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Abstract

It can be argued that adolescents’” decision making is biased more by motivational factors than by
cognitively driven calculations of outcome probabilities. Brain-based models, derived from
structural and functional neuroimaging perspectives to account for this bias, have focused on
purported differences in rates of development of motivational and regulatory-control systems. This
article proposes a neurochemically based framework for understanding adolescents’ behavioral
biases_and suggests that there should be an increased focus on the dopaminergic substrates of
incentive motivation, which increases into adolescence and decreases thereafter. The article also
discusses the manner in which this increase interacts with executive control systems in affecting
self-regulation.
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In recent years, adolescent behavior has been scrutinized from developmental,
neuroscientific, and public health perspectives. One goal of this scrutiny has been to
investigate decision-making processes, their mechanistic underpinnings, and differential
engagement across contexts. Brain-based theories emphasize dynamics between
subcortically centered neural systems that promote motivation and prefrontally guided
executive networks that mediate control processes (Casey, Jones, & Hare, 2008; Ernst, Pine,
& Hardin, 2006; Steinberg, 2010). Extant models (Casey et al., 2008) hypothesize
differences in rates of functional development between networks.

One implication of this approach is that if the prefrontal executive control system could
more rapidly catch up to the subcortical limbic-striatal systems (hypothesized to
developmentally stabilize at earlier ages), behavior might be better regulated. Thus, there is
an implicit assumption that the control system can handle any demand imposed upon it.
However, systems that mediate working memory and other control functions can become
overloaded due to capacity constraints (Callicott et al., 1999; Yun, Krystal, & Mathalon,
2010) or depleted when loads exceed an optimal range (Baumeister, Brazlavsky, Muraven,
& Tice, 1998), with negative impacts on efficiency. When evaluating successes or failures
of self-regulation, one must consider not only the individual’s capacity but also the level of
demand at a given instance. The primary thesis of this discussion is that during adolescence,
the capacity for control is adultlike, but demand is high, exceeding levels typically present
during other developmental stages. This high demand, which we believe to be normative,
taxes the control system and impedes self-regulation. We propose that the source of the high
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demand lies in a dopamine-driven developmental increase in incentive motivation, which
serves a number of adaptive functions. Our goal here is to suggest that the mechanistic
underpinnings of this increase should be a focus of investigation, which would represent a
paradigm shift given the field’s focus on control capacities in explaining adolescent
behavior.

An accumulation of evidence suggests an increase in incentive motivation from childhood to
adolescence and a decline from adolescence into adulthood (Luciana, Wahlstrom, Porter, &
Collins, 2012; Steinberg, 2010). Few brain-based developmental processes can account for
this quadratic pattern. We have presented mechanistic accounts of how this patterning may
be modulated by normative developmental changes in dopamine activity (Luciana et al.,
2012; Wahlstrom, White, Collins, & Luciana, 2010). Here, we will briefly outline evidence
for this increase, describing how adolescent-specific changes in the dopamine system could
account for it. Implications for self-regulatory capacity are discussed in terms of the impact
of increased incentive motivation on the control system’s load burden in contexts where
prospects for reward are high.

INCENTIVE MOTIVATION DEFINED

Incentive motivation (IM) refers to the energizing of instrumental behavior—that is, to the
vigor and rate of responding--by anticipated reward acquisition (Depue & Collins, 1999;
Niv, Daw, Joel, & Dayan, 2007). High-incentive states are characterized by positive
attentional biases, approach-related motor behavior, and subjective states of anticipatory
engagement, especially under novel conditions (Depue & Collins, 1999; Segerstrom, 2001;
Vollstadt-Klein, Loeber, Richter, Kirsch, Bach et al., 2011). Approach to, rather than
avoidance of, novelty reflects positive motivation (Beckmann, Marusich, Gipson, & Bardo,
2011; Powell, Geyer, Gallagher, & Paulus, 2004). Importantly, this motivation serves a
critical adaptive function, given that novel contexts serve as learning environments for
immediate reward acquisition and long-term goal formation. IM is distinct from sensation-
seeking in that the latter construct is predominantly arousal-based and valence-free
(Zuckerman, 1994).

IM is neurally mediated by circuitry that includes the midbrain tegmental region, the
striatum, core limbic regions such as the extended amygdala, the anterior cingulate, and
medial regions of the orbitofrontal cortex (Depue & Collins, 1999). Numerous animal,
human pharmacological, and molecular genetic studies indicate that dopamine (DA)
modulates activity within this circuitry to promote IM (Depue & Collins, 1999; Koob &
Volkow, 2010). Moreover, variations in human DA function underlie individual differences
in IM-related traits (Dreher, Kohn, Kolanchana, Weinberger, & Berman, 2009; Wacker,
Chavanon, & Stemmler, 2006; Zald, Cowan, Ricccardi, Baldwin, Ansari, Shelby, et al.,
2008).

