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Abstract

Smoking is a leading cause of mortality and morbidity worldwide. Smoking initiation often occurs
during adolescence. This paper reviews and synthesizes adolescent development and nicotine
dependence literatures to provide an account of adolescent smoking from onset to compulsive use.
We extend neurobiological models of adolescent risk-taking, that focus on the interplay between
incentive processing and cognitive control brain systems, through incorporating psychosocial and
contextual factors specific to smoking, to suggest that adolescents are more vulnerable than adults
to cigarette use generally, but that individual differences exist placing some adolescents at
increased risk for smoking. Upon smoking, adolescents are more likely to continue smoking due
to the increased positive effects induced by nicotine during this period. Continued use during
adolescence, may be best understood as reflecting drug-related changes to neural systems
underlying incentive processing and cognitive control, resulting in decision-making that is biased
towards continued smoking. Persistent changes following nicotine exposure that may underlie
continued dependence are described. We highlight ways that interventions may benefit from a
consideration of cognitive-neuroscience findings.
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1. Introduction

Smoking remains a leading cause of morbidity and mortality worldwide (American Cancer
Society, 2010). The life expectancy for smokers is at least one decade shorter than for those
who have never smoked (Jha et al., 2013) and for every smoker that dies from a smoking-
related disease, another twenty Americans continue to live with a smoking-related disease
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(USDHHS, 2010). Quitting smoking is notoriously difficult, with unaided quit attempts
resulting in relapse 90-95% of the time within one year of the quit attempt (Bancej et al.,
2007; Hughes et al., 2004; Van Zundert et al., 2012). The personal and economic impact of
smoking on public health and the immense challenge of quitting forcefully argue for
increased understanding of the biological and environmental factors contributing to smoking
initiation and early use.

A number of studies indicate that smoking initiation is most likely to occur during
adolescence (Chen & Kandel, 1995; Lantz, 2003). Indeed, the majority of adults who smoke
daily start smoking by the age of 18 (USDHHS, 2012). Despite recent declines, adolescent
smoking rates remain generally high with 18% of 8™ graders and 40% of 12! graders
reporting having tried cigarettes at some time, and with 6.1% and 18.7% of 8" graders and
12t graders, respectively, reporting being daily smokers (Johnston et al., 2012). These
statistics are particularly troubling given that early use of cigarettes during adolescence has
been associated with heightened risk for later dependence (Kendler et al., 2013; Klein et al.,
2013). Remarkably, even relatively low rates of cigarette consumption during adolescence
(e.g., two to four cigarettes per week) increases the risk of becoming nicotine dependent in
early adulthood (Riggs et al., 2007).

Characterizing processes underlying the uptake of smoking as well as the continued use of
cigarettes through the adolescent period is integral to reducing the life-long health burden of
smoking. Critically, adolescent smoking is a complex, multi-determined behavior, a fuller
understanding of which necessitates an integrated biopsychosocial perspective. That is, to
effectively identify individuals who may be at risk for experimentation and progressive use
of cigarettes requires cross-disciplinary study at multiple levels of analysis, including (but
not limited to) behavioral genetics, neuroscience, and epidemiology.

One key component to this perspective is knowledge of normative adolescent brain
development and how experience or environmental perturbations, like nicotine exposure
through cigarettes, may affect brain structure and function. In this paper, we review and
synthesize literature on adolescent brain development, risk-taking and decision-making, and
theories of nicotine dependence (from preclinical and human models) as a means to provide
a more comprehensive neurobiological account of adolescent smoking from the initial
cigarette to compulsive use. We also discuss persistent changes to incentive processing and
cognitive control that encourages smoking beyond adolescence and impacts the ability to
quit smoking during adulthood. To begin the task of integration across levels of analysis, we
incorporate relevant findings beyond the neurobiological literature. Throughout, we
highlight ways in which interventions aimed at smoking cessation may benefit from
consideration of developmental neurobiological findings.

2. Model overview

First, we begin with an overview of our model. The model we present in this paper builds
upon extraordinary progress in recent years in understanding adolescent brain development.
Leading theories of adolescent brain development emphasize a unique sensitivity to
motivational cues during this developmental period due to an adolescent-specific
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configuration of fronto-striatal circuitry (e.g., Luciana & Collins, 2012; Somerville & Casey,
2010). Due to the unique configuration of these systems (reviewed in section 3.4), behaviors
towards immediately available, salient rewards are enhanced, while the ability to direct
behavior towards long-term goals that may be inconsistent with the pursuit of immediately
available rewards may be impaired. These neurobiological models have been used to explain
the increase in risk-taking occurring during adolescence (e.g., Casey et al., 2008; Steinberg,
2008) and continue to be useful models for understanding adolescent risk behaviors (see
Strang et al., 2013 for a discussion).

The model we present incorporates findings from the literature on adolescent smoking in an
effort to extend this general model of adolescent risk-taking towards the formation of a
model more specific to cigarette use during adolescence. Our model encompasses smoking
initiation, the initial smoking experience, progression to regular smoking, and, finally,
attempts at smoking cessation. First (section 3), we focus on the interplay between incentive
processing and cognitive control processes in the brain, and suggest that the unique
configuration and continued maturation of these systems during the adolescent period
renders youth more vulnerable than adults to risky behavior like experimenting with
cigarettes. Adolescents experience heightened approach motivation, relative to other age
groups, towards novel stimuli such as cigarettes. Positive smoking expectancies — or beliefs
about the effects of smoking — are suggested to enhance approach motivation towards
cigarettes. While this heightened approach motivation is difficult to regulate due to the
continued development of cognitive control abilities, adolescents at this stage of the
addiction cycle have the capacity to exert control over their impulses, especially when they
are motivated to do so. However, the motivation to do so may be lacking due to
psychosocial risk-factors, some of which may be specific to the individual, such as peer
influences on smoking, that impact decisions to smoke by rendering the prospect of smoking
appealing. Further, we begin the task of extending contemporary neurobiological models by
considering processes that take place once initial impulses to approach immediately
available rewards have been suppressed and adolescents are successful in engaging
deliberative decision-making processes (section 3.5). Contextual factors such as the
availability of cigarettes, are also highlighted as a necessary component to consider in order
to move contemporary neurobiological models from a general to a smoking-specific model
of adolescent risk-taking (section 3.6).

Upon smoking, adolescents are more likely than other ages to continue smoking due to the
increased positive effects induced by nicotine during this developmental period (reviewed in
section 5). With continued use, adolescent smoking may be best understood as dependence,
rather than risk-taking. We suggest that changes to mechanisms involving incentive
processing and cognitive control regions may underlie this dependence (reviewed in section
6). Specifically, with continued cigarette use, adolescents experience heightened impulses to
consume cigarettes in the context of drug-induced impairments in cognitive control. At this
point, while they may now be motivated not to smoke cigarettes, the strong impulses to
smoke and the experience of cognitive deficits renders decisions to remain abstinent from
smoking difficult to execute.
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Finally, our model considers persistent effects of smoking beyond acute withdrawal that
may result exclusively from adolescent nicotine exposure (section 8). These persistent
changes result in a protracted abstinence syndrome characterized by negative affect,
cognitive-deficits, and increased reactivity towards nicotine and other drugs, even after long
periods of abstinence, that may undermine smoking cessation and that highlights the need
for preventive interventions to discourage smoking uptake during this vulnerable
developmental period.

3. An overview of adolescent brain development and steps towards a

smoking-specific model of adolescent smoking initiation

3.1. Adolescence as a time of increased risk-taking

Adolescence is widely recognized as a time of increased risk-taking compared to other age
groups (Arnett, 1992; Spear, 2000). We broadly define risk-taking as engaging in behaviors
high in subjective desirability but which also expose the individual to possible loss or harm
(see Geier et al., 2010). The negative consequences of risk-taking, including vehicular
accidents and substance abuse, are the major sources of death and disability during
adolescence (Eaton et al., 2012).

Traditionally, the increased risk-taking in adolescence was viewed as the outcome of limited
cognitive abilities (for review, see Boyer, 2006). Increases in risk-taking during adolescence,
from this perspective, result from an inability to appreciate the risks involved in actions or
the inability to effectively judge the probability of a risky outcome. Views from this
approach include the adolescent vulnerability hypothesis (e.g., Arnett, 1992) that argues
adolescents exhibit a cognitive deficiency, such that the adolescent regards him or herself as
unique. This view of oneself as unique becomes a conviction that one will not die, that one
is invulnerable to the consequences of behavior (Elkind, 1967). Research has failed to
repeatedly support this purported cognitive limitation, however, with adolescents showing
similar risk perceptions as adults and, in some instances, an increased perceived
vulnerability to aversive outcomes (Fischhoff et al., 2000; Millstein & Halpern-Felsher,
2002). When asked to list the possible consequences of engaging in potentially risky
behaviors, adolescents and adults exhibit similar response patterns (Beyth-Marom et al.,
1993), illustrating that differences in the perceived consequences of risky behaviors do not
underlie the increase in risky behaviors during adolescence. In fact, children as young as 5
years old have demonstrated a functional understanding of probability and expected value
(Schlottman, 2001) and during a gambling task designed to assess abilities in probability
estimation and reward evaluation, children, adolescents, and adults performed at a similar
level (van Leijenhorst et al., 2008).

Such findings have lead researchers to view models focused on limitations in deliberative
decision making to be inadequate in accounting for most adolescent risk-taking (for
discussion see Reyna & Farley, 2006). Indeed, noting the capabilities of adolescents to
encode mathematical probabilities about risks and rewards, fuzzy trace theory (Reyna &
Brainerd, 2011) offers a compelling account of developmental differences in cognition that
suggests that adolescents tend to be more rational in their decision-making, i.e. they analyze

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lydon et al.

Page 5

risky options, than adults who tend to incorporate gists, focusing on intuition rather than
analytical details, into their decision-making process (Reyna et al., 2011). The theory
contends that relying on deliberative decision-making is not necessarily a mark of mature
decision-making and can actually result in risky behavior (Mills et al., 2008). The theory is
noteworthy as it overcomes the often simplistic portrayal of interactions between emotional
and analytic processes, noting that emotional aspects of cognition are not necessarily
impulsive or primitive and that quick decisions relying on impulses are not always in
conflict with decision outcomes that result from more deliberative processes. It is beyond
the scope of this review to provide a complete overview of this model (interested readers are
directed to Rivers et al., 2008 for a discussion of adolescent risk-taking from a fuzzy trace
perspective) however its strength lies in its ability to reconcile the robust analytic decision-
making abilities of adolescence and the real-world increase in risk-taking during
adolescence.

