




The Adolescent Developmental Stage
o Physical maturation

o Drive for independence

o Increased salience of social and peer
interactions

o Brain development

o Inflection in risky behaviors including
experimentation with drugs and alcohol
criminal activity and unprotected sex



Neural Underpinnings
o Understanding the neural basis of these risky behaviors

is important to identify which teens may be at risk for
poor outcomes, such as substance dependence and
abuse.

o Traditional accounts of adolescence suggest that it is a
period of development associated with greater efficiency
of cognitive control.

o Dependent on maturation of the prefrontal cortex as
evidenced by imaging and postmortem studies, the
brain shows continued structural and functional
development well into young adulthood.



Challenging Traditional Views
o It is accurate that Improved Cognitive Control with

development of the Pre-Frontal Cortex is consistent with a
linear increase in this ability from Childhood to Adulthood.

o However, sub-optimal choices and actions observed
during Adolescence represent an inflection in
development, which is unique from Childhood or
Adulthood.

o If Cognitive Control and an Immature Pre-Frontal Cortex
were the basis for sub-optimal choice behavior, then
Children should look similar to (or worse than) Adolescents,
given their less developed Pre-Frontal Cortex and cognitive
abilities.



New Research Contributions
o Primary question of how the brain is changing

during Adolescence, which may explain inflections
in risky and impulsive behavior.

o Examples provided for how alcohol and drug use
may further exacerbate these changes and lead to
substance abuse/dependence.

o Attempt to identify potential biological and
behavioral markers for early identification and for
outcome assessments of interventions.



Framework I
o To accurately capture cognitive and

neurobiological changes during Adolescence,
this period must be treated as a transitional one
rather than a single snapshot in time.

o Empirical data that establishes developmental
trajectories from Childhood to Adulthood for
cognitive and neural processes are essential in
characterizing these transitions and more
importantly, in constraining any interpretations
about changes in brain or behavior in
Adolescence.



Framework II
o Refinement in the phenotypic characterization of this period

of development is needed: Adolescents are often
characterized as impulsive and as greater risk-takers with
these constructs used synonymously.

o These constructs are distinct

o Appreciating this distinction is important for describing their
developmental trajectories and neural underpinnings.

o There is behavioral, clinical, and neurobiological
evidences that suggest

o Risk-Taking is associated more with sensitivity to environmental
incentives (sensation seeking) and

o Impulsivity is associated with poor top-down cognitive control.



Neurobiological Model of Adolescence I

o Sub-Cortical regions of the Striatum and the Pre-Frontal
top-down control must be considered together as a circuit.

o Limbic Projections develop sooner than Pre-Frontal Control
regions.

o Adolescence is biased by a functionally mature
Sub-Cortical Limbic region relative to less mature
Cortical Circuitry (i.e. imbalance in reliance of
systems)

o compared with children for whom this Fronto-Limbic
Circuitry is still developing and

o compared with Adults for whom both systems are fully
mature.



Neurobiological Model of Adolescence II

o With development and experience, the functional
connectivity between these regions is strengthened
and provides a mechanism for top-down modulation
of the subcortical systems.

o The Fronto-Striatal circuitry and functional
strengthening of connections within the circuitry may
provide a mechanism to explain changes in impu
sivity and risk-taking across development.

o This model provides a basis for nonlinear inflections
observed in behavior from Childhood to Adulthood,
due to earlier maturation of subcortical projections
relative to less mature top-down prefrontal ones.



Neurobiological Model of Adolescence III o

The Triadic Model proposes that motivated
behavior has three distinct
(approach, avoidance, and
regulatory)

oApproach - Ventral Striatum (VS)

oAvoidance - Amygdala (AMG)

neural circuits



o Regulatory - Pre-Frontal Cortex (PFC)



Neurobiological Model of Adolescence IV

o The Triadic Model does not suggest that the
striatum and amygdala are specific to
approach and avoidant behaviors, given
recent studies showing valence independent
of these structures

o It rather suggests they are “systems” that are
important in detecting motivationally and
emotionally relevant cues in the environment
that can bias behavior.



