
Developmental trajectories during adolescence in males and
females: a cross-species understanding of underlying brain
changes

Heather C. Brenhouse and Susan L. Andersen*

Laboratory of Developmental Neuropharmacology McLean Hospital and Department of
Psychiatry, Harvard Medical School

Abstract
Adolescence is a transitional period between childhood and adulthood that encompasses vast
changes within brain systems that parallel some, but not all, behavioral changes. Elevations in
emotional reactivity and reward processing follow an inverted U shape in terms of onset and
remission, with the peak occurring during adolescence. However, cognitive processing follows a
more linear course of development. This review will focus on changes within key structures and
will highlight the relationships between brain changes and behavior, with evidence spanning from
functional magnetic resonance imaging (fMRI) in humans to molecular studies of receptor and
signaling factors in animals. Adolescent changes in neuronal substrates will be used to understand
how typical and atypical behaviors arise during adolescence. We draw upon clinical and
preclinical studies to provide a neural framework for defining adolescence and its role in the
transition to adulthood.
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Introduction
Adolescence is a special period in mammalian brain development. Understanding
adolescence has been described in a number of reviews at the behavioral level (McCutcheon
and Marinelli, 2009; Spear, 2000; Steinberg, 2010; Laviola et al., 1999; Laviola et al., 2003)
and the systems level (Ernst and Fudge, 2009), but only discussed to a limited degree at the
level of neuronal changes (Andersen, 2003; McCutcheon and Marinelli, 2009; O'Donnell,
2010; Spear, 2000). We will review the neuroanatomy, functional connectivity, genetics,
and signaling changes that occur during adolescence. Subsequently, a framework within a
neural systems approach will synthesize how adolescent changes in these markers influence
behavior.
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1. Overview
1.1 Defining adolescence

Adolescence can be defined as the period between 10–19 years of age in humans (WHO,
2010s), between two-four years in primates (Schwandt et al., 2007), and between 35–60
days of age in rodents (Andersen et al., 2000; McCutcheon and Marinelli, 2009). Spear
(2000) begins her discussion of this period with typical adolescence defined as a behavioral
transitional period. Such behavioral transitions are consistently observed across diverse
mammalian species by an increased sensitivity to peers and social cues (Blakemore, this
journal; Forbes and Dahl, 2005; Steinberg, 2010; Panksepp, 1981), risk taking (Laviola et
al., 2003), and maturing cognitive control (Casey et al., 2008). Definitions of adolescence
can also be reasonably based on gonadal changes as they are relevant to sexual maturation
(Sisk and Foster, 2004). The arguments laid out here are by no means exhaustive and should
not be used decisively, rather as a point of reference.

A new developmental stage, emerging adulthood, occurs between 18–29 years of age in
humans (Arnett, 2000). Defined culturally, emerging adulthood in humans describes
observations that while a majority of neurobiological changes associated with adolescence
are over, the organism is not yet `mature' as evidenced by delays in attaining a job or
marriage. Historically, G. Stanley Hall (1904) described a `new' maturational period that
described adolescence from a socioeconomic view points that ultimately led to increased
recognition of a distinct stage. As a result, we have identified unique and important
neurobiological changes that characterize adolescence. While this review focuses primarily
on these neurobiological indices of adolescence, it is important to recognize that in rodent
species that a period exists that may capture emerging adulthood (less information is
available on non-human primates). As discussed below, rats show marked changes between
40–60 days, but the period between 60–100 days is associated with a slower, steady change
that gradually stabilizes. Might this be a new “emerging adult” period that deserves research
attention, rather than a media phenomenon to explain a new cultural shift in developed
nations? The importance of defining stages is to arrive at a consensus of the maturational
state of the organism that is described to facilitate cross-species and sex comparisons.

1.2 Why have such a transitional period?
From an evolutionary perspective, behavior has been shaped by natural selection to prepare
an individual to succeed in the social and physical world as an adult, including successfully
finding a mate and reproducing. This process culminates during adolescence. Behaviorally,
mammals spanning from rodents to humans all experience a tumultuous transitional period
where navigation through puberty and decreased parental influence is coupled with
increased peer influence, sexual competition, and new decision-making challenges
(reviewed by Spear, 2000). Neuroplasticity allows for appropriate responding to emerging
environments and this is evident in the development of reward and affect-related systems
(Galvan, 2010). However, other developmental processes exhibit steady increases in
cognitive control during adolescence that facilitate decision making (Geier and Luna, 2009;
Somerville and Casey, 2010). Together, this yin and yang underlie typical development,
where the majority of adolescents struggle with the transition to individuate from peers and
parents and emerge as independent, self-regulating adults as these processes achieve
balance. When these transitions develop normally, individual adaptations are made to unique
environmental and social forces. However, errors in this process result in maladaptive
behavior. The emergence of psychopathology can be partially attributed to deviance from
the normal trajectory of maturation, resulting in life-long issues with reward- and emotion-
related processing. Aside from genetically-driven abnormality, errors in overproduction and
pruning of neurons or receptors, poor refinement of fiber conductivity or the unmasking of
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early life insults are all likely contributors. This review will focus on these developmental
processes in the mammalian brain, with an overall emphasis on typical rather than atypical
(e.g., Andersen and Teicher, 2008; 2009; Marco et al., 2011).

1.3 Nature of the change
A neural systems approach provides insight to the complexity of the nature of adolescent
development. As discussed by Paus (Paus et al., 2008), trajectories of different aspects of
brain function clearly illustrate how regional and functional diversity contribute to the
multifaceted nature of the adolescent brain. In this review, we examine what is known about
changes in developmental trajectories with a focus on adolescent processes as described
across mammalian species and between the sexes. Our framework is partially based on the
triadic model, described by Ernst and colleagues (Ernst and Fudge, 2009; Ernst and Korelitz,
2009). The triadic model roots behavioral changes in three primary systems, or nodes,
namely the affective system, the reward system, and cognition/response inhibition. These
three different nodes work together to produce behaviors that typify adolescent maturation.
Each node has its own developmental trajectory, which creates an adolescent system in a
state of flux. Final behavioral outcomes are likely to depend on the dominant node of a
given stage or could result from a weakened node that fails to perform regulatory functions.
The triadic model in its simplified form offers to explain adolescent exaggerated reactivity
to a number of emotional stimuli, changes in reward sensitivity, and the marked transition in
cortical control and cognitive development. Here, we will use this framework to describe
detailed changes in adolescent development across species and sex with a focus on cortical
and limbic brain regions.

2. The making of a trajectory: Neuroanatomical changes
At the neuronal level, the process of adolescent brain development is one of synaptic
refinement. Neurons are initially laid down in an inside-out pattern of innervation in the
cortex (Rakic et al., 1986). Neurons that were first born innervate the deeper layers of the
cortex, while innervation of the more superficial layers of the cortex occurs later in
development. Neuronal targeting is guided by both glia cells (Rakic et al., 1986; Vernadakis,
1975) and chemical gradients that are determined by neurotransmitter expression (Landis
and Keefe, 1983; Purves and Lichtman, 1980). Neurotransmitter expression can be either
permanent, resulting in innervation into a given region, or ectopic, and transmitters are
transiently expressed for the developmental purpose of guidance. Synapses are formed as
neurons arrive in their target regions. The complexity of the prenatal and early postnatal
parts of this process is reviewed in greater depth elsewhere (Levitt, 2003; Tau and Peterson,
2010), and will not be discussed in such detail here. As adolescence approaches, synapses
are overproduced and subsequently lost, referred to as pruning. Pruning is a process that is
not the same as apoptosis and cell loss, since pruning is the refinement of dendritic
branching and synaptic connections and apoptosis is programmed cell death. Pruning of
synapses is quite prominent in the adolescent brain across species and can be quantified in
post-mortem analyses (Andersen and Teicher, 2004; Huttenlocher, 1979; Lewis, 1997) or
inferred from MRI, where regional changes in gray and white matter are characterized
across adolescence and slow as humans approach their third decade of life (Giedd et al.,
1999a; Huttenlocher, 1979; Sowell et al., 2004). While synaptic pruning per se is not
believed to largely affect volume analyses (Rakic et al., 1986; discussed by Giedd et al.,
2008), changes in gray and white matter volumes likely reflect the modification of synaptic
components over development.

