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Short talk, huh?!



Oh, you mean  
they found one?!



Isnʼt that a  
contradiction  

of terms?!



What is your next talk on –  
the Loch Ness Monster? !



The adolescent brain is not a 
broken or defective adult brain! 

 
It is exquisitely forged by the forces 
of our evolutionary history to have 

different features compared to 
children or adults. !



Adolescent Behavioral Changes  
in Social Mammals!

•  Increased risk taking!
•  Increased sensation seeking!
• Greater peer affiliation!
!
Facilitate separation from natal family?!
Less inbreeding = evolutionary advantage?!



 
Hall of Human Origins  

Smithsonian Museum, Washington DC  
!



 
Brain volume increase driven by 

change in environment!



The Digital Revolution!

The way we learn, play, and interact 
with each other has changed more in 
the last 15 years than in the previous 
570 years since Gutenbergʼs 
popularization of the printing press. !



Adolescents 
  
 Young enough to embrace change 
  
 Old enough to master the technology 



It aint natural!!



The Double Edged Sword of 
Adolescent Brain Plasticity!

Opportunity 

Vulnerability 



NIMH Child Psychiatry Data Base !
•  Longitudinal Assessment (~ 2 year intervals)!

–  Imaging (sMRI, fMRI, MEG, DTI, MTI)!
–  Genetics !
–  Neuropsychological / Clinical !
!

•  9000+ Scans from 4000+ Subjects (ages 0 to 97)!
–  ! ~ ½ Typically-Developing!

•  ~ ½ Twins (NIDA TWING Project?)!
–    25 Clinical Populations!

•  ADHD, Autism Spectrum, Autism Savants,, Bipolar 
Disorder, Childhood Onset Schizophrenia, Depression, 
OCD, PANDAS, Sex Chromosome Variations (XXY, XXX, 
XXY, XXYY, XXXXY),  Touretteʼs Syndrome, …!







How the Brain Looks to MRI!

90,000 neurons 
400 m of dendrites 
4,500,000 synapses 

3 km of axons 



Donald Bliss, MAPB, Medical Illustration!

The Neuron!

Terminal 
branches of 
axon!

Cell body!
(the cellʼs life 
support center)!

Dendrites!

Axon!

Myelin 
sheath!

Neuronal Impulse!



How the Brain Looks to MRI!

90,000 neurons 
400 m of dendrites 
4,500,000 synapses 

3 km of axons 



How do we bridge gaps across disciplines?!

• Non human 
primate / mouse/ 
other species 
studies!
• Higher resolution 

imaging!



Key Points of Brain Maturation!

•  The brain matures by becoming more 
“connected” (white matter) and more 
specialized (gray matter)!

!
•  A changing prefrontal/limbic balance affects 

reward circuitry, hot vs cold cognition, 
temporal discounting, and decision making 
relevant to the issue of substance abuse!

!



“Connectivity”!

• White Matter!
• Gray Matter!



White Matter!

Nucleus!

Oligodendroglia!

Axon!

White Matter

250

300

350

400

450

4 6 8 10 12 14 16 18 20 22

Age in years

V
o

lu
m

e
 

in
 

c
u

b
ic

 
c
m

White Matter 

Age in years 

 
Male (152 scans from 90 subjects)

  
Female (91 scans from 55 subjects) 
 
95% Confidence Intervals 



Myelin  Increased Bandwidth 
Speed 100x, Refractory Period 1/30x!

Signal “hops” between nodes of Ranvier!



More than just maximizing speed …!

•  Synchrony!
•  Plasticity!
•  Sensitive Periods!
•  Integration!



Facets of “Connectivity”!

•  Long Term Potentiation (LTP)!
•  White Matter!
•  EEG coherence!
•  fMRI coactivation!
•  Temporally coupled developmental trajectories!

–  fire together  wire together  grow together?!

•  Similarly affected by same genetic/environmental 
factors!

•  Graph Theory (nodes and edges)!





Collective dynamics of 'small-world' networks  
(Nature, June 1998)!

•  Small world networks !
–  Many beneficial properties!
–  Surprisingly often seen in natural systems!
–  A whole field of mathematics developing 

to quantify aspects of “connectivity”  !



Disrupted modularity and local connectivity  
in childhood onset schizophrenia!

Alexander-Bloch, Bulmore, Giedd 2010 



Specialization!

• White Matter!

• Gray Matter!



Gray Matter!



White Matter vs  Gray Matter!

Gray Matter!
!

–  Inverted “U”!

