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Abstract

Adolescence is characterized by increased risk-taking, novelty seeking, and locomotor activity, all
of which suggest a heightened appetitive drive. The neurotransmitter dopamine is typically associated
with behavioral activation and heightened forms of appetitive behavior in mammalian species, and
this pattern of activation has been described in terms of a neurobehavioral system that underlies
incentive motivated behavior. Adolescence may be a time of elevated activity within this system.
This review provides a summary of changes within cortical and subcortical dopaminergic systems
that may account for changes in cognition and affect that characterize adolescent behavior. Because
there is a dearth of information regarding neurochemical changes in human adolescents, models for
assessing links between neurochemical activity and behavior in human adolescents will be described
using molecular genetic techniques. Furthermore, we will suggest how these techniques can be
combined with other methods such as pharmacology to measure the impact of dopamine activity on
behavior and how this relation changes through the lifespan.

[. Introduction

As reviewed by other papers within this issue and in the literature as a whole, adolescence is
characterized by widespread neurobiological changes such as shifts in brain matter composition
(see papers by Paus, Gogtay & Thompson, and Schmithorst, this issue), modifications of neural
synchrony (Uhlhaas etal., 2009), increased hormonal release (Styne, 1994), and neurochemical
alterations (Doremus-Fitzwater et al., this issue; Spear et al., 2000). Much of this work has
focused on changes in brain structure as well as attempts to define adolescent-unique patterns
of functional brain activity in the context of cognitive and emotional behaviors (see papers by
Luna et al. and Somerville et al., this issue). This latter set of findings has identified brain
regions where activation patterns are distinct in adolescents versus children and adults as they
perform cognitive and emotional tasks, leading to renewed conceptualizations of brain systems
that operate in a distinctive manner during this period of the lifespan (Bjork et al., 2004; Bunge
etal., 2002; May et al., 2004; Ernst et al., 2005; Galvan et al., 2006; Luna et al., 2004).
Moreover, it is clear that adolescents differ from adults on behavioral measures of decision-
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making, planning, working memory, and inhibitory control (Asato et al., 2006; Crone et al.,
2004; Hooper et al., 2004; Luciana et al., 2005; Luciana et al., 2009; Luna et al., 2004). That
said, it has been a challenge to definitively associate the changes in neuroarchitecture that have
been described across adolescence with changing patterns of behavior during this period of the
lifespan, particularly with respect to risk-taking and aspects of behavioral regulation. Age-
related sources of variation in structure-function relations are relatively small in magnitude
(Olsonetal., 2009; Schmithorst, 2005; Shaw et al., 2006), and some structure-function relations
are not easily attributable to maturational processes (Olesen, Nagy, Westerberg, & Klingberg,
2003). Given that adolescence is a period in the lifespan characterized by alarming increases
in risk-taking behaviors and that these behavioral patterns are relatively impervious to
educational interventions (Steinberg, 2008), it has become commonplace to assert that they
have a basis in brain development. Synaptic structure is becoming refined during adolescence,
and the prefrontal cortex (PFC) may be among the last regions to attain a maturational plateau.
Recent formulations have emphasized that adolescent patterns of frontal-limbic integration are
different from what has been observed in adults and children (Fareri, Martin & Delgado,
2008; Galvan et al., 2006). However, none of these brain substrates definitively underlies
adolescents’ tendencies to select risky alternatives when faced with options that are
probabilistically risky versus safe or their tendencies to seek out situations where there is an
increased opportunity for risk-taking. Thus, perhaps there are other brain-behavior
associations, in combination with existing approaches, which should receive greater scrutiny
within empirical studies. For instance, it is unknown whether age-related changes in
neurochemistry would better account for the changing behavioral patterns that are observed
during adolescence. The direct study of neurochemistry in human developmental samples has
remained elusive, primarily because of difficulties in measuring chemical substrates using non-
invasive procedures. The overarching purpose of this review is to outline a rationale for the
direct examination, in humans, of neurochemical substrates that may underlie individual
differences in adolescent risk-seeking and subsequent risk-taking. One exemplar within the
monoaminergic transmitter system will be highlighted.

Atthe outset, it should be emphasized that, in our view, a particularly salient feature of behavior
that is viewed as problematic in adolescents concerns the failure to choose the less risky versus
more risky alternative when faced with a situation where there are signals regarding the positive
and negative outcomes associated with each potential choice. Perhaps more than one alternative
cannot be simultaneously appreciated, and there is an information processing failure. Or
perhaps the weighting of outcomes between alternatives is skewed such that there is an
imbalance across motivational systems that might otherwise moderate behavior. It may be that
positive outcomes are extremely salient, that negative outcomes are less salient than at other
points in the lifespan, or that negative outcomes are not appreciated at all. Alternatively,
perhaps all potential outcomes are equally salient and weighed but for some reason, risky
alternatives are selected such that there is a response bias. In deciphering these possibilities, it
is important to consider, then, how multiple potential behavioral choices gain access to
information processing networks, how each choice is evaluated in terms of positive and
negative outcome contingencies, and how response selection takes place.

In addressing these issues, the monoamines have been of specific interest because of extensive
data linking their activity to multiple domains of affect, cognition, and motor behaviors (Depue
& Spoont, 1986; Mattay et al., 2002; Sawaguchi & Goldman-Rakic, 1994; Wise, 2004), as
well as psychiatric disorders such as depression, schizophrenia, and substance abuse (Eison &
Eison, 1994; Weinberger, 1987; Wise, 1998). These associations may be especially relevant
to adolescence, given the broad changes in cognition and affect that occur during this time as
well as increased rates of psychiatric disorders (Costello et al., 1999; Kessler et al., 2005; Paus,
Keshaven & Giedd, 2008; Shedler & Block, 1990, Szymanski et al., 1995). One perspective
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is that discrete monoaminergic transmitter systems promote integrated and systematized
behaviors that are adaptive to the species as a whole but are problematic for some individuals.

Il. A Neurobehavioral Systems Framework to Describe Adolescent Behavior

Adolescence represents a unique period in the human (and animal) lifespan. On the one hand,
human adolescents are highly dependent upon their parents and educators for support. On the
other hand, the major life task during this period is to move toward a state of relative autonomy
in support of independent living, individuation, and the selection and maintenance of
relationships outside of the family. Ethological perspectives have argued that this transition
from caregiver dependence to independent survival necessarily involves increases in social
affiliation, risk taking, and skill acquisition (Spear, 2000). Empirical evidence supports this
claim. Human adolescents spend significantly more time with peers compared to children
(Csikszentmihalyi, Larson & Prescott, 1977), facilitating the acquisition of new skills and
broad social support (Harris, 1995). In addition, while risk-taking may be associated with
obvious negative outcomes (Irwin Jr. & Millstein, 1992), it also promotes the exploration of
adult roles (Silbereisen & Reitzle, 1992), increases self-esteem (Silbereisen & Reitzle, 1992;
but see McCarthy & Hoge, 1984), and promotes reproductive success (Spear 2003; Wilson &
Daly, 1985). Increased exploration and novelty-seeking decrease the likelihood of inbreeding
and encourage the exploration of remote sources of food, shelter, potential mates and other
resources that promote survival. Thus, these behaviors facilitate appetitive drives that are
extremely appropriate to the life tasks inherent to this developmental period and, to the extent
that these drives are regulated, they facilitate goal attainment and long-term survival. They can
be viewed as part of a cohesive brain-based system that is dedicated to the translation of positive
motivation to adaptive action.

