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Abstract

Understanding how immaturities in the reward system affect decision-making can inform us on
adolescent vulnerabilities to risk-taking, which is a primary contributor to mortality and substance
abuse in this age group. In this paper, we review the literature characterizing the neurodevelopment
of reward and cognitive control and propose a model for adolescent reward processing. While the
functional neuroanatomy of the mature reward system has been well-delineated, adolescent reward
processing is just beginning to be understood. Results indicate that adolescents relative to adults
demonstrate decreased anticipatory processing and assessment of risk, but an increased
consummatory response. Such differences could result in suboptimal representations of reward
valence and value and bias adolescent decision-making. These functional differences in reward
processing occur in parallel with on-going structural and pharmacological maturation in the
adolescent brain. In addition to limitations in incentive processing, basic cognitive control abilities,
including working memory and inhibitory control, continue to mature during adolescence.
Consequently, adolescents may be limited, relative to adults, in their abilities to inhibit impulsive
behaviors and reliably hold ‘on-line” comparisons of potential rewards/punishments during decision-
making.
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1. Introduction

Adolescence refers to the developmental time period between childhood and adulthood,
generally considered to encompass ages 12-17 in humans, taking into account variability in
factors such as puberty and gender (Spear, 2000; Dahl, 2004). In parallel with obvious pubertal
changes (e.g., increases in height, weight, and secondary sex characteristics), a number of
characteristic behaviors emerge during adolescence, including heightened sensation- and
novelty-seeking and increased behavioral impulsivity (Arnett, 1992; Spear, 2000). These
changes appear to be highly conserved behavioral traits, as they have been observed across
cultures and even species (Spear, 2000; Laviola et al., 2003). On one hand, normative increases
in these behaviors have been proposed to serve an adaptive function in that they promote
exploration of the environment and the development of skills necessary for independence in
adulthood (Kelley et al., 2004). On the other hand, such behaviors, particularly when coupled
with immature cognitive control abilities, may increase the likelihood of engaging in risky and
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reckless behaviors, which can undermine survival (Zuckerman, 1979; Arnett, 1992; Spear,
2000; Zuckerman, 1994). Risk-taking is broadly defined here as engaging in behaviors that
may be high in subjective desirability (i.e., associated with high sensation, novelty, or perceived
reward) but exposes the individual to potential injury or loss. Examples of risk-taking include
initiating use of addictive drugs, driving at excessive speeds, and engaging in unprotected sex
(Arnett, 1992; Silveri et al., 2004; Dahl, 2004). Negative outcomes associated with adolescent
risk taking are a major health concern for this age group (Spear, 2000; Dahl, 2004), resulting
in dramatic increases in mortality rates despite peaks in other measurable aspects of physical
health (Resnick et al., 1997; Call et al., 2002; Dahl, 2004).

A primary component of heightened sensation/novelty seeking and risk-taking in adolescence
is immature brain circuitry mediating incentive (i.e., reward and punishment) processing
(Arnett, 1992; Spear, 2000; Chambers etal., 2003; Ernst et al., 2006). Immaturities in incentive-
related circuitry could, for example, lead to misevaluation of the value or predicted
consequences associated with a given stimulus or action thereby biasing decision making. As
an example, an adolescent with a still-maturing incentive processing system might decide that
jumping his/her skateboard down a steep flight of stairs is highly rewarding, particularly if
friends are watching, while not giving equal weight to the associated risk (e.g., the severe pain
associated with a broken ankle) as might most adults. Characterization of the
neurodevelopment of the reward system would promote understanding of adolescent risky
behaviors and advance educational and intervention strategies for this age group (Dahl,
2004).

In addition to insight on risk-taking, our understanding of the etiology of mood and substance
abuse disorders would be informed by the characterization of incentive processing during
adolescence. Schizophrenia and depression, for instance, often emerge during the adolescent
years (Sweeney et al., 2004; Everling and Fischer, 1998; Chau et al., 2004) and exhibit co-
morbid abnormalities in incentive processing (Chau et al., 2004).

The normative maturation of incentive-related brain circuitry through adolescence is just
beginning to be investigated in humans. Current data indicate that adolescents process
incentives differently than adults, yet the nature, and more specifically the directionality of
such differences remains uncertain (Chambers et al., 2003; Ernst et al., 2006; Spear, 2000) (see
below). Furthermore, a mechanistic understanding of the interaction of adolescent incentive
processing and other functional networks contributing to risk-taking is currently under-
specified. That is, while immature incentive processing expectedly plays a primary role in these
behaviors, additional functional brain systems including those mediating core aspects of
cognitive control are critically intertwined and need to be jointly considered.

In this paper, we review the literature on the maturation of incentive processing and basic
components of cognitive control as an initial step towards generating a clearer picture of
adolescent behavior and vulnerabilities to risk-taking. We begin by highlighting two broad
theoretical models that posit how adolescent incentive processing differs from adults. We then
provide well-characterized evidence describing primary elements of the adult reward system
followed by a review on what is currently known regarding the adolescent system. A
description of brain maturation and cognitive development follows in order to provide an
overall picture of the collective limitations that affect the motivation and decision-making
systems during adolescence.

