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Abstract Dynamic changes in neurochemistry, fiber archi-
tecture, and tissue composition occur in the adolescent
brain. The course of these maturational processes is being
charted with greater specificity, owing to advances in
neuroimaging and indicate grey matter volume reductions
and protracted development of white matter in regions
known to support complex cognition and behavior. Though
fronto-subcortical circuitry development is notable during
adolescence, asynchronous maturation of prefrontal and
limbic systems may render youth more vulnerable to risky
behaviors such as substance use. Indeed, binge-pattern
alcohol consumption and comorbid marijuana use are
common among adolescents, and are associated with neural
consequences. This review summarizes the unique charac-
teristics of adolescent brain development, particularly
aspects that predispose individuals to reward seeking and
risky choices during this phase of life, and discusses the
influence of substance use on neuromaturation. Together,
findings in this arena underscore the importance of refined
research and programming efforts in adolescent health and
interventional needs.

Keywords Adolescence . Substance use . Alcohol .

Marijuana . Risk taking . Neuromaturation

Introduction

Adolescence is a time of subtle, yet dynamic brain changes
that occur in the context of major physiological, psycho-
logical, and social transitions. This juncture marks a
gradual shift from guided to independent functioning that
is analogized in the protracted development of brain
structure. Growth of the prefrontal cortex, limbic system
structures, and white matter association fibers during this
period are linked with more sophisticated cognitive func-
tions and emotional processing, useful for navigating an
increasingly complex psychosocial environment. Despite
these developmental advances, increased tendencies toward
risk-taking and heightened vulnerability to psychopatholo-
gy are well known within the adolescent milieu. Owing in
large part to progress and innovation in neuroimaging
techniques, appreciable levels of new information on
adolescent neurodevelopment are breaking ground. The
potential of these methods to identify biomarkers for
substance problems and targets for addiction treatment in
youth are of significant value when considering the rise in
adolescent alcohol and drug use and decline in perceived
risk of substance exposure (Spear 2010).

What are the unique characteristics of the adolescent
brain? What neural and behavioral profiles render youth at
heightened risk for substance use problems, and are
neurocognitive consequences to early substance use ob-
servable? Recent efforts have explored these questions and
brought us to a fuller understanding of adolescent health
and interventional needs. This paper will review neuro-
developmental processes during adolescence, discuss the
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influence of substance use on neuromaturation as well as
probable mechanisms by which these substances influence
neural development, and briefly summarize factors that may
enhance risk-taking tendencies. Finally, we will conclude
with suggestions for future research directions.

Adolescent Brain Development

Overall brain size changes little beyond early school age
(Pfefferbaum et al. 1994), though the adolescent brain
continues to undergo considerable maturation (Barnea-
Goraly et al. 2005; Paus et al. 1999; Sowell et al. 1999).
Changes in cortical volume occur alongside axonal growth
and refinement of cortical connections (Huttenlocher and
Dabholkar 1997; Yakovlev and Lecours 1967). Maturing
neural circuitry, particularly in the prefrontal cortex, limbic
system, and white matter association and projection fibers
is linked with advancements in cognition and behavior, but
also renders the adolescent brain vulnerable to unhealthy
environmental influences.

Grey Matter

The developmental trajectory of grey matter follows an
inverted parabolic curve, with cortical volume peaking, on
average, around ages 12–14, followed by a decline in
volume and thickness over adolescence (Giedd et al. 1999;
Gogtay et al. 2004; Sowell et al. 2003). Widespread
supratentorial diminutions are evident, but show temporal
variance across regions (Wilke et al. 2007). Declines begin
in the striatum and sensorimotor cortices (Jernigan and
Tallal 1990; Jernigan et al. 1991; Sowell et al. 1999),
progress rostrally to the frontal poles, then end with the
dorsolateral prefrontal cortex (Gogtay et al. 2004; Sowell et
al. 2002b), which is also late to myelinate (Paus et al.
1999). Longitudinal charting of brain volumetry (Giorgio et
al. 2010) from 13–22 years of age reveals specific declines
in medial parietal cortex, posterior temporal and middle
frontal gyri, and the cerebellum in the right hemisphere,
coinciding with previous studies showing these regions to
develop late into adolescence (Giedd 2004; Gogtay et al.
2004; Sowell et al. 2002a, b). Examination of developmen-
tal changes in cortical thickness from 8–30 years of age
indicates a similar pattern of nonlinear declines, with
marked thinning during adolescence. Attenuations are most
notable in the parietal lobe, and followed in effect size by
medial and superior frontal regions, the cingulum, and
occipital lobe (Tamnes et al. 2009).

The mechanisms underlying cortical volume and thick-
ness decline are suggested to involve selective synaptic
pruning of superfluous neuronal connections, reduction in
glial cells, decrease in neuropil and intra-cortical myelina-

tion (Huttenlocher and Dabholkar 1997; Paus et al. 2008;
Shaw et al. 2008; Tamnes et al. 2009). Regional variations
in grey matter maturation may coincide with different
patterns of cortical development, with allocortex, including
the piriform area, showing primarily linear growth patterns,
compared to transition cortex (orbitofrontal, insular, cingu-
late, entorhinal, and perirhinal regions) demonstrating a
combination of linear and quadratic trajectories, and
isocortex (medial and lateral prefrontal, precentral motor,
somatosensory, lateral temporal, and lateral occipital
regions) demonstrating cubic growth curves (Shaw et al.
2008). Though the functional implications of these devel-
opmental trajectories are unclear, isocortical regions under-
go more protracted development and support complex
behavioral functions. Their growth curves may reflect
critical periods for development of cognitive skills as well
as windows of vulnerability for neurotoxic exposure or
other developmental perturbations.

