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Abstract

What makes us different from one another? Why does one person jump out of airplanes for fun 

while another prefers to stay home and read? Why are some babies born with a predisposition to 

become anxious? Questions about individual differences in temperament have engaged the minds 

of scientists, psychologists, and philosophers for centuries. Recent technological advances in 

neuroimaging and genetics provide an unprecedented opportunity to answer these questions. Here 

we review the literature on the neurobiology of one of the most basic individual differences—the 

tendency to approach or avoid novelty. This trait, called inhibited temperament, is innate, 

heritable, and observed across species. Importantly, inhibited temperament also confers risk for 

psychiatric disease. Here, we provide a comprehensive review of inhibited temperament including 

neuroimaging and genetic studies in human and non-human primates. We conducted a meta-

analysis of neuroimaging findings in inhibited humans that points to alterations in a fronto-limbic-

basal ganglia circuit; these findings provide the basis of a model of inhibited temperament 

neurocircuitry. Lesion and neuroimaging studies in non-human primate models of inhibited 

temperament highlight roles for the amygdala, hippocampus, orbitofrontal cortex, and dorsal 

prefrontal cortex. Genetic studies highlight a role for genes that regulate neurotransmitter function, 

such as the serotonin transporter polymorphisms (5-HTTLPR), as well as genes that regulate stress 

response, such as corticotropin-releasing hormone (CRH). Together these studies provide a 

foundation of knowledge about the genetic and neural substrates of this most basic of 

temperament traits. Future studies using novel imaging methods and genetic approaches promise 

to expand upon these biological bases of inhibited temperament and inform our understanding of 

risk for psychiatric disease.
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1. Introduction

Why are some babies happy while others are fussy? Why do some individuals seek out new 

experiences while others prefer things that are familiar? What is the nature of these 

differences? Philosophers and scientists have been curious about these individual differences 

for centuries. The Greeks recognized four different temperaments—the sanguine, choleric, 

melancholic, and phlegmatic—and in the 5th century B.C.E., Hippocrates proposed that the 

behavioral differences reflected underlying differences in the bodily fluids of blood, yellow 

bile, black bile, and phlegm. In the modern era, we continue to be interested in describing 

how individuals differ and identifying the biological causes of these differences. Recent 

advances in neuroscience methods have provided an unprecedented ability to examine both 

the neural and genetic bases of temperament. In this review we will detail and integrate our 

current understanding of the neurobiological bases of one of the most basic individual 

differences –the tendency to approach or avoid new people, objects, and experiences.

Temperament is defined as innate individual differences in behavioral and emotional 

tendencies that appear in infancy and are relatively stable across context and time. In the 

past fifty years, there have been numerous theories of temperament, with each proposing 

different constructs to best capture individual differences in emotion and behavior. One of 

the most consistently included constructs is the tendency to approach or avoid novelty. This 

trait has been referred to as behavioral inhibition to the unfamiliar (Kagan et al., 1984; 

Kagan and Moss, 1962), fear and distress to novelty (Rothbart, 1981), and approach/

withdrawal (Thomas and Chess, 1977). For this review we will use the general term 

inhibited temperament. At the extremely inhibited end of the trait are individuals who are 

shy, quiet, and cautious; on the other extreme are individuals who are outgoing, bold, and 

risk-seeking. Because novel stimuli are ubiquitous, we propose that how one reacts to new 

people, objects, and environments forms a person’s basic behavioral pattern for interacting 

with the world. Finally, approach and avoidance of novelty has a clear behavioral 

component (approach/avoidance) that can be assessed in other species, providing the 

translational foundation needed to identify the shared neural and genetic substrates.

Individual differences in responses to novelty are observable very early in life (Calkins et 

al., 1996; Kagan et al., 1998). The developmental precursor to inhibited temperament—

high/low reactivity to novelty—is observed as high motor activity and crying in response to 

novel olfactory, visual, and auditory stimuli as early as 4 months of age. These differences 

during infancy persist across early development, with 4-month reactivity predicting inhibited 

behaviors in early childhood (Calkins et al., 1996; Fox et al., 2001; Kagan et al., 1998). 

However, the infant measures do not predict inhibited behaviors at 4 years (Fox et al., 2001; 

Kagan et al., 1988a) or anxiety in adolescents (Chronis-Tuscano et al., 2009), which is not 

surprising given that both emotions and emotion regulation appear at different stages across 

development (Rothbart et al., 2000). In contrast, assessments performed between 2 and 4 

years of age predict inhibited behaviors between 4 and 11 years of age (Asendorpf, 1994; 

Kagan et al., 1988b; Scarpa et al., 1995).
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Importantly, these childhood differences in temperament also predict long-term psychiatric 

outcomes. Inhibited children have increased rates of anxiety disorders (Biederman et al., 

2001, 1993; Chronis-Tuscano et al., 2009; Clauss and Blackford, 2012; Essex et al., 2010; 

Hirshfeld-Becker, 2010; Hirshfeld et al., 1992; Schwartz et al., 1999). The increased risk is 

substantial; in a recent meta-analysis, we found that inhibited temperament was associated 

with a seven-fold increase in odds and a four-fold increase in risk for developing social 

anxiety disorder (Blackford and Clauss, 2013; Clauss and Blackford, 2012). Almost half of 

inhibited young children (43%; 107/246 children) developed social anxiety disorder by 

adolescence, compared to about 1 in 10 control children (see Figure 1; 13%; 57/446). Not all 

inhibited children develop anxiety and risk is highest in children who remain highly 

inhibited throughout childhood (Chronis-Tuscano et al., 2009; Essex et al., 2010). The link 

between inhibited temperament and anxiety has been most commonly investigated--possibly 

because anxiety disorders occur quite early in development--however inhibited temperament 

also confers heightened risk for a broad spectrum of psychopathology, including depression 

(Caspi et al., 1996; Gladstone et al., 2005; Gladstone and Parker, 2006), substance-use 

problems (Lahat et al., 2012; Williams et al., 2010), and schizophrenia (Goldberg and 

Schmidt, 2001; Jetha et al., 2013). As such, we propose that inhibited temperament is one of 

the strongest predictors of later psychopathology.

1.1. Temperament Measurements and Constructs

Temperament reflects emotional and behavioral tendencies that are relatively stable across 

time and context. Inhibited temperament has been measured using one or more of the 

following measurements: behavioral observations, parent report, or self-report. In infants 

and young children, behavioral assessments of inhibited behavior are most common and 

developmental stages typically guide both the type of novel stimuli and the behaviors 

measured; for example, crying or clinging to the mother in the presence of an unfamiliar 

adult in toddlers (Garcia-Coll et al., 1984), latency to speak to an unfamiliar experimenter in 

preschool children (Kagan et al., 1998), and shy behavior with peers in older children 

(Kagan et al., 1988b). However, laboratory measures of temperament are limited to specific 

time points and contexts, which may not capture the child’s behavior in daily life. Parents, 

who observe their children across time and in many contexts, have advantages in reporting 

on their child’s behavior, motivating most researchers to collect parent information in 

addition to behavioral measures (Chronis-Tuscano et al., 2009; Garcia-Coll et al., 1984; 

Kagan and Snidman, 2004). Parent report measures typically show moderate correlations 

with behavioral measures, although these correlations are much higher for children in 

extreme temperament groups (Bishop et al., 2003; Garcia-Coll et al., 1984), and at least one 

study found that parent report of inhibition, but not behavior, predicted development of 

social anxiety disorder in adolescents (Chronis-Tuscano et al., 2009). Most longitudinal 

studies characterize temperament using composite measures that include behavior and 

parent ratings across multiple times points (Bar-Haim et al., 2009; Essex et al., 2010; Guyer 

et al., 2006; Hardee et al., 2013; Helfinstein et al., 2011; Jarcho et al., 2014, 2013; Lahat et 

al., 2012; Pérez-Edgar et al., 2007). Many of the children in these longitudinal studies are 

now adolescents or young adults and are being studied using neuroimaging methods. While 

these current studies have limited ability to address the role of development because 

inhibition was not assessed again at later developmental stages, future studies using 
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longitudinal imaging methods will be critical for addressing fundamental topics in the field 

(see section 4).

An alternative approach is to identify adolescents and young adults who are currently 

inhibited. In this age group, self-report measures are most common, consistent with a long 

tradition of self-report of personality in adults. Two groups have developed questionnaires to 

assess current inhibition and a retrospective self-report of childhood inhibition (Gladstone 

and Parker, 2005; Reznick et al., 1992). To mitigate concerns about self-report bias, the 

questionnaires use objective questions about behaviors. All of these measures have strong 

psychometric properties (Gladstone and Parker, 2005; Reznick et al., 1992), but bias due to 

retrospective distortions cannot be completely ruled out. Our lab is specifically interested in 

the adolescents and young adults who are stably inhibited; therefore we study individuals 

who are currently inhibited and also report being inhibited as a child, based on evidence that 

children who remain inhibited through development are at highest risk for developing 

psychopathology (Chronis-Tuscano et al., 2009; Essex et al., 2010; Hirshfeld et al., 1992). 

This approach has the benefit of providing sufficiently large samples of inhibited individuals 

without the time, expense, and attrition of a longitudinal study, although it carries the 

limitation of reporter bias. Studying this group also provides a unique opportunity to 

compare inhibited young adults with and without an anxiety disorder to inform our 

understanding of risk and resilience in this high-risk group.

Throughout this review, we have included studies which have used both approaches for 

recruiting individuals with an inhibited temperament—longitudinal studies of infants and 

young children and cohort studies of currently inhibited young adults who were inhibited as 

children. As detailed above, each of these methods have advantages and disadvantages. 

Here, we integrate and combine across methods and species to identify and highlight 

converging evidence across physiology, neurobiology, and genetics. Another important 

point is that most studies compare individuals with an inhibited temperament to those with 

an uninhibited temperament. while this extreme groups approach provides statistical power, 

it does raise questions about whether the uninhibited control group is the same as a standard 

“healthy control group”, since uninhibited children are at risk for developing externalizing 

disorders (Hirshfeld-Becker et al., 2007, 2003, 2002). To understand the potential impact of 

using extreme temperament groups, we have recently examined two different datasets. First, 

we have recruited a group of “average” 8–10 year old children to compare to inhibited and 

uninhibited children, and found that brain function of the average children was statistically 

similar to the uninhibited children (Clauss and Blackford, unpublished findings). Second, we 

compared temperament scores from a large group of healthy controls recruited for a 

neuroimaging study with adults recruited on the basis of extreme temperament and found 

that 52% of the healthy controls were extremely uninhibited (Blackford and Heckers, 

unpublished finding), suggesting that many typical healthy controls recruited for research 

are in fact, uninhibited. More research is needed to understand how inhibited temperament 

compares with "average" temperament on measures of neurobiology and behavior.

Another issue in the field is the conceptualization of the basic trait of approach/avoidance of 

novelty. The studies in this review encompass a range of terms including inhibited 

temperament, behavioral inhibition, high reactivity, temperamental reactivity, 
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temperamental shyness, shyness, and social reticence. These differences in naming 

convention are related to both measurement—for example, measures of inhibition and 

reactivity usually include responses to both social and non-social stimuli, whereas shyness 

and social reticence measure only responses to social stimuli—and to developmental 

differences—for example, reactivity is the most measured behavior in pre-ambulatory 

infants, whereas behavioral approach/avoidance is readily observable in ambulatory toddlers 

and children. We use the general term “inhibited temperament” to represent the broad 

construct and view each of the specific terms as reflecting this broader trait. Although some 

take a more narrow approach, we believe there is merit in combining findings across these 

constructs; converging findings observed across labs provides a strong validation and moves 

our field forward.

2. Neural Basis of Inhibited Temperament

Are there underlying differences in neurobiology which produce these early behavioral 

differences? Initial attempts to characterize physiological differences between inhibited and 

uninhibited children led to the discoveries that inhibited children have a specific 

physiological profile characterized by heightened arousal and stress responses (Garcia-Coll 

et al., 1984; Kagan et al., 1988a, 1987; Marshall and Stevenson-Hinde, 1998; Schmidt et al., 

1999) and elevated baseline and stress-related cortisol (Kagan et al., 1988b, 1987; Pérez-

Edgar et al., 2008; Schmidt et al., 1997). Given alterations in the sympathetic response and 

cortisol release, inhibited temperament likely has a neural basis.