In the psychology, ethology, and behavioral neuroscience literatures, there are numerous
descriptors for the behavioral system that underlies appetitive motivation, including
Schneirla’s (1959) approach system, Gray’s (1987) behavioral activation system, MacLean’s
(1986) search system, Panksepp’s (1992, 1998) foraging/expectancy and seeking systems and
Depue’s behavioral facilitation system (Depue & lacono, 1989; Depue & Collins, 1999).
Despite nominal distinctions, there is general agreement that this system provides positive
activation that motivates an individual to approach distal sources of reward. Activity in this
system promotes subjective feelings of excitation, positive engagement, and a desire for
exploration. It may be reflected by facets of the personality trait dimension of extraversion
(Depue & Collins, 1999) and by temperamental descriptions such as surgency, (Derryberry &
Rothbart, 1988). An essential feature of this system’s activation is that the individual is
motivated to want something that is not immediately present. Accordingly, this state can be
conceptualized as one of psychological wanting or craving (Nesse & Berridge, 1997), and
specific targets of desire can vary depending on an individual’s reinforcement history, present
state of deprivation, and/or future goals. Thus, a target’s reward salience, as well as its spatial
and temporal proximity to the individual, are critical determinants of the system’s activation
of incentive motivation (Depue & Collins, 1999). Importantly, one does not need a strong level
of incentive motivation to obtain what is present and attainable. Rather, this type of motivation
propels individuals to move toward positive reinforcements that are removed from the current
context. Accordingly, frontal brain systems are necessary to structure approach behavior so
that it is adaptive for future goal attainment.

Activation of this motivational system will not only propel an individual to seek novel
experiences, but in the absence of other influences, the activation will structure how the
individual responds to novelty when unexpectedly encountered. Novelty inherently implies
risk or uncertainty. Instead of reacting with neophobia or caution as might be the case in the
context of fear or anxiety (Depue & Collins, 1999), novel or uncertain situations will be greeted
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with approach and engagement. Within a neurobehavioral systems framework, novelty is a
unique stimulus. It not only serves as an innate cue for potential reward but also as a cue for
potential threat (Depue & Collins, 1999; Gray, 1973; Panksepp, 1992). Thus, individual
differences in responses to novelty can be indicative of the underlying motivational state that
is guiding behavior. If an individual is motivated by reward-seeking as opposed to risk-
aversion, then s/he will be inclined to approach novelty, which we suggest is the case for most
individuals during adolescence. In this manner, the activation of this system biases behavioral
responding not only toward risk-seeking (generalized approach toward rewards) but also
toward risk-taking (positive engagement in the context of uncertainty).

Consistent with an emational systems framework for understanding this and other basic
motivations, this is a system that has an evolutionary link in the development of modern
mammalian behavior, it has an identifiable set of neural substrates, and it is characterized by
a well-defined pattern of neurochemical modulation (Panksepp, 1998). Dopamine is
hypothesized to be the primary transmitter that acts within and across limbic, striatal, and
frontal circuitry to promote incentive-guided behavior and its regulation (Depue & Collins,
1999). Given that approach behavior critically relies on motor functions, it is not surprising
that the neural underpinnings of this system rely on an integration of the motor system and
limbic and cortical structures that promote and structure positive incentive-guided behavior.
This system can also mediate some negative emotional states, particularly those associated
with frustrative non-reward (sadness and anger associated with reward that is expected but not
attained).

How this system changes over the course of human development has not been comprehensively
studied (Luciana, 2001). We will review evidence to suggest that the coherent set of behaviors
that comprise this motivational system is neurobiologically grounded in activity within the
ascending mesocorticolimbic dopamine system, which innervates ventral striatal, core limbic,
and prefrontal regions, and that activity within this system changes over the course of the human
lifespan, reaching a relative high point during human adolescence/emerging adulthood and
declining thereafter.

A peak in activity during adolescence predicts that there will be increases in exploratory
behavior, novelty seeking, in reward salience, and in reinforcement learning such that learning
will be biased toward responses to positive versus negative feedback. Viewing adolescence
from this perspective holds the promise of explaining two important aspects of adolescent
behavior: why risk-seeking increases in this developmental group as a whole, but importantly,
why some individuals are more vulnerable to the potentially negative consequences of this
neurobehavioral shift than others. Many theories of adolescent brain development that rely
primarily on brain structural changes, which can be considered highly normative in scope, do
not adequately explain this latter aspect of adolescent behavior, that is, that not all teens are
equally vulnerable during this period of the lifespan (although for a recent empirical exception,
see work by Shaw et al., 2006).

Adolescence has been described as a period of heightened affective reactivity characterized by
increased sensitivity to both rewarding and aversive stimuli (see Somerville, Jones, & Casey
in this special issue). It is characterized by transient changes in personality traits such as
increased rates of sensation-seeking and extraversion (McCrae et al., 2000; Zuckerman et al.,
1978). Conversely, conscientiousness increases after adolescence and into middle adulthood
(McCrae etal., 2000). Adolescents engage in heightened levels of risk-taking behaviors in their
daily lives, and they are prone to engage in riskier behaviors as measured by laboratory
paradigms, particularly under conditions of peer influence (Gardener & Steinberg, 2005;
Steinberg, 2008). Finally, adolescents appear especially sensitive to rewarding cues, as
evidenced by exaggerated neural responses when exposed to them, specifically within
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structures innervated by mesolimbic dopamine (Ernst et al., 2005; Galvan et al., 2006). In
animal models, periadolescent rodents exhibit heightened novelty seeking, risk-taking,
locomotor activity, and grooming as compared to adults (Adriani, Chiarotti, & Laviola,
1998; Laviola et al., 1995; Macri, Adriani, Chiarotti, & Laviola, 2002; Spear & Brake, 1983),
all of which are argued to be roughly analogous to approach system constructs mentioned
above.

lll. This system is grounded in activity within the dopamine system

Dopamine activity in core limbic regions has been implicated as a primary substrate for
incentive-motivational behavior. Mesolimbic dopamine projections originate in the midbrain
ventral tegmental area (VTA)/substantia nigra (SN) complex and terminate in limbic structures
including the olfactory tubercle, nucleus accumbens, amygdala, hippocampus, and septum, as
well as the medial prefrontal cortex (Bjorklund & Dunnett, 2007; Dahlstrom & Fuxe, 1964).
Lesions halt exploration and approach behaviors (Koob, Riley, Smith, & Robbins, 1978). The
administration of dopamine or dopamine agonists into these regions initiates novelty-seeking
and goal-directed locomotor behaviors, whereas the administration of dopamine antagonists
results in opposite effects (Fouriezos, Hansson, & Wise, 1978; Le Moal & Simon, 1991;
Pijnenburget al., 1976). Furthermore, adult rats exhibiting higher rates of locomotor activity
and novelty seeking demonstrate higher rates of drug self-administration as well as elevated
dopamine concentrations as compared to rats exhibiting low baseline levels of activity (Piazza
etal., 1991). The link between dopamine and incentive-guided motivational behavior is robust
in the animal literature with locomotor processes serving as the primary indicator of an
incentive state. These behaviors in the context of drug administration are also moderated by
animals’ abilities to tolerate delays. Animals who have difficulty waiting before executing a
response, and who tend to make high numbers of anticipatory responses before rewarding
stimuli are presented, escalate their drug self-administration dramatically over time after the
behavior is acquired. These animals are also more vulnerable to drug reinstatement after
extinction (Economidou et al., 2009; Robinson et al., 2009).