2. Models of adolescent incentive processing

Two models emerge from the adolescent reward literature which characterize how incentive
processing is different in adolescents compared to adults, and how such processing may
contribute to risk-taking (Spear, 2000; Chambers et al., 2003; Ernst et al., 2006). Both models
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agree thatadolescents recruit a similar underlying brain circuitry and that there is a fundamental
difference in the way that the adolescent brain processes incentives relative to adults. The
models diverge, however, in terms of the directionality of this difference.

One model suggests that the adolescent incentive processing system is hypo-active relative to
adults and results in reduced motivation (Spear, 2000). In other words, those brain areas that
process incentives are not recruited as strongly or to the same degree as they are in adults given
equivalent reward contingency. In this model, risk-taking is explained as adolescents seeking
out experiences with high reward values because those with more modest value are not
sufficiently appetitive or enticing enough to drive a normatively under-active reward system,
specifically the ventral striatum (Spear, 2000). As a consequence, adolescents may be more
vulnerable to drug addiction, for example, because they require quantitatively more drug per
use to drive a hypo-responsive reward system. This model shares general similarity to accounts
of adult dopamine (DA) hypo-function (Spear, 2000) and a model of ADHD (Castellanos and
Tannock, 2002) (see below).

In contrast, a second model suggests that adolescents are hyper-responsive to incentives. That
is, adolescents demonstrate a heightened sensitivity to rewards and over-activate incentive-
related brain circuitry compared to adults given the same reward contingency (Chambers et
al., 2003; Ernst et al., 2006). Chambers et al. (2003), for example, point out that normative
maturational increases in mono-aminergic (dopamine) neurotransmitter activity in the fronto-
striatal “motivational’ system compared to relatively lower levels of inhibitory (e.g.,
serotoninergic) mechanisms contribute to increased reward sensitivity in adolescents
(Chambers et al., 2003). In typical development, increased activity in motivational circuitry
serves an important adaptive function in that it leads to adolescents engaging in novelty and
sensation-seeking behaviors which may promote independent skills necessary for survival in
adulthood (Kelley et al., 2004). However, this increased activity could also confer vulnerability
in adolescents in the form of a heightened sensitivity to the dependency producing effects of
addictive drugs.

Hyper-active incentive processing is also central to a recently proposed triadic model (Ernst
et al., 2006). This model suggests that during adolescence a normative imbalance exists
between a hyperactive reward-driven system (e.g., ventral striatum-mediated) and limited
harm-avoidant (e.g., amygdala-mediated) and regulatory/executive control (e.g., prefrontal
cortex-mediated) circuitries. Behaviorally, adolescents are more ‘reward-driven’ (i.e., respond
more strongly to rewards than adults) due to the interactions between these systems. The triadic
model shares similarities with the model suggested by Chambers et al. (2003) in that there is
an imbalance in reward and inhibitory circuitries during adolescence and that increased
sensitivity to rewarding stimuli is hypothesized, particularly in the ventral striatum. The triadic
model is novel in terms of emphasizing the notion of functional interconnectivity among
multiple related circuitries including executive control to explain risk-taking.

The hypo- and hyper-active reward system models lead to contrasting predictions of neural
activation and behavior in adolescents. In the following sections, we examine how the
adolescent reward system may demonstrate both over- and under-active responses to a reward.
We begin with a brief overview of the mature system as this establishes a useful framework
for studying adolescents.

3. Adult incentive processing

Incentive processing in the mature brain is supported by a relatively well-delineated circuitry.
Single-cell studies in non-human primates have demonstrated that incentives modulate

neuronal activity in several regions, including (but not limited to) the dorsal and ventral striatum
VS; including (nucleus accumbens, NAcc), midbrain (ventral tegmental area, substantia nigra
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pars compacta), amygdala, orbitofrontal cortex (OFC), medial and lateral prefrontal cortex,
and posterior parietal cortex (Apicellaetal., 1991; Hikosaka et al., 2006; Schultz, 2000; Roesch
and Olson, 2003; Wise, 2002; Roesch and Olson, 2004). Neuroimaging studies in humans have
identified similar regions in adults (Thut et al., 1997; O’Doherty, 2004; McClure et al., 2004;
Delgado et al., 2000; Knutson et al., 2000; Breiter et al., 2001; Delgado et al., 2003; Elliott et
al., 2003).