In the 1980s Kagan proposed that inhibited and uninhibited temperament groups differed in 

reactivity of limbic brain regions, including the amygdala and hypothalamus, (1988a; 2004, 

1991). The amygdala and hypothalamus project to the sympathetic nervous system, 

hypothalamic-pituitary-adrenal(HPA) axis, and skeletal muscle system (via projections from 

the reticular formation), where physiological and motor differences in inhibited 

temperament have been observed. We and others have begun explorations of the neural and 

genetic bases of inhibited temperament. Our field has made significant strides in elucidating 

the role of brain function, brain structure, and genes on this fundamental temperament trait. 

Here, we review the neuroimaging, electroencephalogram (EEG), and genetic findings from 

studies in humans with an inhibited temperament. We combine findings from human fMRI 

studies using a coordinate-based meta-analysis. We also review lesion, neuroimaging, and 

genetic studies from non-human primates with the analogous anxious temperament. We 

integrate these findings and discuss how the underlying neurobiology may contribute to risk 

for psychiatric disease, and conclude with future directions for the field.

To provide the reader with a background, here we describe the brain regions that have been 

implicated in human and non-human primate studies of inhibited temperament. These 

regions, shown in Figure 2, include the amygdala, multiple regions of the prefrontal cortex 

(orbitofrontal cortex, dorsolateral prefrontal cortex, and dorsal anterior cingulate cortex), 

and multiple regions of the basal ganglia (caudate, putamen, globus pallidus, and nucleus 

accumbens). Each component of this circuit has a unique contribution to the inhibited 

temperament phenotype. The amygdala rapidly detects novel, fearful, or salient stimuli 

(Blackford et al., 2010; Davis, 1992; Davis and Whalen, 2001; Whalen, 1998). The 
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amygdala is also centrally connected to many brain regions involved in preparing a response 

to novel stimuli, with efferent connections to limbic cortex, sensory regions, prefrontal 

cortex, hypothalamic-pituitary-adrenal axis, and descending motor cortex (Aggleton et al., 

1980; Freese and Amaral, 2009; Ghashghaei et al., 2007; Price and Amaral, 1981; Russchen 

et al., 1985). Amygdala interactions across the brain are linked with fear and anxiety 

behaviors in animal models (Bocchio and Capogna, 2014; Stujenske et al., 2014) and 

humans (Admon et al., 2013; Buhle et al., In press; Frank et al., 2014). The PFC plays an 

important role in emotion regulation and expression, cognitive control, attention, and 

working memory processes. The PFC has both direct and indirect connections with the 

amygdala (Carmichael and Price, 1995; Freese and Amaral, 2009; Ghashghaei et al., 2007; 

Ray and Zald, 2012) and can inhibit amygdala responses (Quirk et al., 2003; Rosenkranz 

and Grace, 2002). Finally, The basal ganglia are involved in reward processing (Haber and 

Knutson, 2009; Nestor et al., 2010; Pizzagalli, 2014; Treadway and Zald, 2013; Volkow et 

al., 2013) and cognitive functioning, including inhibitory control(Leisman et al., 2014). 

Importantly, the amygdala, prefrontal cortex, and basal ganglia are structurally and 

functionally interconnected; therefore, it is likely that these three regions form the basis of a 

neural circuit subserving inhibited temperament (see section 2.4.).

2.1. Human Studies of Brain Function

The first studies of brain function in inhibited temperament used EEG, a readily available 

non-invasive method for measuring cortical activity. The EEG findings in inhibited 

temperament have been well-covered by several recent reviews (i.e. Fox, 2010; Fox et al., 

2005a; Henderson et al., 2014; Kagan et al., 2007; Kagan and Snidman, 2004; Lahat et al., 

2011); therefore, we will only briefly summarize those findings here. The early EEG studies 

in inhibited temperament focused on frontal lobe asymmetry, given a link between right 

frontal lobe asymmetry and negative affect and avoidance behaviors (Tomarken et al., 1992, 

1990). Right EEG asymmetry was observed in both high reactive infants (Calkins et al., 

1996) and in inhibited children (Schmidt et al., 1999). Furthermore, greater right frontal 

asymmetry at 9 months was associated with children who stayed inhibited from 9 – 48 

months (Fox et al., 2001). Together these studies show an association between inhibited 

temperament and a measure of EEG frontal lobe activity during a rest (“non-task”) state. 

Later studies used event-related potential (ERP), a measure of cortical activity in response to 

a stimulus, which is used to test for automatic and voluntary attention (Luck et al., 2000). 

The earliest ERP study in inhibited temperament tested for differences in auditory novelty 

detection, as measured by mismatch negativity (MMN; Marshall et al., 2009; Reeb-

Sutherland et al., 2009). Infants with an inhibited temperament had larger slow wave ERPs 

to novel stimuli in regions associated with the orienting network, suggesting that inhibited 

children have a more sensitive orienting network (Marshall et al., 2009). Inhibited children 

also had enhanced sensitivity to novelty that was in turn associated heightened risk for 

anxiety disorders (Reeb-Sutherland et al., 2009). Later ERP studies focused on cognitive 

control and response to incorrect choices (error-related negativity; ERN). Inhibited children 

have greater response monitoring and ERN (McDermott et al., 2009) and a follow-up study 

showed that higher ERN predicted later anxiety disorders and social anxiety symptoms 

(Lahat et al., 2014). Two recent studies found that among inhibited children, those with 

greater N2 amplitude, which is associated with more attentional control, had more social 
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anxiety symptoms (Henderson, 2010; Lamm et al., 2014). Lamm and colleagues (2014) 

found that the relationship between inhibited temperament and social anxiety symptoms was 

moderated by increased activity of the dorsolateral prefrontal cortex (dlPFC) and anterior 

cingulate cortex (ACC). The prefrontal cortex plays a key role in cognitive control and the 

flexible allocation of attention (Ochsner and Gross, 2005); the function of the prefrontal 

cortex is likely critical for the development of anxiety disorders in inhibited children.

While EEG methods provided important early evidence for neural alterations in inhibited 

temperament, the low spatial resolution and lack of signal from subcortical regions 

precluded the study of alterations in the amygdala and hypothalamus. Magnetic resonance 

imaging (MRI), which provides both excellent spatial resolution and whole brain coverage, 

quickly became the method of choice for studying neural function in inhibited temperament. 

However, MRI is not without limitations; for example, scanning young children can be 

challenging. Thus, while the majority of the EEG studies were performed on young children, 

the vast majority of the MRI studies have been performed on adults and to date, no 

neuroimaging study findings have been published on children younger than 13 (although we 

have recently completed a study of inhibited 8–10 year olds). The first fMRI study of 

inhibited temperament (Schwartz et al., 2003a) confirmed that the amygdala is hyperactive 

in inhibited temperament and subsequent studies have clarified the nature of amygdala 

hyperactivity. The past decade of neuroimaging studies has also broadened our perspective 

on the neural substrates of inhibited temperament, from a narrow focus on the amygdala, to 

a broader focus on other brain regions with recognition of the importance of connectivity 

between brain regions and neural circuits.

2.1.1. Amygdala and Hippocampus—In the first neuroimaging study in inhibited 

temperament, Schwartz and colleagues (2003a) examined brain responses to novel faces in 

young adults who had participated in a longitudinal study of inhibited temperament as 

toddlers (Garcia-Coll et al., 1984). The young adults were first familiarized to one set of 

faces and were shown groups of novel or familiar faces. The inhibited group had a selective 

increase in amygdala activation to novel faces. In contrast, the uninhibited group showed 

similar responses to both face types (Schwartz et al., 2003a). This seminal study suggested 

that the early childhood temperament had a lasting biological profile that could be observed 

20 years later, and provided initial evidence for the amygdala’s involvement in inhibited 

temperament. Following this finding, Blackford and colleagues (2009) tested for 

temperament differences in the temporal dynamics—the latency, duration, and peak—of the 

amygdala’s responses to novel and familiar faces in inhibited young adults. Inhibited young 

adults showed a faster amygdala response to novel faces and a longer amygdala response 

(duration) to both novel and familiar faces, but no differences in peak response. The faster 

latency in inhibited individuals suggests a lower threshold for detecting or responding to 

novel stimuli, while the longer duration may reflect either failure of inhibitory responses to 

suppress the response or a failure of the amygdala to habituate.

In a subsequent study, Blackford and colleagues (2011) examined the magnitude of 

amygdala responses to novel and familiar faces in inhibited and uninhibited young adults in 

a sample twice the size of the two previous studies. Consistent with findings that the human 

amygdala responds to novelty (Blackford et al., 2010; Schwartz et al., 2003b), novel faces 
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produced amygdala activation in uninhibited individuals whereas familiar faces did not. In 

contrast, the inhibited individuals showed heightened amygdala activation to both the novel 

and familiar faces, which suggested that the familiar faces may not become familiar, at least 

to the amygdala. To examine this possibility, Blackford and colleagues (2013) tested for 

temperament differences in amygdala habituation to faces during the familiarization period. 

The uninhibited group initially showed a robust amygdala response to novel faces that 

declined rapidly with repeated presentations, consistent with evidence that the amygdala 

rapidly habituates to repeated stimuli (Breiter et al., 1996; Pedreira et al., 2010). In the 

inhibited group, there was a robust amygdala response to the initial presentation of faces; 

however, the amygdala failed to habituate. Around the same time, Schwartz and colleagues 

(2012) reported that young adults who were highly reactive infants also showed a failure of 

amygdala habituation and a heightened amygdala response to novel stimuli, although their 

finding was specific to males. In another study, Pérez-Edgar examined the impact of 

attention on amygdala response during emotional face viewing in adolescents with a history 

of inhibition (Pérez-Edgar et al., 2007). Inhibited adolescents showed heightened amygdala 

activation to all faces (regardless of emotion) when attention was directed internally (e.g., 

“How afraid are you of this face?”), but not during directed attention or passive viewing.

In contrast to the number of studies of the amygdala, the hippocampus, another brain region 

in the medial temporal lobe, has been largely ignored in human imaging studies of inhibited 

temperament. The hippocampus has a prominent role in memory and is sensitive to the 

effects of stress. Two findings from our lab suggest that hippocampal function is altered in 

inhibited temperament. First, in our study of habituation during familiarization to faces 

described above, we observed a similar failure to habituate in the hippocampus of inhibited 

individuals. In a second study we examined effects of child maltreatment on brain function 

in inhibited adults (Edmiston and Blackford, 2013), based on evidence of hippocampal 

sensitivity to stress, heightened amygdala and hippocampal activation to faces in adults with 

a history of maltreatment (Maheu et al., 2010; van Harmelen et al., 2012) and heightened 

sensitivity to environmental effects in inhibited individuals (Aron and Aron, 1997; Hofmann 

and Bitran, 2007). We found that history of child maltreatment, measured by the Childhood 

Trauma Questionnaire (Bernstein et al., 1994), positively correlated with activation to novel 

faces in the hippocampus and that the correlation was strongest in those that developed an 

anxiety disorder. Interestingly, there was no correlation between childhood maltreatment 

and amygdala response to faces, which may reflect the generally heightened amygdala 

response to faces in inhibited temperament that is not further moderated by negative events. 

Increased sensitivity to environmental stressors, such as childhood maltreatment and 

negative parenting styles (Degnan et al., 2010; Williams et al., 2009) may impact normative 

development in inhibited children and confer additional risk for developing psychiatric 

disease.