White Matter

In contrast to grey matter reductions, white matter across
the adolescent years shows growth and enhancement of
pathways (Giedd 2008; Yakovlev and Lecours 1967). This
is reflected in white matter volume increase, particularly in
fronto-parietal regions (Benes 1989; Huttenlocher 1990;
Nagel et al. 2006; Yakovlev and Lecours 1967). Diffusion
tensor imaging (DTI), a neuroimaging technique that has
gained widespread use over the past decade, relies on the
intrinsic diffusion properties of water molecules and has
afforded a view into the more subtle microstructural
changes that occur in white matter architecture. Two
common scalar variables derived from DTI are fractional
anisotropy (FA), which describes the directional variance of
diffusional motion, and mean diffusivity (MD), an indicator
of the overall magnitude of diffusional motion. These
measures index relationships between signal intensity
changes and underlying tissue structure, and provide
descriptions of white matter quality and architecture
(Conturo et al. 1999; Pierpaoli and Basser 1996; Shimony
et al. 1999). High FA reflects greater fiber organization and
coherence, myelination and/or other structural components
of the axon, and low MD values suggest greater white
matter density (Roberts and Schwartz 2007). Studies of
typically developing adolescents show increases in FA and
decreases in MD. These trends continue through early
adulthood in a nearly linear manner (Barnea-Goraly et al.
2005; Bonekamp et al. 2007; Mukherjee et al. 2001;
Schmithorst et al. 2002), though recent data suggest an
exponential pattern of anisotropic increase that may plateau
during the late-teens to early twenties (Lebel et al. 2008).

Areas with the most prominent FA change during
adolescence are the superior longitudinal fasciculus, supe-
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rior corona radiata, thalamic radiations, and posterior limb
of the internal capsule (see Fig. 1) (Bava et al. 2010b).
Other projection and association pathways including the
corticospinal tract, arcuate fasciculus, cingulum, corpus
callosum, superior and mid-temporal white matter, and
inferior parietal white matter show anisotropic increases as
well (Ashtari et al. 2007; Bonekamp et al. 2007; Giorgio et
al. 2010; Giorgio et al. 2008; Tamnes et al. 2009). Changes
in subcortical and deep grey matter fibers are more
pronounced, with less change in compact white matter
tracts comprising highly parallel fibers such as the internal
capsule and corpus callosum (Bava et al. 2010b; Lebel et al.
2008). Fiber tracts constituting the fronto-temporal path-
ways appear to mature relatively later (Schneiderman et al.
2007; Tamnes et al. 2009), though comparison of growth
rates among tracts comes largely from cross-sectional data
that present developmental trends.

The neurobiological mechanisms contributing to FA
increases and MD decreases during adolescence are not
entirely understood, but examination of underlying diffu-
sion dynamics point to some probable processes. For
example, decreases in radial diffusivity (RD), diffusion that
occurs perpendicular to white matter pathways, suggests
increased myelination, axonal density, and fiber compact-
ness (Giorgio et al. 2008; Snook et al. 2005), but have not
been uniformly observed to occur during adolescence.
Similarly, changes in axial diffusivity (AD), diffusion
parallel to the fibers’ principle axis, show discrepant trends,
with some studies documenting decreases (Eluvathingal et
al. 2007; Lebel et al. 2008; Suzuki et al. 2003), and others
increases in this index (Ashtari et al. 2007; Giorgio et al.
2010). Decreases in AD may be attributable to developing
axon collaterals, whereas increases may reflect growth in
axon diameter, processes which are both likely to occur
during adolescence. Technical and demographic differences
such as imaging parameters, inter-scan intervals, age range,
and gender ratios may account for divergent findings.

Both grey matter volume decreases and FA increases
in frontoparietal regions occur well into adolescence,
suggesting a close spatiotemporal relationship (Gogtay et
al. 2004; Lebel et al. 2008). Changes in tissue morphom-
etry are attributable to synaptic proliferation and pruning
(Huttenlocher 1979) as well as myelination. Diminutions
in gray matter density and concomitant brain growth in
dorsal parietal and frontal regions suggest an interplay
between regressive and progressive changes (Sowell et al.
2001), and the coupling of these neurobiological processes
is associated with increasingly economical neural activity
(Huttenlocher and Dabholkar 1997).

Sexual Dimorphisms in Brain Structure

The increasing divergences in male and female physiology
during adolescence are observed in sex-based differentia-
tion of brain structure. Male children and adolescents show
larger overall brain volumes (Caviness et al. 1996; Reiss et
al. 1996), and proportionally larger amygdala and globus
pallidus sizes, while females demonstrate larger caudate
nuclei and cingulate gyrus volumes (Caviness et al. 1996;
Giedd et al. 1997; Wilke et al. 2007). Although cortical and
subcortical grey matter volumes typically peak 1–2 years
earlier in females than males (Lenroot and Giedd 2006),
male children and adolescents show more prominent grey
matter reductions and white matter volume increases with
age than do females (Blanton et al. 2004; De Bellis et al.
2001).