Phenotypic Characterization of Adolescence I

o Impulse control is multifaceted, but generally defined as
the ability to accomplish goal-directed behavior in the
face of salient, competing inputs and actions.

o Developmental studies have shown a steady
improvement in cognitive control capacity from
Infancy to Adulthood.

o Developmental trajectories in cognitive control are
complex and can be modulated by emotionally charged
or reinforcing contexts (e.g. social and sexual
interactions), in which cognitive control demands
interact with motivational drives or processes.



Phenotypic Characterization of Adolescence II

o Motivation can modulate cognitive control in at least two ways:

Being rewarded for performance on a given task can make
people work harder and ultimately perform better than when not
rewarded.

2. The capacity to exert control can be challenged when
required to suppress thoughts and actions toward appetitive
cues.

o These studies suggested:

o a change in sensitivity to environmental cues, especially
reward-based ones at different points in development and

o a unique influence of motivation on cognition during the
Adolescent years.



Research Results - What Influences Teens? I
o Promise of financial and social rewards facilitated

Adolescent cognitive control behavior more than for
adults.

o Although there is evidence of enhanced performances
in teens with incentives, rewards can also diminish
performance when suppressing responses to rewards
that lead to high gain.

o Sensitivity to rewards and incentives actually peak
during Adolescence, with a steady increase from late
Childhood to Adolescence then a decrease from late
Adolescence to Adulthood.   Curvilinear function peaks
from 13-17 then declines.



Research Results -What Influences Teens?

o Social contexts, particularly peers, may also serve as a
motivational cue and can diminish cognitive control
during adolescence.

The degree to which an adolescent’s peers are using
substances is directly proportional to the amount of
alcohol or illegal substances that an adolescent will
use.

o Adolescents make riskier decisions in the presence of
peers than when alone and that these risky decisions
decrease linearly with age.



Research Results - What Influences Teens? III

o During Adolescence, motivational cues of potential
reward are particularly salient and can lead to improved
performance when provided as a reinforcer or rewarded
outcome, but to riskier choices or suboptimal choices
when provided as a cue.

o The motivational cue can diminish effective
goal-oriented behavior.

o Sensitivity to rewards and sensation-seeking behavior
are distinct from impulsivity with very different
developmental patterns (curvilinear function versus a
linear function, respectively).



Research Results-What Influences Teens? IV

curvilinear pattern with peaks
increasing from 10 to 15 years
remaining stable thereafter.

in sensation-seeking
and decreasing or

o In contrast, age differences in impulsivity followed a
linear pattern, with decreasing impulsivity with age in
a linear fashion.

o These findings suggest heightened vulnerability to
risk-taking in adolescence that may be due to the
combination of relatively higher inclinations to seek
excitement and relatively immature capacities for
self-control that are typical for this period of

o Differences in sensation-seeking with age followed a



development.



Neurobiology of Adolescence I

o Cognitive Control
Prefrontal Cortex

Impulsivity

o Motivational Behaviors(Sensation Seeking)
Striatum - Nucleus Accumbens
Critical in detecting and learning about
novel and rewarding cues in the
environment.



Neurobiology of Adolescence II

o There is an imbalance model of linear
development of top-down prefrontal regions
compared with a curvilinear function for
development of bottom-up striatal regions
involved in detecting salient cues in the
environment to ground the findings.

o Research is moving away from examining how
each region matures in isolation to how these
regions may interact in the context of
interconnected circuits.



Neurobiology of Adolescence III

o Striatal and Pre-Frontal Cortical regions shape
goal-directed behavior.

o When flexibly learning a set of reward
contingencies:

o very early activity in the Striatum provides the
foundation for reward-based associations,

whereas later in the activity, more deliberative
Pre-Frontal mechanisms are engaged to maintain
the behavioral outputs that can optimize the greatest
gains.



Neurobiology of Adolescence IV
Understanding the interactions between regions (and their component
functions) within the Fronto-Striatal Circuitry is critical for developing a
model of cognitive and motivational control in Adolescence:

o Fronto-Striatal Circuits undergo considerable elaboration during
Adolescence, particularly dramatic in the dopamine system.

o Peaks in the density of dopamine receptors D1 and D2 in the striatum
occur early in Adolescence, followed by a loss of these receptors by
Young Adulthood.

o In contrast the Pre-Frontal Cortex does not show peaks in D1 and D2
receptor density until Late Adolescence and Young Adulthood.