2.1.2. Prefrontal Cortex—The initial fMRI studies discussed above were crucial for 

determining the importance of the amygdala in inhibited temperament. However, the 

amygdala does not operate in isolation; for example, observed temperament differences in 

amygdala activation may reflect either hyperactivity of the amygdala or reduced suppression 

by inhibitory regions. Therefore it is critical to also investigate brain regions that modulate 
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amygdala responses, such as the prefrontal cortex. EEG studies demonstrated that inhibited 

temperament is associated with alterations in attention and prefrontal cortex activity 

(Henderson, 2010; Lahat et al., 2014; Lamm et al., 2014; McDermott et al., 2009); however, 

EEG has poor cortical localization. FMRI tasks that specifically probe PFC function—such 

as preparation for an aversive event, emotion regulation, or attentional control—can be used 

to test for PFC alterations.

One important role of the PFC is anticipatory processing and planning for an upcoming 

event, which is mediated by two regions of the PFC, the ACC and dlPFC (Grupe and 

Nitschke, 2013). In the first fMRI investigation of prefrontal cortical function in inhibited 

adults, Clauss and colleagues (2011) manipulated the expectation of viewing fear faces 

between groups; half of the participants knew that fear faces would be shown and thus had 

an opportunity to prepare for viewing the faces, whereas the other half had no prior 

expectation. Significant effects of expectation by temperament were observed in two 

prefrontal control regions, the dorsal ACC and dlPFC, and the amygdala. Consistent with 

findings of heightened PFC activation during anticipation (Nitschke et al., 2006), when 

forewarned to expect fear faces, the uninhibited participants had increased activation in the 

PFC and decreased activation in the amygdala, relative to those who weren’t forewarned. In 

contrast, inhibited individuals who were forewarned had reduced PFC activation and 

increased amygdala activation compared to those who weren’t forewarned. These findings 

suggest that inhibited individuals fail to respond adaptively to an upcoming aversive event, 

similar to patients with an anxiety disorder (Grupe and Nitschke, 2013), and may in fact 

have a heightened response or sensitization to the upcoming event.

To explicitly test for temperament differences in anticipatory processing (Clauss et al., 

2014a), we examined brain activation during a cued anticipation task in a new sample. In 

this task and one cue signaled an upcoming fear face and another cue signaled an upcoming 

neutral face. Importantly, the time between the cue and face was sufficiently long to provide 

a reliable measure of anticipation. We hypothesized that inhibited adults would have less 

anticipatory PFC activation than uninhibited adults, and were surprised to discover that 

inhibited temperament was associated with increased PFC activation during anticipation of 

viewing fear faces. Additional analyses revealed that in inhibited individuals, stronger PFC 

activation during anticipation predicted both lower social anxiety and better coping skills, 

demonstrating that inhibited individuals who can effectively engage prefrontal cortical 

resources during fear anticipation are resilient to developing social anxiety. This finding has 

important implications for prevention of psychopathology in high-risk inhibited children. 

Adolescence is both a peak time for the onset of social anxiety disorder and a time of rapid 

PFC development; therefore, strategies that enhance PFC engagement during anticipation 

provide a promising strategy for enhancing resilience to psychiatric disorders.

Another important function of the PFC is cognitive control, which has been investigated in 

inhibited temperament in two recent studies. First, Jarcho and colleagues (2013) examined 

emotional conflict in young adults with a history of inhibited temperament using a variant of 

the Stroop task with emotional facial expressions and congruent or incongruent emotional 

labels. During conflict detection—incongruent relative to congruent faces/labels—inhibited 

individuals had greater activation in the dorsomedial PFC (dmPFC). Interestingly, presence 
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of lifetime psychopathology (across both temperament groups) was associated with less 

dlPFC activation. Next, in a largely overlapping sample, Jarcho and colleagues (2014) 

examined attentional control using a variant of the Stroop task with emotional expressions 

and congruent or incongruent gender labels. When viewing fear faces with incongruent 

labels, inhibited individuals had greater activation of the dmPFC, dlPFC, ACC, suggesting 

that inhibited individuals need higher levels of PFC activation to enlist attentional control. In 

this task, brain function was not modulated by psychopathology.

Together, these findings suggest that inhibited individuals engage the PFC in an attempt to 

dampen amygdala reactivity. These findings also highlight a role for PFC activation in the 

development of psychopathology. Inhibited subjects who are able to flexibly engage the 

prefrontal cortex during emotion regulation, have fewer anxiety symptoms or disorders, 

consistent with behavioral and EEG data in inhibited children that show that increased risk 

for anxiety is associated with stronger inhibitory control, heightened response monitoring, 

and deficits in attention shifting (Cavanagh and Shackman, 2014; McDermott et al., 2009; 

White et al., 2011).

2.1.3. Basal Ganglia—Although early studies provide compelling evidence that inhibited 

individuals have heightened neural reactivity to novel or threatening stimuli, several studies 

have also investigated the opposite side of the valence spectrum—response to positive 

stimuli which is mediated by the basal ganglia. In fMRI studies, the neural basis of response 

to reward and loss of potential reward is commonly investigated using the monetary 

incentive delay task. In this task, participants are taught to associate different cues with 

receiving money, losing money, or no effect. The outcome (receiving money or avoiding 

losing money) is contingent on pressing a button within a narrow time window when a target 

is detected. In an initial study, adolescents with a history of inhibited temperament had 

increased basal ganglia activity (caudate, putamen, and nucleus accumbens; Guyer et al., 

2006), during anticipation of both loss and reward. A second study clarified that the 

observed increased basal ganglia activity was specific to conditions where loss or reward 

was contingent on the participant’s behavioral response (Bar-Haim et al., 2009). A third 

study found heightened caudate activation in inhibited individuals during notification of a 

“wrong” response and subsequent loss of reward (Helfinstein et al., 2011). Therefore, 

although these tasks were initially designed to probe reward processing, the observed basal 

ganglia hyperactivity in inhibited temperament more likely reflects performance monitoring 

and sensitivity to feedback. In support of this hypothesis, in a recent study, inhibited 

children had increased activation of the putamen after response selection and during 

anticipation of positive feedback from peers (Guyer et al., 2014). However, it should be 

noted that one recent study reported that basal ganglia (caudate, putamen, and nucleus 

accumbens) activation to reward cues moderated substance use, not abuse, in young adults 

with a history of inhibited temperament (Lahat et al., 2012). Additional studies will be 

needed to clarify the role of the basal ganglia in inhibited temperament and to determine 

whether the basal ganglia are involved in the heightened risk for substance abuse.

More recently, temperament differences in basal ganglia function have been observed during 

cognitive control tasks that traditionally engage the PFC. First, in their emotional conflict 

task, Jarcho and colleagues (2013) found that inhibited individuals had increased activation 

Clauss et al. Page 10

Prog Neurobiol. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the putamen during emotional conflict adaptation. Second, in their attentional control 

task, Jarcho and colleagues (2014) found that inhibited individuals had increased activation 

during attentional control to fear stimuli in the caudate and ventral striatum, and decreased 

activation during attention control in the happy condition in the putamen. While the basal 

ganglia have traditionally been ascribed a role in motor control and reward processing, these 

subcortical brain regions are strongly connected to multiple PFC regions (Di Martino et al., 

2008; Haber, 2003; Lehéricy et al., 2004), forming fronto-striatal loops that subserve 

attention, learning, executive control and cognition (Leisman et al., 2014). Thus, increased 

activation of basal ganglia regions during both reward anticipation and cognitive control 

tasks may reflect inhibitory control functions of both the basal ganglia and PFC.

2.1.4. Cerebellum—Emerging evidence suggests that alterations in cerebellar activity 

may also contribute to inhibited temperament. Blackford et al. (2009) first reported 

cerebellar hyperactivity in inhibited young adults during face viewing. This finding has been 

replicated and extended by another group who found that highly inhibited adults had 

heightened cerebellar activation to both novel faces and novel scenes (Caulfield and 

Servatius, 2013). Finally, in an independent sample we have replicated our original finding, 

showing sustained activation to familiar faces in the cerebellum, similar to the pattern 

observed in the amygdala (Blackford et al., 2011). These findings may be driven by 

structural and functional connectivity with the amygdala (Clauss et al., 2014b; Roy et al., 

2009); however, the cerebellum may also make a distinct contribution to inhibited 

temperament through its role in learning and attention. The cerebellum, Latin for “little 

brain”, has received the most attention for its role in motor function. However, similar to 

emerging understanding of the basal ganglia, it is now recognized that the cerebellum 

contributes broadly to cognition and emotion including learning, attention, emotion 

processing, and emotion control. A recent review provides intriguing evidence that the 

alterations in cerebellar function confers risk for anxiety disorders through enhanced 

avoidance learning (Caulfield and Servatius, 2013). Thus, alterations in cerebellar function 

observed in inhibited temperament may be one neurobiological path towards heightened risk 

for anxiety.

2.1.5. Functional Connectivity—To date, neuroimaging studies of inhibited 

temperament have clearly demonstrated differences in brain function in specific regions. 

However, connections between these regions have remained largely unstudied. In order to 

fully understand the inhibited brain, it is critical to investigate neural circuits because 

activity in one brain region influences activity in many other regions. Functional MRI can be 

used to assess functional connectivity, a measure of the correlation or coherence of two 

brain regions during a state of rest (i.e., resting state connectivity or intrinsic connectivity) or 

during a task (i.e., task-based connectivity). Resting state connectivity assesses intrinsic 

networks that exist in the absence of a task. Importantly, intrinsic networks are reliable over 

time and across individuals (Biswal et al., 2010), can reflect underlying structural 

connectivity (Shen et al., 2012), but can also reflect polysynaptic connectivity (Buckner et 

al., 2013; Honey et al., 2009; Vincent et al., 2007). Three studies have tested for 

temperament differences in functional connectivity; one examined resting state connectivity 

and the other two examined task-based connectivity.
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Temperament differences in intrinsic, or resting state, connectivity were examined by 

Blackford and colleagues (2014). Because the amygdala is actually comprised of multiple 

subnuclei that each have distinct connectivity patterns (Roy et al., 2009), we examined 

connectivity separately for the basolateral amygdala, centromedial amygdala, and superficial 

amygdala (Amunts et al., 2005). Across all three amygdala subnuclei, a pattern emerged; 

inhibited young adults had reduced amygdala connectivity with regions that regulate the 

amygdala, such as the PFC, and with regions that have bidirectional amygdala connections, 

such as the hippocampus, visual cortex, and insula. To determine if these temperament 

differences would be observed in broader networks, we also examined several resting state 

networks. Consistent with the amygdala findings, inhibited individuals had reduced 

connectivity between regions of the default mode network and dorsal attention network. 

However, in two of the networks—the executive control network and salience network—a 

different pattern emerged; inhibited individuals had increased connectivity between nodes 

within each network. Reduced amygdala connectivity may contribute to the amygdala 

habituation failure observed in prior studies (Blackford et al., 2013; Schwartz et al., 2012) 

and may underlie avoidance behaviors. Increased connectivity in the executive control and 

salience networks may reflect heightened inhibitory control, the ability to activate or inhibit 

and override emotional responses, which is associated with social withdrawal and social 

anxiety in inhibited children (McDermott et al., 2009; White et al., 2011).

Hardee and colleagues (2013) examined functional connectivity during an attentional bias 

task in young adults with or without a history of inhibited temperament. The dotprobe task 

measures attention bias to threat stimuli by showing a pair of faces (a neutral face and an 

angry face, a neutral face and a happy face, or two neutral faces), followed by a dot stimulus 

in the position of one of the faces. Speed in responding to the dots in the position of the 

neutral or emotional face is measured; differences in reaction time when the dot is in the 

location of the emotional face, relative to neutral face, indexes threat bias. During the angry 

trials, the inhibited subjects had negative connectivity between the amygdala and both the 

insula and the dlPFC; whereas during neutral trials, inhibited subjects had positive 

connectivity between those regions. Furthermore, decreased amygdala-insula connectivity 

mediated the relationship between increased childhood inhibition and increased internalizing 

symptoms in adulthood in inhibited subjects. These differences were limited to the angry 

trials, suggesting a role of emotion in moderating the relationship between temperament and 

functional connectivity.