The Value of an Adolescent Increase in Incentive Motivation

An adolescent-limited increase in IM is a positive development that may confer evolutionary
advantages and that serves ultimately--through the promotion of learning--to encourage a
sense of agency as youth make the transition to adult independence (Spear, 2000;
Wahlstrom et al., 2010). Given that young adolescents lack experience, there needs to be a
means of assuring exposure to unfamiliar contexts so that outcomes associated with
consolidated learning will become available to guide future behavior. Thus, heightened IM
serves as a starting point to direct behavior toward novel contexts. Then, with repeated
experience in such contexts (e.g., in the course of instrumental learning), adolescents can
develop expectations regarding reward value and calculate risk/benefit trade-offs based on
this experience.
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CHANGES IN INCENTIVE MOTIVATION FROM CHILDHOOD TO
ADULTHOOD

Substance use begins in adolescence (Eaton, Kann, Kinchen, Shanklin, Ross, et al., 2010), as
does sexual experimentation (Hawes, Wellings, & Stephenson, 2010). The pursuit of
friendships with new groups and explorations of novel clothing, foods, music, and spiritual
beliefs increase (Czikszentmihalyi, Larson, & Prescott, 1977; King & Roeser, 2009; Zillman
& Gan, 1997). Openness to experience, relative to other major personality traits, increases
dramatically between ages 12 to 16 (McCrae et al., 2002), driven primarily by an increased
appreciation of aesthetics and alternative value systems. Within the confines of their
controlled environments, adolescent animals are similarly drawn to novelty (Douglas,
Varlinskaya & Spear, 2003; Stansfield & Kirstein, 2006).

Moreover, human adolescents self-report greater reward responsiveness than do adults
(Urosevic, Collins, Muetzel, Lim, & Luciana, 2012. Self-reported sensation-seeking,
incorporating aspects of 1M, increases from early to middle adolescence before declining
into adulthood, as evidenced by cross-sectional (Steinberg et al., 2010) and longitudinal
(Harden & Tucker-Drob, 2011) work. Laboratory paradigms indicate adolescents’
preferences for immediate versus long-term rewards (Olson, Collins, Hooper, Muetzel, Lim,
& Luciana, 2009; Steinberg, Graham, O’Brien, Woolard, Cauffman, & Banich, 2009).

Examinations of probabilistic learning from positive and negative feedback suggest age-
related changes in the processing of predicted rewards (Cohen, Asarnow, Sabb, Bilder,
Bookheimer, Knowlton, & Poldrack 2010). Functional MRI studies provide limited
supportive evidence that, relative to children, adolescents show increased responses in
regions of the brain’s reward system when they anticipate or receive rewards or view
rewarding stimuli (Cohen et al., 2010; Galvan, Hare, Parra, Penn, Voss, et al., 2006;
Somerville, Hare, & Casey, 2010; van Leijenhorst, Zannoli, VanMeel, Westerberg,
Rombouts, & Crone, 2010). This literature is complicated, though, by paradigmatic
differences across studies and failures to find age-related differences, as well as by some
observed effects in the nonpredicted direction (Bjork, Knutson, Fong, Caggiano, Bennett, &
Homer, 2004; Bjork, Smith, Chen, & Hommer, 2010; May, Delgado, Dahl, Stenger, Ryan,
Fiez, & Carter, 2004).

Finally, IM declines after adolescence, as indicated by animal evidence (Spear, 2000), as
well as by behavioral self-reports (Harden & Tucker-Drob, 2011; Steinberg et al., 2009;
Urosevic et al., 2012 and by the aforementioned fMRI studies, which demonstrate decreased
activity in reward structures, such as the nucleus accumbens, when adults anticipate rewards
and when they receive feedback about wins versus losses. Together, these lines of evidence
support the idea that a quadratic function may exist on behavioral and biological levels with
respect to incentive motivated behavior between childhood and adulthood.

