wimber et al., 2011). Also, the observation that genetically mediated differences in brain activity predicted RTs more accurately than a direct comparison of the different allele carriers (see Results) is compatible with previous studies in which, similarly, fMRI correlates of cognitive processes showed correlations with both genetic variations and behavior that were stronger than the direct relationship between the respective genotypes and behavioral phenotypes (Bertolino et al., 2006; Forbes et al., 2009). For the commonly investigated COMT Val108/158Met polymorphism, a meta-analysis further demonstrated that BOLD responses are more sensitive to genetic modifiers as compared to direct behavioral measures, and the authors suggested that the fMRI endophenotype might reflect a neural mediator of pleiotropic effects of genetic variations on complex human behavior (Mier et al., 2010).

Given the observed relationship between increased ACC activation and shorter RTs, our results are in line with previously reported anger-related attentional biases for angry faces (Van Honk et al., 2001). While the ACC activation was found to be higher in Leu carriers, we observed a reverse effect in the right medial OFC, where Pro homozygotes exhibited a stronger fMRI response in the emotional incongruent condition, that is, in the same experimental condition where Leu carriers show their increased ACC activity. Moreover, activation of the ACC was observed in Pro homozygotes during emotional interference in the congruent condition. This activation might indeed reflect inefficient recruitment of the ACC as it was not correlated with a behavioral advantage during task performance.

Notably, these activation patterns reflect the previously proposed differentiation of a ventral affective processing system (VAPS) and a dorsal executive control system (DECS; Dolcos and Mccarthy, 2006). It is supposed that emotionally salient stimuli are processed in VAPS regions like the amygdala and the OFC while executive functions recruits DECS regions like the dorsolateral prefrontal cortex (DLPFC), posterior parietal cortex, and ACC (Pessoa, 2008; Hart et al., 2010). Related to our findings we suggest that Leu carriers, who exhibit higher anger control and a stronger ACC activation in the emotional incongruent flanker condition, emphasize the requested executive control during task performance. Pro homozygotes, in contrast, might react more sensitively to the emotional (angry) background stimuli, as reflected by a lower anger control and stronger activation of the VAPS in the emotional incongruent flanker condition.

Additionally, in order to test whether the observed effects of AKAP5 on emotional interference processing in the ACC and the OFC might reflect a local phenomenon related to monoaminergic modulation of ACC and OFC activity or rather the result of large-scale network activity, we had investigated the expression of AKAP5 in post mortem human brain tissue. Since AKAP5 was detected in both ACC and OFC pyramidal cells and interneurons (Figure 4), a locally mediated effect of AKAP5 on cognitive control of anger and aggression is possible, however, a more indirect mechanism, for example by influencing amygdala-dependent processing of anger, cannot be excluded. Although the mean age of the donors in the post mortem investigations (52.0 years) was substantially higher than that of the participants in the questionnaire and fMRI studies (22.9 years), it should be noted that mRNA profiling in younger donors (24 and 39 years, respectively) has also provided evidence for AKAP5 expression in frontolimbic structures (Allen’s Brain Atlas1).

Potential Molecular Consequences of AKAP5 Pro100Leu

An important direction for future research will be the investigation of molecular consequences of AKAP5 Pro100Leu. The polymorphism is located close to the second basic membrane localization domain and the GPCR-binding region (Figure 1A) and affects the length of an alpha-helical structure and the geometry of the membrane-attached N-terminus (Figure 1B), with a potential effect on the folding of the downstream domains (Protein folding was predicted using the PEP-FOLD prediction software2).

Given the localization of the polymorphism within the AKAP5 gene, we tentatively suggest that Pro100Leu might modulate interactions with GPCRs. The consequences of such an interaction are, however, be difficult to predict, particularly in relation to a complex behavioral phenotype such as aggression. AKAP5 Pro100Leu might, for example, affect the colocalization of GPCRs with their intracellular targets. Apart from a potential influence of AKAP5 interaction with GPCRs, it appears also plausible that the polymorphism might affect the interactions of AKAP5 with other post-synaptic adaptor molecules or with the post-synaptic membrane.

Clinical Implications

AKAP5 Pro100Leu has rarely been investigated thus far in clinical association studies, with only one published study in oncology, yielding a negative result (Frank et al., 2008). While AKAP5 Pro100Leu has not been investigated in the context of neurological or psychiatric disorders, a previous study suggested aberrant gene number variations of AKAP5 in schizophrenia and bipolar disorder (Wilson et al., 2006), although data are yet inconsistent (Sutrala et al., 2007). Given the high prevalence of aggressive behavior and impaired impulse control in psychiatric disorders, our results suggest AKAP5 an interesting candidate gene for future research on risk factors for neuropsychiatric diseases associated with aggression or impulsivity. We tentatively suggest that the Leu allele might confer a protective effect.

Conclusion

By using a multimodal approach including behavioral genetics, fMRI and post mortem immunohistochemistry, we could demonstrate that AKAP5 Pro100Leu is associated with human aggression and anger, with the Leu allele conferring a less aggressive phenotype with higher anger control. The fMRI results further suggest that individual differences in frontolimbic processing of emotional interference might constitute a neural basis of the higher anger control in Leu carriers. This is supported by immunohistochemical demonstration of AKAP5 expression in frontolimbic cortices. Our results indicate that future research on genetic mechanisms of aggression and anger should include intracellular signaling and adaptor proteins instead of only focusing on molecules directly involved in neuromodulatory transmission. Furthermore, our results suggest AKAP5 as a novel potential candidate gene for psychiatric disorders with altered aggression or impulse control.
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Given that human trust behavior is heritable and intranasal administration of oxytocin enhances trust, the oxytocin receptor (OXTR) gene is an excellent candidate to investigate genetic contributions to individual variations in trust behavior. Although a single-nucleotide polymorphism involving an adenine (A)/guanine (G) transition (rs53576) has been associated with socio-emotional phenotypes, its link to trust behavior is unclear. We combined genotyping of healthy male students (n = 108) with the administration of a trust game experiment. Our results show that a common occurring genetic variation (rs53576) in the OXTR gene is reliably associated with trust behavior rather than a general increase in trustworthy or risk behaviors. Individuals homozygous for the G allele (GG) showed higher trust behavior than individuals with A allele carriers (AA/AG). Although the molecular functionality of this polymorphism is still unknown, future research should clarify how the OXTR gene interacts with other genes and the environment in promoting socio-emotional behaviors.
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Introduction

Human societies are probably unique in the extent to which trust characterizes interpersonal interactions. Trust as a critical social process is indispensable in friendship, love, families, and organizations, and it facilitates interpersonal relations and permits reciprocal behaviors that lead to mutual advantages for cooperators during social and economic exchange. In everyday parlance variations in trust are often attributed to attitudes or personality – for example, we may describe one person as “very trusting” and another as “so mistrustful.” However, trust behavior – the willingness to carry out an action benefiting another person that may leave one vulnerable to some risk of loss – may not be entirely predictable from dispositional factors. Consider a small business owner with an excellent credit history in the current challenging economic environment trying to make an application with a bank for a loan from one of two loan officers. Although the two bank officials may be equally empathetic or altruistic, only one offers to extend a loan. What accounts for the difference in behavior: do genetic factors have a role?

Twin studies have shown that trust behavior is heritable (Cesarini et al., 2008), suggesting that specific genes may be responsible for inter-individual variation. Overlaying the genetics are studies that have sought to understand the role of neuropeptides in the brain such as oxytocin (OXT). Converging animal and human evidence reveals that OXT, a peptide that is produced in the hypothalamus and released in the brain and bloodstream that functions both as a hormone and neurotransmitter, broadly influences socio-emotional behaviors (Lee et al., 2009). Given that intranasal administration of OXT enhances human trust (e.g., Kosfeld et al., 2005; Mikolajczak et al., 2010a,b), there is a clear link between OXT-mediated signaling at the molecular level and this behavior. This biological effect of OXT operates through its cognate receptor, the OXT receptor (OXTR). The OXTR is a 389-amino acid polypeptide that modulates a number of behaviors, including stress response, anxiety, social memory and recognition, sexual and aggressive behaviors, and maternal behavior (Lee et al., 2009). Therefore, the OXTR gene is an excellent candidate to investigate genetic contributions to individual variations in trust behavior during social exchange.

The human OXTR gene is located on chromosome 3p25.3 spanning approximately 19 kbp, and is composed of three introns and four exons (Inoue et al., 1994). A single-nucleotide polymorphism (SNP) within intron 3 involving an adenine (A)/guanine (G) transition (rs53576) has recently been associated with different socio-emotional phenotypes (Bakermans-Kranenburg and Van Ijzendoorn, 2008; Tost et al., 2010). For example, A allele carriers (AA and AG) show less dispositional empathy (Rodrigues et al., 2009) compared to those homozygous for the G allele. Despite this accumulating evidence in support of a relationship between OXTR rs53576 and socio-emotional functions, its link to human trust behavior during social interaction remains unknown. To address this open question, we combined a candidate gene approach genotyping for OXTR rs53576 with the administration of a laboratory-based trust game experiment (Berg et al., 1995). Since the trust game provides the benefits of quantifiability, replicability, and comparability across individuals, it constitutes a more reliable tool for measuring observer-dependent trust behavior than standard self-report questionnaires. We hypothesized that OXTR rs53576 variation relates to individual differences in trust behavior but not in trustworthiness or risk behaviors: Individuals homozygous for the G allele (GG) demonstrate higher levels of trust than A allele carriers (AA/AG). Our hypothesis is based upon the findings that (i) trust behavior is heritable (Cesarini et al., 2008), suggesting that specific genes may be responsible for inter-individual variation; (ii) OXTR rs53576A promotes deficits in socio-emotional phenotypes (Bakermans-Kranenburg and Van Ijzendoorn, 2008; Costa et al., 2009; Lucht et al., 2009; Rodrigues et al., 2009; Tost et al., 2010); and (ii) intranasal administration of OXT enhances human trust behavior rather then trustworthiness or risk behaviors (Kosfeld et al., 2005), for which the biological effect of OXT operates through its OXTR.

Materials and Methods

Subjects

In this study, 108 healthy right-handed male students (European ancestry, “European Americans,” mean ± SD, age: 20.2 ± 2.2 years, education: 14.8 ± 1.9 years) gave written consent before participating for financial compensation in the neurobehavioral protocol approved by the George Mason University Human Subjects Research Board.

Procedure

The neurobehavioral protocol included a laboratory-based experiment (Berg et al., 1995) measuring trust, trustworthiness, and risk behavior as well as psychological control measures accounting for a possible confound of the OXTR rs53576 gene polymorphism on trust behavior.

The laboratory-based experiment included a two-person investment game measuring trust and trustworthiness behavior and a lottery game measuring risk behavior. In the investment game, two interacting participants receive an initial endowment of 10 monetary units (MU) and one participant (the investor) decides how much money to send to another participant (the trustee). The sent amount (a measure of trust: 0, 1, 2, …, 10 MU) is then tripled, and the trustee decides how much of the money received to send back to the investor. The investor’s final payoff equals the initial endowment minus the transfer to the trustee, plus the back transfer from the trustee. The trustee’s final payoff equals the initial endowment plus the tripled transfer of the investor, minus the back transfer to the investor. In a group session of 12 subjects, participants made five decisions each in the roles of investors and trustees while paired with different, randomly selected interaction partners, and received feedback about their partners’ decisions.

In the lottery game, participants made decisions only as investors who could transfer up to 10 MU into a lottery rather than to a trustee embedded in a social interaction. A computer chose investment return equal to the payoff structure in the trust game at any feasible back transfer level. Investors in the trust and risk games faced the same objective risks, ensuring that trusting behavior could be distinguished from risk behavior. The earned MUs were exchanged into real money according to a publicly announced exchange rate (40 MUs = $1).

After the laboratory-based experiment, participants completed psychological control measures to account for possible confounds of the OXTR rs53576 gene polymorphism on trust behavior. Control measures included empathy (interpersonal reactivity index, IRI, five-point Likert scale; Davis, 1983), altruism (Rushton altruism scale, RAS, five-point Likert Scale; Rushton et al., 1981), theory of mind ability (reading the mind in the eyes test, RMET, multiple-choice test; Baron-Cohen et al., 2001), attachment style (Relationship Scale Questionnaire, RSQ, five-point Likert scale; Griffin and Bartholomew, 1994), and personality style (NEO five-factor inventory, NEO-FFI, five-point Likert scale; Costa and McCrae, 1992; see Appendix).

Genotyping Analysis

The SNP that was the focus of this study (rs53576) is located within a region of the OXTR gene having extensive linkage disequilibrium (LD; Figure 1). Participants provided saliva buccal swabs for genotyping, which were collected in lysis buffer (100 mM NaCl, 10 mM EDTA, 10 mM Tris pH 8, 0.1 mg/ml proteinase K, and 0.5% w/v SDS) at −20°C until further processing using an Isohelix DNA isolation kit (Harrietsham, Kent, UK). Genotyping was performed by a PCR-coupled DNA melting analysis method (Lipsky et al., 2001) using SsoFast EvaGreen PCR mix (Bio-Rad Laboratories, Hercules, CA, USA). Amplification primer sequences were: forward 5′-GAATAGGGACTTTCTAAGCA-3′; reverse 5′-GTCCATCTAATTGTGATTTGT-3′. Approximately 5 ng DNA from each sample were plated in 96-well plates for genotyping with 10% randomly duplicated samples for detecting genotyping error. Genotyping was performed using a Bio-Rad CFX96 Sequence Detector with a 96-well plate format. The overall genotyping accuracy was 100% with 100% completion. The genotype distribution (GG = 56, AG = 43, AA = 9) met Hardy-Weinberg Equilibrium expectations [χ2(1) = 0.03, P = 0.854] and groups were matched on age (GG: 20.3 ± 2.5, AG: 19.9 ± 1.8, AA: 20.4 ± 1.1; F(2,107) = 0.63, P = 0.533) and education [GG: 15.1 ± 2.1, AG: 14.6 ± 1.8, AA: 14.8 ± 1.3; F(2,107) = 0.81, P = 0.446]. We used a dominant model to increase the statistical power in our study by collapsing the AA and AG groups, because prior evidence suggests that rs53576A promotes deficits in socio-emotional behavior and AA homozygotes were rare in our study as previously reported (Bakermans-Kranenburg and Van Ijzendoorn, 2008; Costa et al., 2009; Rodrigues et al., 2009). A prospective power calculation showed that with the current sample size there was greater than 80% power to detect an association with moderate to large effects sizes (Cohen’s d > 0.5).
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Figure 1. Schematic of the human OXTR gene. Showing location of the four exons, the five SNP marker positions (including rs53576), and known LD block (from HapMap data release February 27, 2009, NCBI B36 assembly).



Data Analysis

Data analysis was carried out using SPSS 14.0 (SPSS Inc., Chicago, USA) with alpha set to P < 0.05 (two-tailed). First, the genotype effects on relative frequency of investor’s transfers in the trust experiment and risk experiments were determined using a mixed 11 × 2 analysis of variance (ANOVA) with transfer level (0, 1, 2, …, 10 MU) as a within-subjects factor and group (GG, AG/AA) as a between-subjects factor. Second, the genotype effect on relative frequency of trustee’s back transfers in the trust experiment were determined using a mixed 11 × 30 × 2 ANOVA with transfer level (0, 1, 2, …, 10 MU) and back transfer level (0, 1, 2, …, 30 MU) as a within-subjects factors and group (GG, AG/AA) as a between-subjects factor. Third, planned follow-up Pearson Chi-square tests (applying Bonferroni correction) were performed to compare relative frequencies of money transfer between groups for each transfer and back transfer level. In addition, effect sizes (Cohen’s d) were calculated representing the observed genotype group effects (d = 0.2 indicates a small effect size, d = 0.5 a medium effect size, and d = 0.8 large effect size; Cohen, 1988). Finally, genotype group effects on psychological control measures were determined using independent-samples t-tests to rule out alternative explanations due to empathy, altruism, theory of mind ability, attachment style, and personality style.

Results

The rs53576 SNP of the OXTR gene was specifically associated with trusting behavior rather than a general increase in risk or trustworthy behaviors. For the investor’s transfers in the trust experiment, the ANOVA revealed no significant main effect for group [F(1,8) = 0.24, P = 0.636], but a significant main effect for transfer level [F(10,80) = 216.45, P < 0001], and a significant interaction effect for transfer level × group [F(10,80) = 6.02, P < 0.001]. The interaction effect was driven by an only significantly higher money transfer for the maximal trust level: the GG group transferred 14% more money than the AG/AA group [χ2 = 11.9, P < 0.0001, P corrected for multiple testing <0.001, Cohen’s d = 0.7; Note that the AG and AA groups did not differ in their money transfers at the maximal trust level (AG: 0.41 ± 0.04, AA: 0.44 ± 0.05, χ2 = 0.2, P = 0.706; Figure 2A)].


[image: image]

Figure 2. Distribution of transfers in the trust and risk experiments. (A) Relative frequency of investor’s transfers in GG (blue bars) and AG/AA (red bars) groups level in the trust experiment. (B) Relative frequency of investor’s transfers in GG and AG/AA groups in the risk experiment. MU, monetary unit.



For the investor’s transfers in the risk experiment, the ANOVA revealed only a significant main effect for transfer level [F(10,180) = 333.24, P < 0.001], but no significant main effect for group [F(1,18) = 1.65, P = 0.215], and no significant interaction effect for transfer level × group [F(10,180) = 1.83, P = 0.119; Figure 2B].

For the trustee’s back transfers in the trust experiment, the ANOVA revealed only significant main effects for transfer level [F(10,180) = 65.03, P < 0.001] as well as back transfer level [F(30,540) = 20.04, P < 0.001] and a significant interaction effect for transfer level × back transfer level [F(300,5400) = 20.84, P < 0.001], but no significant main effect for group [F(1,18) = 0.48, P = 0.497], and no significant interaction effects for transfer level × group [F(10,180) = 1.30, P =0.231], back transfer level × group [F(30,540) = 1.28, P = 0.217], and transfer level × back transfer level × group [F(30,540) = 1.24, P = 0.269; Figure 3; see Table A1 in Appendix for trustee’s back transfer for each level; Figure A1 for distribution.].
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Figure 3. Distribution of back transfers in the trust experiment. (A) Relative frequency of trustees’ back transfers in the GG group. (B) Relative frequency of trustee’s back transfers in the AG/AA group. MU, monetary unit.



Differences on psychological control measures (mean ± SD) were ruled out as alternative explanations, including altruism (RAS: 55.8 ± 1.4, 58.2 ± 1.9; P = 0.232), theory of mind ability (RMET: 72.5 ± 1.3, 72.8 ± 1.5%, P = 0.847), attachment styles (RSQ, secure: 3.3 ± 0.1, 3.2 ± 0.1; fearful: 2.7 ± 0.1, 2.9 ± 0.1; preoccupied: 2.9 ± 0.1, 2.8 ± 0.1; dismissing: 3.1 ± 0.1, 3.1 ± 0.1; Ps > 0.172), and personality styles (NEO-FFI, neuroticism: 53.3 ± 0.8, 55.6 ± 0.9; extraversion: 52.8 ± 0.9, 53.2 ± 1.0; openness: 45.8 ± 0.8, 46.0 ± 0.8; agreeableness: 42.6 ± 1.1, 45.5 ± 1.4; conscientiousness: 41.1 ± 0.8, 40.9 ± 0.9; Ps > 0.120). Although the GG group had higher dispositional empathy than the AG/AA group [IRI: 2.7 ± 0.1, 2.5 ± 0.1; t(106) = 1.8, P = 0.039, one-sided, Cohen’s d = 2.0], empathy was not associated with trust, risk, and trustworthy behaviors (rs < 0.11, Ps > 0.512).