Importantly, the temporal resolution afforded by single-cell and event-related functional
magnetic resonance imaging (fMRI) studies have lead to the observation that specific brain
regions carry temporally distinct information or ‘signals’ related to rewards (Schultz et al.,
2000; O’Doherty, 2004). Fig. 1 schematically represents a sample of these reward-related
signals, brain regions identified as subserving them, and their temporal relation with respect
to incentive delivery. In this model, incentive signals are broadly categorized as those occurring
prior to or after incentive delivery. Distinguishable signals occurring prior to incentive delivery
include reward detection, as well as estimation of the valence and anticipated value of a future
incentive (O’Doherty et al., 2002; Knutson and Cooper, 2005). The term “value’ is
inconsistently defined in the literature and often used interchangeably with ‘expected value’,
the magnitude of a reward X probability of its attainment (Schultz, 2004). Here, value is
conceptualized as a complex interaction between an incentive’s magnitude (i.e., amount of
reward available) (Leon and Shadlen, 1999; Roesch and Olson, 2004; Wallis and Miller,
2003; Delgado et al., 2003), probability of attainment (O’Doherty, 2004), the time between
action and incentive delivery (Tsujimoto and Sawaguchi, 2005), an animal’s state of satiety
(Critchley and Rolls, 1996), and subjective preference (Tremblay and Schultz, 1999; Hassani
et al., 2001). Signals occurring after incentive delivery include, for example, those related to
the magnitude and valence of the received incentive (Delgado et al., 2003; Delgado et al.,
2000; Rolls, 2000; O’Doherty et al., 2001), as well as those corresponding to whether or not
the outcome matched up with predictions (‘prediction error’ signals) (Schultz, 2000; Schultz
and Dickenson, 2000; Hare et al., 2008). Importantly, several brain regions including the OFC,
VS, and medial prefrontal cortex are consistently engaged and support computations that
underlie these multiple incentive signals. For example, the OFC has been implicated in
executive assessment of rewards including representations of subjective preference (Hare et
al., 2008; Kringelbach, 2005), while the ventral striatum (VS) contributes to anticipatory
processing, including initial reward detection and prediction (Knutson and Cooper, 2005).
Thus, characterizing how these regions develop, in particular, is central to understanding
limitations in specific aspects of reward system function during adolescence.

The discernable signals and the temporal nature of reward processing observed in the mature
system form a useful framework in which to consider data generated on the adolescent reward
system, which is discussed next.

4. Adolescent incentive processing

In contrast to the extensive literatures exploring the neural basis of mature incentive processing
in non-human primates and human adults, fewer studies have specifically focused on the
development of this system through adolescence in humans (May et al., 2004; van Leijenhorst
etal., 2006; Bjork et al., 2007; Bjork et al., 2004; Ernst et al., 2005; Eshel et al., 2007; Galvan
et al., 2006). Collectively, studies indicate that adolescent incentive processing is supported
by a similar neural circuitry as adults, including orbitofrontal cortex, basal ganglia (dorsal and
ventral striatum, including nucleus accumbens), amygdala, and medial prefrontal cortex.
However, as will be illustrated below, the manner in which these regions are recruited by
adolescents differs during the course of incentive processing.
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May et al. (2004) found that children and adolescents recruit ventral striatum and orbital frontal
cortex (similar to non-human primate reports) during the anticipation of reward or loss in a
gambling task. This study was the first to apply event-related functional neuroimaging methods
to child and adolescent incentive processing, but did not have an adult comparison group
allowing for developmental comparisons to be made in terms of the recruitment of these
primary regions. Studies which have investigated developmental differences between
adolescents and adults in incentive processing have focused on different temporal aspects of
incentive processing, leading to disparate conclusions. For example, Bjork et al. (2004)
compared blood oxygenation level dependent (BOLD) changes during an anticipatory period
(i.e., before responding to receive incentive) in adolescents and adults using the monetary
incentive delay (MID) task (Knutson et al., 2000), a rewarded reaction time task. Briefly, in
this task subjects first saw one of several geometric shapes, each of which was uniquely
associated with a different magnitude of reward (money) available at trial end. Subjects then
fixated a white crosshair for a variable delay period (i.e., the “anticipation’ period) after which
they had to quickly respond via button press when a white square was flashed on the screen.
If subjects responded while the square was still visible, they earned the promised reward. While
adolescents performed similarly to adults on this task (by design), adolescents exhibited
significantly less activation in the right ventral striatum (nucleus accumbens, NAcc) and
extended-amygdala while anticipating responding for a reward (versus a condition where no
reward was available). Ernst et al. (2005) using fMRI examined changes in the BOLD response
as subjects performed a rewarded decision-making task—the ‘wheel of fortune’ task. In this
task, subjects had to choose via button press which half of a colored wheel they thought would
be randomly picked by the computer (referred to as the ‘choice’ epoch). Each colored side was
associated with a different magnitude of reward (win money) or punishment (lose money).
Following a brief anticipation phase, subjects were presented with feedback about what color
the computer selected (unbeknownst to the subjects, the color choice was selected at random
but at a predetermined probability) and what incentive they received. During this feedback
epoch (i.e., consummatory processing), adolescents demonstrated enhanced activity in the left
nucleus accumbens, whereas adults exhibited more activity in the left amygdala, suggesting
that adolescents are more sensitive to rewards (associated with NAcc) and adults are more
sensitive to punishments (associated with amygdala) (Ernst et al., 2006). Subsequent work
manipulated the probability of receiving a reward by changing the relative size of the colored
wheel slices in the Wheel of Fortune task (Eshel et al., 2007). In this study, BOLD activity
unique to the ‘choice’ epoch was investigated. Although behavioral performance did not differ
across ages, adults activated OFC/VLPFC (BA 47, 10) and dorsal ACC (BA 32) significantly
more than adolescents when making risky selections. These regions are known to contribute
to aspects of cognitive control (Casey et al., 2001) as well as the monitoring and resolution of
conflicting decisions (Carter et al., 1998). Results thus indicate that adolescents do not engage
prefrontal regulatory mechanisms as much as adults when making risky choices. In a recent
study, Bjork etal. (2007) investigated the circuitry supporting rewarded decision-making using
anovel monetary game of ‘chicken’ in which subjects had to choose when to bank accumulating
rewards before the trial unpredictably terminated. Trials varied in terms of the penalty
associated with losing (failing to bank winnings before trial stopped). Adolescents activated
posterior mesofrontal cortex, a region reported to be recruited during pre-response conflict and
during the monitoring and avoidance of errors (Ridderinkhof et al., 2004), in a similar manner
compared to adults in cases when a severe threat of loss was clear. However, under milder and
more ambiguous conditions of risk, adolescents under-activated this region. Similarly, children
(9 to 12 year-olds) compared to adults (18-26 year-olds) were found to recruit the anterior
cingulate cortex more during high risk decision-making and engaged lateral orbitofrontal
cortex more in response to negative compared to positive feedback (van Leijenhorst et al.,
2006). These results suggest that younger subjects have limitations in reward assessment that
may underlie their apparent under-activity of rewards when valence is harder to assess.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Geier and Luna

