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Abstract

:

Human functions and traits are linked to cerebral networks serving different emotional and cognitive control systems, some of which rely on hemispheric specialization and integration to promote adaptive goal-directed behavior. Among the neural systems discussed in this context are those underlying pro- and antisocial behaviors. The diverse functions and traits governing our social behavior have been associated with lateralized neural activity. However, as with other complex behaviors, specific hemispheric roles are difficult to elucidate. This is due largely to environmental and contextual influences, which interact with neural substrates in the development and expression of pro and antisocial functions. This paper will discuss the reciprocal ties between environmental factors and hemispheric functioning in the context of social behavior. Rather than an exhaustive review, the paper will attempt to familiarize readers with the prominent literature and primary questions to encourage further research and in-depth discussion in this field.
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1. Introduction


The search for neurobiological correlates of adverse social behaviors, such as violence, addiction, and crime, encompasses an ongoing investigation into the role of functional cerebral asymmetry and interhemispheric transfer [1,2,3]. Adult antisocial behaviors are defined as disruptive behaviors that violate social rules and involve defiance of authority and disregard for the rights of others [4]. They often include rule-breaking, criminal, and violent acts, as well as a failure to follow moral guidelines [5], and have been associated with the pursuit of power and the manipulation and exploitation of others to achieve personal goals [1]. While antisocial behavior is a component in psychiatric disorders, including antisocial personality disorder (APD) and psychopathy, it can also occur on its own [4].



The diverse functions and traits governing both pro and antisocial behavior, from inhibitory control to attention to empathy, have been associated with lateralized neural activity [1,6]. However, as with other complex behaviors, specific hemispheric roles are difficult to elucidate [7,8,9]. This is presumably due in large part to environmental and contextual influences, which interact with neural substrates in the development and expression of pro and antisocial functions [10,11]. The current paper addresses the interdependent roles of hemispheric functioning and environmental factors in the context of antisocial behavior, both to familiarize readers with the prominent literature and primary questions and to encourage further research and in-depth discussion in this field.




2. Cerebral Asymmetry


The idea that the two hemispheres operate in different, albeit integrated, ways is the basis for discussing neural lateralization and asymmetry with respect to any particular behavior or ability [12,13]. Lateralization is believed to enable efficient use of brain tissue and increase neural capacity by preventing unnecessary duplication, contributing significantly to the brain’s plasticity and adaptability in the face of social, environmental, and pathological changes [14,15,16].



At the most basic level, the left hemisphere (LH) is generally associated with language functions including speech, comprehension, and writing, as well as arithmetic. Meanwhile, the right hemisphere (RH) is said to underlie creativity, visuo-spatial skills, and facial recognition [12,14,17]. Beyond this relatively simplistic division, several researchers have attempted to characterize hemispheric and inter-hemispheric activity in greater detail [8,18]. The two hemispheres are believed to interpret the same data and organize contextual connections between elements of information in different ways [18,19,20]. In this view of hemispheric lateralization, the LH is associated with sequential information processing and logical thinking, and it facilitates analysis by organizing symbolic or iconic material to create a strictly ordered and unambiguously understood context [14,21]. The RH, meanwhile, is associated with image thinking and the single-stage parallel processing of many elements of information, creating an integral but ambiguous context [21].



While this and other conceptualizations of cerebral asymmetry highlight different modes of experiencing and responding to the world, it is clear that the two hemispheres are interdependent [22,23,24]. Under normal circumstances, the brain works as an integrated whole, with the two hemispheres transferring information between them via the corpus callosum to create a unified and coherent experience [1,14]. When the balance between them is disrupted by damage to a particular hemisphere or to the quality of interhemispheric transfer, specific deficits in cognitive and emotional processes can arise [2,17,25,26]. In the following section, I present research on lateralized dysfunction in relation to antisocial behaviors, including antisocial personality disorder and psychopathic traits. Later in the paper, I discuss modulation of these brain–behavior relationships by environmental and contextual factors.




3. Neural and Cognitive Substrates of Antisocial Behavior


Successful, adaptive social and interpersonal relationships generally involve solidarity, compassion, and consideration for the feelings and needs of another, all of which rely heavily on emotional comprehension and processing abilities [1,27]. Adaptive social behavior also relies on cognitive control and executive functions, including goal-directed behavior, decision-making, and planning [28,29], which support self-regulation and the inhibition of inappropriate behavior [29,30]. When any of the emotional and cognitive functions underlying adaptive social functioning are damaged, antisocial behavior can occur [31,32,33].



