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Neurodevelopment During Adolescence 

Linda Patia Spear 

Adolescence is a time of considerable change. Adolescents undergo periods of rapid 
growth and emergence of secondary sexual characteristics, along with sometimes sud- 
den changes in behavior and mood. These obvious visible signs of adolescence are 
mirrored by at least as dramatic internal alterations that include substantial increases 
in hormone release as well as notable changes in the brain. Indeed, adolescents rival 
newborns in the sheer magnitude of the developmental transformations occurring in 
their brains. 

It is interesting to note that, to the extent relevant data are available, many of these 
neural changes - as well as certain related behavioral ramifications -are seen across ado- 
lescents of a variety of species. Thus, although we often think of adolescence as being 
a characteristic phase of human development, similarities across species in the neu- 
robehavioral features of this developmental transition have led to the suggestion that 
certain adolescent-typical behaviors (and their neural underpinnings) may have been 
evolutionarily conserved. The transformations occurring in the adolescent brain may 
not only facilitate characteristic adolescent behaviors, but may also alter the expression 
of psychopathology as at-risk individuals traverse this developmental period. 

DEFINITION AND TIMING OF ADOLESCENCE 

Adolescence can be defined as the gradual transformation from youthldependency to 
adulthoodlindependency. Adolescence is not synonymous with puberty. The physio- 
logical processes associated with the attainment of sexual maturation -puberty - occur 
during a relatively restricted interval within the broader adolescent period, with a tim- 
ing that varies considerably among individuals. Because no single event sign& the 
onset or termination of adolescence, precise boundaries of this period are difficult to 
determine. The age range from 12-18 years is commonly considered prototypic ado- 
lescence in humans, with less agreement in the margins outside this age range. The 
entire second decade has been defined as adolescence according to some investiga- 
tors (Petersen, Silbereisen, & Silrensen, 1996), with ages up to twenty-five years being 
considered late adolescence by others (e.g., Baumrind, 1987). 

Time periods termed as adolescence have likewise been identified in other marn- 
malian species such as rats (approximate postnatal days [PI 28-42) and monkeys 
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(2-4 years), although again the absolute boundaries of this gradual transition are diE- 
cult to determine precisely (see Spear, 2000a, for discussion). Although ontogenetic pe- 
riods corresponding to the developmental transition commonly called adolescence can 
be identified in nonhuman animals, none of these other species of course demonstrates 
the full complexity of human brain, behavior, or psychopathology evident during ado- 
lescence (or at any other time in life, for that matter). Yet, as we shall see, there are 
considerable similarities between human adolescents and adolescents of other mam- 
malian species in terms of developmental history and genetic constraints, as well as 
behavioral, neural, and hormonal characteristics - similarities driven perhaps in part 
by common evolutionary pressures. 

ADOLESCENT BEHAVIOR, HORMONES, AND EVOLUTION 

Adolescents behave differently from individuals at other ages. A change in the focus 
of social interactions is a characteristic hallmark of adolescence, with adolescents of a 
variety of species showing increased social interactions with peers, sometimes associ- 
ated with increases in conflicts with parents (e.g., Csikszentmihalyi, Larson, & Prescott, 
1977; Primus & Kellogg, 1989; Steinberg, 1989). Adolescents from a broad range of 
species including humans also exhibit increases in behaviors classified as risk taking 
or sensationlnove!ty seeking (Adriani, Chiarotti, & Laviola, 1998; Trimpop, Kerr, & 
Kirkcaldy, 1999). 

Adolescent-typical behavioral features that are seen across species may have evolved 
in part to facilitate the adolescent transition to maturity. For example, peer-directed in- 
teractions serve to develop new skills and social support (e.g., Galef, 1977; Harris, 1995), 
whereas risk taking has been suggested to increase the probability of reproductive suc- 
cess among males of a variety of species, including humans (Wilson E: Daly, 1985). Risk 
taking (and shifts in social affiliation) may also provide the impetus to explore new 
and broader areas away from the home. Emigrating from the home area to territory 
far from genetically related individuals is one successful strategy to avoid inbreeding 
depression - that is, the lower viability associated with expression of recessive genes in 
offspring derived from the mating of closely related individuals (Bixler, 1992; Moore, 
1992). Indeed, in most species of birds and mammals, members of at least one gender 
leave the natal area prior to reproducing (Keane, 1990). Behaviors serving to facilitate 
emigration by sexually emergent adolescents may have been retained during evolution 
to avoid inbreeding and enhance species survival and viability. Yet, this considerable 
species benefit seemingly may be at considerable cost to individual adolescents, given 
the increased mortality rates associated with risk taking and emigration into new re- 
gions with uncertain resources and unknown dangers (e.g., Crockett & Pope, 1993; 
Irwin & Millstein, 1992). 

It has long been assumed that adolescent behaviors are driven largely by "raging hor- 
mones." And indeed, the chemistry of the body undergoes considerable modification 
during the adolescent period. Pubertal-associated hormonal changes include dramatic 
gender-specific rises in gonadal steroids (estrogen and testosterone). These pubertal in- 
creases in gonadal hormones are stimulated by a reinstatement of pituitary release of 
luteinizing hormone (LH) and follicle stimulating hormone (FSH), release that was pro- 
nounced during the early postnatal period but suppressed throughout childhood (see 
Brooks-Gunn & Reiter, 1990, for review). Other adolescent hormonal changes include 



64 Spear 

inaeases in growth hormone (GH) release (e.g., Brook & Hindmarsh, 1992; Gabriel, 
Roncancio, 8 Ruiz, 1992) as well as an early prepubertal rise in adrenal androgens (in- 
cluding hormones such as androstenedione and dehydroepiandrosterone, often called 
"neurosteroids" for their potent actions on the nervous system; Parker, 1991). There 
is also emerging evidence for a postpubertal inaease in release of the stress-associated 
hormone, cortisol (e.g., see Cicchetti & Walker, 2001; Walker & Walder, this volume) 
that may in part reflect an adolescent-associated increase in stressor responsiveness 
(see Spear, 2000a). 