Page 6

Galvan et al. (2006) using fMRI investigated BOLD differences in subjects performing a
rewarded match-to-sample paradigm. Briefly, subjects saw one of three different visual cues
(pictures of cartoon pirates) presented to the left or right of fixation, each of which was
associated with a distinct reward value (different amounts of money). Following a brief delay,
subjects saw two images of treasure chests to the left of right of fixation and were instructed
to select (via button press and within 2 s) which chest appeared on the same side as the previous
pirate picture. Subjects were then given feedback indicating if and how much they had won.
Adolescents demonstrated an exaggerated response (higher magnitude of BOLD response) in
NAcc relative to children or adults during the reward receipt epoch for large rewards.
Furthermore, the extent (number of significantly active voxels) of NAcc activity in adolescents
looked more like adults than children, overall. In OFC, adolescents looked more like children
in terms of both extent and magnitude of activation. Results from this study were interpreted
as reflecting a protracted development of OFC relative to NAcc and suggest that adolescents
have limitations in the executive assessment of rewards and an overactive reward system.

Collectively, the studies suggest that the predictions of the hypo-and hyper-active models may
not be mutually exclusive. For instance, Bjork et al. (2004) found under-activity in ventral
striatum during a period when adolescents anticipated responding for rewards. This is a
temporally distinct phase of incentive processing than that explored by Ernst et al. (2005) and
Galvan et al. (2006), studies which report adolescents had increased activity when receiving
reward. Thus, an important factor contributing to the hypo- versus hyper-active distinction may
be the temporal stage of incentive processing under scrutiny—that is, distinct phases of
incentive processing result in different patterns of activations.

Interestingly, Bjork et al. (2004) did not observe significant differences in the ventral striatum
between adolescents and adults performing the MID task during reward receipt, an epoch more
directly comparable with Ernst et al. (2005). One factor that may underlie these contradictory
results is a difference in the levels of cognitive load demanded by the different tasks. Bjork et
al. (2004) used a simple reaction time task where subjects simply responded to the appearance
of a target, while the paradigms used by Galvan et al. (2006) and Ernst et al. (2006) required

that subjects assess different responses and invoke working memory for instructions and past
performance. More cognitively demanding tasks have been shown to recruit additional brain

areas and/or increased activity within a single area (Rubia et al., 2000) and may increase the

likelihood of recruiting reward-related brain areas.

Finally, we note that conclusions based on comparison of BOLD responses across different
age groups are acommon concern. The challenge put forth by neuroscientists investigating the
adult system is that it is not straightforward if BOLD activity changes in fMRI studies are due
to actual differences in neuronal computations or an isolated artifact due to immaturities in the
vasculature or gross head size differences. Counter to these arguments, however, we note that
brain size is adult-like early childhood (see Brain Maturation during Adolescence, below) and
that the feasibility of comparing BOLD responses across developmental age groups
transformed into a common stereotaxic space has been well established (Brown et al., 2005;
Kang et al., 2003; Wenger et el., 2004). An additional concern is that performance differences
in the scanner may lead to different levels or patterns of BOLD activity. We agree that this
may be an effect in some studies. However, pediatric imaging studies frequently employ simple
tasks easily performed by children (Luna et al., 2004a; Galvan et al., 2006) minimizing
performance differences. Furthermore, when performance is equated across age groups (Bjork
et al., 2004; Schlaggar et al., 2002), age-related functional differences are still observed.

Below, we next address why adolescents may demonstrate these particular patterns of
functional brain activity—that is, what underlying brain mechanisms support these types of
responses? From adolescence to adulthood, important brain structural and physiological
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changes occur with significant effects on brain function. Differences in brain maturational
state, including thinning gray matter (e.g., synaptic pruning), increases in white matter (e.g.,
myelination), and neurotransmitter system differences, likely contribute to the particular
functional patterns observed in adolescents and adults and are examined below.

5. Brain maturation during adolescence

Overall size, weight, cortical folding, and regional functional specialization of the human brain
is adult-like by early childhood (Armstrong et al.,1995; Caviness et al.,1996; Giedd et al.,
19964a; Giedd et al., 1996b; Reiss et al., 1996). While basic aspects of brain development are
in place early, key processes continue to refine the basic structure to fit the biological and
external environments. Two such processes include synaptic pruning and increased
myelination (Huttenlocher, 1990; Jernigan et al., 1991; Pfefferbaum et al., 1994; Giedd et al.,
1999b), which are critical to the developmental progression of the functional integration of
frontal regions with the rest of the brain (Thatcher et al., 1987; Luna and Sweeney, 2004b;
Chugani, 1998). These processes enhance neuronal processing and support mature cognitive
control of behavior (Luna et al., 2004a).