Discussion

The goal of the study was to investigate the relationship between OXTR rs53576 and human trust by combining a candidate gene approach genotyping for OXTR rs53576 and the administration of a laboratory-based trust game experiment. We demonstrated that a common occurring genetic variation (rs53576) in the OXTR gene is reliably associated with trust behavior rather than a general increase in trustworthy or risk behaviors.

Our results extends previous knowledge showing that OXTR rs53576A promotes deficits in self-reported socio-emotional measures such as empathy (Rodrigues et al., 2009), attachment (Costa et al., 2009), positive affect (Lucht et al., 2009), maternal sensitivity (Bakermans-Kranenburg and Van Ijzendoorn, 2008), and prosocial temperament (Tost et al., 2010). In our study, participants with A allele carriers (AA/AG) showed lower trust behavior than participants homozygous for the G allele (GG). Notably, the AG/AA group had lower dispositional empathy than the GG group, replicating previous research: mothers with the AA or AG genotype of rs53576 showed lower levels of sensitive responsiveness (presupposing awareness of and empathy with children’s needs) toward their toddlers (Bakermans-Kranenburg and Van Ijzendoorn, 2008) and individuals with one or two copies of the A allele exhibited both lower behavioral and dispositional empathy (Rodrigues et al., 2009). Importantly, in our study dispositional empathy was not associated with trust, risk, and trustworthy behaviors. In addition, alternative explanations could be ruled out such as altruism, theory of mind ability, attachment styles (secure, fearful, preoccupied, and dismissing), and personality styles (neuroticism, extraversion, openness, and agreeableness).

Our results are further complemented by evidence that OXTR rs53576 impacts both hypothalamic-limbic structure and function (Tost et al., 2010). A recent neuroimaging study has shown a volume reduction in the hypothalamus in carriers of the OXTR rs53576A (Tost et al., 2010), which is associated with an increased risk for autistic spectrum disorders characterized by qualitative abnormalities in reciprocal social interaction and communication (Wu et al., 2005; Liu et al., 2010; Wermter et al., 2010). The hypothalamus is the primarily region for the synthesis of OXT which is then released into the brain and bloodstream to function both as a hormone and neurotransmitter (Lee et al., 2009). Converging evidence from animal studies has shown that the OXT system broadly influences social behavior such as pair bonding/attachment, peer recognition, and social memory (Lee et al., 2009; Ebstein et al., 2010). For example, OXT receptor knockout mice demonstrate several aberrations in social behavior, including aggression and mother-offspring interaction (Nishimori et al., 2008) that can be fully restored by injection of OXT (Ferguson et al., 2001). Since neuropeptides cross the blood–brain barrier after intranasal administration (Born et al., 2002), OXT can also be used in humans to investigate its effects on the central nervous system (Heinrichs and Domes, 2008). Recent studies have demonstrated that OXT is a crucial mediator in the regulation of complex social cognition and behavior (for reviews, see Bartz et al., 2011; Kemp and Guastella, 2011; Meyer-Lindenberg et al., 2011). In particular, administration of exogenous OXT increases trust behavior (e.g., Kosfeld et al., 2005; Mikolajczak et al., 2010a,b) as well as shapes the neural circuitry of trust and trust adaptation (Baumgartner et al., 2008), recently confirmed by a meta-analysis on exogenous OXT trust studies (Van Ijzendoorn and Bakermans-Kranenburg, 2011).

Our results contrast with the recent negative finding between rs53576 and human trust (Apicella et al., 2010). We argue that this discrepancy in results can be explained by differences in important methodological features between the two experiments. Apicella et al. (2010) administered the standard trust game (Berg et al., 1995), in which participants first played the role of trustor and then trustee albeit with a different anonymous partner. However, to elicit the trustworthiness of the trustee, they used a strategy method in which participants were asked to indicate how they would react to any possible amount sent prior to observing trustor behavior (Camerer, 2003). Previous research has shown that when using this method participants play differently when making economic decisions, i.e., they are playing the population but not the person and this may have a profound effect on their prosocial behavior (Rapoport, 1997; McCabe et al., 2000). Importantly, a recent meta-analysis reviewing trust behavior (i.e., 84 replications of the standard trust game across 29 countries with widely varying cultures with an average of 140 players in each of these replications for a total of 11,913 participants) revealed that approximately 40% of the variance in trust behavior is due to changes in the experimental protocols by manipulating methodological key variables influencing human trust (Johnson and Mislin, 2009).

Further, Apicella et al. (2010) tested both male and female participants for which the vast majority of their participants were females (approximately 80%, see for detailed description Cesarini et al., 2009). We only investigated male-male pairs in our study because of the evidence that female–female pairs exhibit lower trust than male pairs (Croson and Buchan, 1999). Interestingly, by breaking down their results into sex specific effects for OXT rs53576, the authors demonstrated statistical significance at the 10% level for the male but not for the female participants. Moreover, Apicella et al. (2010) only considered as their measure of trust behavior the overall amount of money transferred but not the money transferred for each trust level separately. However, a recent exogenous OXT study by Kosfeld et al. (2005) demonstrated that the enhancement of trust is driven by a higher frequency of money transfers for the maximal trust level. The same effect was revealed in our study but was not considered as an outcome measure in Apicella et al. (2010). Overall, these crucial factors might explain why Apicella et al. (2010) failed to detect an association between rs53576 and human trust. Because of discrepant findings and the risk of our current findings being false positive, future studies have to clarify the specific effects of those factors on the relationship between OXTR rs53576 and human trust in the context of the standard trust game.

There are limitations in our study that deserve discussion. First, our sample size was modest so that our findings could be due to the “winners curse” effect based on the fact that original studies tend to overestimate effect sizes (Zöllner and Pritchard, 2007). However, our study was a theoretically driven, candidate gene investigation with a reduction of population stratification by testing only a Caucasian sample. Instead of conducting a “fishing expedition” in which a problem with spurious associations could arise (as in multiple SNP or GWAS studies), we hypothesized an association with one specific phenotype but not others based on previous published association studies (e.g., Rodrigues et al., 2009; Tost et al., 2010). Importantly, our results fit with the literature on the directionality of the association between OXTR rs53576 and other socio-emotional behaviors providing evidence that OXTR rs53576A promotes deficits in socio-emotional phenotypes (Bakermans-Kranenburg and Van Ijzendoorn, 2008; Costa et al., 2009; Lucht et al., 2009; Rodrigues et al., 2009; Tost et al., 2010). In only one association study, the AA genotype in children with ADHD was associated with better social ability compared to the AG genotype but not with the GG genotype (Park et al., 2010).

Second, we collapsed in our study the AA and AG groups using a dominant model to improve statistical power, since prior evidence suggests that rs53576A promotes deficits in socio-emotional behavior and AA homozygotes were rare in our population. The same approach was done in previous studies demonstrating that individuals with the GG genotype, relative to those with the A allele, exhibit more sensitive parenting behavior (Bakermans-Kranenburg and Van Ijzendoorn, 2008), empathy (Rodrigues et al., 2009), and attachment (Costa et al., 2009). In contrast, other studies combined the GG/AG groups and demonstrated that individuals with the GG/AG genotypes (compared with those with the AA genotype) seek more emotional social support (Kim et al., 2010) and show higher positive affect (Lucht et al., 2009). Finally, another study revealed that allelic variation in OXTR rs53576 predicts differences in prosocial temperament by showing a difference only between the two homozygote genotype groups (G/G vs. A/A): the GG group showed higher scores in prosocial temperament compared to the AG group (Tost et al., 2010). Because of different group combinations, future association studies should attempt to replicate our findings across populations using larger independent-samples so that all three genotypes (AA/AG/GG) can be compared directly.

In conclusion, the present study demonstrates that G > A SNP, rs53576, in the OXTR gene is associated with observer-dependent trust behavior during social interaction. Because the molecular functionality of OXTR rs53576 is still unknown, our results cannot exclude the possibility that the observed effect may reflect the impact of OXTR variants in LD with rs53576. However, the position of this polymorphism within intron 3 suggests involvement in direct gene-gene communication (Mattick and Gagen, 2001), and presents an avenue for future research determining how the OXTR gene interacts with other genes and the environment in promoting socio-emotional behaviors in both non-clinical and clinical populations. Although our study presents the first evidence indicating a role of OXTR rs53576 in human trust behavior, however, cautious replication is needed given the problem of replication validity and risk of false positive results in genetic association studies (Ioannidis et al., 2001). Future studies should replicate those finding in larger independent-samples with similar experimental designs and apply quantitative approaches such as meta-analyses to combine the results of various studies on the same phenotype to explain and estimate their diversity.

Authors Contributions

Frank Krueger, Raja Parasuraman, Kevin McCabe, and Robert H. Lipsky designed research; Frank Krueger, Vijeth Iyengar, Matthew Thornburg, and Jaap Weel performed research; Frank Krueger, Mingkuan Lin, Ellen Clarke, and Robert H. Lipsky analyzed data; and Frank Krueger, Raja Parasuraman, and Robert H. Lipsky wrote the paper.

Acknowledgments

We gratefully acknowledge all of the students who participated in this project. This research was supported by the Mason-Inova Fund (to Frank Krueger, Kevin McCabe, and Robert H. Lipsky) and by Air Force Office of Sponsored Research grant FA9550-10-1-0385 to R. Parasuraman.

References

Apicella, C. L., Cesarini, D., Johannesson, M., Dawes, C. T., Lichtenstein, P., Wallace, B., Beauchamp, J., and Westberg, L. (2010). No association between oxytocin receptor (OXTR) gene polymorphisms and experimentally elicited social preferences. PLoS ONE 5, e11153.

Bakermans-Kranenburg, M. J., and Van Ijzendoorn, M. H. (2008). Oxytocin receptor (OXTR) and serotonin transporter (5-HTT) genes associated with observed parenting. Soc. Cogn. Affect. Neurosci. 3, 128–134.

Baron-Cohen, S., Wheelwright, S., Hill, J., Raste, Y., and Plumb, I. (2001). The “reading the mind in the eyes” test revised version: a study with normal adults, and adults with Asperger syndrome or high-functioning autism. J. Child. Psychol. Psychiatry 42, 241–251.

Bartz, J. A., Zaki, J., Bolger, N., and Ochsner, K. N. (2011). Social effects of oxytocin in humans: context and person matter. Trends Cogn. Sci. (Regul. Ed.) 15, 301–309.

Baumgartner, T., Heinrichs, M., Vonlanthen, A., Fischbacher, U., and Fehr, E. (2008). Oxytocin shapes the neural circuitry of trust and trust adaptation in humans. Neuron 58, 639–650.

Berg, J., Dickhaut, J., and Mccabe, K. (1995). Trust, reciprocity, and social history. Games Econ. Behav. 10, 122–142.

Born, J., Lange, T., Kern, W., Mcgregor, G. P., Bickel, U., and Fehm, H. L. (2002). Sniffing neuropeptides: a transnasal approach to the human brain. Nat. Neurosci. 5, 514–516.

Camerer, C. F. (2003). Behavioral Game Theory. Princeton: Princeton University Press.

Cesarini, D., Dawes, C. T., Fowler, J. H., Johannesson, M., Lichtenstein, P., and Wallace, B. (2008). Heritability of cooperative behavior in the trust game. Proc. Natl. Acad. Sci. U.S.A. 105, 3721–3726.

Cesarini, D., Dawes, C. T., Johannesson, M., Lichtenstein, P., and Wallace, B. (2009). Genetic variation in preferences for giving and risk taking. Q. J. Econ. 124, 809–842.

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Hillsdale, NJ: Lawrence Erlbaum Associates.

Costa, B., Pini, S., Gabelloni, P., Abelli, M., Lari, L., Cardini, A., Muti, M., Gesi, C., Landi, S., Galderisi, S., Mucci, A., Lucacchini, A., Cassano, G. B., and Martini, C. (2009). Oxytocin receptor polymorphisms and adult attachment style in patients with depression. Psychoneuroendocrinology 34, 1506–1514.

Costa, P. T., and McCrae, R. R. (1992). Revised NEO Personality Inventory (NEO PI-R) Professional Manual. Odessa, FL: Psychological Assessment Resources, Inc.

Croson, R., and Buchan, N. (1999). Gender and culture: international experimental evidence from trust games. Am. Econ. Rev. 89, 386–391.

Davis, M. (1983). Measuring individual differences in empathy: evidence for a multidimensional approach. J. Pers. Soc. Psychol. 44, 113–126.

Ebstein, R. P., Israel, S., Chew, S. H., Zhong, S., and Knafo, A. (2010). Genetics of human social behavior. Neuron 65, 831–844.

Ferguson, J. N., Aldag, J. M., Insel, T. R., and Young, L. J. (2001). Oxytocin in the medial amygdala is essential for social recognition in the mouse. J. Neurosci. 21, 8278–8285.

Griffin, D., and Bartholomew, K. (1994). Models of the self and other: fundamental dimensions underlying measures of adult attachment. J. Pers. Soc. Psychol. 67, 430–445.

Heinrichs, M., and Domes, G. (2008). Neuropeptides and social behaviour: effects of oxytocin and vasopressin in humans. Prog. Brain Res. 170, 337–350.

Inoue, T., Kimura, T., Azuma, C., Inazawa, J., Takemura, M., Kikuchi, T., Kubota, Y., Ogita, K., and Saji, F. (1994). Structural organization of the human oxytocin receptor gene. J. Biol. Chem. 269, 32451–32456.

Ioannidis, J. P., Ntzani, E. E., Trikalinos, T. A., and Contopoulos-Ioannidis, D. G. (2001). Replication validity of genetic association studies. Nat. Genet. 29, 306–309.

Johnson, N. D., and Mislin, A. (2009). Cultures of kindness: a meta-analysis of trust game experiments. Available at: http://ssrn.com/abstract=1315325

Kemp, A., and Guastella, A. (2011). The role of oxytocin in human affect: a novel hypothesis. Psychol. Sci. 20, 222–231.

Kim, H. S., Sherman, D. K., Sasaki, J. Y., Xu, J., Chu, T. Q., Ryu, C., Suh, E. M., Graham, K., and Taylor, S. E. (2010). Culture, distress, and oxytocin receptor polymorphism (OXTR) interact to influence emotional support seeking. Proc. Natl. Acad. Sci. U.S.A. 107, 15717–15721.

Kosfeld, M., Heinrichs, M., Zak, P. J., Fischbacher, U., and Fehr, E. (2005). Oxytocin increases trust in humans. Nature 435, 673–676.

Lee, H. J., Macbeth, A. H., Pagani, J. H., and Young, W. S. III. (2009). Oxytocin: the great facilitator of life. Prog. Neurobiol. 88, 127–151.

Lipsky, R. H., Mazzanti, C. M., Rudolph, J. G., Xu, K., Vyas, G., Bozak, D., Radel, M. Q., and Goldman, D. (2001). DNA melting analysis for detection of single nucleotide polymorphisms. Clin. Chem. 47, 635–644.

Liu, X., Kawamura, Y., Shimada, T., Otowa, T., Koishi, S., Sugiyama, T., Nishida, H., Hashimoto, O., Nakagami, R., Tochigi, M., Umekage, T., Kano, Y., Miyagawa, T., Kato, N., Tokunaga, K., and Sasaki, T. (2010). Association of the oxytocin receptor (OXTR) gene polymorphisms with autism spectrum disorder (ASD) in the Japanese population. J. Hum. Genet. 55, 137–141.

Lucht, M. J., Barnow, S., Sonnenfeld, C., Rosenberger, A., Grabe, H. J., Schroeder, W., Volzke, H., Freyberger, H. J., Herrmann, F. H., Kroemer, H., and Rosskopf, D. (2009). Associations between the oxytocin receptor gene (OXTR) and affect, loneliness and intelligence in normal subjects. Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 860–866.

Mattick, J. S., and Gagen, M. J. (2001). The evolution of controlled multitasked gene networks: the role of introns and other noncoding RNAs in the development of complex organisms. Mol. Biol. Evol. 18, 1611–1630.

McCabe, K., Smith, V., and Lepore, M. U. (2000). Intentionality detection and “mindreading”: why does game form matter? Proc. Natl. Acad. Sci. U.S.A. 4404–4409.

Meyer-Lindenberg, A., Domes, G., Kirsch, P., and Heinrichs, M. (2011). Oxytocin and vasopressin in the human brain: social neuropeptides for translational medicine. Nat. Rev. Neurosci. 12, 524–538.

Mikolajczak, M., Gross, J. J., Lane, A., Corneille, O., De Timary, P., and Luminet, O. (2010a). Oxytocin makes people trusting, not gullible. Psychol. Sci. 21, 1072–1074.

Mikolajczak, M., Pinon, N., Lane, A., De Timary, P., and Luminet, O. (2010b). Oxytocin not only increases trust when money is at stake, but also when confidential information is in the balance. Biol. Psychol. 85, 182–184.

Nishimori, K., Takayanagi, Y., Yoshida, M., Kasahara, Y., Young, L. J., and Kawamata, M. (2008). New aspects of oxytocin receptor function revealed by knockout mice: sociosexual behaviour and control of energy balance. Prog. Brain Res. 170, 79–90.

Park, J., Willmott, M., Vetuz, G., Toye, C., Kirley, A., Hawi, Z., Brookes, K. J., Gill, M., and Kent, L. (2010). Evidence that genetic variation in the oxytocin receptor (OXTR) gene influences social cognition in ADHD. Prog. Neuropsychopharmacol. Biol. Psychiatry 34, 697–702.

Rapoport, A. (1997). Order of play in strategically equivalent games in extensive form. Int. J. Game Theory 26, 113–136.

Rodrigues, S. M., Saslow, L. R., Garcia, N., John, O. P., and Keltner, D. (2009). Oxytocin receptor genetic variation relates to empathy and stress reactivity in humans. Proc. Natl. Acad. Sci. U.S.A. 106, 21437–21441.

Rushton, J., Chrisjohn, R., and Fekken, G. (1981). The altruistic personality and the self-report altruism scale. Pers. Individ. Dif. 50, 1192–1198.

Tost, H., Kolachana, B., Hakimi, S., Lemaitre, H., Verchinski, B. A., Mattay, V. S., Weinberger, D. R., and Meyer-Lindenberg, A. (2010). A common allele in the oxytocin receptor gene (OXTR) impacts prosocial temperament and human hypothalamic-limbic structure and function. Proc. Natl. Acad. Sci. U.S.A. 107, 13936–13941.

Van Ijzendoorn, M. H., and Bakermans-Kranenburg, M. J. (2011). A sniff of trust: meta-analysis of the effects of intranasal oxytocin administration on face recognition, trust to in-group, and trust to out-group. Psychoneuroendocrinology. [Epub ahead of print].

Wermter, A. K., Kamp-Becker, I., Hesse, P., Schulte-Korne, G., Strauch, K., and Remschmidt, H. (2010). Evidence for the involvement of genetic variation in the oxytocin receptor gene (OXTR) in the etiology of autistic disorders on high-functioning level. Am. J. Med. Genet. B Neuropsychiatr. Genet. 153B, 629–639.

