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Abstract
Adolescence is a period of significant neurobiological change that occurs as individuals transition
from childhood to adulthood. Because the nervous system is in a relatively labile state during this
stage of development, it may be especially sensitive to experience-induced plasticity. One such
experience that is relatively common to adolescents is the exposure to drugs of abuse, particularly
alcohol and psychostimulants. In this review, we highlight recent findings on the long-lasting
effects of exposure to these drugs during adolescence in humans as well as in animal models.
Whenever possible, our focus is on studies that use comparison groups of adolescent- and adult-
exposed subjects as this is a more direct test of the hypothesis that adolescence represents a period
of enhanced vulnerability to the effects of drug-induced plasticity. Lastly, we suggest areas of
future investigation that are needed and methodological concerns that should be addressed.
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Adolescence, the transition from the juvenile period to adulthood, is marked by puberty and
numerous physical and neural changes. In humans, adolescence begins at approximately 12
years of age and may extend to the mid-twenties (Dahl, 1994). In rats, adolescence has been
conservatively defined as beginning around postnatal day (P) 28 and extending to P42
(Spear, 2000) or perhaps as late as P60 (Brenhouse and Andersen, 2011; Tirelli et al., 2003).
This is based, in part, on the rise of pubertal hormones which leads to vaginal opening in
female rats between P29 and 37 (Castellano et al, 2011) and preputial separation in male rats
between P39-47 (Korenbrot et al, 1977). During this time, there is substantial behavioral and
neural development (Sisk and Foster, 2004; Spear, 2000), with corticolimbic brain regions
such as the prefrontal cortex (PFC), nucleus accumbens (NAc), and basolateral amygdala
(BLA) being among the last brain circuits to fully mature in both humans and rodents
(Casey et al., 2000; Brenhouse and Andersen, 2011). Because the brain is undergoing this
programmed period of dramatic change, it might be especially sensitive to outside influences
that have the ability to induce plasticity in the nervous system.
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One such influence that is pervasive during human adolescence is exposure to drugs such as
alcohol and psychostimulants. Recent data from the nationwide Monitoring the Future study
(Johnston et al, 2012), which sampled from over 46,000 eighth to twelfth grade students,
suggests that approximately 70% of young people have consumed alcohol by the end of the
twelfth grade and 33% have been intoxicated within the last month. Nicotine (via cigarette
smoking) is consumed at least once by about 40% of adolescents by the twelfth grade, and
nearly 20% of twelfth graders report being current smokers. Nearly 1% and 3% of
adolescents report they are current users of cocaine and amphetamines, respectively. These
relatively high levels of use are of concern because these drugs are known to produce
significant and long lasting changes in brain structure and function (Lüscher and Malenka,
2011) that have been linked to long-term changes in cognitive functioning and the
development of addiction (Goldstein and Volkow, 2002). In this review, we will highlight
recent findings on the long-lasting effects of alcohol and psychostimulant exposure during
peri-adolescence. Although some evidence from humans is available, we will primarily
focus on studies in animal models. In doing so, we will place a particular emphasis on those
that utilize both adolescent and adult exposure groups since these directly assess the
potential for age-of-exposure dependent effects.

1. Adolescence: the last developmental phase of PFC maturation
The scientific community and the general public were startled when human structural MRI
studies showed that the cortex, including the prefrontal cortex (PFC), decreases in size
between 11 and 22 years of age (Sowell et al., 1999; Giedd et al., 1999). Previous to this
finding, most neural development in humans was thought to be completed by 12 years of
age, which is approximately when overall brain volume is at adult levels (Courchesne et al,
2000). The continuation of development during adolescence suggests greater vulnerability
than adults to many of the effects of environmental influences, including those produced by
exposure to drugs of abuse. This is a major problem because adolescence is also a time of
high novelty and sensation seeking (Spear, 2000), which often includes experimentation
with drugs.