5.1. Age-related gray matter reductions

Recent structural imaging studies with large subject pools indicate continued, non-linear
reductions in gray matter through adolescence in cortical areas (Gogtay et al., 2004; Toga et
al., 2006; Paus et al.,1999; Sowell et al., 1999a; Giedd et al., 1999a), as well as the basal ganglia
(Sowell etal., 1999b). Such reduction in gray matter is largely due to the loss of weak or unused
synapses via synaptic pruning (though other maturational processes such as glial cell changes,
dendritic arborization, and vascular changes also contribute to this decline) (Gogtay et al.,
2004). Synaptic pruning promotes enhanced information processing capacity, speed, and
overall efficiency and supports complex computations within regional circuitry.

Gogtay et al. (2004) demonstrated a progressive decline of gray matter density throughout
neocortex with increasing age. Notably, higher-order ‘association’ cortical areas including
orbitofrontal cortex, dorsolateral prefrontal cortex, and the lateral temporal lobes, show
persistent decreases in gray matter volume through adolescence (Gogtay et al., 2004). Evidence
from post-mortem histological studies confirms a protracted rate of regional gray matter
reduction with age that differs by region (Huttenlocher, 1990). For example, the middle frontal
gyrus in prefrontal cortex continues to mature into adolescence, as opposed to visual cortex,
which stabilizes near adult levels during childhood (Huttenlocher, 1990).

The basal ganglia (including dorsal and ventral striatum) and prefrontal areas, notably the
orbitofrontal and dorsolateral prefrontal cortex, demonstrate comparably late maturation
(Sowell et al., 1999b; Gogtay et al., 2004; Giedd, 2004). This observation has important
ramifications for incentive processing during adolescence. As mentioned above, these regions
underlie multiple incentive-related signals in adults. Immaturities in these areas would thus be
expected to result in a limited ability to efficiently and accurately form representations of key
signals like incentive valence and value. Furthermore, immaturities in the OFC and dorsal and
ventral striatum would be expected to affect an adolescent’s ability to generate reliable
predictions of incentive outcome and perhaps feedback-based learning computations.

5.2. Age-related white matter increases

Myelination enhances the efficiency of information processing by increasing the speed and
fidelity of distal neuronal transmission, aiding the functional integration of widely distributed
circuitry, critical for the emergence of complex cognitive behavior (Goldman-Rakic et al.,
1992; Luna and Sweeney, 2004b). Myelination increases in a linear fashion throughout
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development and occurs in parallel to the non-linear gray matter reductions described above
(Yakovlev and Lecours, 1967). Similar to findings regarding gray matter, myelination does
not occur last in frontal regions but throughout the brain. Frontal, temporal and parietal
association areas continue to myelinate through adolescence compared to earlier maturation
in occipital regions. Recent studies using diffusion tensor imaging (DTI), which measures the
integrity of white matter presumed to mostly reflect myelination, substantiate previous
histological work and, collectively, indicate a continued increase in measures of frontal white
matter anisotropy throughout childhood and into adulthood, evidence for continued white
matter integrity (myelination) with age (Klingberg et al., 1999; Barnea-Goraly et al., 2005;
Mukherjee and McKinstry, 2006; Huppi and Dubois, 2006).

As noted above, a distributed yet limited number of brain areas are consistently activated during
incentive processing, including spatially distant regions like the orbitofrontal cortex, basal
ganglia (dorsal and ventral striatum/nucleus accumbens), amygdala, and lateral prefrontal
cortex. The inter-connectivity of these brain regions has been well characterized (Alexander
et al., 1986; Middleton and Strick, 1994; Middleton and Strick, 2000; Middleton and Strick,
2002; Carmichael and Price, 1995; Haber et al., 1995; Haber et al., 2000; Groenewegen et al.,
1997). Importantly, accumulating evidence in human and animal studies suggests that
pathways within and between these regions are not yet fully myelinated during adolescence.
For example, Klingberg et al. (1999) demonstrated with DT that fiber tracts throughout frontal
cortex continue to myelinate well into the second decade of life. In another study, Olesen et
al. (2003) combined DTI (structural) and fMRI (functional) analyses in 8-18 year olds and
demonstrated that enhanced integrity of connections between superior frontal sulcus, inferior
parietal lobe, and caudate were found to correlate with BOLD response and visual-spatial
working memory performance. The Olesen et al. study importantly links brain structure with
function, supporting the notion that increased myelination of pathways contributes to improved
working memory abilities (Luna et al., 2004a; Demetriou et al., 2002). Similarly, Liston et al.
(2006) demonstrated that enhanced integrity of fronto-striatal tracts correlated with improved
performance on a go/no go task and with age. The fronto-striatal tract is a crucial
communication route for top-down cognitive control mechanisms like response inhibition as
well as incentive processing. Converging evidence of continued myelination in the developing
brain also comes from the animal literature. For example, amygdalo-cortical pathways in rat
continue to myelinate through adolescence (Benes et al., 1994). The progressive maturation of
amygdalo-cortical pathways could provide one plausible mechanism for increasingly more
inhibitory control affecting reward processing with age.