Clauss and colleagues (2014a) tested for temperament differences in functional connectivity 

during a task—anticipation of viewing fear faces—in young adults. Inhibited subjects had 

more negative connectivity in three different circuits during anticipation of viewing fear 

faces: amygdala and rostral ACC; insula and rostral and dorsal ACC; and insula and dlPFC. 

In addition to the between group differences, positive connectivity between the rACC and 

amygdala correlated with both lower social anxiety and higher emotion regulation. Both the 

insula and rACC are structurally connected to the amygdala, send inputs to the amygdala, 

and modulate outputs of the amygdala (Carmichael and Price, 1995; Ghashghaei et al., 

2007; Mufson et al., 1981). Thus, increased connectivity between the rACC and emotional 

brain regions, such as the insula and amygdala, likely contribute to resilience against 

developing social anxiety disorder.
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These three connectivity studies show that inhibited individuals have alterations in 

amygdala-prefrontal connectivity and amygdala-insula connectivity. One critical challenge 

in the interpretation of connectivity studies is to understand what “negative connectivity” 

represents: Does it reflect lower or reduced levels of excitatory connectivity or higher levels 

of inhibitory connectivity? Further research using animal models is needed to answer this 

question. We can, however, infer that prefrontal cortex modulation of amygdala activity 

impacts development of anxiety symptoms in inhibited individuals.

2.1.6. Summary of Human Studies of Brain Function—Studies of brain function in 

inhibited temperament have consistently pointed to alterations in amygdala, with a faster 

latency, longer duration, higher magnitude, and habituation failure observed in inhibited 

individuals. Additional findings include elevated responses in the hippocampus, basal 

ganglia and cerebellum, combined with decreased PFC regulatory control over the 

amygdala. Together, these findings suggest alterations in a critical limbic-prefrontal-basal 

ganglia circuit broadly responsible for novelty detection, emotion regulation, and attention, 

which may govern decision making and behavior through complex inter-regional feedback. 

Limitations of the previous functional studies included small sample sizes and region of 

interest approaches; larger studies including whole brain analyses are needed to determine 

whether other brain regions are involved.

2.2. Meta-Analysis of fMRI Studies of Inhibited Temperament

The findings reviewed above include studies from multiple laboratories using different fMRI 

tasks and different methods for measuring inhibited temperament. While many studies have 

found consistent patterns in brain activity in inhibited temperament, differences in 

methodology make direct comparisons between findings difficult. Meta-analysis provides a 

method for combining these studies to identify regions commonly activated. Here, we 

conduct the first meta-analysis of fMRI studies of inhibited temperament in humans.

Studies were selected by searching Web of Knowledge (http://www.webofknowledge.com) 

for fMRI studies of inhibited temperament available through April 2014. Search terms were: 

(“inhibited temperament” or “behavioral inhibition” or “behaviorally inhibited”) AND (MRI 

OR neuroimaging OR “brain activation” OR “brain activity”). We also included studies 

found by searching reference lists and manuscripts in press. Studies were eligible for 

inclusion if they included a comparison between individuals with an inhibited temperament 

and individuals with an average or uninhibited temperament. Studies had to include 

coordinates of their findings in either Montreal Neurological Institute (MNI) or Talairach 

space. Two hundred and eighty-nine (289) articles were identified. Of the articles, 98 were 

excluded for not being an empirical study, 19 were excluded for non-human data, 85 were 

excluded for not including functional imaging data, 71 were excluded for not including a 

measure of inhibited temperament, two were excluded for containing only correlations 

within an inhibited group, and one study was excluded for reporting no group differences in 

functional activation. Data from 13 studies were included (Bar-Haim et al., 2009; Blackford 

et al., 2013, 2011, 2009; Clauss et al., 2014a, 2011; Guyer et al., 2006; Helfinstein et al., 

2011; Jarcho et al., 2014, 2013; Pérez-Edgar et al., 2007; Schwartz et al., 2012, 2003a). 

Coordinates were included for the contrast of inhibited temperament group versus control 
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group or the interaction (e.g. temperament × emotion) if reported. Meta-analyses were 

conducted using GingerALE software (version 2.3.2; http://www.brainmap.org/ale), which 

uses an activation likelihood estimation (ALE) to test for overlap between foci across studies 

(Eickhoff et al., 2009). A random-effects model was used. All data were transformed to 

MNI space using the tal2icbm function within the GingerALE software and peak 

coordinates were modeled with a 3D Gaussian kernel with a FWHM of 8.5–9.5 (larger 

FWHM for studies with fewer subjects). Convergence across all studies was calculated as 

the union of each individual study, with a voxel p-value of .01 and a cluster size of 25 

voxels (200 mm3).

There were four clusters where the inhibited temperament group had significantly greater 

activation than the uninhibited temperament group. The inhibited group had greater 

activation in the amygdala, three regions of the basal ganglia (globus pallidus, putamen, and 

caudate), and the middle frontal gyrus (see Table 1 and Figure 3). There were no regions 

where the uninhibited group had greater activation. Thus, inhibited temperament was 

associated with heightened activation in brain regions involved in both novelty/threat 

processing and reward processing/inhibitory control.

Of note, these three regions—the amygdala, basal ganglia, and PFC—have been proposed to 

form an interconnected circuit responsible for governing motivated behaviors in healthy 

adults (Ernst et al., 2006; see: Ernst and Fudge, 2009). In this Triadic Model, approach 

behaviors are governed by the basal ganglia (reward) while avoidance is governed by the 

amygdala (fear); approach/avoidance behavior is regulated through complex PFC feedback 

loops with both of these regions. Balanced regulation of the basal ganglia and amygdala is 

hypothesized to be important to adaptive behavior in a variety of situations, while 

imbalances in regulation of the basal ganglia and amygdala are hypothesized to result in 

excessive reward-seeking or avoidance behavior, impacting both normal development and 

propensity for psychiatric illness.

It should be noted that most studies included in the meta-analysis used a region of interest 

approach, although whole brain data were included when available; thus the meta-analysis is 

inherently limited by the available data and tasks used. Similarly, GingerALE models 

observed findings to identify common regions of group differences; however, this approach 

does not include null findings. The studies included come from three different laboratories 

(Schwartz, Fox, and Blackford) and some of these studies represent overlapping samples of 

subjects (Bar-Haim et al., 2009; Guyer et al., 2006; Helfinstein et al., 2011; Jarcho et al., 

2014, 2013; Pérez-Edgar et al., 2007) and (Blackford et al., 2013, 2011; Clauss et al., 2011); 

however, each study used a different task, thus findings represent common brain activation 

across cognitive processes, subjects, laboratories, and ages. Finally, there was heterogeneity 

in psychopathology/psychotropic medication use across samples; thus, the findings may 

represent both inhibited individuals with psychopathology and resilient individuals. In future 

studies, separating out these two groups will be critical to understanding how inhibited 

temperament leads to risk for psychopathology.
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2.3. Human Studies of Brain Structure

2.3.1. Amygdala—Inhibited temperament is characterized by an avoidance of novelty, 

which fMRI studies have shown is primarily subserved by increased amygdala activation. 

However, the underlying cause of increased amygdala activity is unknown. For example, 

increased amygdala activity may result from more neurons, more synapses, or alterations in 

neuron function. To determine whether inhibited individuals had differences in amygdala 

volume, we used three measures (manual tracing, voxel-based morphometry, and surface 

mapping) to measure amygdala volume in inhibited and uninhibited individual (Clauss et al., 

2014b). Inhibited individuals had larger amygdala volume across all three measures, and the 

volume differences were most prominent in the basolateral subnucleus. Importantly, larger 

amygdala volume correlated with stronger activation to faces, providing an initial link 

between structure and function. In rodent models, chronic immobilization stress increases 

the number of spines on the basolateral subregion (Mitra et al., 2005; Vyas et al., 2002); 

inhibited adults may be particularly vulnerable to stress or may experience more stress as a 

result of their social inhibition, suggesting a possible mechanism for increased basolateral 

amygdala volume in inhibited adults.

In a second study investigating amygdala volume, larger amygdala volumes were found in 

adolescents who spent more time close to their mother at age 5 during a peer-play task (Hill 

et al., 2010). Larger amygdala volume has also been associated with traits similar to 

inhibited temperament, including fearfulness (van der Plas et al., 2010), sensitivity to 

punishment (Barros-Loscertales et al., 2006), and harm avoidance (Iidaka et al., 2006). 

Several recent studies suggest that amygdala volume may be related to certain genes 

associated with anxiety vulnerability (Haaker et al., 2014; Mueller et al., 2013; Stjepanović 

et al., 2013); however, more studies are needed to replicate these findings. The causes of 

larger amygdala volumes in inhibited individuals remain unclear, although increased 

synaptogenesis, increased neuron number, or increased glia number are all likely 

mechanisms. Studies of amygdala structure in non-human primates can help to shed light 

onto the findings of increased amygdala volume in humans with inhibited temperament. 

First, it will be important to test to see if increased amygdala volume is present in monkeys 

with anxious temperament, and then to examine which cell types might contribute to 

increased volume in anxious temperament.

2.3.2. Orbitofrontal Cortex—The OFC (or ventral PFC) has also been proposed as a 

substrate of inhibited temperament (Kalin et al., 2007). Schwartz and colleagues (2010) 

found that young adults who had been categorized as high-reactive at 4 months of age had 

thinner left lateral OFC, but thicker right medial OFC. The ventrolateral PFC has inhibitory 

connections with the amygdala; therefore, thinner ventrolateral PFC may result in less 

amygdala inhibition and increased amygdala activity. Inhibited temperament, and its 

precursor high-reactive temperament, are associated with right frontal EEG asymmetry 

(Davidson and Fox, 1989; McManis et al., 2002; Schmidt et al., 1999; Schmidt and Fox, 

1994), which, in non-human primates, was reduced following OFC lesions (Kalin et al., 

2007). Interestingly, one study found that inhibited temperament was associated with right 

asymmetry in OFC thickness (Hill et al., 2010), paralleling previous EEG findings. Thicker 

right OFC may produce more brain activity on the right side, and thus more EEG activation; 
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however, no studies in inhibited temperament have examined the relationship between EEG 

asymmetry and structural MRI.

2.3.3. Basal Ganglia—We recently found that inhibited adults have a larger caudate 

volume (Clauss et al., 2014b). This finding is intriguing in light of functional MRI studies 

that show inhibited temperament is associated with increased activation of the caudate and 

other regions of the basal ganglia (Bar-Haim et al., 2009; Guyer et al., 2006; Helfinstein et 

al., 2011); however, in this study larger caudate volume was an unexpected finding based on 

an exploratory whole brain analysis, and was not based on an a priori hypothesis. We also 

found that larger caudate volume correlated with greater caudate activation to faces (Clauss 

et al., 2014b), consistent with the caudate’s role in emotional processing. However, until 

these results have been replicated in other studies of inhibited temperament, these findings 

should be considered preliminary.

2.3.4. Summary of Human Studies of Brain Structure—Structural MRI findings 

point to alterations in brain regions that mediate response to novelty, attention, and 

sensitivity to the environment: the amygdala, OFC, and caudate. One caveat of these 

structural findings is that studies have been limited by relatively small sample sizes and a 

priori selection of regions of interest. Although both Clauss et al (2014b) and Schwartz and 

colleagues (2010) also conducted whole brain (or whole cerebrum) analyses, statistical 

power was limited by small samples. Structural MRI studies in larger samples of inhibited 

adults, samples of inhibited children, and non-human primates, are needed to advance our 

knowledge of the structural brain correlates of inhibited temperament.

2.5. Non-Human Primate Lesion Studies

Non-human primates provide an excellent model for studying inhibited temperament, and 

rhesus monkeys in particular are similar to humans in socialization, neuroendocrine 

responses, and brain structure (Fox and Kalin, 2014; Kalin and Shelton, 2000; Oler et al., In 

press). One distinct advantage to the use of non-human primates is the ability to test directly 

for causation by lesioning individual brain regions (Figure 4). Additionally, the most 

common dimensions of inhibited temperament in young humans—freezing and spontaneous 

vocalizations—can be readily measured in monkeys (Kalin and Shelton, 1989). As in 

humans, these measures are stable and reliable over time (Fox et al., 2008; Kalin and 

Shelton, 2003, 1989; Shackman et al., 2013), providing strong evidence that inhibited 

temperament is a trait observed across species.