3.2. Adolescent risk-taking in context

Noting the conflicting accounts of the inverted U-shaped pattern of risk-taking, peaking
during adolescence, observed in real-world settings versus adolescent non-specific risk-
taking observed in the laboratory (e.g. Weller et al., 2011) other theorists focus on the
laboratory context in which risk-taking is often assessed and suggest that risk-taking in such
contexts is not reflective of ‘real-world’ decision-making in that laboratory experiments
usually involve hypothetical decisions in conditions of low emotional arousal (for discussion
see Steinberg, 2004). Adolescent decision-making in risky contexts in the real world usually
occurs under conditions of emotional arousal and, notably, in the presence of peers. Using
two versions of the Columbia Card Task (CCT), Figner et al. (2009) investigated adolescent
risk-taking under “hot” conditions - conditions in which affective processes were triggered -
and “cold” conditions - conditions designed to avoid the triggering of affective processes
(more deliberative decision-making). Adolescents exhibited increased risk-taking relative to
adults in the “hot” but not the “cold” CCT. The increased risk taking was associated with
less use of risk-relevant information, including probability, gain amount, and loss amount. In
the cold condition, adolescents used information to the same extent as adults. Adult risk-
taking was less variable across conditions suggesting a more balanced use of affective and
deliberative processing. Similar developmental differences in performance across “hot” and
“cold” decision-making tasks have been observed in other, more recent studies (e.g., van
Duijvenvoorde et al., 2010; Johnson et al., 2012).

Another characteristic of real-world adolescent risk-taking is its social nature (for review see
Albert et al., 2013). Indeed, the social nature of the initial smoking experience, often taking
place in the presence of peers or siblings, has been widely noted (e.g., Friedman et al., 1985;
Delorme et al., 2003). The social nature of adolescent risk-taking has been observed in
laboratory tasks with stronger peer effects on risk-taking observed among adolescents than
adults (Gardner & Steinberg, 2005). Chein et al. (2010) manipulated the social context
during an incentivized simulated driving game in which participants made the decision to
stop or to go at an intersection. Running through the intersection risked a collision with
another vehicle but also held the potential of reaching the end of the track quicker and
maximizing a monetary reward. In one condition, participants underwent the task alone
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while in another condition they were observed by peers. Adolescents, but not adults,
exhibited greater risk taking (they drove through more yellow lights and crashed more often)
when observed by their peers. Current interpretation of this phenomenon is that the presence
of peers primes a reward-sensitive motivational state in adolescents more so than in adults
(Albert et al., 2013). Indeed, social cues are motivationally relevant, with some inducing
approach behavior (e.g., peer acceptance), and some inducing avoidance behavior (e.g., peer
rejection) (see De Lorme et al., 2013 for discussion).

3.3. Interactions between affect and cognitive control

The studies cited in section 3.2 highlight the importance of understanding the functional
interplay between affect and cognitive control to account for variability in adolescent
decision-making across contexts. A key aspect of our model is the consideration of the joint
contributions of an incentive-maotivational system and a cognitive control system. The
incentive-motivation system is supported by a well-studied circuitry originating in the
ventral tegmental area, extending through the ventral striatum, and projecting to the medial
and ventral regions of the prefrontal cortex (PFC), and the anterior cingulate cortex
(O’Doherty, 2004; Schultz et al., 2000; Wise, 2002). The system supports reward valuation
and the prediction of rewards and punishment (O’Doherty, 2004) and propels organisms to
engage in incentive-motivated behaviors (Wahlstrom et al., 2010). Our model’s main focus
is on the role of this system during adolescence in generating approach behaviors through
appetitive motivation. Appetitive motivation refers to the state resulting from exposure to
external stimuli with rewarding properties (Aarts et al., 2011). This state, resulting from
mesolimbic dopamine (DA) projections to the ventral striatum, has been termed “wanting’
and generates approach behavior to stimuli signaling potential reward (Berridge, 2004).

In considering the role of cognitive control systems in the decision-making process, a useful
distinction has been made between fast and slow (Metcalfe & Mischel, 1999), or impulsive
and reflective (Bechara, 2005), systems. The impulsive system, supported by the
aforementioned brain circuitry, is specialized for fast responses to stimuli while the
reflective system is involved in more deliberative processing of stimuli. It would seem
evolutionarily advantageous for an organism to determine rapidly, when confronted by a
stimulus, whether approach or withdrawal is useful (Cacioppo et al., 1999), yet adaptive
decision-making often requires the inhibition of a prepotent response based on the faster
system to allow the engagement of reasoning abilities (Knoch & Fehr, 2007). The cognitive
control system contributes to decision-making by inhibiting prepotent responses from the
faster system and by providing the means to engage in deliberative reasoning. The neural
circuitry underlying cognitive control differs depending on the aspect of cognitive control
being examined and is generally widely distributed, although PFC has received the most
attention (Luna et al., 2010). Studies on the interplay between these systems in adults are in
line with this model. During a decision-making task involving choices involving monetary
reward options varying by delay to delivery, McClure et al. (2004) observed greater fronto-
parietal activity when subjects chose longer term options relative to times in which subjects
chose more immediately available rewards. Areas of the limbic system associated with the
midbrain DA system were preferentially activated during choices involving immediate
rewards. Kuhnen and Knutson (2005) observed increased ventral striatum activity before
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risky choices relative to less risky choices. Low-frequency repetitive transcranial magnetic
stimulation to the right dorsolateral PFC, a technique that temporarily disrupts function,
resulted in riskier decision-making during a gambling task (Knoch et al., 2006).

3.4. Development of incentive processing and cognitive control during adolescence

The brain areas comprising these incentive-motivational and cognitive control systems
undergo significant development during adolescence. Large-scale longitudinal neuroimaging
studies have observed prepubertal increases in gray matter densities, followed by
postpubertal loss (Giedd et al., 1999). The decreases in gray matter through adolescence is
thought to partially result from the loss of underused synapses via synaptic pruning (Gogtay
et al., 2004), a process which is thought to enhance information processing, capacity, and
speed (see Luna et al., 2004). The developmental trajectory of gray matter reductions differs
by region with brain areas associated with basic functions, such as motor and sensory brain
areas, maturing first and areas involved in more complex functions, such as executive
functions, maturing later (Gogtay et al., 2004). Considering the correlations between gray
matter structure and cognitive functioning (e.g., Frangou et al., 2004; Van Petten et al.,
2004), immaturities in these areas would be expected to result in limited incentive
processing and cognitive control abilities.

Changes in white matter volume also occur through adolescence with linear increases
occurring throughout childhood and adolescence (Giedd, 2008). Myelination underlies this
increase in white matter volume and is a process that aids the functional integration of
widely distributed circuitry (see Luna et al., 2010 for discussion). As efficient incentive
processing requires the integration of many signals throughout the brain (Watanabe &
Sakagami, 2007; Grace et al., 2007), the adolescent brain, still undergoing the process of
myelination, may not be as efficient or rapid in accessing, and integrating, incentive signals.
The continuing myelination during adolescence may also render top-down cognitive control
mechanisms inefficient (Liston et al., 2006), potentially resulting in increased vulnerability
to impulsive behaviors. Indeed, studies suggests that white matter structure is associated
with the development of a host of cognitive functions during adolescence (e.g., Nagy et al.,
2004).

Significant attention has been directed to developmental changes to the DA system because
of its role in reward processing (for reviews see Ernst et al., 2009; Wahlstrom et al., 2010).
DA tissue concentrations in both cortical and subcortical regions are at a relative high during
adolescence (Goldman-Rakic & Brown, 1982; Irwin et al., 1994). Coupling these
observations with findings suggesting an inverted u-shaped influence of DA activity on PFC
functioning (for discussion, see Arnsten, 2009) with both deficient and excessive levels of
DA impairing behavioral performance, Wahlstrom et al. (2010) hypothesize that DA levels
in the PFC, under certain circumstances, exceed optimal levels, allowing activity in
subcortical regions to dominate while PFC regions are “overdosed”. Furthermore, greater
levels of DA activity in the nucleus accumbens may shift information flow in the nucleus
accumbens toward greater limbic and less PFC input (Goto & Grace, 2008). Under such
conditions, PFC input of incentive signals and top-down modulation of approach behavior
towards more appropriate, goal-directed behavior may be compromised.
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In line with these neurobiological findings, behavioral findings suggest that cognitive
control abilities continue to develop through the adolescent period (e.g., Luna et al., 2004;
Munoz et al., 1998; for review see Best et al., 2009). With age, performance on a wide-range
of tasks indexing various components of cognitive control - including working memory and
inhibitory control - becomes more accurate and consistent. Imaging data have also been used
to argue for continued development of brain processes underlying cognitive control (e.g.,
Stevens et al., 2007; Velanova et al., 2008; for review see Luna et al., 2010). While
adolescents can demonstrate adult-like behavior on cognitive control tasks, their functional
circuitry during these tasks resembles that of adults performing a more difficult task (e.g.,
Scherf et al., 2006). There is also evidence for continued maturation through adolescence of
the ability to engage regions necessary for the sustained maintenance of cognitive control
sets which may account for the observation that adolescents are less consistent than adults
during blocks of trials (Dosenbach et al., 2007; Velanova et al., 2009).

Although cognitive control abilities continue to develop throughout the adolescent period,
especially in terms of the consistent execution of cognitive control (Velanova et al., 2009),
adolescents are remarkably efficient and often demonstrate near-adult levels of performance
on cognitive control tasks. Furthermore, researchers highlight the incongruity of the linear
development of cognitive control from childhood through adolescence into adulthood, and
the curvilinear development of risk-taking behavior - low in childhood, peaking in
adolescence, and decreasing in adulthood (Casey & Caudle, 2013). As such, we argue that
the role of immaturities in cognitive control for risky behavior provides an incomplete
understanding of this phenomenon; limited cognitive control must be considered in the
context of the heightened incentive motivation observed during this period (Luciana &
Collins, 2012).