Adolescent Changes in the Dopamine System

A role for dopamine in the facilitation of IM is strongly supported (Berridge & Robinson,
1998; Depue & Collins, 1999; Schultz, Tremblay, & Hollerman, 2000). Against the
backdrop of changes in cortical structure that occur during adolescence (Asato, Terwilliger,
Woo, & Luna, 2010; Gogtay, Giedd, Lusk, Hayashi, Greenstein, et al., 2004; Schmithorst &
Yuan, 2010), as well as during other developmental periods (Backman, Nyberg,
Lindenberger, Li, & Farde, 2006), neurochemical systems also change. This evidence has
been reviewed extensively with respect to dopamine (Ernst et al., 2009; Luciana et al., 2012
Spear, 2011; Wahlstrom et al., 2010).
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During adolescence, there are peaks in DA tissue concentrations (Andersen, Dumont, &
Teicher, 1997), alterations in DA transporter density (Coulter, Happe, & Murrin, 1996; Moll
et al., 2000), and changes in densities of both D1 and D5 receptor subtypes in the striatum
and prefrontal cortex, which decline from levels observed in early puberty (Andersen,
Thompson, Krenzel, & Teicher, 2002; Seeman, Bzowej, Guan, Bergeron, Becker, &
Reynolds, 1987; Tarazi, Tomasini, & Baldessarini, 1998).

An important feature of dopamine activity concerns its cells’ modes of firing, termed tonic
and phasic (Grace & Bunney, 1984a,b). Tonic (basal) firing represents the summated firing
rate of all DA neurons that are active at a given time. It is slow, low-amplitude, and regular
in rate, yielding relatively low extracellular dopamine concentrations. Extracellular
dopamine is further regulated by dopamine transporter activity and reflects amounts of the
transmitter that have dispersed from release sites and from postsynaptic targets. Tonic DA
levels are largely independent of environmental triggers and may index an individual’s level
of incentive-related drive (Niv et al, 2007; Willuhn, Wanat, Clark, & Phillips, 2010).

Conversely, phasic firing is characterized by high-amplitude bursts of activity, resulting in
high synaptic DA concentrations. Phasic firing occurs in response to salient events,
particularly during reward learning (Schulz et al., 2000, Willuhn, et al. 2010). A differential
between tonic and phasic signal amplitudes (a high signal-to-noise ratio or a low noise-to-
signal ratio) permits an organism to detect the phasic signal. If tonic levels are high,
environmental cues must be salient (high in reward value) to promote learning. Phasic bursts
are large when an organism encounters novel rewarding stimuli (Schultz et al., 2000) or
when cues during learning indicate the possibility of a valued reward when reward delivery
is uncertain. When reward delivery is fully predictable from experience, phasic firing
declines, indicating that learning is established (Schultz et al., 2000).

Importantly, then, there are distinct substrates within the dopamine system for the generation
of IM outside of learning and then for the influence of this motivational state on learned
behavior. Interactions between the tonic and phasic modes are not well understood. One
view is that there is a reciprocal relationship whereby phasic activity is high when tonic
activity is low (Goto, Otani, & Grace, 2007). Another is that the modes enable each other.
For instance, repeated phasic firings during learning could summate to elevate tonic levels
(Niv et al., 2007).

Perhaps adolescence is characterized by such enabling (see Figure 1). We hypothesize that
tonic DA, triggered by genetic regulatory factors, increases during early adolescence to
establish high levels of motivated approach. In the context of this elevated tonic level,
learning signals (phasic signals of reward) are weakly or inconsistently detected (Robinson,
Zitzman, Smith, & Spear, 2011; see Figure 1, top). In general, the elevated tone implies that
rewards will need to be high in magnitude and that learning experiences will need to be
particularly salient (in generating burst signals) to achieve optimal cue-reward associations
and to subsequently guide behavior. Thus, adolescents may experience high levels of drive,
but in the context of an increased need for strong environmental stimulation to direct
learning. As would be expected as a function of the increase in 1M, they are drawn to both
low- and high-magnitude rewards, but it is only highly salient rewards that generate
effective learning signals.

With the pursuit of more salient rewards, phasic signals are increasingly amplified (Figure 1,
middle). The adaptive effects of this amplification on behavior will be enabled by
increasingly well-established executive abilities mediated by the continued development of
frontostriatal connectivity (Asato et al., 2010; Gogtay et al., 2004). For instance, when the
medial orbitofrontal cortex receives outcome-related signals during reward learning, a
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calculation of the outcome’s expected value occurs (Tobler et al., 2007). This calculation
allows the individual to make contingency-based decisions. Thus, as the prefrontal cortex
attains full maturation in its own right late in adolescence, the individual is best able to
benefit, as a function of newly gained experience, from the neurochemically generated
learning signals (phasic DA responses).