Common folklore has long assumed that the dramatic pubertal-associated increases 
in sex-related hormones largely drive adolescent behavior. The data, however, do not 
support a simple "raging hormones" explanation. Based on an extensive review of the 
literature comparing adolescent behavior with levels of a variety of gonadal steroids 
and adrenal androgens, Susman and colleagues concluded: "At the folk-wisdom level, 
hormonal changes are associated with behavioral change in adolescents. The empirical 
evidence confirming this link is almost nonexistent" (1987, p. 1,114). This conclusion 
still largely holds today, with evidence for at best only small direct effects of androgens 
and estrogens on adolescent behavior (e.g., Graber & Brooks-Gunn, 1996), including 
a linkage of adrenal androgens with certain adjustment problems in adolescence (see 
Susman & Ponirakis, 1997). 

With the realization that sex-related hormones are responsible for only a limited 
amount of behavioral change during adolescence, attention has turned to other poten- 
tial contributors. As discussed later in this chapter (see also Cicchetti & Walker, 2001; 
Walker & Walder, this volume), adolescence-associated increases in stress hormones 
or sensitivity to stressors may support the emergence of adolescent-typical behaviors 
(as well as symptom expression in adolescents at risk for mental disorders). Dramatic 
adolescent-associated alterations in brain, including numerous stress-sensitive brain re- 
gions, are also likely contributors to unique adolescent-typical behaviors. Indeed, given 
the pronounced transformations occurring in the brain during adolescence, it would be 
surprising if the behaviors of adolescents did not differ from those of other aged indi- 
viduals. Some of these dramatic adolescent-associated alterations in brain are reviewed 
in the next sections. 

NEURAL CHARACTERISTICS OF ADOLESCENCE 

From its very beginnings early in embryogenesis until old age, the nervous system is in 
a dynamic state of change. Although small numbers of neurons continue to be formed 
throughout life (Eriksson et al., 1998; Kempennann & Gage, 2000), the vast majority 
of neurons date their birth to the prenatal period. Migration of these neurons to their 
final location and their differentiation through the elaboration of dendritic and axonal 
processes continues well into the postnatal period (see Nowakowski & Hayes, 1999, for 
review). Although much initial neural differentiation, formation of glial support cells 
and their myelination of neural axons, and related growth in brain size occurs during 
the first 3-4 years postnatally, brain maturation is by no means complete at that time. 
Myelination continues until at least the third decade, along with a progressive decline 
in the proportion of cerebral gray matter to white matter (Jernigan & Sowell, 1997). 
Other measures reveal changes in brain until at least 70-80 years of age (Blinkov & 
Glezer, 1968, cited by Nowakowski & Hayes, 1999). 
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Although the brain undergoes dynamic change throughout life, these alterations 
are by no means linear, with periods of rapid neural transformation amidst intervals 
of more modest change. Moreover, not all of this neural development is progressive: 
Some earlier formed connections are transient and some neurons are ultimately des- 
tined for elimination as development proceeds. During the early postnatal period, such 
overproduction and pruning may allow the developing nervous system to maximize 
appropriate connections and eliminate those projections or neurons that have been 
unsuccessful in establishing suitable associations (see Nowakowski & Hayes, 1999, for 
review). Following on the heels of a period of more modulated change during child- 
hood, the brain again undergoes a metamorphosis during adolescence, a transformation 
characterized by both progressive and regressive alterations. 

Adolescence, Synapse Elimination, and Metabolic Decline. Adolescence is associated 
with the loss of a considerable number of synapses. The magnitude of this decline is 
difficult to fathom. Rakic and colleagues (1994) have estimated that as many as 30,000 
synapses may be lost per second over the entire cortical region during portions of 
the pubertal/adolescent period in primate brain, eventually resulting in a decline by 
nearly half of the average number of synapses present per cortical neuron prior to the 
adolescent period. Such synaptic downsizing has been reported not only in nonhuman 
primates (Bourgeois, Goldman-Rakic, & Rakic, 1994; Rakic, Bourgeois, & Goldman- 
Rakic, 1994) but also in humans, with substantial synaptic declines in human neocortex 
occurring between seven and sixteen years (e.g., Huttenlocher, 1979). The scarcity of 
postmortem tissue from developing humans has not permitted a more precise detailing 
of the timeline for this decline. 

Although the functional implications of a massive pruning of synapses during ado- 
lescence remain speculative, it has been suggested that these relatively late develop- 
mental changes reflect ongoing brain plasticity, allowing the developing brain to be 
sculpted to meet the particular environmental demands to which it is exposed (Rakic, 
et al., 1994). One should be cautious, however, about assuming that this phase is analo- 
gous to the period of "overproduction followed by pruning" (see Rakic et al., 1994) seen 
during the prenatal and early postnatal periods. Synaptic complements maintained for 
years prior to being pruned during adolescence would seemingly have played some 
functional role in juvenile brain prior to their adolescent demise. The pruning dur- 
ing adolescence thus may not so much reflect the culling of nonproductive synapses, 
but rather an active restructuring that may serve to promote a more mature pattern 
of brain effort. More synapses and connections are not necessarily better, some forms 
of mental retardation being associated with an unusually high number of synapses 
(Goldman-Rakic, Isseroff, Schwartz, & Bugbee, 1983). 

Cortical pruning may be one of a number of developmental changes in adolescent 
brain that serve to refine brain effort during adolescence. Associated with this apparent 
refinement of effort is a reduction in overall brain activation as more specific regions 

, respond to stimuli typically activating broader brain regions in younger individuals. 
For instance, ontogenetic decreases in synaptic density in prefrontal regions have been 
suggested to be associated with developmental declines in the amount of prefrontal 
brain tissue activated during task performance through childhood and into adoles- 
cence (e.g., Casey, Giedd, &Thomas, 2000). Other ontogenetic changes occurring dur- 
ing adolescence include increases in the degree to which the two cerebral hemispheres 
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can process information independently (Merola & Liederman, 1985) and in the ex- 
tent of asymmetries in electroencephalograph (EEG) activity between the hemispheres 
(Anokhin, Lutzenberger, Nikolaev, & Bibaumer, 2000). 