Studies on sensation- and novelty-seeking can inform research into incentive motivation.
Sensation-seeking is the motivation to experience reinforcing stimuli and the willingness to
risk aversive consequences in order to attain the desired experience (Zuckerman, 1994) and
has been related to DA activity (for review see Roberti, 2004). Both sensation- and novelty-
seeking may be viewed as a product of motivation to experience potential reward. From this
perspective, risk taking might be viewed as a correlate of these behaviors, not the primary
motivating influence, as the potential benefits of novelty- and sensation-seeking may also be
accompanied by potential negative consequences. Increased novelty-seeking and exploratory
behavior has been observed in adolescent rats and mice relative to adult animals (Douglas et
al., 2003; Philpot & Wecker, 2008). In humans, adolescents also demonstrate increased
approach behavior and decreased avoidance behavior relative to other age groups. Cauffman
et al. (2010) demonstrated a curvilinear development pattern in approach behavior towards
reward during a gambling task involving participants with ages ranging from 10 to 30.
Reward-seeking peaked beginning in adolescence and declined in young adulthood.
Adolescents also exhibited less harm avoidance tendencies suggesting that adolescents are
more attentive to positive than negative outcomes. A peak in sensation-seeking, measured
by items such as “I like new and exciting experiences, even if | have to break the rules”, has
also been observed during adolescence (Romer et al., 2010; Steinberg et al., 2008).
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In considering the development of incentive processing, it is also important to consider
consummatory processing alongside reward-seeking behavior. The mativation to achieve an
outcome is influenced by consummatory processing, or the way in which one responds to
outcomes. There is behavioral evidence for increased hedonic responding to reward
consumption during adolescence. Urosevic et al. (2012) provide longitudinal evidence for
self-reported increases in positive affective responses to rewards from early to late
adolescence, with evidence for a decline in the early 20s. During a monetary reward task,
adolescents self-reported positive outcomes - notification of receipt of a monetary reward -
as being more pleasurable than adults (Ernst et al., 2005). In a series of experiments,
Wilmouth and Spear (2009) demonstrated increased hedonic reactions to sucrose in
adolescent rats compared to adult rats. Note that the role of DA in generating hedonic
responses has been disputed with its functioning thought to be more involved in generating
incentive motivation rather than pleasure (see Berridge, 2004 for discussion). Instead, opioid
activity in the shell of the nucleus accumbens is thought to mediate hedonic pleasure
(Berridge, 2003; Kelley et al., 2002).

Imaging studies have been exceedingly useful in examining the development of incentive
processing during the adolescent period. In investigating the adolescent response to
incentives, it is important to consider the temporally distinct signals associated with
incentive processing (Schultz et al., 2000; O’Doherty, 2004). Signals occurring prior to
incentive delivery involve the processing of information associated with reward value,
valence and anticipation, while signals occurring after incentive delivery include
information associated with valence, magnitude, and prediction error (see Geier & Luna,
2009 for an extensive discussion). Adolescents show exaggerated ventral striatum responses
during reward anticipation and receipt relative to adults (Ernst et al., 2005; Galvan et al.,
2006; van Leijenhorst et al., 2010) and hypo-responsive striatal activity during the
assessment of incentive value for upcoming trials (Geier et al., 2010). This pattern of
activation suggests that adolescents may have limitations in reward assessment and a
heightened reactivity in anticipation of reward, rendering them vulnerable to behavior
directed by incentives when the value of the incentive has not been appropriately assessed.
Note that this pattern of activity has not always been observed, with some studies reporting
evidence for adolescent hypo-responsiveness during reward anticipation (e.g., Bjork et al.,
2004). The field has converged on a hypothesis involving hyper-responsiveness during
reward anticipation with the caveat that the nature of the task or context is important to
consider (see Galvan, 2010 for an excellent discussion).

While the field has made great strides in examining the development of the circuitry
underling incentive processing and cognitive control separately, the interplay between these
systems is prominent in theories of decision-making. Few studies have examined the
interplay between incentive processing and cognitive control systems, instead focusing on
one or the other. A notable exception examined participants’ abilities to exert control over
their actions when confronted with appetitive cues (Somerville et al., 2011). Relative to
children and adults, adolescents exhibited a reduced capacity to suppress approach behavior
to appetitive cues during a Go/No-Go task. Such reduced capacity was context-dependent
and was not observed in response to neutral cues. Imaging results demonstrated that
adolescents engaged the ventral striatum significantly more than children and adults.
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Furthermore, adolescents exhibited a marginally greater ventral striatum response to neutral
facial expression, potentially suggesting reduced specificity of ventral striatal engagement.
These results are in line with others and suggest an upregulation of motivated behavior in
adolescents. On correctly performed No-Go trials to happy faces, adolescents exhibited a
significant ventral-dorsal striatal coupling which may suggest that adolescents who activated
the ventral striatum more strongly required greater dorsal striatal engagement to correctly
suppress approach to the appetitive cues. Similar results were observed by Hare et al. (2008)
and Tottenham et al. (2011).

Another way in which incentive processing and cognitive control brain systems interact is
through processes in which cognitive control is enhanced by incentives. Incentives have
been shown to improve performance on a wide variety of cognitive tasks in non-human
primates (Takikawa et al., 2002) as well as human adults, including the Stroop task (Veling
& Aarts, 2010), the Continuous Performance Test (Locke & Braver, 2008), indices of visual
selective attention (Libera & Chelazzi, 2006), during a verbal delay recall task (Gilbert &
Fiez, 2004), and oculomotor tasks (Duka & Lupp, 1997; Harsay et al., 2010). Increased
performance on incentivized trials has been associated with increased activity in areas
involved in cognitive control, including the dorsolateral PFC (Gilbert & Fiez, 2004) and the
parietal and PFC (Locke & Braver, 2008).

The performance-enhancing effects of incentives have also been observed in adolescents
during cognitive control tasks (Hardin et al., 2007) with adolescents reaching adult-like
levels of performance under incentivized conditions (Jazbec et al., 2006). Enhanced activity
in task-related brain regions was observed in adolescents during rewarded anti-saccade trials
(Padmanabhan et al., 2011; Geier et al., 2010), further evidence of the ability of incentives
to modulate cognitive control.

While such findings of enhanced cognitive control in the context of salient incentives may at
first seem inconsistent with literature reporting immaturities in cognitive control functions in
the context of approach motivation, there are a number of differences in the paradigms
employed in these studies. In the antisaccade task, recruitment of inhibitory control is
required to attain the available reward. Thus, in this case, the behavior being supported by
motivation is directed towards immediate reward receipt, not the efficient integration of
incentive signals involved in determining the appropriateness of the impulse to approach the
reward, or goal-directed behavior directed away from the available reward. Indeed,
Padmanabhan et al. (2011) have highlighted the potentially negative effects of this incentive
modulation, suggesting that adolescent behavior geared towards immediate rewards may be
enhanced before an adequate assessment of the incentive has occurred. However, this
process may have the potential to redirect adolescent behavior towards more appropriate
actions and so be relevant to interventions (discussed in section 4). Studies investigating
whether cognitive control processes in the context of salient rewards, steering behavior
towards a more appropriate behavioral outcome, can be enhanced by monetary, or other
suitable, reward will be crucial in determining the potential for incentives to modify real-
world, risk-taking behavior.
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3.5. Decision-making beyond response inhibition

So far we have discussed the difficulties adolescents may have in inhibiting a prepotent
response in affect-laden contexts. Once this response is inhibited, however, an adolescent
may continue to seek the reward, deciding that the reward is worth the risk. Furthermore, in
order to inhibit a prepotent response, adolescents must be motivated to do so. Thus
interventions focusing on strengthening the capacity for impulse control are not likely to be
a panacea for adolescent risk-taking. Adolescents have the capacity for effective decision-
making, defined as being coherent in their decision-making (see Reyna & Farley, 2006 for
discussion), at least to the extent that adults are. However, the information and subjective
values - referred to here as the content of the decision-making process - may differ from
those of adults (Scott et al., 1995). As a result, they may be less motivated to inhibit the
impulse to smoke a cigarette in the first place and they may also be more likely to decide to
smoke a cigarette even after undergoing deliberative decision-making.

One of the most intensively studied aspects of adolescent decision-making relevant to this
discussion of mativation is the consideration of future consequences. Research indicates age
differences in future orientation such that adolescents are more oriented to immediate rather
than future consequences, relative to adults (Crone et al., 2003; Nurmi, 1991). In a large-
scale study involving 935 individuals between the ages of 10 and 30 years, Steinberg et al.
(2009) observed a weaker orientation to the future across multiple measures in young
adolescents relative to individuals over 16 years of age. Peer influence may also influence
the choices adolescents make. Peer conformity and perceived peer pressure towards
misconduct peak during adolescence (Berndt, 1979; Clasen & Brown, 1985). Adolescents
may bias their decision-making in order to fit in or to avoid rejection from their peer group
(Brown et al., 1986). As discussed in section 3.4, the hedonic impact of stimuli may differ
by age, which may result in differences in values ascribed to decision outcomes. Greater
pleasure from stimuli, lesser concern for future outcomes, and greater susceptibility for peer
influence places adolescents at increased risk for decision-making biased towards drug use,
even when they are successful in inhibiting approach motivations in order to recruit more
deductive reasoning.

Finally, future research must consider the effects of cues signaling the availability of
potential reward and its accompanying affective state on decision-making after the initial
impulse to approach has been inhibited. Pessoa’s (2009) model of motivation effects on
cognitive control highlights the role of stimulus-driven effects on executive functioning.
Although Pessoa focuses on negatively valenced emotional stimuli, the model may also be
applied to reward-related stimuli. Drawing on resource models of executive functions (e.g.,
Norman & Bobrow, 1975), Pessoa suggests that the perception of emotion-laden items, in
this case reward-related stimuli, may impair performance as resources are diverted from the
executive functions involved in the decision-making process. This line of research,
combined with findings demonstrating less information use among adolescents in
affectively-charged situations (Gladwin et al., 2011), even when that information was
readily available in the environment, highlights the need for research into adolescent
information-use in “hot” contexts, even after the initial impulse to approach has been
inhibited.
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3.6. Individual differences in neurobiological, psychosocial, and contextual factors as risk-
factors for smoking uptake
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While there appears to be a normative increase in risk behaviors, including smoking, during
the adolescent period, not all adolescents experiment with cigarettes. This suggests the need
for a consideration of individual differences and a smoking-specific model of adolescent
risk-taking that aims to address why some adolescents are more likely to turn to smoking
than others.