Wu, S., Jia, M., Ruan, Y., Liu, J., Guo, Y., Shuang, M., Gong, X., Zhang, Y., Yang, X., and Zhang, D. (2005). Positive association of the oxytocin receptor gene (OXTR) with autism in the Chinese Han population. Biol. Psychiatry 58, 74–77.

Zöllner, S., and Pritchard, J. (2007). Overcoming the winner’s curse: estimating penetrance parameters from case-control data. Am. J. Hum. Genet. 80, 605–615.

Appendix

Descriptions of Psychological Control Measures

Empathy

The interpersonal reactivity index (IRI; Davis, 1983) contains four sub-scales, each tapping into a separate facet of empathy: the perspective taking scale assessing the reported tendency to spontaneously adopt the psychological point of view of others in everyday life (e.g., I sometimes try to understand my friends better by imagining how things look from their perspective), the empathic concern scale assessing the tendency to experience feelings of sympathy and compassion for unfortunate others (e.g., I often have tender, concerned feelings for people less fortunate than me), the personal distress scale assessing the tendency to experience distress and discomfort in response to extreme distress in others (e.g., Being in a tense emotional situation scares me), and the fantasy scale assessing the tendency to imaginatively transpose oneself into fictional situations (e.g., When I am reading an interesting story or novel, I imagine how I would feel if the events in the story were happening to me). Subjects were asked to read statements (n = 28) about their thoughts and feelings in a variety of situations and to decide how well each statement describes them on a five-point Likert scale (1 = strongly disagree to 5 = strongly agree). A total score for empathy was derived by taking the mean across the four sub-scales.

Theory of mind ability

The reading the mind in the eyes test (RMET; Baron-Cohen et al., 2001) is a standardized multiple-choice test that assesses individual differences in the ability to infer the mental states of strangers. The RMET contains black-and-white photos (n = 36) of the eye region of different individuals. Each photo displays a particular cognitive or affective-state and is paired with four affective-state adjectives as response options (e.g., terrified, upset, arrogant, and annoyed). Subjects were asked to select the adjective that in their judgments best describes what the individual in the photo is feeling or thinking. A total score for theory of mind ability was derived by calculating the percentage of correct answers.

Altruism

The Rushton altruism scale (RAS; Rushton et al., 1981) is a self-report scale that assesses individual tendency to altruistic behaviors. Subjects were asked to read statements (n = 20) describing altruistic behaviors (e.g., I have donated goods or clothes to a charity) and to indicate the frequency with which they carry out those behaviors on a five-point Likert scale (1 = never to 5 = very often). A score for altruism was derived by taking the sum of ratings of all statements.

Attachment style

The Relationship Scale Questionnaire (RSQ; Griffin and Bartholomew, 1994) is a self-report scale that assesses four attachment styles: secure, dismissive, preoccupied, and fearful. Subjects were asked to read statements (n = 30; e.g., I worry that I will be hurt if I allow myself to become too close to others) and to rate the extent to which they believe those statements best describes their feelings about close relationships on a five-point Likert scale (1 = not at all like me to 5 = very much like me). Scores for each attachment style were derived by taking the mean of ratings for each attachment prototype.

Personality style

The NEO five-factor inventory (NEO-FFI; Costa and McCrae, 1992) is a psychological personality inventory of the Five-Factor Model: extraversion, agreeableness, conscientiousness, neuroticism, and openness to experience. Subjects were asked to read statements (e.g., I work hard to accomplish my goals) and to rate the extent to which those statements (n = 60) represents their opinion on a five-point Likert scale (1 = strongly disagree, 5 = strongly agree). Scores for each personality style were derived by calculating the T-score (i.e., low average: 43–47, average: 48–52, high average: 53–57) for each of the five-factors.

Table A1. Investor’s money transfers (mean ± SD) and trustee’ money back transfers (monetary units, MU) for the GG and AG/AA groups at each trust level.
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Figure A1. Distribution of trustee’s money back transfers in the trust experiment. (A) Average back transfers in the GG group at each transfer and back transfer level. (B) Average back transfers in the AG/AA group at each transfer and back transfer level. MU, monetary unit.



 


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

Received: 11 October 2011; Accepted: 16 January 2012; Published online: 02 February 2012.

Citation: Krueger F, Parasuraman R, Iyengar V, Thornburg M, Weel J, Lin M, Clarke E, McCabe K and Lipsky RH (2012) Oxytocin receptor genetic variation promotes human trust behavior. Front. Hum. Neurosci. 6:4. doi: 10.3389/fnhum.2012.00004

Copyright © 2012 Krueger, Parasuraman, Iyengar, Thornburg, Weel, Lin, Clarke, McCabe and Lipsky. This is an open-access article distributed under the terms of the Creative Commons Attribution Non Commercial License, which permits non-commercial use, distribution, and reproduction in other forums, provided the original authors and source are credited.










	 
	OPINION ARTICLE
published: 08 May 2012
doi: 10.3389/fnhum.2012.00123
	[image: image1]






Neuroimaging evidence for social rank theory

Marian Beasley1*, Dean Sabatinelli2 and Ezemenari Obasi1

1 Hwemudua Alcohol and Health Disparities Laboratory, Department of Counseling and Human Development Services, The University of Georgia, Athens, GA, USA

2 Department of Psychology, I BioImaging Research Center, The University of Georgia, Athens, GA, USA

*Correspondence: mbeasle5@uga.edu




Recent advances in imaging have enabled the study of social rank, which refers generally to an individual’s social standing as either dominant or subordinate in a group, in relation to brain structure and function. From an evolutionary perspective, the mind is a modular structure from which various psychological traits and processes evolved in order to promote the success of the individual and the species. Gilbert (2000) argues that social rank theory explains responses reflecting such a system, which appears to have functional underpinnings linking limbic, prefrontal, and striatal structures (Levitan et al., 2000). Researchers argue that this evolved system for responding to status information during social exchanges serves to facilitate cohesion in social rank encounters; namely, competition and/or cooperation for access to resources (Gilbert, 2000; Levitan et al., 2000).

Several questions emerge from this evolutionary perspective when considered in the context of social rank: How does social rank manifest behaviorally in humans? What environmental conditions might change how the brain uses rank to navigate social landscapes successfully? Furthermore, what are the underlying neural processes associated with these evolved systems?

The present discussion briefly discusses social rank as a theoretical construct, explores the behavioral manifestations of social rank, and reviews the neuroimaging support for social rank theory as a conceptual framework in which neural processes reflect an evolved psychological process. While a wealth of research provides conceptual support for this process in the animal model (Blanchard et al., 2001; Sapolsky, 2005; Morrison et al., 2011), here we review recent evidence for the neural basis of social rank in humans.

Social Rank: Theory and Behavior

Social rank can be conceptualized as a function of several related factors, including resource inequity, maintenance and stability of the hierarchy, subordinate coping strategies, mating style, personality variability, and culture (Sapolsky, 2004, 2005). In humans, organizational hierarchies such as those found in employment settings serve to create natural dominants (i.e., employers) and subordinates (i.e., employees).

Empirical evidence for behavioral manifestations of social rank (i.e., the extent to which submissive versus dominant rank is associated with particular behaviors) implicates threat (i.e., feeling criticized) and inferiority as central to the social rank system (Fournier et al., 2002; Zuroff et al., 2010). According to Gilbert (2005) social rank in humans, wherein perceived rank impacts the individual as much as actual rank (Adler et al., 2000), reflects the ability to attract the attention, admiration, and investment of others; when this goal is thwarted or unattainable, hopelessness and depression ensue.

How does social rank operate within a hierarchy in humans (i.e., what behaviors can be expected from dominant and subordinate individuals during rank contests)? Fournier et al. (2002) corroborated findings from primate studies (de Waal, 1989) and found that threat appraisals elicit escalation behaviors toward subordinates and de-escalation behaviors toward dominant superiors. Specifically, findings suggest that individuals in a workplace setting displayed higher levels of dominance (e.g., stated an opinion) when confronted by subordinates and higher levels of submissiveness (e.g., withheld opinions; gave in) toward higher status others. Levels of agreeableness (e.g., words/gestures of affection) and quarrelsomeness (e.g., confrontation; sarcasm) followed a similar pattern, suggesting a complex system for behavioral responses to rank contests as a function of affiliation and control.

Social rank processes can also predict group performance as a function of group leaders’ and members’ levels of coalition building (e.g., finding value in teamwork), dominant leadership (e.g., comfort in leadership roles; self-promotion), and ruthless self-advancement (e.g., concealing personal agendas; disloyalty; competition). Groups perform better when group leaders and members are both high in coalition building, while groups with leaders and members all exhibiting high levels of ruthless self-advancement appear to perform the worst (Kelly et al., 2011).

The complementarity hypothesis suggests social rank might also be a function of perceived non-verbal cues. That is, individuals display dominance through postural expansion (i.e., extending limbs) when their equal-status though unfamiliar counterpart displays submission through postural constriction (i.e., bringing limbs inward; Tiedens and Fragale, 2003). In friendships, we see evidence that insecure attachment sensitizes individuals to defend against shame and rejection from others through submissive behaviors (i.e., failing to defend oneself to criticism; avoiding direct eye contact; Irons and Gilbert, 2004). While the models differ in approach, research seems to support the premise that individuals tend to behave in ways that will ultimately create the most comfortable relationships (Fournier et al., 2002).

An empirical question emerges: what are the underlying neural mechanisms orchestrating social rank responses? An evolutionary perspective suggests that if social rank theory applies to modern human behavior, there may be evidence of relevant neural activation to facilitate these processes. Levitan et al. (2000) theorizes that a neural circuit linking limbic, prefrontal cortex, and striatal structures reflect the emotional, cognitive, and behavioral components of rank-related social interactions. Recent investigations examining the structure and function of brain areas associated with social rank offers preliminary support for this neural mechanism of a human social rank system.

Neuroanatomy of Social Rank

Limbic and Prefrontal Cortex

In an investigation of the neural mechanisms responsible for processing social superiority and inferiority cues in both stable and unstable hierarchies, Zink et al. (2008) used fMRI to measure brain activation in participants presented with an interactive game in which simulated players were manipulated to be either superior or inferior in game-related skills. The simulated players’ statuses were held constant in a contrived “stable hierarchy” condition and allowed to vary periodically during a contrived “unstable hierarchy” condition. Results indicated that in a stable hierarchy, viewing a superior, relative to an inferior player activates bilateral occipital/parietal cortex, striatum, parahippocampal cortex, and dorsolateral prefrontal cortex. No unique activation associated with viewing an inferior player was identified. Specific to the unstable hierarchy condition, several additional brain areas were recruited when viewing the superior player. These include the bilateral thalamus, right amygdala, posterior cingulate, medial prefrontal cortex, premotor cortex, somatosensory cortex, and supplementary motor area. The findings of this study suggest that stability of the hierarchy differentially affects the neural processing of social status cues and supports the hypothesized role of corticolimbic and prefrontal cortex in social rank processing.

Gianaros et al. (2007) investigated the effects of perceived social status on neurological health using MRI data to uncover structural changes involved in the stress of lower social status. Results showed that self-reported low social status predicted reduced gray matter volume in the perigenual area of the anterior cingulate cortex, a paralimbic brain region implicated in adaptive emotional and physiological responding to psychosocial stressors. This pattern held even when accounting for other demographic (e.g., age, sex), psychological (e.g., depressive symptomatology), and conventional (e.g., SES) variables. Contrary to expectations, no associations were found between subjective SES and amygdala gray matter volume, which the authors interpret to be a result of methodological limitations (i.e., failure of voxel-based morphometry to uncover neuronal and cellular changes). Such reduced gray matter volume, particularly in the brain areas responsible for responding to psychosocial stressors, might be associated with mood and stress dysregulation (Sapolsky, 2004, 2005; Gesquiere et al., 2011).

Striatum

Based on previous work identifying the ventral striatum as a primary structure involved in processing social status information, Ly et al. (2011) investigated the relationship between one’s own hierarchical status and brain activation during processing of status information. Specifically, the authors examined striatal activity using fMRI in individuals with varying levels of perceived rank, by presenting participants with pictures of individuals labeled as comparatively high and low status relative to the participant. Results showed that striatal activity was dependent on the participant’s perceived status. High-status individuals exhibited a greater striatal response to images of higher status people, and low status participants exhibited a greater striatal response to images of lower-status people. The authors note that self-similarity and actual rank status are likely not solely responsible for explaining the observed effect of relative hierarchical status on striatal activation.

Conclusion

The neuroimaging evidence discussed here provides preliminary support for the role of limbic, prefrontal, and striatal pathways in human social rank processing. However, other brain structures may also be implicated, including visual associative processing areas (i.e., intraparietal sulci; Chiao et al., 2009).

In summary, these findings suggest that social hierarchy stability and perceived rank differentially impact the neural activation of relative status processing. It should also be noted that no empirical study to date has specifically examined the neural bases of involuntary defeat strategies (IDS) associated with social rank, and this gap in the literature offers fertile ground for future investigations. While the empirical understanding of the behavioral manifestations of social rank in various social strata (e.g., SES) is speculative, the link between a particular rank status and deleterious health outcomes is clear for subordinates (presumably low SES; Adler et al., 2000; Sapolsky, 2005) and highest ranking dominants (presumably high SES, Gesquiere et al., 2011) and future research might further shed light on these phenomena. What can be concluded from the present literature is that extant neuroimaging research support social rank as a brain-based system for recognizing and interpreting social status and rank-related information, and that future work may reveal the relationship of a social rank brain network and its role in social interactions.
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The human reward system is sensitive to both social (e.g., validation) and non-social rewards (e.g., money) and is likely integral for relationship development and reputation building. However, data is sparse on the question of whether implicit social reward processing meaningfully contributes to explicit social representations such as trust and attachment security in pre-existing relationships. This event-related fMRI experiment examined reward system prediction-error activity in response to a potent social reward—social validation—and this activity's relation to both attachment security and trust in the context of real romantic relationships. During the experiment, participants' expectations for their romantic partners' positive regard of them were confirmed (validated) or violated, in either positive or negative directions. Primary analyses were conducted using predefined regions of interest, the locations of which were taken from previously published research. Results indicate that activity for mid-brain and striatal reward system regions of interest was modulated by social reward expectation violation in ways consistent with prior research on reward prediction-error. Additionally, activity in the striatum during viewing of disconfirmatory information was associated with both increases in post-scan reports of attachment anxiety and decreases in post-scan trust, a finding that follows directly from representational models of attachment and trust.

Keywords: reward system, prediction-error, social reward, attachment, love, striatum, trust, fMRI




Introduction

The human reward system anticipates and monitors the acquisition of primary rewards such as food (Ikemoto, 2007), and conditioned rewards like money (Pessiglione et al., 2006). Yet, recent evidence suggests this system also responds to purely social rewards like altruistic behavior (Moll et al., 2006; Hare et al., 2010), verbal praise (Kirsch et al., 2003), approving faces (Rademacher et al., 2010), equitable treatment (Tabibnia et al., 2008; Tricomi et al., 2010), and reputational gains (Behrens et al., 2008). These findings and others suggest that the reward system, its integrated subcortical and cortical networks plays a pivotal role in the development of long-term social attachments (i.e., relationships), affiliative traits, and representation of specific social partners. Moreover, these findings also suggest that social representations learned through a process of associative learning similar to that which underlies basic stimulus-behavior conditioning and reinforcement (see Depue and Morrone-Strupinsky, 2005; Fehr and Camerer, 2007; Behrens et al., 2008; Lieberman and Eisenberger, 2009; Grabenhorst and Rolls, 2011; Lin et al., 2012).

Reward system regions, such as the ventral striatum and the ventral tegmental area (VTA), evidence a prediction-error signal consisting of fluctuations of activity in response to violations of expectations for potential rewards outcomes. The VTA and anterior portion of the ventral striatum (aVS) evidence this activity in response to both unexpected gains and omissions of rewards (Schultz, 2006; D'Ardenne et al., 2009), while more posterior portions of the ventral striatum (pVS) show this activity in response to unexpected losses (see Seymour et al., 2007). A wide body of research indicates that prediction-error activity largely provides the basis for the reward system's role in associative learning, and modulates activity in cortical regions such as the ventromedial prefrontal cortex (vmPFC), which in turn provide a representational basis for both the incentive qualia of external stimuli and their reliability as a source of reward (Depue and Morrone-Strupinsky, 2005; Ikemoto, 2007; van den Bos et al., 2007; see also Kahnt et al., 2010). Empirical work finds that activity within the VTA discriminates between images of romantic partners, friends, and strangers (Bartels and Zeki, 2000; Aron et al., 2005; Xu et al., 2010; Acevedo et al., 2012; see Diamnond and Dickenson, 2012 for review). Numerous other studies demonstrate reward system prediction-error signals under conditions of social reward-related reinforcement expectation violation (Behrens et al., 2008; Jones et al., 2011; see Fehr and Camerer, 2007 for reviews). Additionally, other studies similarly find signals related to social validation and rejection within cortical reward system projection sites such as the anterior cingulate cortext (Eisenberger et al., 2003; Somerville et al., 2006) and vmPFC (see Grabenhorst and Rolls, 2011; Lin et al., 2012). Collectively, a wide body of research finds evidence the mesocorticolimbic reward system and integrated cortical networks serves as a common valuation-learning system across classes of reward, including social rewards (see Fehr and Camerer, 2007 for review). However, evidence for reward system sensitivity to social rewards is largely limited to studies of strangers engaged in game-theoretic simulations of social interaction, studies wherein participants are evaluated by hypothetical peers, and studies of participants viewing images of their romantic partners. No study has yet examined reward system prediction-error in response to violations of participants' a priori social reward expectations perpetrated by participants' actual relationship partners. This leaves unclear the full extent to which theory about the reward-system's role in social cognition and relationship formation generalizes to day-to-day social life.

Additionally, research has not yet linked reward system activation in response to social feedback from specific individuals with changes in specific representations of those individuals (e.g., attachment). The extent to which models of reward-system mediated learning apply to the development of social representations and sentiments in a similar way that they do to behavioral outcomes and intuition (Lieberman, 2000) remains unclear, and data is limited with respect to whether social attachment representations, in particular, are learned through a process of social reward mediated, associative learning and valuation that is dependent on the mesocorticolimbic reward system. Nonetheless, there is reason to believe such links do exist (see Amodio and Frith, 2006; Vrticka et al., 2008; Insel, 2010). Attachment security (see Pierce and Lydon, 2001; Reis et al., 2004; Shaver and Mikulincer, 2006) and trust (Rempel et al., 1985) hinge on the predictability—moreso than positivity or negativity—with which specific romantic partners are responsive to self-related needs for esteem, validation, and care (Rempel et al., 1985; Reis et al., 2004; Eastwick and Finkel, 2008). Indeed, Attachment Theory (see Shaver and Mikulincer, 2006 for review) asserts that the conceptual attachment system dynamically regulates care-seeking behavior based on the reliability with which partners are responsive and that both globalized (across relationships) and partner specific models of attachment (within specific relationships; see Pierce and Lydon, 2001). Unpredictable partners engender insecure-anxious attachments (see Shaver and Mikulincer, 2006 for review) toward specific partners, characterized by appetitive partner-related seeking behaviors and rumination (Eastwick and Finkel, 2008). In this respect, attachment anxiety represents uncertainty about relationship partners, provides the motivational impetus for pursuing and engendering deeper commitments with relationship partners (Eastwick and Finkel, 2008), and coincides with feelings of intense romantic affect (romantic passion; Hatfield and Walster, 1978). Other research notes that this intense affect bears semblance to addiction-related phenomenology (Aron et al., 2005; see also Ortigue and Bianchi-Demicheli, 2008) and may be intimately tied to reward system functions (Hyman, 2005). Taken together, prevailing models of attachment development and phenomenology are remarkably reminicient to those of reward-system mediated learning.