An increase in specificity of cortical responses may help minimize energy use and 
increase efficiency. A majority of synapses undergoing developmental elimination in 
neocortex are thought to be excitatory because of their asymmetrical appearance (Ra- 
kic et al., 1994). Along with this loss of excitatory input to cortex is a reduction in 
overall brain energy utilization. Measures that reflect the energy needed for brain 
activity, such as rates of glucose metabolism, blood flow, or oxygen utilization, are 
greatest in early childhood and decline gradually during adolescence to reach lower, 
adult-typical levels in humans (see Chugani, 1996, Feinberg, 1987 for review and refer- 
ences) and other species including rats (Tyler & van ~arreveld, 1942) and cats (Chugani, 
1994). 

The relative size of the cellular (gray matter) component of some brain regions de- 
clines during adolescence as well. Structural MRI has revealed that ontogenetic declines 
in cerebral gray matter volume between childhood and adolescence are particularly pro- 
nounced in frontal brain regions (dorsal frontal and parietal areas of cortex (Rapoport 
et al., 1999; Sowel1, Thompson, Holmes, Batth et al., 1999a). These changes have been 
suggested to reflect ontogenetic increases in regions segmenting as white matter rather 
than gray matter in the adolescents (Sowell et al., 1999a), a suggestion reminiscent of 
the evidence for developmental increases through adolescence in white matter density 
in numerous cortical fiber tracks, including the corpus callosum (e.g., Paus et ai., 1999; 
Giedd, Blumenthal, Jeffries, Rajapakse et al., 1999a). In contrast to the developmental 
decline in gray matter volume of frontal brain regions, volumes in the amygdala and 
hippocampus increase during childhood and adolescence, with volume changes in the 
amygdala more prominent in males whereas increases in the hippocampus are more 
pronounced in females (Giedd, Castellanos, Rajapakse, Vaituzis, & Rapoport, 1997). 
The adolescent brain is a brain in the process of becoming leaner, more efficient, and 
less energy consuming. - .. 

Developmental Changes in Prefrontal Cortex (PFC). Among the areas of brain under- 
going considerable remodeling during adolescence is the prefrontal region of the neo- 
cortex. Recent functional (fMRI) MRI work has provided evidence for a functional 
frontalization with age during the course of normal maturation from adolescence to 
adulthood (Rubia et al., 2000), with a greater power of functional activation of pre- 
frontal and frontal regions in adults than adolescents during performance of tasks 
normally activating these regions (e-g., delay task). Differences in the brain regions 
activated during a stop task were also noted between adolescents and adults, despite 
comparable performance across age. 

Luna and colleagues (2001) used fMRI to examine age differences in brain activa- 
tion during an oculomotor response-suppression task. Along with gradual ontogenetic 
increases in the ability to inhibit responding during performance of the task from child- 
hood through adolescence and into adulthood, brain activation in frontal, parietal, 
striatal, and lateral cerebellar regions was found to be greater in adults than younger 
subjects. In contrast, prefrontal activation during performance of the task was more 
pronounced in adolescents than in children or adults. Luna and colleagues (2001) in- 
terpret these fMRI results to suggest that age-related improvements in task performance 
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may be related to "maturation of integrated function among the neocortex, striatum, 
thalamus, and cerebellum." 

Anatomical data provide evidence of structural changes in PFC during adolescence 
in a variety of species. The volume of PFC declines around adolescence in humans 
(Giedd, Blumenthal, Jeffries, Castellanos et al., 1999b; Jernigan, Trauner, Hesselink, & 
Tallal, 1991; Sowell, Thompson, Holmes, Jemigan, &Toga, 1999b) and rats (van Eden, 
Kros, & Uylings, 1990), while density of spines on pyramidal cells in human PFC have 
been found to decline between adolescence and adulthood (Mrzljak, Uylings, van Eden, 
& JuddS, 1990). As in other cortical regions, there is substantial pruning of synapses in 
PFC during adolescence, including the loss of many presumed giutaminergic excitatory 
synapses in humans (Huttenlocher, 1984) and nonhuman primates (Zecevic, Bourgeois, 
& Rakic, 1989). In rats as well, receptors for the NMDA form of the glutamate receptor 
in PFC show a considerable decline during adolescence, with a loss of about one-third 
of these receptors between the beginnings of adolescence to its end (Insel, Miller, & 
Gelhard, 1990). 

In contrast to the decline in excitatory drive to PFC, input to PFC from dopaminergic 
(DA) neurons increases during adolescence in nonhuman primates to peak at levels 
considerably higher than seen earlier in life or in adulthood (Rosenberg & Lewis, 1994, 
1995); comparable developmental increases in DA input to PFC through adolescence 
have also been reported in rats (Kalsbeek, Voorn, Buijs, Pool, & Uylings, 1988; Leslie, 
Robertson, Cutler, 8 Bennett, 1991). .4n adolescent-associated increase in input to PFC 
from this inhibitory neurotransmitter, DA, may further enhance the impact of a loss in 
PFC excitatory drive at this time. 

Adolescent DA Systems. Alterations are not only evident in DA projections to PFC 
(often referred to as the mesocortical DA system), but also in projections of this neu- 
rotransmitter to other regions as well. These DA terminal regions include the stria- 
tum (with its substantial input from DA cell bodies in the substantia nigra), as well as 
mesolimbic areas that, like the mesocortical Di4 system, receive projections from DA 
cell bodies located largely in the ventral tegmental area. Adolescent-related changes in 
mesolimbic and mesocortical DA projection systems are receiving substantial attention 
because of the importance of these systems in modulating social behaviors, risk tak- 
ing, and the rewarding effects of drugs, novelty, and other reinforcing stimuli (Koob, 
1992; Koob, Robledo, Markou, & Caine, 1993; Le Moal & Simon, 1991), phenomena 
of particular relevance during adolescence. As discussed later, maturational changes in 
these regions during adolescence are also of interest because they have been suggested 
to contribute to the emergence of overt symptoms of schizophrenia and other disorders 
(e.g., Lipska & Weinberger, 1993a). 