In terms of individual differences in neurobiology, individuals with heightened activity in
motivational neurocircuitry in response to cues signaling the potential availability of reward
may be more likely to pursue rewards despite the potential risks while individuals exhibiting
heightened activity during reward consumption may be prone to continuing the pursuit of
the behavior (Bjork et al., 2011). In investigating individual differences in incentive
processing, two proteins involved in terminating the action of intrasynaptic DA have
received significant attention. Catechol-O-methylytansferase (COMT) catabolizes released
DA and the DA transporter (DAT) recaptures extracellular DA into presynaptic terminals
following release. The COMT gene contains a functional polymorphism that codes for the
substitution of valine (val) by methionine (met) at codon 158. Due to the differential activity
levels of the methionine and valine proteins at body temperature, with the valine protein
acting optimally at body temperature while the methionine protein demonstrating lower
activity at body temperature, individuals with two copies of the met allele have reduced
COMT enzyme activity compared to individuals with two copies of the val allele (Chen et
al., 2004). The DAT1 gene (SLC6A3) contains a variable number of tandem repeats
(VNTR) in the 15th exon, occurring with greatest frequency in the 9- and 10-repeat forms
(Heinz et al., 2000; Vandenbergh et al., 1992). The 10-repeat allele is related to increased
expression of the gene (Mill et al., 2002; VanNess et al., 2005). Thus, individuals with two
copies of the met allele and the 9-repeat allele of the DAT1 gene would be expected to have
overall increased DA activity relative to those with the alternative genotypes.

There have been a slew of studies investigating the association between risk-taking behavior
and polymorphisms associated with DA function (e.g., Amstadter et al., 2012; Mata et al.,
2012). However, attempting to draw links between gene and behavior directly, without
examining the effects of genetic variants on biological systems more proximate to genetic
effects, such as neural activity, is difficult due to interactions between genes (e.g. Dreher et
al., 2009) but also due to epigenetic processes and the generally small effects of individual
genes. Imaging genetics studies which include a neural intermediate phenotype between
genes and behavior are well placed to gain insight into the effects of genetic polymorphisms
and risk-taking as polymorphism effects may be more readily observed at the neural level
due to the subtle biological changes produced by genetic variants (see Buckholtz & Meyer-
Lindenberg, 2008 and Hariri et al., 2006 for excellent discussions on the use of neural
intermediate phenotypes in studies on genetic effects).

In one such imaging genetics study, Dreher et al. (2009) investigated the relationships
between COMT and DAT1 polymorphisms and brain responses to the anticipation and
consumption of uncertain reward. During reward anticipation, the number of met alleles was
positively correlated with response of the ventral striatum and lateral PFC. In terms of
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DAT1, the 9-repeat carriers activated the ventral striatum more than 10-repeat carriers.
During reward consumption, less activity in the orbitofrontal cortex was associated with the
presence of val alleles. Increased lateral PFC activation was observed in 9-repeat carriers at
the time of reward outcome. An interaction between COMT and DAT1 genes was observed
in the ventral striatum and lateral PFC during reward anticipation and in the midbrain and
lateral prefrontal and orbitofrontal cortices during reward delivery, with the highest
activation exhibited by carriers of the DAT1 9-repeat allele and COMT met/met allele. A
key strength of this study was its use of an intermediate phenotype and the combination of
genetic and neural methods. Other imaging genetics studies have also observed individual
differences in reward-related ventral striatum reactivity associated with DA related
polymorphisms (e.g., Forbes et al., 2009).

Future imaging genetics studies using adolescent samples will be useful in examining
individual differences in incentive motivation and cognitive control. For now, existing
functional magnetic imaging studies provide an insight into the effects of individual
differences in incentive processing and cognitive control on risk-taking. In a striking study,
Casey et al. (2011) examined self-regulation during an emotional Go/No-Go task in adults
assessed on delay of gratification in childhood and in their twenties and thirties. Participants
were grouped into low and high delayers depending on their ability to delay gratification as
children and young adults. No significant differences in cognitive control ability emerged
between low and high delayers during a ‘cold’ Go/No-Go task. During an emotional, ‘hot’
version of the task, however, low delayers performed more poorly than high delayers when
the task demanded response suppression to a happy face. This finding was specific to happy
faces and was not found when suppressing responses to neutral or fearful faces. During an
imaging component using the ‘hot” version of the task, low delayers exhibited exaggerated
recruitment of the ventral striatum during No-Go trials involving happy faces. These
findings highlight relatively stable individual differences in the ability to self-regulate in
‘hot” contexts. They also illustrate the ability for self-regulatory control to falter across the
lifespan. Thus, what is unique to the adolescent period is not the faltering of self-regulation
during ‘hot’ tasks but the increased demands placed on a still maturing cognitive control
system due to a normative increase in incentive motivation (Luciana & Collins, 2012).

Other studies in adults have also demonstrated individual differences in reward sensitivity,
indexed by mesolimbic DA activity, and its relevance to real-world decision-making,
including consummatory behaviors following exposure to food cues (e.g., Lawrence et al.,
2012). These individual differences are beginning to be explored in the adolescent literature.
Bjork et al. (2011) demonstrated correlations between individual differences in reactivity of
motivational neurocircuitry and psychosocial and behavioral problem symptoms in
adolescents demonstrating not only the relevance of such processes to real-world risk-taking
(see Newcomb & McGee, 1991 for longitudinal data exploring the role between sensation
seeking and deviant behavior, including the use of licit and illicit drugs) but also the need to
consider individual differences in motivational circuitry activity during this period of
normatively heightened activity. Demos et al. (2012), in a sample of first year female
college students, examined individual differences in nucleus accumbens activity to
appetitive cues. Individual differences in reward-related brain activity to food and sexual
images predicted subsequent weight gain and reported sexual activity at 6 months follow-up.
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The relationship between reward responsivity and behavior was unique to the different sets
of stimuli and behaviors, e.g., reactivity to food images predicted food-related behavior and
not sex-related behavior and vice versa. Such findings illustrate individual differences in
reward reactivity and its predictive value. In a study examining the neural correlates of risk-
taking, there was a significant association between nucleus accumbens activity and the
likelihood of engaging in risky behavior in the near future among adolescents and adults
(Galvan et al., 2007). Individual differences in anticipated consequences were related to
accumbens activity with individuals anticipating positive consequences of risky behavior
exhibiting increased activation among adolescents and adults. Among children and
adolescents only, individuals anticipating negative consequences of engaging in risky
behavior activated the region less. These individual differences in anticipated consequences
and their association with activity in motivational neurocircuitry may render some
adolescents more vulnerable to engaging in risky behaviors than others.

These studies demonstrate the relevance of individual differences in incentive motivation to
real-world decision-making. They also highlight the need to consider the nature of the
stimuli and the beliefs adolescents hold about the stimuli. Researchers have written about
the need to consider the ‘ingredients’ of a situation that result in heightened incentive
motivation (e.g., Bjork et al., 2010; Gladwin et al., 2011). In the context of smoking, much
more work needs to be undertaken to determine what sets of beliefs and contexts result in an
individual adolescent experiencing the impulse to smoke.

To begin this task, our model draws on a rich literature on smoking expectancies that
represents an area in which the neurobiological and psychosocial literatures may be
fruitfully bridged to offer a more smoking-specific account of adolescent risk-taking and
insight into individual differences in smoking behavior during this period. Beliefs about
these short- and long-term consequences of smoking are predictive of future smoking
behaviors. Beliefs about the stress-reducing and relaxing consequences of smoking, for
example, significantly predict the smoking stages of adolescents, with experimental smokers
holding more positive beliefs about smoking than non-smokers and regular smokers holding
more positive beliefs than both experimental and non-smokers (Wang et al., 1996). While
the majority of studies examining the link between smoking expectancies and smoking
behaviors have employed cross-sectional designs, there are a number of longitudinal studies
that have been integral in demonstrating that health beliefs, including the perceptions of risk,
including risk of heart attack and getting lung cancer, as well as perceptions of benefits, such
as looking grown-up and becoming popular, predict smoking initiation among adolescents
(Krosnick et al., 2006; Rodriguez et al., 2007; Song et al., 2009).

We suggest that positive smoking expectancies facilitate approach motivation within
adolescents encountering cigarettes and may be a necessary component to explain smoking
initiation from the perspective of neurobiological models focusing on incentive processing
and cognitive control. Examining mesolimbic reactivity to smoking cues in adolescents at
high- and low-risk for cigarette use, indexed by beliefs and anticipated consequences of
smoking, across various contexts (e.g., peers present and peers absent) will be an important
step for future research and will also be a way to move towards a smoking-specific model of
adolescent risk-taking. Furthermore, a consideration of how such smoking expectancies
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develop will be crucial for model advancement and for prevention efforts, as this will
highlighting factors that encourage the accrual of positive smoking expectancies.

The development of positive smoking expectancies likely involves biological, psychosocial,
and ecological factors, necessitating a greater focus on the contexts of adolescent
development and efforts to embed the existing neurobiological models of adolescent risk-
taking within a broader, developmental framework that considers multiple systems within
and without persons (see Magnusson & Cairns, 1996). For instance, while it has not yet been
explicitly linked with adolescent brain development, the acquired preparedness model
(Smith & Anderson, 2001) predicts that impulsivity acts as a risk-factor for substance abuse
by facilitating the formation of more positive pre-initiation expectancies. This model has
been supported by a prospective study of smoking initiation among college students (Doran
et al., 2013) with impulsivity-related personality traits influencing risk of smoking initiation
through the mediating factor of smoking expectancies (see Combs et al., 2012 for further
support for the model in a younger sample). It may be fruitful to extend existing
neurobiological models of adolescent risk-taking by incorporating findings from the
acquired preparedness model given the normative increase in impulsivity during adolescents
due to the unique configuration of fronto-striatal circuitry. Drawing on this model, it may be
expected that individuals acquire and hold more positive smoking expectancies during
adolescence than other developmental periods. The tendency to acquire positive smoking
expectancies is likely be heightened in adolescents with the greatest mesolimbic reactivity to
incentives.