Brenhouse and Andersen Page 3

Neurosci Biobehav Rev. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.1. Characteristics of Overproduction and Pruning
2.1.1. Synaptogenesis and Pruning—The process of synaptogenesis and pruning is
highly conserved across mammalian species. Early post-mortem human studies by
Huttenlocher (Huttenlocher, 1979; Huttenlocher and de Courten, 1987) and Benes (Benes et
al., 1987) were the first to demonstrate dramatic changes within gray and white matter
during the adolescent period. Specifically, pruning within layer 3 of the human frontal
cortex is quite significant and approximately 40% of synapses are lost between 7 and 15
years of age. For example, the synaptic marker of synaptophysin in humans rises slowly
between birth and 5 year of age, reaches a plateau at 10 years of age, and falls to adult levels
by 16 years of age in the dorsolateral prefrontal cortex (PFC) (Glantz et al., 2007). Detailed
analysis of synaptogenesis in rhesus monkey motor cortex reveals a similar pattern in that
synaptic production continues postnatally and achieves synapse levels that are two times
higher than in the adults. The rate of synaptogenesis slows as monkeys reach sexual maturity
(3 years of age), and then rapidly declines to the adult level (Zecevic et al., 1989).
Comparatively, rat synaptic density values rise between 25 and 40 days of age, and remain
relatively stable thereafter (Andersen and Teicher, 2004). However, not all age- age-related
changes in volume are due to synaptic pruning (e.g., dendritic retraction). More precise cell
counting methods in rats reveal an age-related loss of neurons in the primary visual cortex in
all layers (except IV) in rats after adolescence (Yates and Juraska, 2008). Regional
differences in cell loss, like synaptic density, are also observed. While the visual cortex
demonstrates an 18–20% loss in cells, a smaller 5% cell loss is observed in the
ventromedial, but not dorsal lateral, PFC in rats (Markham et al., 2007). While the
overproduction and pruning varies between regions and within regions (between different
layers), the process is observed across different species with regularity.

Pruning occurs predominantly at asymmetric synapses situated on dendritic spines, as has
been shown in the motor cortex (Zecevic et al., 1989), the molecular layer of the
hippocampal dentate gyrus and the dorsolateral PFC (Eckenhoff and Rakic, 1991; Shepherd,
1990). Asymmetric synapses are primarily excitatory in nature, whereas symmetric synapses
are more inhibitory. The density of GABA neurons (the primary inhibitory transmitter)
remains stable across age (Brenhouse et al., 2008; Vincent et al., 1995), which parallels the
relatively stable population of symmetric synapses on dendritic shafts (Zecevic et al., 1989).
The underlying mechanism of pruning is not fully understood. However, recent analyses
have partially identified the genetic regulation of the pruning of excitatory synapses.
Adolescent reductions in NRG1, a gene involved in neuregulin signaling, may play a role in
excitatory/inhibitory balance and synaptic selection (Harris et al., 2009). Complexins, which
are presynaptic proteins that regulate neurotransmitter release and are associated with the
SNARE complex, also change with age. Complexin 2 (CX2), a marker of excitatory
synapses, demonstrates a curvilinear pattern of development and plateaus by 10 years of age
in humans. In contrast, complexin 1 (CX1) density, which is associated with inhibitory
synapses, gradually rises through young adulthood in human dorsolateral PFC (Salimi et al.,
2008).

While glutamatergic synapses change during adolescence, GABA also demonstrates
profound age-related changes that bear mention. These GABA changes are functional in
nature, whereas glutamatergic changes are structural. Initially, GABA has excitatory actions
early in postnatal development. GABA gains its inhibitory influence through chloride
channel development that transitions during the second week of life in the rat; GABA
maintains this inhibitory action through adulthood (Ben-Ari, 2002). This excitatory-
inhibitory transition is produced by large oscillations in calcium levels during development,
which facilitates synaptic development (Ben-Ari, 2002). Neonatal blockade of the
mechanism responsible for early elevated chloride activity (e.g., the Na(+)-K(+)-2Cl(−)
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cotransporter [NKCC1]) produces permanent alterations in cortical circuitry in adulthood
(Wang and Kriegstein, 2010). Thus, significant changes in neuronal activity during this
transitional period could re-sculpt the immature circuitry permanently.

GABA neurons play a significant role in synchronizing cortical activity through a complex
interplay of feedforward and feedback mechanisms that regulate the spatiotemporal flow of
information between populations of pyramidal neurons (Constantinidis et al., 2002; Di
Cristo et al., 2007). These inhibitory actions of GABA mature in parallel with the
development of complex cognitive processing (Luna et al., 2010) and increase substantially
during adolescence in humans (Lewis et al., 2004), non-human primates (Cruz et al., 2003;
Erickson et al., 1998) or in rats (Tseng and O'Donnell, 2007). GABA is primarily found in
three different populations that express the calcium binding proteins parvalbumin, calbindin,
and calretinin. Immunohistochemistry of these different proteins can be used to track GABA
development. For example, parvalbumin-immunoreactive neurons and the GABA
membrane transporter (GAT1) in the non-human primate rise gradually, peak early in life
and remain elevated until 15 months of age, and then prune during adolescence to adult
levels (Anderson et al., 1995; Conde et al., 1996; Cruz et al., 2003). In addition, the proteins
that define the GABA inputs onto cortical pyramidal neurons (e.g., gephryin-labeled
portions of the axon initial segment) prune during adolescence (Cruz et al., 2009). GABA
synchronizes pyramidal cell information by modulating the speed of different inputs into the
cortical areas (many glutamatergic). This process is best evidenced by the emergence of
higher-level cognition that includes abstract reasoning during the transition between
adolescence and adulthood. Taken together, the immature brain is shaped predominately by
excitatory processing with GABA contributing to this process early on in life before
becoming inhibitory during adolescence.

2.1.2 Heterosynchrony and pruning—Heterosynchrony in brain development refers to
the regional differences in the timing of pruning across the course of development.
Overproduction and pruning has been more recently visualized with structural imaging
studies (Giedd et al., 1999a; Giedd et al., 1996b; Giedd et al., 1996c; Sowell et al., 2002;
Sowell et al., 2001; Sowell et al., 2004; Tau and Peterson, 2010). Gray matter volume
changes as detected with MRI suggest a pattern of over-production and subsequent pruning
with maturation. These changes reflect predominantly synaptic changes, as these are roughly
the unmyelinated point of the neuron. The MRI approach allows for the longitudinal
analysis of multiple brain regions within a single subject, which is not possible with other
approaches. Such longitudinal studies have provided very clear maps of what
heterosynchrony looks like with a time-lapsed movie
(http://www.loni.ucla.edu/~thompson/DEVEL/dynamic.html). Within the cortex, this
thinning pattern of pruning occurs in a back to front direction, with the earlier developing
structures of the sensorimotor cortex pruning first, then association cortices preceding the
late-developing frontal poles (Paus et al., 2008). Post-mortem studies show that pruning
within different layers of the visual, somatosensory, motor, and prefrontal areas, however,
occurs simultaneously (Rakic et al., 1986).

Typically, subcortical regions develop earlier than cortical regions (Tau and Peterson, 2010).
The amygdala may be one of the earlier regions to develop and develops in a sexually
dimorphic fashion. In girls, the amygdala shows relatively little change in gray matter
volume during adolescence, as it reaches its maximal volume by 4 years of age; in boys,
amygdala volume progressively increases to age 18 years by 53%. Other regions, including
the caudate, putamen, and cerebellum show an inverted-U shape in gray matter volume that
peaks during adolescence with volumes decreasing by approximately 15% (reviewed
(Durston et al., 2001)). Subdivisions of a given structure have also revealed age-related
changes that are quite prominent (Gogtay et al., 2006). Early studies of the hippocampus
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with MRI demonstrated a modest increase in volume (12%) across age. Reanalysis of this
data a decade later reveal striking changes within subdivisions. For example, posterior
aspects of the hippocampus appear to overproduce and prune gray matter to a greater extent
than the anterior aspects (Gogtay et al., 2006; Insausti et al., 2010).