In non-human primates, inhibited temperament has been coined “anxious temperament” 

(Kalin and Shelton, 2003). Anxious temperament is measured using behavioral and 

neuroendocrine assessments that parallel inhibited temperament assessment in humans. 

Monkeys with an anxious temperament have a complex phenotype that includes decreased 

cooing, increased freezing, and increased cortisol concentration (Kalin et al., 1998, 2000). 

Kalin and Shelton (1989) pioneered the use of a behavioral task, known as the human 

intruder paradigm, to test for individual differences in anxious temperament. The human 

intruder paradigm includes three conditions which are used to measure response to novelty: 

the alone in a new cage (ALN) condition, in which monkeys are separated from their cage 
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mates and put into a novel cage; the no eye contact intruder (NEC) condition, in which 

monkeys are placed in a novel cage and are exposed to a novel human intruder who presents 

his profile to the without making eye contact and most closely parallels measurement of 

inhibited temperament in humans; and the stare (ST) condition, in which monkeys are 

placed in a novel cage and again are exposed to a novel human intruder who stares directly 

at the monkey (Kalin and Shelton, 2003, 1989; Machado and Bachevalier, 2008). During 

each of these conditions, behavior and activity of the HPA axis can be measured.

2.5.1. Amygdala Lesions—One way to test if a brain region is critical for inhibited 

temperament is to lesion that region. Studies in humans have shown that the amygdala is 

hyperactive in inhibited temperament; however, human studies cannot demonstrate 

causation through elective amygdala lesions. Several studies, however, have used lesions to 

examine the role of the amygdala in non-human primate anxious temperament. When the 

amygdala is lesioned in young adult monkeys, monkeys exhibit less fear of snakes and less 

submissive behavior to threat from an unfamiliar monkey; however, it should be noted that 

in this study the lesions did not affect behavior during other types of threat (the NEC and ST 

conditions; Kalin et al., 2001). Similarly, in a study by another lab, amygdala lesions in 

young adult monkeys reduced the duration of freezing and reduced cortisol levels in 

response to a new environment (Machado and Bachevalier, 2008). In contrast to behavioral 

effects of adult lesions, recent studies have shown that neonatal amygdala lesions in 

monkeys result in increased freezing during threat (NEC condition; Raper et al., 2013b, 

2013c). Typically, monkeys display a modulation of fearful, hostile, and defensive behavior 

across the human intruder paradigm; however, monkeys with neonatal amygdala lesions 

displayed similar levels of fearful, hostile, and defensive behavior across the conditions 

(ALN, NEC, and ST) of the human intruder paradigm at two to four months of age (Raper et 

al., 2013b, 2013c). Neonatal amygdala lesions also resulted in a flattened diurnal cortisol 

rhythm in monkeys at 5 months of age (Raper et al., 2013a) and blunted cortisol response to 

stress in young adult monkeys (Raper et al., 2013c). Finally, neonatal amygdala lesions 

resulted in significantly less freezing in adulthood (Raper et al., 2013c).

Together, these mixed findings support the notion that developmental processes continue to 

influence the amygdala throughout childhood and into adolescence. The amygdala 

undergoes extensive postnatal development in macaques (Chareyron et al., 2012; Payne et 

al., 2010), and plays a critical role in the development of normative fear, such as fear of 

strangers, heights, and other dangerous situations (Blackford and Pine, 2012). Therefore, 

opposing findings may depend on the age at which the amygdala was lesioned may be the 

result of developmental differences.

Early amygdala lesion findings may also have been influenced by heterogeneity in the extent 

of the amygdala subnuclei that were lesioned. The amygdala has a complex neurocircuitry. 

Input from sensory and prefrontal regions enters through the basolateral regions and flows 

both directly to the CeA and through inhibitory intercalated cells to the CeA (Paré and 

Smith, 1993; Sah et al., 2003; Tye et al., 2011). Initial amygdala lesion studies used large, 

nonspecific lesions; however, the amygdala is a heterogeneous structure and is composed of 

multiple subnuclei, including the CeA, basal nucleus, and lateral nucleus. Of these, the CeA 

has been proposed to be critical for anxious temperament. The CeA provides the main 
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amygdala output and projects to descending sympathetic, hypothalamic, and brainstem 

pathways; the CeA may mediate the behavioral effects of amygdala activation and increased 

sympathetic response (LeDoux et al., 1988; Sah et al., 2003). To examine the role of the 

CeA specifically in anxious temperament, Kalin and colleagues (2004) performed CeA 

lesions in early adolescent monkeys. CeA lesions resulted in a reduction of several 

components of anxious temperament, including reduced freezing and increased cooing 

across all three conditions (ALN, NEC, and ST) of the human intruder paradigm. CeA 

lesions also resulted in less fear of snakes, and less activity of the hypothalamic-pituitary 

axis, including less cortisol, CRF, and ACTH release. These findings suggest that the CeA is 

critical for the expression of all three components of anxious temperament and bring up an 

important question: why do CeA specific lesions ameliorate almost all of the anxious 

temperament phenotype, but entire amygdala lesions only affect freezing and cortisol 

response? One answer may be that the entire amygdala lesions were incomplete in many 

monkeys and may not have lesioned the CeA, which is a small region that is located in the 

dorsal portion of the primate amygdala.

2.5.2. Hippocampus Lesions—The hippocampus has functions in novelty detection, 

memory, and emotion processing (Knight, 1996; Phelps, 2004; Scoville and Milner, 1957)--

which are critical for anxious temperament--and regulates cortisol release. The hippocampus 

also regulates cortisol release (Herman et al., 2005). To date, one study has examined the 

effects of hippocampus lesions on anxious temperament. Machado and Bachevalier (2008) 

found that hippocampal lesions in young adult monkeys increased tense behaviors, such as 

cooing and locomotion, across all three conditions of the human intruder paradigm and 

reduced modulation of tense behaviors between the three conditions. In a follow-up study, 

hippocampal lesions did not have any effect on cortisol concentrations in response to social 

isolation or at baseline in the monkey’s home cage (Machado and Bachevalier, 2008). 

Response to conditioned aversive stimuli, such as equipment associated with capture and 

restraint, and unconditioned aversive stimuli, such as snakes, was not changed by 

hippocampus lesions (Machado et al., 2009). The hippocampus, like the amygdala, may be 

important for modulation of anxious temperament behaviors across situations and may be 

critical for output of cooing behavior, but is likely not necessary for cortisol reactivity to 

social or non-social novelty. More studies are needed to replicate these findings.

2.5.3. Orbitofrontal Cortex Lesions—The orbitofrontal cortex (OFC) has been 

proposed as a primary neural substrate of anxious temperament, given its role in fear 

reactivity and avoidance behavior, as well as its bidirectional connections with the amygdala 

(Ghashghaei et al., 2007; Ray and Zald, 2012). In adult monkeys, OFC lesions decreased 

anxious temperament across several measures, including less freezing during the NEC 

condition, decreased snake fear, and increased left frontal EEG activity (Kalin et al., 2007). 

OFC lesions did not alter cortisol, ACTH, or CRH responses during baseline, social threat, 

or non-social threat conditions (Kalin et al., 2007; Machado and Bachevalier, 2008); 

however, OFC lesions did reduce cortisol levels in response to exposure to a new 

environment (Machado and Bachevalier, 2008). One study (Izquierdo and Murray, 2004) 

examined the effects of combined unilateral amygdala and OFC lesions and found that 

monkeys with combined amygdala and OFC lesions had fewer non-social fear behaviors, 
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but no differences in duration of defensive behavior exhibited in the ST, ALN, or NEC 

conditions.

One critical issue in OFC lesion studies is the lesion method. Lesions can be created using 

aspiration, which removes both gray and white matter and may disrupt fibers of passage to 

and from the amygdala, or using ibotenic acid, which damages only gray matter and leaves 

fibers of passage intact (Jarrard, 1989). Kalin and colleagues (2007) used aspiration lesions 

and Machado and colleagues (2009) used a combination of aspiration and ibotenic acid 

lesions in their study. The effects of OFC aspiration lesions may be due to disruption of 

fibers of passage, in addition to disruption of the OFC gray matter. These preliminary 

studies suggest that OFC lesions may disrupt the maintenance and production of anxious 

temperament behavior, including mediating freezing, social fear, and EEG asymmetry 

findings.

The OFC is a heterogeneous structure and can be functionally divided in the anterior/

posterior direction or in the medial/lateral direction (Bachevalier et al., 2011; Kringelbach, 

2004).The anterior OFC has functions in the representation of complex rewards and 

reinforcers, whereas the posterior OFC may represent less complex reinforcers. The 

posterior OFC also has bidirectional connections with the amygdala, some of which 

terminate in the inhibitory intercalated cell masses of the amygdala; activation of 

intercalated amygdala cells by the posterior OFC may result in activation of descending 

hypothalamic and brainstem pathways (Barbas, 2007). The medial OFC has connections to 

autonomic regions and has the strongest connections with the hippocampus and ACC. The 

medial OFC appears to mediate selection of rewarded or correct responses (Bachevalier et 

al., 2011; Elliott et al., 2000). The lateral OFC has connections with sensory regions and 

medial temporal lobe structures, such as the amygdala and hippocampus. The lateral OFC is 

involved in responding to changing reward contingencies and suppressing responses to 

previously rewarded stimuli (Bachevalier et al., 2011; Elliott et al., 2000). The OFC 

continues to develop throughout childhood (Gogtay et al., 2004), thus timing of lesion may 

be important. In one study, neonatal OFC lesions resulted in less modulation of aggressive 

behaviors across the human intruder paradigm and an increase in emotion reactivity 

(Bachevalier et al., 2011). Future studies should test the specificity of the findings for 

specific OFC regions and for developmental effects based on age at lesion.

2.5.4. Summary of Non-human Primate Lesion Studies—Anxious temperament, 

like its human counterpart inhibited temperament, is a complex phenotype and is likely the 

result of a distributed neural circuit. Lesions in one node of the circuit may be insufficient to 

change all components of anxious temperament (see Table 2). The CeA mediates freezing 

behavior, behavioral responses to non-social novelty and non-social threat, and stress-

induced cortisol release (Kalin et al., 2004, 2001; Machado et al., 2009; Machado and 

Bachevalier, 2008). The hippocampus plays a role in regulating cooing behavior (Machado 

and Bachevalier, 2008). The OFC mediates expression of EEG asymmetry in anxious 

temperament. The OFC may also mediate freezing behavior and response to non-social 

threat; however, it remains unknown if the effects of OFC lesions are due to disruption of 

gray matter or white matter tracts in the region. Lesion studies have several limitations, 

including that lesions are often heterogeneous and incomplete, and the lesion studies 
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examined here had low sample sizes (6–17 monkeys per group). Studies with larger sample 

sizes that directly compare lesions of different regions across the same paradigm are needed 

to determine which brain regions produce individual components of anxious temperament. 

The timing of lesion studies may also be important—neonatal amygdala lesions are 

associated with an initial increase in fear behavior, but then decreased fear behavior in 

adulthood (Raper et al., 2013c); however, to date, few studies have examined developmental 

effects of lesions on anxious temperament.

2.6. Non-Human Primate Studies Involving Pharmacological Challenge

Pharmacological challenge studies in non-human primates can interrogate the role of 

neurotransmitters and neuropeptides in anxious temperament. To date, two systems have 

been investigated: gamma-aminobutyric acid (GABA) and the opiate system. Inhibited 

temperament is believed to be associated with a failure of GABA neurocircuitry, as GABA 

inhibits amygdala output (Kalin, 2003). GABAergic interneurons, known as intercalated 

cells, are located between the basolateral amygdala—the main input region of the amygdala

—and CeA—the main output region. Intercalated cells are required for extinction of learned 

fear (Likhtik et al., 2008) and stimulation of basolateral neurons that project to inhibitory 

interneurons results in decreased anxiety behavior (Tye et al., 2011). Additionally, GABA 

agonists, such as benzodiazepines, are an effective treatment for anxiety disorders. In infant 

rhesus monkeys, administering diazepam, a GABA agonist, prior to the NEC condition 

decreased two defensive behaviors, freezing and crouching (Kalin and Shelton, 1989). 