The acquisition of positive smoking expectancies is also likely be influenced by the contexts
in which adolescents are developing. Health behaviors have been demonstrated to spread
within social networks (Christakis & Fowler, 2007). Socialization, by substance using peers,
that encourages tolerance of substance use behaviors is thought to be an important factor in
the spread of adolescent smoking (see Simons-Morton & Farhat, 2010 for review) and has
been studied at the classroom level (Ennett et al., 2006). Indeed, prevention programs
demonstrating effects on smoking behaviors have incorporated school-as-community
components to discourage smoking partly by encouraging the development of more
conservative attitudes towards smoking (see Sussman et al., 1997).

Research suggests that the focus on school contexts in the literature is warranted (Alexander
et al., 2001). Other contexts that will be important to consider to determine the factors
associated with the development of positive smoking expectancies include the family
(Gilman et al., 2009; Vuolo & Staff, 2013) and, indeed, the community context adolescents
are embedded within as a whole, given that communities differ in the levels of risk factors
related to substance abuse present (Hawkins et al., 2004)

The contextual factor most specific to smoking initiation is the availability of cigarettes
themselves. Low adolescent smoking prevalence is associated with the existence of smoking
bans within schools (Piontek et al., 2008) and communities with high cigarette costs (Lovato
et al., 2010) and low tobacco outlet density (Lipperman-Kreda et al., 2012). In the context of
the model presented thus far, availability would affect adolescents’ decisions to smoke by
affecting smoking expectancies, with higher frequencies of observing others smoke leading

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lydon et al.

Page 16

to greater perceptions that smoking is socially acceptable (Alesci et al., 2003). Low cigarette
availability would also reduce the opportunities for offers to smoke cigarettes to be
presented to adolescents — a factor that predicts smoking onset among middle-school
nonsmokers (Ary & Biglan, 1988) and a reason given by adolescents for beginning to smoke
(Sarason et al., 1992) — and, thus, limit the amount of situations in which adolescents are at
risk to make the decision to smoke due to their susceptibility to act on impulse in the
situations most associated with smoking initiation (e.g., among peers).

We make a final note in this section to suggest that this extended model may have
particularly valuable explanatory power for smoking initiation among a subset of
adolescents — those undergoing puberty early. Early puberty onset is associated with a
younger age of smoking initiation (Wilson et al., 1994). Pubertal hormones are thought to
influence incentive processing (for review, see Crone & Dahl, 2012) and thus, those
undergoing puberty may experience heightened incentive motivation in the context of
cognitive control processes that are in a particularly early stage of development.
Furthermore, early-maturing girls tend to gravitate toward deviant peers (Westling et al.,
2009), thus leading to earlier and greater opportunities to be exposed to pro-smoking norms
and cigarette offers. A more thorough review of the role of puberty is beyond the scope of
this paper but interested readers are directed to an excellent discussion about the
complexities of brain-behavior interactions during puberty (see Peper & Dahl, 2013).

4. Adolescent brain development and steps towards a smoking-specific

model of adolescent smoking initiation: Summary and implications for

smoking prevention

To summarize our model so far, due to normative developmental processes, including a
heightened reactivity to novel and potentially rewarding stimuli, protracted maturation of
cognitive control, as well as reduced future orientation, and heightened sensitivity to peers,
adolescents are more likely than other developmental age groups to initiate cigarette
smoking. Individual differences in neurobiology that exacerbate the imbalance between
incentive processing and cognitive control processes in affect-laden contexts will render
some adolescents more likely to take part in risky behaviors than others. Psychosocial
factors specific to smoking, such as smoking expectancies, likely impact smoking-specific
risk-taking behavior by facilitating dopaminergically-mediated impulses to smoke a
cigarette when the anticipated consequences of smoking are positive. Such expectancies
may also impact more deliberative decisions to smoke cigarettes once the initial impulse to
smoke has been inhibited as positive smoking expectancies would likely increase the
perceived value of smoking. Positive expectancies develop as a result of heightened
sensitivity to rewards during this period but there are also particular contexts, including
contexts in which cigarettes are readily available and in which positive social norms
regarding smoking exist, that will encourage beliefs about smoking that render adolescents
more likely to initiate smoking through their effects on smoking expectancies but also by
creating situations in which adolescents may experience multiple offers to smoke (see fig. 1
for a schematic illustration of this model).
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In line with our model’s emphasis on psychosocial factors such as smoking expectancies and
peer influence, interventions that have shown some effectiveness at reducing the prevalence
of adolescent smoking have targeted smoking beliefs and information deficits, as well as the
development of skills to resist social influences that encourage smoking (e.g., Botvin &
Griffin, 2004; Flay, 2009; Sussman et al., 2002). However, there is little evidence for the
long-term effectiveness of the majority of these programs (for review see Wiehe et al.,
2005). Preventive interventions will benefit from the inclusion of findings from
neurobiology in their designs. While interventions may make up an information deficit
(Botvin et al., 1984; Rohrbach et al., 2010), it is unclear if this information will be drawn
upon in the “hot” contexts in which smoking behavior often occurs. Future research
examining the effects of interventions on incentive motivation when exposed to cigarette
cues in the contexts of peers will be of great benefit. The rehearsal of learned techniques
under “hot” conditions may render the skills learned during interventions more effective
during the conditions under which cigarette initiation takes place. This may partially account
for the increased effectiveness of interventions involving highly interactive intervention
components (Black et al., 1998; Tobler & Stratton, 1997); however, this is a question for
future research.

While the main focus of the adolescent neurobiological literature has focused on the relation
between incentive processing and risk-taking, there is some evidence that the heightened
reward sensitivity during this period can be an asset if motivation is directed towards
positive behaviors. One area of positive behaviors that has received attention in recent years
is that of prosocial behaviors. The mesolimbic reward system is engaged by charitable
donations, in a manner similar to its engagement during the receipt of monetary reward
(Harbaugh et al., 2007; Moll et al., 2006). In a study involving Latino and White youth,
Latino participants, relative to White youth, showed more activity in the mesolimbic reward
system when contributing money to their family than when gaining cash for themselves
during a family assistance task (Telzer et al., 2010). These individual differences in
reactivity to prosocial behaviors have been shown to relate to longitudinal declines in risk
taking. Adolescents showing the greatest differences in ventral striatum activity to family
contributions relative to personal reward receipt exhibited declines in risk taking over time
(Telzer et al., 2013). While the mechanisms underlying such findings require further
investigation, one hypothesis that warrants further investigation is the idea that youth who
experience more reward as a result of prosocial behaviors experience less reward in the
context of negative behaviors, including substance use and risk-taking. This line of research
would benefit from integration with research examining the ability to divert sensation
seeking tendencies away from detrimental activities, such as smoking, towards non-risky
forms of sensation seeking (for review, see Roberti, 2004).

5. The initial smoking experience

In the previous sections of this paper we documented normative brain development and the
role of this development in potentially rendering adolescents more vulnerable for smoking
initiation. In this section, we review the literature of reward processes in adult and
adolescent smokers, beginning with the initial smoking experience. Examining the initial
smoking experience, including any developmental differences, is important in determining
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whether adolescents represent an at-risk population for compulsive cigarette use, as initial
reinforcement consequences set the stage for subsequent cigarette use.

The initial smoking experience can include both positive and negative experiences. Positive
qualities accompanying the experience include a sense of relaxation and a rush or *buzz’,
while sensations such as coughing, nausea, and light-headedness are typically perceived as
negative sensations (Friedman et al, 1985; Hirschman et al., 1984). Individuals experiencing
an initial pleasant smoking experience are more likely to repeat drug use. Similarly, a lack of
sensitivity to the aversive properties of smoking would encourage repeated use. Further, a
decreased sensitivity to the use-limiting, aversive effects of drugs may allow individuals to
tolerate higher levels of a drug and since oftentimes high levels of drug consumption are
required for the establishment of addiction, such individuals would be at increased risk for
developing addiction (Schramm-Sapyta et al., 2006).

In line with this model, an increasing body of research suggests that a pleasurable initial
experience is a risk factor for continued smoking. In both longitudinal and retrospective
studies, individuals who reported pleasurable initial experiences were more likely to
continue smoking (Di Franza et al., 2007; Pomerleau et al., 1998). The experience of
pleasure during the initial smoking experience, even when coupled with negative subjective
effects, has been reported to be associated with rapid progression to regular smoking (Sartor
et al., 2010) suggesting that pleasurable subjective reactions may play a larger role than
aversive reactions in determining the progression to regular smoking. Di Franza et al. (2007)
underline the importance of considering pleasurable initial experiences in future smoking
behavior. Out of 45 factors studied — including a range of personality and environmental
factors — relaxation associated with the initial experience was the strongest predictor of
dependence and loss of autonomy over tobacco.

In preclinical work, early adolescent rats exhibit enhanced sensitivity to nicotine reward,
compared to late adolescent and adult rats, in conditioned place preference (Brielmaier et al.,
2007; Shram & Le, 2010; Torres et al., 2008) and oral self-administration procedures
(Adriani et al., 2002). Animal studies have also indicated a reduced sensitivity to nicotine’s
aversive effects in adolescents compared to adults (Shram et al., 2006; Wilmouth & Spear,
2004). Thus, adolescents seem to exhibit both increased sensitivity to the rewarding effects
of nicotine and a reduced sensitivity to the aversive effects of nicotine. Research also
suggests that the experience associated with nicotine may be modulated by the social
context. Thiel et al. (2009) observed enhancement of conditioned place preference in
adolescent male rats when nicotine and social interaction were paired with the testing
chamber. Considering the social nature of adolescent risk-taking, adolescents may be more
likely than adults to have a positive initial smoking experience, rendering them more at-risk
for continued use.

The sensitivity model (Pomerleau, 1995) suggests that certain individuals are especially
sensitive to nicotine. Buchmann et al. (2011) observed both developmental and individual
differences in sensitivity to nicotine’s rewarding effects. Individuals who smoked their first
cigarette at an earlier age had a more pleasant experience and this increased the probability
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of recurrent use. Furthermore, individuals who reported a pleasant initial smoking
experience were more likely to smoke again and to be regular smokers in young adulthood.