In humans, there has been interest in linking dopamine to the modulation of personality traits
that are related to the approach system construct. For example, the personality trait of
Cloninger’s novelty-seeking was associated in a recent positron emission tomography (PET)
study with a decreased availability of D, autoreceptors in the midbrain (Zald et al., 2008),
suggesting high levels of this trait in individuals with relatively greater amounts of synaptic
dopamine. Eysenck’s extraversion modulates the impact of dopamine antagonists on cognitive
performance in humans (Wacker, Chavanon, & Stemmler, 2006), and levels of dopamine in
cerebrospinal fluid are positively correlated with trait levels of extraversion (King et al.,
1986). Similar associations have been demonstrated with respect to Tellegen’s positive
emotionality, such that individuals with high levels of this trait show increased neuroendocrine
responses to a dopamine receptor agonist (Depue et al., 1994). Finally, individuals whose
genetic predispositions result in higher levels of dopamine in neural synapses, particularly in
circuits involved in reward processing, demonstrate increased levels of brain activation in
response to rewards (Dreher et al., 2009; Hariri, 2009). Thus, though these data represent but
a sampling of the literature, there is a wealth of available evidence linking high levels of
functionally available dopamine to appetitive behavior, with data converging on the idea that
increases in mesolimbic/ventral striatal dopamine activity propel an organism to engage in
incentive-motivated appetitive behaviors and impact the individual’s ability to profit from
positive and negative feedback experiences in the context of reinforcement-based learning
(Frank, 2005; Holroyd & Coles, 2002; Schultz et al., 1997). The structures that comprise the
mesolimbic dopamine projections are generally regulated by monoamine oxidase (MAO)
activity in neural synapses, by sustained regulatory activity of the dopamine transporter, and
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by high numbers of receptors (including terminal autoreceptors) in both the D4 and D, receptor
families (Bannon & Roth, 1983; Tam & Roth, 1997).

Dopamine also innervates cortical regions. In rodents, the areas that are innervated primarily
include the frontal, cingulate, and entorhinal cortices; in primates, innervation extends
throughout the cortex (Bjorklund & Dunnett, 2007). Prefrontal synapses have received a
maximal amount of empirical assessment and are characterized by low activity of the dopamine
transporter, by relatively low numbers of DA autoreceptors, by catechol-O-methyltransferase
(COMT) versus monoamine oxidase (MAOQ) activity in DA catabolism, and by a relative
abundance of D; relative to D, receptors (Bannon & Roth, 1983; Meador-Woodruff et al.,
1994). Prefrontal dopamine activity is important for aspects of cognition that encompass
flexible responses to changing environmental circumstances (Floresco & Magyar, 2006;
Goldman-Rakic, 1987; Seamans & Yang, 2004). It is important to emphasize that dopamine
does not necessarily modulate all prefrontal functions. We have previously outlined a rationale
for the notion that the cognitive functions modulated by dopamine are those that serve
incentive-motivated behaviors (Luciana, 2001). Spatial working memory, for example, serves
to bring an organism into contact with spatial locations that have been targeted as
motivationally salient, presumably because of the presence of primary rewards, across temporal
delays.

There are several aspects of dopamine neurotransmission that are important to appreciate in
evaluating this literature. The first concerns dopamine’s synthesis pathway and metabolism.
Dopamine synthesis begins with the amino acid tyrosine. Tyrosine is converted to dopamine
through the actions of several enzymes, the most important of which is tyrosine hydroxylase.
The overwhelming majority of dopamine cell bodies originate in the midbrain ventral
tegmental area (VTA) and substantia nigra (SN). Dopamine that is released from the VTA and
SN reaches its targets through segregated axonal pathways. The net level of functional
dopamine activity within a region will depend on (a) how much dopamine has been released,;
(b) the collateralization of terminals from the presynaptic cell; (c) catabolic events in the
synapse that impact how much dopamine will reach postsynaptic targets; (d) the activity of the
dopamine transporter, which also regulates how much dopamine reaches postsynaptic
receptors; and (e) the number and types of postsynaptic receptors that are present in a target
region (see Figure 1). Moreover, recent formulations suggest that the dopamine system as a
whole is compartmentalized into two systems, one that tonically releases dopamine into
extrasynaptic space and one that phasically releases dopamine in response to behaviorally-
salient events. The two subsystems interact to modulate adaptive response selection (Grace et
al., 2007).

Biologically-based individual differences impact these processes. The synthesis of tyrosine
hydryxylase is under genetic control (Vadasz et al., 2007), and genes also regulate the activity
of catabolic enzymes (MAO, COMT: Lachmanetal., 1996; Sabol et al., 1998). DA cell number
is genetically influenced (Fink & Reis, 1981). As noted by Depue & Collins (1999), individual
differences in cell numbers may have dramatic effects on the availability of synaptic dopamine
in a region due to the high degree of axon collateralization near terminal sites. For instance, a
single DA neuron can establish close to one million synaptic contacts within the striatum
(Grace 1991; Groves et al. 1995). Moreover, each medium spiny striatal neuron receives input
from thousands of DA terminals (Grace 1991). Animal studies have revealed plasticity in the
coupling that emerges over time between neurons that synthesize dopamine and receptors in
target regions, such that higher cell numbers are associated with higher numbers of receptors
in target regions as well as the increased expression of behaviors that are DA-modulated (Fink
& Reis, 1981; Sved et al., 1985). Thus, individuals may be biologically primed to experience
a certain level of activity in the dopamine system, and this level of activity may impact the
individual’s propensity to engage in approach behavior. High levels of activity confer a
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tendency toward high levels of appetitive drive, a perspective that contradicts reward
deficiency explanations for excesses in appetitive behavior (Comings & Bloom, 2000). Indeed,
based on biologically-based constraints, each person could be considered to have a “reaction
range” that determines how high or low that person’s incentive motivated behavior could be
as a direct consequence of the reactivity of that person’s dopamine system. Adolescence may
represent a critical period in the human lifespan for dopamine system activity as well as
reactivity and the associated expression of behavioral traits that facilitate novelty-seeking,
exploration, and incentive motivation. Indeed, it seems clear that on both group and individual
levels, novelty-seeking and risk-taking are at relative highs during adolescence, while risk
aversion is at a relative low. Thus, there are individual differences in the nature of appetitive
activity, and these individual difference factors will determine how vulnerable a given person
is to difficulties associated with the more general age-related increases in activity within this
system as they occur.

This formulation considers dopamine’s modulation of behavior at a “macro” level, where
dopamine activity serves a broad overarching behavioral function. This view is appealing at
the psychological level of analysis but may be viewed as simplistic within cellular and
molecular neuroscience. However, dopamine’s activity as a modulator of processes that
promote goal-directed activity is inherent to other theoretical frameworks, which are not
inconsistent with the primary view expressed here.

For instance, in a now-classic paper, Alexander, deLong, and Strick (1986) outlined the
existence of five parallel segregated information processing loops, each of which involved
discrete regions of the striatum, neocortex, and thalamus. Each loop was dedicated to a specific
behavioral function or domain of function. One was involved in primary sensorimotor
responding; one was involved in general oculomotor control. The remaining three were
directed by distinct regions of the frontal lobe, including the dorsolateral prefrontal cortex
(involved in planning and other higher order executive functions), the lateral orbitofrontal
cortex (involved in affective processing), and the anterior cingulate/medial orbitofrontal
cortices (involved in attention and rule-based learning). These circuits enabled the basal ganglia
to influence a broad range of behavior via interactions with the thalamus and cortex. Two of
the loops discussed by Alexander and colleagues provide a heuristic that is relevant: the
dorsolateral prefrontal and the orbitofrontal processing loops. These segregated processing
pathways subserve higher-order planning, working memory and behavioral control processes
(dorsolateral loop) and affective responses to reinforcement cues from the environment
(orbitofrontal processing loop). Activity in each of these processing streams is impacted by
dopaminergic neuromodulation to facilitate cognitive or emotive aspects of successful
approach behavior, respectively, primarily via interactions with the dorsal striatum, ventral
striatum, and thalamus. The existence of these segregated networks has been supported by
recent anatomical tracing and tractography studies (Cohen et al., 2009;), and this framework
has served as a basis for recent modeling of dopamine’s role as a modulator of striatal and
prefrontal function (Frank, 2005; O’Reilly & Frank, 2006).