The marked increase in white matter that occurs during
adolescence is most prominent in the frontal lobe for both
genders (Giedd et al. 1999), though male children and
adolescents have significantly larger volumes of white
matter surrounding the lateral ventricles and caudate nuclei
than females (Hua et al. 2009). Adolescent males also
demonstrate a significantly higher rate of change in white
matter volume (De Bellis et al. 2001; Lenroot et al. 2007;

Fig. 1 Clusters of significant
change in the superior longitu-
dinal fasciculus over time in
adolescents age 17.5 to 19
(≥153 μl, p<.01; N=22) (Bava
et al. 2010a, b). Results are
superimposed on a fiber skele-
ton (blue) and overlaid on a
standardized template. Images
are in radiological convention
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Perrin et al. 2008) particularly in the occipital lobe (Perrin
et al. 2009). Despite steeper white matter volume changes
in males, maturation of white matter microstructure may
occur earlier in female than male adolescents (Asato et al.
2010).

Findings on white matter microstructure provide further
evidence of different neuromaturational trajectories for
boys and girls. In a whole-brain voxelwise DTI study of
106 children and adolescents 5–18 years of age, males had
higher FA in bilateral frontal white matter areas, right
arcuate fasciculus, and left parietal and occipito-parietal
regions, while females showed higher FA in the splenium
of the corpus callosum (Schmithorst et al. 2008). Females
displayed age-related increases in FA in all regions,
whereas males did not. Other findings suggest higher FA
in the genu in adolescent males compared to females
(Silveri et al. 2006), while fiber tract analysis of 31 children
and adolescents documents no sex-related FA differences
(Eluvathingal et al. 2007). It is possible that power
differences in voxelwise versus tractography methods and
in sample size contribute to discrepant findings.

Different mechanisms of white matter growth, specifi-
cally, an increase in axonal diameter in males and a growth
in myelin content in females, are implicated from
magnetization-transfer ratio analysis (Perrin et al. 2009).
Indeed, higher levels of lutenizing hormone is associated
with greater white matter content (Peper et al. 2008), and
increasing testosterone levels may influence axonal diam-
eter in males (Perrin et al. 2008). Together, these findings
suggest a role for sex hormones in developmental trajecto-
ries of cortical and white matter maturation.

Neurotransmitters

Some neurotransmitter systems appear to show refinement
during the teenage years. Brain regions with input from the
neurotransmitter dopamine that comprise the reward system
(i.e., prefrontal cortex, striatum, and nucleus accumbens)
undergo pronounced developmental changes during ado-
lescence (Spear 2009). In particular, the density of
dopaminergic connections to the prefrontal cortex increases
in this phase of life (Lambe et al. 2000; Rosenberg and
Lewis 1994; Tunbridge et al. 2007). Activity of the
dopamine degrading enzyme catechol-O-methyltransferase
(COMT) appears to increase in mid-adulthood (after age
30) based on post mortem studies (Tunbridge et al. 2007),
but does not differ between infants, adolescents, and young
adults. This post-adolescent maturation may facilitate
improved dopaminergic transmission to and within the
prefrontal cortex. Dopamine synthesis and turnover in
portions of the prefrontal cortex that project to subcortical
regions (e.g., striatum) increase from adolescence to
adulthood (Andersen et al. 1997; Teicher et al. 1993), and

this dopamine balance shift between prefrontal and subcor-
tical structures may be due to pruning in the neocortex
(Bourgeois et al. 1994; Woo et al. 1997).

In a study from Sweden, binding potential of the
dopamine D1 receptor (the most abundant of the DA
receptor subtypes) was evaluated in individuals spanning
ages 10–30 using positron emission tomography. Binding
potential declined non-linearly in all regions, most
prominently in cortical regions including the dorsolateral
prefrontal cortex during adolescence, with reductions of
26% from adolescence to young adulthood in frontal,
anterior cingulate, and occipital cortex over one decade.
A slower to flat decline in binding potential was seen for
orbitofrontal and posterior cingulate and striatal regions
(Jucaite et al. 2010). Expression of the dopamine D2
receptors in the prefrontal cortex peak in infancy then by
adolescence reach adult levels (Weickert et al. 2007). In
contrast, prefrontal levels of the dopamine receptor D4
show little change with age (Weickert et al. 2007). Overall,
the development of dopaminergic transmission varies
across particular receptor types, with some showing
marked changes well into the third decade of life, past
the stage typically considered adolescence.

The inhibitory GABAergic system also shows develop-
ment during adolescence. In rats, fibers from the basolateral
amygdala continue to form connections with GABAergic
interneurons in the prefrontal cortex throughout periado-
lescence (Cunningham et al. 2002, 2008). In non-human
primates, GABAergic inputs to pyramidal cells undergo
changes during the perinatal period and adolescence (Akil
and Lewis 1992; Cruz et al. 2003) in concert with
continued maturation of behaviors mediated by the pre-
frontal cortex (Cruz et al. 2009). The timing of improved
executive functioning and working memory performance
appears to correspond with maturing GABAergic inhibitory
circuits containing the protein parvalbumin (Behrens and
Sejnowski 2009; Rao et al. 2000; Uhlhaas et al. 2009). In
humans, the input to GABAergic interneurons in the
prefrontal cortex appears to decrease strongly from adoles-
cence to adulthood (Lewis 1997; Spear 2000).