One indicator of adolescent-related transformations occurring in these D4 termi- 
nal regions is a pronounced decline in numbers of certain DA receptor subtypes. These 
changes are particularly notable in the striatum, with developmental declines of one- 
third to one-half or more of the Dl-like and DZlike receptors in human striatum from 
childhood until mature levels are reached in adulthood (Seeman et al., 1987). Although 
some work has failed to confirm a D2 receptor decline, ontogenetic decreases in Dl re- 
ceptors from infancy to adulthood in humans have been reported by others (Montague, 
Lawler, Mailman, & Gilmore, 1999; Palacios, Camps, Cartes, & Probst, 1988). In rats as 
well, there is a reliable and well-characterized peak in Dl and D2 receptor binding in 
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striatum during adolescence followed subsequently by a 30-75 percent decline to reach 
adult levels (Teicher, Andersen, & Hostetter, 1995; Tarazi, Tomasini, & Baldessarini, 
1998, 1999; Tarazi & Baldessarini, 2000). Striatal binding to DA D4 receptors (Tarazi 
et al., 1998; Tarazi & Baldessarini, 2000), but not D3 receptors (Demotes-Mainard, 
Henry, Jeantet, Arsaut, & Amauld, 1996), similarly appears to peak during adolescence 
and decline subsequently. 

The evidence is mixed as to whether similar developmental declines in DA recep- 
tors are seen in mesolimbic (e.g., nucleus accumbens) and mesocortical brain regions. 
For instance, work reporting no clear evidence for DA receptor "overproduction" and 
pruning in rat accumbens (Teicher et al., 1995) contrasts with other data in the same 
species showing a peak in both Dl and D2 receptor binding during early adolescence 
at levels about one-third higher than in adulthood (Tarazi et al., 1998; Tarazi et al., 
1999; Tarazi & Baldessarini, 2000). In the PFC of rat, findings showing a peak in DA 
Dl and D2 receptor binding from P40-60 followed by a protracted but considerable 
ontogenetic decline thereafter (Andersen, Thompson, Rutstein, Hostetter, & Teicher, 
2000) differ from others reporting only a gradual ontogenetic increase in DA receptors 
(Tarazi et al., 1998, 1999; Tarazi & Baldessarini, 2000). Part of these discrepancies may 
be related to the ages examined, with for instance ontogenetic declines in Dl and D2 
binding in PFC reported not to occur until after P60 by Andersen and colleagues (2000), 
whereas animals P60 and younger were the focus of the work by Tarazi & Baldessarini 
(2000). Taken together, these data support the tentative notion that binding to Dl and 
D2 DA receptors peaks early in adolescence and subsequently declines in striatum and 
perhaps the accumbens, whereas binding of these receptor subtypes remains elevated 
in PFC throughout adolescence, with later declines into adulthood. 

Taken together, these data suggest that adolescence is associated with considerable 
change in binding capacity for DA in a variety of forebrain DA terminal regions. Al- 
though less explored, the functional coupling of these receptors to second messenger 
systems may also vary from that seen in the mature organism (Andersen & Teicher, 
1999; Bolanos, Glatt, &Jackson, 1998). For instance, with some exceptions, Dl stim- 
uiatory and D2 inhibitory effects on adenylate cyclase activity were found to be less 
evident in adolescents than adults (Andersen & Teicher, 1999), although basal levels of 
CAMP were generally elevated in the adolescents. In addition to these changes in DA 
receptor binding and its functional consequences, developmental alterations in rates 
of DA synthesis and utilization also are evident, transformations that perhaps reflect 
an age-related shift in the balance between subcortical versus cortical DA projetion 
systems, as discussed in the next section. 

Developmental Shifis in the Balance Between Mesocortical and Mesolimbic DA Pro- 
jection Systems. One consequence of the developmental increase in DA input to PFC 
during adolescence (Kalsbeek et al., 1988; Leslie et al., 1991; Rosenberg & Lewis, 1994, 
1995) may be a compensatory decline in DA utilization in this brain region late in ado- 
lescence. For instance, rates of synthesis and turnover of DA are greater in the PFC of 
early adolescent than late adolescent rats (Andersen, Dumont, & Teicher, 1997; Boyce, 
1996; although see also Leslie et al., 1991). It is interesting that an inverse ontoge- 
netic pattern is seen in accumbens, where DA synthesis and tumover rates are lower 
early than late in adolescence (Andersen et al., 1997; Boyce, 1996). Such a develop- 
mental shift in the balance of DA activity between mesocortical (PFC) and mesolim- 
bic (e.g., accumbens) forebrain regions during adolescence is reminiscent of the often 
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-- 
reciprocaI relationship between these forebrain DA terminal regions (Deutch, 1992; 

3. Lipska & Weinberger, 1993a; Wilkinson, 1997), with "expressed behavior (being) the 
result of the summed outcome of competing systems" (Whishaw, Fiorino, Mittleman, 
& Castaneda, 1992, p. 9). A developmental shift of this nature may be of particular 
significance for the adolescent, given the involvement of these stress-sensitive regions 
in the attribution of incentive value and reward-directed behaviors (e.g., Berridge & 
Robinson, 1998; Ikemoto & Panksepp, 1999; Koob et al., 1993). The accumbens, in 
particular, has been suggested to play a critical role in the processing of reinforcing 
stimuli and their behavioral implications (e.g., Berridge & Robinson, 1998; Schultz, 
1998; Kalivas, Churchill, & Klitenick, 1993). 

A shift in the balance of DA activity from mesolimbic to mesocortical regions early in 
adolescence would seemingly result in a transient lowering of DA function in mesolim- 
bic brain regions during early adolescence. Functional insufficiencies in mesolimbic DA 
reward pathways have been linked to a reward deficiency syndrome (Gardner, 1999). 
According to Gardner (1999), abstinent drug users and other at-risk individuals with 
this syndrome "actively seek out not only addicting drugs but also environmental nov- 
elty and sensation as a type of behavioral remediation of reward deficiency" (p. 82). To 
the extent that adolescents demonstrate an age-related net decline in DA function in 
mesolimbic regions during early adolescence, they likewise may exhibit a qualitatively 
similar "reward deficiency syndrome," albeit transient and normally of notably lesser 
intensity (Spear, 2000a). Indeed, reports of feeling "very happyJ' drop by 50 percent 
between childhood and early adolescence (fifth to seventh grade), with adolescents 
also experiencing positive situations as less pleasurable than adults (Larson & Richards, 
1994). 