Using an event-related fMRI paradigm in a sample of real romantic partners, we examined whether the reward system evidences prediction-error-like signals under conditions of social reward-related uncertainty owing to violations of participants' a priori self-reported expectations for their romantic partners' valuation of them on positive attributes (esteem; social-reward). Moreover, given extisting research and the similarities between attachment dynamics and reward-system processing, we expected that unpredictable violation and validation of individuals' expectations for their current partners' esteem of them (social reward) should be associated with increases in partner-specific attachment anxiety (uncertainty in specific relationships) and decreases in partner-specific trust (certainty in specific relationships). Furthermore, we expected that regional activity in key mesocorticolimbic reward system areas during expectation violations would be related to task-related reports of attachment anxiety, trust, and task-related affect, and whether activity owing to violations of in either positive or negative directions would have differential associations on these reports.

Methods

Sample

Participants were 17 right-handed individuals [nine women; Age (yrs.): M = 26.44; SD = 7.89] currently involved in a long-term romantic relationship [Relationship Length (mos.): M = 52.94; SD = 54.84], recruited through Craigslist postings. Participants' romantic partners provided supporting data. No participants reported MRI contraindications.

Intake Questionnaire

Prior to the lab session, participants and their partners completed online intake questionnaires in which they appraised how descriptive each of 100 positive attributes were of their partner and their relationship, as well as reported their expectations of how their partners' would appraise them on each of the items (see “Appendix” for complete list). Items originated from measures assessing commitment (Rusbult et al., 1998), partner responsiveness (Gable et al., 2006), partner preference (Fletcher et al., 1999), and partner investment (Ellis, 1998). Participants made appraisals with 7-point Likert scales [anchors: A Little (1), Exceedingly (7); mid-point: Moderately (4); M = 5.24, SD = 0.73, range = 3.12, skew: −0.08]. Participants also completed pre-task measures of relationship-specific attachment anxiety (after Brennan et al., 1998) and partner-specific trust, using 9-point [anchors: Not At All True (1), Strongly Agree (9)] and 7-point [anchors: Strongly Disagree (1), Strongly Agree (7)] Likert scales, respectively.

Laboratory Session

One week later, participants came to the lab and were told that they would receive “feedback” from their partners' appraisal questionnaires—statements similarly phrased to match items in the intake questionnaire, that would reflect their partners' reported appraisals of them (see “Appendix” for additional information). In reality, this feedback was based solely on participants' expectations of their partners' appraisals of them.

During the subsequent MRI session, functional scans were acquired while participants received feedback either confirming or violating their expectations about their partners' questionnaire responses, on a trial-by-trial basis (see “Appendix” for fMRI considerations). Participants received three different kinds of feedback: (1) confirmations of their expectations (i.e., exactly as expected), (2) positive violations of their expectations (i.e., better than expected), and (3) negative violations of their expectations (i.e., worse than expected). Positive and negative violations were operationalized as prediction-error events during this task, and were constructed by adding or subtracting two scale points from participants' responses to the reflected appraisal questionnaire. For example, if participants marked “VERY” (scale point: 5) to the item, “I think my partner thinks I am ____ kind,” a confirmation would be phrased, “I think (Participant Name) is VERY (scale point: 5) kind.” A positive violation would be phrased, “I think (Participant Name) is EXCEEDINGLY (scale point: 7) kind.” A negative violation would be phrased, “I think (Participant Name) is FAIRLY (scale point: 3) kind.” Participants were not shown scale numbers, but were aware of where the different labels fell on the scale due to extensive exposure to the scale prior to scanning. Items were randomly assigned to be either confirmations or violations.

Multiple efforts were made to ensure that participants believed the cover story and that they actually received feedback from their romantic partners. First, prior to the task, participants rated another “participant,” who would take part in the study at a later data, on the same intake questionnaire items and scale they used to appraise their partner. This exercise served the purpose of reacquainting participants with the scaling used in the intake appraisal questionnaires—in reality, there was no other participant. Second, the task began with 10 training trials, which included an audio recording of partners actually reading the statement out loud. Stimuli for training trials were selected from a pool of items wherein participants' expectations about their partners' responses to appraisal items were identical to their partners' actual appraisals of them (training trials were not included in analyses). In this way, partners' were not suspicious of the credibility of stimuli they were recording for subjects (see “Appendix” for more details).

The remaining 90 trials were presented as part of the actual task. Each displayed one item taken from the appraisal questionnaires. Items were placed in sentences phrased as though participants' partners were directly reporting them. For example, for the “kind” item, participants would see, “I think (Participants' Name) is VERY kind.” Furthermore, trials were comprised of three parts: an uniformly sampled interstimulus interval (ISI) or “jitter” lasting 0.5–1.5 s, an anticipatory event [e.g., I think (Participants' Name) is _____ kind”] lasting 1.0 s, and “feedback” [e.g., I think (Participants' Name) is VERY kind”] lasting 3.0 s (see Figure 1). Additionally, of the 90 trials, 48 were confirmatory, 21 were positive violations, and 21 were negative violations. Trials were nested into blocks of 10, which were counterbalanced across the task. Blocks, like trials, varied with respect to confirmation or violation and were counterbalanced across the task. Confirmatory blocks were composed of eight confirmation trials, one positive expectation violation trial, and one negative violation trial. Positive and negative expectation violation blocks were composed of six violation trials and four confirmation trials. This design was adopted for two primary reasons: (1) to ensure that across the task and violation blocks, participants' expectations across the task remained centered around their responses to the reflected appraisal questionnaire thereby preserving the efficacy of stimulus presented as confirmatory feedback or a violation of a priori expectations; (2) to examine the differential impact of expectation violations in either positive or negative directions on social reward processing and task-related reports of attachment anxiety and trust (see below).
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Figure 1. Schematic depiction of trials within blocks. Trials were composed of a.5–1.5 s interstimulus interval (ISI; M = 1 s). This was followed by a 1s anticipatory event, which presented participants with statements reflecting the trait their partner's appraised them on, excluding their partner's actual appraisal. Finally, participants were presented with an adjective associated with partner's appraisals of them (“feedback”) in a 3 s event.



Interspersed between the blocks were randomized questions that prompted participants to reflect on and report affect related to experiences of romantic passion. Each question separately asked for participants' reports of feeling enthusiastic/excitement (i.e., “How much ENTHUSIASM or EXCITEMENT do you feel regarding your partner's responses right now?”) and feeling upset/anxious (i.e., “How much UPSET or ANXIETY do you feel regarding your partner's responses right now?”). Participants were given five seconds to rate their feelings for each question on a four-point Likert scale [responses: 0 (“None”), 1 (“A Little”), 2 (“A Lot”), 3 (“A Great Deal”)], using a button box. After participants completed the task, they were asked to report on their contemporaneous feelings of relationship-specific attachment anxiety (Brennan et al., 1998) and partner-specific trust (Rempel et al., 1985) in a post-task questionnaire, using measures identical to those in the intake questionnaires.

Results

Behavioral Responses

Of the 17 participants in the MRI study, 16 completed both pre- and post-task measures of relationship-specific attachment anxiety and partner-specific trust. One additional outlier evidenced high levels of anxiety in pre- and post-task anxiety measures (more than 4 SD from the mean) and was excluded from analysis, leaving 15 participants included in these analyses. Paired-samples t-tests revealed no significant differences between pre- (M = 5.65, SD = 0.67) and post-task measures of trust (M = 5.43, SD = 0.94) [t(14) = 1.37, p = 0.19]. However, participants' post-task attachment anxiety reports (M = 2.91, SD = 1.34) were significantly greater than their pre-task reports (M = 2.19, SD = 1.19) [t(14) = 3.34, p < 0.05]. This increase from pre- to post-task anxiety remained significant when the aforementioned outlier was included (see “Appendix”). Moreover, the differences between pre- and post-task attachment anxiety and trust were inversely associated (r = −0.90, p < 0.001)—increases in attachment anxiety (relationship uncertainty) across the task accompanied decreases in trust (relationship certainty).

Across the task, reports of affect related to romantic passion varied by block type. Post-hoc comparisons based on multiple One-Way, repeated measures ANOVAs suggested that participants reported feeling more enthusiasm/excitement following positive violation blocks than either negative violation blocks (ΔM = 0.99, SE = 0.13, p < 0.001) or confirmatory blocks (ΔM = 0.51, SE = 0.12, p < 0.01). Likewise, participants reported feeling more upset/anxious following negative violation blocks than either positive violation blocks (ΔM = 0.83, SE = 0.11, p < 0.001) or confirmatory blocks (ΔM = 0.49, SE = 0.16, p < 0.05) (see Table 1).

Table 1. Marginal means for affect measures by block type.
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Participants reported more attachment anxiety following the prediction-error task, which involved 42 violations of expected feedback (out of 100). And, although participants did not report less trust for their partner following the task, decreases in pre- to post-task trust were associated with increases in attachment anxiety. This indicates that the task challenged participant's expectations about their partner's sentiments toward them, engendering a sense of uncertainty about their relationship, and evoking reactions that coincide with such uncertainty.

Neuroimaging Data

All analyses reported here relied on a priori region of interest (ROI) contrasts between events using the MarsBaR toolbox for SPM (Version 0.41; Brett et al., 2002). ROIs were specified in advance for reward system areas: the aVS and pVS, the VTA, and the vmPFC (see Figure 2; see “Appendix” for ROI specification). Statistical analyses were first conducted by way of contrasts comparing confirmatory trials with violation trials (both positive and negative combined), and then by comparing confirmatory trial with both positive and negative violation trials separately. In contrasts between confirmatory and combined violation trials, no significant differences were observed across the four ROIs, save for a marginal effect suggesting increased aVS activity in during violation trials compared to confirmatory trials [t(16) = 1.48, p = 0.08]. However, finer comparisons between confirmatory trials and each violation trial types (positive and negative) revealed that responses in the VTA were enhanced during positive violation trials relative to confirmatory trials [t(16) = 2.14, p < 0.025] and diminished during negative violation trials relative to confirmatory trials [t(16) = −3.10, p < 0.01]. There were no significant differences in vmPFC activity during either positive violation trials compared to confirmatory trials [t(16) = 1.11, p = 0.14], or negative violation trials compared to confirmatory trials [t(16) = −0.06, p = 0.52]. Activity in the aVS was not significant during positive violation trials relative to confirmatory trials [t(16) = 0.86, p = 0.20], but exhibited marginally significant increases during negative violation trials compared to confirmatory trials [t(16) = 1.49, p = 0.08]. Finally, the pVS demonstrated significant increases during negative violation trials compared to confirmatory trials [t(16) = 2.30, p < 0.025], but not in positive violation trials relative to confirmatory trials [t(16) = 0.06, p = 0.48] (see Figure 3).
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Figure 2. Independent, a priori defined regions of interest used in analyses. Note: x, y, and z refer to MNI coordinates indicating the centers of mass for each ROI in left-right, anterior-posterior, and superior-inferior dimensions.
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Figure 3. Mean differences in ROI parameters, by contrast. * = p < 0.05, ** = p < 0.01. Note: P vs C = Positive Violations – Confirmations; N vs C = Negative Violations – Confirmations.



Overall, the observed pattern suggests that VTA activation discriminated between positive violation, negative violation, and confirmatory social feedback, in a specific pattern consistent with prior research on prediction-error in the reward system. Likewise, the pattern of pVS activity corresponds with that of Seymour and colleagues (2007) research, which found increased activation at similar coordinates for negative prediction-errors in the context of economic losses relative to gains (x = −16, y = 0, z = −10) (see also Delgado et al., 2008). This suggests that negative violations of expectations elicited prediction-error signals in independently defined, a priori ROIs within the VTA and pVS.

Effects of Positivity/Negativity

We next investigated an alternative hypothesis—whether ROI activity across trials of each type (i.e., positive violation, confirmation, negative violation) was an artifact of the magnitude with which the task stimuli were valenced (positivity or negativity) rather than being modulated by the confirmatory or non-confirmatory (expecation violation) nature of the stimuli. First, we assigned numerical values to task stimuli associated with each trial, indicating their valence (e.g., a little = 1, very = 4, exceedingly = 7). These values (i.e., valence) were then modeled as a linear parametric modulator of hemodynamic response for each trial type. We examined whether ROI activity was linearly associated with the valence of task stimuli. If ROI activity was an artifact of the positivity or negativity of the stimuli, then it should be linearly associated with ROI activity across all trial types, regardless of their confirmatory or non-confirmatory nature. However, we found no significant or marginal linear association between ROI activity and the magnitude with which stimuli were valenced, in either positive violation or confirmatory trials. Valence was inversely associated with both vmPFC activity [t(17) = −3.50, p < 0.01] and pVS activity [t(17) = −1.70, p = 0.05], but only for negative violation trials. This suggests that VTA ROI activity resembling prediction-error signals was not an artifact of the positivity or negativity of the task stimuli alone, but driven by the confirmatory or non-confirmatory nature of the stimuli and the directionality (positive or negative) of expectation violations. It should be noted that confirmatory stimuli were not “neutral,” but included the same range of positivity or negativity as was presented in either violation trial-type. Additionally, pVS activity was selectively modulated within negative violation trials; activity was both sensitive to non-confirmatory, aversive stimuli, and selectively tracked the degree of deviation from expectations, or loss. This is consistent with prior findings that such activity tracks aversive prediction-errors in the context of economic loss (Seymour et al., 2007, 2012; see Delgado et al., 2008 for review).

Associations Between Self-Report and fMRI Responses

Parameter estimates from the analyses above (i.e., differences between confirmation and both types of violation trials) were correlated with task-related affect and measures of both partner-specific attachment security and partner-specific trust. These analyses included 15 of the 17 total participants—one was excluded due to failure to complete both pre- and post-test attachment measures and another due to statistically anomolous reports of high anxiety in both pre- and post-task reports of attachment (see above; see also “Appendix”). No significant associations emerged between task-related affect and ROI activity. Also, there were no significant associations between pre-post task difference scores on measures of attachment and trust. However, ROI activity was related to post-task measures of both attachment and trust. Post-task attachment anxiety was positively associated with activity in the vmPFC (r = 0.54, p < 0.05) and aVS (r = 0.61, p < 0.05) in positive violation trials compared to confirmatory trials (see Figure 4). Furthermore, activity in the aVS from the same contrast was negatively associated with post-task reports of trust (r = −0.58, p < 0.05). These associations remained statistically reliable even with the inclusion of outliers; aVS associations with anxiety and trust remained significant, and vmPFC associations with anxiety were marginal. Put differently, greater activity in these regions during the receipt of unexpectedly positive feedback was associated with greater partner-specific attachment anxiety after the task, and less partner-specific trust.
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Figure 4. Associations between ROI parameters and post-task measures. Significant associations between: (A) aVS activity and post-task attachment anxiety; (B) aVS activity and post-task interpersonal trust; (C) vmPFC activity and post-task attachment anxiety. All activity is from positive violation trials relative to confirmatory trials.



Discussion

Previous research demonstrates that the reward system is sensitive to social rewards, but such research generally utilizes economic games played between strangers, social evaluatory paradigms involving simulated interactions with peers, or studies of romantically involved participants that lack any interactive component. With a sample of real romantic partners and utilizing an adapted gain-loss paradigm (after Seymour et al., 2007), we investigated reward system processing of stimuli that either confirmed or violated expectations of social-reward, and whether reward system processing under these conditions was in turn related to task-related attachment anxiety and trust directed toward relationship partners. Our results suggest that violation of a priori social-reward expectations within the context of pre-existing social relationships elicits a prediction-error-like signal in dey reward-system regions of interest (i.e., VTA, striatum). Similar to those discovered in other paradigms investigating social reward. Unexpected gains and losses in partners' positive esteem for the self and relationship modulated reward-system activity consistent with other research on prediction-error; compared to confirmatory trials, positive expectation violation trials yielded activation in the VTA, while negative expectation violation trials yielded deactivation in the VTA and activation in the pVS. Though activity in the aVS did not exhibit prediction-error-like modulation in response to non-confirmatory stimuli (see Pessiglione et al., 2006; cf. Robinson et al., 2010), the patterns of activation/deactivation we find in the VTA are remarkably consistent with prior findings in reward system prediction-error in both social (Behrens et al., 2008; Jones et al., 2011; Lin et al., 2012) and non-social paradigms (Abler et al., 2006; Schultz, 2006; D'Ardenne et al., 2009). In this respect, our results both extend findings from previous studies and lend additional external validity to processes implicated by previous research—reward system activity may play an important role in day-to-day social cognition within interactions between actual relationship partners.

While the contribution of the pVS to prediction-error processing in the reward system is less clear than that of the VTA or anterior aspects of the ventral striatum, its activity might reflect serotonergic processes that modulate dopaminergic activity in the anterio-medial ventral striatum under conditions of reward-related loss (Seymour et al., 2007, 2012; cf. Delgado et al., 2008). Our findings lend support of the role in this area to reward processing; like Seymour et al. (2007, 2012) we used gain/loss paradigm for studying reward system prediction-error, rather than a dichotomous outcome paradigms (reward/reward omission, reward/punishment, social inclusion/exclusion). We replicate their findings of Seymour et al. (2007) and extend them to the context of social reward, finding that task-related valence inversely modulated pVS activity, but only in the context of negative expectation violation. Given (1) that in previous research differentiating anterior from posterior VS processes in the context economic reward and loss, pVS activity was selective for non-positive, loss-related aversive prediction-error, (2) our own findings in the pVS and the VTA, and (3) that our findings in the VTA activity were not an artifact of the positivity or negativity associated with task stimuli, but rather whether or not stimuli were positive or negative deviations from expected outcomes, our results indicate a prediction-error-like signal in the context of pure social feedback within existing relationships.