Regional variations such as these suggest different periods of vulnerability to insult may
exist that have not been fully appreciated due to oversampling of a given brain area
(Andersen, 2003; 2005; Andersen and Teicher, 2008). Studies on the effects of exposure to
adversity during childhood show a general 12–15% reduction in hippocampal gray matter
volume in humans (e.g., Bremner et al 1997), and notably, these analyses have focused
primarily on these posterior aspects which undergoes the greatest developmental alterations.
Heterosynchrony in development within multiple levels of analysis (e.g., region, subregion,
and layers) needs to be taken into account when studying normal development or altered
development following insult.

While MRI has been invaluable for examining changes in gray matter across the whole
brain, this approach provides a limited understanding of the dynamic changes that are
happening within the different neurotransmitter systems. Gray matter measurements reflect
crude estimates of synaptic density that do not show the functional alterations that are
evident during the course of development, such as those discussed above. However, analysis
of gene expression during adolescence in human post-mortem tissue (i.e., an invasive
approach not possible with MRI) may provide additional clues as to the nature of changes
that occur during this period. Genes related to neuronal developmental process, including
axon guidance, morphogenesis and synaptogenesis, are reduced in adolescence in rats
(Harris et al., 2009). Specific examples include netrins, semaphorins, neuropilin, neurexin
and neurolignin. Age-related changes in neurexin are consistent with the axon retraction that
characterizes pruning and parallel significant decreases in gene expression observed
between 45 and 90 days in the rat (Cressman et al., 2010). Cluster analysis of gene
expression with microarray can shed light on new genes that are involved in adolescent
overproduction and pruning. In such an analysis, genes grouped into three main functional
clusters: a cytoskeletal cluster (25 identified), a Ras/GTP-related cluster (12 identified), and
lipid metabolism and steroid-related processes cluster (13 identified). The cytoskeletal
cluster reifies the level of anatomical rearranging that occurs during adolescence, the Ras/
GTP cluster further suggests functional changes, whereas the third cluster most likely
reflects myelination and pubertal-related changes. Finally, adolescent peaks in human neural
cell adhesion molecule (NCAMs) proteins demonstrate that these genes are functionally
expressed in parallel with rodent findings (Cox et al., 2009).

Not all changes in gene expression are related to structural proteins. For example, genes that
are related to glucocorticoid receptors change during adolescence (Perlman et al., 2007;
Pryce, 2008). In humans and non-human primates, glucocorticoid receptors increase and
peak during adolescence. However, isoforms in glucocorticoid receptors (GR) show
different trajectories, with GR isoforms GRalpha-A and 67-kDa GRalpha peaking in
toddlers and again in late adolescence; in contrast, the GRalpha-D variant peaks early in
development and decreases thereafter (Sinclair et al., 2010). These GR proteins are
expressed predominantly in pyramidal neurons, but show transient expression to white
matter astrocytes neonatally.

In a unique analysis of 2,979 genes that may explain heterochrony (that is, these genes are
differentially expressed between regions, in this case, the dorsolateral PFC and the caudate
nucleus in humans), 58% of the genes account for the slower maturation between the
cortical and subcortical regions (Somel et al., 2009). Genes were also analyzed for species
differences between humans and chimpanzees with regard to heterochrony and postnatal
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development. Chimpanzees share great homology with humans, but have a shortened
lifespan, which provides another approach to understand heterochrony. In this comparison,
similar gene expression diverges between the species at the onset of sexual maturity (Somel
et al., 2009), with changes associated with gray matter development.

2.1.3. Sex dependency—MRI morphology studies in humans show that males have a
9% larger cerebral volume than females, with additional sex differences observable in the
subcortical structures (Giedd et al., 1996a). The caudate nucleus is larger in females, but
additional differences are observed in the rates of increase in size. The size of the amygdala
increases faster in males than females, with the opposite observed for hippocampal size. The
male caudate shrinks in size, whereas female caudate size does not change significantly
across age (Giedd et al., 1996a). Caviness et al (Caviness et al., 1996) conducted a
volumetric MRI analysis that showed that subcortical forebrain nuceli (neostriatum) in
females are at adult volume between age 7–11. In contrast, the same structures in males of
the same age are greater than their adult volume, and by implication must regress before
adulthood. By adulthood in the rat, adult males have 18% larger ventral medial PFC (mPFC)
than females, that is attributable to both fewer neurons (13% relative to males) and glia cells
(18%) (Markham et al., 2007). Similar changes have been described in the rat primary visual
cortex, where males have ~20% more gray matter volume due in part to 19% more neurons
than females (Nunez et al., 2002; Reid and Juraska, 1992).

How these structural differences influence function is mainly speculation. Pruning itself is
believed to streamline processing (Changeaux et al., 1976; Purves and Lichtman, 1980).
Once neuronal networks are established in the maturing brain, redundancy within the
network is inefficient and synapses are pruned. As discussed above, reductions in synaptic
density and cell number are believed to increase the efficiency of processing. These
structural changes are further paralleled by reductions in glucose utilization (an indicator of
brain activity; discussed below in Section 4.1), which is higher in childhood and adolescence
before pruning. Implications of this process is particularly evident when it goes awry. The
male caudate undergoes pruning that is associated with greater risk for habit and motor-
related disorders, including Tourette's Syndrome and attention deficit hyperactivity disorder
(Teicher and Andersen 1995). Regions associated with habit are likely to become
streamlined with maturation; other regions involved with new associations and memory that
are constantly being updated may not undergo pruning to the same extent (Teicher et al.
1995). Fewer neurons in any region, including the mPFC, is likely to increase efficiency in
processing speed.

Sex differences may be organized early in life by gonadal hormones that shape the immature
brain (recently reviewed in Viveros et al, 2010). During the neonatal period, conversion of
androgens to estrogen by neural aromatase contribute to the effects of gonadal steroids on
brain function, including sexual differentiation by “masculinizing” the female brain
(MacLusky et al., 1994). Early expression of high affinity androgen-binding sites and
metabolic enzymes are found during early development in the hypothalamus, amygdala,
dorsolateral and orbital PFC and somatosensory cortex (in the non-human primate: Clark et
al 1989; rat: Reid and Juraska, 1992)). The aromatization of testosterone in the brain makes
it more complicated to determine which sex hormone is responsible for sex differences.
Experiments that use the non-aromatizable androgen, 5α-dihydrotestosterone (DHT), help to
parse these steroidal effects, but such uses are limited to the study of lower species or
chromosomal abnormalities.

In natural experiments that involve the chromosomal abnormality XXY (e.g., Klinefelters),
these individuals have reduced gray matter in the insula, temporal gyri, amygdala,
hippocampus, and cingulate-areas (Giedd et al., 1996a). More recent characterization in
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humans report that overall gray matter volume was negatively associated with estradiol
levels in girls (r= −0.32) and positively with testosterone levels in boys (r=0.32) (Peper et
al., 2009). Regional differences for hormonal effects, however, do exist, such as strong
relationships between the inferior frontal gyrus and estrogen levels in girls (r=-0.72).
Additionally, manipulations of androgens early in life have functional consequences on
cortical function. For example, object discrimination, a task associated with the PFC, is
better in normal adolescent males and androgen-exposed females relative to normal females
(Clark and Goldman-Rakic, 1989). In contrast, pubertal increases in sex hormone levels
attenuate pre-pulse inhibition, which may be mediated by organizational effects on
subcortical dopamine function (Morris et al., 2010).

Rodent studies suggest that neonatal estrogen suppresses neuronal overproduction in female
ventromedial PFC (including the prelimbic and infralimbic regions) (Juraska and Markham,
2004; Markham et al., 2007), which is in contrast to previous reports of estrogen's ability to
stimulate extensive arborization in other brain regions such as the hippocampus in adults
(Hajszan et al., 2009; Toran-Allerand, 1996). Prepubertal ovariectomy reduces neuronal
density in females, which may explain lower gray matter volumes in females (Nunez et al.,
2002). Rising levels of testosterone during puberty aid in pruning of dendrites within the
adolescent male amygdala (Zehr et al., 2006). Together, these studies suggest gonadal
hormones play a complex role in sculpting the adolescent brain.