Diazepam administration increases left-sided frontal EEG activity in monkeys (Davidson et 

al., 1992) and more inhibited monkeys show the greatest shift (Davidson et al., 1993). The 

opiate system may regulate features of anxious temperament including vocal distress or 

cooing (Kalin et al., 1988; Kehoe and Blass, 1986) and freezing, through opioid receptors in 

the periaqueductal gray, a brainstem region with a critical role in freezing behavior (Pert et 

al., 1976). Administration of morphine, an opiate agonist, to infant rhesus monkeys, reduced 

cooing vocalizations across all conditions, and administration of naloxone, an opiate 

antagonist, increased cooing across all conditions (Kalin and Shelton, 1989). The use of 

pharmacological manipulations in anxious temperament has been limited thus far, but results 

from studies of the GABA and opioid systems are promising. Future studies should 

investigate the effects of novel neurotransmitters and neuropeptides systems, such as 

endocannabanoids and corticotropin releasing factor.

2.7. Non-Human Primate Studies of Brain Function

Neuroimaging methods provide an ideal platform for identifying the common neural 

substrates of anxious or inhibited temperament across species (for examples, see: Birn et al., 

2014; Oler et al., 2012). The majority of neuroimaging studies in non-human primates have 

used position emotion tomography (PET); in PET, radioactive ligands are taken up by the 

brain or bound to different receptors, and ligand uptake or binding is quantified. [18F]-

fluorodeoxyglucose (FDG) is a radioactive form of glucose that is taken up by active 

neurons. Once the FDG is taken up, the FDG molecule is phosphorylated, which prevents 

the molecule from leaving the neuron, and provides a stable marker of brain activity 

(Reivich et al., 1979). In FDG-PET studies of anxious temperament, monkeys are injected 

with FDG before completing a behavioral assessment (outside the scanner), which provides 
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a measure of brain activity in a freely moving animal in its natural environment. Seventy 

percent (70%) of the FDG is taken up within 30–40 minutes of the injection (Rilling et al., 

2001) and after the task is completed, brain activity is measured with a PET scan.

Kalin and colleagues (2005) used FDG-PET to determine whether differences in one 

measure of inhibition—freezing—correlates with differences in brain activity. Increased 

freezing duration during both the ALN and NEC conditions was associated with increased 

activity in the amygdala, BNST, substantia innominata, and nucleus accumbens, and was 

negatively correlated with activity in the motor cortex. Later, Fox and colleagues (2008) 

tested for a correlation between anxious temperament scores (composite of freezing, cooing, 

and cortisol) and brain activity. During the NEC condition, anxious temperament was 

correlated with activity in the amygdala, hippocampus, and brainstem. These neuroimaging 

studies confirm data from lesion studies that the amygdala and hippocampus are critical for 

the expression of anxious temperament phenotype.

One important question is whether the brain regions previously associated with anxious 

temperament mediate the broad phenotype or whether there are brain regions that mediate 

each of the individual measures. To investigate this question, Shackman and colleagues 

(2013) used FDG-PET to test for broad associations between anxious temperament and 

brain activity, as well as unique associations with each of the three components—cooing, 

freezing, and cortisol—while controlling for the other components. First, anxious 

temperament broadly was associated with activation in the right CeA and bilateral anterior 

hippocampus. Second, there were unique associations with several brain regions: higher 

cortisol concentration was positively correlated with activation in the lateral anterior 

hippocampus; longer freezing correlated with decreased activation in the primary motor 

cortex; and decreased cooing was associated with decreased activity in the ventrolateral 

PFC. The broad temperament association with increased amygdala and hippocampus 

activation is consistent with previous studies in both monkeys and humans, providing 

compelling, translational evidence that these two brain structures mediate inhibited 

temperament. Within the amygdala, mounting evidence points to the CeA as the key 

contributor to anxious temperament. Importantly, these findings also highlight roles for 

other brain regions in mediating specific components of anxious temperament.

Given the critical role of the CeA in mediating anxious temperament (Kalin et al., 2004), a 

recent study tested for an association between anxious temperament and both CeA activity 

and CeA functional connectivity (Birn et al., 2014). Consistent with the prior studies by the 

Kalin lab, higher CeA activity predicted anxious temperament. Anxious monkeys also had 

decreased CeA functional connectivity with both the medial PFC and dorsolateral PFC. The 

relationship between anxious temperament and CeA-PFC connectivity was mediated by 

CeA activity, suggesting that increased CeA metabolism drives both anxious temperament 

and decreased connectivity with regulatory prefrontal regions. Developmental studies will 

be crucial for teasing apart these relationships and determining whether early emerging CeA 

hyperactivity shapes brain connectivity over time.

Neuroimaging provides a unique opportunity to identify the effects of brain lesions on other 

components of the neural circuit. Fox and colleagues (2010) examined the effect of OFC 
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lesions on other brain regions and anxious temperament. FDG was injected into lesioned and 

control animals both before and after the lesions, and differences in brain activity during the 

NEC condition were compared. Consistent with previous lesion studies, OFC lesions 

produced significant decreases in freezing. OFC lesions also resulted in less activation in the 

bed nucleus of the stria teminalis (BNST), part of the “extended amygdala” that plays a 

critical role in anxiety (Davis et al., 1997; Walker and Davis, 2008). Importantly, BNST 

activation was also correlated with freezing during the NEC condition, providing a link 

between brain activity and behavior. OFC lesions also produced increased activation in other 

brain regions—including the parietal cortex, midcingulate cortex, and motor cortex—

suggesting that these regions may be part of a more complex circuit underlying behavior 

during the NEC condition. This study provides the first evidence for the BNST involvement 

in anxious temperament and suggests that a broader neural circuit, including the OFC and 

BNST, may mediate anxious temperament.

Based on neuroimaging studies in large samples of non-human primates, anxious 

temperament broadly is associated with activity in the amygdala, hippocampus, BNST, and 

brainstem. Cortisol reactivity may be mediated by activity in the anterior hippocampus and 

freezing behavior may be mediated by the amygdala, BNST, and motor cortex. There are 

some inconsistencies in findings between lesion studies and neuroimaging studies in non-

human primates, such as the role of the hippocampus in cortisol reactivity. These 

inconsistencies may be because neuroimaging studies are more specific and can pinpoint 

activity in a particular subregion of a brain region, whereas lesion studies typically 

encompass the entire region, which may have mixed effects. Additionally, anxious 

temperament is a complex phenotype based on three individual components—freezing, 

cortisol, and cooing—which is likely mediated by a network of brain regions, rather than a 

single brain region.

2.8. Rodent Models of Inhibited Temperament

Several rodent models of inhibited temperament have been developed and have been used to 

replicate behavioral and physiological findings in humans (for a review on the Wistar Kyoto 

rat model of inhibited temperament, see: Jiao et al., 2011a, pp. 95–110). Individual 

differences in rodent inhibited temperament can be elicited by exposing rats to a novel 

environment (Cavigelli and McClintock, 2003) or to a natural predator (i.e., ferret; Qi et al., 

2010). Inhibited temperament in rodent models is stable over time and has been associated 

with increased anxiety-like behavior throughout development and increased corticosterone 

response to novelty (Cavigelli and McClintock, 2003; Clinton et al., 2011; Jiao et al., 2011b; 

Qi et al., 2010). Similar to findings in humans with anxiety disorders, inhibited rats exhibit 

alterations in avoidance learning. During avoidance learning, more inhibited rats had less 

activation of the medial prefrontal cortex, but no differences in amygdala activation (Perrotti 

et al., 2013). Inhibited behaviors in rats can be reduced by diazepam administration, a 

common treatment for anxiety in humans, (Qi et al., 2010). In rats, inhibited temperament 

was associated with increased immediate early gene expression in the hippocampus and 

hypothalamus in response to a predator threat, but not in the amygdala (Qi et al., 2010). 

Additionally, inhibited temperament in rats was associated with marked differences in 

hippocampal mRNA expression early in postnatal life, including in genes related to cell 
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function and development, neurodevelopment, and intracellular function, among others 

(Clinton et al., 2011). More inhibited rats also had larger volume of the rostral and middle 

hippocampus and more cell proliferation in the dentate gyrus (Clinton et al., 2011). Finally, 

in one study, inhibited rats were more likely to die earlier as compared to their uninhibited 

counterparts (Cavigelli and McClintock, 2003). Consistent evidence across studies points to 

alterations in structure and function of the hippocampus as an underlying neurobiological 

basis for inhibited temperament. While not all studies tested for differences in amygdala 

structure and function, the studies that did test for amygdala differences did not find any, 

suggesting that at least in rodent models, hippocampal function may be more critical for 

inhibited temperament. Rodent models have the advantage of providing a quickly 

reproducing model organism that can be easily manipulated using both genetic and 

neurobiological methods. However, rodent brains are very different from primate brains, and 

lack critical parts of the prefrontal cortex. Therefore, non-human primate models will be 

crucial for providing insight into the neurobiology of inhibited temperament.

3. Genetic Basis of Inhibited Temperament

Inhibited temperament is widely observed—both across cultures (Meysamie et al., 2014; 

Scarpa et al., 1995) and across the majority of species (for a review, see: Gosling and John, 

1999). The extreme groups of inhibited and uninhibited temperament are preserved by 

natural selection, maintaining the genes for both groups. Both groups have an evolutionary 

advantage, with relative strengths in different contexts (e.g. Biro and Post, 2008; Korte et 

al., 2005). For example, uninhibited individuals—who are willing to approach novelty—are 

more likely to be successful in situations where novelty-seeking behavior is rewarded; for 

example, when resources are scarce and exploration of the environment is necessary. 

Alternatively, inhibited individuals—who tend to avoid novelty—will have the advantage 

when resources are plentiful, as they will be less likely to expose themselves to predators. 

While both extremes are evolutionarily adaptive, at both ends of the temperament spectrum 

there is also increased risk for psychiatric illness. Identifying the genes that contribute to 

inhibited temperament can help elucidate the biological mechanisms that give rise to these 

distinct temperament profiles and the associated risk for psychiatric disease.

While the heritability of inhibited temperament has been firmly established, the exact nature 

of the genetic basis remains elusive. Multiple approaches have been used to investigate the 

genetic basis ranging from early linkage studies focused on finding the location of genes on 

the genome (Smoller et al., 2001a) to later association studies focused on identifying which 

genes are involved (as detailed below). To date, the majority of genetic studies of inhibited 

temperament have used association methods to investigate candidate genes—genes that are 

selected based on prior findings or theoretical links to the phenotype. The most popular 

candidates have been genes involved in anxiety and stress, for example, genes involved in 

neurotransmission and hypothalamic-pituitary-adrenal axis function.

3.1. Serotonin

Serotonin Transporter Gene (SERT)—The serotonin transporter gene (SERT) has been 

most frequently studied in inhibited temperament, consistent with its popularity in 

psychiatric research. The short (“s”) allele of the serotonin transporter-linked polymorphic 
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region (5-HTTLPR) polymorphism has been associated with a vast number of anxiety 

vulnerability traits (Canli and Lesch, 2007; Sen et al., 2004), and brain biomarkers (Heinz et 

al., 2005; Munafò et al., 2008a). Many studies of 5-HTTLPR and inhibited temperament 

have found the expected association between the short allele and inhibited temperament 

across multiple samples using different methods for assessing inhibited temperament 

(Battaglia et al., 2005; Davies et al., 2013; Hayden et al., 2007). However, other studies 

failed to find an association between 5-HTTLPR and shyness (Schmidt, 2002) or found the 

opposite pattern—the long allele was associated with more shyness (Arbelle et al., 2003; 

Jorm et al., 2000). Studies in rhesus monkeys with the rhesus variant (rh-5HTTLPR) are 

similarly mixed. In a small sample of infant and juvenile rhesus monkeys, the s/s genotype 

was associated with more inhibited and fearful behaviors (Bethea et al., 2004); however, in 

two much larger studies of juvenile rhesus monkeys, there was no association between 5-

HTTLPR genotype and anxious temperament (Oler et al., 2010; Rogers et al., 2008).