In accordance with the reliance of social functioning on both emotional and cognitive components, antisocial behavior has been associated with damage to brain regions involved in decision-making, inhibitory control, impulsivity, reactive aggression, and dysregulation of emotions [34,35,36]. These areas converge into two main neural networks (see Figure 1): the cognitive control network, including the lateral prefrontal and parietal cortices and parts of the anterior cingulate cortex (ACC) associated with the cognitive control processes, and the socio-emotional network, which includes the amygdala, ventral striatum, ventromedial prefrontal cortex (VMPFC), orbitofrontal cortex (OFC), and superior temporal sulcus [37,38]. Each of these networks can further be divided into left and right hemisphere components e.g., [39] which are discussed in the context of antisocial behavior below.




4. Lateralized Neural and Cognitive Substrates in Antisocial Behavior


Based on empirical studies of split-brain patients and individuals with head injuries and mental disorders, the diverse functions governing social tendencies and behavior have been associated with lateralized cortical and subcortical neural activity [17,41,42,43,44,45]. These findings have elicited work addressing the roles of lateralized function and damage in antisocial behavior [26,46,47].



There is evidence that anatomical and functional abnormalities in regions including the OFC, dorsolateral prefrontal cortex (DLPFC), ACC, and temporal cortex, as well as subcortical regions result in different antisocial styles when the two hemispheres are differentially affected [11,26,35,36,48]. Generally speaking, reduced RH activity appears to be associated with impaired socioemotional and behavioral functioning, such as the inability to withdraw from aversive and dangerous situations, whereas disinhibition and impaired approach behaviors, such as impulsivity, stimulation seeking, and aggression, have been linked primarily to an overactive LH [49,50,51,52]. In accordance, there are studies describing antisocial behavior characterized by affective and interpersonal deficits, believed to be mediated by an underactive RH, and antisocial behavior characterized by an impulsive, aggressive, and reward-seeking style, associated with an overactive LH [1,5,6,53].



Imaging studies do indeed report RH gray matter and white matter fiber reductions, as well as functional changes in regions associated with empathy, recognition of facial emotion, abstract reasoning, and theory of mind, among individuals who exhibit antisocial behaviors [36,54,55,56,57,58,59,60]. In a study of individuals with focal, stable unilateral lesions in either the right or left VMPFC, Tranel, Bechara, and Denburg [61] showed that participants with right-sided lesions exhibited profound disturbances in social and interpersonal behavior, emotional processing, and personality, meeting the criteria for acquired sociopathy. In contrast, participants with left-sided lesions tended to exhibit normal social and interpersonal behavior and intact emotional processing.



Other studies report different, and sometimes contradicting patterns associated with LH versus RH dysfunction [14,36,62]. In these studies, antisocial behavior has been associated with decreased LH or increased RH activity, as demonstrated in neuroimaging studies. A study by Bertsch et al. [35] reported reduced gray matter volumes in the left postcentral gyrus, left dorsomedial PFC, and right posterior cingulate and precuneus among individuals with antisocial personality disorder with psychopathic traits, as compared with healthy individuals. An additional study [63] found that reduced white matter integrity in different regions in both the LH and RH was correlated with impulsivity and risky behaviors in participants with antisocial personality disorder.



Raine et al. [64] examined individuals who had committed predatory murders, which involved well-planned and structured hostility, and affective aggressive murders involving unstructured affective arousal and aggression. They found greater subcortical functioning in the RH and a smaller prefrontal/subcortical ratio in the RH in the affective aggressive murderers. They also reported abnormal subcortical asymmetries, with lower LH than RH metabolic activity in the thalamus, amygdala, and medial temporal lobe. Their findings reflect the role of RH cortical and subcortical pathways in basic emotional processing [21,65,66] and the role of the LH in propositional understanding of emotional information, which enables verbalization that is more informational than experiential. As such, the LH might not be integral to the initial perceptual and experiential stages of emotional processing, but rather attuned to the outcomes of RH processing and their application to executive functioning, social well-being, and knowledge representation [66].



Based on a meta-analysis of imaging studies, Yang and Raine [67] reported significantly reduced prefrontal structure and function in individuals with antisocial behavior. They found more prominent structural and functional deficits in the RH than in the LH, showing reductions in the right OFC and right ACC. However, they also reported deficits in the left DLPFC, which is associated with self-regulatory processes such as the allocation and sustaining of attention and cognitive flexibility [68,69,70,71]. Other regions of interest with respect to antisocial behavior are the amygdala and hippocampus [72], which have been studied significantly less than the PFC. Existing studies most often report bilateral involvement, although some do report atypical asymmetry [26,73,74,75].



