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ABSTRACT

Cognitive control has been described and referred to over the years by
different terminology including “controlled processing”’, “central executive”
and “attentional bias”. We present behavioral and neuroimaging
experimental investigations of this psychological construct reflecting top-
down control in overriding inappropriate thoughts, actions, and emotions.
The ability to override competing actions and emotions is a key component of
cognitive and social functioning and at the core of a child’s development. We
show in a series of behavioral and imaging studies that the development of
frontostriatal and frontoamygdala circuitry may underlie mature cognitive
and affective control.

KEY-WORDS: cognitive control, development, emotion, striatum,
prefrontal cortex

Introduction

The term cognitive control refers to the ability to override competing
thoughts and actions in favor of goal directed ones (Desimone & Duncan, 1995;
Miller & Cohen, 2001). It has been referred to as “ controlled processing”, “effort”,
“central executive”, “supervisory attention systems’, “attentional bias’, “conflict
resolution” within cognitive theories (Posner & Boies, 1971; Kahneman, 1973;
Posner & Snyder, 1975; Shiffrin & Schneider, 1977; Baddeley, 1986; Allport,
1987; Shallice, 1988; Posner & Petersen, 1990; Cohen & Servan-Schreiber, 1992;
Desimone & Duncan, 1995; Braver & Cohen, 2000; Miller & Cohen, 2001). With
advances in neuroimaging tools and the recent integration of cognitive and
affective neuroscience, the neurobiological basis of this construct and its role in
both cognitive and social behavior is beginning to be understood. The current paper
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presents empirical studies delineating the neural circuitry of cognitive and affective
control and its development.

Theories of cognitive development characterize immature cognition as
being more susceptible to interference from competing information and actions
(Brainerd & Reyna, 1993; Dempster, 1993; Casey, Tottenham, & Fossella, 2002;
Morton & Munakata, 2002). Developmental tasks like the classic Piagetian A not B
task are used to examine cognitive control in infants (Piaget, 1954; Diamond,
1985), while in older children, this psychological construct is measured by Stroop-
like tasks (Tipper, Borque, Anderson, & Brehaut, 1989) card sorting tasks (Zelazo,
Burack, Benedetto, & Frye, 1996; Munakata & Yerys, 2001) and go-nogo tasks
(Luria, 1961; Casey et a., 1997). Across al of these tasks, younger children have
more difficulty ignoring irrelevant salient information and actions in favor of
adaptive ones (Mischel, 1958; Mischel, 1961; Mischel & Metzner, 1962; Mischel,
1966; Mischel & Underwood, 1974). This ability is further complicated when the
information is of an emotional content.

The interaction of cognitive and emotional processes plays an important
role in the development of regulatory behavior in children. The term, emotion
regulation, has been coined to describe this interaction and refers to the dynamic
process by which emotions influence other psychological or physiological
processes and those processes influence emotions (Campos, Mumme, Kermoian, &
Campos, 1994; Cole, Michel, & Teti, 1994; Fox, 1994). Accordingly, this ability
relates to the manner in which an emotion, like happiness or sadness, facilitates or
interferes with other processes rather than the simple presence of an emotion
(Frijda, 1988; Cole et a., 1994; Cole, Martin, & Dennis, 2004). The ability to
regulate or override such emotional processes is a component of cognitive control
(Derryberry & Rothbart, 1988; Rothbart & Ahadi, 1994; Rothbart, Derryberry, &
Posner, 1994; Derryberry & Rothbart, 1997) and is illustrated in delay of
gratification (Mischel, 1958; Mischel, 1961; Mischel & Metzner, 1962; Mischel,
1966; Walls & Smith, 1970; Mischel & Underwood, 1974; Toner & Smith, 1977).
In this paper, we present recent studies that assess behavioral and neural responses
when approaching and avoiding emotional or non-emotional information using
functionlal neuroimaging, specifically functional magnetic resonance imaging
(fMRI).

Several studies have used fMRI in children and adults to determine the
neural substrates that mediate aspects of cognitive control involved in overriding

! Functional magnetic resonance imaging (fMRI) is a tool for non-invasively examining
changes in patterns of brain activity without exposure to potentially harmful effects of
radioactive isotopes. It is sensitive to changes in oxygen levels of the blood in the brain
(Kwong et al., 1992; Ogawa et al., 1992) that eliminates the need for exogenous, invasive
contrast agents (Turner, Le Bihan, Moonen, Despres, & Frank, 1991). This methodology
capitalizes on the magnetic differences between oxygenated and deoxygenated blood.
During brain activation, localized increases in blood flow increase blood oxygenation (and
consequently reduce deoxygenated hemoglobin), causing detectable changes in the MR
signal.
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competing actions (see Casey, Galvan, & Hare, in press-a for review). Less is
known about the neurobiological development of top-down control of emotion
(Monk et al., 2003). We present recent findings from our laboratory on the
development and neural substrates of the top-down and bottom-up modulation of
behavior and emotions.