2.2. Overproduction and pruning of receptor systems
2.2.1 Overproduction of monoamine receptors—The overproduction and pruning of
receptor systems is more complex in comparison to synaptic changes, and two waves of age-
related changes in density occur. A number of neurotransmitter systems, including dopamine
(Gelbard et al., 1990; Kalsbeek et al., 1988; Lankford et al., 1988; Todd, 1992),
norepinephrine (Feeney and Westerberg, 1990; Kline et al., 1994) and serotonin
(Kuppermann and Kasamatsu, 1984; Lauder and Krebs, 1978; Whitaker-Azmitia and
Azmitia, 1986) have age-limited trophic roles in the brain. Ectopic expression of various
receptor subtypes during the course of early postnatal development are associated with
increased synaptic sprouting, axonal growth, and synapse formation. For example, ectopic
expression of serotonin 5-HT7 receptors within the hippocampus occurs briefly during the
first two weeks of life in rats (Louiset et al., 2006; Vizuete et al., 1997). Similarly, the
serotonin transporter (5-HTT) is found on non-serotonergic neurons embryonically in
cortical and striatal neuroepithelia and sensory thalamic pathways postnatally at P0–P10
(Zhou et al., 2000). Transient expression of the 5-HTT and the vesicular monoamine
transporter (VMAT) was also observed in sensory cranial nerves, in the hippocampus,
cerebral cortex, septum, and amygdala (Lebrand et al., 1998). These transporters and/or
receptors are believed to guide neuronal innervation. The effects of trophic
neurotransmitters are concentration-dependent (Mazer et al., 1997), suggesting that baseline
levels are integrally important for the nature of effect. Similar ectopic receptor expression is
also observed in white matter. For example, noradrenergic receptor α2 is observed in
immature white matter in the rat (Happe et al., 2004). However, not all receptor expression
plays a trophic role.

A second wave of receptor over-expression occurs during adolescence, during which
receptors and signaling mechanisms show an inverted U-shape curve of development that
results in expression levels that endure into adulthood. In contrast to ectopic, transient
expression that is virtually absent by adulthood, these populations of receptors gradually
rise, peak, and decline during maturation. A review of adolescent receptor changes is found
in Table 1, with an emphasis on receptors within limbic and cortical regions. The timecourse
of overproduction and pruning is regionally-dependent (Andersen et al., 2000), and is
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observed in a vast array of markers. Different receptor systems include: dopamine,
serotonin, norepinephrine, glutamate, GABA, neurotensin, endocannabinoid, and
cholinergic (Andersen et al., 2000; Eggan et al., 2010; Lidow et al., 1991). In rhesus
monkey, Lidow et al (Lidow et al., 1991) have shown that the density of receptors develops
in concert with synaptogenesis.

If we focus further on microcircuits to examine age-related distributions of receptors, recent
results suggest even more complex changes during adolescence. Receptor distribution itself
changes between different neuronal phenotypes. For example, D1 dopamine receptors do not
seem to change their expression level significantly between post-weaning ages to adulthood
on GABAergic neurons (Brenhouse et al., 2008; Vincent et al., 1995). In contrast, the
overproduction and pruning of D1 receptors occurs significantly on glutamatergic output
neurons (Brenhouse et al., 2008). Specifically, only 2% of these glutamatergic projections
are D1 immunoreactive in juvenile rats, rising to 44% at P40, and falling down to 6% with
maturity at P100. Whether other receptors show differential expression on other neuronal
subtypes during adolescence needs to be examined. Table 1 provides information on other
receptor classes changes, but identification on specific neuronal types is typically not
known. In contrast, D2 receptors inhibit the activity of fast-spiking GABA interneurons after
puberty (O'Donnell, 2010; Tseng and O'Donnell, 2007). These neurons are important for
efficiently integrating multiple inputs in real-time. Thus, receptor distribution within
microcircuits and their functional capacities change dramatically during adolescence.

2.2.2 Sex dependency—The earliest evidence for sex differences in receptor expression
comes from a human PET study where DA and 5HT receptor density declines more in males
than females from 19–30 years (Wong et al.,1984). We have also demonstrated sex
differences in the striatum during younger ages of adolescence, with females demonstrating
less receptor overproduction and less pruning (Andersen et al., 1997). For example, the
density of D2 receptors increased 144 ± 26% in males versus 31 ± 7% in females between
25 and 40 days of age in the rat. Similarly, receptor pruning was much greater in males than
females and occurred between 40 and 120 days (adult). D1 striatal density decreased 34 ±
4% in males, but by only 7 ± 8% in females. For nucleus accumbens, the male and female
D1 receptor density curves were parallel after 40 days of age, with each demonstrating a
slight dip at 80 days. However, sex differences in D1 receptor density persisted at P120,
where D1 receptors were 57.8± 21.2% greater in males than females. Overall, there was no
gender difference in D2 density in the nucleus accumbens. The striatal sex difference,
however, was not amenable to gonadal hormone manipulations during the adolescent period
(Andersen et al., 2002). Gonadectomy immediately before D1 and D2 receptor
overproduction did not modulate overall density during adolescence; neither did
gonadectomy earlier in life. These results suggest that peripubertal exposure to testosterone
does not stimulate dopamine receptor overproduction, nor does estrogen suppress
overproduction in general. Limitations of the analysis may have precluded observation of
sex-dependent changes. Whereas autoradiography is well-suited for quantifying receptor
density changes of a region overall, this technique fails to reveal which population of
neurons express these receptors. Thus, the possibility remains that sex-dependent changes,
and their hormonal susceptibility, occur on different populations of neurons that have yet to
be characterized.

This review will not focus on the functional consequences of these receptor changes, such as
those that examine responsivity to receptor-specific agonists or antagonists. However, it is
important to note that sex differences in signaling mechanisms are influenced by gonadal
hormones, and also undergo developmental changes during adolescence (Andersen et al.,
2002; Kuhn et al., 2001).
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3. Connections
3.1. Specific innervation of neurotransmitter systems

In this section, we discuss how specific neurotransmitter systems innervate a given brain
region. Innervation begins prenatally, but actively continues into the adolescent period and
adulthood. However, most studies bypass characterizing adolescence and assume that
innervation proceeds in a linear fashion. Human post-mortem studies of connectivity are
nearly impossible to conduct, as brain tissue resource centers typically dissect brain tissues
into smaller areas that prevent tract tracing. The resolution of MRI does not permit tract
tracing of specific neuronal populations communicating with each other (other than via
tractography, which assess both myelin and axon caliber simultaneously). Transporter
density is often used as an indicator of innervation patterns (e.g., (Moll et al., 2000)).
However, transporter densities may vary independently of innervation and thus may not be
ideally suited for such purposes.

Based on the few animal studies that use standard tracing methods to characterize
adolescence, some show a linear progression of innervation across maturation (e.g.,
(Brenhouse et al., 2008; Brummelte and Teuchert-Noodt, 2006; Cunningham et al., 2002;
Erickson et al., 2000), whereas others (Cressman et al., 2010; Rios and Villalobos, 2004)
demonstrate an inverted U-shape pattern. We have observed a linear progression of
innervation of layer V glutamate neurons of the medial PFC into the nucleus accumbens
core between 25, 44, and 100 days in the rat (Brenhouse et al., 2008). In a study by
Cunningham and colleagues (Cunningham et al., 2002), a linear innervation pattern was also
found in the glutamatergic connections between the amygdala and PFC, which continue
from birth into late adolescence/young adulthood (60 days of age) in the rat. Age differences
in synaptic connections are qualitative as well. For example, glutamate neurons formed axo-
dendendritic (36.5%), axo-spinous (7.7%), and axo-somatic synapses (5.8%) on GABAergic
neurons, but 17.3%, 30.8% and 1.9% on non-GABAergic neurons. The formation of these
contacts generally followed a curvilinear pattern across age.