Given the dramatic changes in dopamine-rich circuitry during
Adolescence, it is likely to be related to changes in sensitivity to
rewards distinct from Childhood or Adulthood.



Neurobiology of Adolescence V
DTI and fMRI studies show the importance of
signaling within the corticostriatal circuitry that
supports the capacity to effectively engage in
cognitive control.

o Imaging studies show the prefrontal cortex, thought
to sub-serve age-related improvement in cognitive
control, undergoes delayed maturation, whereas
striatal regions sensitive to novelty and reward
manipulations develop sooner.

> Adolescents show heightened activation of the
ventral striatum in anticipation and/or receipt of
rewards compared with Adults.



Neurobiology of Adolescence VI
o Ventral striatal-large reward and the likelihood of

engaging in high risk-taking behavior.

o Ventral Medial Pre-Frontal cortex-low risk choices.
Impulsivity ratings were inversely correlated with the
volume of the ventral medial prefrontal cortex in
teenage boys.

o Risky behavior in adolescence is associated with an
imbalance caused by different developmental
trajectories of subcortical reward and prefrontal
regulatory brain regions consistent with out
neurobiological model of adolescence.



Neurobiology of Adolescence VII

o Studies of clinical populations characterized by
impulsivity problems such as attention-deficit
hyperactivity disorder have shown impaired impulse
control and decreased activity in prefrontal regions
compared with controls but not heightened responses to
incentives.

o These findings provide neurobiological empirical support
for a dissociation of the constructs related to risk-taking
and reward sensitivity from that of impulsivity, with the
former showing a curvilinear pattern and the latter a
linear pattern.



Neurobiology of Adolescence VIII
Adolescent choices and behavior cannot be explained by
impulsivity or protracted development of the Pre-Frontal Cortex
(PFC) alone, rather

o Motivational Sub-Cortical regions must be considered to elucidate
why adolescent behavior is not only different from Adults but also
from Children

o Thus, the Ventral Striatum appears to play a role in levels of
excitement and positive affect when receiving rewards and the
propensity for sensation-seeking and risk-taking.

During Adolescence some individuals may be more prone to
engage in risky behaviors due to developmental changes in
concert with variability in a given individual’s predisposition to
engage in risky behavior, rather than to simple changes in
impulsivity.



Neurobiology of Adolescence IX
o Task performance to neutral cues showed steady

improvement with age on this impulse control task.

o However, on trials for which the individual had to resist
approaching appetitive cues, adolescents failed to
show the expected age-dependent improvement.

o This performance decrement during adolescence was
paralleled by enhanced activity in the Striatum.

. This shows exaggerated Ventral Striatal
representation of appetitive cues in adolescence in the
absence of a mature cognitive control response.



Neurobiology of Adolescence X
o Overall, the data suggests although adolescents as a

group are considered risk-takers, some adolescents
will be more prone than others to engage in risky
behaviors, putting them at potentially greater risk for
negative outcomes.

o These findings underscore the importance of
considering individual variability when examining
complex brain-behavior relations related to risk-taking
and impulsivity in developmental populations, further

o These individual and developmental differences may
help to explain vulnerability in some individuals to
risk-taking, which is associated with substance use,
and ultimately addiction.



Substance Use and Abuse in Adolescence I

o Early use of substances is a reliable predictor
of later dependence and abuse.

o Alcohol and other substances of abuse, including
Cocaine and Cannabinoids have been shown to
have reinforcing properties.

o These substances influence MesoLimbic
Dopamine transmission with acute activations
of neurons in FrontoLimbic circuitry rich in
dopamine, including the Ventral Striatum.



Substance Use and Abuse in Adolescence II

o The use of these substances may exacerbate an
already enhanced Ventral Striatum response
resulting in heightened or strengthening of
reinforcement properties to the drug.

o These drugs can “Hijack” the systems associated
with drug incentives, such as the Ventral Striatum,
thus down-regulating top-down Pre-Frontal control
regions.

o Adolescents may be insensitive to cues to limit
usage and

o Positive influences of alcohol such as social
facilitation may further encourage alcohol use.