Animal research suggests a genetic basis for the differences in initial sensitivity (Garg,
1969; Marks, Romm, et al., 1989) and that this genetic influence may function through
neurotransmitter pathways (Marks, Stitzel, et al., 1989a Miner & Collins, 1989). Indeed,
nicotine administration increases extracellular DA in the nucleus accumbens (Pontieri et al.,
1996) and human studies provide preliminary evidence for a dopaminergically-mediated
mechanism with genetic variants thought to influence DA receptor function observed to be
associated with initial sensitivity to nicotine (Brody et al., 2006; Perkins et al., 2008).

6. From first cigarette to compulsive use

As well as being more likely to have a pleasurable initial smoking experience than other age
groups, adolescent-onset smokers are also more susceptible to developing nicotine addiction
than adult-onset smokers. Adolescents report symptoms of nicotine dependence within days
to weeks of the onset of occasional smoking (DiFranza et al., 2000) and for many
adolescents the time-course from smoking initiation to nicotine dependence is rapid (Dierker
etal., 2012). There is also evidence of higher rates of daily cigarette consumption with early
versus late smoking onset (Chen & Millar, 1998; Everett et al., 1999). Animal studies
provide an insight into the rate of progression to nicotine dependence related to adolescent-
or adult-onset of nicotine use that is difficult to establish in human populations. Studies
examining the acquisition of nicotine self-administration in adult and adolescent rats
demonstrate a faster rate of acquired nicotine self-administration among adolescent than
adult rats (Chen et al., 2007), as well as higher rates of self-administration in adolescents
than adults (Levin et al., 2003). Furthermore, receptor-binding assays following the
completion of self-administration demonstrated differences in 42 nicotinic receptor
binding across adolescent- and adult-onset conditions. Greater receptor binding was
observed in the midbrain and striatum of adolescent-onset rats than adult-onset rats (Levin et
al., 2007).

The motivational influences encouraging continued cigarette smoking are complex (Baker et
al., 2004). Several accounts of drug addiction highlight drug-induced transformations to
incentive processing and cognitive control systems (e.g., Bechara, 2005; Koob & Le Moal,
1997; Robinson & Berridge, 1993). Drawing on these theories, our model focuses on the
interactions between the incentive processing and cognitive control systems, discussed in the
normative development section (section 3), to examine aspects of adolescent nicotine
dependence. In line with aspects of Bechara’s (2005) decision-making and impulse control
theory of drug addiction, we argue that with continued nicotine use, alterations to the reward
and cognitive control systems result in alterations to the decision-making process. With
repeated use, cigarettes and their cues gain increased salience, resulting in activity in the
mesolimbic system that drives approach behavior towards smoking behavior (Robinson &
Berridge, 1993). Due to the continuing maturation of the PFC and its vulnerability to
damage by nicotine (Goriounova & Mansvelder, 2012), the ability to exert top-down control
over incentive motivation processes towards nicotine becomes compromised. Abstinent-
related effects on incentive processing and cognitive control, which promote relapse, also
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contribute to continued drug use (see Eissenberg, 2004 for a discussion of negative
reinforcement theories of cigarette use). Specific to adolescent-onset smoking, persistent
effects of nicotine on these developing systems contribute to relapse to nicotine use after
lengthy periods of abstinence.

Our model does not focus explicitly on withdrawal. For completeness, however, we briefly
review findings relating to adolescent withdrawal. Relative to the adult experience of
withdrawal, adolescents experience mild withdrawal symptoms (Smith et al., 2008a).
Withdrawal symptoms also seem to be less relevant to promoting relapse during quit
attempts in adolescent relative to adult smokers (Smith et al., 2008b). The diminished effects
of withdrawal during adolescence relative to adulthood have also been observed in non-
human studies, with adolescent rats and mice displaying fewer physical signs of withdrawal
relative to adult animals (Kota et al., 2007; O’Dell et al., 2006). Such findings suggest other
processes may be more important in motivating cigarette-use during this period of
development (see O’Dell, 2009 for review) to which we now turn.

The incentive-salience theory of drug addiction proposes a primary role for drug-induced
changes to the mesocorticolimbic system in the pathological mativation to consume drugs
that defines addiction (Berridge & Robinson, 1998; Robinson & Berridge, 2008). The
mesocorticolimbic system becomes hypersensitive towards drug-associated stimuli in a way
that results in the attribution of incentive salience to these stimuli. Incentive salience results
in the biasing of attentional processes towards drug-associated stimuli and, when perceived,
drugs engender an incentive motivation - termed ‘wanting’ - for drugs.

In line with the incentive-salience theory, young adult and adult smokers demonstrate
attentional and approach biases towards smoking cues (Bradley et al., 2004; Mogg et al.,
2005; Munafo et al., 2003). Imaging studies are also providing evidence for abnormal
incentive processing in adult smokers. Buhler et al. (2010) examined mesocorticolimbic
activity to stimuli predicting monetary or cigarette rewards in nicotine-dependent and non-
dependent smokers. Behaviorally, occasional, non-dependent smokers spent more effort to
obtain money while dependent smokers demonstrated equivalent instrumental response rates
for both money and cigarettes. Imaging data revealed higher reactivity of the
mesocorticolimbic system to stimuli predicting monetary reward relative to cigarette reward
in occasional smokers. In dependent smokers, anticipatory mesocorticolimbic brain activity
did not differ for stimuli predicting monetary and cigarette reward suggesting either
increased incentive salience of drug rewards or decreased incentive salience of nondrug
rewards. While the literature on cue reactivity is much less extensive in adolescents than in
adults, research is revealing similar responses to smoking stimuli in adolescent smokers (Lee
et al., 2005; Rubinstein et al., 2011).

Not only do we see increased salience attributed to smoking cues but the reactivity to non-
drug cues is also affected. Opponent-process theories of nicotine dependence emphasize
drug-induced alterations in reward-threshold (Koob & LeMoal, 1997). During satiation, the
drug-induced alterations in reward processing are masked due to nicotine’s continued ability
to cause increases in DA transmission in areas of the brain associated with reward (Volkow
et al., 2004). However, during abstinence, the drug-induced alterations in reward-processes
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may be ‘unmasked’. In line with this, Martin-Solch et al. (2001) examined reward
processing in smokers and nonsmokers during a pattern-recognition task with response
feedback using positron emission tomography. During feedback conditions in which
feedback indicated monetary reward, DA regions including the striatum were activated in
nonsmokers but not in smokers. These findings suggest that daily smokers react to non-drug
rewards differently to non-smokers. Little research in this area has focused on these
processes in adolescence. Peters et al. (2011) examined neural responses to reward
anticipation in 14-year old adolescent smokers and a matched comparison group. During the
anticipation stage of a modified monetary incentive delay task, adolescent smokers showed
smaller neural responses in the ventral striatum and midbrain compared to matched
comparison subjects. Similar hypo-responsivity was observed in a subset of smokers with
mild smoking habits and, in the entire sample, fMRI activity in left striatal regions
demonstrated negative correlations with smoking frequency. This pattern suggests a hypo-
responsivity to non-drug reward anticipation preceding chronic nicotine use that is
exacerbated by chronic drug use. An alternative interpretation is that individuals with the
most robust hypo-active response are more likely to become chronic smokers. No group
differences were observed during the outcome phase of the task.

The above studies did not take recency of smoking into account, giving an insight into the
incentive processing of smokers in general but not into effects that may be related to
abstinence and smoking satiety. There is evidence for an abstinence-induced anhedonic state
in adult smokers across a range of paradigms. Epping-Jordan et al. (1998) observed
decreases in brain reward function in adult rats during withdrawal from chronic nicotine
administration. Less interference from appetitive words on a modified Stroop task was
observed in smokers after experiencing overnight abstinence compared to their performance
during a satiated state in which they smoked just before the task (Dawkins et al., 2006;
Powell et al., 2011), providing evidence for decreased salience of non-drug rewards. A
reduction in anhedonia, indexed by increased attentional bias to words with appetitive
significance, was observed after nicotine administration in smokers after overnight
abstinence (Powell et al., 2004). Abstinent smokers reported expectations to derive less
enjoyment from a range of events and activities compared to when they are satiated and this
reported anhedonia remained significant when subjectively rated withdrawal symptoms were
controlled (Dawkins et al., 2006; Powell et al., 2002). Compared to satiated smokers,
positively valenced film clips elicited lower ratings of happiness in abstinent smokers,
suggesting that stimuli that are motivationally salient for the general population may elicit
reduced positive affective responses during abstinence in regular smokers (Dawkins et al.,
2007). A recent study has provided evidence for dissociable effects of smoking abstinence
using a reward paradigm involving monetary reward, smoking reward in the form of earning
cigarette puffs following the scan, and no-reward conditions (Sweitzer et al., in press).
Abstinence, in this study, was associated with heightened activation in reward-related
regions, including bilateral caudate head, ventral striatum, and medial PFC, during the
anticipation of smoking rewards. Conversely, during the anticipation of monetary rewards,
these regions demonstrated attenuated activation.

In line with these findings, research also suggests that simply perceiving an opportunity to
access cigarettes in the near future significantly influences reward-related processing in
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adult smokers. Namely, the salience and incentive value of cues associated with nicotine
reward appear to be enhanced when cigarettes are perceived to be available. For instance,
adult smokers who anticipate a chance to consume cigarettes soon report strong cravings
(Carter & Tiffany, 2001; Droungas et al., 1995; Juliano & Brandon, 1998; Sayette et al.,
2003) and exhibit greater activation of the medial orbitofrontal cortex (McBride et al., 2006;
Wilson et al., 2005) during exposure to smoking cues than those who expect a significant
delay before being able to access cigarettes. Emerging evidence suggests that cigarette
availability has the opposite effect on non-drug incentives and rewards, which appear to be
devalued when encountered in the presence of an imminent opportunity to consume drugs.
Namely, Wilson et al. (2008) found that adult smokers who were told they would be able to
consume a cigarette during the study exhibited attenuated responses to monetary gains in the
striatum, relative to those who anticipated having to wait several hours before having the
opportunity to smoke — a pattern that is broadly consistent with the results obtained by
Sweitzer et al. (in press). It is likely that the mativational shifts induced by perceived
cigarette availability contribute to the maintenance of cigarette use and relapse in adult
smokers (Wilson et al., 2014; in press). To our knowledge, the extent to which cigarette
availability (perhaps concomitant with exposure to peers) affects reward-related processing
in adolescent smokers has not been examined and remains an important target for future
research.