In contrast, some patterns of innervation show non-linear courses in their trajectory. For
instance, the medial PFC (both prelimbic and infralimbic regions) projections to the
basolateral amygdala remain stable between 25 and 45 days of age in the rat, but decrease by
about 50% between 45 and 90 (Cressman et al., 2010). Similar findings are observed in
mice. Afferents from the dorsalmedial thalamus to the frontal cortex increase until 13 days
of age, followed by a 67% decrease in the third week of life, when they progressively
increase until adolescence and stabliize (Rios and Villalobos, 2004). The first over-
production phase of innervation has been linked to the functional organization of layer III
neurons, suggesting that glutamate input drive synaptogenesis. Dopamine neurons follow a
comparable pattern of innervation in the primate cortex (areas 4, 9, 46): dopaminergic axons
in layer III increased three-fold before 5–7 months of age, with no appreciable change in
layers 1 and V (Erickson et al., 1998). Labeled varicosities continued to increase, reaching a
peak (six-fold greater than in the youngest monkeys) in animals 2–3 years of age
(adolescence) before declining to stable adult levels (Rosenberg and Lewis, 1995; Woo et
al., 1997). Gerbils demonstrate a similar pattern. Dopamine innervation into the amygdala
increases the first three weeks in life in gerbils, before a slight decline in density during
early adolescence that stabilizes into late adulthood (Brummelte and Teuchert-Noodt, 2006).
Thus, it is likely (and notably not adequately covered in this review) that other
neurotransmitter systems show similar changes in innervation patterns.

At this stage, it is unclear why different patterns of innervation (e.g., linear versus inverted
U-shaped) occur in different cortical layers (Figure 2). The first possibility lies in the
sampling of ages, where critical discontinuities may exist that were not adequately
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characterized. The second possibility lies in the nature/function of the region being
innervated. We have raised this issue previously in the context of dopamine receptors
(Teicher et al., 1995) and others for innervation (Erickson et al., 1998). Specifically,
different regions that are involved in functions that require constant updating may benefit
from linear increases that occur relatively early in life (prior to adolescence). In contrast,
regions involved in the learning of a life-long function, such as a habit, benefit from
streamlining that is associated with pruning. The third possibility is that innervation shows
age-specific patterns in the laminar organization, with layer III in the cortex demonstrating
an inverted U-shape, and the deep and superficial layers demonstrating a more progressive
pattern. Taken together, the unique connectivity in intrinsic and extrinsic afferents critically
aids in sculpting neuronal circuitry during adolescence (Benes, 2009).

3.2.1 Myelination—Throughout development, much of the overall gain in brain volume
derives from the marked myelination of fiber tracts (Benes et al., 1994). Myelination
increases the speed of information exchange, and is at least partially responsible for the
emergence of the rich mammalian behavioral repertoire (Fields, 2005). Myelination in the
human brain differs by sex and region (Benes et al., 1994; Giedd et al., 1999b). Myelination
progressively increases with maturation in both sexes, based on post-mortem studies (Benes
et al., 1987) and MRI studies which analyze such changes by segregating white and gray
matter (Paus et al., 1999) or through the use of diffusion tensor imaging (DTI) (Paus et al.,
1999). The majority of what is known about developmental changes in myelination is been
based on studies of the corpus callosum, the largest myelin tract in the brain (e.g., (Keshavan
et al., 2002; Teicher et al., 2004)). In contrast to gray matter changes, a rostral - caudal
pattern of white matter continues to increase corpus callosal size into young adulthood
(Giedd et al., 1996a). Age-related changes occur in the posterior section (Paus et al., 1999).
Other white matter tracts, namely the internal capsule and the left arcuate fasciculus,
continue to myelinate with maturation. Delayed myelination of frontocortical connections
that occurs during the second and third decade in humans may be associated with enhanced
behavioral regulation and impulse control that emerges after adolescence (Luna et al., 2010;
Paus, 2005).

DTI capitalizes on estimates of water movement, through measurements of mean diffusivity
(MD) and fractional anisotropy (FA). Within a given voxel, FA measures vary from 0
(perfectly isotropic diffusion) to 1 (perfectly anisotropic diffusion), and is determined by
fiber diameter and density, coherence and the degree of myelination (Basser and Pierpaoli,
1996). FA examines the degree of directionality of water diffusion. Water movement in a
single direction, such as what occurs along a tract, has a higher FA value. An extensive
characterization of how MD and FA change across age (5–30 years) in a variety of brain
regions can be found in reports by Lebel et al (Lebel et al., 2008) and Qiu et al (Qiu et al.,
2008). Of the regions characterized in the Liebel et al paper, the most profound loss of MD
occurs in the caudate nucleus during adolescence whereas the splenium of the corpus
callosum reaches its full loss (~8%) before 15 years of age. However, FA measurements
reflect more than myelination, and include estimates of differences in the nature of fiber
tracts themselves (e.g., relative alignment of individual axons and their packing “density”;
Paus, 2010). Therefore, estimated changes in myelination based on FA measures need to
take into account both myelin and axon diameter. The `g' ratio (axon diameter : axon
diameter + myelin sheath thickness) has been developed to account for both axon diameter
and fiber diameter. Since both axon diameter and myelin thickness affect conduction
velocity but do not increase to the same degree after puberty, the `g' ratio may better reflect
developmental changes in white matter and conductivity (Paus and Toro, 2009). Estimating
the degree of myelination and its relationship to axonal diameter requires electron
microscopy. In the rat, non-biased stereological measures show that the number of glial cells
changes in a regional-dependent manner. Glia cell number is stable in the ventromedial PFC
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between adolescence and adulthood, but increases nearly 40% with maturation in the dorsal
PFC (Markham et al., 2007). Thus, changes in DTI reflect both glia and axonal diameter
changes.

An alternative way of determining changes in myelination is to examine gene expression.
Consistent with more refined anatomical measurements, the genes associated with
myelination also increase expression during adolescence in humans (Harris et al., 2009). For
example, genes including MBP (myelin basic protein), MOG (myelin oligodendrocyte
glycoprotein), and MAG (myelin associated glycoprotein) increase their expression with
maturation. While MBP and MOG are related to structural changes in myelin, MAG is
involved in coupling axonal caliber (activity) with the degree of myelination (Yin et al.,
1998). Taken together, white matter density increases in a progressive, linear fashion that
contrasts with the inverted U-shape of gray matter maturation that typically characterizes
adolescence.

3.2.2 Sex dependency of myelination—Sex differences occur in myelination and are
observed during the onset of puberty. Multiple studies demonstrate significant increases in
myelination of multiple brain regions across the course of adolescence into adulthood in
males, but not females (Blanton et al., 2004; Leussis and Andersen, 2008; Paus, 2010).
Rather, myelination appears to occur earlier in females. For example, sex differences in
human hippocampal myelination emerge after 5 years of age, with an average of 37%
greater degree of myelination in females than males (Benes et al., 1994). Similar sex
differences are observed across species (e.g., humans, rats (Kodama, 2008)). By adulthood,
myelination in the corpus callosum is greater in males, although females have fewer glia
cells contributing (Nunez and Juraska, 1998; Kim et al 1997). Similarly, the rat PFC has
15% less glia cells in females than males by adulthood, which may contribute to sex
differences in volume in that region (Markham et al., 2007).

When DTI analyses are divided into trajectories of FA and MD, different profiles exist
between measures, across sex, and across region (Asato et al., 2010). The fiber tracts of the
arcuate fasciculus (which connect Wernicke's area and Broca's area) and the inferior fronto-
occipital fasciculus (which connects sensorimotor and frontal regions) demonstrate
increased FA in girls, but decreased FA in boys between the ages of 6–20 years; no sex
differences were observed for MD (Ashtari et al., 2007; Schmithorst et al., 2008). These
changes have been related to IQ and elevated verbal processing in adolescent females over
males (Ashtari et al., 2007; Schmithorst et al., 2005). In contrast, other tracts fail to show the
expected age-related increase in FA, whereas MD decreased (Eluvathingal et al., 2007).
Measures that reflect an increase in FA in the absence of changes in radial diffusivity (a
possible index of demyelination) may indicate a transition from reduced tortuousity to
greater axonal fiber organization (or straighter fibers) during late adolescence (Ashtari et al.,
2007). More efficient processing would be the predicted result of such changes.