Substance Use and Abuse in Adolescence III

o Although Adolescents may be less sensitive to some
behavioral effects of alcohol, they appear to be more
sensitive to some of the neurotoxic effects.

o Greater ethanol-induced inhibition of N-methyl-D aspartic
acid-mediated synaptic potentials and long-term
potentiation in Hippocampal slices in adolescents than n
adults

o Repeated exposure of intoxicating doses of ethanol also
produces greater Hippocampal-dependent memory deficits

o Prolonged ethanol exposure has been associated with
increased Dendritic Spine size, which is suggestive of
modification of brain circuitry that may stabilize addictive
behavior.



Substance Use and Abuse in Adolescence IV

o There is evidence of altered brain structure and
function in alcohol-dependent or abusing
Adolescents and Young Adults compared with
healthy individuals.

o There has also been smaller Frontal and
Hippocampal volumes, altered White Matter m
crostructure and poorer memory.

o There are also positive associations between
Hippocampal volumes and age of first use, suggesting
that Early Adolescence may be a period of heightened
risk to alcohol’s neurotoxic effects.

o Duration, which was negatively correlated to
Hippocampal volume, may compound this effect.



Substance Use and Abuse in Adolescence V

o Studies of high-risk populations (e.g., familial load
of alcohol dependence) have suggested that
impairments in Frontal functioning are apparent
before drug-use exposure and can predict later
substance use.

o The Neurotoxic Effects of Alcohol, An Increased
Sensitivity to the Motivational Effects of Alcohol
and Evidence of Poorer Top-Down Pre-Frontal
control apparent even before drug-use exposure
may set up a long-term course of alcohol and drug
abuse well beyond Adolescence.



Substance Use and Abuse in Adolescence
o Research supports a view of Adolescent brain

development as characterized by a tension between
early emerging “bottom-up” systems that express
exaggerated reactivity to motivational stimuli and later
maturing “top-down” cognitive control regions.

o The bottom-up system, which is associated with
sensation-seeking and risk-taking behavior, gradually
loses its competitive edge with the progressive
emergence of “top down” regulation.

o The imbalance between these developing systems
during adolescence may lead to heightened
vulnerability to risk-taking behaviors and an increased
susceptibility to the motivational properties of
substances of abuse.



Substance Use and Abuse in Adolescence VI

o Individuals with less top-down regulation may be
particularly susceptible to alcohol and substance
abuse as suggested by studies of high-risk
populations showing impairments in Frontal
functioning before alcohol and drug exposure.

o In the context of our Neurobiological Model of
Adolescence, these individuals would have an even
greater imbalance in Cortico-Sub-Cortical control.

o These findings are also in accordance with clinical
findings in ADHD who show decreased prefrontal
activity and are four times as likely to develop a
substance use disorder compared with healthy
controls.



Substance Use and Abuse in Adolescence VII

o This imbalance in Cortico-Subcortical control would be
further compounded by the insensitivity of Adolescents to
the motor and sedative effects of alcohol that otherwise
may help to limit intake and the positive influences of
alcohol in social facilitation that may further encourage
alcohol use.

o One of the challenges in addiction-related work is the
development of bio-behavioral markers for early
identification of risk for substance abuse and/or for
outcome assessments for interventions/treatments.

o The behavioral challenges that require cognitive control in
the presence of tempting appetitive cues may be useful
potential markers, such as impulse control and delayed
gratification tasks.



Substance Use and Abuse in Adolescence VIII

o Although Adolescents as a group are considered
risk-takers, some Adolescents will be more prone than
others to engage in risky behaviors, putting them at
potentially greater risk for negative outcomes.

o Instead of limiting risk taking behavior, which may be
adaptive in some situations, providing access to risky
and exciting activities under controlled settings may be
helpful to limit harmful activities.



Substance Use and Abuse in Adolescence IX

Prevention and Treatment Strategies:
o Instead of limiting risk taking behavior, which may be

adaptive in some situations, providing access to risky
and exciting activities under controlled settings may be
helpful to limit harmful activities.

o By engaging in safe risk-taking opportunities, the
Teenager can shape long-term behavior by fine-tuning
the connections between top-down control regions and
bottom-up drives with maturity of this circuitry.

o Cognitive Behavioral Therapies that focus on Refusal
Skills, or Cognitive Control can decrease risky behaviors.
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2010.