– Regionally specific!

White Matter!
!

– Linear increase!
!
– Not different  

by region!



Gray Matter Development  
in Healthy Children & Adolescents   

(1412 Scans from 540 Subjects)!

Frontal Lobe Gray Matter!

200!

220!

240!

4! 6! 8! 10! 12! 14! 16! 18! 20! 22!
Age in years!

Vo
lu

m
e 

in
 m

l!



Overproduction / Selective Elimination!

Diamond, Hopson, Scheibel, 1998! Images by Diane Murphy, PhD, NIH 



Similar Pattern for Synaptic Density!
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And for D1 Receptor Density in Striatum!
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Gray Matter Thickness:  
Ages 4 to 25 years!



Prefrontal Cortex!

•  “Executive” functions!
–  Long term strategy!
–  Planning!
–  Organization!
–  Impulse control!

•  Integrates input from rest of 
the brain (“top down”)!

•  social brain circuitry!
•  Time Travel!
•  Multi tasking bottle neck?!



Limbic circuitry – ignites at puberty 

Scientific American, September 1998 



NEUROBIOLOGICAL MODEL OF
ADOLESCENCE

An accurate conceptualization of cognitive and
neurobiological changes during adolescence must
treat adolescence as a transitional developmental
period (Spear, 2000), rather than a single snapshot in
time. In other words, to understand this develop-
mental period, characterizing transitions into and out
of adolescence is necessary for distinguishing dis-
tinct attributes of this period of development (Casey,
Galvan, & Hare, 2005; Casey, Tottenham, Liston,
& Durston, 2005). Establishing developmental
trajectories for cognitive processes is essential in
characterizing these transitions and constraining
interpretations about changes in behavior during this
period.

We have developed a testable neurobiological
model of adolescent development within this
framework that builds on rodent models (Brenhouse,
Sonntag, & Andersen, 2008; Laviola, Adriani,
Terranova, & Gerra, 1999; Spear, 2000) and recent
imaging studies of adolescence (Ernst et al., 2005;
Galvan et al., 2006, 2007; Hare et al., 2008; Somerville,
Hare, & Casey, in press; Van Leijenhorst, Moor, et al.,
2010; Van Leijenhorst, Zanolie, et al., 2010). Figure 1
depicts this model. This characterization of adoles-
cence goes beyond exclusive association of risky
behavior to the immaturity of the prefrontal cortex.
Rather, the proposed neurobiological model illus-
trates how subcortical and cortical top-down control
regions must be considered together. The cartoon
illustrates different developmental trajectories for
these systems, with subcortical systems such as the
ventral striatum developing earlier than prefrontal

control regions. According to this model, the indi-
vidual is biased more by functionally mature sub-
cortical regions during adolescence (i.e., imbalance
of subcortical relative to prefrontal cortical control),
compared with children, for whom these systems
(i.e., subcortical and prefrontal) are both still devel-
oping, and compared with adults, for whom these
systems are fully mature.

This perspective provides a basis for nonlinear
shifts in risky behavior across development due to
earlier maturation of subcortical systems relative to
less mature top-down prefrontal control systems. With
development and experience, the functional connec-
tivity between these regions provides a mechanism for
top-down control of this circuitry (Hare et al., 2008).
Further, the model reconciles the contradiction of
health statistics of risky behavior during adolescence
with the astute observation by Reyna and Farley
(2006) that adolescents are quite capable of rational
decisions and understand risks of behaviors in which
they engage. However, in emotionally salient situa-
tions, subcortical systems will win out (accelerator)
over control systems (brakes) given their maturity
relative to the prefrontal control system.

This model is consistent with models of ado-
lescent development (Ernst, Pine, & Hardin, 2006;
Ernst, Romeo, & Andersen, 2009; Geier & Luna, 2009;
Nelson, Leibenluft, McClure, & Pine, 2005; Steinberg,
2008; Steinberg et al., 2009) that suggest differential
development of subcortical and cortical regions. For
example, the triadic model proposed by Ernst et al.
(2006) describes motivated behavior as having three
distinct neural circuits (approach, avoidance, and
regulatory). The approach system relates to reward
behaviors and is largely controlled by the ventral
striatum. The avoidance system relates to avoidance
behaviors and is mostly controlled by the amygdala.
Lastly, the regulatory system balances the approach
and avoidance systems and is largely controlled by
the prefrontal cortex. Accordingly, increased risk
taking behavior during adolescence is due to greater
influence of the approach system and a weaker in-
fluence of the regulatory system.