Neurotransmission is influenced by activity in receptors for
adrenal and gonadal hormones. Puberty-related hormonal
development begins with changes in excitatory and inhibitory
inputs to gonadotropin-releasing hormone neurons in the
pituitary gland. This activity has clear influences on aggres-
sion and sexual behavior, but a less clear role concerning
impulsivity and cognition (Paus et al. 2008).

The neurotransmitter changes occurring during adoles-
cence are in synchrony with the anatomical changes seen in
the prefrontal cortex and other brain regions during this
stage, as well as maturation of cognition and behavior and
the emerging increased risk for psychopathology (Paus et
al. 2008). Changes in dopamine and reward circuitry are
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critical to assigning value and reinforcing behaviors, such
as social interaction, food consumption, romantic behav-
iors, novelty seeking, and alcohol and other drug intake
(Spear 2009), while ongoing refinement of inhibitory
neurotransmission has broad implications for information
processing and modulation of impulses.

Cognitive and Social Development

Neuromaturation in the form of brain volume, structure,
and neurochemistry changes during adolescence occurs
along with numerous behavioral alterations. Among these,
the acquisition and demonstration of advanced cognitive
skills is particularly notable. Higher-order cognitive func-
tions such as working memory, planning, problem solving,
and inhibitory control are developing during adolescence
(Anderson et al. 2001; Conklin et al. 2007) and historically
linked to maturation of the frontal lobes (Rubia et al. 2003;
Sowell et al. 1999). The study of brain structure-function
relationships has considerably burgeoned with the use of
fiber tractography and fMRI, providing an appreciation for
more distributed neural circuitry including fronto-
subcortical networks as the seat of complex cognitive and
executive skills (Royall et al. 2002). The correspondence
between white matter development during adolescence and
neurocognitive performance has been demonstrated in a
number of recent studies. Intellectual functioning in youth
is associated with the development of white matter circuitry
in bilateral frontal, occipito-parietal, and occipito-temporo-
parietal regions (Schmithorst et al. 2005). The reading skills
of children and adolescents improve with white matter
changes in the internal capsule, corona radiata, and
temporo-parietal regions (Beaulieu et al. 2005; Nagy et al.
2004; Niogi and McCandliss 2006; Qiu et al. 2008), and
greater left lateralization of the arcuate fasciculus fibers is
associated with improved phonological processing and
receptive vocabulary (Lebel and Beaulieu 2009). Better
visuospatial construction and psychomotor performance are
associated with high corpus callosum FA (Fryer et al.
2008). Visuospatial working memory capacity is linked to a
fronto-intraparietal network (Olesen et al. 2003), whereas
delayed visual memory is linked to temporal and occipital
FA (Mabbott et al. 2009). Verbal memory proficiency is
related to decreased MD and decreased RD in left uncinate
fasciculus and with parietal and cerebellar white matter
integrity (Mabbott et al. 2009).

As these studies are based on cross-sectional data, we
examined whether the extent of white matter maturation
during late adolescence would be linked to performance on
measures of working memory, executive functioning, and
learning and recall. Greater extent of FA increase and RD
decrease in the right posterior limb of the internal capsule
over time correlated with better complex attention and

phonemic fluency in adolescents, and greater increase in
MD and AD in the right inferior fronto-occipital fasciculus
was associated with improved visuoconstruction ability and
learning and recall (Bava et al. 2010a).

Socio-Emotional Processing

The social environment reaches heightened salience in
adolescence when self-monitoring, sensitivity to evaluation,
and awareness of others’ perspectives become increasingly
apparent (Choudhury et al. 2006). Brain structures subserv-
ing socio-emotional processing continue to mature in this
age group with demonstrable effects in blood-oxygenation-
level-dependent (BOLD) response. Amygdala, orbitofrontal
cortex, and anterior cingulate cortex activation to facial
affect processing is prominent in adolescence relative to
adulthood (Monk et al. 2003; Yang et al. 2003) with shifts
toward more dorsolateral prefrontal activation with age
(Yurgelun-Todd and Killgore 2006). Differences in activa-
tion patterns, with girls showing bilateral and boys only
right prefrontal response, may underlie sex-related nuances
in behavioral response to affect and emotion. Nonetheless,
adolescents as a group show elevated activity in bottom-up
emotion processing centers (Hare et al. 2008), suggesting
that they are more likely to be influenced by emotional
context than adults. As a result, poor decisions are often
made in states of emotional reactivity. Although increased
frontoamygdala activity during emotional processing habit-
uates with repeated exposure, individuals with higher self-
rated trait anxiety show less adaptation over time.