These latter models, based on computational frameworks, advocate that each cortico-striatal
loop is comprised of competing pathways, each of which is primarily modulated by a specific
subtype of dopamine receptor activity. One pathway, termed the direct pathway because of its
influence over striatal output pathways from the internal segment of the globus pallidus to the
thalamus, is involved in positive feedback and is hypothesized to be D; modulated. The second
pathway, the indirect pathway (so-named because it impacts thalamo-cortical processing
through a more complex series of synapses involving the external and internal segments of the
globus pallidus as well as the thalamus), is involved in negative feedback and is hypothesized
to be D, modulated. Relative activation of the direct pathway biases processing toward a *“go”
state, such that there will be a facilitation of whatever motor commands are currently
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represented in the cortex and an inhibition of potential responses that might otherwise compete
with them. In this manner, DA acts a modulator by sharpening the contrast between signals
from neurons that are in a facilitated depolarized “up-state” and inhibiting those from neurons
that are below the resting state potential from firing unexpectedly. This modulation is achieved
by molecular interactions among sodium, potassium, and calcium molecules that mediate the
opening of voltage-gated membrane channels. The net result is an increase in the neural signal-
to-noise ratio, a model that is consistent with Oades’ (1985) classic formulation of dopamine
activity in neural circuits. Thus, within this modulatory framework, “go” does not simply mean
“act” in the behavioral sense but refers, instead, to the nature of neural signals that will be
amplified in the presence of dopamine activation. Theoretical accounts of dopamine’s
functioning within neural networks assume that the “go” state activity will be linked to
behaviors that are appropriate to a given context, helping the individual learn which of several
potential responses should be selected in the midst of the patterning of positive and negative
feedback that is associated with a given event.

What has not been discussed in these models is the state of affairs that is present if the “go”
state activity involves potentiation of a neural input or output selection that is inappropriate to
a given context but nevertheless salient to the individual. These models also do not address
how inputs are selected and how selection of a given input is made in the face of competing
alternatives or distractors or when “go state activity” is weak. That may be the situation in
adolescence when hedonic signals of reward are amplified due to high activation levels in
limbic circuits while regulatory signals are weak or inconsistently activated due to prefrontal
immaturity.

Dopamine is also involved in reinforcement learning via striatal mechanisms. Dopamine
neurons have been identified in the striatum on the basis of their firing properties. These
neurons exhibit phasic activation after liquid and food rewards are delivered to deprived
animals. Inthe course of learning instrumental responses that will yield positive reinforcements
(reward delivery), these neurons fire in response to conditioned cues that signal the presence
of the rewards. Moreover, when rewards are expected but not delivered, these neurons depress
their firing rates (Schultz, et al., 2000). Thus, it has been hypothesized that striatal DA neurons
respond to primary rewards outside of the learning context, code reward prediction in response
to cues that signal reward delivery, and provide an alerting function when rewards are expected
but not delivered (when reward prediction fails). Once cues reliably predict the presence of
rewards, dopamine neurons fail to respond to their occurrence, indicating that learning is
complete. In this regard, these responses resemble teaching signals that have been postulated
by reinforcement learning theories. These signals inform other brain regions that a reward is
predicted based on probabilistic contingencies between the occurrence of environmental cues
and the past delivery of rewards. On a broader behavioral level, this patterning is sensible in
that dopamine potentiates exploratory processes in response to unpredicted or novel stimuli.
Once exploration is complete (when the environment is mapped and stimuli are predictable),
dopamine’s activation as an effector should cease. Human fMRI activations reflecting the
distinct processes of reward magnitude, probability, and expected value have been observed
to occur in separate striatal regions (Tobler, O’Doherty, Dolan & Schulz, 2007). Other brain
regions also participate in the reward’s evaluation and subsequent decision-making. In contrast,
the ventromedial PFC encodes reward probability, and is therefore sensitive to the uncertainty
of potential reinforcing contexts (Tobler et al., 2007). Prior to reward delivery, potential
negative outcomes must also be weighed. The ventrolateral frontal cortex evaluates potential
reinforcements on the basis of their punishment contingencies, weighing the reward prediction
signal against the judgment of its expected value. Accordingly, the lateral frontal cortex would
represent a critical processing node through which reward-relevant information is integrated
and then, via connections with the striatum, response selection takes place. Deficits in this
processing stream could stem from two mechanisms, one of which would be the relative
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absence of the general enabling function established by tonic levels of dopamine acting upon
postsynaptic cells. The second mechanism would be due to a defective reward signal due to
dysregulations in the phasic transmission of reward information in the context of ongoing
behavior. Importantly, as the above review suggests, the striatum provides input to the
prefrontal cortex (as well as other brain regions) to enable the brain’s ultimate calculation of
the overall expected utility associated with a given response. Moreover, these various
components of reinforcement learning rely on dopaminergic signals that span cortical and
subcortical regions to accomplish salient behavioral objectives. An important implication of
this analysis as applied to adolescence is that “dual systems” models (see Fareri et al., 2008
for review) invoked to explain adolescent behavior can be expanded given that the activity in
a single neurochemical system can account for the pattern of findings attributed to two
functional anatomical systems.

Thus, regardless of whether dopamine activity is considered in relation to behavioral activation
patterns at a macro level, to cellular events that impact biasing in neural pathways, or in relation
to the modulation of segregated neural circuits devoted to cognition and emotion, it may be
important to consider the state of the system in adolescence as compared to other points in the
lifespan with the hypothesis that tonic dopamine levels are elevated during this time and that
this tonic elevation impacts the efficiency with which phasic signaling can adaptively regulate
behavior.

IV. Dopamine activity in adolescence

The dopamine system undergoes significant alterations during adolescence, though there is
considerable cross-species variation with respect to these changes. Several aspects of dopamine
system activity will be described: dopamine concentrations, innervation, and receptor density.
Dopamine concentrations and receptor densities have been measured in brain slices in
sacrificed animals and in the context of human autopsy studies. Innervation patterns and
receptor density have been assessed via tracing studies.

In non-human primates, concentrations of dopamine shift gradually toward anterior regions
until adolescence, when dopamine concentrations are highest in the prefrontal cortex
(Goldman-Rakic & Brown, 1982; Irwin et al., 1994). In contrast, concentrations in posterior
regions such as the parietal lobe peak earlier in childhood (or, in the case of the occipital lobe,
exhibit no change after birth) (Brown & Goldman, 1977; Goldman-Rakic & Brown, 1982).
Studies in human cortex are unavailable, and results regarding changes in subcortical structures
are mixed, with data suggesting that dopamine concentrations in the striatum either decrease
with age or undergo no developmental alterations (Haycock et al., 2003; Kalaria et al., 1993).

Given increases in prefrontal DA concentrations during adolescence, it is little surprise that
dopaminergic innervation of this area increases during this time period as well (Rosenberg &
Lewis, 1994; 1995). These findings have been demonstrated in primary motor cortex,
dorsomedial cortex, and the principal sulcus, with projections to cortical layer |11 undergoing
the most pronounced change. While region-wide innervation of prefrontal cells by dopamine
neurons appears to increase in layer 111, the density of connections between dopaminergic cells
and individual axons in this area undergoes a protracted linear development (Lambe, Krimer,
& Goldman-Rakic, 2000). The fact that layer 111 specifically undergoes developmental changes
is important, as dopamine projections to this area form synapses with pyramidal neurons that
are implicated in representational memory processes (Goldman-Rakic, 1998) and serve as the
primary source of afferent projections to other cortices (Jones, 1984).