Such reward deficiencies would be expected to be particularly prominent in stressed 
adolescents. Mesocortical DA projections are more sensitive to activation by stressors 
than DA terminals in subcortical (mesolimbic and striatal) brain regions (e.g., Dunn, 
1988). Hence, by selectively activating the mesocortical DA system, stressors would be 
expected to further tilt the balance toward relative-DA predominance in mesocortical 
over mesolimbic brain regions during adolescence (e.g., Cabib & Puglisi-Allegra, 1996). 

These speculations should be tempered by some caveats. First, both reductions and 
elevations in mesolimbic DA activity have been related to increases in drug-taking 
behavior. According to the reward deficiency syndrome, drug-seeking behavior is asso- 
ciated with deficits in mesolimbic DA systems (Gardner, 1999), whereas the traditional 
DA hypothesis of reward conversely predicts that drug seeking would be positively re- 
lated to activity in mesolimbic DA systems (see Spanagel & Weiss, 1999, for review). 
It is possible that both associations may be evident, with both atypically low as well 
as unusually high DA levels leading to increased drug-taking behavior, a nonmono- 
tonic relationship for which there is substantial precedent, given the high prevalence 
of inverted U-shaped relationships in psychopharmacology. Also, although there is 
considerable evidence for developmental alterations in mesocorticolimbic DA terminal 
regions and other related brain regions during adolescence, further work is needed to 
determine whether these changes indeed reflect a shift in balance between mesocortical 
and mesolimbic regions. Moreover, much of the work to date implicating a develop- 
mental shift in balance among mesocorticolimbic DA terminal regions has been derived 
f ~ o m  work with rodents, and it remains to be determined how well these findings rep- 
resent developmental events occurring in human adolescents. Finally, developmental 
adjustments within these forebrain systems do not occur in a vacuum, but should be 
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considered within a context of adolescent-associated adjustments in a variety of other 
neural systems, a few examples of which are given in the following section. 

Alterations in Other Neural Systems. Although neural data in this age range are sparse 
for some systems, it nevertheless is clear that adolescent-associated transformations of 
brain are not restricted to alterations in forebrain DA projections and the pruning 
of excitatory (glutaminergic) input to neocortex as discussed in previous sections. Al- 
terations in other neurotransmitter and neuromodulatory systems are also seen. For 
instance, adolescent (P30) rats have substantially (four-fold) lower turnover rates of 
serotonin (5-hydroxytryptamine, 5-HT) in the nucleus accumbens than younger (PI& 
15) or adult rats, an age effect not apparent in striatum (Teicher & Andersen, 1999). 
These findings are intriguing, given that certain characteristics associated with low 5-HT 
activity, such as stressor hyperresponsiveness, increased negative affect, hyperdipsia, in- 
creased alcohol drinking, and anxiety (see Depue & Spoont, 1986) are reminiscent of 
those attributes often ascribed to adolescents. 

Receptors for cannabinoids, a class of psychoactive compounds that includes the 
active ingredients in marijuana, mature slowly during the postnatal period (Belue, 
Howlett, Westlake, & Hutchings, 1995; Rodriguez de Fonseca, Ramos, Bonnin, & 
FernAndez-Ruiz, 1993). Cannabinoid receptor systems seem to undergo considerable 
functional maturation during the adolescent age range, with cannabinoid agonists 
inducing clear-cut behavioral effects in late adolescent (P45) and adult, but not pre- 
adolescent (P23) rats (Fride & Mechoulam, 1996a,b). Emergence of cannabinoid respon- 
siveness during adolescence could potentially facilitate a developmental shift in balance 
between mesolirnbic/striatal versus mesocortical DA systems, given evidence (at least 
in adult animals) for cannabinoid activation of mesocortical DA systems (Diana, Melis, 
& Gessa, 1998) contrasting with findings of a cannabinoid inhibition of DA-induced 
activation in striatum (Giuffrida et al., 1999). 

The adolescent amygdala is also of considerable interest. Portions of the amygdala 
intimately i~ i inect  with accumbens and other limbic and mesolimbic regions to form 
the "extended arnygdala complex," circuitry thought to play important roles in reward 
and drug-related behaviors (Koob et al., 1993). There is an old and complex litera- 
ture implicating developmental changes in the amygdala in the timing of puberty (see 
Moltz, 1975, for review). Research has also revealed substantial alterations in amygdala 
activity and its processing of stressful and emotional stimuli in adolescence. Work in 
laboratory animals has shown that adolescents (P26-40 rats) are much more likely to 
develop seizures following electrical stimulation of the amygdala than either younger 
or older animals (Terasawa ST Emiras, 1968). Using increases in the expression of the 
immediate early gene c-fos as an index of neural activation, young adolescent (P28) rats 
were found to exhibit less stress-induced activation in certain regions of the amygdala 
than young adult (P60) rats (Kellogg, Awatramani, & Piekut, 1998). 

In humans, studies using fMRI have shown that levels of negative affect and anxi- 
ety are correlated with activity in the amygdala (Davidson, Abercrombie, Nitschke, & 
Putnam, 1999). Such amygdalar activation in response to emotional stimuli, such as 
faces displaying fear, is seen in children, adolescents, and adults (e.g., see Baird et al., 
1999), although there may be a change during adolescence in the extent of this acti- 
vation. Killgore, Oki, and Yurgelun-Todd (2001) observed that when subjects looked at 
faces with emotional content, the amount of left amygdala activation declined during 
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adolescence, an effect that reached significance only in females, although a similar trend 
was evident in males (Killgore et al., 2001). On the o tha  hand, Thomas and colleagues 
(2001) reported that it was the adults who exhibited more left amygdala activation 
to emotional (fearful) than neutral faces, whereas children exhibited more activation 
of this region in response to neutral than fearful faces, data suggesting a presumptive 
increase during adolescence in left amygdala activation. In other research (Pine et al., 
2001), adolescents were found to be similar to adults in the extent of amygdala activa- 
tion by fearful faces. Clearly the picture is more confusing than illuminating at present, 
but research in this area seems to be progressing rapidly. Given that metabolic activity 
in the amygdala of humans is often inversely related to activity in cortical regions such 
as the PFC (Davidson et al., 1999), an intriguing area for further study is the notion of a 
potential adolescence-associated alteration in the pattern of PFC versus amygdala acti- 
vation in the processing of stressful and emotional stimuli. Indeed, there are reports of 
different patterns of cortical activation during emotional processing when comparing 
younger and older adolescents (Killgore et al., 2001) as well as adolescents and adults 
(Pine et al., 2001). 