A normatively under-myelinated brain would be expected to undermine adolescents’ ability
to have efficient and rapid access to incentive signals as well as limit how rapidly these signals
may be integrated and used to inform decision-making and guide behavior. Further, given that
the overall value of an incentive is complex and may emerge from different processes (e.g.,
magnitude, delay to receipt, etc.), and that evidence suggests that these components are coded
by distributed brain areas, accurate value representations, in particular, may rest on efficient
functional connectivity between regions aided by myelination. Importantly, under-myelination
would also make top-down, prefrontal cortex mediated cognitive control mechanisms like
response inhibition (Liston et al., 2006) inefficient (see below) and may confer vulnerability
to impulsive behaviors.

In addition to brain structural changes, important changes occur in key neurotransmitter
systems during adolescence. Evidence for ongoing changes in dopamine signaling during
adolescence will be briefly considered next.
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5.3. Maturation of dopamine signaling

Dopamine (DA), a key monoamine neurotransmitter modulating reward circuitry (Kirsch et
al., 2006), has been associated with multiple aspects of reward processing, including the
hedonic value associated with rewards, motivation, and the reinforcement of rewarded behavior
(Wise, 2004). Dopamine cells primarily originate from the zona compacta of the substantia
nigra and the ventral tegmental area (VTA) and are known to project to components of the
basal ganglia (nigrostriatal system), the limbic system, including hippocampus, amygdala, and
nucleus accumbens (mesolimbic system), as well as to widespread areas of the frontal lobe
(mesocortical system). Converging evidence from human and animal models indicates that the
mechanisms underlying dopamine neurotransmission in striatal and cortical systems continue
to mature during adolescence in a number of ways (Spear, 2000; Andersen, 2003; Crews et al.,
2007). For example, human nigrostriatal DA neurons show the highest tyrosine hydroxylase
(the rate limiting enzyme in dopamine synthesis) activity in childhood, followed by an
exponential decrease during the next first three decades of life (Segawa, 2000). In rat striatum,
D1 and D2 receptors levels are greater during adolescence compared to adulthood (Seeman et
al., 1987). In addition to changing receptor levels, activity levels appear to change as well, with
D1 and D2 receptor binding in the rat striatum peaking during adolescence (post-natal day 40)
at levels that are 30-40% greater than in adults (Seeman et al., 1987; Spear, 2000). The density
of dopamine transporters, which function to remove DA from the synapse, has also been shown
to peak during adolescence in the striatum (Meng et al., 1999). Furthermore, evidence indicates
that during adolescence, there is relatively greater activity in dopamine systems than in
inhibitory serotonin (5-HT) systems, potentially resulting in an imbalance in reward (DA-
mediated) and suppression (5-HT-mediated) mechanisms (Takeuchi et al., 2000; Lambe et al.,
2000; Ernst et al., 2006; Spear, 2000). In mesocortical pathways, non-human primate work has
shown that DA inputs to prefrontal cortex (PFC) peak in adolescence (Rosenberg and Lewis,
1994; Rosenberg and Lewis, 1995; Spear, 2000). In rats, DA fiber density to PFC also increases
in adolescents relative to adults (Kalsbeek et al., 1988).

Developmental changes in dopamine signaling may provide insight on the functional
differences observed between adolescent and adult incentive processing. First, as noted above
there is a peak in the number of dopamine transporters in adolescence, which function to
remove DA from the synapse. An increase in the number of transporters could lead to
limitations in the ability to maintain motivation over a delay or anticipation period compared
to adults. Indeed, a recent model of attention deficit hyperactivity disorder (ADHD) suggests
that the premature removal of synaptic DA may lead to impairment in the ability to sustain
motivation for a delayed reward (Castellanos and Tannock, 2002). As a behavioral
consequence, short-term rewards may be favored over long-term rewards in individuals with
ADHD (Krain and Castellanos, 2006). A peak in DAT resulting in normative limitations
sustaining motivation across an anticipatory delay may explain adolescents’ decreased activity
in the nucleus accumbens as indicated in Bjork et al. (2004). Second, as demonstrated by
Segawa (2000), nigrostriatal DA neurons and components of the basal ganglia show higher
activity during adolescence than adulthood. Increased dopaminergic activity, coupled with
thicker gray matter (and perhaps more synapses) in adolescents than in adults (Sowell et al.,
1999b), may partially explain adolescents’ enhanced response in the nucleus accumbens to the
receipt of a reward—particularly when there is no delay before receiving it (and thus the
increased transporters are not a factor).

6. Maturation of cognitive control

In parallel with functional changes in reward processing and ongoing structural and
neurotransmitter differences, aspects of cognitive control also show protracted development
through adolescence. The maturation of these cognitive control processes, including working
memory and voluntary response suppression, may play significant roles in how incentives
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guide behavior by regulating what incentive-related information is accessible during decision-
making. The maturation of voluntary response suppression and working memory, and their
proposed relations to incentive-related processing and behavior, are discussed below.