The role of anhedonia in smoking relapse in adults after a quit attempt has been
demonstrated, with anhedonia having the strongest influence on smoking cessation failure
relative to other dimensions of depressive symptoms (Leventhal et al., 2008). Smokers
experiencing high levels of anhedonia also report a greater number of past failed quit
attempts (Leventhal et al., 2009).

There is some evidence that adolescents experience a similar anhedonic state following
smoking abstinence with adolescent light smokers demonstrating attenuated responses to
pleasurable food images, relative to non-smokers, in areas including the insula and inferior
frontal region (Rubinstein et al., 2011). Further research in this area will be crucial to
determine the nature of anhedonia experienced by adolescent smokers, especially in relation
to the effects of abstinence and incentive types. While there is little research on the
experience of anhedonia during abstinence in adolescents, research on the ability of nicotine
to enhance the reinforcing properties of accompanying stimuli (Caggiula et al., 2009; Donny
et al., 2003), an effect observed in adolescent rats (Weaver et al., 2012), provides suggestive
evidence for a potential mechanism through which anhedonia may affect adolescent
smoking behavior during abstinence. During periods of abstinence, stimuli that are
motivationally salient for non-smokers may not be as pleasurable for smokers. This resulting
state of anhedonia may act to promote a return to nicotine use through negative
reinforcement. This mechanism requires more research both in its role in relapse and its
presence in adolescents.

In addition to effects on incentive processing, there is also evidence for effects of nicotine
on cognitive control. In adults, correlations between smoking status and performance on
working memory, inhibitory control, and attention tasks have been observed, with smokers
demonstrating poorer performance than non-smokers (Spilich et al., 1992; Spinella, 2002;
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Ernst, et al., 2001). Current smokers, relative to non-smokers, exhibit less neural activity in
cortical areas involved in cognitive control during tasks indexing inhibitory control (Nestor
et al., 2011). Furthermore, significantly smaller grey matter and lower grey matter density
are observed in frontal brain regions in smokers, including regions involved in cognitive
control, suggestive of nicotine-induced structural damage (Gallinat et al., 2006; Brody et al.,
2004).

Smokers commonly report cognitive deficits, such as difficulty concentrating, following a
quit attempt (Hughes, 2007; Ward et al., 2001). A range of abstinence-related cognitive
deficits, including deficits in working memory, attention, and inhibitory control, have also
been reported in laboratory studies (Kozink et al., 2010, Mendrek et al., 2006; Myers et al.,
2008). Such cognitive deficits may contribute to maladaptive decision-making favoring
drug-use over continued abstinence during a quit attempt as a diminished ability to inhibit
the impulse to smoke acts, synergistically, with an increased drive to smoke (Bechara, 2005;
Jentsch & Taylor, 1999). Further, re-exposure to nicotine following a period of abstinence
has been shown to reverse these cognitive deficits (Davis et al., 2005; Myers et al., 2008)
suggesting that, in line with negative-reinforcement theories of drug addiction (Eissenberg,
2004), relapse may also occur as an attempt to ameliorate abstinence-induced cognitive
deficits.

Deficits in cognitive control have also been observed in adolescent smokers. Jacobsen et al.
(2005) observed working memory impairments in adolescent smokers relative to non-
smokers. During smoking cessation, adolescents exhibited further disruption of working
memory and verbal memory. Jacobsen et al. (2007) examined auditory and visual attention
in male and adolescent smokers and nonsmokers with and without prenatal exposure to
maternal smoking. Exposure to tobacco smoke during prenatal or adolescent development
was associated with deficits in auditory and visual attention in females. This effect was most
pronounced in female smokers with prenatal exposure. Tobacco smoke exposure both
prenatally and during adolescence among males was associated with marked deficits in
auditory attention. Imaging results revealed greater activation of brain regions supporting
auditory attention in adolescents in subjects with prenatal or adolescent tobacco exposure
relative to those with no history of exposure, suggesting less efficient recruitment of these
brain regions. Other neuroimaging data also demonstrate activity differences between
smokers and non-smokers in brain regions involved in cognitive control (e.g., Musso et al.,
2007). Further Imaging data will be useful to further examine these deficits.

The findings on incentive processing and deficits in cognitive control in smokers are also
relevant considering the ability of incentives to enhance cognitive control. Contingency
management approaches, for example, attempt to modify drug-related behavior by
manipulating the relevant environmental contingencies associated with cigarette smoking
(see Stanger & Budney, 2010 for a review of the use of contingency management
interventions for adolescent substance use). The availability of a desired, non-drug reward
may enhance the cognitive control required to resist the impulse to relapse into smoking.
Contingency management approaches targeting adolescent smoking have shown some
promise, demonstrating success in promoting abstinence (e.g., Reynolds et al., 2008;
Krishnan-Sarin et al., 2006).
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However, the experience of anhedonia during abstinence may undermine efforts to use non-
drug incentives to promote continued abstinence. Indeed, youths with disorders affecting
incentive processing, including bipolar disorder, anxiety, and depression, do not show the
same incentive-modulated performance increases on cognitive control tasks evidenced in
controls (Jazbec et al., 2005; Mueller et al., 2010). One of the few studies examining this
effect in adolescents with substance use disorders (SUD) observed increased performance on
an anti-saccade task during rewarded, relative to neutral, trials (Chung et al., 2011). This
effect was not significant in the control group. This may suggest a hypersensitivity to reward
in the SUD group. Alternatively, the control group may have been performing at effortful
levels during neutral trials and there was less room for improvement in the rewarded
condition (i.e., ceiling effects). At the neural level, SUD adolescents exhibited less
activation, relative to controls, in brain regions known to support correct anti-saccade
performance during the response preparation period during non-rewarded trials. Conversely,
on rewarded trials SUD adolescents exhibited greater activation of these areas compared to
controls. Thus, this study suggests that incentives can enhance response inhibition among
SUD youth. However, this study focused on adolescents with poly-drug use and so the
findings cannot necessarily be extended to nicotine use only. Furthermore, while adolescents
were asked to abstain from alcohol and illicit substance use for at least 24 hours prior to
imaging, abstinence was not biochemically verified. This area would greatly benefit from
similar studies involving abstinent and satiated cigarette smokers. It would also benefit from
the use of intensive, longitudinal, ecological momentary assessment studies to gain a greater
insight into the trajectory of the abstinent-induced anhedonia and of incentive effects on
cognitive control. Finally, a greater consideration of a range of potential non-drug incentives
and their value to adolescent smokers is recommended.

7. From initial cigarette to compulsive use: model summary and

recommendations for future research

Adolescents experience a more pleasurable initial smoking experience than adults, rendering
them more likely to continue smoking beyond the first cigarette. Cigarette addicted adults
experience impulses to approach cigarettes in the context of drug-induced impairments in
cognitive control that may undermine smoking cessation (Bechara, 2005). This mechanism
may be particularly strong during periods of smoking abstinence in which smokers
demonstrate an anhedonic-like response to non-drug rewards while smoking-related cues
gain increased incentive salience. While there is less extensive evidence for these
mechanisms in adolescents, the above review suggests that similar mechanisms occur during
this period. With adolescents, however, these mechanisms are occurring during a period of
development in which normative brain maturation renders them especially vulnerable to
self-regulatory failures due to robust approach motivation in the context of still-maturing
cognitive control systems. Furthermore, by reviewing evidence for the neurotoxic effects of
nicotine on adolescent brain development (section 8), we suggest another factor that renders
adolescence particularly vulnerable to nicotine use.

Markedly absent from our model is the notion, common in models of adult addiction, that
addiction to cigarettes and other drugs involves the transition from voluntary, goal-directed
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behavior to behavior that is automatic (Tiffany, 1990) or habitual (Everitt et al., 2001,
Robbins & Everitt, 1999) in nature. In contrast to goal-directed actions, habits are rigid,
stimulus bound, insensitive to outcome devaluation, and difficult to inhibit (Balleine &
Dickinson, 1998; Everitt et al., 2001; Graybiel, 2008). Neurobiologically, a shift in the
striatal mechanisms that exert primary influence over behavior (i.e., from ventral to dorsal
striatal control over drug-seeking) is thought to play a critical role in the progression from
goal-directed to habitual drug use (Everitt et al., 2001; Everitt & Robbins, 2013). As, the
research on addiction as a form of habit-based learning (both human and animal) has, to our
knowledge, focused on adults, it remains unclear whether the early symptoms of nicotine
dependence exhibited by adolescent smokers reflect such striatal dynamics. There is,
however, evidence that the striatum responds differently to reward-related information in
general in adolescents compared to adults is emerging (e.g., Sturman & Moghaddam, 2012).
Accordingly, research directly examining the potential role for habit-learning in the
development of nicotine dependence among adolescents — and whether there are meaningful
differences in habit-learning in the context of smoking among adolescents versus adults —
would be valuable and inform the present model.

8. The persistent effects of adolescent smoking

One of the main characteristics of drug dependence is relapse to drug-taking behavior
following periods of abstinence (Hyman & Malenka, 2001; O’Brien, 2003). Relapse rates
among smokers attempting to quit are high. One study observed successful abstinent rates of
only 3-5% in smokers not receiving treatment 6-12 months following smoking cessation
(Hughes et al., 2004). Among smokers receiving treatment while attempting to quit,
abstinence rates were also low (Alpert et al., 2013; Hajek et al., 2013). The majority of
smoking cessation efforts are unsuccessful within the first week of abstinence (Hughes et al.,
2004). However, a substantial number of smokers attempting to quit relapse after months
and even years of abstinence (Herd et al., 2009; Segan et al., 2006; Wetter et al., 2004)
suggesting persistent effects of smoking, beyond acute withdrawal, undermine smoking
cessation efforts.