Our model differs from others in that it is based
on empirical evidence for brain changes not only in
the transition from adolescence to adulthood, but
also the transition into adolescence from childhood.
Further, we do not suggest that the striatum and
amygdala are specific to approach and avoidant be-
havior given recent studies showing valence inde-
pendence of these structures (Levita et al., 2009), but
rather that they are systems important in detecting
motivationally and emotionally relevant cues in the
environment that can bias behavior. This sensitivity

FIGURE1 Neurobiological model depicting later development
of top-down prefrontal regions relative to subcortical regions in-
volved in desire and fear. This imbalance in development of these
systems is proposed to be at the core of risky choice behavior in
adolescents in contrast to the popular view of adolescent behavior
being due to the protracted development of the prefrontal cortex
alone (From Somerville, Jones, & Casey, 2010).

22 CASEY, JONES, AND SOMERVILLE

Braking and Accelerating of the Adolescent Brain

B. J. Casey, Rebecca M. Jones, and Leah H. Somerville
Sackler Institute for Developmental Psychobiology

Adolescence is a developmental period often characterized as a time of impulsive and risky choices leading to increased
incidence of unintentional injuries and violence, alcohol and drug abuse, unintended pregnancy, and sexually transmitted
diseases. Traditional neurobiological and cognitive explanations for such suboptimal choices and actions have failed to
account for nonlinear changes in behavior observed during adolescence, relative to childhood and adulthood. This review
provides a biologically plausible conceptualization of the mechanisms underlying these nonlinear changes in behavior, as
an imbalance between a heightened sensitivity to motivational cues and immature cognitive control. Recent human
imaging and animal studies provide a biological basis for this view, suggesting differential development of subcortical
limbic systems relative to top-down control systems during adolescence relative to childhood and adulthood. This work
emphasizes the importance of examining transitions into and out of adolescence and highlights emerging avenues of
future research on adolescent brain development.

Adolescence is characterized as a time when we act
more impulsively, fail to consider long-term conse-
quences, and engage in riskier behavior than we do
as adults (Gardner & Steinberg, 2005; Scott, 1992;
Steinberg et al., 2008). This propensity to take risks is
reflected in higher incidences of accidents, suicides,
unsafe sexual practices, and criminal activity (Scott,
1992). Juveniles 15 years of age and younger act more
impulsively than do older adolescents, but even
16- and 17-year-old youth fail to exhibit adult levels
of self-control (Feld, 2008).

In the past decade, a number of cognitive and
neurobiological hypotheses have been postulated for
why adolescents engage in impulsive and risky acts.
Traditional accounts of adolescence suggest that it is
a period of development associated with progres-
sively greater efficiency of cognitive control capaci-
ties. This efficiency in cognitive control is described
as dependent on maturation of the prefrontal cortex
as evidenced by imaging (Galvan et al., 2006; Gogtay
et al., 2004; Hare et al., 2008; Sowell et al., 2003) and
postmortem studies (Bourgeois, Goldman-Rakic, &
Rakic, 1994; Huttenlocher, 1979; Rakic, 1994) show-
ing continued structural and functional development
of this region well into young adulthood.

The general pattern of improved cognitive control
with maturation of the prefrontal cortex (Crone & van
der Molen, 2007) suggests a linear increase in devel-
opment from childhood to adulthood. If cognitive
control and an immature prefrontal cortex were the
basis for suboptimal choice behavior alone, then chil-
dren should look remarkably similar or presumably
worse than adolescents, given their less developed
prefrontal cortex and cognitive abilities (Casey, Getz,
& Galvan, 2008). Yet suboptimal choices and actions
observed during adolescence represent an inflection in
development (Windle et al., 2008) that is unique from
either childhood or adulthood, as evidenced by the
National Center for Health Statistics on adolescent
behavior and mortality (Eaton et al., 2008).

This review addresses the primary question of
how the brain is changing during adolescence in
ways that may explain inflections in risky behavior.
We outline a testable neurobiological model that
emphasizes the dynamic interplay between subcor-
tical and cortical brain regions and speculate on the
emergence of these systems from an evolutionary
perspective. We provide evidence from behavioral
and human brain imaging studies to support this
model in the framework of actions in motivational
contexts (Cauffman et al., 2010; Figner, Mackinlay,
Wilkening, & Weber, 2009; Galvan, Hare, Voss,
Glover, & Casey, 2007; Galvan et al., 2006) and ad-
dress why some teenagers may be at greater risk
than others for making suboptimal decisions leading
to poorer long-term outcomes (Galvan et al., 2007;
Hare et al., 2008).
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Frontal Limbic Balance Shift  
During Adolescence!