This section will close by considering a neuromodulator that has received consid- 
erable recent attention: leptin. Leptin is a protein released by fat cells and is thought 
to serve as a satiety signal to the brain. Leptin levels often increase considerably dur- 
ing the growth spurt of adolescence (Lahlou, Landais, De Boissieu, & BougnPres, 1997; 
Mantzoros, Flier, & Rogol, 1997; but see also Ahima, Dushay, Flier, Prabakaran, & Flier, 
1997; Cheung, Thomton, Nurani, Clifton & Steiner, 2001). Although not sufficient to 
trigger puberty alone, increasing levels of leptin are thought to "act in a permissive 
fashion" to indicate to the brain that metabolic reserves are sufficient to support pu- 
bertal maturation (Cheung et al., 1997). Increasing levels of leptin during adolescence 
may have broad impact on brain function. Leptin inhibits hypothalamo-pituitary- 
adrenal axis activity (Heiman, Chen, & Caro, 1998) while stimulating the hypothalamo- 
pituitary-gonadal axis (Blum, 1997). This protein also modulates activity of peptides, 
such as neuropeptide Y and corticotropin-releasing hormone, thought to regulate en- 
ergy homeostasis (see Buchanan, Mahesh, Zamorano, & Brann, 1998, for review) and to 
play critical roles in modulating stress/emotional responding and in influencing drug 
responsivity (Koob, 1999; Koob & Heinrichs, 1999). 

Developmental Alterations in PsychopharmacologicaI Sensitivity. To the extent that 
adolescence is associated with developmental changes in the neural systems underlying 
the effects of some psychoactive drugs, it might be expected that adolescence would 
be associated with developmental changes in drug sensitivity. Indeed, this is the case 
for a number of psychoactive drugs, a few examples of which will be given here. The 
NMDA glutamate receptor antagonists phencyclidine (PCP) and ketamine do not pro- 
duce hallucinations in prepubertal children, but do so in adults (Hirsch, Das, Garey, & 
de Belleroche, 1997). Adolescent humans and rats are more sensitive to neuroleptics 
than their adult counterparts (Spear, Shalaby, & Brick, 1980; Keepers, Clappison & 
Casey, 1983; Campbell, Baldessarini, & Teicher, 1988; Greenhill & Setterberg, 1993). At 
least in studies in laboratory animals, adolescents also appear to differ from adults in 
sensitivity to stimulant drugs (see Spear & Brake, 1983; Spear, 2000a, for review) and 
ethanol (see Spear, 2000b). Interestingly, the nature of the age-related alterations in 
responsiveness to ethanol varies with the response measure examined, and may reflect 
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differential development of the neural systems underlying these differing ethanol con- 
sequences. For instance, adolescents are more sensitive than adults to ethanol-related 
disruptions of hippocampal plasticity and spatial memory (Swartzwelder, Wilson, & 
Tayyeb, 1995a; Markwiese, Acheson, Levin, Wilson, & Swartzwelder, 1998), findings 
linked to developmental "overexpression" of hippocampal glutamatelNMDA systems 
(Swartzwelder, Wilson, & Tayyeb, 1995b). In contrast, the attenuated sensitivity of 
adolescents to ethanol-induced sedation relative to adults (Little, Kuhn, Wilson & 
Swartzwelder, 1996; Silveri & Spear, 1998) may be related in part to immaturity of 
gamma-aminobutyric acid (GABA) inhibitory systems (Silveri & Spear, submitted). 

As these few examples have illustrated, the dramatic transformations occurring in 
adolescent brain may not only facilitate characteristic adolescent behaviors, but may 
also alter the substrate for expression of the effects of a number of psychoactive drugs. 

IMPLICATIONS OF ADOLESCENT-RELATED NEURAL ALTERATIONS ON 
EXPRESSION OF SYMPTOMATOLOGY 

Adolescent-associated neural transformations may also alter the expression of psy- 
chopathology by a vulnerable brain. Indeed, as discussed in more detail elsewhere 
in this volume, the expression of a variety of neuropsychological disorders and psy- 
chopathology changes during adolescence. 

In some cases, symptomatology may at least partially abate during adolescence. For 
instance, Tourette's syndrome tends to improve or resolve during adolescence (Kurlan, 
1992). Only about 10 percent of cases of childhood epilepsy continue into adolescence 
(see Saugstad, 1994). In work conducted in Rhesus monkeys, an adolescent-associated 
improvement in outcome following early orbital frontal lesions was seen, with the 
notable lesion-related deficits evident early in life resolving considerably as animals 
reached maturity (Goldman, 1971). 

More common than an improvement in outcome during adolescence is the con- 
verse, with overt syrnptomatology of some types of psychological disorders and early 
brain damage only emerging during adolescence. 