Reward Sensitivity

Adolescents’ proclivity toward risk-taking behavior and
susceptibility to poor decision-making may be related to
unique neural characteristics that increase their sensitivity
to rewarding outcomes. Two primary theories of reward
processing in adolescence have received support, each
purporting different functional trends in the striatum. One
posits that hypoactivation of the striatal system leads
adolescents to engage in reward seeking as a compensatory
response. The other suggests that the striatum behaves in a
contrasting manner; that its hyperactivity leads to greater
reward-seeking behavior. Recent fMRI evidence lends
support to the latter hypothesis and is reviewed in detail
elsewhere (Galvan 2010). Briefly, greater ventral striatal
activation has been shown in adolescents compared to
children and adults in anticipation of reward (Geier et al.
2010; Galvan et al. 2006) and during reward receipt (Van
Leijenhorst et al. 2010). During reward processing, BOLD
signal showed attenuations in the ventral striatum when
adolescents were required to assess an incentive cue, but
showed elevations during reward anticipation (Geier et al.
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2010), suggesting that adolescents may have limited
capacity to assess potential reward outcomes and have
exaggerated reactivity when anticipating reward compared
with adults. Underlying the hyperactivation of the striatum
is an increase in ventral striatal dopamine release during
rewarding events (Aarts et al. 2010; Koepp et al. 1998).
Greater dopamine release may lead adolescents to seek
additional rewards, resulting in a reinforcing cycle of
reward-seeking behavior.

Pubertal maturation is associated with increases in
sensation seeking (Galvan et al. 2007) and may play a role
in reward sensitivity. Forbes et al. (2010) found less striatal
and more medial prefrontal cortex activity in response to
reward outcome (win, loss, or no-change) in adolescents
with more advanced pubertal maturation compared to
similar-aged adolescents with less advanced pubertal
maturation. Further, the putative role of the medial
prefrontal cortex in self-processing and social cognition
suggests that maturing adolescents may consider the social
context and peer influences when responding to reward
(Forbes et al. 2010).

Affective status may interact with neural response to
reward, as low striatal and high prefrontal activity were linked
to depressive symptoms. Indeed, adolescents show an
increase in risky behavior when the situation evokes affective
processing. Hormone levels may additionally influence
reward sensitivity. Higher testosterone levels were associated
with reduced reward outcome-related striatal activity for both
males and females, implicating a unique contribution of this
hormone to reward processing. Due to their neural profiles,
adolescents may show a greater propensity for high stakes
rewards that incline them toward risk-taking and sensation
seeking (Forbes et al. 2010; Martin et al. 2004).

Substance Use and Related Problems in Adolescence

Predilection for risk-taking and sensation seeking during
adolescence is associated with increased substance use and
the potential for long-term health problems. Proclivity to
use is associated with a host of factors from genetic
predispositions to economic influences, but particularly
concerning is the evidence for neural consequences.

Use Rates and Risks Associated with Early Onset

Alcohol is by far the most widely used intoxicant among
adolescents in the U.S., and rates of use increase dramat-
ically during the teenage years (Johnston et al. 2009). By
8th grade, 37% of students have tried alcohol, increasing to
72% by 12th grade (Johnston et al. 2009). Past-month rates
of getting drunk increase from 5% to 27%, and having
consumed 5 drinks in a row in the past 2 weeks expands

from 8% to 25% from 8th to 12th graders. Nicotine is fairly
widely used, with 6% of 8th graders reporting any use in
the past month, compared to 20% of 12th graders.
Marijuana is the second most used intoxicant, with 16%
of 8th graders and 42% of 12th graders reporting use at
least once in their lifetime (SAMSHA 2009), and 21% of
high school seniors endorse past month use. Other drug use
is not as widespread yet still concerning, with past month use
among 12th graders of amphetamines and misused narcotic
pain pills at 3% and 4%, respectively (Johnston et al. 2009).
Approximately 8% of those ages 12–17 meet criteria for
substance abuse or dependence in the past year, but this
peaks between ages 18–25, when 21% meet diagnostic
criteria for a substance use disorder (SAMSHA 2009).

Those with early substance use onset are more likely
to continue use into adulthood; individuals who first used
alcohol at age 14 or younger have a >5 time increased
risk of lifetime alcohol use disorder as compared to those
who first used alcohol after the U.S. legal limit of the
21st birthday (SAMSHA 2009). Adolescent alcohol and
marijuana use has been linked to harmful effects on
physiological, social, and psychological functioning
(Macleod et al. 2004; Tucker et al. 2006a, b). This
includes increased delinquency (Nation and Heflinger
2006; Shoal et al. 2007), aggressivity, risky sexual
behaviors, hazardous driving, and comorbid substance
use (Neal and Fromme 2007).

Neural Consequences of Adolescent Substance Use

Given the extent of brain maturation occurring during this
phase in life, adolescents who use substances appear to be
vulnerable to alterations in brain functioning, cognition and
behavior. Indication that alcohol and marijuana use may
detrimentally influence the developing brain comes from
studies showing diminutions in neurocognitive functioning,
especially attention, visuospatial functioning, and learning
and retrieval of verbal and nonverbal information (Brown et
al. 2000; Medina et al. 2007b; Tapert and Brown 1999,
2000; Tapert et al. 2002); morphological changes (Medina
et al. 2008; Nagel et al. 2005); anisotropic differences in
white matter (De Bellis et al. 2008); and a more distributed
functional network and recruitment of alternate brain
regions (see Table 1) (Jacobsen et al. 2007; Schweinsburg
et al. 2008; Schweinsburg et al. 2005a; Tapert et al. 2001a,
2004, 2007).