Finally, as learning is consolidated with respect to external sources of positive
reinforcement, phasic dopamine signals decline in amplitude (Figure 1, bottom). This
overall decline may serve, over time, to dampen the system’s tonic background state,
contributing to a relative (but still normative) decrease in IM in adulthood. In adulthood,
more moderate phasic signals may be sufficient to guide behavior given lower background
tonic levels.

Supportive evidence for this proposed interplay between tonic and phasic modes of DA
activity and effects on behavior relies entirely on animal and computational models (Niv et
al., 2007; Willuhn, 2010). Developmental theory has not been incorporated into these
approaches. Accordingly, this account is speculative.

IMPLICATIONS FOR EXECUTIVE CONTROL AND THE ACHIEVEMENT OF
SELF-REGULATION

If increases in tonic DA activity during adolescence result in increased 1M, there are
important implications for executive control and, ultimately, self-regulation. Through
interactions with prefrontal circuitry, increased tonic DA alters the efficiency and flexibility
of control processes (Goto et al., 2007). Executive control refers generally to processes such
as working memory, inhibitory control, and flexibility that can be adaptively engaged to
meet the demands of particular contexts. Self-regulation is broader in scope, defined in
terms of the ability to achieve control over motivational impulses (Blair & Diamond, 2008).
That is, self-regulation involves both the recruitment of executive control processes
(available cognitive resources) and the extent to which, in any given context, internal states
are actually regulated, ignored, and/or perhaps even recruited (see Geier, Terwilliger,
Teslovich, Velanova, & Luna, 2010, for example) to accomplish an adaptive goal. Thus,
self-requlation is the adaptive management of a given situation’s executive load.

If arousal is high or if one is fatigued or preoccupied, then the executive burden is elevated
(e.g., Killgore, 2010; Yerkes & Dodson, 1908) and regulation may be difficult. When the
combination of external and internal demands is low, then regulation should be relatively
effortless. Importantly, these relations hold regardless of maturation level. Even those with a
fully developed (i.e., structurally intact and fully interconnected) executive control system
might experience regulatory failures if information-processing demands are sufficiently high
or if executive resources are depleted (Baumeister et al.,1998).

When evaluating typical adolescent behavior, the field has quite reasonably attributed self-
regulatory failures to prefrontal deficiencies (e.g., Hwang et al., 2010; Hooper et al., 2004)
even though executive capacity is, for the most part, adultlike (Conklin et al. 2007; Crone &
van der Molen, 2004; Luna et al. 2004). Indeed, it was recently demonstrated that roughly
50% of a large sample of typically developing youth in midadolescence performed as well
as adults on a composite measure of cognitive capacity (Steinberg et al., 2009). But as
individuals are required to manage increasing quantities of information, the age at which
that amount of information can be effectively managed increases (Luciana et al., 2005),
supporting the idea that the executive control system is taxed under high demand and that
the ability to meet increasing demand increases with age. Adolescents’ behaviors in
motivational and psychosocial contexts often fall short of what would be expected on the
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basis of their otherwise strong levels of ability or available resources (Hooper et al., 2004;
Steinberg et al., 2009).

Rather than focusing on the brain’s executive capacity as a source of difficulty for the
typical adolescent, perhaps the research emphasis should shift toward understanding the
sources of demands on the executive system. Our view is that an increase in IM occurs
during adolescence, which places a high demand on the executive system, adding
considerably to the system’s burden, and influencing the extent to which self-regulation can
be consistently achieved.

Comprehensive validation of this model relies on assessing tonic and phasic aspects of DA
neurotransmission within adolescence as experience consolidates. If tonic levels of
dopamine underlie incentive-reward motivation, and if such levels increase through
adolescence, there should be evidence of increased DA release, decreased DA transporter
activity, increased extracellular DA concentrations, and/or decreased autoreceptor regulation
(Willuhn et al., 2010; Goto et al., 2007). The variance in overall tonic function exerted by
each of these parameters of the system has yet to be determined. As adolescence progresses,
we might expect age-related progressions in the behavioral utility of phasic DA responses
(as in Cohen et al., 2010) that occur in concert with tonic shifts. Testing these various
components of the dopamine system during typical human development represents a major
empirical challenge.