Schizophrenia. One well-known example is schizophrenia. Despite growing evidence 
that schizophrenia is a disorder of largely fetal origin (see Bunney & Bunney, 1999, 
for review), typical features of this disorder do not emerge fully until at least adoles- 
cence. The abnormal location of cortical neurons in the innermost layers of cortex 
in the brains of schizophrenics is consistent with a disruption in neuronal migration 
to neocortex during the second trimester (Akbarian et al., 1993; Jakob & Beckrnann, 
1986); similar evidence for disrupted migration in schizophrenia brain is evident in 
other brain regions, including hippocampus (Conrad & Scheibel, 1987; Kovelman & 
Scheibel, 1984). Among the chromosomal loci with linkage to schizophrenia are re- 
gions coding for genes regulating retinoids and retinoic acids, substances that mod- 
ulate transcription of numerous genes critical for neural development and migration 
(see Goodman, 1998). Such genetic factors may perhaps predispose the developing ner- 
vous system to be adversely affected by various environmental factors (such as prenatal 
nutritional deficiencies, exposure to viruses, drugltoxin exposure), setting the stage for 
the later emergence of overt symptomatology as the PFC and other forebrain regions 
are sculpted during adolescence (see Lipska & Weinberger, 1993a, for review). 
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n- Cerebellar Cognitive Affective Syndrome. Cerebellar lesions in adults have been 
ed. shown to impair executive functioning and affective regulation (e.g., Schmahmann & 
& Sherman, 1998), presumably due to disruptions of neural circuits that include prefrontal 
gs cortex, thalamus, and cerebellum (Middleton & Strick, 2000, 2001). Although limited 
ns study populations have restricted the detail to which age effects could be explored, 

/ of expression of this syndrome may intensify around adolescence. Deficits characteristic 
& of this syndrome were more apparent in older than younger individuals within a group 

of of 3-16-year-olds with cerebellar damage (Levisohn, Cronin-Golomb, & Schmahmann, 
2000). 

in 

1Y Other Disorders. A variety of other disorders are also associated with a largely ado- 
;s. lescent onset, a few examples of which are given here. Eating disorders show a sub- 

stantial increased incidence during adolescence, particularly among adolescent females 
(Brooks-Gunn & Attie, 1996). Adolescence is likewise associated with a considerable in- 
crease in the rates of depressive disorders and the emergence of a gender difference in 
these prevalence rates. Incidence of clinical depression in children is approximately 

i'- 1 percent, and reaches adult levels of 8 percent by nineteen years of age (see Kutcher & 
:e Sokolov, 1995). Rates of depression are slightly greater during childhood in boys than 
?- girls, whereas greater prevalence rates in females emerge in adolescence and continue 

into adulthood (see Ge, Lorenz, Conger, Elder, & Simons, 1994, for discussion and 
)r references). Adolescents may also vary from other aged individuals in the physiolog- 
1, ical correlates of this depression. Depressed adolescents (and children) are less likely 
.e to hypersecrete cortisol than adult depressives (e.g., Puig-Antich, 1987; see Brooks- 

Gunn, Petersen, & Compas, 1995, for review and discussion). Depressive disorders in 
adolescence also appear to be more associated with serotonergic dysfunction, whereas 
disturbances in norepinephrine have been more closely linked with this disorder in 
adulthood (Kutcher & Sokolov, 1995). 

I- 

Y Adolescent-Associated Emergence of Effects of Early Brain Damage in Laboratory 
Animals. Reminiscent of the emergence of overt signs of schizophrenia and the in- 
creased incidence of affective disorders in adolescent humans, laboratory animals have 

e also been reported to "grow into their deficits" during the adolescent period follow- 
ing a variety of types of early brain damage. For instance, sparing of function early in 
life is evident after early dorsolateral lesions of the PFC in Rhesus monkeys, with con- 

Y 
sequences of the lesions becoming progressively more evident as the animal reaches 

1 
maturity (Goldman, 1971). Analogous findings were observed following excitotoxic le- 

I sions of the medial PFC in neonatal (P7) rats; such lesions have little impact on behavior 
1 

when animals are tested in mid-adolescence (P35), with lesion effects emerging by late 
adolescence/early adulthood (P56) (Flores, Wood, Liang, Quirion, & Srivastava, 1996). 
Similarly, emergence of stress hyperresponsiveness and DA-related abnormal behav- 
iors is delayed until adolescence following neonatal excitotoxic lesions of the ventral 
hippocampus in rats, effects that have been speculated to result from lesion-induced 
disruptions in the development of stress sensitivity circuitry including the medial PFC 
(see Lipska & Weinberger, 1993b). Delayed emergence of consequences is also apparent 
following other types of early insults. For example, characteristic disruptions in stress 
responsiveness, arousal, and attention in rats exposed prenatally to diazepam often do 
not become apparent until the late adolescent period (Kellogg, 1991). 

b 

i 
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Although more tangential to the focus here, not only age at the time of examination, 
but also age at the time of brain damage is critical in influencing outcome. For instance, 
aphagia and adipsia resulting from lesions of the PFC in rats typically do not emerge 
unless animals are lesioned after adolescence (Kolb & Nonneman, 1976). Damage to 
DA systems induced by the neurotoxin 6-hydroxydopamine had only minor effects 
if the damage occurred prior to adolescence (P27 or younger), whereas comparable 
DA depletion in more mature rats caused profound behavioral impairment (aphagia, 
adipsia, akinesia, sensory neglect; Joyce, Frohna, & Neal-Beliveau, 1996). The hyper- 
responsiveness to stress and altered response to amphetamine challenge emerging in 
late adolescence following neonatal excitotoxic lesions of the hippocampus were not 
apparent after comparable lesions in adult rats (Lipska, Jaskiw, & Weinberger, 1993). 

COMPENSATIONS A N D  STRESSORS: WHAT IS SPECIAL 
AROUT ADOLESCENCE? 

Why should the adolescent period be associated with developmental declines or emer- 
gences in the expression of certain types of psychopathology and lesion effects? There 
are a number of possibilities. It is possible that in some instances, impaired neural re- 
gions may not become functionally mature until adolescence, and hence consequences 
of damage to that region may not surface until adolescence. For instance, development 
in the prefrontal cortex continues through adolescence (Rubia et al., 2000), and hence 
it is possible that subtle perturbations there or in functionally associated brain regions 
might have few functional consequences until the region is sufficiently developed to 
express these deficits. Conversely, manifestation of some early appearing deficits may 
decline developmentally as brain activity during adolescence is restructured and refined 
to permit compensations for these deficits to emerge. 