Heavy alcohol use is associated with a wide range of
neural consequences in adults (Estruch et al. 1997; Nicolas
et al. 2000; Pfefferbaum et al. 2006a, b; Pfefferbaum and
Sullivan 2005) and similar sequelae are implicated in
adolescent users. Hippocampal (De Bellis et al. 2000;
Nagel et al. 2005) and prefrontal white matter volumes
appear smaller in heavy alcohol using adolescents (De
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Table 1 Brain correlates of heavy alcohol and marijuana use in adolescence

Substance White matter Cortical volumes BOLD response Neuropsychological functioning

Alcohol ↓ FA in the SCR, ILF,
FOF, and SLF
(Jacobus et al.
2009)

↑ PFC volume in males and
↓ PFC volume in females
compared to same-gender
controls (Medina et al.
2008)

↑ Response in frontal and parietal
regions,
↓ response in occipital cortex
during verbal encoding
(Schweinsburg et al. 2010a)

↓ Verbal and nonverbal retention,
visuospatial functioning (Brown
et al. 2000)

↓ FA in the CC, SLF,
CR, internal and
external capsules
(McQueeny et al.
2009)

↓ Left hippocampal volume
(Medina et al. 2007a, b) ↑ Response in parietal cortices,

↓ response in occipital, frontal,
and cerebellar regions during
spatial working memory (Tapert
et al. 2004)

↓ Attention and information
processing (Tapert et al. 2002;
Tarter et al. 1995)

↓ FA in the splenium
of the corpus
callosum (Tapert et
al. 2003)

↓ Future planning, abstract
reasoning (Giancola et al. 1998)
↓ Language skills, lower verbal
and full-scale IQ (Moss et al.
1994)

Marijuana ↑ White matter
volumes with
earlier onset
(Wilson et al. 2000)

↓ Cortical gray matter
volumes with earlier
onset (Wilson et al. 2000)

↑ Activation in right prefrontal
cortex in tasks requiring
executive attention (Abdullaev
et al. 2010)

↑ Perseverative errors on a problem
solving task (Lane et al. 2007)

↓ Hippocampal response during
encoding (Schweinsburg et al.
2010b)

Alcohol
and
Marijuana

↓ FA in the SLF,
postcentral gyrus,
and ILF (Bava et al.
2009)

↓ PFC volumes in males
and
↑ PFC volumes in
females compared to
same-gender controls
(Medina et al. 2009)

= Response as controls during
verbal encoding after 1 month
of abstinence (Schweinsburg et
al. 2010b).

↓ Psychomotor speed, complex
attention, story memory, and
planning and sequencing ability
after 1 month of abstinence
(Medina et al. 2007a, b)

↑ FA compared to
bingers alone, but ↓
compared to
controls (Jacobus et
al. 2009)

↑ PFC cerebellar vermis
volumes; linked to poorer
executive functioning
(Medina et al. 2010

↑ Response in frontal and parietal
regions during inhibition after
1 month of abstinence (Tapert et
al. 2007).

↓ Verbal learning until 2 weeks of
abstinence,
↓ working memory until 3 weeks
of abstinence,
↓ attention after 1 month of
abstinence (Hanson et al. 2010)

↓White matter volume
associated with more
depression
symptoms (Medina
et al. 2007a, b)

= Hippocampal volumes as
controls (Medina et al.
2007a, b)

↑ Response in parietal but ↓ in
dorsolateral prefrontal and
occipital cortices during spatial
working memory after 1 month
of abstinence (Schweinsburg et
al. 2008)

↓ Performance on attention,
working memory, and speeded
processing tasks associated with ↓
FA (Bava, et al. 2010a, b)

↑ Response in superior prefrontal
and insula regions during spatial
working memory after 2 -7 days
of abstinence (Schweinsburg et al.
2010b).

↑ Response most prefrontal and
medial frontal regions, but
↓ Response in inferior frontal and
temporal regions during spatial
working memory after >2 days of
abstinence (Schweinsburg 2005a, b)

SCR superior corona radiata; ILF inferior longitudinal fasciculus; FOF fronto-occipital fasciculus; CC corpus callosum; SLF superior longitudinal
fasciculus; CR corona radiata; FA fractional anisotropy; PFC prefrontal cortex; IQ intelligence quotient
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Bellis et al. 2005; Medina et al. 2008). Alterations in
anisotropy in the genu and isthmus of the corpus callosum
in alcohol-using teens (De Bellis et al. 2008) and in frontal,
cerebellar, temporal, and parietal regions in adolescent
binge-drinkers (McQueeny et al. 2009) lends further
support to atypical developmental trajectories. White matter
quality appears to relate to drinking in a dose dependent
manner, where higher blood alcohol concentrations are
associated with poorer tissue integrity in the corpus
callosum, internal and external capsules, and superior
corona radiata (see Fig. 2) (McQueeny et al. 2009).
Functional consequences of adolescent heavy drinking are seen
in attenuated frontal cortex response during spatial working
memory (Tapert et al. 2004), and deficits on neuropsycholog-
ical measures of attention (Tapert and Brown 1999), informa-
tion retrieval (Brown et al. 2000), and visuospatial functioning
(Tapert et al. 2002), with some studies showing sustained
effects into adulthood (Brown et al. 2008). Drinking so much
that hangover or withdrawal symptoms are experienced is
associated with decreased performance over time (Tapert et al.
2002).