The functional significance of these findings is unclear. Dopamine decreases the voltage
threshold required for cell firing in these pyramidal cells (Henze et al., 2000); thus, adolescence
may by characterized by increased excitability of the neural networks underlying prefrontally

Brain Cogn. Author manuscript; available in PMC 2011 February 1.



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

1duasnuey Joyiny vd-HIN

Wabhlstrom et al.

Page 10

modulated cognition. On the surface, it may seem as though increased excitability of these
networks may help to facilitate prefrontally-modulated cognitive functions such as working
memory. However, evidence suggests that dopamine transmission occurs within a small
window of optimal functioning, whereby both excessive and deficient levels of dopamine
impair behavioral performance (Goldman-Rakic, 1998). For example, low doses of
amphetamine (a dopamine agonist) increase locomotor activity in rodents, whereas higher
doses result in stereotypies (Laviola & Adriani, 1998). Similarly, Williams and Goldman-Rakic
(1995) demonstrated that low doses of a D1 receptor antagonist increased task-related neuronal
activity in a working memory paradigm, though higher doses of that same antagonist inhibited
task-related activity. As might be expected given these findings, high doses of both dopamine
agonists and antagonists impair spatial working memory performance (Seamans, Floresco, &
Phillips, 1995; Zahrt, Taylor, Mathew, & Arnsten, 1997). In humans, administration of the
D, agonist bromocriptine facilitates cognitive performance in individuals who exhibit poor
performance at baseline, whereas those with higher levels of performance at baseline do not
experience similar improvements (Cools, Sheridan, Jacobs, & D'Esposito, 2007; Kimberg,
D’Esposito, & Farah, 1997). Thus, both animal and human data indicate that the relationship
between dopamine availability and cognitive performance is characterized by an inverted-U
shaped function. Accordingly, in adolescence, the prefrontal peak in dopamine activity that is
observed may “overdose” this region given that presynaptic receptor and dopamine transporter
activity are less salient here as compared to subcortical and striatal brain regions, as described
above.

In primate cortex, the density of D1 and D, dopamine receptors peaks between 2 and 4 postnatal
months, equivalent to the early childhood period in humans (Lidow, Goldman-Rakic, & Rakic,
1991; Lidow & Rakic, 1992). These changes occur simultaneously across prefrontal,
somatosensory, and visual cortices, with densities of both D and D, receptors stabilizing to
adult levels at 60 months. Few studies have assessed the ontogeny of dopamine receptor density
in humans, but those that have indicate that densities decrease between childhood and
adulthood (Montague et al., 1999; Seeman et al., 1987). Unfortunately, these studies are based
on convenience morbidity samples, and as a result there are very few data points available for
adolescence specifically. Thus, findings with respect to humans should be considered tentative.
The course of DA receptor development mirrors that of synaptic pruning, indicating that these
processes may be related.

Unlike primates, rodents lack significant cortical variation in dopaminergic concentrations
(Kehr, Lindqvist, & Carlsson, 1976). Several groups have demonstrated that DA tissue
concentrations increase postnatally until adulthood (Giorgi et al., 1987; Ungethiim et al.,
1996), though other data indicate that dopamine synthesis peaks during adolescence relative
to both childhood and adulthood (Andersen, Dumont, & Teicher, 1997). Similarly,
dopaminergic innervation of the PFC and anterior cingulate cortex (ACC) increases until
postnatal day (P) 60, which is equivalent to early adulthood (Berger et al., 1985; Kalsbeek et
al., 1988). Thus, a majority of the evidence indicates that DA concentrations and dopaminergic
innervation of the cortex in rats increases until adulthood and does not exhibit adolescent-
limited peaks, with the exception, perhaps, of dopamine synthesis (Anderson et al., 1997).

While information regarding dopaminergic innervation in rodents is sparse, there is a large
literature documenting the ontogeny of dopamine receptors in this species. D1 and D, receptors
follow similar developmental trajectories, exhibiting a peak between P28 and P42 in the
caudate and putamen and decreasing thereafter (Andersen et al., 1997; Tarazi, Tomasini, &
Baldessarini, 1998a; 1999; Teicher, Andersen, & Hostetter Jr., 1995). Others have indicated
that dopamine receptor density stabilizes beginning in periadolescence, but these findings
might relate to a lack of measurement in the time points defining that period (as opposed to
directly prior to and following periadolescence) (Leslie etal., 1991; Rao et al., 1991). Findings
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regarding the development of dopamine D, receptors in the ventral striatum are less clear, with
data revealing periadolescent peaks (Tarazi et al., 1991), linear increases into adulthood (Leslie
etal., 1991), and peaks in both periadolescence and adulthood (Andersen et al., 1997; Teicher
etal., 1995). D, receptors have not been found to exhibit these density peaks later in adulthood
(Teicher et al., 1995). The trajectory of receptor density in the rodent cortex is less clear, with
one line of evidence suggesting that cortical receptors either peak prior to periadolescence or
exhibit linear increases between childhood and adulthood (Leslie et al., 1991; Murrin & Zeng,
1990; Tarazi & Baldessarini, 2000), a pattern similar to that of cortical innervation in rodents.
However, others have demonstrated that both D1 and D, densities peak in the frontal cortex
during adolescence (Andersen et al., 2000), as does D4 receptor density on afferent projections
from the PFC to the ventral striatum (Brenhouse, Sonntag, & Andersen, 2008), indicating that
this might region may be characterized by peaks in dopamine receptor density as well.

Although D1 and D, receptors exhibit similar developmental trajectories, age by receptor-type
interactions have been demonstrated whereby peaks in D, density are more pronounced
compared to D, density (though both decline during later stages of adolescence and plateau at
similar points in time; Gelbard et al., 1989). Furthermore, analyses of gender differences have
demonstrated that only male rodents exhibit periadolescent-limited overproduction of D1 and
D, receptors in the striatum, though males and females are characterized by similar densities
in adulthood (Andersen et al., 1997). Similar findings were revealed with respect to D,
receptors in the nucleus accumbens, with males exhibiting a peak in receptors at P100 that was
absent in females. Gender differences in receptor overproduction do not appear to be caused
by developmental changes in gonadal hormones, as evidenced by the fact that neither castration
nor ovariectomy alter the trajectory of dopamine receptor ontogeny (Andersen, Thompson,
Krenzel, & Teicher, 2002). Other evidence suggests that changes in dopamine receptors are
similar in males and females (Lieb et al., 1996); however, rates of change during adolescence
were not directly compared.