Relatively few human studies have examined the persistent effects of cigarette smoking,
after smoking cessation, beyond acute withdrawal. This is most likely due to the high
relapse rates in the first few days following smoking cessation (Hughes et al., 2004).
However, researchers have argued for the consideration of the processes involved in late
relapse in order to improve smoking cessation interventions (Piasecki et al., 2002). Studies
involving both smokers and ex-smokers have examined the persistent effects of smoking
during prolonged periods of abstinence. There is evidence for persistent changes in affect
(Gilbert et al., 2002; Glassman et al., 2001), cognition (Deary et al., 2003; Munafo et al.,
2005), responses to nicotine (Perkins, 2002), and neural activity (Nestor et al., 2011) that
may undermine smoking cessation efforts.

These studies were not designed to dissociate the effects of smoking during adolescence
from smoking during adulthood. Conducting such studies is difficult as the majority of
smokers begin daily smoking during adolescence (Chen & Miller, 1998) and early smoking
onset is associated with a decreased likelihood of quitting (Breslau & Peterson, 1996). Thus,
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recruiting young adult ex-smokers who began smoking during adolescence, and adult ex-
smokers who began smoking in post-adolescence, remains a difficult task. It is also difficult
to resolve issues of causality in the human studies on persistent effects that are available. For
example, it is unclear whether the differences reported between smokers and ex-smokers
that have aided ex-smokers in remaining abstinent are due to the amelioration of smoking-
induced changes following cessation, or if the differences represent underlying
dissimilarities that increased the likelihood of successful smoking abstinence. Longitudinal
studies involving young adult ex-smokers who began smoking during adolescence and adult
ex-smokers who began smoking post-adolescence would be an asset to this area.

Animal studies have been useful in examining the persistent effects of adolescent nicotine
exposure. Strengths associated with this approach include the ability to control for
confounding factors and to limit nicotine exposure to the developmental periods of interest.
Using a variety of paradigms, research in this area has provided evidence for persistent
effects on affect, cognition, drug-related behavior, and neurobiology following nicotine
exposure. Furthermore, there is preliminary evidence that the observed effects are more
pronounced following adolescent nicotine exposure than adult exposure. This suggests that
adolescence represents a sensitive developmental period characterized by increased
vulnerability to long-term changes induced by nicotine. This evidence is examined below.

Animal studies provide evidence for a protracted abstinence behavioral profile characterized
by increased anxiety (Slawecki et al., 2005; Slawecki et al., 2003; Smith et al., 2006; Trauth
et al., 2000), depressed mood (Iniguez et al., 2009), and anhedonia (Ribeiro-Carvalho et al.,
2011). The effects of adolescent nicotine exposure persist beyond abstinence periods of 1
month for all three behavioral indices (Iniguez et al., 2009; Ribeiro-Carvalho et al., 2011,
Smith et al., 2006). Studies including both adolescent-only and adult-only nicotine exposure
groups provide preliminary evidence that the emergence of this profile is related to
adolescent, but not adult-only, nicotine exposure (Iniguez et al., 2009; Smith et al., 2006;
Ribeiro-Carvalho et al., 2011; Trauth et al., 2002).

Animal studies have also observed persistent effects of nicotine exposure during
adolescence on future responses to drugs after extended abstinence including tolerance and
sensitization to the effects of nicotine (Bracken et al., 2011; Brielmaier et al., 2007) and non-
nicotine drugs such as cocaine (Hutchison & Riley, 2008; Kelley & Rowan, 2004) and
amphetamine (Collins et al., 2004; Santos et al., 2009). Increased nicotine self-
administration in adult rats exposed to nicotine during adolescence (Adriani et al., 2003;
Levin et al., 2003) has also been observed. The increased vulnerability of adolescents to
these effects is suggested by studies in which the persistent effects were more robust
following exposure to nicotine during adolescence but not during adult-only exposure
(Adriani et al., 2003; Bracken et al., 2011).

Few animal studies have explored the cognitive performance of animals following
adolescent nicotine exposure. Observed long-term cognitive effects of adolescent nicotine
exposure include deficits in serial pattern learning (Fountain et al., 2008), increased
impulsivity and deficits in visuospatial attention (Counotte et al., 2009), and deficits in
spatial- and recognition-memory (Mateos et al., 2011). The shortest nicotine abstinence
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period used in these studies was approximately 1 month, suggesting that the effects are
persistent. Research in this area is relatively recent and the extent to which the reported
deficits are age-dependent requires further examination. However, one study that included
an adult comparison group observed the cognitive deficits due to nicotine exposure to be
specific to adolescent exposure (Counotte et al., 2009) providing preliminary evidence for
adolescence as a unique period of nicotine vulnerability.

The neuro-teratogenic status of nicotine has been well established (Levin & Slotkin, 1998;
Slotkin, 1998). Recently, research has turned to the effects of nicotine on the adolescent
brain and has found that nicotine can have neurotoxic effects on the developing adolescent
brain. Persistent cellular damage has been observed in the midbrain, hippocampus, and
cerebral cortex following adolescent nicotine exposure (Abreu-Villaca et al., 2003; Trauth,
etal., 1999; Trauth et al., 2000) illustrating the sensitivity of the adolescent brain to nicotine
neurotoxicity. Beyond indices of structural damage, studies have also observed persistent
changes in the expression of nicotinic acetylcholine receptors (Trauth et al., 1999) and in
acetylcholine synaptic functioning (Slotkin et al., 2007). Studies have also observed
persistent effects in systems associated with cholinergic systems including enduring changes
in noradrenergic and DA functioning (Counotte et al., 2009; Trauth et al., 2001) and
serotonergic functioning (Slotkin et al., 2007; Xu et al., 2002).

The relationship between the persistent behavioral and neurobiological effects associated
with adolescent nicotine exposure is still unclear. However, researchers have begun to
examine the neurochemical alterations that may underlie the protracted abstinence
behavioral profile observed in animals. Impaired serotonin synaptic function may underlie
the enduring affective effects observed during protracted abstinence (Slotkin et al., 2007; Xu
et al., 2002). Deficits in the expression of acetylcholine receptors are thought to be
implicated in the increased sensitivity to nicotine in adulthood following adolescent nicotine
exposure (Adriani et al., 2003) and reduced acetylcholine synaptic activity proceeding from
adolescent nicotine exposure has been associated with the adult response to nicotine (Slotkin
et al., 2008). Finally, long-lasting cognitive deficits resulting from adolescent nicotine
exposure seem to be associated with enhanced release of DA in the medial PFC (Counotte et
al., 2009).

In studies including both adolescent- and adult-exposure groups, persistent cellular damage
observed after adolescent nicotine exposure was not observed after nicotine exposure in
adults (Abreu-Villaca et al., 2003). The changes involving acetylcholine receptor expression
after nicotine exposure have been found to be much less persistent following adult exposure
compared to adolescent exposure (Adriani et al., 2003, Slotkin et al., 2008; Trauth et al.,
1999). A line of research examining the combined effects of prenatal and adolescent
nicotine exposure has suggested that double exposure may increase vulnerability to the
persistent effects of nicotine (Slotkin et al., 2007).

9. Summary of the persistent effects of nicotine

Evidence suggests that adolescent nicotine exposure results in persistent changes in affect,
cognition, drug-related behavior, and neurobiology. The persistent changes result in a
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protracted abstinence syndrome characterized by negative affect, cognitive-deficits, and
increased reactivity towards nicotine and other drugs that may undermine smoking
cessation. Many of these changes are not found in nicotine exposure limited to adulthood
suggesting that nicotine exposure during adolescence may result in an increased probability
of smoking continuation and relapse compared with adult nicotine exposure, even after long
periods of abstinence. In terms of interventions, these findings of persistent effects highlight
the need for preventive efforts and for interventions that delay the onset of smoking.

10. Conclusion

The unique configuration of the adolescent brain renders adolescents susceptible to
impulsive decision-making in contexts in which cigarette smoking uptake is likely to occur
(i.e., among peers). Psychosocial and contextual factors, including attitudes towards
smoking, future orientation, and the availability of cigarettes, also contribute to the
adolescent decision-making process, in a way that makes this phase of development a
vulnerable period for the uptake of cigarette smoking. Upon smoking, adolescents may be
more likely to continue smoking beyond the first cigarette due to the greater likelihood of a
pleasant smoking experience during this developmental period. Acute and persistent effects
of nicotine on the developing brain, some of which may be specific to adolescent-onset
cigarette smoking, render it difficult for adolescents to quit smoking as they experience
cognitive deficits and changes to incentive processing that bias decision-making in favor of
continued cigarette use. While the unique configuration of the adolescent brain may act as a
risk factor for the development of smoking behaviors, the adolescent-specific increase in
incentive motivation may also provide opportunities for interventions to discourage smoking
behavior.
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Inhibition of impulse to smoke
(especially unlikely in
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development of cognitive
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Note that this offer is conditional
upon the availability of cigarettes
in the environment

An illustration of 2 of many
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specific decision-making
content, the decision is made to
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accept the cigarette.

|

Acceptance of offer to smoke leading to smoking
initiation

Figure 1. A schematicillustration of the processes leading to smoking initiation according to our
model

The normative increase in impulsivity during adolescence and contexts containing positive
smoking norms act as risk factors for the development of positive smoking expectancies
(section 3.6). Positive smoking expectancies facilitate the generation of incentive motivation
towards smoking when adolescents encounter a cigarette. Encountering a cigarette is more
likely in contexts in which there is a high availability of cigarettes. Furthermore, the
incentive motivation experienced by adolescents is stronger than that experienced by other
developmental groups due to normative brain development (section 3.4), although there are
also important individual differences (section 3.6). At this point, there are many potential
pathways that may lead an adolescent to act on the impulse to smoke the cigarette
encountered. We present these paths to demonstrate that processes beyond the inhibition of
impulsive responses are important to consider in models of adolescent risk-taking (see
section 3.5). Two potential pathways are illustrated in this figure. In the first pathway (1),
adolescents simply act on the initial impulse and smoke the cigarette. In the second pathway
(2), the initial impulse is inhibited and deliberative decision-making is engaged. The
inhibition of the initial impulse may be more difficult during adolescence relative to other
age groups due to the continued maturation of cognitive control and the heightened incentive
motivation occurring during this period. Furthermore, adolescents may lack the motivation
to inhibit the initial impulse to smoke. Once deliberative decision-making is engaged,
adolescent-specific content of the decision-making process (see section 3.5), leads the
adolescent to act in line with their original impulse and to accept the cigarette.
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