One possible reason for the inconsistencies across studies is that studies did not account for 

the potential effects of environmental differences. Even if anxiety vulnerability is 100% 

heritable at birth, epistasis is highly likely to shape the developmental trajectory of inhibited 

temperament. Support for this perspective comes from longitudinal studies that show that 

inhibited temperament is quite stable in some individuals, but variable in others (Gest, 1997; 

Kagan et al., 1984) and that trajectories can be influenced by early environmental 

differences. For example extremely inhibited infants who experience non-parental child care 

are less likely to remain inhibited as toddlers (Fox et al., 2001). Likewise, infants born with 

the high-risk short allele of 5-HTTLPR may be more susceptible to negative environmental 

influences, including trauma and poor parenting. Fox and colleagues investigated the role of 

gene × environment interactions in inhibited children and found that 5-HTTLPR and 

maternal social support interacted to predict later shyness (Fox et al., 2005b). The influence 

of 5-HTTLPR on inhibited temperament was strongest for children whose mothers reported 

lower levels of social support. For children with one short allele, lower social support 

predicted more inhibited temperament, and for children with the l/l genotype, low social 

support was associated with less inhibited temperament. In another study, Burkhouse and 

colleagues (2011) tested for gene × environment interactions between 5-HTTLPR and 

parenting. In their study of young children, the 5-HTTLPR genotype and child’s report of 

maternal overprotectiveness interacted to predict inhibited temperament; children with the 

s/s genotype showed the strongest effect of maternal overprotectiveness on inhibited 

temperament. The findings are consistent with a substantial literature showing that the 

effects of 5-HTTLPR on depression are moderated by stress and trauma (Caspi et al., 2003; 

Karg et al., 2011). Together, these findings suggest that 5-HTTLPR is associated with 

inhibited temperament and the impact of 5-HTTLPR on inhibited temperament is likely 

moderated by environmental factors, such as low social support or overprotective parenting.

3.2. Dopamine

Dopamine Receptor Gene (DRD4)—Dopamine has a prominent role in reward 

processing and exploration and has been associated with novelty seeking traits in humans 

(Zald et al., 2008). Several early reports suggested that novelty-seeking was associated with 

variation in a polymorphism in the dopamine D4 receptor gene (DRD4); specifically, the 
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presence of a 7-allele repeat in exon 3 was associated with higher scores on a novelty-

seeking trait (Ebstein et al., 1996). Based on these findings, it was expected that inhibited 

individuals would be less likely to have the 7-allele repeat. Several studies investigated this 

candidate gene in both shy children (Arbelle et al., 2003; Schmidt et al., 2002) and 

adolescents who were categorized as inhibited as children (Pérez-Edgar et al., 2013) and no 

studies found evidence for an association. This lack of a relationship is consistent with two 

recent meta-analyses showing that the initial finding of the 7-allele repeat and novelty 

seeking did not withstand replication (Kluger et al., 2002; Munafò et al., 2008b). However, 

the study by Perez-Edgar and colleagues also included brain imaging measures of reward 

processing. In that study, the 7-allele repeat moderated the relationship between brain 

activation and inhibited temperament. For adolescents with the 7–allele repeat, greater 

inhibition correlated with stronger caudate activation to medium amounts of monetary 

incentives. This study highlights the complexity of genetic effects on temperament and 

suggests that additional measures, such as brain markers, may be necessary to reveal the 

underlying influence of genetic variation.

Dopamine Transporter Gene (DAT)—Because many genes are involved in the 

effective signaling of any given neurotransmitter, it is possible that variations in other parts 

of the dopamine system are involved in temperament, despite the lack of findings for DRD4. 

Davies and colleagues (2013) were the first to examine the dopamine transporter gene 

(DAT) in inhibited temperament. Inhibited children had a DAT composite score (formed 

from alleles from three different DAT polymorphisms) that reflected less efficient 

transporter activity.

3.3. GABA

Glutamic acid decarboxylase gene (GAD)—GAD is the rate-limiting enzyme for 

converting glutamate to gamma-aminobutyric acid (GABA), the primary inhibitory 

neurotransmitter in the brain. GABA is thought to play a role in anxiety, given the potent 

effects of GABA agonists on reducing anxiety. The Smoller lab investigated a 

polymorphism in intron 3 of the GAD2 gene (also known as GAD65; Smoller et al., 2001b). 

Children with a 168-bp allele in GAD65 were significantly less likely to have an inhibited 

temperament. A subsequent study in adults, found several single nucleotide polymorphisms 

(SNPs) that were associated with inhibited temperament in healthy controls and in patients 

with an anxiety disorder (Unschuld et al., 2009).

3.4. Neurotransmitter Regulation

Monoamine Oxidase A gene (MAOA)—The MAOA gene codes for enzymes that 

degrade multiple neurotransmitters, including serotonin and dopamine. Allelic differences in 

MAOA are thought to contribute to differences in serotonin and dopamine function, which 

may impact stress reactivity and/or reward processing. The single study that examined 

MAOA in inhibited children failed to find an association (Arbelle et al., 2003)

Catechol-O-methyltransferase gene (COMT)—COMT is an enzyme involved in the 

degradation of multiple neurotransmitters, including dopamine. The COMT gene codes for 

the production of this enzyme. Allelic differences in COMT are thought to contribute to 
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differences in dopamine signaling and reward processing. To date, one study investigated 

COMT in inhibited children and found no evidence for an association (Arbelle et al., 2003).

3.5. Corticotropin Releasing Hormone

Another system frequently investigated in anxiety vulnerability and anxiety disorders is the 

hypothalamic-pituitary-adrenal (HPA) axis, which regulates stress responses. Within the 

HPA axis, corticotropin releasing hormone (CRH) stimulates the synthesis of 

adrenocorticotropic hormone (ACTH), which in turn stimulates the synthesis of cortisol. 

Elevated cortisol levels have been reported in inhibited children (Kagan et al., 1987; Pérez-

Edgar et al., 2008; Schmidt et al., 1997) and non-human primates (Kalin et al., 2000, 1998) 

and may be one factor contributing to increased prevalence of stress-related illnesses, such 

as anxiety and depression.

Corticotropin Releasing Hormone gene (CRH)—The CRH gene encodes 

corticotrophin releasing hormone. Smoller and colleagues investigated the association 

between allelic variation in CRH and inhibited temperament in two studies (Smoller et al., 

2005, 2003). In the first study, Smoller and colleagues (2003) examined a genomic region of 

CRH (CRH.PCR1) in a sample of children at risk for anxiety based on one parent having 

panic disorder or major depression. A family based association test revealed an association 

between a 173-bp allele and inhibited temperament; subgroup analyses identified that the 

association was specific to the families with panic disorder. In the second study, Smoller and 

colleagues (2005) examined CHR.PCR1 and multiple SNPs in the CRH gene in an expanded 

sample of families. The 173-bp allele of CRH.PCR1 was again associated with inhibited 

temperament in addition to an association with three SNPs in the CRH gene.

Corticotropin Releasing Hormone Receptor 1 gene (CRHR1)—The CRH 

receptors, CRH1 and CRH2, are another important part of the HPA axis. The Kalin lab 

recently investigated the relationship between inhibited temperament in monkeys and an 

evolutionarily conserved region of the CRH1 receptor gene, CRHR1 (Rogers et al., 2012). 

Three independent polymorphisms were associated with inhibited temperament. 

Importantly, one of those polymorphisms was also associated with metabolism in several 

brain regions (amygdala, hippocampus, precuneus, intraparietal sulcus) providing a possible 

mechanism linking genetic variation in CRHR1 and inhibited temperament. This finding 

provides an exciting direction for future investigations in humans.

3.6. Other Candidate Genes

More recently, scientists have moved beyond the “usual suspects” and have begun 

investigating less conspicuous genes, although still largely guided by general principles of 

investigating genes broadly based in anxiety or related traits. For example, the Smoller lab 

examined the gene encoding regulator of G protein signaling 2 (RGS2)—a gene on 

chromosome 1 that is suspected to underlie anxiety traits in mice. They found that 

polymorphisms in RGS2 predicted: inhibited temperament in a family association study; 

introverted (NEO-E) personality in a sample of college students; and activation in the 

amygdala and insula during an emotion face matching task in young adults (Smoller et al., 

2008). This multi-sample/multi-modal approach produced compelling findings linking genes 
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to brain function to behavior. However, as is common in the field, a subsequent study with a 

larger sample failed to replicate the RGS2 association with a set of anxiety vulnerability 

phenotypes (Hettema et al., 2013).

Another example of exciting new genetic discoveries is contactin-associated protein-like 2 

(CNTNAP2), a gene involved in language impairments in autism and selective mutism. 

Reluctance to speak and latency to initiate speech are common features of inhibited children 

(Kagan et al., 1987), providing a conceptual link to selective mutism. Stein and colleagues 

found that variation in the CNTNAP2 gene was associated with selective mutism in a family 

study and also associated with inhibited temperament in healthy young adults (Stein et al., 

2011). These findings illustrate that anxiety risk traits and anxiety disorders likely share a 

genetic basis.

It should be noted that for each positive finding, there are multiple other genes with negative 

findings, many of which are not reported. For example, a previous study reported that 

inhibited temperament is not associated with the adenosine A1A receptor gene (A1AR), 

adenosine A2A receptor gene (A2AR), or the preproenkephalin gene (PENK) (Smoller et al., 

2001b).

3.7. Gene Expression

Another exciting approach to discovering the genetic basis of inhibited temperament is to 

study inhibited monkeys. The Kalin lab has now phenotyped more than 500 monkeys with 

known pedigrees. This sample provides a unique window into the link between genes, brain, 

and behavior. For example, in a recent study (Oler et al., 2010) they showed that although 

both amygdala and hippocampus metabolism were associated with inhibited temperament, 

however, only hippocampal metabolism was heritable. Previously, the amygdala had been 

the focus of many temperament studies, based on its central functions in fear and anxiety. 

These findings suggest that the hippocampus may play an important role in inhibited 

temperament and anxiety vulnerability, consistent with Gray’s septo-hippocampal theory of 

anxiety (Gray, 1982).

The Kalin lab has followed this heritability study with messenger RNA (mRNA) expression 

studies in tissue from the CeA, a region consistently implicated in inhibited temperament. 

Importantly, this type of study would be very difficult in humans, since most post-mortem 

brain samples will not have well-characterized temperament phenotypes. Using this 

approach, Kalin and colleagues have discovered several novel genetic associations with 

inhibited temperament including: decreased mRNA expression of neurotrophic tyrosine 

kinase receptor type 3 (NTRK3) (Fox et al., 2012) and lower mRNA levels of neuropeptide 

Y receptor 1 (NPY1R) and receptor 5 (NPY5R) (Roseboom et al., 2013).

Another benefit of using non-human primate models to study temperament is that 

differences in gene expression across the brain can be examined. For example, previous 

findings have highlighted the importance of the CeA to anxious temperament (Kalin et al., 

2004), and Fox and colleagues (2012) tested for an association between anxious 

temperament and mRNA expression in the CeA. Anxious temperament was associated with 

altered expression in the CeA of a diverse set of mRNA including genes related to hormone 
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stimulation, developmental growth, and axon growth. Notably, anxious temperament as 

associated with decreased expression of the NTRK3 (also known as TrkC) gene. The 

NTRK3 receptor is activated by neurotrophin-3 and activates signaling pathways involved in 

neuronal survival, differentiation, and synaptic plasticity (Kang and Schuman, 1995; Mart 

nez et al., 1998). NTRK3 plays a role during development and in adult neuroplasticity, and 

has been implicated in anxiety disorders (Dierssen et al., 2006); NTRK3 is also 

downregulated following restraint stress and can be rescued by treatment with a selective-

serotonin reuptake inhibitor (fluoxetine) (Barreto et al., 2012). Given findings that 

alterations in amygdala structure have developmental effects on anxious temperament (Kalin 

et al., 2001; Machado et al., 2009; Raper et al., 2013a, 2013c), alterations in amygdala 

neuroplasticity may underlie the development of anxious temperament.