Prior to the advent of MRI studies, there were indications of cellular changes in the PFC
during adolescence. Periadolescent anatomical refinement of circuitry in the primate PFC
was described in both excitatory and inhibitory circuits (reviewed by Lewis, 1997; Woo et
al., 1997). Synaptic density in this area was also found to decline during adolescence in both
monkeys (Bourgeois et al., 1994; Anderson et al., 1995) and humans (Huttenlocher, 1979;
Huttenlocher and Dabholker, 1997); however, this decrease in synaptic number would have
a small effect on cortical volume, as was noted by Bourgeous and Rakic (1993). Here, we
suggest that a loss of neurons could readily account for the MRI finding of volume loss in
human adolescence.

Neuron number in the medial prefrontal cortex (mPFC)
The number of neurons (density x volume) during development and adolescence has not
been examined in frontal cortex or any other cortical region in primates. This is due in part
to the technical difficulties of parcellating regions of the cortex in large brains that have
variable gyri. However, subtle declines in neuronal density between 2 and 16 years of age in
human frontal cortex have been noted (Huttenlocher, 1979). The rat PFC is a more practical
model than that of the primate for exploring the cellular basis for pruning during
adolescence because the rat PFC is less differentiated and segregated. Furthermore, on the
basis of the reciprocity of specific thalamic as well as other connections, embryological
development, and electrophysiological and behavioral characteristics, rats do have a PFC
that is homologous to that of the primate (Brown & Bowman, 2002; see Uylings et al, 2003
for an extensive review). Interestingly, like humans, the rat PFC undergoes a decrease in
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volume during the peri-adolescent period (van Eden and Uylings, 1985; Markham et al.,
2007).

To investigate the possibility of cell loss, we (Markham et al, 2007) quantified the number
of neurons in the mPFC of male and female rats that were either peripubertal (P35) or adults
(P90). No sex differences were found in the number of neurons at P35, but sex differences
did appear at P90. This was because females had lost more neurons between these ages
(19%) than did males (5%) (Figure 1A). The mosaic of changes characteristic of volume
changes in the adolescent human cortex (Giedd et al, 1999) also can be found in the rat,
where the cortex adjacent to the mPFC, the anterior cingulate, does not exhibit differences in
volume or number of neurons between P35 and P90 (Markham et al., 2007).

Connectivity changes
There is considerable restructuring of neurotransmitters and neural connections during
adolescence in the rat mPFC. Both NMDA and dopamine receptor (D1- and D2-like) density
is higher in the periadolescent period than in adulthood (Insel et al, 1990; Andersen et al,
2000). Koss, Hristov and Juraska (unpublished data) have found that dendritic spines on the
basilar dendrites of upper layer mPFC are higher during adolescence than they are before
adolescence or in adulthood. In contrast to the losses, there appears to be a progressive
increase in dopaminergic and serotonergic fiber density in the mPFC during adolescence
(Benes et al, 2000). In fact, there are dissociations between a peak/fall in D1 receptors on the
projecting neurons from the mPFC to the NAc and the steady increase in the cortical
projection to the NAc (Brenhouse et al, 2008). There is also an increase in glutaminergic
fibers from the BLA to the mPFC, at least through P65 (Cunningham et al, 2002), while the
projection from the mPFC to the BLA undergoes late pruning between P45 and 90
(Cressman et al, 2010). These late changes in connectivity between the mPFC and the BLA
indicate that the BLA may be changing during adolescence as well.

The basolateral amygdala
Based on its embryonic origins and cellular structure, the BLA is considered the cortical-like
portion of the many nuclei of the amygdalar complex (Carlsen and Heimer, 1988;
McDonald, 1998). In addition to the late adolescent growth and pruning of axons between
the BLA and mPFC, increases in cholinergic innervation have been noted in the BLA until
P60 (Berdel et al, 1996). While not as striking as in the mPFC, there are also indications that
NMDA receptors peak in the BLA during adolescence (Insel et al, 1990). Given the sex
differences in neuronal loss in the mPFC, it is unfortunate that all of these studies used only
male rats. In a study that examined both males and females, Rubinow and Juraska (2009)
investigated the possibility that neuronal loss in the BLA might mirror the loss of neurons in
the mPFC. The number of neurons remained stable between P20 and 35, whereas 13% were
lost between P35 and 90 and significantly more loss was seen in females compared to males
(Figure 1B). In conclusion, the cerebral cortex and associated neural regions are changing
during adolescence with losses in the number of neurons and alterations in connectivity.
These cellular changes may result in increased vulnerability to the adverse consequences of
repeated drug exposure, which includes deleterious effects on cognitive development and an
increased susceptibility to the development of addiction.