The restructuring of adolescent brain may also unveil early developmental compro- 
mises. The brain during early development shows considerable plasticity and may be 
able to adjust for some types of suboptimal developmental events triggered via a vari- 
ety of genetic and environmental conditions. Such neural compensations may in some 
cases result in substantial masking of the functional consequences of the neural per- 
turbation. But, as Goldman-Rakic and colleagues (1983) said: "there must be a 'price' 
to the behavioral sparing following early damage" (p. 331). One potential price is a 
delayed emergence of symptomatology. Some of these early ontogenetic compromises 
may be exposed decades later by the developmental shifts in patterns of neural activity 
among brain regions associated with the normal sculpting of brain during adolescence. 

Another potential cost associated with compensatory neural reorganization early in 
life is a decrease in the organism's later ability to adapt to environmental challenges and 
stressors (e.g., Spear, Campbell, Snyder, Silveri, & Katovic, 1998). Increased sensitivity 
to stressors and environmental demands has been reported following a variety of devel- 
opmental perturbations including perinatal stress (Cabib, Puglisi-Allegra, & D'Arnato, 
1993; Takahashi, Turner, & Kalin, 1992; Weinstock, 1997); as well as prenatal expo- 
sure to drugs including cocaine, ethanol, or diazepam (Kellogg, 1991; Mayes, Grillon, 
Granger, & Schottenfeld, 1998; Riley, 1990; Spear et al., in press). Such stressor vul- 
nerability may be particularly pronounced during adolescence. Adolescence appears to 
be an unusually stressful life stage (see Spear, 2000a, for review) that may be associ- 
ated with an increase in levels of activity of the hypothalamo-pituitary-adrenal axis, 
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resulting in postpubertal rises in normative cortisol levels (e.g., see Walker & Walder, 

:e opmental alterations during adolescence are highly sensitive to activation by stressors, 

o including the PFC and other mesocorticolimbic DA terminal regions (Dunn, 1988). As 

ts discussed above, any adolescence-associated shift to greater mesocortical than subcorti- 
cal DA transmission would be expected to be further exacerbated by stressors (see Spear, e 
2000a), given the greater stress sensitivity of the DA projections to PFC (Dunn, 1988). 
Early brain dysfunction may predispose certain individuals for the later development of 

L - 
schizophrenia and potentially other disorders by increasing their sensitivity to stressors n 

~t during the vulnerable stage of adolescence (Bogerts, 1989; Lipska & Weinberger, 1993a; 
Walker & Diforio, 1997). 

DIRECTIONS FOR FUTURE RESEARCH 

Although there are tantalizing hints as to the magnitude and significance of the meta- 
morphosis in brain during adolescence, areas yet to be investigated far exceed what is 
known. Even in those brain regions shown to undergo alterations during adolescence, e 
the significance of these modifications and their relationship to development in other 
brain regions often remains to be explored. The hypothesis of a postulated shift in S 

t balance between mesocortical and mesolimbic brain regions during adolescence and 
the functional implications of such a developmental transition needs further detailed : 
testing in laboratory animals and confirmation and extension to human adolescents S 
(Spear, 2000). Particularly intriguing is recent fMRI work suggesting potential adoles- 1 

J cent transitions in levels of activity in the amygdala and PFC during the processing of 
1 emotional or stressful stimuli (Killgore et al., 2001; Pine et al., 2001). Indeed, these two 

brain regions - the PFC and amygdala - are highly sensitive to stressful and emotional 
stimuli (e.g., Davidson et al., 1999; Dunn, 1988) and may be particularly important 
"players" in the adolescent-associated tranformation of brain. Yet, the fMRI data thus 
far examining amygdalar and frontal activation in response to emotional stimuli have 
yielded a mosaic of inconsistent ontogenetic findings (Killgore et al., 2001; Pine et al., 
2001; Thomas et al., 2001). Clearly, more work is needed in this rapidly evolving re- 
search area. 

I In these studies, it is likely to become increasingly important to dissect the time 
course of specific adolescent-associated neurobehavioral changes within the broader 
adolescent period. The adolescent brain may not represent a static developmental state, 
but rather an unfolding series of neural alterations that differentially become expressed 
as adolescent development proceeds. For example, as discussed previously, develop- 
mental peaks and subsequent declines in DA Dl and D2 receptors may occur relatively 
early in adolescence in rat striatum and perhaps in accumbens (Tarazi et al., 1998, 1999; 
Tarazi & Baldessarini, 2000), whereas declines in these receptors in PFC may occur later, 
during the transition between late adolescence and adulthood (Andersen et al., 2000). 
Early adolescent rats likewise differ from older adolescents in regional rates of DA syn- 
thesis and turnover, with higher rates in PFC and lower rates in accumbens evident 
earlier than later in adolescence (Andersen et al., 1997; Boyce, 1996). As suggested by 
these data, it may be overly simplistic to view even the abbreviated adolescent period 
of rats, let alone human adolescence, as a single ontogenetic transition rather than a 
series of developmental alterations. 
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Much remains to be understood about stress responsivity during adolescence in 
terms of its behavioral, hormonal, and neural substrates. Is adolescence an unusually 
stressful life stage and/or are adolescents more reactive to environmental stressors? Do 
stressors during adolescence exacerbate or attenuate adolescent-associated alterations 
in neural activity in specik stress-sensitive brain regions, and what impact do these 
neural alterations have on expression of normative and atypical adolescent behaviors? 

As findings in these areas are elaborated, it will be critical to consider their implica- 
tions for the emergence during or shortly following adolescence of certain symptoms 
of brain damage and psychopathology. How might alterations in stressor responsiv- 
ity and activity of the hypothalamo-pituitary-adrenal axis promote the expression of 
psychopathology? Can specific maturational events in the PFC, mesolimbic or other 
regions of the adolescent brain be linked with the appearance of specific lesion effects 
or symptoms of psychopathology during or following adolescence, or the precipitation 
by stressors of these effects? It will become possible to address these and other ques- 
tions as more is learned about the brain of the adolescent and the way it responds to 
environmental demands. What is clear at this point is that the brain undergoes con- 
siderable sculpting and remodeling during adolescence. What remains a challenge is to 
detail the extent of this restructuring and its functional ramifications. 
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