Previous research on social reward has not yet made direct linkage between social attachment-related mental representations in real social relationships, and the affect that accompanies changes in these representations. While we found significant increases in attachment anxiety and decreases in trust across the task, we did not find that pre-post task difference scores on measures of attachment and trust were related to BOLD signals—perhaps due to a subtle manipulation and small effect sizes in these comparisons. However, we find that post-task reports of relationship-specific attachment anxiety and partner-specific trust did covary with reward system activation in theoretically meaningful ways. First, attachment anxiety was associated with increased reward system activation in positive violation trials relative to confirmatory trials, in regions that are strongly associated with appetitive goal-pursuit (aVS, vmPFC; see Depue and Morrone-Strupinsky, 2005). This is a meaningful association given that attachment anxiety is an appetitive representation that encompasses an uncertainty about relational outcomes, a compulsive drive for closeness with partners, and intense positive and negative experiences of love (Eastwick and Finkel, 2008). Although it seems paradoxical that unexpected reward-related gains could promote anxiety, this is precisely what attachment theory would predict; attachment anxiety represents an uncertainty about relational outcomes and the extent to which partners reciprocate romantic sentiment (Shaver and Mikulincer, 2006), but does not exclusively manifest as negative experiences. Rather, it is related to compulsive partner proximity seeking (appetitive behavior) and therefore may stem from both positive and negative experiences arising from either unexpected gains or losses in perceptions of interpersonal closeness (romantic passion: Baumeister and Bratslavsky, 1999; Eastwick and Finkel, 2008). Second, we find that post-task reports of trust were inversely associated with aVS activation in positive violation trials relative to confirmatory trials. Conceptually, trust runs opposed to attachment anxiety. It is based upon notions of predictability, dependability, and faith—certainty that partners will fulfill our needs (Rempel et al., 1985). In this respect, these findings compliment our attachment findings, suggesting that aVS activation is positively associated with feelings of uncertainty in relationships (attachment anxiety), but inversely associated with feelings of certainty in relationships (trust). Moreover, given that aVS activation in positive violation trials relative to confirmatory trials was related to outcomes (i.e., increased anxiety, decreased trust), task-related variations in self-report data and neural modulation were more likely driven by errors in prediction rather than by the positivity or negativity of the stimuli, alone. If the later were the case, we would expect a pattern in opposition to the one we found.

Collectively, our findings supplement previous research suggesting that the reward system might not just monitor social reward outcomes but, through its integration with the medial prefrontal cortex, motor cortex, and limbic system, may be involved in learning and developing explicit, partner-specific representations of attachment security and trust, as well as behavioral strategies in service of achieving social needs for understanding, self-validation, and care (see Reis and Patrick, 1996; Reis et al., 2004; see also Ortigue and Bianchi-Demicheli, 2008). Additionally, our findings illustrate a central process thought to underlie social affiliation: self-verification, a tendency for people to seek social ties to confirm their self-perceptions, fulfilling a desire to maintain a sense of predictability and control (see Swann et al., 1990, 1992). In this respect, even self-enhancing feedback may be threatening if it is unexpected or inconsistent with prevailing beliefs about the self (e.g., positive violations). Our findings are consistent with this perspective, as we found that unexpected positive feedback is tied to both momentary activation of the reward system and anxiety-laden cognitions (attachment anxiety).

Our findings reveal a number of fertile avenues for future investigation. First, previous studies find that prediction-error events with respect to economic outcomes promote better recognition of contemporaneously presented stimuli (see Adcock et al., 2006). Future studies could attempt to replicate these findings in the context of social reward and examine associations between recognition, task-related affect, and task-related changes in attachment representations. Additionally, future studies could examine the extent to which different proportions of confirmatory stimuli, relative to stimuli that violate expectations, alter reward-system activity and subsequent representations. Such studies might provide an opportunity to examine how subcortical activity in social reward paradigms contribute to dynamic changes in anticipatory activity in cortico-representational areas (e.g., vmPFC) and whether such change is linked with change in reports of attachment security and trust.
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Appendix

Methods

General-Laboratory Session

Confirmatory statements presented to participants, on average, were associated with the modifier “Very” (mean scale value: 5.3, range = 2.65). Positive violations were generally associated with the modifier “Extremely” (mean scale value: 6.4, range = 1.24) and negative violations associated with “Fairly” (mean scale value: 3.4, range = 2.24).

Deception

When participants were told that they would receive “feedback” from their partners' questionnaires, they were told that this was contingent on additional consent from them and their partner to release this information. Both partners were asked for consent to release their questionnaire data to their partners, simultaneously. They were asked for consent while separated and told that their decision was their own, independent of that of their partners. Therefore, they were not told whether their partner consented prior to their decision. All participants included in this report provided such consent (along with their partner). These efforts were made to help ensure the believability of the deception. Throughout the course of this study only one participant did not provide consent. To preserve their confidentiality in this decision, their partner was told that the server shut down and questionnaire data could not be accessed and that the experiment could not proceed as a result (Ethernet cables were disconnected to provide authentic illustrations of this to the partner). Both the participant and their partner were paid for their time and debriefed with respect to the procedures they completed.

Debriefing and Deception Interview

Following scanning and post-scan questionnaires, participants were individually asked whether they had any questions about their experiences. At this time no participants volunteered questions, expressed immediate concerns, or questioned the authenticity of task stimuli. Participants were then reunited with their partners, and were debriefed again, with their partners. During this time, the full purpose of the experiment was revealed and the extent of the deception was described. Participants were told that the only “feedback” that was authentic (actually from their partners' questionnaires) was that which was presented in the trials incorporating audio recordings from their partners (training trials). Furthermore, participants were told that this feedback was specially chosen because it confirmed their own expectations and thus provided them no new information past what they believed was already true. Experimenters made very clear, at this point, that none of the other “feedback” was authentic, but was contrived for the experiment. Following this, participants were informally interviewed as to their feelings during the task and whether they were suspicious about the authenticity of the task stimuli during the task. Some fMRI participants reported that they had felt upset about some of the feedback during the task, but when asked, did not indicate that they still felt upset following the debriefing. Every fMRI participant reported that there were a number of times that they felt surprised by some of the task stimuli (consistent with the aims of the task), but no participant reported that they harbored suspicion about the authenticity of the stimuli across the task. After all participants' questions were answered and the nature of the experiment was fully revealed, participants were probed as to whether they felt hurt or upset at their partners. No participants reported as such, but were nonetheless provided information regarding psychological counseling services and given contact info for the lead experimenter (JCP). Finally, since the completion of the experiment, no adverse events have been reported by participants.

Neuroimaging

Functional neuroimaging data were acquired on a Siemens Trio 3T scanner housed at the UCLA Ahmanson-Lovelace Brain Mapping Center. Each participant was scanned using a high-resolution structural T2-weighted echo-planar image (spin-echo, TR = 4000 ms, TE 54 ms, matrix size 128 × 128, FOV = 20 cm, 36 axial slices, 1.56-mm in-plane resolution, and 3-mm thick), which was acquired coplanar with functional scans. Participants completed the prediction-error task across four functional runs. The first was a training run (4:50 s) consisting of only confirmatory events (these data were not included in analyses). The remaining three functional runs (8:48 s) each incorporated one of each block type and three rest periods (fixation cross-hairs) lasting 14 s each (gradient-echo, TR = 2000 ms, TE = 25 ms, flip angle = 90°, matrix size 64 × 64, FOV = 20 cm, 36 axial slices, 3.125-mm in-plane resolution, and 3-mm thick). Images were prescribed along the anterior commissure/posterior commissure line.

fMRI Data Analysis

Imaging data were analyzed using statistical parametric modeling (SPM5; Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK). Images were realigned, temporally corrected, normalized, and smoothed with an 8 mm Gaussian kernel, full width at half maximum. Analyses relied on the general linear model in an event-related analysis. Effects at each voxel were estimated using linear contrasts to compare specific regional activity. For each contrast, participants' imaging data were aggregated for single subject analysis and for group level analysis according to the random effects model in SPM5.

Negative and positive expectation violation trials were modeled as events, as were confirmatory trials from confirmatory blocks. Confirmatory events from positive and negative expectation violation blocks were not modeled as confirmatory events. Epochs for these events consisted of the feedback periods for each trial (see Figure 1). Inter-stimulus intervals were modeled with rest periods and the 1-s anticipatory periods beginning each trial were separately modeled from event epochs.

Custom ROIs were built using the WFU Pickatlas toolbox for SPM5 (Maldjian et al., 2003), based upon considerations from previously reported localizations for the VTA (8 mm diameter sphere at x = 0, y = −18, and z = −18; after de Greck, et al., 2008) and posterior VS (bilateral 8 mm diameter spheres at x = ± 16, y = 0, and z = −10; after Seymour et al., 2007) on similar tasks. Also, two ROIs were anatomically specified, one for the anterior VS/nucleus accumbens, specified at the ventromedial aspect of the caudate head and putamen junction (bilateral 8 mm diameter spheres at x = ± 10, y = 15, and z = −7; based on the Automated Anatomical Atlas (AAL), Tzourio-Mazoyer, et al., 2002), and one for the bilateral vmPFC, constructed from predefined, preloaded AAL shapes in the WFU Pickatlas (Maldjian et al., 2003). All coordinates are reported in MNI format.

Results

Self-Report Responses

Analyses comparing pre- and post- task measures of relationship-specific attachment anxiety and partner-specific trust included 15 of the 16 participants with complete pre- and post- task data. One outlier evidenced high levels of anxiety in pre- and post-task anxiety measures (more than 4 SD from the mean) and was not included in this analysis. However, pre- and post-task comparisons of anxiety remained significant [t(15) = 2.28, p < 0.05] while comparisons for trust were insignificant [t(15) = 1.21, p = 0.25] with the inclusion of the participant.

Associations Between Self-Report and fMRI Responses

Correlational analyses examining associations between neural activity and post-task reports of anxiety and trust included 15 of the 17 participants. The outlying anxiety and trust data points that were previously excluded (see above) were not included in this analysis, though aVS associations with anxiety (r = 0.65, p < 0.01) and trust (r = 0.61, p < 0.05) remained significant when these data points were included and vmPFC associations with anxiety were marginally significant (r = 0.45, p = 0.08).
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Both situational (e.g., perceived power) and sustained social factors (e.g., cultural stereotypes) are known to affect how people academically perform, particularly in the domain of mathematics. The ability to compute even simple mathematics, such as addition, relies on distinct neural circuitry within the inferior parietal and inferior frontal lobes, brain regions where magnitude representation and addition are performed. Despite prior behavioral evidence of social influence on academic performance, little is known about whether or not temporarily heightening a person's sense of power may influence the neural bases of math calculation. Here we primed female participants with either high or low power (LP) and then measured neural response while they performed exact and approximate math problems. We found that priming power affected math performance; specifically, females primed with high power (HP) performed better on approximate math calculation compared to females primed with LP. Furthermore, neural response within the left inferior frontal gyrus (IFG), a region previously associated with cognitive interference, was reduced for females in the HP compared to LP group. Taken together, these results indicate that even temporarily heightening a person's sense of social power can increase their math performance, possibly by reducing cognitive interference during math performance.
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Introduction

Power and Cognition

Priming social power has been shown to affect both social and cognitive processing. People with low power (LP) typically experience heightened uncertainty and increased vigilance of the social environment (for review, see Keltner et al., 2003). Prior behavioral studies have shown that priming people with LP increases their sensitivity to other people's perspectives—likely due to the tendency to be concerned with performance evaluations given by their superiors (Galinsky et al., 2006). As a consequence of heightened social vigilance, neural resources typically recruited to carry out a set of cognitive functions may be taxed, leading to suboptimal performance on cognitive tasks.

One cognitive mechanism affected by situational power is local-global attentional processing. Because LP individuals attempt to attend to an overabundance of information in the environment, their perception of the big picture or global meaning may be hindered as a result of their attentional focus on many small, local details. When participants' situational power was modulated while completing an attentional scope during a hierarchical attention task, (i.e., Navon figures; Navon, 1977), LP participants demonstrated a local processing preference, such that their reaction time to detect local cues was significantly faster than for global cues. By contrast, high power (HP) participants identified the local and global targets with equal speed.

LP participants' global focus may be impeded by a heightened susceptibility to interference of the local components. Their inability to filter out extraneous information efficiently may be a reflection of depleted executive functioning resources. This idea is supported by behavioral evidence that showed a relatively exaggerated interference effect on a Stroop task and an N-back task, with LP participants making more errors than HP participants on both tasks (Smith et al., 2008). Relatedly, when members of stigmatized groups are reminded of their low status, they show impaired working memory (Spencer et al., 1999; Schmader and Johns, 2003; Beilock et al., 2007). Specifically, when reminded of negative gender stereotypes about math (e.g., women are bad at math), they are more susceptible to reduced working memory capacity and subsequent worse performance on math tests compared to women who are not reminded of such negative stereotypes (Schmader and Johns, 2003).

Neural Basis of Math Calculation

Mathematical calculation relies on several distinct cognitive and neural mechanisms underlying numerical processing (Dehaene, 1992; Dehaene et al., 2003). Here we focus on two types of numerical calculations that are subserved by dissociable neural networks and cognitive processes (Dehaene et al., 1999; Stanescu-Cosson et al., 2000) that form the basis for later mathematical achievement in educational settings (Halberda et al., 2008): exact and approximate math calculation. Exact calculation requires explicit rote memory retrieval of solutions that have previously been learned, such as computing the answer to small addition or multiplication problems (e.g., 3 + 4 = 5 or 7). Because the solution is a concrete answer stored in memory, learning is item-specific, such that extensive training on a subset of addition problems shortens response time to these specific problems, but this reaction time benefit does not extend to new, untrained problems (Dehaene et al., 1999). By contrast, approximate calculation does not require retrieval of previously learned material, but instead relies on the comparison of a quantity that fall along a mental number line and which ultimately leads to surprisingly precise estimation judgments. Unlike exact calculations, approximation is a generalized learning process, such that training on a subset of approximate problems leads to faster response times on both trained and untrained problems (Dehaene et al., 1999).

Previous research has established a robust number size effect, with increasing size corresponding to lengthier response times and heightened error rate on basic addition and multiplication problems (for review, see Ashcraft, 1992). Interestingly, the type of math operation, exact or approximate, interacts with problem size, with a notably larger effect of size evident on exact calculations relative to approximate problems (Stanescu-Cosson et al., 2000). Small exact answers may be accessed automatically due to their pronounced salience and associative properties in memory (LeFevre et al., 1988). Small approximate solutions, on the other hand, may take relatively longer to compute because the exact answer produces an interference effect, thus requiring the active inhibition of the exact answer before comparing the relevant answer choices. Notably, neural regions within the parietal lobe have also been shown not only represent numerical distance, but also social status distance. When comparing large and small distances across numerical and status domains, people show increase parietal response for large compared to small distance comparisons, an effect paralleled in response time during numerical and status comparison (Chiao et al., 2009a). These findings indicate that neural representations within the inferior parietal lobe subserve numerous kinds of cognitive and social domains (Chiao, 2010), likely as a function of spatial distance (Cohen Kadosh and Walsh, 2008, 2009).

Here we aimed to investigate the influence of power priming on the neural basis of math calculation. Intact executive functioning may be crucial for some types of mathematical processing. Inefficient executive functioning may impede performance on some types of math calculations, particularly those that require the use of cognitive control mechanisms such as updating, information filtering, and competitive selection processes. For instance, math approximation has been shown to recruit the subregions of the superior parietal lobe, including the intraparietal sulcus (IPS), a region that is also important in magnitude comparisons, such as size and numerosity (Cohen-Kadosh et al., 2008), and even abstract hierarchical social relations, such as social status (Chiao et al., 2009a; Chiao, 2010). On the other hand, exact calculation recruits a network including the inferior frontal gyrus (IFG), a region implicated in attentional control processes such as inhibition, selection and is particularly important when processing verbal material (Aron et al., 2004). Given that differential neural substrates are recruited during the processing of approximate and exact mathematical problems, we hypothesize that priming individuals with either low or HP differentially recruit neural substrates of numerical processing within bilateral IFG and IPS during exact or approximate calculation, respectively.

Since executive function resources are needed to actively inhibit interfering information, we predicted that priming participants with LP would affect performance on approximation problems. Specifically, we hypothesized that LP participants would demonstrate decreased computational efficiency when solving approximate problems relative to HP participants, because they may be more susceptible to cognitive interference when generating an exact answer and thus, require additional recruitment of cognitive control brain regions to exercise inhibition. On the other hand, we did not expect group performance differences on the exact calculations, since the solutions to these problems are likely automatically retrieved from memory.

Materials and Methods

Participants

Twenty-four right-handed, Caucasian females (Age in years: M = 20.38, SE = 0.33) participated in this study for cash payment. Inclusion criteria included only female participants due to prior demonstration that females demonstrate heightened stigma or stereotype threat during math calculation and thus may demonstrate malleability in math performance as a function of power priming (Spencer et al., 1999; Schmader and Johns, 2003). All participants had normal or corrected-to-normal vision and gave informed consent before completing the study. Half of the participants were randomly assigned to the HP priming group and the other half were assigned to the lower power (LP) priming group. Note: due to behavioral data loss, behavioral analyses were conducted on only 22 participants, half in the HP and half in the LP group.

Procedures

Before participants arrived to the study site, they were randomly assigned to the HP or LP condition. After completing the appropriate fMRI prescreening paperwork, participants were given instructions and completed the two priming tasks and the math task in the experiment.

Power primes

Power was primed using two separate procedures. Participants were first primed with an essay-writing task (adapted from Galinsky et al., 2003) in the outside of the scanner. They were asked to complete this task as a “warm-up” before completing the tasks inside the scanner. In this task, participants were asked to reflect upon a personal situation in which they maintained a position of power or powerlessness and write about it for 5 min (Figure 1). After 5 min, the experimenter collected the participant's essay and the participant was taken to the scanner.


[image: image]

Figure 1. (A,B) Experimental design consisting of power priming procedure followed by exact and approximate math calculation task.



Inside the scanner, but prior to scanning, participants completed a second power prime consisting of a power analogy task corresponded to their pre-assigned prime condition (Bridge and Chiao, submitted). The power analogy prime consisted of 24 hierarchical social role pairs displayed in an analogical format (e.g., Teacher: Student, see Figure 1 and Appendix). Social role pairs were presented at the top of the screen with four multiple choice selections displayed beneath the roles. Participants were asked to imagine that they occupied the role in the first position and then determine which word best described the relationship between the social roles from their assigned perspective. Four multiple selections were available for participants to choose from; one HP, one LP, and two neutral options. The role in the first position corresponded to the condition assigned to the participant. In the HP condition, the powerful social role was always situated in the first position. Participants took a 1st person perspective and chose the answer that best described how they would see themselves in relation to a person who occupied the role in the second position (e.g., knowledgeable). In the LP condition, the LP social role was located in the first position. Participants took a 3rd person perspective and chose the answer that best described how a person occupying the role in the second position would see them (e.g., impressionable). Participants made a button press to select the most appropriate answer and were unable to move on to the next screen until they chose the correct answer. After making the correct selection, a screen appeared that reinforced their answer choice. Hence, participant's performance on the power priming task was 100% accurate.

Math task

A total of 20 small addition problems were used in the math task. Ten small addition problems and corresponding approximate (e.g., 6 + 2 = 3 or 9) and exact (e.g., 6 + 2 = 8) answer choices were administered (adapted from Stanescu-Cosson et al., 2000). An additional ten small problems and answer choices were constructed using the same constraints specified by Stanescu-Cosson et al. (2000) with four problems including ties (e.g., 2 + 2 = 4). Each addition problem had two sets of answer choices: one pair of exact answer choices and one pair of approximate answer choices. Therefore, the same addition problems were used in both math task conditions, with the only variation being in the answer selections. The location of the correct answer choice (left or right of central triangle) was counterbalanced across blocks and conditions.