2. Alcohol and adolescence
It is estimated that approximately 85% of people within the United States have had their first
drink by the legal drinking age of 21 (Grant and Dawson, 1997). Furthermore, binge-
drinking rates steadily increase from 7% to 34% in both males and females between the ages
of 14 and 20 years (Johnston et al., 2012). The laboratory rat can serve as a particularly
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useful model for the effects of exposure to high doses of alcohol during adolescence. One of
the major contributors to this endeavor, particularly in the behavioral realm, is Dr. Linda
Spear (see contribution in this issue). In this review, we will concentrate on the changes in
brain structure following adolescent alcohol exposure, as well as our own contribution to
studies of behavior using rats of both sexes.

Effects of alcohol on brain structure
Exposure to high levels of alcohol during adolescence results in neural damage. For
example, binge drinking in adolescent male rats (P28-42) results in fewer neurons
expressing corticotrophin releasing factor in the lateral portion of the central amygdala in
adulthood (Gilpin et al, 2012). This could be due to a loss of neurons or to a phenotypic
change in existing neurons. Alcohol also compromises neurogenesis in the rat hippocampal
dentate gyrus in adolescents to a much greater degree than in adults (Crews and Nixon,
2003; Crews et al., 2006), as well as in adolescent rhesus monkeys (Taffe et al, 2010). Both
the proliferation and survival of new dentate neurons are adversely affected by alcohol
(Morris et al, 2010; Taffe et al, 2010). However, it is not clear how these alcohol-induced
changes in neurogenesis relate to the drug’s long-lasting effects on cognitive function, since
these were dissociated in at least one study where performance on the radial arm maze only
correlated with the number of surviving hippocampal dentate neurons when both alcohol
and MDMA were co-administered, not alcohol alone (Hernandez-Rabaza et al., 2010). The
immune response to alcohol during adolescence, which is evident in activated microglia in
the dentate gyrus (McClain et al, 2011) as well as increased levels of inflammatory
cytokines in many neural areas (Pascual et al, 2007), may contribute to this vulnerability.
Given that neurogenesis in the rat dentate gyrus peaks between P8-10 and continues to
decrease throughout the lifespan (Schlessinger et al, 1975; Bayer et al, 1982), it is logical
that the neurogenesis in the dentate gyrus would be more vulnerable during adolescence than
in later adulthood when it is comparatively lower.

Along with these alcohol-induced changes in neurogenesis, silver staining, a marker of
cellular stress that may lead to cell death, is increased in the olfactory tubercle, hippocampal
dentate gyrus, and the piriform, perirhinal, and entorhinal cortices in rats given 4
consecutive days of exposure to a very high dose of alcohol (9–10 g/kg/day over 4 infusions/
day) during adolescence (Crews et al., 2000). Aside from the dentate gyrus that was
investigated with the same high dose (Obernier et al, 2002), no one has established if the
silver stains inevitably indicate cell death, so that the extent of neuronal death following
alcohol exposure cannot be assessed from these studies. Pascual et al. (2007) found rats
exposed to 3 g/kg/day alcohol (2 out of every 3 days) from the juvenile into the adolescent
period (P25-38) had evidence of increased cell death through changes in DNA
fragmentation and capsase-3 activity in the neocortex, hippocampus, and cerebellum. These
markers of cell death could indicate death of neurons, glia or both.