Testosterone levels are related to `g' changes in human males (Perrin et al., 2008). The `g
ratio' increases in human males, but remains unchanged in females (Paus and Toro, 2009).
Axonal caliber changes during development and may explain an increase in DTI in males,
whereas female changes in DTI may better reflect myelination (Perrin et al., 2009) Basic
studies show that the female corpus callosum is sensitive to pubertal hormones, and
ovariectomy at 20 days of age in the rat decreases the number of myelinated axons
compared to controls (Yates and Juraska, 2008); the total number of axons in this study were
not affected, suggesting these changes were due to loss of myelin and not cells. One possible
explanation is that sex differences exist in the survival time of oligodendrocytes, where cells
die sooner in adolescent females than males (Cerghet et al., 2006). Other possibilities
include estrogenic effects that modulate other gonadal hormones (e.g., progesterone), stress-
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related hormones, or even growth factors that in turn effect myelination (discussed in Yates
and Juraska, 2008). Additional research will fill in the missing mechanistic gaps in how
estrogen modulates myelination.

We are only beginning to understand how synaptogenesis and pruning interact with
myelinating processes and brain function to shape adolescent behavior (Paus et al., 2008).
Myelin plays an important role in development, but more importantly, in coordinating the
speed of diverse inputs from various distances to a given region. Synchronous signaling is
paramount for normal development to proceed (Fields, 2005), with changes in myelination
implicated in a number of mental illnesses.

4.0. Functional changes development
This review has covered the structural changes that occur during the childhood to adult
transitions, but functional changes may show their own patterns. The maturing brain uses its
evolving structure and resources (e.g., glucose metabolism) to communicate between and
within structures to influence behavior. How the brain regions differentially activate in
response to a given stimulus can also tell us how they are interconnected functionally. In this
section, “functional connectivity” as measured by MRI refers to the correlational
relationships that exist between two regions.

4.1. Energy utilization
The morphological changes described above are typically preceded by functional changes
within the brain. The original studies on functional changes used PET imaging of glucose to
map energy usage in a cross-sectional design (Chugani, 1998; Feinberg, 1988). Glucose
utilization in humans reaches adult levels by two years of life (Chugani et al., 1987) but then
rises at 4–5 years of age and maintains this plateau until 10 years of age before pruning by
~50% by 16–18 years of age (Chugani, 1998). Genes related to glucose metabolism, e.g.,
gene acyl coA dehydrogenase (ACADSB), are expressed in high levels during adolescence,
although their functional significance is not known at this time (Harris et al., 2009).

Other markers of brain activity that examine brain metabolism, such as n-acetylaspartate
(NAA; a marker of neurons and processes), phosphocreatine (PCr; energy dynamics), and
membrane phospholipid metabolism (with makers sPME and sPDE) have been examined
with magnetic resonance spectroscopic imaging (MRSI) to provide a non-invasive index of
development. Changes in these markers were characterized in axial slices of the brain across
males and females 6–9.5, 9.5–12, and 12–18 years old in n=106 subjects (Goldstein et al.,
2009). Comparisons between 6–9.5 year olds to the 12–18 year olds show no difference in
NAA, which suggests no marked neuronal changes. This observation is in direct contrast to
well-characterized neuronal loss determined by direct measurement in post-mortem tissue
(e.g., Huttenlocher, 1979). However, NAA provides acetate for olidgodendrocytes that are
responsible for myelin production. Thus, no net change in NAA across adolescent
development could reflect a balance between neuronal loss and increased myelination. PCr
was reduced in the younger age group, but elevations in percent gray matter and sPME/
sPDE ratios, which reflect membrane phospholipid turnover, were higher. PCr and percent
gray matter were highly correlated with age, but NAA, sPME, sPDE, and sPME/sPDE were
not. While some potential changes may have been missed by combining males and females,
these data suggest that MRSI does not show decisive age-related metabolic changes.

4.2 Functional connectivity as defined with MRI
Functional connectivity is another approach used to show temporal inter-relationships
between areas of activation during resting state or during an fMRI task (Fair et al., 2008;
Supekar et al., 2009; Thomason et al., 2009; Zuo et al., 2010). Maps of functional
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connectivity are also referred to as connectomes (Biswal et al., 2010), with applications to
fMRI representing a recent application of this field (Lichtman and Sanes, 2008). This
approach provides some insight into adolescent brain development, although it is limited by
some observations that `functional connectivity' is observed in areas absent of true
anatomical connections (Honey et al., 2009; Koch et al., 2002). Resting state fMRI is based
on observations that large-amplitude spontaneous low-frequency (<0.1 Hz) fluctuations
occur (Biswal et al., 2010). Approaches to understanding functional connectivity include
seed-based (where a starting point is manually identified to identify a starting point),
independent component analysis (ICA), and frequency-domain analyses. Functional
development of different brain systems includes the combination of decreasing short-range
connections (i.e., segregation) and increasing long-range connections (i.e., integration) (Fair
et al., 2007; Stevens et al., 2009). In other words, development proceeds from a local to a
more distributed network as different regions become more interconnected (Fair et al.,
2009). This interconnectivity is not synchronous, but rather individual regions become
connected and then interconnected (Supekar et al., 2010).

Functional connectivity studies of resting fMRI show that a “default network” exists in the
brain when it is not actively processing information. The default network is comprised of the
posterior cingulate cortex, mPFC, medial temporal lobes, and angular gyrus. These
structures demonstrate coherent, low frequency oscillations (0.1 Hz) when the individual is
in a quiet, resting state. As the brain becomes more integrated inter-regionally between
childhood and adolescence (Fair et al., 2008), increased connectivity within the default
network occurs during this transition (between 9–12 years of age; Broyd et al., 2009). The
default network has been hypothesized to play a role in creativity, whereas a reduction
within the default network has been associated with schizophrenia and autism.

Other functional networks, however, certainly exist in the brain. In a study that compares
young adolescents (mean age 12.5 ± 0.51 [SD] years) to young adults (22.2 ± 1.67 [SD]
years) in mixed sex groups, 13 main functional networks were identified (Jolles et al., 2010).
Of these networks, eight showed increased activity between cortical regions during
adolescence, two showed no difference in activity, and three were associated with basic
visual or sensorimotor functions (i.e., sensorimotor, visual system, and ventral stream
networks) and showed less activity during adolescence than young adulthood. Identification
of these networks will now facilitate future investigations into why they demonstrate age-
related changes.

5. Functional development of circuits
During adolescence, dramatic shifts in behavior are tied to age-related changes within the
brain. Extensive reviews of adolescent behaviors are found elsewhere (Spear, 2000), but we
present a brief overview of how specific changes in functional processing during
adolescence may explain some of these behaviors. Within the orchestration of building a
brain, each region has its own developmental timecourse of maturation (Tau and Peterson,
2010). Generally, cortical areas mature later than subcortical areas, as discussed above.
Developmental delays or precocial development within individual nodes of neuronal
network formation are likely to initiate a domino-like chain of developmental events that
alter the trajectory of multiple brain regions (Ernst and Fudge, 2009; Haber and Rauch,
2010). From this perspective, longitudinal studies will be helpful in determining the
sequence of regional brain changes as different cascades of events unfold (Gogtay et al.,
2006; Sowell et al., 2004). For example, Shaw and colleagues (Shaw et al., 2007) have
shown that cortical development lags in children with ADHD relative to their peers, but
catches up by adulthood. In contrast, childhood onset of schizophrenia is associated with
earlier regressive pruning than observed in typical children (Rapoport et al., 1999). Studies
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such as these are important for tracking the course of the disorder, but also simultaneously
highlight windows of development that may be more or less susceptible to outside
influences.