Overall, these studies indicate that heavy drinking during
adolescence may be associated with decrements in cognitive
performance and brain health. However, longitudinal studies
are critical to determine if substance use causes these
abnormalities, or if these features predated the onset of
regular substance use. One such study prospectively exam-
ined the influence of alcohol on neuropsychological function-
ing prior to initiation of drinking. For girls who transitioned
into moderate or heavy drinking, more drinking days in the
past year predicted a greater reduction in visuospatial task
performance from baseline to 3-year follow-up. For boys, a
tendency was seen for more past year hangover symptoms to
predict poorer sustained attention (Squeglia et al. 2009).

Gender differences are seen in prefrontal cortex volumes
of adolescents with alcohol use disorders, where females
show smaller, and males, larger volumes than controls. In
addition, limited frontal response to a spatial working
memory task and reduced grey matter volume in females
with alcohol use disorders compared to males suggest that
females may be more vulnerable to the impairing effects of
alcohol (Caldwell et al. 2005; Schweinsburg et al. 2003).

Marijuana use is also associated with atypical neural
profiles. Adolescent marijuana users show a less efficient
pattern of activation compared to non-users on working
memory (Schweinsburg et al. 2008, 2010b), verbal learning
(Schweinsburg et al. 2010a), and cognitive control (Tapert
et al. 2007) tasks using fMRI. Brain response patterns in
marijuana-using teens consistently indicate increased utili-
zation of alternate brain networks (Jacobsen et al. 2007;
Schweinsburg et al. 2005b; Tapert et al. 2007). In addition,
users have demonstrated larger cerebellar volumes than
non-users (Medina et al. 2010), and female marijuana users
showed larger prefrontal cortex volumes than same-gender
non-users (Medina et al. 2009), suggesting the possibility of
attenuated synaptic pruning. White matter integrity is
typically poorer in users than non-users, particularly in
fronto-parietal circuitry and pathways connecting the
frontal and temporal lobes (Bava et al. 2009). The
functional implications of these differences appear disad-
vantageous, as marijuana-using teens show an increased
susceptibility to depressive symptoms (Medina et al.
2007b) and poorer performance than non-users on neuro-
psychological tests of psychomotor speed, complex atten-
tion, verbal memory, planning, and sequencing ability, even
after a month of sustained abstinence (Medina et al. 2007a).

The pharmacodynamics of alcohol and marijuana are the
subject of study in several empirical works examining their

Fig. 2 Adolescents with histo-
ries of binge drinking show
lower fractional anisotropy (FA)
in the left and right superior
corona radiata as compared to
those with no history of binge
drinking. Further, FA values
here were linearly linked to
blood alcohol concentrations
reached in the previous
3 months, with more intense
drinking linked to more abnor-
mal white matter coherence in
this dorsal frontal tract
(McQueeny et al. 2009)
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physiological and behavioral effects. Chronic alcohol
exposure is associated with cortical and white matter
volume loss secondary to decreases in choline and N-
acetyl aspartate, reduced GABAa receptor efficacy, and
impaired neurogenesis (Crews et al. 2005; Meyerhoff et al.
2004). Similarly, the principal active component of mari-
juana, delta9-tetrahydrocannabinol (delta9-THC), produces
complex alterations in cognition and behavior that involve
several neuronal substrates (Fant et al. 1998; Johns 2001;
Solowij et al. 2002). Brain regions with high densities of
CB-1 receptors, and thus susceptible to the effects of THC,
include the frontal regions, hippocampus, basal ganglia,
cerebellum, amygdala, and striatum (Freedland et al. 2002;
Iversen 2003; Pontieri et al. 1999; Quickfall and Crockford
2006). Human studies examining CNS sequelae of chronic
marijuana use provide evidence for increased metabolism
(Block et al. 2000; Mathew et al. 2002) and activation of
alternate neural pathways within these regions (Eldreth et
al. 2004; Kanayama et al. 2004). Further adverse effects
may result from the pharmacological interaction of alcohol
and marijuana, where THC has been reported to markedly
enhance apoptotic properties of ethanol. In infant rats,
administration of THC alone did not result in neuro-
degeneration; however, the combination of THC and a
mildly intoxicating dose of ethanol induced significant
apoptotic neuronal cell death, similar to that observed at
high doses of ethanol alone (Hansen et al. 2008).

In sum, studies of adolescent alcohol and marijuana use
indicate weaknesses in neuropsychological functioning in
the areas of attention, speeded information processing,
spatial skills, learning and memory, and complex behaviors
such as planning and problem solving even after 28 days of
sustained abstinence (Brown et al. 2000; Medina et al.
2007a; Tapert and Brown 1999, 2000; Tapert et al. 2002).
There are also associated changes in brain structure and
function that include altered prefrontal, cerebellar, and
hippocampal volumes, reduced white matter microstructural
integrity, and atypical brain activation patterns (Bava et al.
2009; Hanson et al. 2010; Jacobsen et al. 2007; Medina et
al. 2010; Schweinsburg et al. 2005b, 2008; Tapert et al.
2001b, 2004, 2007). There may be potential reversibility of
brain structural changes with long-term abstinence (Delisi
et al. 2006), though additional studies are needed to
understand the extent to which abnormalities persist or
remit with time. Further, the potential interaction of alcohol
and marijuana are of concern considering that comorbid use
is common (Medina et al. 2007a).