We employed a block design that included 5 approximate math, 5 exact math, and 11 gray square control blocks. Participants completed alternating blocks of the approximate and exact math conditions with interleaving blocks of the control task during the fMRI scan. The order of the math blocks was counterbalanced across participants, but each functional run always began and ended with the control task. Each block was comprised of eight response trials that followed the same presentation format. For the math tasks, each trial began with a 200 ms central fixation cross followed by the presentation of an addition problem for 200 ms. Next, a central fixation cross was again displayed for 200 ms, after which two answer choices appeared on the screen for 200 ms. Once the answer choices disappeared from the screen, participants were prompted to make a button press response with their right index or middle finger to select the answer choice on the left or the right, respectively. Participants were allotted 2200 ms to make a response, but they were instructed to respond as quickly as possible without sacrificing speed for accuracy. The format of the gray square control task was identical to the math tasks. Rather than viewing an addition problem and two answer choices, participants instead saw two brief presentations of a gray square centered on the screen. During the allotted response time, participants were prompted to press a button their index finger as quickly as they could. The control blocks served as both a rest period and a baseline to subtract neural activity related to motor preparation and execution. Prior to scanning, participants were given practice trials of each condition in order to gain familiarity with the tasks and the timing of each stimulus presentation.

Behavioral Surveys

After scanning, participants completed several behavioral surveys to assess possible individual differences that may affect math calculation, specifically math confidence, explicit math attitudes, and personality traits, such as anxiety (e.g., state-trait anxiety).

fMRI Parameters

Functional brain images were acquired at the Center for Advanced Medical Resonance Imaging (CAMRI) facility located in the Northwestern Medical Hospital in Chicago, IL. Scanning occurred on a 3.0 Tesla Siemens Trio MRI scanner equipped with single-shot, whole-body, echo planar image [repetition time (TR) = 2000 ms; echo time (TE) = 25 ms; flip angle = 70°; FOV = 20 cm, 64 × 64 matrix; 34 slices; voxel size = 3.0 × 3.0 × 4.0 mm], sensitive to BOLD contrast. A high-resolution anatomical T1-weighted image was also acquired [TR = 2300 ms; TE = 2.91 ms; flip angle = 9°; FOV = 256 mm; 256 × 256 matrix; 176 slices; voxel size = 1.0 × 1.0 × 1.0 mm] for each subject. All stimuli were presented using Presentation software (Neurobehavioral Systems, Albany, CA) and projected onto a half-transparent viewing screen located behind the head coil. Subjects viewed the projected stimuli through a mirror.

fMRI Analysis

Functional images were analyzed using SPM5 software (Wellcome Department of Imaging Neuroscience, London, UK) implemented in Matlab (Mathworks, Cherborn, MA, USA). First, all volumes were realigned spatially to the first volume and a mean image was created. After a high-resolution image was coregistered onto the mean image, all volumes were normalized to the MNI (Montreal Neurological Institute) space using a transformation matrix obtained from the normalization process of the high-resolution image of each individual subject to the MNI template. The normalized images were then spatially smoothed with an 8 mm Gaussian kernel.

After preprocessing, statistical analysis for each individual subject was conducted using the general linear model (Friston et al., 1999). At the first level, each block of trials was modeled by convolving with a hemodynamic response function. For individual subjects, a linear regressor was applied to filter noise. In order to test hypotheses about regionally specific condition effects, parameter estimates for each condition were computed using the following linear contrasts: Exact > Control, Approximate > Control, Exact > Approximate, Approximate > Exact.

Random-effect analyses were then conducted with individual subject contrast images (Friston et al., 1999). One-sample t-tests were performed for each of the four comparisons described above and results were visualized at an uncorrected threshold of p < 0.001, extent threshold of 15 voxels. Next, we computed the interactions of power prime and type of math calculation with two-sample t-tests performed on HPExact > Approximate > LPExact > Approximate, LPExact > Approximate > HPExact > Approximate, LPApproximate > Exact > HPApproximate > Exact, HPApproximate > Exact > LPApproximate > Exact, HPExact > Control > LPExact > Control, LPExact > Control > HPExact > Control, LPApproximate > Control > HPApproximate > Control, HPApproximate > Control > LPApproximate > Control. Group analyses were visualized at an uncorrected threshold of p < 0.005, extent threshold of 15 voxels.

To further investigate predicted group interaction effects within specific regions-of-interest (fROIs): independent ROIs were defined via main effect comparisons of Approximate > Control and Exact > Control contrasts and functional ROIs were defined by the interaction of power prime and type of math calculation. Each ROI was defined as a sphere with a 10 mm diameter was drawn around each peak voxel that arose from the random effects analysis with a p < 0.001 threshold and cluster size of 15. Functional regions-of-interest analyses were performed using Marsbar (Brett et al., 2002) software implemented with SPM5. To identify Brodmann areas and brain regions, MNI coordinates were converted to Talairach using a non-linear transformation (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). Brodmann areas and brain regions were identified based on the Talairach Atlas (Talairach and Tournoux, 1988). All coordinates are reported in MNI coordinates here.

Results

Behavioral Results

Accuracy

We conducted a 2 (Power Prime: High, Low) × 2 (Math Calculation: Exact, Approximate) between-subjects ANOVA with accuracy. There were no main effects or interactions with power on RT (all ps > 0.05).

Reaction time

We conducted a 2 (Power Prime: High, Low) × 2 (Math Calculation: Exact, Approximate) between-subjects ANOVA with RT and observed a significant effect of math task on RT, F(1, 22) = 31.87, p < 0.0001, such that exact calculations were correctly solved faster than were approximate calculations (Table 1). There were no main effects or interactions with power on RT (all ps > 0.05).

Table 1. Behavioral results (M ± SE).
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Math confidence

There was no main effect of power prime on math confidence (p > 0.05; Table 1).

Explicit math attitudes

HP prime participants (M = 6.67, SE = 0.53) showed more positive attitudes about math compared to LP prime participants (M = 4.83, SE = 0.87), t(22) = 1.08, p < 0.05, Table 1).

State-trait anxiety

There was no main effect of power prime on state or trait anxiety (ps > 0.05; Table 1).

fMRI Results

Main effect of math calculation

For all participants, several subregions within the frontal and parietal lobes showed greater neural response during exact math calculation compared to baseline, including the left angular gyrus and bilateral IFG (Figure 2, Table 2). Compared to baseline, exact math calculation revealed greater neural response within left angular gyrus, right superior parietal lobe, right caudate, bilateral IFG, and left anterior cingulate cortex (Figure 2). More specifically, compared to baseline, approximate math calculation revealed greater neural response within bilateral intraparietal sulci (IPS) and bilateral IFG (Table 2), regions previously implicated in exact math processing (e.g., Stanescu-Cosson et al., 2000). Compared to exact math calculation, greater neural response was observed within predicted regions of interest within the frontal and parietal lobes, specifically right precuneus, left IPS and left IFG during approximate math calculation (Figure 2; Table 2). No additional regions showed increased neural response in the reverse contrast of exact compared to approximate math calculation.
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Figure 2. Neural results during math calculation. (A,B) Greater neural response within left precentral, left inferior parietal sulcus and right precuneus to approximate compared to exact math calculation.



Table 2. Main effect of math calculation.

[image: image]

Main effect of power prime

There was no main effect of power prime on neural response. However, compared to HP participants, LP participants showed greater right precentral gyrus during exact and approximate calculation relative to baseline (Table 3).

Table 3. Main effect of power prime.
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Interaction of power prime and type of math calculation

HP participants showed greater neural response within right precuneus and left cerebellum compared to LP participants during exact calculation compared to control (Table 4). Compared to HP participants, LP participants showed greater neural response within three regions during approximate calculation compared to control, specifically left anterior insula extending into the IFG, right claustrum, and right precentral gyrus (Table 4). Finally, consistent with our predictions, neural response within the left IFG and right caudate was heightened for LP participants during approximate math calculations and for HP participants during exact math calculations (Table 4). No additional contrasts of interest revealed significant clusters of activation.

Table 4. Interaction of power prime and math calculation.
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ROI analysis

ROI analysis-Functional. To further examine the interaction of power prime and type of math calculation, we examined the neural response within the functionally-defined left IFG ROI, when controlling for individual differences in math confidence, math attitudes and anxiety.

In the left IFG [−30 26 −4], we observed an interaction of power prime and type of math calculation, F(1, 18) = 6.55, p < 0.05 (Figure 3). Within left IFG, LP participants showed significantly greater neural response during approximate compared to exact math calculation, t(11) = 2.81, p < 0.02, whereas HP participants showed no difference in neural response within the same region as a function of math calculation. Additionally, there was also a main effect power prime, F(1, 18) = 5.19, p < 0.05; irrespective of type of math calculation, LP participants showed significantly increased neural response with left IFG compared to HP power participants.
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Figure 3. Neural results in functionally-defined ROI as a function of power prime and type of math calculation. (A,B) Compared to high power (HP) prime, people with low power (LP) prime show greater response with left IFG during math calculation, particularly when solving approximate math problems. (C) Across type of math calculation, people in LP prime group showed greater response in left IFG compared to people in HP prime group. (D) People with greater trait anxiety show reduced neural response within left IFG during math calculation. (E) People with greater math confidence show increased neural response within left IFG during math calculation. Regression results indicate power priming, trait anxiety and math confidence are unique predictors of neural response within IFG, R2 = 0.62, F(5, 23) = 5.78, p < 0.05.



Finally, there was also a significant effect of individual differences in math confidence, F(1, 18) = 5.65, p < 0.05 and trait anxiety F(1, 18) = 4.58, p < 0.05 on neural response within left IFG. Across all participants, people who reported greater math confidence, showed greater neural response within left IFG during math calculation, r(24) = 0.36, p < 0.05. By contrast, across all participants, people who reported greater trait anxiety displayed reduced neural response within left IFG during math calculation, r(24) = −0.59, p < 0.001.

ROI analysis-Independent. To further examine our hypothesis, we examined neural response within bilateral IFG and bilateral IPS as a function of power prime and type of math calculation defined in an independently-defined ROI analysis, when controlling for individual differences in math confidence, math attitudes and anxiety.

Within IFG, there was a significant power prime and type of math calculation interaction, F(1, 18) = 9.21, p < 0.007, such that LP participants showed significantly greater neural response during approximate, but not exact, math calculation compared to HP participants, t(22) = −2.30, p < 0.05. There was also a trend of a main effect of power prime, such that LP participants showed greater neural response compared to HP participants, F(1, 18) = 3.45, p = 0.08 (Figure 4). Notably, within IPS, there was no interaction or main effect of power prime group on neural response during either exact or approximate math calculation (all ps > 0.05). There was no main effect of math confidence, math attitudes and anxiety on neural response within independently-defined IFG and IPS regions (Figure 4).


[image: image]

Figure 4. Neural results from independent ROIs for exact and approximate math calculations as a function of high power (HP) and low power (LP) prime groups within both bilateral IFG and bilateral IPS.



Regression analyses

To determine the extent to which social and personality factors predict neural response within bilateral IFG, we conducted a multiple linear regression with state-trait anxiety, math confidence, math attitudes and power prime as predictor variables. Results show that power prime β = 0.04, t(18) = 2.28, p < 0.05, math confidence, β = 0.01, t(18) = 2.38, p < 0.05, and trait anxiety, β = −0.12, t(18) = −2.14, p < 0.05, but not state anxiety or math attitudes, uniquely predict neural response within bilateral IFG R2 = 0.62, F(5, 23) = 5.78 p < 0.05.

Discussion

Here we show for the first time that temporarily heightening a person's social power decreases neural response within regions previously associated with cognitive interference and improves math ability, particularly for approximate math calculation, even when controlling for individual differences in trait anxiety and math confidence. Specifically, people who are primed with LP are more likely to recruit left IFG when solving math problems, providing evidence that heightened cognitive interference during approximate math calculation may explain why math performance is decreased when people are in situations of LP. Furthermore, we speculate that power priming affects the neural processing during approximate compared to exact math calculation, due to incongruency with cognitive styles of math calculation. Our findings are consistent with prior behavioral studies demonstrating reduced executive functioning (Smith et al., 2008) and greater susceptibility to interference of extraneous information (Guinote, 2007) in LP relative to HP primed individuals when performing cognitive tasks. Hence, LP people may be more vulnerable to experiencing interference when trying to retrieve the approximate rather than exact answer, and thus require decreased recruitment of neural resources associated with cognitive interference in order to solve math problems accurately. Our findings demonstrate the importance of understanding how power priming affects math calculation not only at the behavioral, but also the neural level.

Notably, we also show that power priming increases females' recruitment of the left IFG during math calculation, irrespective of type of math calculation. Prior research has shown that when females are reminded of negative stereotypes about female's performance in math, they show increased recruitment of the ventral anterior cingulate cortex (vACC) during math calculation (Krendl et al., 2008), likely due to increased recruitment of social and emotional processing when reminded of their group's low status at math performance. By logical extension, an alternative possible interpretation of our findings is that females primed with LP may not only demonstrate greater cognitive inference when solving approximate compared to exact math calculation, but also show increased affective response which may also interfere with math calculation. For instance, in prior studies, we have previously shown that greater preference for egalitarianism increases empathic neural response with the left anterior insula, a subregion of the left IFG (Chiao et al., 2009b; Cheon et al., 2011). Furthermore, our current findings indicate that people with increased math confidence show greater neural response within left IFG. However, in the current study, we also show that neural response within the left IFG is negatively associated with individual differences in negative affect, specifically trait anxiety. That is, individuals who demonstrate greater trait anxiety actually show reduced recruitment of left IFG. Taken together, our findings indicate that increased recruitment of left IFG in LP compared to HP groups is not likely a result of increased affective response. Rather, power priming likely serves as a distinct kind of social influence on math calculation, reducing cognitive interference during math calculation, particularly when females are primed with high compared to LP.

Finally, we demonstrate that a novel power prime, specifically completing analogies that test knowledge of social power roles, in addition to writing a power prime essay, are effective at temporarily modulating both neural and behavioral responses during math calculation. Our findings have implications for interventions and procedures that may be implemented in educational studies and environments to improve math performance in social groups who are known to encounter negative cultural stereotypes about their groups' math ability. Recent evidence suggests that the human ability to perform numerical approximation is a foundational stepping stone for achieving more complex mathematical abilities. For instance, Halberda et al. (2008) recently demonstrated a robust correlation between non-verbal numerical approximation and math achievement, emphasizing the importance of honing this skill for future academic success. Here we show that the ability to experience math achievement may be modulated as a function of power priming. By temporarily heightening a person's sense of high or LP, we show that not only can math problems be solved with greater accuracy, but also that heightened cognitive interference, which is often thought of as one of the cognitive costs of stereotype threat during math calculation, can be reduced.

On a national scale, social status influences students' learning and future academic success. For instance, a substantially smaller proportion of high school seniors from low socioeconomic status (SES) households (50.8%) anticipate attaining post-secondary and graduate-level degrees in comparison to students from middle- and high-income households (66.4 and 86.6%, respectively) (US Department of Education, 2006). While this socioeconomic disparity in high school seniors' educational expectations may be due in part perceived or actual low SES, including a lack of access to resources, we propose that an additional facet of this dilemma is the absence of the psychological opportunity for under-privileged students to simply imagine themselves with high status situations or positions. Our findings suggest that classroom exercises that simply encourage students to imagine or act in positions of power or authority may prove effective in facilitating basic cognitive processes underlying multiple kinds of mathematical learning and help to close achievement gaps that exist between people from groups of varying social power.
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Appendix

Power Analogies

Team captain: Third string player


	Inexperienced

	A leader

	Studious

	Silly



Parent: Child


	Sleepy

	Dependent

	Ordinary

	Powerful



Prosecutor: Defendant


	Athletic

	Compliant

	Influential

	Lighthearted



Boss/Employer: Employee


	Clean

	Compliant

	Demanding

	Hungry



Resident advisor: Floor resident


	Fascinating

	Materialistic

	Authoritative

	Submissive



Senior: Freshman


	Gullible

	Intimidating

	Focused

	Thorough



Millionaire: Homeless person


	Destitute

	Indecisive

	Sincere

	Pompous



Interviewer: Job applicant


	Vulnerable

	Compulsive

	Have Leverage

	Unpopular



Judge: Lawyer


	Artistic

	Esteemed

	Submissive

	Scientific



Surgeon: Medical intern


	Subordinate

	Adept

	Lighthearted

	Troubled



Lawyer: Paralegal clerk


	Superior

	Gentle

	Subservient

	Withdrawn



General practitioner: Patient


	Authoritative

	Helpless

	Musical

	Dull



Frat/Sorority brother or sister: Pledge for frat/Sorority


	Submissive

	Meditative

	Patronizing

	Environmentally Conscious



Head of admissions committee: Aspiring incoming student


	Ashamed

	Passive

	Influential

	Lonely



Guard: Prisoner


	Powerless

	Whimsical

	Controlling

	Precise



Film director: Production assistant


	Forgetful

	Important

	Sensitive

	Subordinate



Pimp: Prostitute


	Controlling

	A Daydreamer

	Helpless

	Sensitive



Chief of surgery: Resident doctor


	Fashionable

	Inferior

	Superior

	Theatrical



CEO: Secretary


	Adventurous

	Ethical

	Prestigious

	Subservient



Editor-in-chief: Staff news writer


	Accomplished

	Comical

	Conservative

	Subordinate



Teacher: Student


	Knowledgeable

	Fashionable

	Impressionable

	Clean



Team coach: Team player


	Commanding

	Cooperative

	Impractical

	Social



Older sibling: Younger sibling


	Moral

	Submissive

	Disorganized

	Dominant



Chef: Dishwasher


	Accomplished

	Unskilled

	Forgetful

	Frivolous
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Human neuroscience has seen a recent boom in studies on reflective, controlled, explicit social cognitive functions like imitation, perspective-taking, and empathy. The relationship of these higher-level functions to lower-level, reflexive, automatic, implicit functions is an area of current research. As the field continues to address this relationship, we suggest that an evolutionary, comparative approach will be useful, even essential. There is a large body of research on reflexive, automatic, implicit processes in animals. A growing perspective sees social cognitive processes as phylogenically continuous, making findings in other species relevant for understanding our own. One of these phylogenically continuous processes appears to be self-other matching or simulation. Mice are more sensitive to pain after watching other mice experience pain; geese experience heart rate increases when seeing their mate in conflict; and infant macaques, chimpanzees, and humans automatically mimic adult facial expressions. In this article, we review findings in different species that illustrate how such reflexive processes are related to (“higher order”) reflexive processes, such as cognitive empathy, theory of mind, and learning by imitation. We do so in the context of self-other matching in three different domains—in the motor domain (somatomotor movements), in the perceptual domain (eye movements and cognition about visual perception), and in the autonomic/emotional domain. We also review research on the developmental origin of these processes and their neural bases across species. We highlight gaps in existing knowledge and point out some questions for future research. We conclude that our understanding of the psychological and neural mechanisms of self-other mapping and other functions in our own species can be informed by considering the layered complexity these functions in other species.
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Introduction: How can an Evolutionary Perspective Inform Human Neuroscience?

Students of evolutionary neuroscience may be familiar with the metaphor of an old apartment building for brain evolution. At first, the building is heated by a series of wood-burning fireplaces. Later, a coal-fueled steam system is added in the chimneys and hearths. Later still, an HVAC system is installed, with electrical wiring grafted to the old hot water pipes. Every time something goes wrong with the heat, someone has to determine whether the problem is due to a wiring problem in the HVAC system, damage to the old hot water pipes along which those wires run, or a structural problem in the old chimneys that house the whole apparatus. Like the addition of new heating systems to the apartment building, evolution adds new functions to the brain by building on the pre-existing architecture. Thus the old systems don't disappear: their new functions are integrated with their pre-existing ones, and the continued function of the new systems relies on the soundness of the old ones.