The large variation in the findings on lateralized neural dysfunction likely reflects heterogeneity among the samples of antisocial individuals with different patterns of cognitive and emotional deficits, as well as diverse behavioral and neuroimaging methodologies [67]. Beyond this, it is clear that neural substrates interact with the environment, which also plays a key role in the development and expression of antisocial tendencies.




5. Environmental Influences on Neural Substrates and Behavioral Expressions of Antisocial Tendencies


The roles of external environmental factors on antisocial behavior, within the context of cerebral lateralization, are discussed below with respect to two broadly-defined categories: (1) environmental effects on early and ongoing neural development, contributing to the creation of neural function and dysfunction associated with antisocial behavior, and (2) contextual determinants of antisocial behavior, or aspects of the environment that contribute to the expression of antisocial behaviors.



5.1. Environmental Effects on Early and Ongoing Development of Lateralized Neural Functions Associated with Antisocial Behavior


While hemispheric lateralization appears to play an important role in the development of the skills enabling prosocial behavior [14,76], the internal mechanisms and external influences underlying the development of cerebral asymmetries are not clear (see 50 for extensive review). This question is part of the more extensive nature versus nurture discussion, concerning the interplay between heredity and environment in determining behavior. While structural and functional hemispheric asymmetries become established in the human fetus, attesting to genetic underpinnings [39,77], postnatal environments also have lifelong effects on brain health [78]. Indeed, a significant body of work shows that mental states and behavioral outcomes, including antisocial traits and behavior, are a reflection of both environmental experiences and innate factors that impact the brain’s ability to adapt to changing environmental demands [79,80,81,82,83].



Postnatal brain development is a heavily experience-dependent period of opportunity and vulnerability [84]. The effects of experience go beyond the simple modulation of plasticity [84,85,86]. In fact, experience forms and shapes the anatomical and functional structure of the brain [84]. From birth, the brain rapidly creates connections between neurons that form our habits, thoughts, consciousness, memories, and mind through repeated experiences and learning [87,88]. Increases in the connections between higher-order association areas in the frontal lobes strengthen the ability to exert cognitive and emotional control [89,90], and they are thought to support improvements in executive abilities such as response inhibition, strategic planning, and impulse regulation [40,91].



Positive life experiences and enriched environments are known to foster healthy brain function and behaviors [92]. Meanwhile, adversities, negative life events, and parental variables such as maternal substance abuse and parental deprivation appear to interfere with neurobiological developmental processes [93]. Longitudinal and cross-sectional brain imaging studies have shown that chronic stress, deprivation, and maltreatment in the first years of life are associated with brain volume reductions and significant brain development abnormalities in affected children [10,93].



Brain asymmetries and lateralized functions are also determined by internal and external factors before and in the years immediately following birth [78,88]. Certain areas of the RH develop earlier than the homologous areas of the LH, beginning in utero and continuing at least through the first few years of human life [76,94,95]. Brain development appears to begin with a growth spurt of the RH during the first two years of life that is shaped by emotional communications with the caregiver [92]. The RH, which is heavily involved in emotional and social processing, is believed to maintain dominance for the first three years after birth until LH development catches up [92].



Atypical brain asymmetries are believed to be the product of disruptions in these early neurodevelopmental processes [74,96]. The resulting alterations in neural circuits have been associated with behavioral phenotypes, including antisocial tendencies, as expressed in delinquency and physical aggression [74,97,98,99,100].



The most studied environmental factors among diverse antisocial populations are parenting variables (e.g., neglect, inconsistent parenting), negative life experiences (e.g., sexual abuse, physical abuse, exposure to violence), antisocial culture (e.g., poor neighborhoods), family wealth or economic status, and personal employment [79,98,101,102,103]. As noted above, these factors are known to play an important role in the development of functional lateralization in cortical and subcortical systems. For example, through its associations with prenatal factors, parent–child interactions, and cognitive stimulation in the home environment, socioeconomic status (SES) appears to have a particular influence on the frontal systems in the LH, including the left inferior frontal gyrus [104,105]. Other studies have focused on the lateralized subcortical systems responsible for survival functions involved in learning, emotions, and memories, such as the hippocampus and amygdala [62,106,107,108,109]. Limbic system structures are believed to be more closely connected with the RH cortex [21,92], leading to the suggestion that attachment experiences preferentially affect right brain networks that are critical to regulatory processes and to the ability to adapt to social-emotional environments [23,92,110].



Other environmental factors, such as early stress, exposure to trauma, and substance use have also been associated with abnormal lateralization in subcortical brain regions associated with antisocial tendencies, including the hippocampus [74,111]. While hippocampal structural abnormalities have been linked to antisocial behavior, the nature of this relationship is not yet understood [5,74].