Neural substrates underlying the development of cognitive contr ol

The neural substrates implicated in cognitive control include prefrontal
related circuitry (Miller & Cohen, 2001; Casey et a. 2002). A core component of
cognitive control is the ability to regulate thoughts and actions. This aspect of
control is often studied using go/nogo tasks. Typicaly in these tasks subjects are
asked to respond to frequently occurring targets, but to withhold a response to a
rare nontarget. Subjects must override the prepotent tendency to respond in order to
successfully withhold responses to rare nontarget trials. In our original fMRI study
on the development of cognitive control (Casey et a., 1997), we focused on
differences between children and adults in the recruitment of prefrontal regions
when overriding a response. In this study, activity in the anterior cingulate and
ventral prefrontal regions was correlated with the number of errors made during
performance of the go/nogo task. Age-wise comparisons showed more diffuse
activation of prefrontal cortex in children relative to adults. Specificaly, children
recruited the dorsolateral prefrontal cortex, an area that did not correlate with task
performance, more than adults (Casey et a., 1997; Luna et al., 2001). The more
diffuse pattern of prefrontal activation seen in children relative to adults may
coincide with fine-tuning of prefrontal regions as relevant connections are
strengthened and others are attenuated with maturity (Casey et a., in press-g;
Casey, Tottenham, Liston, & Durston, in press-b). Prefrontal connectivity has been
associated with both developmental and individua differences in the efficiency of
cognitive control (Nagy, Westerberg, Klingberg, 2004; Liston et al., submitted).

Studies that explicitly manipulate the level of cognitive control required to
perform a task may provide a better assessment of which prefrontal regions are
specific to this function. Findings from a go/nogo paradigm where task difficulty
was parametrically manipulated by varying the number of go responses preceding a
nogo are consistent with this notion (Durston et a., 2002). Both children and adults
made more errors when task difficulty increased. Adults showed a corresponding
increase in specific prefrontal and parietal regions for correct nogo responses as the
number of preceding go trials increased. However, children appeared to maximally
activate the same regions for nogo trials preceded by only one go trial, suggesting
that immature cognitive control networks are more susceptible to interference
regardless of preceding context.

As these networks become more refined with development, less activation
(fine tuned- less relevant regions attenuate) is needed to overcome interference and
additional activity is recruited only when necessary in order to overcome highly
salient competing responses. Adults also show enhanced activity of frontoposterior
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cortical networks during cognitive control tasks (Luna et al., 2001; Bunge,
Dudkovic, Thomason, Vaidya, & Gabridli, 2002; Luna & Sweeney, 2004) relative
to children, again suggesting that mature cognitive control involves the ability to
efficiently adapt to the relevant demands of the task in recruiting attention systems
of the posterior parietal regions.

Subsequent fMRI studies by our group and others (Vaidya et al., 1998;
Durston et a., 2002; Booth et al., 2003; Durston et al., 2003) have shown the
importance of subcortical systems such as the striatum in overriding inappropriate
responses. Striatal regions interact with the prefrontal cortex through direct
connections and indirectly through thalamocortical circuits (Alexander, De Long,
& Strick, 1986; Alexander & Crutcher, 1990; Alexander, Crutcher, & Delong,
1990). The importance of the striatum, specifically the caudate nucleus, in
cognitive control is highlighted by the finding that children and adolescents with
attention deficit hyperactivity disorder (ADHD) have less activity in this region.
The lack of activity in this region during go/nogo tasks is paraleled by poorer
performance (Rubia et al., 1999; Durston et al., 2003), and both activity in this
region and performance differences are normalized with stimulant medications
(Vaidyaet al., 1998).

Overall, these findings suggest an important role of cortical and subcortical
regions, and fine tuning of connections among these regions, in the development of
cognitive control. However, control of our thoughts and actions are clearly
influenced by the specific context in which they occur. For this reason, both
cognitive and social contextual information must be considered when examining
the neural processes underlying cognitive control.