The emergence of psychopathology during the adolescent period in the overarching domains
of reward- and affect-related processing is not a coincidence. Given the number of dramatic
changes that occur during this period, processes that either go awry or were misguided
earlier in life and unmasked by these changes (Andersen, 2003; Andersen and Teicher,
2008; Weinberger, 1987; Laviola et al., 2003) will manifest during this period. The
importance of delineating and manipulating sensitive periods lies in understanding adverse
consequences on developmental processes. In addition, many disorders have a basis in
neurodevelopmental processes gone awry. Early exposure to adversity is represents a high
risk factor for a number of disorders. For example, epidemiology studies have shown that
exposure to adversity results in a higher incidence in major depressive disorder (Anda et al.,
2006; Anda et al., 2002; Chapman et al., 2004), borderline personality disorder, drug abuse
(Andersen and Teicher, 2009), and suicide, with depression as the most common adult
sequelae of early abuse (Putnam, 2003; Zisook et al., 2007).

5.1. Functional development of affective circuits
The functional development of circuits and systems in the brain is complex, with many
moving pieces to put together. As a way to approach developmental circuits, we provide the
following overviews as they relate to both affect and reward during the adolescent period.
These approaches do not include the countless and important studies that examine
behavioral and pharmacological transitions that occur during adolescence, but are focused
on studies that have neuroanatomical relationships at their root.

Much of human behavior and motivation arises from previously-acquired associations
between rewarding or aversive stimuli and the contexts in which they occur (Cardinal et al.,
2002). These powerful, learned associations drive our present and future behavior (Cardinal
et al., 2002) and occur through Pavlovian conditioning mechanisms (Rosenkranz et al.,
2003). Information about the environment and emotions is processed within the basolateral
amygdala (BLA) (Grace and Rosenkranz, 2002), which forms powerful associations
between stimuli that predict the occurrence of an appetitive or aversive outcome, and
produces “affect” within the BLA (Cardinal et al., 2002; Laviolette et al., 2005;
Schoenbaum, 2004; See et al., 2003). However, responding to a given stimuli needs to be
specific and appropriate in terms of mood, emotional significance, or attention as it relates to
choice (Paus et al., 1996). This process occurs in the PFC (Cardinal et al., 2003; Rebec and
Sun, 2005; Schoenbaum, 2004; Ventura et al., 2007). Noradrenergic and dopaminergic
receptors in the PFC mediate the regulation of attention, behavior and emotion by
strengthening network connections between neurons with shared inputs (Arnsten, 2009).
Within the mPFC, the salience of information is processed to regulate selected attention.

Thus, information from the BLA is relayed to the mPFC by glutamatergic projections
(Bechara et al., 1999; Laviolette et al., 2005; McDonald and Pearson, 1989), where it is
processed for salience (Schultz, 1998) and errors that are relevant for predicting future
outcomes (Falkenstein et al., 2000; Price, 1999). As a result, stimuli that predict an aversive
outcome can be responded to in an appropriately adaptive manner (Pezze et al., 2003). This
function is performed by dopaminergic signals in the mPFC (Jackson and Moghaddam,
2004), which encode additional information of salience and novelty with emotional
information (Cardinal et al., 2002; Milad and Quirk, 2002) to influence goal-directed,
motivated behavior. The mPFC sends this information to the nucleus accumbens directly
(Goto and Grace, 2005; Voorn et al., 2004), or indirectly via the amygdala. Subsequently,

Brenhouse and Andersen Page 15

Neurosci Biobehav Rev. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the resultant activity within the mPFC, directly or indirectly, influences the motivated
behavior in the nucleus accumbens.

Immature processing between the amygdala and the PFC has been proposed to underlie the
delayed emergence of affective illness until adolescence (Ernst et al., 2006). Within the
triadic model proposed by Ernst and colleagues (Ernst et al., 2006), the avoidance system
associated with the amygdala drives behavior relatively unchecked by an immature PFC.
According to this model, the nucleus accumbens adjusts the strength of the link between
appetitive and aversive conditioning (Horvitz, 2002). This theory is one of a rare few that
incorporates what is known about the neurobiology of depression within a developmental
framework. However, the theory implies that children and adolescents would grow out of
their depression with emerging cortical maturity and connectivity, which is not the case
(Andersen and Teicher, 2004; 2008).

We have recently reviewed developmental changes during the adolescent period that may
increase vulnerability to depression (Andersen and Teicher, 2008). Briefly, children have
more activity than adults in the amygdala in response to emotional stimuli (Killgore et al.,
2001), which is further exacerbated in children and adolescents with social anxiety disorder
(Beesdo et al., 2009). However, the nucleus accumbens is more involved in the processing
of appetitive and aversive stimuli in adolescence instead to the amygala (Ernst et al., 2005).
Recruitment of the PFC in response to emotionally-laden stimuli does not occur until
adulthood (Killgore et al., 2001). Preclinically, this is consistent with the tract tracing
experiments that show both continued development of BLA to PFC innervation during
adolescence (Cunningham et al., 2002), but more importantly, a peak in innervation of PFC
to BLA inputs during adolescence (Cressman et al., 2010). Together, increased anatomical
connections may provide a basis for the delayed (adolescent) emergence of depressive
symptoms and emotional lability that epitomizes this maturational state as regulatory control
over affect develops (or fails to develop).

5.2. Functional development of reward circuits
Sophisticated MRI and electrophysiologic studies demonstrate the unique roles of
subdivisions within the frontal cortex in reward processing. The mPFC (Broadman areas
[BA] 10/12/32 and including the anterior cingulate cortex; BA 24) responds to the outcome
of the reward: it is activated if an anticipated reward is received and deactivated when not
received (Knutson et al., 2003; Schulz et al., 2004). The orbital frontal cortex (OFC)
encodes expected outcomes and estimates motivational value based on potential reward. The
OFC plays an important role in reversal learning and delayed reinforcement (Dalley et al.,
2004) through its connections to sensory, limbic, frontal, and subcortical regions. The OFC
is functionally divided with medial portions responding selectively to reward value, while
the lateral portions suppress previous reward-associated processes (Elliott et al., 2000;
Elliott et al., 2003; London et al., 2000).

The accumbens (ventral striatal region) responds to the saliency (Ernst et al., 2004), valence
(appetitive or aversive) (Jensen et al., 2003) and the predictability of the reward (unpredicted
reward activates greater than predicted reward (Berns et al., 2001; Elliott et al., 2000)), but
not the motor component (Zink et al., 2004). During adolescence, the accumbens responds
greater than the OFC to reward (Galvan et al., 2005). Taken together, these data suggest that
the adolescent accumbens drives change in reward processing (Galvan, 2010).

However, evidence of how the cortical and subcortical systems respond to reward stimuli
suggests that the cortex plays an even larger role in adolescent transitions in reward
processing. Animal studies have shown that reward processing transitions during
adolescence through the pruning and potential re-focusing of cortical networks as the
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networks mature and become adult-like (Brenhouse et al., 2008; Crews et al., 2007). Clinical
fMRI studies suggest that both ventral striatum and the mPFC activate to reward stimuli
during adolescence (Bjork et al., 2004). Prior to this transition, reward-related BOLD tasks
produce more diffuse and less intense activation of frontal regions in children than in adults
(Durston et al., 2003). However, children show greater activation in the ventral striatum
(accumbens) (Ernst et al., 2005; Galvan et al., 2006). As we know little mechanistically
about reward development in humans, we will draw upon preclinical research for a greater
understanding.

The maturation of the mPFC is delayed relative to most other brain regions (Andersen et al.,
2000; Huttenlocher, 1979) and reaches peak synaptic density closer to adulthood (Benes et
al., 2000). Increased sprouting of dopamine neurons (Benes et al., 1996; Kalsbeek et al.,
1988; Verney et al., 1982), receptor density (Andersen et al., 2000; Leslie et al., 1991), and
second messenger system activity (Andersen, 2002) culminate in an enhanced dopaminergic
drive to the mPFC during adolescence. Recent findings also demonstrate an age-related
increase in D1 activation of non-fast spiking cells in the mPFC, which occurs after puberty
(Tseng et al., 2006), and a peak in the firing rate of the VTA dopaminergic neurons at this
same age (McCutcheon and Marinelli, 2009). The over-expression of D1 receptors on
glutamatergic outputs to the accumbens also peaks during adolescence in parallel with drug-
seeking behavior (Badanich et al., 2006; Brenhouse et al., 2008). This receptor population
has been implicated in drug-relapse, and thus its overexpression during adolescence is
noteworthy (Kalivas, 2005). These changes in cortical reward processing are also likely to
influence subcortical responses to psychostimulants.