Beyond direct influences on RH and LH development, exposure to stress, neglect, and maltreatment during childhood can result in poor interhemispheric communication due to corpus callosal abnormalities [111,112]. A deprivation or lack of early experience reduces brain stimulation during development, which weakens the growth and development of the corpus callosum and thereby disrupts hemispheric specialization [113,114]. Reduced communication between the cortical and subcortical regions in the two hemispheres can potentially play a causal role in the affective and cognitive deficits that characterize individuals with antisocial behavior [2,26] (see Figure 2).



The Role of Epigenetic Factors in the Development of Neural Asymmetry and Antisocial Behavior


Due to their role in the development of hemispheric asymmetries, epigenetic mechanisms, which are tied to the environment for extensive review see [39], can also affect antisocial behavior. A primary epigenetic mechanism is DNA methylation (DNAm), a covalent modification of the DNA molecule that serves as an interface between the dynamic environment and the fixed genome [115,116]. Unlike the DNA sequence, which is stable and robust, epigenetic processes are often tissue-specific, developmentally regulated, and highly dynamic [116]. The epigenetic control of biological pathways within the neuroendocrine, serotonergic, and oxytocinergic systems plays a crucial role in the cognitive and emotional processes underlying social behavior [117,118,119,120,121]. DNAm is also linked to the lateralization of nervous system organization, which is among the mechanisms through which it can contribute to antisocial behavior and related psychopathic traits



Indeed, epigenetic mechanisms might underlie relationships between environmental factors and antisocial tendencies (see Figure 2) [10,122]. Criminology research examining early life adversity, from socioeconomic conditions to family environment to trauma, shows that life experiences can result in stable changes in DNAm [81,82,123,124]. Tobacco exposure, substance use, and psychosocial stress are among the few established environmental sources of methylation change related to antisocial behavior [125,126]. Given these recent findings, further research is needed to better understand the ontogenesis of functional lateralization at the population and individual levels, particularly with respect to antisocial behavior.





5.2. Environmental and Contextual Determinants of Antisocial Behavior


Environmental factors not only influence the development of lateralized dysfunctions underlying antisocial tendencies, but also influence the expression of these tendencies [127,128]. While the neural factors described above appear to predispose individuals to antisocial behavior, the deficits manifested in a given situation also depend on situational demands and stimulus types, which can differentially activate different regions in one or both hemispheres (see Figure 3) [66,129,130].



In healthy individuals, different stimulus characteristics are known to be associated with different neural patterns during cognitive and emotional task performance [131,132,133]. Nejati et al. [28], for example, investigated how the left DLPFC (l-DLPFC) and right OFC (r-OFC) interact in healthy participants during affective and cognitive executive functioning, using several behavioral tasks and transcranial direct current stimulation (tDCS). They found that the affective components of executive functioning, which they defined as risk-taking behavior and risky decision-making, required involvement of both the r-OFC and the l-DLPFC, while the cognitive components of inhibitory control and planning relied more exclusively on l-DLPFC activity. Their findings reflect the differential recruitment of the l-DLPFC and r-OFC based on the degree of involvement of cognitive control and emotional–motivational processes in a given task, and they support the possibility that impairments in these regions result in different behavioral outcomes, based on the task at hand.



Accordingly, individuals with deficits in the l-DLPFC might exhibit antisocial behavior in situations involving sudden changes in environmental constraints or internal goals, which require the suppression of irrelevant information and resolution of conflict between competing demands [5,134,135]. In contrast, individuals with deficits in the r-OFC might exhibit antisocial behavior in situations that require resisting temptation or rewards associated with risky and negative outcomes [5,136,137]. Thus, abnormal functioning in these regions will not necessarily result in antisocial behavior, but rather create antisocial tendencies that manifest differently depending on external stimuli and demands.



A model that directly addresses dynamic cerebral asymmetry in antisocial behavior is the LH Activation (LHA) hypothesis [138], which largely attributes psychopathy to LH dysfunction. Specifically, the LHA hypothesis predicts that information processing is disrupted among individuals with psychopathic tendencies when LH resources are substantially and differentially activated by processing demands [139]. Cognitive deficits in individuals with psychopathic traits are therefore viewed as state-specific, or evident only under conditions that require the substantial involvement of LH resources [139,140]. This model can explain inconsistent findings among individuals with psychopathic traits in performing tasks that pose different cognitive demands [139,140]. It is also in line with the behavioral variability often exhibited by this population, which can be controlled and restrained at times, and at other times exhibits poor judgment, outbursts of rage, and poor moral judgment [139]. The LHA hypothesis is supported by imaging and behavioral studies showing LH involvement in cognitive strategy use, such as the reappraisal and regulation of emotion [25,141,142].