Development of affective control. Emotional context can differentially
impact the recruitment of cognitive control. For example, positive emotional
valence is related to approach and reward, whereas negative valence is associated
with avoidance and withdrawal (Davidson, Ekman, Saron, Senulis, & Friesen,
1990; O'Doherty et al., 2003). Throughout this paper we have shown that immature
cognition is characterized by susceptibility to interfering information. In a separate
series of experiments, we examined cognitive control in the context of approaching
and avoiding emotional information (positive and negative). We collected
behavioral data from 100 subjects ranging in age from 5 to 34 years using a
go/nogo task that included emotional facial expressions as stimuli (Casey &
Tottenham, submitted). The task required subjects to approach (go trials) or avoid
(nogo trials) specific facial expressions (happy, sad, fearful and angry) in the
context of neutral faces. Based on the idea that happy expressions are positive and
associated with approach related goals, whereas negative expressions like fearful,
angry, and sad are more associated with avoidance and withdrawal (Davidson et
al., 1990), we predicted that performance on a go/nogo task would be biased by the
emotional vaence of the go and nogo stimuli. We found that across al ages,
subject reaction times were faster when approaching positive expressions (happy)
relative to negative expressions (fearful, angry, and sad) and that accuracy was
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higher when approaching emotional expressions relative to neutral expressions.
This difference was primarily driven by the fact that accuracy was higher when
approaching, as opposed to avoiding, happy expressions, as subjects had more
difficultly avoiding happy expressions.

Developmental differences in the effects of emotional information on
cognitive control were seen in terms of both reaction times and accuracy. While
overall accuracy improved linearly with age, reaction times showed a U-shaped
pattern with older children and adolescents, being faster than adults, to go trias,
especialy positive go triadls. There was an interaction of gender with age and
emotion. Relative to adults, girls 8 and younger were slower to approach emotional
stimuli, particularly fearful faces, in contrast to boys of the same age who had
faster reaction times, especially for positive expressions. These results suggest a
stronger bias toward positive information in males during early development,
which parallels greater impulsivity during this period of development for boys.
Longer response times to fearful expressions by young girls relative to boys may
reflect enhanced processing of emotional expressions in females previously
reported by our lab (Thomas et al., 2001) and others (see McClure, 2000).

Neural Substrates of Affective and Cognitive Control. Interactions
between cognitive and emotional processes play an important role in behavior
regulation and its development as described above. While the neural basis of these
interactions is not yet completely understood, we do know that reciprocal
connections exist between prefrontal control regions and subcortical regions
involved in emotion processing, in particular the amygdala and nucleus accumbens
(e.g. Haber, Groenewegen, Grove, & Nauta, 1985; Amaral, 1986; McDonald,
1987; Groenewegen, Berendse, & Haber, 1993; Haber, Kunishio, Mizobuchi, &
Lynd-Balta, 1995; Ghashghaei & Barbas, 2002) Animal studies have shown the
importance of prefrontal connections with the amygdala and nucleus accumbensin
aversive (avoidance) and appetitive (approach) conditioning, respectively
(LeDoux, 1995; Garcia, Vouimba, Baudry, & Thompson, 1999; Parkinson,
Cardinal, & Everitt, 2000a; Parkinson, Willoughby, Robbins, & Everitt, 2000b;
Cardinal, Parkinson, Hall, & Everitt, 2002; Parkinson et al., 2002). Neuroimaging
studies of affective control in adults suggest a role for top down prefrontal
modulation of subcortical regions associated with emotion processing (Hariri,
Bookheimer, & Mazziotta, 2000; Ochsner, Bunge, Gross, & Gabrieli, 2002; Hariri,
Mattay, Tessitore, Fera, & Weinberger, 2003; Keightley et al., 2003; Lange et d.,
2003; Nomuraet al., 2004; Ochsner et al., 2004).

We have begun to examine the neural substrates underlying the cognitive
and affective processes in our emotional go/nogo task using fMRI in adults (Hare
et a., in press). Task performance in the scanner is consistent with our behavioral
study, subjects are slower to respond to fearful expressions and make more false
alarms when inhibiting responses to happy expressions. The neuroimaging data
show that emotional information influences patterns of neural activity as well as
behavioral performance. In our study, greater activation was seen in the ventral
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amygdala, a region repeatedly implicated in fear conditioning and evauating the
emotional significance of a stimulus (e.g. LeDoux, 1998; Whalen et al., 1998)
when subjects approached negative targets. Activation in this region correlated
with reaction time with greater activity in this region for slower responses. Thus
negative valence and amygdala activation was related to impared task
performance.