Risk-Taking Behavior and Substance Use

It is postulated that there is an asynchronous development of
reward and control systems that enhance adolescents’ respon-
sivity to incentives and risky behaviors (Casey et al. 2008;

Ernst et al. 2006; Somerville et al. 2010; Steinberg et al.
2008). Bottom-up limbic systems involved in emotional and
incentive processing purportedly develop earlier than top-
down prefrontal systems involved in behavioral control. In
situations with high emotional salience, the more mature
limbic regions will override prefrontal regions, resulting in
poor decisions. The developmental imbalance is unique to
adolescents, as children have equally immature limbic and
prefrontal regions, while adults benefit from fully developed
systems. Within this model, risky behaviors of adolescents is
understood in light of limbic system driven choices to seek
immediate gratification rather than long-term gains. More-
over, this relationship may be more pronounced in adoles-
cents with increased emotional reactivity.

Behavioral and fMRI studies show increased subcortical
activation when making risky choices and less activation of
prefrontal cortex, as well as immature connectivity between
emotion processing and control systems overall (Hare et al.
2008). A more specific characterization of these patterns using
comparisons of low- and high-risk gambles indicated that
high-risk choices activate reward-related ventral striatum and
medial prefrontal cortex, whereas low-risk choices activate
control-related dorsolateral prefrontal cortex. Interestingly,
activation of the ventral medial prefrontal cortex was
positively associated with risk-taking propensity, whereas
activation of the dorsal medial prefrontal cortex was nega-
tively associated with risk-taking propensity (Van Leijenhorst
et al. 2010), suggesting that distinct neural profiles may
contribute to the inhibition or facilitation of risky behaviors.

Other Influences on Substance Use Tendencies

Several factors are associated with an increased risk of
initiating heavy drinking during adolescence. Among these,
a positive family history of alcohol dependence is perhaps
the most robust indicator of risk for an alcohol use disorder
(Cloninger et al. 1986; Goodwin 1979; Schuckit 1985).
Offspring of alcoholics are 3–5 times more likely to
develop AUD than offspring of non-alcoholics (Cotton
1979; Finn et al. 1990; Goodwin 1985; Lieb et al. 2002;
Merikangas et al. 1998; Schuckit et al. 1972) with a
particularly high level of risk for dense (Dawson and Grant
1998) or multigenerational (Hill et al. 2000; Peterson et al.
1992) family history. Externalizing disorders including
conduct disorder, oppositional defiant disorder, and ADHD,
and related conditions, such as juvenile delinquency,
behavioral undercontrol, aggression, impulsivity, high
novelty seeking (Sher et al. 2000; Zuckerman and Kuhlman
2000), and sensation-seeking personalities (Martin et al.
2004) are associated with increased risk for substance use
disorders (Bukstein et al. 1989; Chassin et al. 1999;
DeMilio 1989; Kaminer and Frances 1991; Rose et al.
2004; Schuckit 1998; Wilens et al. 1997). Conduct disorder
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that is comorbid with ADHD poses a high risk for
substance use disorders, although the risk is halved for
treated youth (Wilens et al. 2003). Early onset substance
use (i.e., at or before age 14) is associated with an increased
likelihood of developing dependence (Grant 1998; Grant et
al. 2001). Youth with a positive family history of substance
use who start drinking in early adolescence are at
exceptionally elevated risk for a substance use disorder
(Grant 1998; Warner and White 2003).

Concluding Remarks

The adolescent brain undergoes dynamic change in neuro-
chemistry, fiber architecture, and overall tissue composition.
The course of these maturational processes is being charted
with greater specificity owing to advanced in vivo neuro-
imaging. These techniques indicate grey matter volume
reductions and protracted development of white matter in
projection and association fibers known to support complex
cognitive and behavioral skills. Enhancement of fronto-
subcortical circuitry is notable during adolescence, though
asynchronous maturation of prefrontal and limbic systems
may render youth more vulnerable to risk taking, particularly
in incentivized situations. This is manifest in concerning
prevalence rates of substance use among adolescents. Binge-
pattern alcohol consumption and comorbid marijuana use are
common and associated with identifiable neural consequen-
ces. Deficits in attention, memory, and executive functioning are
apparent in adolescent substance users, and are associated with
alterations in prefrontal, hippocampal, and cerebellar structure
and function as well as poor white matter integrity. Understand-
ing risk and protective factors for alcohol and marijuana use in
adolescents and the consequences of sustained use are the
subject of ongoing study and programming efforts. The
frequency of polysubstance use underscores the need for
research examining the interactive effects of substances on brain
structure, particularly given that the pharmacodynamics of one
drug may mitigate or potentiate the neurotoxic components of
another. Further, integration of genetic, hormonal, neural, and
behavioral characteristics via cross-modal analyses is needed in
future research to identify biomarkers for substance problems
and targets for treatment. In addition, longitudinal neuro-
behavioral studies will be important for assessing and
differentiating the enduring and potentially reversible effects
of alcohol and other drug use during adolescence.
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