6. Implications and Conclusions


The ideas and findings described above highlight the integrative roles of lateralized neural function and environmental influences in the creation and expression of antisocial tendencies (e.g., [26,143]). A primary implication of environmental influences on the expression of antisocial behavior in biologically predisposed individuals is the possibility that we can control and decrease these expressions through interventions [144,145]. Just as external environmental effects on lateralized neurobiological mechanisms can lead to the expression of antisocial tendencies, the environment (i.e., exposure to an enriched environment) can reduce antisocial behaviors and facilitate prosocial behaviors [120,146].



Beyond the removal or alteration of environmental triggers, environmental conditions can affect the brain, making an individual less susceptible to neural deficits resulting in antisocial behavior [79,81,147]. In the context of lateralization, various techniques are believed to influence brain organization, improving functions associated with each of the hemispheres and strengthening communication between them [148]. For example, strengthening language skills can activate neural language circuits in the LH that are closely related to areas responsible for goal-directed behavior and cognitive control [149,150]. Stronger LH functions can also facilitate RH functions, such as by providing interpretation and reappraisal of emotions processed in the RH [66]. Recently, a sensorimotor training program has been shown to increase intra- and inter-hemispheric functional connectivity, which in turn improves cognitive and emotional functions (for details, see [25,106]). Further research is needed to examine the effectiveness of this type of intervention in addressing antisocial behavior.



At the broader societal level, it appears that certain social environments, such as those associated with greater exposure to crime, produce more frequent triggers for antisocial behavior [102,151]. Sociocultural factors, like an emphasis on individualism versus collectivism, can also affect the extent to which antisocial tendencies will be expressed [152], even when an individual is predisposed to such tendencies due to specific neural patterns of cognitive and emotional dysfunction [153]. Further research is required to examine this issue in depth.



In conclusion, in discussing the roles of the environment and lateralized neurobiology in antisocial behavior, it is clear that the whole is more than the sum of its parts. Due to the magnitude and complexity of nature–nurture interactions, studies focusing on only one of these components cannot truly elucidate the causes and foundations of antisocial behavior. Though references are made in the literature to an antisocial brain or antisocial hemisphere, it is highly unlikely that any structural or functional neural pattern can be unequivocally associated with antisocial behavior [154]. Likewise, while certain environmental factors have been clearly associated with antisocial behavior, none will categorically cause all exposed individuals to behave antisocially [155]. To better understand why and when antisocial behaviors occur, further multidisciplinary research should specifically address the ties between the neural patterns and environmental influences associated with social functioning.
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	ACC
	anterior cingulate cortex



	ACG
	anterior cingulate gyrus



	APD
	antisocial personality disorder



	DLPFC
	dorsolateral prefrontal cortex



	DNAm
	DNA methylation



	l-DLPFC
	left DLPFC



	LH
	left hemisphere



	mPFC
	medial prefrontal cortex



	OFC
	orbitofrontal cortex



	PC
	parietal cortex



	PFC
	prefrontal cortex



	r-OFC
	right OFC



	RH
	right hemisphere



	SES
	socioeconomic status



	tDCS
	transcranial direct current stimulation



	VLPFC
	ventrolateral prefrontal cortex



	VMPFC
	ventromedial prefrontal cortex



	vs.
	ventral striatum
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Figure 1. (Adapted from [40]). Representation of the socioemotional and cognitive control systems, which are associated with executive mechanisms related to antisocial behavior. mPFC = medical prefrontal cortex; OFC = orbitofrontal cortex; VLPFC = ventrolateral prefrontal cortex; DLPFC = dorsolateral prefrontal cortex; ACC = anterior cingulate cortex; EFs = executive functions. 
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Figure 2. The interplay between environmental, epigenetic, and neural influences on the cognitive and emotional abilities underlying pro- and anti-social behavior. Life experiences and diverse environments affect connections between higher-order association areas in the frontal and parietal lobes in the left (L) and right (R) hemispheres, as well as DNA methylation-dependent gene expression. These interrelated mechanisms, in turn, affect lateralized emotional and cognitive abilities related to antisocial behavior. 
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Figure 3. Brain areas associated with performance of tasks with predominantly emotional (A) versus cognitive (B) stimulus types. Stimulus types as well as situational demands (e.g., high/low cognitive load) can activate different regions in the socioemotional and cognitive control networks in one or both hemispheres. Depending on these and other contextual factors, deficits in these neural circuits can lead to the expression of different antisocial behaviors. 
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