In summary, the available evidence suggests that both primates and rodents exhibit increases
in functionally available dopamine during adolescence, though differences exist with respect
to the regions and aspects of the dopamine system affected. In primates, cortical and subcortical
tissue concentrations of dopamine are increased during adolescence (Goldman-Rakic &
Brown, 1982; Irwin et al., 1994). In addition, dopaminergic innervation of the frontal cortex
also peaks during adolescence relative to childhood and adulthood, specifically in cortical layer
I11, which contains pyramidal cells responsible for cortico-cortical information processing
(Rosenberg & Lewis, 1995). D1 and D, receptor densities appear to be heightened during
adolescence compared to adulthood in both cortical and subcortical regions, though peaks in
receptor density occur in childhood (Lidow & Rakic, 1992; Seeman et al., 1987). Conversely,
rodents exhibit monotonic increases in dopaminergic innervation of the cortex lasting until
early adulthood (Kalsbeek et al., 1988). Additionally, some evidence suggests that cortical
dopamine synthesis, as well as synaptic dopamine availability in the striatum, peak during
adolescence (Andersen, Dumont, & Teicher, 1997; Stamford, 1989). Similar to innervation
patterns, receptor densities in the cortex increase throughout adolescence (Tarazi &
Baldessarini, 2000). However, D1 and D, densities do appear to peak in subcortical structures
such as the striatum and nucleus accumbens, as do the densities of D,-like D3 and Dy4 receptors
(Andersen et al., 2002; Tarazi, Tomasini, & Baldessarini, 1998b). Thus, it appears that in
rodents, adolescence is characterized by a subcortical increase in dopamine compared to
childhood and adulthood. Conversely, dopamine availability in the cortex is lower compared
to adulthood (but see Andersen, Dumont, & Teicher, 1997).
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V. Implications for Cortical and Subcortically-Mediated Behavioral Processes

In primates, cortical and subcortical tissue concentrations of dopamine are increased during
adolescence; DA innervation of the frontal cortex also peaks especially in cortical layer I1I;
D and D, receptor densities are heightened in both cortical and subcortical regions.
Accordingly, there is no clear evidence for a cortical/subcortical differentiation in terms of the
overall level of dopamine activity. It is high in both regions. What this means in terms of
behavioral outcomes is that dopamine-modulated behaviors that are mediated by each region
might be enhanced, behaviors might be “disabled” if the respective systems are overdosed, or
there may be an imbalance if the threshold for overdose is different between frontal and
subcortical regions. This latter interpretation seems possible given that the PFC dopamine
system is less rigorously regulated in terms of autoreceptor and dopamine transporter activity
(Bannon & Roth, 1983; Sesack et al., 1998). In addition, the prefrontal cortex is still in a state
of flux regarding its structural development given that synaptic pruning is ongoing during
adolescence. Pruning does not occur equivalently across all types of synapses. Most pruned
synapses are excitatory, involving glutamate receptors (Smiley & Goldman-Rakic, 1993).
When glutamate levels fall, a state of activity is created that results in an enhancement of phasic
dopamine signaling (Grace, 1991; O’Donnell & Grace, 1998). Thus, in the context of synaptic
pruning in the PFC, we might expect an exuberance of dopamine neurotransmission. Dopamine
synapses within the PFC on pyramidal cells and on GABA-ergic non-pyramidal cells. The
pruning process may result in a summated state of activity that upsets the excitatory-inhibitory
balance such that the PFC is overdosed. In subcortical (limbic and striatal) regions, the overdose
threshold may be higher. Thus, during adolescence, dopamine levels are at a functional high,
leading to elevated patterns of exploration, novelty-seeking, incentive salience, and locomotor
activity, all of which serve to bring the individual into contact with biologically salient
incentives.

In rodents, in contrast, the evidence suggests that there is a decreased level of cortical dopamine
in adolescence, which would negatively impact prefrontally-guided behaviors. At the same
time, dopamine levels in limbic and striatal regions are elevated, yielding an overall behavioral
profile that is similar to that which characterizes primates.

These patterns could explain adolescents’ cognitive failures or immaturities with respect to
prefrontally-mediated functions that are DA-modulated in the context of the pruning process
and could also explain heightened incentive-seeking. Motivation is at a high, but without a
tightly-honed regulatory system to keep it in check and to guide that motivation toward goals
that are spatially or temporally removed from the current context. The nature of the non-optimal
PFC regulation could stem from structural immaturity given that synapses are still being
pruned. Thus, it is our perspective that the dopamine system is in a relative state of over-drive
during adolescence and that this overactivity brings incentive-motivational systems to a
maximally-heightened (but not overdosed) state and overdoses prefrontal systems which are
then taxed for two reasons: the slower pace of structural development and high levels of
circulating dopamine without regulatory control. How the former process within the PFC
interacts with the latter one remains to be specified, but it seems clear that some aspects of the
PFC’s structural immaturity could be linked to the PFC’s deficient functioning when dopamine
levels are high. It could be that behavioral inhibition is weaker when DA facilitates PFC
synaptic connections already lacking in optimal connection specificity. In this case, strong “go”
signals (arising from striatal/limbic DA) would interact with under-synchronized (due to
immature pruning) “no-go”signals, and particularly in contexts containing cues for both
potential reward and potential punishment. What has yet to be demonstrated is convincing
evidence that pruning impacts neural synchrony in a manner that would contribute to
interactions between the immature brain structure and neurochemical activity. Should these
hypothesized associations have merit, we emphasize that these general patterns would operate
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within the context of individual differences as summarized above such that the adolescent surge
in dopamine availability impacts some individuals more than others depending on baseline
levels.

VI. Measurement Issues: Molecular Genetics and Benefits of
Pharmacological Challenge

The evidence provided here suggests that the dopaminergic system undergoes extensive
remodeling during adolescence, and we have speculated as to how these changes might be
related to typical adolescent behaviors based on neurochemical-behavior associations in adult
samples. Direct assessment of neurotransmission in human samples is difficult to conduct due
to obvious human subject concerns, but it is evident that a complete understanding of adolescent
development depends upon knowledge of how these systems interact to influence behavior.
Thus, until less invasive techniques for accessing neurochemical modulation are developed,
creative study designs that utilize current methodologies will be necessary to further our
understanding of how neurochemical systems drive normative patterns of behavioral
development.

A number of researchers have made initial forays into this type of work. For example, numerous
groups have used functional MRI techniques to document developmental differences in neural
systems during the completion of reward-related tasks, which implicate differences in regions
innervated by dopamine such as the OFC and ventral striatum (Van Leijenhorst, Zanoliel, Van
Meel, Westenberg, Rombouts & Crone, 2009; Ernst et al., 2005; Galvan et al., 2006; May et
al., 2004). Similar studies have found that adolescents exhibit a unique pattern of amygdaloid
activation in response to emotional facial expressions (Baird et al., 2001; Thomas et al.,
2001). It is tempting to speculate how activational changes in these regions might be related
to the underlying neurochemical and neuromodulatory systems given that these systems
modulate reward and affective processing (Chambers et al., 2003); however, MRI techniques
alone cannot resolve the role that these chemicals might play in the behaviors studied. This is
especially so given that theories of both hypoactive and hyperactive neurotransmission may
be used to explain observed changes in brain activity (Spear, 2000); it is unclear how results
obtained in neuroimaging can provide insight into directional changes in dopamine activity
during adolescence. That said, they are suggestive. For instance, the Galvan et al. (2006) study,
though based on a small sample and not replicated, indicates that adolescents exhibit hyper-
responsivity of the ventral striatum in response to reward compared to adults, which could
reflect hyperactivity of the modulatory dopamine system or of other neurochemicals involved
in reward processing, such as opiates or oxytocin (Guastella et al., 2008; VVargas-Perez et al.,
2009).

Our group has attempted to obtain insight into dopamine function during adolescence using
molecular genetic techniques. We have pursued the idea that gene-behavior associations may
be different at different points in the lifespan depending on the underlying state of the chemical
system that is regulated by a given gene. For example, we recently assessed how the relationship
between a single nucleotide polymorphism (SNP) on the gene that codes for catechol O-
methyltransferase (COMT) enzyme activity (the Val'58-Met SNP) and cognition differs during
adolescence as compared to adulthood; we have interpreted these findings within the context
of differential baseline levels of dopamine during this developmental period. This work will
be described as a model to illustrate the utility of this approach, although we emphasize at the
outset that other genes that regulate different aspects of dopamine neurotransmission could be
similarly studied.