A prominent instantiation of this idea was MacLean's triune brain theory (MacLean, 1990), which posited that instinctual behavior is controlled by the brain's “reptilian complex” (basal ganglia), basic social behavior by the “paleomammalian complex” (limbic system), and higher cognitive function by the “neomammalian complex” (cerebral neocortex). Later anatomical work showed this model to be overly simplistic, but the basic concept of hierarchical processing is echoed by the recent proliferation in dual process models in neuroscience and psychology. Current models tend to make a two-way distinction. One type of system is described as unconscious or preconscious, implicit, automatic, low effort, rapid, perceptually driven, while another is described as conscious, explicit, controlled, high effort, slow, and analytic or reflective [reviewed in Evans (2008)]. For the sake of simplicity, we will refer to the first sort of system as “reflexive” and the second as “reflective,” although this two-way distinction is likely also overly simplistic.

For some time, it was assumed that reflective social cognitive processes were evolutionary “upgrades” unique to humans, or perhaps humans and our closest living relatives, and much behavioral research focused on identifying which skills are “uniquely human” (Evans, 2008; de Waal and Ferrari, 2010). However, there are reasons not to assume that humans' most advanced forms of social cognition lack correlates in other species. Like the upgrades to the apartment heating system, human social cognitive “upgrades” must achieve the same basic purpose as their simpler predecessors—interacting with other individuals in the environment in an adaptive way. Evolution modifies previously existing forms to create new ones (for example, wings are modifications of limbs), and the new forms retain some features of the old ones (bone structure). These adaptations must arise in the context of a previously working social cognitive system, and as such, must incorporate with it. New neural mechanisms must function within the organism's existing social cognitive framework, or else the organism's social behavior will be impaired and its chances of survival will be reduced. Therefore, neural adaptations for new social cognitive functions are likely to involve some of the same neural architecture as preexisting systems.

Furthermore, functions that were once attributed only to humans are increasingly being identified in other species. Thus, reflective social cognition is probably uniquely developed in humans, but not unique to us (Evans, 2008). It is important to remember that all life on earth has been evolving for the same amount of time and the phylogenic tree has no “top.” Differences in function represent adaptation to different niches, not higher or lower position in a scala naturae. A growing number of researchers in the field of comparative behavior stress the explanatory utility of viewing most behavior as phylogenically continuous (de Waal and Ferrari, 2010), a position that was espoused by Darwin (1872).

All of this argues that studying animals can tell us something about human social cognition. Human neuroscience is currently very interested in the brain's “most modern upgrades”—reflective processes like theory of mind, or thinking about what another person is thinking (Premack and Woodruff, 1978), as well as related processes like imitation, perspective-taking, and empathy. Understanding these functions is relevant for understanding and treating disorders of social cognition like autism in which they are impaired. But like the heating in the old apartment building, these functions aren't stand-alone systems. Deficits in the higher level functions may even be due to underlying, less obvious deficits in the lower level functions. In such cases understanding the interplay between higher- and lower-level functions is essential for understanding and treating deficits and disease affecting higher level social functions.

In this review, we explore the interplay between higher- and lower-level functions, as well as the question of what in particular the study of animals can tell us about human social cognition. We do so in the context of self-other matching, defined as any phenomenon in which the observation of another's behavior or state causes the observer's behavior or state to become congruent with it. We have chosen this domain for several reasons. First, the operational definition allows phenomena to be categorized by easily observable output. In many species, comparable behavioral data is available but data about underlying physiology or neural substrates is not (or it is available but contentious, as in the question of whether human imitation involves or relies on the mirror system). Grouping results by behavioral output allows for cross-species comparisons without any a priori perspective about underlying physiological processes. We will, however, draw connections to underlying physiological and neural substrates when possible. Second, self-other matching can occur in a reflexive manner, but this reflexive processing can have measurable effects on reflective processes. Third, self-other matching phenomena are present in varying degrees of complexity across a wide range of phyla. In this review, we limit our scope to vertebrates. We focus heavily on primates, since they are most closely related to humans and also the subject of a large body of comparative research, but we also discuss some research in canids, rodents, birds, and reptiles. In humans, self-other matching encompasses phenomena like motor resonance, mimicry, imitation, emulation, empathy, and perspective taking (defined in Table 1), which likely rely on partially discrete and partially overlapping neural and psychological mechanisms. Comparing which of these functions are present in which other species can help us to structure our thinking about the organization of these processes within our own species.

Table 1. Terms and definitions.

[image: image]

Experimental Results: A Compendium of Self-Other Matching Phenomena Across Species

Self-Other Matching in the Motor Domain: Somatomotor Movements

Somatomotor self-other matching can occur at a reflexive level via motor resonance. Motor resonance is a general idea implicating the activation of common neural or psychological substrates for observed and executed action—e.g., observing another's action causes my motor system to “resonate” with theirs. When motor resonance causes the overt output of an observed action, this is termed “motor contagion”. A well-known example of motor contagion occurs during infancy. For a brief period in development, neonatal macaques, humans, and chimpanzees copy observed orofacial movements (Meltzoff and Moore, 1977, 1983; Heimann et al., 1989; Myowa-Yamakoshi et al., 2004; Ferrari et al., 2006; Bard, 2007; Ferrari et al., 2009a,b; Paukner et al., 2011). Human infants also copy observed finger movements (Nagy et al., 2005). This effect disappears sometime around age 2 weeks in macaques, 2 months in chimpanzees, and 3 months in humans (Meltzoff and Moore, 1977, 1983; Heimann et al., 1989; Myowa-Yamakoshi et al., 2004; Ferrari et al., 2006). The fact that this period lasts longer in humans may be relevant to species differences in adult social cognition, although this idea awaits exploration. In adult humans, motor contagion in everyday social interactions is sometimes called the “chameleon effect”—the tendency to mimic others' postures, mannerisms, facial expressions, and behaviors. It increases liking, smoothes social interactions, and is more common in empathic people (Chartrand and Bargh, 1999). Orangutans spontaneously and rapidly mimic facial expressions during play (Davila Ross et al., 2008), chimpanzees experience contagion for aggressive and affliative social interactions (Videan et al., 2005), and macaques are more likely to eat when seeing or hearing another monkey eat (Ferrari et al., 2005). In Paukner et al. (2011), human experimenters imitated capuchin monkeys' actions on a ball, such as poking or mouthing it. The monkeys later preferred to spend more time in proximity to imitator versus non-imitator humans, and also preferred to interact with them in a task where tokens could be exchanged for food. This suggests that motor contagion may play a role in their naturalistic social interactions and may be important for establishing affiliative relationships and prosocial behavior.

In addition to facilitating the production of actions congruent to others', motor resonance can interfere with the production of non-congruent actions. This is termed “motor interference” and is measured by a reduction in movement accuracy while observing a non-congruent movement. In humans, motor interference appears around age 4–5, is influenced by prior knowledge or experience of the individual performing the observed action, is weakened by self-focus, and is stronger when the subject has practiced the observed action and when the demonstrator is similar to the subject (Marshall et al., 2010; Saby et al., 2011). Observing a sinusoidal arm movement interferes with the observer's own movement more if the observed movement is directed toward a goal, suggesting that goal directed actions are more contagious than non-goal-directed actions (Bouquet et al., 2010). To our knowledge, motor interference has not been studied in other species, although like motor resonance, it seems to be an easily addressable topic. For example, in a paradigm used to study reach-to-grasp movements, macaque monkeys grasp a bar in an apparatus that measures the force, velocity, and direction of their arm movements [e.g., (Kalaska et al., 1989)]. This could be used to measure perturbations to a monkey's movements while watching congruent versus incongruent movements by another monkey.

In humans, evidence for a shared physiological basis of action execution and observation at a low level comes from electrophysiological experiments. Transcranial magnetic stimulation (TMS) to motor cortex can be used to produce motor-evoked potentials (MEPs) in the periphery—e.g., stimulation to the thumb area of primary motor cortex evokes a measurable electrophysiological effect in the thumb muscles. In these TMS experiments, MEPs are greater during observation of movements involving those muscles; this effect occurs for both goal-directed and non-goal directed movements (Fadiga et al., 1995; Maeda et al., 2002).

Furthermore, the timecourse of MEPs follows the timecourse of the observed action, showing that the human motor system matches the individual, component movements of an observed action (Gangitano et al., 2001). Additionally, electrical stimulation to a nerve produces activation (twitching) in monosynaptically-connected muscle fibers, called the H-reflex. Baldissera et al. (2001) elicited H-reflexes from flexor finger muscles while subjects viewed a hand either opening or closing. Activation of the flexor muscles was greater when subjects observed a hand opening, which is the opposite of what occurs during actual hand-opening execution (flexors close the hand) and also opposite to the resonant excitability that occurs through stimulation at the level of the cortex (i.e., the TMS experiments above). This implies that motor resonance in the brain is somehow inhibited in the periphery. Because the H-reflex is known to be monosynaptic, this indicates that this inhibition occurs at the level of the spinal cord.

Human electrophysiology experiments have also found a shared basis for action execution and observation. Humans show suppression of sensorimotor cortical EEG rhythms during both action observation and execution, measurable with either EEG or MEG (Pineda, 2005; Hari, 2006). This occurs during observation of facial expressions as well as both transitive and intransitive limb movements and is distributed somatotopically over sensorimotor cortex according to the body part being observed (Muthukumaraswamy and Johnson, 2004; Muthukumaraswamy et al., 2004, 2006; Oberman et al., 2005; Moore et al., 2011). The effect is stronger for reach-to-grasp actions that are directed toward an object than those that are not (Muthukumaraswamy and Johnson, 2004; Muthukumaraswamy et al., 2004).

These types of TMS, EEG, and MEG experiments have not been performed in macaques, but single-cell recordings show that mirror neurons in ventral premotor area F5 and inferior parietal areas PF/PFG respond to both the execution and observation of similar movements, including both manual actions and orofacial movements (Gallese et al., 1996; Rizzolatti et al., 1996; Ferrari et al., 2003). However, macaque mirror neurons only respond to observed manual actions which are object- or goal-directed; they do not respond to observed mimed (intransitive) actions (Gallese et al., 1996; Rizzolatti et al., 1996; Ferrari et al., 2003). The human homologues of macaque F5 and PF/PFG are Brodman areas 44 and 40 (Rizzolatti and Craighero, 2004). In neuroimaging experiments, these regions are active during observation and execution of similar actions in a somatotopic manner (Buccino et al., 2001). Motor contagion in humans has been proposed to rely on a mirror system homologous to that in macaques (Blakemore and Frith, 2005). If this is true, then motor contagion and motor interference should occur in macaques (as well as any other species that have a mirror system), although to our knowledge this has not been tested.

In addition to the reflexive phenomena described above, individuals can also copy each other's behavior in a less automatic, more controlled manner. Many species are capable of using observational learning to copy another's goal-directed action. Rats can learn to run a maze by observing another rat (Zentall and Levine, 1972). Some birds socially learn each other's songs (Zentall, 2004). Guppy fish can socially learn foraging innovations (Laland and Reader, 1999). Wild macaques learn to wash sand off sweet potatoes by watching other macaques (Kawamura, 1959). Both capuchin monkeys and chimpanzees learn to use tools by watching conspecifics (Fragaszy and Visalberghi, 1989; Inoue-Nakamura and Matsuzawa, 1997).

Undoubtedly, not all of these phenomena need to be understood as involving reflective processing. When considering the impressive variety of social learning across species, it is important to recognize that the same general function—copying another's behavior—can result from different psychological and neurophysiological mechanisms in different species. Various schemas exist for categorizing different types of social learning behavior [e.g., (Whiten et al., 2004; Zentall, 2006)]. In general, the types of social learning behavior that are most widespread across species do not involve a representational understanding of the goal behind an observed action; for example, observers' attention may be drawn to particular objects or locations in the environment, facilitating their own independent discovery of how to produce an action involving that object (stimulus enhancement); they may learn about the positive or negative value of an object or event (valence learning); or they may reflexively copy aspects an observed action's movements without reflective understanding of its goal (mimicry). Many of these behavioral phenomena may occur reflexively, without representational understanding of the observed action's goal.

Forms of controlled social learning that involve an understanding of the observed goal are more rare, but are well-studied in primates. Most primate social learning is classed as emulation (copying an action's goal or result but not specific movements or methods) rather than imitation (copying both the goal and methods) (Whiten et al., 2009). While some studies report imitation in other species [e.g., chimpanzees: (Hayes and Hayes, 1952; Custance et al., 1995; Horner and Whiten, 2005); marmosets: (Voelkl and Huber, 2000)], none of these species use it so profusely and complexly as humans. In particular, a decades-long body of behavioral research describes a bias toward emulation in chimpanzees, and a bias toward imitation in humans (Whiten et al., 2009). For example, in one task (Horner and Whiten, 2005), the experimenter demonstrates a complex series of actions that open a puzzle box (pulling levers, pressing buttons, etc.). When the puzzle box is opaque and the relationship between these maneuverings and the opening of the box is not perceptible, both chimpanzees and human children copy these actions with high fidelity. However, if a transparent box is used, it becomes obvious that some of the demonstrator's actions do not contribute to opening the box. Chimpanzees dispense with these useless actions and use the most efficient method to open the box. Human children, on the other hand, persist with these actions, even when instructed not to reproduce any “useless” or “silly” actions, and even when they verbally report that they understand that they are useless (Lyons et al., 2007). This is termed “overimitation,” and it is even stronger in adults than in children (McGuigan et al., 2011).

Developmentally, copying of goal directed actions emerges in humans improves over the first two years of life, and in chimpanzees during the first four years (Inoue-Nakamura and Matsuzawa, 1997; Elsner, 2007; Elsner et al., 2007). Human infants are more likely to reproduce actions that have goals than those that do not (Elsner, 2007), and when preschool children copy a goal-directed movement, they tend to use movements that are less congruent with the demonstrator's than if there is no goal (Bekkering et al., 2000). It is interesting to note that motor interference effects are not observable until the age of four to five years (Marshall et al., 2010; Saby et al., 2011), suggesting that motor resonance, which would otherwise cause interference, may be somehow damped during the time that goal-directed copying is developing. However, children show electrophysiological correlates of motor resonance (mu suppression) as early as 6 months and seem to do so throughout development (Lepage and Theoret, 2006; Nystrom, 2008; van Elk et al., 2008). An important area of future research will be the developmental relationship of reflexive motor resonance phenomena with more controlled social learning phenomena.

To date, the neural correlates of goal-directed behavioral copying have only been studied in humans. In humans, two recent meta-analyses of functional neuroimaging studies on imitation found that it involves the homologues of the macaque mirror regions (Brodman areas 44 and 40), as well as broader regions of superior parietal lobe, inferior parietal lobe, dorsolateral prefrontal cortex, and premotor cortex (Caspers et al., 2010; Molenberghs et al., 2011). Lesions to either frontal or parietal regions can cause apraxia, a neuropsychological disorder of imitation (Goldenberg, 2009). While the macaque mirror system is activated by the observation of goal-directed actions, notably, monkeys do not imitate according to the definition above (copying both goal and method; Fragaszy and Visalberghi, 2004). However, macaques do recognize when their goal-directed actions are being imitated by a human experimenter (Paukner et al., 2005). Even accepting a looser definition of imitation, it is obvious that macaques' social learning is less profuse and less complex than humans'. Furthermore, the macaque mirror system does not respond to meaningless actions not directed at an object, e.g., mimed grasping, while the human mirror system does (Rizzolatti and Craighero, 2004). This suggests that species differences in the mirror system could be related to species differences in social learning.

One recent study examined the white matter connectivity of the mirror system in macaques, chimps, and humans (Hecht et al., 2012). In macaques and chimps, the bulk of the white matter within the mirror system connects temporal perceptual areas directly to the frontal mirror region and surrounding frontal areas. Since the frontal mirror region is thought to contain a “vocabulary of motor acts” where actions are coded according to their goals or results (Rizzolatti et al., 1988; Bonini et al., 2009), this pathway might underlie macaques' and chimps' bias toward copying an action's results over its movements. In humans, relatively more white matter in the mirror system passes through parietal cortex. Since the parietal mirror region is thought to perform sensorimotor mapping of the spatial and temporal details of observed and executed movements (Rozzi et al., 2008; Bonini et al., 2009), this increased connectivity might allow humans to map observed actions onto their own motor systems with greater kinematic detail, and could be related to our propensity for “overimitation.”

Taken together, research on phylogeny, development, and neural activation suggests that self-other mapping in the somatomotor domain can occur via both reflexive and reflective processes. A reflexive mechanism is in place very early whereby observed movements are automatically reproduced. After a short period—days, weeks, or months depending on the species (with unknown implications of this difference)—an inhibitory process comes online and this automatic mimicry disappears. In human adults, this inhibition seems to be mediated by the spinal cord, perhaps leaving the brain free to mirror observed action uninhibitedly (Rizzolatti and Craighero, 2004). This direct, low level self-other matching mechanism is thought to result from simple Hebbian synaptic potentiation during development: an individual's own action causes motor and visual neurons to “fire together,” increasing the chances that they will eventually “wire together,” so that after repeated co-activation, activation in one neuron alone can cause activation in the other, creating neurons that activate in response to observed, unexecuted action (Keysers and Perrett, 2004; Brass and Heyes, 2005). Such a mechanism should be widespread across phylogeny, might account for the development of premotor/parietal mirror neurons as well as other, heterogeneous cell types, and might account for motor contagion and mimicry across various species.

On the other hand, a reflective mechanism allowing the reproduction of goal-directed actions emerges later in development and is more limited across phylogeny. In humans, it involves some of the same neural substrates as reflexive motor resonance, as well as other regions more commonly associated with reflective processing, like dorsolateral prefrontal cortex and superior parietal cortex (Caspers et al., 2010; Molenberghs et al., 2011; Koenigs et al., 2009; Barbey et al., 2012a,b). A sub-distinction can be made between copying actions' results versus movements; humans focus on copying movements, while chimpanzees and other primates focus on copying goals. This difference in behavior may be the result of an underlying difference in neural responsivity (whether the mirror system can respond to intransitive action), which itself may be a result of a difference in white matter connectivity (the amount of connectivity with parietal cortex) (Hecht et al., 2012). The idea that copying results and copying movements are semi-dissociable processes is supported by clinical evidence. Goldenberg (2009) argues that lesions to frontal cortex in humans impair imitation of goal-directed actions, while lesions to parietal cortex impair imitation of non-goal-directed, meaningless actions. Furthermore, non-goal-directed imitation may be specifically impaired in autism (Gowen et al., 2008). (Paulus et al., 2011) suggest that developmentally, motor resonance is necessary but not sufficient for social learning of goal directed actions. This holds across phylogeny: reflexive motor resonance and mimicry are seen across a wide variety of species, and seem to be necessary but not sufficient for the development of social learning involving a reflective understanding of observed goals, which is more rare across phylogeny.

Self-Other Matching in the Perceptual Domain: Eye Movements and Cognition About Perception

Individuals can match their own visual perception or attention to that of another by following gaze direction (Emery et al., 1997). It is easy to see how gaze following is a broadly adaptive trait—if something has drawn my conspecific's attention, it likely deserves my attention as well, since we share food sources, predators, prey, and potential mating partners. Bringing one's own perception into congruence with another individual's can also serve as first step toward bringing behavior into congruence. Therefore, it is not surprising that this basic behavior occurs automatically across the animal kingdom, in various species of reptiles, birds, and mammals.