•  In general …!
–  Increase in reward sensitivity!
–  Decrease in avoidance!
–  Temporal discounting!
–  Delay aversion!

!
• … but many exceptions to these rules.!

–  All are very context dependent, malleable, and vary by 
gender, genetics, and from person to person.!

!



Summary!

•  The adolescent brain is developing not defective!
•  Enormous plasticity confers both vulnerability and 

opportunity!
•  Journey not just destination!
•  Differences in prefrontal/limbic balance affect 

temporal discounting, reward circuitry, hot vs cold 
cognition, and decision making that may be relevant 
to the issues of substance abuse!

!



Why do so many brain disorders 
emerge during adolescence?!

•  Time of dramatic change in brain, body, and behavior!
•  Time of peak emergence of:!

–  Schizophrenia!
–  Depression!
–  Anxiety!
–  Substance Abuse!
–  Eating Disorders!

•  Not Autism, ADHD, Alzheimerʼs!

• Moving parts get broken?!



sMRI 
WM  
GM ∩ 

fMRI 
Diffuse  focal 
“frontalization” 
 integration 

EEG 
Delta sleep  
Cyclic power   

Postmortem 
Overproduction/ 
Selective elimination 
Synapses 
Neurotransmitters 

PET 
 glucose utilization 
 

Adolescent Brain Changes  



Schizophrenia 
Exaggeration of typical  
regressive changes: 
 
• Delta sleep  
• Membrane phospholipids  
• Synaptophysin expression 
• Synaptic spine density 
• Neuropil  
• Prefrontal metabolism  
• Frontal gray matter 

Depression 
Hormonally mediated limbic effects 
preceeding maturation of cognitive-
regulatory system 

Substance Abuse 
 Sensitivity to hangover, 
sedation, and  
motor impairment 
 Hippocampal vulnerability 

Typical behavior changes 
 Risk taking 
 Novelty seeking 
 Social priorities 

Risks for psychopathology during 
adolescence 



Why Adolescence: Schizophrenia!

•  Is schizophrenia related to an exaggeration of typical 
regressive changes of adolescence?!

•  Delta sleep (synaptic pruning?) – (Feinberg 1982)!
•  Membrane phospholipids (Pettegrew et al. 1991)!
•  Prefrontal metabolism (Andreasen et al. 1992)!
•  Density of synaptic spines  (Garey et al. 1998)!
•  Neuropil (Selemon et al. 1995)!
•  Expression of synaptic marker synaptophysin (Eastwood et al. 1995) !
•  Frontal cortical gray matter (Sporn et al. 2003)!

!



Summary!

•  The adolescent brain is developing not defective!
•  Enormous plasticity confers both vulnerability and 

opportunity!
•  Journey not just destination!
•  Differences in prefrontal/limbic balance affect 

temporal discounting, reward circuitry, hot vs cold 
cognition, and decision making that may be relevant 
to the issues of substance abuse!

!



Journey not  
just Destination 

1.  Cognitive/Behavioral 2. Male/Female Differences 

3.  Genetic/Environmental 4. Health/Illness 



Age of attaining peak cortical thickness for the ADHD and healthy control 
groups: ADHD has “shift to the right” 

The darker colors indicate regions where a quadratic model was not appropriate and thus a peak age could not be 
calculated, or that the peak age was estimated to lie outside the age range covered 

Shaw et al. Attention-deficit/hyperactivity disorder is characterized by a delay in cortical maturation. PNAS, 104(49): 19649-19654  



Age of attaining peak cortical thickness for the ADHD and healthy control 
groups: ADHD has “shift to the right” 

The darker colors indicate regions where a quadratic model was not appropriate and thus a peak age could not be 
calculated, or that the peak age was estimated to lie outside the age range covered 

Shaw et al. Attention-deficit/hyperactivity disorder is characterized by a delay in cortical maturation. PNAS, 104(49): 19649-19654  



Summary!

•  The adolescent brain is developing not defective!
•  Enormous plasticity confers both vulnerability and 

opportunity!
•  Journey not just destination!
•  Differences in prefrontal/limbic balance affect 

temporal discounting, reward circuitry, hot vs cold 
cognition, and decision making that may be relevant 
to the issues of substance abuse!

!





They need their parents!



just as much as they do.!

They need their parents!



The Infant From Hell!