COMT is an enzyme that degrades synaptic dopamine. A functional polymorphism has been
identified, which consists of a guanine (G) to adenine (A) mutation and results in an amino
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acid substitution of methionine (Met) for valine (Val) in enzyme synthesis. Within this SNP,
the Met allele is associated with lower levels of COMT activity as compared to the Val allele,
which is associated with higher levels of COMT activity. Accordingly, Val-Val individuals
have lower levels of dopamine available in neural synapses where COMT is active as compared
to Met-Met individuals (Lachman et al., 1996). As might be predicted from this relationship,
the Met allele has been linked to relatively better performance on cognitive tasks such as
working memory and set-shifting in both healthy adults and adults with schizophrenia
(Goldberg et al., 2003; Malhotra, 2002). Interestingly, COMT activity has been hypothesized
to predict an individual’s place on the inverted-U shaped function describing the relationship
between dopaminergic signaling and cognitive performance (Goldman-Rakic, 1998; Mattay
et al., 2003). Mattay et al. (2003) genotyped adults who performed a working memory task in
the context of a functional MRI paradigm. Participants completed two sessions, one under the
influence of a placebo and the other under the influence of amphetamine, a dopamine agonist.
Met-Met individuals outperformed their Val-Val counterparts on a test of working memory at
baseline; however, after the administration of d-amphetamine, their performance suffered.
Their functional neuroimaging data also suggested prefrontal inefficiency on amphetamine
relative to placebo. In contrast, the Val-Val individuals improved their performance on
amphetamine. These findings were interpreted to suggest that Met-Met individuals performed
poorly after amphetamine administration due to levels of dopamine that were too high (i.e.
falling to the right of the inverted-U), whereas Val-Val individuals moved closer to the apex
of the curve.

We have recently proposed that similar processes may occur in adolescence. That is,
adolescence may be a period in the lifespan that simulates the effects of amphetamine
administration as described by Mattay et al. Developmental increases in dopamine availability
may shift the relative relationship between COMT activity and behavior in accord with an
inverted-U shaped function (see Figure 2, adapted from Wahlstrom et al., 2007). Prior to
adolescence, Met-Met individuals may perform relatively well on measures of prefrontal
cognition. During adolescence, when circulating levels of dopamine in the prefrontal cortex
are high, their performance may suffer. In adulthood, they would perform relatively better once
again as dopamine levels stabilize. In contrast, Val-Val individuals would be expected to
perform relatively worse on prefrontally-mediated tasks prior to adolescence but to perform
somewhat better (though still worse than other groups) during adolescence. Heterozygotes
would fall in between these two groups in their performance levels, reaching an optimal level
of function in adolescence and an optimal level of performance relative to the other groups.

We obtained genetic samples from 205 participants in the 9-to-23 year-old age range, all of
whom completed a battery of neuropsychological tests that have been shown to be modulated
by prefrontal dopamine, including a visuomanual delayed response task modeled after the work
of Patricia Goldman-Rakic in primates (Goldman-Rakic, 1987). In an initial analysis of 9-17
year-olds, we reported that the heterozygous genotype (Val-Met) was associated with the best
performance on measures of attention and working memory (Wahlstrom et al., 2007). Met-
Met and Val-Val individuals both performed relatively poorly (see Figure 3). The genotype
groups did not differ in other demographic or cognitive parameters that might have impacted
performance. Interpreted within the context of developmental changes in dopamine, it is
possible that these findings reflect the interaction of adolescent-limited increases in dopamine
availability and COMT genotype. Specifically the interaction between the age-dependent
dopaminergic increases and the Met-Met configuration produced excessive levels of dopamine
that translated to inefficient cognitive functioning. Likewise, when combined with
developmental increases in dopamine, the heterozygotes may rest towards the apex of the
curve, and Val-Val individuals might receive similar (or greater, based on the fact that baseline
functioning was worse) benefits.
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Similar models have been proposed to account for decrements in working memory and other
fluid abilities that are associated with normal aging (Lindenberger et al., 2008; Backman et al.,
2006; Nagel et al., 2008). Using the COMT genotype as an example, Val-Val individuals may
be relatively vulnerable to the effects of aging on frontal dopamine concentrations, since the

aging process leads to lower levels of available dopamine.

Longitudinal analyses in support of this model would be ideal, and data collection to that end
is in progress in our laboratory. However, it would also provide supportive evidence to
demonstrate that the optimal genotype for cognitive performance changes with age using cross-
sectional data. After expanding the sample described above, we attempted to characterize Age-
by-Genotype interactions on prefrontal cognition by dividing our sample into three age groups
(9-12 year-olds (n=54), 13-17 year-olds (n=85), and 18-25 year-olds (n=62)). These
groupings represent early, mid, and late adolescence. The three groups are demographically
similar, and genotypic frequencies adhere to the Hardy-Weinberg equilibrium in the sample.
Two cognitive tasks were the focus of analysis, the digit span task (forward and backward
versions) as well as a spatial delayed response task (performance under 500 millisecond and
8-second delay conditions: Luciana & Collins, 1997). A repeated measures ANOVA was
implemented entering z-scores for these four variables (digit span forward, digit span
backward, spatial delayed response error 500 milliseconds and spatial delayed response error
8 seconds, all scored so that a high score represents good performance) to represent two levels
of Task (digit span versus delayed response) and, within the task groupings, two levels of
Process (attention versus working memory). Age group and COMT genotype were entered as
between-groups variables. There was a task by age group interaction, but otherwise, there were
no interactions between task or process and age group and genotype. There was a main effect
of age group, F(2,192)=28.55, p<.001, np22.22, as well as an age group by COMT interaction,
F(4,192)=2.45, p<.05, an: .05. The main effect of age group was due to worse performance
in 9-12 year-olds relative to each of the other groups, who did not differ from one another.
The task by age group interaction is due to stronger age effects for the digit span task than for
the delayed response task. The digit span task continues to show developmental improvement
through this age range, whereas performance on the delayed response task asymptotes earlier.

In terms of the age group by COMT interaction (see Figure 4), there were no reliable effects
of COMT observed within discrete age groups. However, when age effects were examined
within each COMT genotype, different developmental trends appeared evident. For Val-Val
individuals, there was an overall age group effect, F(2,54)= 13.76, p<.01, an:.34, with 9-12
year-olds performing worse than 13-17 year-old and 18-25 year-olds. For VVal-Met individuals,
there was also a main effect of age group that was somewhat lower in magnitude, F(2,98)=7.76,
p<.01, npzz .14. Again, 9-12 year-olds performed worse than the older two groups who did
not differ from one another. For Met-Met individuals, the age group effect was pronounced, F
(2,40)=7.92, p<.01, an:.28, but with a different pattern from the other groups. The 9-12 year-
olds performed worse than the older two groups, but the 13-17 year-olds also performed worse
(at a trend level of p=.06) than 18-25 year-olds. Thus, there is evidence of a more protracted
course of development of dopamine-modulated executive functions in Met homozygotes.
Figure 4 suggests that this distinct developmental course may lead to superior performance,
relative to the other genotypic groups, by adulthood. Longitudinal assessment of the sample
would clarify these trends. Of course, these conclusions are tentative given the small sample
sizes, but we are intrigued by the suggestion of differences in neuroplasticity through
adolescence based on genotype. Our model suggests that Met-Met individuals might be
vulnerable to high circulating levels of dopamine in PFC circuits during adolescence but that
this vulnerability may resolve with increasing age. It is important to note here that other groups
have demonstrated support for the notion that adolescent development modulates the
relationship between COMT and cognition. For example, Gothelf and colleagues (2005)
assessed intellectual performance in a sample of adolescents with velo-cardio-facial-syndrome
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(VCFS) at ages 13 and 18 years, and the results of their longitudinal design indicated that the
optimal COMT genotype at these two time points differed.