In its simplest form, gaze following is tested by having the subject view a conspecific or human experimenter looking up, down, or to the side, and measuring whether the subject performs a congruent adjustment in visual attention. This test is passed by tortoises, a variety of birds, domestic goats, dogs and wolves, and a variety of primates (Bugnyar et al., 2004; Schloegl et al., 2008; Loretto et al., 2009; Rosati and Hare, 2009; Wilkinson et al., 2010; Kehmeier et al., 2011; Range and Viranyi, 2011; Teglas et al., 2012). Some species, such as macaques (Emery et al., 1997), only follow shifts in head or whole body orientation, while others, such as chimpanzees (Tomasello et al., 2007), can follow shifts in eye gaze alone. Humans' white sclera make our eye movements more apparent than other species', who have darker sclera; this is thought to be a contributing factor in our ability to follow eye movements (Tomasello et al., 2007; Rosati and Hare, 2009).

In a more complex version of this task, the demonstrator individual looks toward an object that is occluded from the subject's view by a barrier. Animals that can pass this task are said to follow gaze “geometrically” and are inferred to have some referential understanding of the content of the demonstrator's perception—i.e., that the demonstrator is “looking at” a particular thing. Animals that fail this task are taken to lack the ability to take the visual perspective of others (Rosati and Hare, 2009). Species currently known to follow gaze geometrically include a subset of those above: spider monkeys and capuchins (Amici et al., 2009), chimpanzees, bonobos, and gorillas (Okamoto-Barth et al., 2007), dogs (Teglas et al., 2012), wolves (Range and Viranyi, 2011), rooks (Schloegl et al., 2008), and ravens (Bugnyar et al., 2004).

In a yet more complex task, perspective-taking is studied in humans and great apes using tasks that test the subject's ability to know that another individual does not know something that the subject does. For example, in the Sally-Anne test (Baron-Cohen et al., 1985), Sally places a toy in her basket and then leaves the room. Anne then enters the room and moves the toy. The subject is asked where Sally will look for her toy when she returns. This measures whether the subject has “theory of mind,” or the ability to attribute mental states or perspectives to others which are separate from one's own (Premack and Woodruff, 1978). Thus it is an explicit measure of a reflective process. However, there is evidence that implicit processing is also involved in this task. Both human adults and children are less accurate at judgments about their own visual perspective when there is another person present with a different physical perspective, suggesting that we reflexively map what others can see and that this uses the same cognitive machinery as awareness of what we can see (Samson et al., 2010; Surtees and Apperly, 2012). Human infants look longer at the correct answer in a Sally-Anne test before they can produce a correct explicit verbal response, suggesting that they have implicit awareness of others' perceptual knowledge (Clements and Perner, 1994). Various experiments suggest that chimpanzees are able to take the perspective of others (Povinelli et al., 1990; Hare et al., 2001; Brauer et al., 2007; Krachun and Call, 2009; Krachun et al., 2009). For example, in one study (Hare et al., 2001), subordinate chimpanzees preferred to approach food behind a barrier, so that a dominant chimpanzee could not see.

The complexity of gaze following behavior changes across development, and this differs between species. In humans, gaze following emerges between 3–18 months (Scaife and Bruner, 1975; Carpenter et al., 1998; Corkum and Moore, 1998). In rhesus macaques, it begins to emerge around 5.5 months; in chimpanzees, between 3–4 years (Rosati and Hare, 2009). At first, infants follow head movements but not eye movements alone, and continue to follow a demonstrator's repeated gazes toward an information-less target (such as a blank ceiling). This suggests a lack of understanding that eyes are the mechanism of perception, and that gaze following behavior is relatively inflexible, automatic, and not affected by learning. Later, infants begin to follow eye movements alone, and later still they can inhibit repeated gaze-follows to a meaningless target. The ability to follow gaze geometrically emerges around this time. This pattern of development is similar in wolves, macaques, chimpanzees, and humans (Scaife and Bruner, 1975; Carpenter et al., 1998; Corkum and Moore, 1998; Ferrari et al., 2000; Rosati and Hare, 2009; Range and Viranyi, 2011).

The neural basis of gaze following has been studied in humans and macaques. In humans, neuroimaging experiments have implicated the superior temporal sulcus, cuneus, inferior parietal lobule, and intraparietal sulcus in perceiving others' looking direction (Puce et al., 1998; Wicker et al., 1998; Hoffman and Haxby, 2000; Pelphrey et al., 2003, 2004; Materna et al., 2008). Superior temporal sulcus is involved in encoding intentions related to gaze (Pelphrey et al., 2003), while intraparietal sulcus may be related to shifts in one's own visual attention regardless of social context (Materna et al., 2008). In macaques, cells in superior temporal sulcus respond to different angles of head orientation (Perrett et al., 1991). Cells in area LIP of the intraparietal sulcus fire both when the monkey looks in the cell's preferred direction and when another monkey looks in the same direction (Shepherd et al., 2009). A second population of cells in this area was suppressed by the observation of other monkeys' gaze. Interestingly, most of F5 mirror neurons are tuned to a particular visual perspective for observed grasping movements, suggesting a role for perspective in the somatomotor self-other matching system (Caggiano et al., 2011).

Considering the neural and behavioral research together across phylogeny, some patterns emerge. There are no species that are capable of following eye movements alone but not head movements, or head movements but not whole body movements. Developmentally, across species, the ability to follow eye movements alone emerges after the ability to follow head or body movements. Additionally, there are no species that follow gaze behind a barrier but not into empty space, and following gaze into empty space always emerges in development before following gaze around a barrier. The ability to follow gaze geometrically co-emerges with the ability to not follow repeated gazes toward an informationless target, such as a blank ceiling. Thus it appears that there are two fairly discrete components to gaze following: an early-developing, egocentric, automatic one, and a later-developing, allocentric, controlled one that takes into account the referential information in the gaze.

It seems likely that these components might rely on at least partially separable neural substrates. Shepherd et al. (2009) suggest that LIP cells are involved in the reflexive mode of gaze following. Similarly, Pelphrey et al. (2003) suggest that human intraparietal sulcus is concerned with egocentric mapping of spatial attention. This suggests the hypothesis that the automatic, implicit mode of gaze following can be mapped to parietal cortex. We wonder whether Shepherd et al. (2009) second population of cells that were suppressed by observed gaze changes might serve to override this automatic “mirroring” of attention, and whether the onset of their inhibition during development might coincide with the onset of the ability to habituate to meaningless gazes. Conversely, Pelphrey et al. (2003) suggest that in humans, the superior temporal sulcus may be more involved with judging the intentionality of others' actions, and has been implicated more broadly in reflective social cognitive processes like theory of mind. Thus we can hypothesize that this region might underlie the referential understanding of the content of others' gaze.

Self-Other Matching in the Autonomic/Emotional Domain

In addition to the somatomotor and oculomotor domains, self-other matching also occurs in the autonomic domain. This can extend to very low-level functions, such as pupil size (Harrison et al., 2006, 2007, 2009) and respiration (Jeannerod and Frak, 1999; Paccalin and Jeannerod, 2000; Mulder et al., 2005; Kuroda et al., 2011). “Contagion” of autonomic states has been well studied across species in the domain of pain, fear, and anxiety. For example, geese have heart rate increases after viewing their mate in conflict (Wascher et al., 2010). Mice have stronger responses to pain after viewing another mouse in pain (Langford et al., 2006; Jeon et al., 2010; Jeon and Shin, 2011). Monkeys exhibit behavioral signs of fear when watching another monkey in fear, even when the observer cannot see the item that is feared (Mineka and Cook, 1993). Crying is contagious in human infants (Geangu et al., 2010). In adult humans, photographs of others in danger or pain induces a freezing postural response (Azevedo et al., 2005; Facchinetti et al., 2006).

Beyond simply “catching” the emotion of fear non-referentially, various species can learn what to fear by watching others through observational learning. For example, in an experiment with crows, adult crows were captured, banded, and released by human experimenters who wore distinctive masks. The offspring of these adult crows, who observed the masked experimenters' actions, later produced alarm calls to humans wearing the same masks, even though they had no interaction with the humans personally (Cornell et al., 2011). Similarly, monkeys can acquire fear of snakes after watching other monkeys' fearful interactions with snakes, without any personal experience with snakes (Cook and Mineka, 1989, 1990). When human adults observe others undergoing a panic attack after a conditioned stimulus, they show greater electrodermal responses and report more fear and anxiety for that stimulus (Kelly and Forsyth, 2007). In humans, observational learning of fear, like Pavlovian conditioning, subsequently produces increased skin conductance measurements in response to a masked (nonconsciously viewed) image, while simple verbal instruction that an item is dangerous does not (Olsson and Phelps, 2004). This suggests that observational learning of fear acts via a reflexive, implicit mechanism rather than a controlled, explicit mechanism.

Individuals of various species can also learn what not to fear by watching others. Attenuation of fear by observational learning has been reported in mice (Guzman et al., 2009), and extinction of avoidance behavior is facilitated by observational learning in rats (Uno et al., 1973). Monkeys that observe other monkeys behaving non-fearfully with snakes are less likely to acquire fear of snakes themselves, and overshadowing can also be achieved through observational learning in monkeys (Mineka and Cook, 1986; Cook and Mineka, 1987). Human children who see their mothers responding positively to a fear-inducing stimulus are less fearful of the stimulus (Gerull and Rapee, 2002; Egliston and Rapee, 2007). For human children learning to overcome a fear of swimming, swimming lessons are more effective when paired with observation of a non-fearful child swimming (Weiss et al., 1998).

Self-other matching for autonomic states seems to rely on the same neural structures that produce those states in the observer. In mice, observational fear learning is blocked by inactivation of the anterior cingulate or the thalamic pain nuclei (both regions involved in the experience of pain), but not thalamic sensory nuclei (Jeon et al., 2010). In humans, felt and seen pain activate anterior cingulate and anterior insula (Lamm et al., 2010). Felt and seen disgust also activate the insula (Wicker et al., 2003; Wright et al., 2004; Jabbi et al., 2008). The amygdala seems to be necessary for not only the experience of fear, but also the perception of fear in others—Adolph's famous patient SM, who suffered bilateral calcification of the amygdala, is both unable to experience fear personally and has difficulty attributing it to others (Adolphs et al., 1994; Feinstein et al., 2010).

Another example of automatic, reflexive self-other matching in this domain is facial expressions. As mentioned previously, orofacial movements are automatically imitated for a brief postnatal period in macaques, chimpanzees, and humans (Meltzoff and Moore, 1977, 1983; Heimann et al., 1989; Myowa-Yamakoshi et al., 2004; Ferrari et al., 2006, 2009a,b; Paukner et al., 2011), and adult orangutans rapidly mimic facial expressions during play (Davila Ross et al., 2008), but no other studies have assessed involuntary facial mimicry in adult animals. In adult humans, viewing another individual's facial expression causes rapid facial reactions, or brief, reflexive, low-intensity mimicry of the expression in one's own face, measureable with EMG (Dimberg and Thunberg, 1998). This occurs even when stimuli are presented to the blind hemisphere of patients with unilateral visual cortex lesions, so it does not require cortical awareness (Tamietto et al., 2009). Interfering with this ability reduces emotion detection accuracy—subjects are less accurate at naming happy facial expressions when holding a pencil in their mouth (Oberman et al., 2007), lesions to somatosensory cortex impair facial expression recognition (Adolphs et al., 2000), and Botox injections decrease emotion recognition across multiple expressions (Neal and Chartrand, 2011). Furthermore, the application of a restricting gel to facial skin, which increases feedback signals, increases emotion perception accuracy (Neal and Chartrand, 2011). This suggests that some part of this implicit, automatic mimicry is informational—i.e., facial feedback from the mimicked expression activates neural representations about the meaning of the expression. However, facial expressions, face-voice combinations, and body expressions all evoke similar EMG responses in the face, suggesting that humans also resonate with the affective meaning of expressions and not just the motor pattern (Magnee et al., 2007).

Motor resonance and contagion for facial expressions seems to rely on some of the same mechanisms as motor resonance and contagion for somatomotor movements. While viewing facial expressions, neonatal macaques show mu suppression, thought to be an EEG index of mirror neuron activity (Ferrari et al., 2012). Adult macaques activate frontal mirror neurons during the observation of facial expressions (Ferrari et al., 2003). Human children (Dapretto et al., 2006) and adults (Molenberghs et al., 2011) activate inferior frontal gyrus, the homologue of macaque F5, during the observation of facial expressions, and also show mu suppression during facial expression observation (Oberman et al., 2005; Moore et al., 2011). Interestingly, infant macaques who imitate facial gestures have more developed reaching-grasping behavior and fine motor control in the hand than their conspecifics who do not, providing further evidence that this phenomenon is linked to motor resonance in the somatomotor domain (Ferrari et al., 2009b).

Yawns are a specific example of a contagious facial expression that is contagious in several species. In addition to humans, macaques (Paukner and Anderson, 2006), gelada baboons (Palagi et al., 2009), chimpanzees (Anderson et al., 2004; Campbell et al., 2009; Campbell and de Waal, 2011), and dogs (Joly-Mascheroni et al., 2008; Harr et al., 2009) also experience contagious yawning. In humans, viewing others' yawns activates precuneus, posterior cingulate, and superior temporal sulcus, all regions that have been associated with “higher-level” forms of social cognition (Platek et al., 2005; Schurmann et al., 2005). Platek (2010) notes that individual humans who are more susceptible to contagious yawning tend to be better at higher-order social cognitive measures like theory of mind processing and self-face recognition, and suggests that yawn contagion may be an evolutionarily old processes that became the basis for these more complex forms of social cognition.

In addition to self-other matching of autonomic states and facial expressions, others' emotions can also be matched in a more explicit, reflective manner. Preston and de Waal (2002) use the term “cognitive empathy” to describe a referential understanding of another's emotional state. Several studies show a link between reflective and reflexive self-other matching of emotion. Subjects who score high in emotional empathy scales have stronger facial mimicry for observed emotions, while low-empathy subjects activate facial muscles incongruent with the observed expression—e.g., “smiling” when seeing an angry face (Sonnby-Borgstrom, 2002). Similarly, high-empathy subjects show greater contagion for pupil size (Harrison et al., 2007). Autism and schizophrenia, both disorders which impair higher-order measures of empathizing, involve abnormal facial mimicry of observed facial expressions (McIntosh et al., 2006; Oberman et al., 2009; Varcin et al., 2010) and a reduction in yawn contagion (Haker and Rossler, 2009; Helt et al., 2010). A better understanding of the interaction between reflexive and reflective forms of emotional self-other matching may provide new directions for treatment in disorders of social cognition, since some problems in higher level social cognition and emotional response might derive from deficits in lower-level, reflexive self-other matching systems.

Another broad area of inquiry for future research is the interaction between self-other matching in the emotional domain with self-other matching in other domains. These interactions undoubtedly exist. For example, in the motor domain, as noted earlier, mimicry of postures, mannerisms, facial expressions, and behaviors increases liking, smoothes social interactions, and is more common in empathic people the chameleon effect (Chartrand and Bargh, 1999; Paulus et al., 2011). This brings up the interesting question of whether targeting or training self-other matching in the somatomotor domain (or another domain) might improve self-other matching in the emotional domain. Given that something like the chameleon effect seems to occur in capuchin monkeys, since monkeys prefer to interact with humans who imitate them (Paukner et al., 2009), research on this topic in other species might be useful for understanding it in our own.

General Discussion and Conclusion

In this review, we have aimed to provide specific examples of how reflective processes are related to reflexive processes in self-other matching across species in three specific domains—in the motor domain (somatomotor movements), in the perceptual domain (eye movements and cognition about visual perception), and in the autonomic/emotional domain. Many unanswered questions remain; we have highlighted a few specific questions, with some potential ways to address them, in Table 2. Despite these unanswered questions, taking a broader perspective and considering these domains together, several patterns emerge.

Table 2. Some unanswered questions for future research, with some suggestions for ways to address them.

[image: image]

First, in each of these domains, there are early-developing, automatic processes that rapidly match the observer's state to others'. These could emerge based on a simple Hebbian mechanism, as individuals learn associations between observable effects and internal states within the context of their own behavior. As these associations are solidified, observation of only the process's effect (a fearful expression or the perception of an arm movement) can activate representations of the internal state that causes it (the emotion of fear or the motor representation of the arm movement). Since Hebbian learning is a common feature of nervous systems, seen even in mollusks, this type of self-other matching is likely widespread across the animal kingdom.

Second, more complex forms of self-other matching in each domain emerge later in development and are less prevalent across phylogeny. They involve some of the same neural substrates as their related lower-level processes, as well as other neural systems associated with representational thought. The function of the lower-level processes can impact higher-level processes. For example, paralysis of one's own facial muscles impairs recognitions of others' facial expressions (Neal and Chartrand, 2011). In general, these higher-level functions seem not to be present in species that lack the underlying lower-level functions—e.g., to date there are no species that are capable of geometric gaze following but not the simpler form of automatic gaze following into empty space. Many of these higher-level functions are uniquely developed in humans, and some may even be completely unique to humans. However, the longer that comparative psychology investigates which behaviors are uniquely human, the more once-unique functions are found in other species.

Third, the proper function and development of the lower-level systems is often critical for the proper function and later development of the higher-level systems. Because these higher-level functions like imitation, perspective taking, and empathy are more immediately observable and salient, social cognitive deficits are often attributed to dysfunctions in these higher-level functions, but it is important to also address whether there may be a less obvious deficit in an underlying lower-level function. For example, autism was once accepted as primarily a disorder of theory of mind (Baron-Cohen et al., 1985). More recent research, though, has shown that high-functioning autistic individuals can pass tests of theory of mind, albeit using different mechanisms. Current research is increasingly pointing toward cascade effects where early disruptions in lower-level social processes cause derailments of later-developing, higher-level processes. For example, early abnormalities in gaze following may underlie later deficits in perspective taking (Elsabbagh et al., 2012); abnormalities in motor resonance for body movements may lead to deficits in imitation (Gowen et al., 2008); and abnormalities in facial expression mimicry may be related to difficulties with empathy (McIntosh et al., 2006; Oberman et al., 2009).

A comparative, evolutionary approach highlights the role of these underlying, lower-level processes because it frames neural and psychological systems in a way that emphasizes continuity. As evolution produces organisms of increasing complexity, new functions must be integrated into the framework of pre-existing, simpler functions, like new heating systems being grafted onto old ones in an apartment building. An understanding of the normal or disordered function of the new systems would be incomplete without an understanding of the underlying, older systems, and of how the new are related to the old. Thus, our understanding of the psychological and neural mechanisms of self-other mapping, other forms of social cognition, and other functions in general in our own species can be informed by considering the layered complexity these functions in other species.

Of course, it is obvious that there are some things about human behavior and the human brain that are “special.” Some human behaviors or neural features may not have easily identifiable correlates in other species (although we argue that most probably do, to some extent). A comparative perspective can also inform understanding of behavioral abilities that only human have: they must rely on aspects of neural organization that are unique to humans. Unique neural features can only be mapped to unique behavioral features if we have a firm understanding of which neural and behavioral features are shared with other species.
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