6.1. Maturation of voluntary response suppression

Voluntary response suppression (also referred to as response inhibition) refers to the ability to
inhibit task irrelevant responses to prepotent or salient stimuli in favor of goal-appropriate
action. Inhibitory control is engaged when deciding among competing alternatives during
decision making (Hooper et al., 2004; Pierrot-Deseilligny et al., 2003). As such, this system
expectedly serves an important regulatory role in incentive-based decision-making. An
immature voluntary response suppression system may bias an adolescent to respond to an
immediate reward, even if that means neglecting a larger reward that is delivered later (i.e.,
delay discounting) (Yarkoni et al., 2005; Hariri et al., 2006).

A distributed neural circuitry underlies voluntary response suppression in adults, including
dorsolateral prefrontal cortex (DLPFC), the cortical eye fields, anterior cingulate cortex, basal
ganglia, superior colliculus, and thalamus, among others, as indicated by non-human primate
electrophysiology (Munoz and Everling, 2004; Funahashi et al., 1993) and functional imaging
work in human (Brown et al., 2006; Luna et al., 2001; Connolly et al., 2002; Ford et al.,
2005).

Converging evidence from several studies demonstrates that inhibitory control of behavior
continues to improve throughout childhood and well into adolescence. Compared to children,
adolescents exhibit improved inhibitory performance during the Go-No-Go, Stroop, Flanker,
and Stop signal tasks, and are able to more reliably hold fixation in the presence of visual
distractors (Levin et al., 1991; Williams et al., 1999; Liston et al., 2006; Ridderinkhof et al.,
1999; Paus et al.,1990; Luciana and Nelson, 1998; Tipper et al.,1989; Ridderinkhof et al.,
1997). Work from our laboratory and others using the antisaccade task (Hallett, 1978), which
measures the ability to halt an impending saccade to a suddenly appearing stimulus, indicates
continued improvements in response suppression during adolescence, with adult-like levels of
control stabilizing by mid-adolescence (Fischer et al., 1997; Fukushima et al., 2000; Klein and
Foerster, 2001; Luna et al., 2004a; Munoz et al., 1998).

Although adolescents may appear to behave like adults on this task, they engage a different
neural circuitry to do so. Our previous developmental antisaccade fMRI study indicated that
performance on the antisaccade task is supported by the establishment of a widely distributed
neural circuitry that shows continued refinement through adolescence (Luna et al., 2001; Luna
et al., 2004a). Adolescents rely more heavily on less mature regions like the dorsolateral
prefrontal cortex (DLPFC) while showing reduced involvement in inhibitory control areas like
the cortical eye fields (FEF, SEF) (Luna et al., 2001) These data support other studies
consistently indicating protracted development of inhibitory control circuitry (Rubia et al.,
2000; Durston et al., 2006; Casey et al., 1997; Rubia et al., 2006; Rubia et al., 2007; Bunge et
al., 2002; Adleman et al., 2002; Tamm et al., 2002; Marsh et al., 2006; Luna et al., 2001).

6.2. Maturation of working memory

Working memory refers to the ability to maintain and, when necessary, manipulate information
on-line (Baddeley, 1983; Baddeley, 1992; Fuster, 1997). Working memory improvement
throughout adolescence is important for the emergence of adult-level higher-order cognition
(Nelson et al., 2000; Bjorklund and Harnishfeger, 1990); (Dempster, 1981; Dempster, 1981;
Case, 1992). Immaturities in working memory would be predicted to limit adolescents’ ability
to maintain critical incentive related information (i.e., estimated reward value, probability of
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reward receipt, previous reward history, etc.), particularly when there are multiple and/or
competing incentive stimuli, during decision-making.

Widely distributed brain areas are known to underlie working memory. In non-human primates,
such areas include prefrontal cortex (Funahashi et al., 1997; Funahashi et al., 1993), frontal
eye field (FEF) (Funahashi et al., 1989), supplementary eye field (SEF) (Hanes et al., 1995),
inferior parietal lobule (Colby et al., 1996; Gnadt and Andersen, 1988), caudate nucleus
(Hikosaka et al., 1989), and substantia nigra pars reticulata (SNpr) (Hikosaka and Wurtz,
1983). Functional imaging studies with humans implicate the dorsolateral prefrontal cortex
(DLPFC), FEF, SEF, inferior parietal sulcus (IPS), cingulate cortex, basal ganglia, and lateral
cerebellum (Brown et al., 2004; Cabeza and Nyberg, 2000; Petit et al., 1998; Curtis et al.,
2004; LaBar et al., 1999; Passingham and Sakai, 2004; Postle et al., 2000; Geier et al., 2007;
Postle et al., 2000; Sweeney et al., 1996; Wager and Smith, 2003).

Similar to voluntary response suppression, evidence suggests a prolonged development of
working memory into adolescence (Swanson, 1999; Olesen et al., 2003; Luna et al., 20043;
Luciana and Nelson, 1998; Demetriou et al., 2002). Performance on spatial working memory
tasks, for example, where subjects must remember the location of a briefly appearing target in
space, continues to improve from childhood through adolescence (Zald and lacono, 1998;
Geier et al., 2009; Luna et al., 2004a; Scherf et al., 2006). Improvements in controlling
interference may also contribute to increased efficiency of working memory in development
(Bjorklund and Harnishfeger, 1990; Sakai et al., 2002). Although adolescents recruit a more
specialized network of brain regions than children during spatial working memory tasks, they
are not yet at adult levels of specificity (Scherf et al., 2006; Geier et al., 2009). Further,
adolescents appear to necessitate more prefrontal activity (specifically right DLPFC) to achieve
similar levels of behavioral performance (Scherf et al., 2006; Luna et al., 2008).