Though not a definitive set of findings, this work indicates a role for molecular genetics in the
study of adolescent-limited changes in neurochemical development, using genetic
polymorphisms as probes for neurotransmitter availability. This approach should be
particularly useful provided that a theoretical framework exists describing clear relationships
between behavior, age, the neurochemical system of interest, and the specified genetic probe.
Although our interest in this realm of assessment ultimately focuses on individual differences
in adolescent risk-taking, it may not be appropriate to study COMT in relation to reward
salience or other incentive-motivated behaviors given that it is hypothesized to be most active
in dorsal prefrontal versus limbic or striatal regions (Beyer & Stekee, 2000; Carr & White,
1987). It is likely that there are other candidate genes that control for processes that are
expressed more strongly in these regions and that could be examined for age-by-genotype
interactions. For instance, the Tagl A allele, associated with D, dopamine receptor
mechanisms (Neville et al., 2004), has been associated with novelty seeking tendencies in
adults and in adolescents as well as with reinforcement learning (Berman et al., 2002; Frank
& Hutchinson, 2009). The D4 dopamine receptor and the dopamine transporter genes are also
likely candidates for analysis, because individual differences in SNPs associated with these
genes have been linked to variations in personality traits, externalizing behaviors, and higher-
order cognition (DeYoung et al., 2006; Durston et al., 2008; Munafo et al., 2008). In summary,
the field of molecular genetics has been inspired by recent suggestions of genotype-by-context
interactions in shaping the quality of observed behavior (Caspi, 2003). In this case, age serves
as the contextual variable.

Though promising, this model of measuring developmental changes in neurochemistry is
indirect and relies on large samples for reliable conclusions to be drawn. In addition, a number
of methodological considerations must be addressed given the interpretive leaps required (for
example, how age is treated as an independent variable, and/or how age groups are stratified
given that the expected changes in the neurochemical system of interest may have a dramatic
effect on findings). Moreover, although we did not consider sex differences in our analyses
due to low power, there may be sexually dimorphic associations between genetic indices of
dopamine activity and behavior (see DeYoung et al., in press for an example). It could readily
be argued that from an evolutionary standpoint, males receive a higher benefit for exploration
and status seeking in the transition from adolescence to adulthood. Accordingly, we might
expect stronger associations between dopamine activity and relevant behaviors in males or
between gene-behavior associations.

It would be ideal to measure neurochemical responses and/or baseline activity more directly.
Positron emission tomography (PET) provides one avenue through which to conduct such
studies (Backman et al., 2006), although these studies are not feasible in healthy children and
adolescents due to the radioactive ligands that are used during scanning. More direct
conclusions could also be drawn through the use of acute psychopharmacological challenge
paradigms, which have provided important and useful information regarding the impact of
dopamine manipulations on adult cognition (Cools et al., 2007; Floresco & Magyar, 2006;
Luciana & Collins, 1997). Animal studies using pharmacological probes indicate, though, that
this approach as applied to humans would be complex and that different phenotypic responses
might be evident for different drugs, for different doses of the same drug, and for individuals
of different ages and clinical states (see Spear, 2000 for review). Nonetheless, we argue that
attempts to reconcile these issues would greatly expand the assessment of adolescent brain
development so that theories involving neurochemical function could be empirically validated.
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VIIl. Conclusions

The surge in incentive-reward motivation that is observed during adolescence coheres with
models of behavior that advocate for the existence of a dopamine-modulated neurobehavioral
system that underlies incentive-driven behavior. This system has been thoroughly described
(Depue & Collins, 1999; Panksepp, 1998) but has not been considered from a developmental
perspective. Whether developmental changes in this system’s activation are beneficial or not
depends on one’s perspective. On the one hand, adolescence is characterized by a number of
positive behavioral changes as one moves toward increasing independence. One the other hand,
these changes include increases in risk-taking and novelty seeking, as well as a heightened risk
for the development of psychiatric disorders such as depression, schizophrenia, and substance
abuse (Eison & Eison, 1994; Weinberger, 1987; Wise, 1998). Recent methodological advances
have allowed for a number of important insights into how brain development impacts
adolescent behavior. A notable omission, however, concerns changes in neurotransmitter
functions and their links to cognition and affect during this period, which is a result of the
difficulty in measuring these systems non-invasively. We contend that this is a critical
component in understanding human adolescent development considering the well-established
links between neurotransmission and behavior in adult samples. Moreover, it is the case that
neurochemistry can be altered. If adolescents experience over-or-underactivity in
neurochemical systems relative to other points in the lifespan and if this transient dysregulation
is extremely maladaptive for an individual, it can be treated. The promise of intervention for
those at greatest risk is important given the mortality associated with adolescent risk-taking
behaviors.

We have suggested models for measuring these associations, which include molecular genetics
(Wahlstrom et al., 2007) and pharmacological challenge (Rosa-Neto et al., 2005; Sallee et al.,
1998; Soloff et al., 2000). These techniques have been implemented in humans only to a limited
extent to answer developmental questions (i.e., change over time). Specific areas of
investigation would include the use of genotyping in large samples to infer whether adolescence
is a distinct period in development from the standpoint of gene-behavior associations, whether
links between neurochemical activity and behavior in adolescent samples are best explained
by trait versus state models of functional association, and the extent to which neurochemical
activity in distinct brain regions (striatum versus prefrontal cortex, for example) contributes to
the weighing of alternatives as adolescents make decisions in times of uncertainty. A focus on
these questions is important for our understanding of normative aspects of adolescent
development, particularly the accelerated development of incentive motivation that permits
adolescents to strive toward adult roles and future goals. These are positive changes for the
majority of individuals. However, the study of neurochemistry can also inform us regarding
individual differences in the emergence of problematic risk-taking and psychopathology and
why this vulnerability emerges during adolescence.
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Figure 1.

Dopamine Synthesis Pathway: Dopamine’s synthesis pathway begins with the amino acid
tyrosine and is regulated by the activity of tyrosine hydroyxylase. As indicated in the figure,
dopamine in neural synapses is regulated by monoamine oxydase (MAO) and catechol-O-
methyltransferase (COMT) activity.
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Dopamine’s Inverted-U-Shaped Performance Function and Lifespan Development: Dopamine
regulates behavior according to an inverted U-shaped performance function. As discussed in
the text, the nature of this function may change during the human lifespan. Higher levels of
available dopamine in adolescence versus adulthood may push some individuals toward a more
optimal position on the curve, while some individuals may be disadvantaged during this time
due to levels that are too high.
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Figure 3.

Illustration of the COMT genotype-by-behavior association in an adolescent sample:
Adolescents, ages 9 to 17, who varied in COMT genotype completed a battery of
neurocognitive tasks that reflect dopamine activity. COMT Val/Met heterzygotes performed
better than homozygotes on measures of working memory, attention, and motor function in
accord with the model illustrated in Figure 2, suggesting that they experience relatively optimal
levels of dopamine activity during this period of the lifespan. (From Wahlstrom et al., 2007,
with permission).
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Figure 4.

COMT by Age Group Interaction: An expansion of the study described in Figure 3 allowed
age-by-genotype interactions to be characterized. An age-by-genotype interaction was
observed for attention and working memory function when comparing 9-12, 13-17 and 18-
25 year-olds. As described in the text, individuals who carry the Val allele level off in their
development of these skills prior to those who are Met homozygotes. Met-Met homozygotes
show a developmental acceleration of performance from ages 13-17 to 18-25 that is not present
in the other groups. Values represent estimated marginal means plus/minus one standard error.
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