The initial study by Fox and colleagues (2012) also found that anxious temperament was 

associated with decreased expression of neuropeptide Y (NPY) receptor 1. Roseboom and 

colleagues (2014) followed-up on these findings in an independent sample of monkeys. 

NPY has anxiolytic and stress-reducing effects and is expressed throughout the brain, 

including in the amygdala and hippocampus (Bowers et al., 2012). NPY receptor 1 

(NPY1R) and receptor 5 (NPY5R) are believed to be anxiolytic and NPY receptor 2 

(NPY2R) is believed to be anxiogenic (Bowers et al., 2012; Heilig et al., 1993; Sørensen et 

al., 2004). Decreased expression of NPY1R and NPY5R mRNA in the CeA was related to 

more anxious temperament; however, there was no relationship between anxious 

temperament and NPY or NPY2R mRNA expression. Increased NPY1R and NPY5R 

expression was correlated with increased metabolic activity in the dlPFC as measured by 

FDG-PET during the NEC condition. Increased NPY1R expression was also associated with 

decreased metabolic activity in the rostral ACC. These findings suggest that decreased NPY 

receptor expression in the amygdala may underlie some of the behavioral and neuroimaging 

findings associated with anxious temperament. NPY is believed to play a role in resilience 

and regulation of the anxiety response (Bowers et al., 2012; Heilig et al., 1993; Sørensen et 

al., 2004). These findings suggest that a reduction in NPYRexpressing neurons may result in 

less activation of emotion-regulatory regions such as the dlPFC (Roseboom et al., 2014). 

Additionally, in a recent study, decreased CeA-dlPFC connectivity was related to more 

anxious temperament and anxiety disorders (Birn et al., 2014). However, it remains 

unknown if alterations in NPY1R and NPY5R expression relate to connectivity or the 

mechanism by which receptor expression may alter connectivity. No correlations were 

found between NPY expression and anxious temperament and the relationship between 

NPY1R and NPY5R expression and NPY expression is not known. NPY is not currently 

explicitly targeted by any conventional anxiety treatments and might represent a novel target 

for treatment.

4. Summary and Future Directions

During the past decade, scientists have made many exciting discoveries about the neural and 

genetic basis of inhibited temperament. Inhibited adolescents and adults show alterations 

predominantly in neural circuits governing novelty detection, fear processing, anticipation, 

reward processing, and attention. The brain regions that show the most consistent alterations 

are the amygdala, nucleus accumbens, caudate, and prefrontal cortex. Consistent with the 
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neuroimaging field, most of the earlier studies focused on regions of interest. However, to 

advance our knowledge, it will be critical for future studies to test for differences across the 

whole brain and to systematically examine neural circuits using the growing number of 

sophisticated connectivity methods. We propose the following future directions for the field:

1. Determine whether the BNST mediates inhibited temperament in humans. To 

date, most of the lesion and neuroimaging studies have focused on the amygdala 

and prefrontal cortex. A largely understudied brain region that is likely to be 

important for inhibited temperament is the BNST. The BNST is a part of the 

extended amygdala, a macrostructure that includes the central nucleus of the 

amygdala, BNST, and shell of the nucleus accumbens (Alheid and Heimer, 1988). 

Importantly, the BNST mediates anxiety and response to potential threat (Alvarez 

et al., 2011; Davis et al., 1997; Somerville et al., 2010; Walker and Davis, 2008) as 

well as addiction (Flavin and Winder, 2013; Koob and Volkow, 2009; Silberman 

and Winder, 2013; Stamatakis et al., 2014). Of interest to us is the link between 

social anxiety disorder and substance abuse (Kessler et al., 2005b), with specificity 

for alcohol and cannabis, both central nervous system depressants. We propose that 

inhibited individuals use drugs for the anxiolytic effects; consistent with this 

proposal, the BNST is involved in the withdrawal and negative affect state of 

addiction, not the initial binge/intoxication stage (Koob and Volkow, 2009). Thus, 

the BNST is well positioned to mediate inhibited behaviors and confer risk for both 

anxiety and addiction. Non-human primate studies provide preliminary evidence 

for the BNST’s role (Fox et al., 2010, 2008); however examination of the BNST in 

humans has been limited by MRI scanner resolution. We have recently developed a 

BNST mask using an ultra-high field scanner and specific scanning sequence. 

Using this mask and a high-field scanner, we have provided the first mapping of the 

human BNST structural and functional connectivity (Avery et al., 2014). The 

BNST functional connectivity findings have been recently replicated (McMenamin 

et al., 2014), paving the way for future studies of the BNST.

2. Determine whether inhibited children show differences in brain structure or 
function across development. Inhibited temperament was initially identified in 

infants and toddlers (Garcia-Coll et al., 1984; Kagan et al., 1998); however, all 

published MRI studies of inhibited temperament have been conducted in 

adolescents and young adults (see Figure 5). Thus, no studies to date have been 

able to address two important questions: Do inhibited children show differences in 

brain structure or function? What are the developmental trajectories of brain 

structure and function in inhibited children? Future studies are needed to elucidate 

the early brain endophentoype of inhibited temperament, especially before the 

onset of psychopathology.

3. Develop anxiety risk profiles using combined imaging, genetics, behavioral, 
and psychophysiological measures. Another critical future direction is to 

understand why children with early inhibited temperament have divergent 

outcomes, given about 44% of inhibited children go on to develop social anxiety 

disorder by adolescence (see Figure 1; Clauss and Blackford, 2012), whereas more 

than half of inhibited children go on to be healthy adults. To date, there are no 
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specific genetic or neural biomarkers to predict which inhibited children will go on 

to develop anxiety disorders (for a discussion, see: Henderson et al., 2014). We 

recommend a large scale, multi-site study that combines multiple measures across 

several system levels (genes, brain, physiology, behavior), as well as environment 

(e.g., parenting, parent psychopathology), to provide a comprehensive assessment 

of the phenotype. These data could then be analyzed using cluster analyses or 

machine learning to identify the combination of measures that are most predictive 

of later psychopathology. This type of approach can provide valid risk models that 

can lead to targeted prevention interventions to the highest-risk children.

4. Conduct a large-scale multi-site genome-wide association study (GWAS) of 
inhibited temperament. GWAS studies have the potential to uncover novel 

biological mechanisms that underlie inhibited temperament and guide future 

research and development of prevention strategies for the highest-risk children. 

Significant advances have been made in several psychiatric disorders using large 

scale GWAS studies based on consortia that combine data across many sites 

(Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013; Ripke et 

al., 2011; Visscher et al., 2012). However, to date, most genetic studies of inhibited 

temperament have used candidate gene approaches with relatively small sample 

sizes. While these have been informative and have provided preliminary evidence 

for a genetic basis of inhibited temperament, this approach is limited to known 

candidate genes. GWAS studies of inhibited temperament have the potential to 

broaden our knowledge of the genetics of inhibited temperament from the “usual 

suspects” and to identify novel genes previously not associated inhibited 

temperament.

5. Test for neurobiological differences in children with an uninhibited 
temperament. Inhibited temperament has been the main focus of studies of 

temperament given its association with anxiety disorders and depression; however, 

uninhibited temperament is also associated with psychopathology, including 

attention deficit hyperactivity disorder (ADHD), bipolar disorder, and substance 

use disorders (Hirshfeld-Becker et al., 2007, 2003, 2002). Much remains unknown 

about the genetic and neural basis of uninhibited temperament and how these 

differences may confer risk for psychopathology.

6. Broaden the types of tasks used in neuroimaging in inhibited temperament. In 

neuroimaging studies, the data are only as good as the task performed. Therefore to 

advance our understanding of the neurocircuitry of inhibited temperament, we must 

expand the types of tasks used. A natural progression in identifying alterations in 

fear neurocircuitry is to use well-developed fear conditioning tasks that include 

conditioning, extinction, and extinction. Given the intriguing recent findings of 

PFC alterations, we propose that future studies further interrogate prefrontal cortex 

function using tasks that target cognitive flexibility and implicit and explicit 

emotion regulation. Finally, we propose that future studies target memory 

formation and avoidance and appetitive learning to broaden our understanding of 

the neural substrates of inhibited temperament.
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5-HTTLPR serotonin transporter-linked polymorphic region

A1AR adenosine A1A receptor gene

A2AR adenosine A2A receptor gene

ACC anterior cingulate cortex

ACTH adrenocorticotropic hormone

ADHD attention-deficit hyperactivity disorder

ALE activation likelihood estimation

ALN alone in a new cage condition in the human intruder paradigm

BNST bed nucleus of the stria terminalis

CeA central nucleus of the amygdala

COMT catechol-O-methyltransferase gene

CRH corticotropin-releasing hormone

CRH corticotropin-releasing hormone gene

CRHR1 corticotropin-releasing hormone receptor 1 gene

CNTNAP2 contactin-associated protein-like 2

DAT dopamine transporter gene

dlPFC dorsolateral prefrontal cortex

dmPFC dorsomedial prefrontal cortex

DRD4 dopamine D4 receptor gene

EEG electroencephalography

ERN error-related negativity

ERP event-related potential

FDG [18F]-fluorodeoxyglucose

fMRI functional magnetic resonance imaging

GABA gamma-aminobutyric acid

GAD glutamic acid decarboxylase gene

GWAS genome-wide association study
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HPA hypothalamic-pituitary-adrenal axis

MAOA monoamine oxidase A gene

MMN mismatch negativity

MRI magnetic resonance imaging

mRNA messenger RNA

NEC no eye contact condition in the human intruder paradigm

NPY neuropeptide Y

NPY1R neuropeptide Y receptor 1

NPY5R neuropeptide Y receptor 5

NTRK3 neurotrophic tyrosine kinase receptor, type 3

OFC orbitofrontal cortex

PET positron emission tomography

PFC prefrontal cortex

PENK preproenkephalin gene

RGS2 regulator of G protein signaling 2

SERT serotonin transporter gene

SNP single nucleotide polymorphism

ST stare condition in the human intruder paradigm
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Article Highlights

Inhibited temperament is a heritable trait that emerges early in development.

Inhibited temperament confers heightened risk for multiple psychiatric disorders.

Amygdala hyperactivity plays a central role in inhibited temperament.

Prefrontal cortex and basal ganglia function are altered in inhibited individuals.

Genes regulating neurotransmitter function are implicated in inhibited temperament.
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Figure 1. 
Approximately 43% of children characterized as having an inhibited temperament (107/246) 

develop social anxiety disorder by mid-adolescence. In contrast, only about 13% of control 

children (57/446) develop social anxiety disorder by the same age. Data adapted from 

(Clauss and Blackford, 2012).
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Figure 2. 
Inhibited temperament is associated with alterations in a complex neurocircuit, including the 

amygdala, basal ganglia, and prefrontal regions.
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Figure 3. 
Based on a meta-analysis of 13 functional MRI studies of inhibited temperament, inhibited 

temperament is associated with increased activity in the bilateral amygdala, 

parahippocampal gyrus, globus pallidus, caudate, and medial frontal gyrus.
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Figure 4. 
The effects of individual brain regions on anxious temperament in rhesus monkeys have 

been demonstrated by lesioning the amygdala, hippocampus, and orbitofrontal cortex.
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Figure 5. 
Social anxiety disorder has a median age of onset of 13 years and 75% of patients have an 

onset by age 15 (Kessler et al., 2005a). Published neuroimaging studies of inhibited 

temperament have focused on imaging adolescents and young adults (blue), who have 

already reached the median age of onset for social anxiety disorder. Future studies should 

focus on younger children, who have yet to reach the age of onset for social anxiety disorder 

to understand how temperament affects brain function.
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