CONCLUSIONS, CRITICAL QUESTIONS, AND NEXT STEPS

In the field of adolescent brain development, a prominent goal over the past decade has been
to characterize adolescents’ executive abilities. That work has been important in providing
data in support of the continuing development of executive skills into the 20s, as well as the
continuing development of the neural structures and connections that putatively support such
development. A core motive for this research has been to address the issue of adolescent
decision making and to consider ways in which substance abuse and other negative
outcomes might be prevented. This research has revealed that adolescents can be
enormously competent in their levels of executive function, but that self-regulation falters
under conditions of high stress or high demand. Here we argue that the field has reached the
point where a paradigm shift is needed. Rather than characterizing such situations as
executive failures due to an inability to recruit sufficient cognitive resources, it should be
recognized that the resources exist but that demands on the system are high.

Thus, the context of such falterings should be scrutinized. Under novel conditions, the
executive burden may become too strong for adolescents to manage. Critically, the same
regulatory failures would occur in adulthood if the same level of incentive motivation were
present. However, this is rarely the case (on average, in the typically functioning person) due
to a general age-related decline in the activity of the incentive system due to declines in
dopamine signaling. Thus, a quadratic function may exist with respect to incentive
motivation, while a linear function may exist with respect to the development of executive
control. The intersection of these functions, depicted in Figure 2, determines behavioral
biases in childhood, adolescence, and adulthood, respectively. As indicated in the figure,
behavior is biased toward successful control when incentive motivational drive is relatively
low.

Importantly, biologically determined trait-based individual differences very likely interact
with these age-based trends to determine developmental outcomes (Wahlstrom et al. 2010).
To assist those at high risk for psychopathology that involves reward systems, there may be
a need to focus less on executive control and cognitive capacity and more on the
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neurochemical substrates of drive states such as incentive motivation. These substrates are
potentially broader in scope and more dynamic than those emphasized within the field thus
far. Moreover, that focus should incorporate the full range of development from childhood
into adulthood. The inverted-U-shaped trajectory described in Figure 2 is not convincingly
explained by structural brain changes, or by increasing cortical-subcortical or even whole-
brain connectivity. It is potentially explained by neurochemical changes.

This framework is important in terms of the roles that parents and society play in allocating
privileges to teens. A broad societal challenge is to devise ways in which adolescents can
indulge their increased drive toward motor exploration and exploitation of rewarding
contexts, given the potential for many adaptive consequences, without creating or
perpetuating opportunities for danger or neural compromise. Substance use, for instance,
affects the dopamine system’s neuroplasticity in ways that can alter subsequent development
(Koob & Volkow, 2010).

A limitation of this model is, of course, that it describes the intersection of only one form of
motivation (positive incentive) with executive control capacity, holding constant other
sources of motivation (i.e., punishment sensitivity) that most certainly have an impact on
behavior (Ernst et al., 2006). A complete account of adolescent behavior cannot be achieved
without inclusion of a broader range of motivations and their interactions with regulatory
control systems.

In terms of directions for further research, dopamine systems have not been directly tested in
human adolescents even though the technology exists to facilitate such an assessment.. That
technology includes pharmacological challenge approaches, as well as positron emission
tomography (PET) imaging. Given the preponderance of animal evidence in support of
neurochemical change as a substrate for adolescent-limited increases in incentive
motivation, perhaps current limitations on conducting such studies in minors should be
relaxed, but with appropriate regulatory monitoring, to allow the dopamine system to be
directly examined in adolescents as it has been in older adults as well as patient populations
(c.f., Backman et al., 2006). Until then, computational modeling of the interplay between
tonic and phasic levels of dopamine (cf., Niv et al., 2007), as well as imaging genetics
(Hariri, Drabant, & Weinberger, 2006) of developmental groups, might also be informative,
using behavioral indices that represent each mode of action (i.e., reward prediction error
versus effort-based response vigor) as guides.

To conclude, the perspective advanced here is that the field may have reached a necessary
turning point in terms of which brain-behavior associations should be targets of
investigation in the attempt to achieve a complete understanding of typical adolescent
behavior.
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Early Adolescence: Tonic Levels
Increase; Phasic Signals Weak

Middle Adolescence: Tonic
Levels High; Phasic Signals
Strong

Early Adulthood: Tonic Levels
Declining; Phasic Signals
Weaken

Time

Figure 1.
Illustration of proposed changes in tonic versus phasic dopamine signaling through

adolescence. Tonic signals increase, reflecting increases in incentive motivation and
enabling approach toward incentive contexts. As discussed in the text, phasic signals must
be increasingly strong to be discriminated against the background tonic level. In adulthood,
tonic levels return to the intraindividual baseline, and weaker phasic signals are able to
influence reward-related learning.
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Figure2.

Proposed interplay between executive control and incentive motivation from childhood into
young adulthood. When the red line exceeds the blue line, the potential exists for the
executive control system to be overloaded beyond its capacity.
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