In contrast, basal levels of extracellular dopamine and dopaminergic responses to stimulants
do not change appreciably between adolescents and adults in the accumbens (Frantz et al.,
2007) or mPFC (Jezierski et al., 2007). However, the ratio between cortical:accumbens
expression of the immediate early gene c-fos in response to stimulants increases between
adolescence and adulthood (Andersen et al., 2001). Additionally, amphetamine produces
subcortical > cortical activation patterns of c-fos in juveniles (Andersen et al., 2001), but
cortical > subcortical activation in adolescents (Cao et al., 2007). Taken together, these data
suggest that juveniles differ markedly from adolescents, who are more adult-like, in their
responses to stimulants subcortically. In other words, the likelihood that substance use rises
substantially during adolescence follows from either direct or indirect effects of cortical
processes on subcortical activity.

5.3. Functional development of cognition
Experimental paradigms such as the Stroop, Simon, Flanker, Go/No-Go, and Stop-Signal
tasks require suppression of a more automatic behavior to perform a less automatic one.
Attentional regulation, response inhibition, and conflict and error monitoring are cognitive
processes that are engaged in the service of cognitive control and successful task
performance. Performance on all of these tasks improves steadily throughout development,
but does not approach adult levels until at least late childhood or early adolescence (Bunge
et al., 2002; Casey et al., 1997; Davidson et al., 2006; Luna and Sweeney, 2004; Rubia et al.,
2000). As with working memory, the self-regulatory capacity of children can be
overwhelmed easily by increasing task demands. In adults, self-regulation relies on broad
cortical areas such as supplementary motor area, frontal eye fields, anterior cingulate cortex,
dorsolateral PFC, ventralPFC/lateral orbitofrontal cortex, as well as temporal, and parietal
regions all of which have connections with striatum in the subcortex (Leung et al., 2000;
Marsh et al., 2007).

Effective responding to environmental stimuli requires selective attention and motivational
direction, coupled with suppression of actions that are no longer required or that are
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inappropriate. This suppression is measured experimentally via response inhibition, which
involves three interrelated processes, as proposed by Barkely (Barkley, 1997): 1) inhibition
of an initial pre-potent response, 2) stopping of an ongoing response or delayed responding,
and 3) limiting interference or distractibility during delay periods. The basal ganglia and
PFC are both implicated in these processes (Casey et al., 2008). In general, while the basal
ganglia control the inhibition of inappropriate behaviors (Mink, 1996), the PFC acts to
prevent interference with relevant information by competing information (Miller and Cohen,
2001).

In contrast to approach-avoidance, which requires incentive salience attribution and is
largely mediated through a triadic cooperation of the PFC, striatum, and amygdala
(reviewed (Ernst and Fudge, 2009)), response inhibition recruits circuitries that regulate
motor planning and timing (Deiber et al., 1999). The primary role of fronto-striatal networks
lends itself to a different developmental profile than that of motivation and selective
attention systems.

5.4. Development of Response inhibition
While adolescents can perform sophisticated cognitive tasks, the ability to do so consistently
continues to improve during adolescence and into adulthood, This linear improvement
throughout development suggests that the neurobiological underpinnings of cognition follow
similarly linear progression. Children show significantly higher intensity of activation than
adults in frontal lobe regions (Bunge et al., 2002) including bilateral medial frontal gyrus
and medial aspects of bilateral superior frontal gyrus (Booth et al., 2003). This is consistent
with age-related differences in accuracy and reaction time on go/no-go tasks across
childhood. Interestingly, a joint DTI and fMRI study performed by Stevens and colleagues
(Stevens et al., 2009) reported a direct relationship between age-related changes in
functional connectivity between the bilateral frontopolar, right parietal cortex and right
caudate, increased myelination, and improved performance on the Go/No Go task. In
another DTI study, response inhibition in 7–13 year olds was significantly associated with
higher FA and lower MD in both the right inferior frontal gyrus and the right pre-
supplementary motor cortex (Madsen et al., 2010). The linear developmental trajectory of
myelination discussed above is therefore consistent with an apparent linear development of
cognitive control, relative to the inverted U-shaped trajectory of affect and reward
processing. Children also display greater intensity of activation than adults in the left
caudate nucleus during go/no-go (Booth et al., 2003) and stop (Rubia et al., 1999) tasks. The
basal ganglia has been proposed to be involved in the inhibition of inappropriate behaviors
(Casey et al., 2001), and the basal ganglia appears to mature linearly from childhood through
adulthood.

The basic neurobiology of these circuits have either been previously discussed above or
have yet to be studied within a developmental context. While there is a wealth of
neuroimaging data surrounding response inhibition tasks, there has been less investigation of
neurochemistry behind these systems (for a comprehensive review, see Eagle et al., 2008).
One of the main problems associated with preclinical modeling of these behaviors lies in the
weeks that are required to train animals to perform these tasks, which precludes their study
during development. Given the importance that cognitive control and impulse regulation
during adolescent maturation into adulthood, this field requires more attention than it has
received.

6. Experience shapes brain development
While genes provide the blueprint to construct the brain, experience sculpts that brain to
match the needs of the environment. The final fate of a given synapse is based on functional
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validation. The adolescent brain is not only uniquely susceptible to environmental
influences, but adolescence is also a period when early experiences manifest (Andersen,
2003; Andersen and Teicher, 2008). Complex neural networks form during adolescence, and
these in turn are sculpted by both spontaneous and experience-driven activity (Ben-Ari,
2002; Francis et al., 2002; Katz and Shatz, 1996; Zhang and Poo, 2001). Our earlier review
(Andersen, 2003) discussed the significant impact that environmental influences have on
brain development. Other review papers discuss the impact the stress exposure has on
adolescent brain development (Andersen and Teicher, 2008; 2009). Exposure to
psychotropic drugs during the course of development will also alter the course of a
trajectory, with the effects emerging during adolescence (Brenhouse et al., 2009; Ansorge et
al., 2008).

Summary
The nature and extent of adolescent changes within brain neuroanatomy is constantly
changing as our tools of analysis become more fine-grained. Diversity can only be fully
appreciated when regions are studied within functional divisions (e.g. (Gogtay et al., 2006)),
with complete timecourse of characterization, and when early experiences (Andersen and
Teicher, 2008) and other factors (e.g., sex, Tanner stage) are taken into consideration.
Incomplete timecourses in earlier studies have led to incorrect conclusions about the timing
of maturation (discussed in McCutcheon and Marinelli, 2009) and whether early experiences
do indeed affect development. This review provides an overview of our current
understanding of adolescent changes in the brain during its transition from childhood to
adulthood. This remarkable process is highly resilient due to plasticity that allows the
mammalian system to adapt to the needs of its environment.
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Highlights

• We review adolescence as a heterogeneous developmental stage.

• Neuroanatomical changes are juxtaposed with environmental influences and
demands.

• Developmental trajectories interact with sex-dependent changes.

• We discuss the evolution of understanding with increasingly sensitive research
tools.
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Figure 1.
Timeline of developmental processes across humans and rodents. Pink bars represent the
timeline for females, which precedes that of males, represented in blue bars. Transient
expression of receptors (“ectopic”) occurs early in life and expression is no longer observed
later in life. Ectopic expression differs from continued receptor expression within other brain
regions.
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Figure 2.
a) Drawings of cortical lamination in vertical cross-section by Santiago Ramon y Cajal
following Nissl (left, middle) in an adult and Golgi staining (right) in a 1½ month old infant.
B) patterns of synaptic changes that occur during the transitions between childhood and
adulthood in Layers I (the molecular layer), III (the external pyramidal layer; predominantly
corticocortical efferents), and V (the internal pyramidal layer V; predominantly subcortical
efferents).
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