7. Incentive processing and cognitive control

Immature incentive processing is likely not the exclusive determinant of adolescent decision
making leading to risk-taking. Rather, other functional circuitries including those mediating
cognitive control are critically involved (Steinberg, 2004; Ernst et al., 2006). We propose a
framework for advancing current understanding of adolescent incentive processing and risk-
taking which emphasizes that incentive-related signals and core aspects of cognitive control,
specifically response inhibition/inhibitory control and working memory, function together
during decision-making. In this model, risk-taking behavior reflects the outcome of one or
more suboptimal decisions (Ernst et al., 2006; Eshel et al., 2007). Contributing to suboptimal
decision-making is the interaction of immature reward processing and inconsistencies/
limitations in the cognitive control of behavior. Returning to a previous example, consider
again the adolescent deciding whether or not to jump his skateboard down the stairs. Immature
processing in regions like the orbitofrontal cortex, for example, may lead to an enhanced value
estimation of landing the jump relative to sustaining an injury, and thus bias the adolescent to
engage in the behavior. Fig. 2 schematically depicts a proposed relationship between incentive
processing, cognitive control abilities, and behavioral outcome.

Numerous factors including cognitive, emotional, and social processes influence decision
making and risk taking behavior (e.g., computational capacity, abstract thinking abilities, social
context, time estimation, etc.). Our model focuses specifically on the influence of limited
incentive processing in adolescence in the context of a still developing cognitive control
system. While these elements are not the only ones at play in adolescent risk taking, delineating
their limitations can help us begin to understand the platform where risk taking can emerge
and where other factors can then also play a role. We propose that the increased yet short lived
DA processing as well as immaturities in the local circuitries and connectivity of reward related
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regions result in an overactive system that is biased towards short term goals. These factors
can then undermine a still immature cognitive control system that can either be enhanced by
the added activation of the incentive processing or distracted from considering alternatives
which could result in risk taking behavior. An increased incentive system can enhance areas
that support the behavior that is related to receiving the reward which can result in adaptive
behavior if the decision at hand is appropriate (performing an innocuous choice in a scientific
experiment) or maladaptive behavior if the reward contingent behavior has immediate rewards
(social approval from doing a risky skateboarding trick).

One assumption of the proposed model is that incentives should affect performance on tasks
designed to probe working memory and inhibitory control. Indeed, recent work has shown
incentive-related modulation of performance in working memory (Krawczyk et al., 2007) and
response suppression (Duka and Lupp, 1997; Jazbec et al., 2006; Blaukopf and DiGirolamo,
2006) in adults, and, importantly, that there are developmental differences in how rewards
affect basic aspects of cognitive control (Jazbec et al., 2006). Using a rewarded antisaccade
task, Jazbec and colleagues have shown that adolescents demonstrate shorter antisaccade
latencies and higher peak velocities on rewarded trials compared adults, who did not modulate
saccadic parameters in this task based on reward contingency. These results suggest a
fundamental difference in sensitivity to the effects of incentives on inhibitory behavior in
adolescents compared to adults. Importantly, this work also highlights the notion that the
relationship between incentives and cognitive control processes like response suppression may
be bidirectional and complex. That is, on one hand, what incentive information decision-
making brain regions use may be regulated by cognitive control mechanisms. On the other
hand, incentives may also enhance aspects of cognitive control (e.g., inhibitory control). One
possible explanation for this enhancement may be the dopamine system biasing collicular
activity (Hikosaka et al., 2000).

8. Summary and conclusions

Adolescence is a transitional developmental period marked by normative increases in risk
taking, which can oftentimes lead to maladaptive outcomes. In this paper, we reviewed the
literature on brain systems supporting incentive processing and basic aspects of cognitive
control including working memory and response inhibition as an initial step towards gaining
insight on the neurobiological mechanisms underlying risk taking behavior. Current evidence
indicates that adolescents relative to adults demonstrate under- or over-activity at different
stages of reward processing such as early hypo-responsiveness in the executive assessment of
rewards and later hyper-activity in consummatory responses. In parallel with these functional
differences are on-going brain maturational processes like synaptic pruning and myelination,
as well as regional changes in dopamine neurotransmission. A simple model of adolescent risk
taking was presented which emphasized the need to consider the role of immature working
memory and inhibitory control systems jointly with incentive processing during decision
making. In sum, risk-taking behavior in adolescence may best be understood as an emergent
property of a still-maturing brain still learning to integrate external and internal drives.
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Fig. 1.

Examples of dissociable incentive-related ‘signals’ and contributing brain regions. Incentive
signals can be broadly categorized as those occurring prior to (e.g., reward detection, value;

‘anticipatory processing’) and after (e.g., prediction error signals; ‘consummatory processing’)
incentive delivery (see text for references).
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Fig. 2.

A simple model emphasizing the interaction between incentive processing and basic cognitive
control abilities in decision-making. Suboptimal decision-making has been suggested to
contribute to risk-taking behavior. Immaturities in brain systems supporting how incentives
are represented in the brain as well as in specific cognitive control systems like working
memory and inhibitory control are proposed to underlie poor decision-making.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2010 September 1.