In contrast, positive emotiona stimuli were found to influence behavior
and neural activity differently (Hare et al., in press). Compared to fearful
expressions, happy expressions elicited greater activity in the nucleus accumbens, a
region associated with reward and appetitive behavior (see Schultz, Tremblay, &
Hollerman, 2000; Nestler, 2004). Therefore, activation of the amygdaa is
associated with avoidance of negative emotional valence, while activation of the
nucleus accumbens is related to approaching positive emotional valence. This bias
towards approaching positive emotional information could explain why subjects
made more false alarms to happy relative to negative expressions.

As shown previously, frontostriatal control circuits are involved in
overcoming interference from competing sources. Enhanced recruitment of these
frontostriatal regions implicated in non-emotional go-nogo tasks was seen during
the current task when subjects successfully inhibited responses to positive
expressions over neutral or negative ones. These regions, specificaly the right
caudate nucleus, correlated with performance such that subjects with more caudate
activity made fewer false alarms to happy expressions. These findings suggest that
increased activation of frontostriatal regions involved in cognitive control is
associated with effectively overriding the influence of interfering emotional
information.

Developmental studies of affective control reveal distinct patterns of brain
activity that are similar to patterns of activity seen in the development of cognitive
control (Monk et al., 2003; Levesque et a., 2004). In a study using a selective
attention task superimposed on emotional information (Monk et al., 2003),
adolescents showed greater activity in the amygdala, while adults had greater
activity in ventral prefrontal cortex. Further, adults modulated prefrontal activity in
response to task demands (attend to fearful face vs non-emotional feature), whilein
adolescents, activity did not differ between conditions. This finding is consistent
with immature cognition being characterized by increased susceptibility to
irrelevant information. Similarly, children appear to recruit a greater number of
prefrontal regions when attempting to suppress emational responses (Levesque et
a., 2004) compared to adults performing the same task (Levesgue et al., 2003).
Again, suggesting a transition from diffuse to more focal (fine-tuned) patterns of
prefrontal activity with development. One caveat to the findings of Levesque and
colleagues is that children and adults were examined in two separate experiments
and not directly compared to one another. Thus, until confirmed by a direct
comparison between age groups, these results must be interpreted with caution.
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Conclusion

The efficiency of cognitive control continues to improve throughout
childhood and adolescence. Immature cognitive control is characterized by
susceptibility to interference, but with maturity the ability to recruit additional
resources to override competition is enhanced. Investigations of cognitive control
in emotional contexts show that emotional valence continues to influence
performance and neural activity in childhood and adulthood. In functional imaging
studies, behavioral performance on tasks that require cognitive control correlates
with activity in frontostriatal regions, especially in overcoming interference due to
preceding or emotional contextsin order to make the appropriate response.

Control System:
Ventral Prefrontal Cortex (vPFC
Basal ganglia (BG)

>— Excitatory
|— Inhibitory

Ventral Striatum (VS)
Approach Avoid

Figure 1. Interactions between prefrontal, amygdala, and striatal circuits in suppressing
actions and emotions. Effective prefrontal regulation of subcortical regions is a key aspect
of mature cognition.

We propose a neurobiological model of cognitive and affective control in
which the prefrontal cortex modulates subcortical systemsin order to support goal-
oriented behavior (see Figure 1 above). Amygdal o-prefrontal connections promote
the avoidance of negative and potentially dangerous stimuli. Conversely, signals to
the prefrontal cortex from the ventral striatum, which includes the nucleus
accumbens, enhance the tendency to approach positive and reward related stimuli.
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Information about the emotional valence of a stimulus is often beneficial to
decision-making. However, when emotional information isirrelevant or contrary to
the current goal, top-down connections from the prefrontal cortex to subcortical
regions, the final link in our model, are critical for regulating the effects of
affective information on cognitive processes.

The model proposed above, while clearly an overly simplified model,
provides a theoretical framework for designing experiments aimed at determining
the neurobiological substrates of interactions between cognitive and emotional
processes. Collectively, the available data indicate that prefrontal networks are a
critical aspect of these interactions. We suggest that developmental changes in
neural circuits involving the prefrontal cortex contribute to the emergence of adult
cognitive and emotional regulation. Therefore, development could be a useful tool
in delineating the contributions of different brain regions (e.g., prefrontal cortex) to
cognitive and affective control. Given the protracted maturation of prefrontal
cortex relative to subcortical regions (see Sowell et a., 2003; Giedd, 2004) one
would expect to see a shift from greater activity in subcortical regions like the
amygdala and nucleus accumbens in childhood to increased prefrontally-mediated
processing in adults. Future studies that explore the mechanisms
of maturational changes in prefronta networks will  further our
understanding of how we learn to regulate behavior in both cognitive
and social contexts.
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