The continued loss of neurons in the cerebral cortex and BLA during adolescence might also
result in these structures being particularly vulnerable to alcohol-induced neurotoxicity.
During the prenatal and early postnatal period, alcohol sharply increases naturally occurring
neuronal death throughout the rat brain (Goodlett and Eilers, 1997; Ikonomidou et al., 2000;
Miller and Potempa, 1990), including in the mPFC (Mihalick et al., 2001). This may account
for the vulnerability of the dentate granule cells, virtually all of which are generated
postnatally (Schlessinger et al, 1975). Furthermore, alcohol has effects on many types of
glia, including astrocytes and microglia (Evrard et al., 2006; McClain et al., 2011). The
normal occurrence of neuronal death and alterations in the number of glia during
adolescence (Markham et al, 2007; Rubinow and Juraska, 2009) may render the mPFC and
BLA particularly vulnerable to alcohol exposure.
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We investigated this by giving male and female rats 3g/kg alcohol (i.p.) for two out of every
three days during adolescence (P35-45; Koss et al., 2012). This age range encompasses
puberty and the time of neural losses for both sexes and thus is clearly within the adolescent
time period. To assess the long term impact on the number of neurons and glia, we waited
until the rats were adults (P100) before performing stereological quantification of cell
numbers in both the ventral portion of the mPFC and the BLA. As shown in Fig. 2, the
number of neurons was not altered in either of these neural areas in either sex. The number
of glia, however, was reduced in the mPFC in male rats that had been exposed to alcohol as
adolescents. This was not found in females or in the BLA of either sex. Markham et al
(2007) found that the number of glia in the mPFC increased between P35 and P90 in males
but not in females and that there were no indications of glial proliferation in the BLA
(Rubinow and Juraska, 2009). Thus, only the dividing cells in the mPFC and BLA were
vulnerable to the effects of alcohol, as in the hippocampal dentate gyrus (Nixon and Crews,
2002) and in the adult olfactory bulb where neuronal proliferation continues through
adulthood (Hansson et al, 2010). It is also possible that the increasing levels of estrogen
during adolescence may be neuroprotective, which is true in the case of hypoxia-ischemic
episodes (Wise and Dubal, 2000; Zhu et al., 2006). The functional implications of the loss of
glia remain to be elucidated. Since glia are now known to be involved in synaptic
stabilization (Eroglu & Barres, 2010), the loss of these cells might have implications for the
synaptic connectivity changes in the mPFC during male adolescence.

Effects of alcohol on neurophysiology
In light of these effects of alcohol exposure during adolescence on brain structure, it is not
surprising that multiple influences on neurophysiology have also been reported. Much of
this work has focused on the hippocampus, especially with regard to lasting alterations in
synaptic excitability, though some studies also report effects in the frontal cortex and
amygdala. For example, early work suggested that exposing adolescent male rats to alcohol
vapor for either 5 or 10 days from P30-40 induced changes in the EEG of the parietal cortex
and hippocampus that persisted up to seven weeks (Slawecki et al., 2001). In a follow-up
study (Slawecki, 2002), rats exposed to alcohol vapor from P35-P40 were less sensitive to
subsequent challenges with 1.5 g/kg ethanol as adults. Specifically, ethanol-exposed rats
failed to exhibit the increases in 4–6 Hz power in the hippocampus and parietal cortex that
were evident in control rats given the ethanol challenge. These rats were also rated by
observers as less intoxicated compared to controls, suggesting that the lack of change in
EEG power after ethanol is indicative of a reduced sensitivity to the sedative properties of
the drug. The mechanism for these effects of alcohol exposure was not identified, but
subsequent studies suggested a potential role for changes in NMDA receptor expression and/
or function. Rats exposed to ethanol vapor for 12 h/day as juveniles through late
adolescence/young adulthood (P24-P60) exhibited significant changes in both cortical and
hippocampal EEG following a challenge with the NMDA receptor antagonist MK-801
(Criado et al., 2008). Additionally, expression of NR1 and NR2A subunits in the
hippocampus were increased and decreased following 24-hr and 2-week withdrawal,
respectively, from alcohol vapor exposure that occurred for 14 h/day starting in the juvenile
period (P23-P37) (Pian et al., 2010). This study also showed no change in subunit
expression in frontal cortex after either withdrawal period.

The effects of alcohol on synaptic excitability have been well documented in studies of in
vitro brain slice preparations, though most of this work has been done in rodents exposed
during adulthood. For example, acute exposure to ethanol in vitro typically reduces long
term potentiation (LTP) in the adult hippocampus (Sinclair and Lo, 1986; Taube and
Schwartzkroin, 1986; Blitzer et al., 1990) and mPFC (Kroener et al., 2012). In the adult
NAc, acute ethanol decreases long term depression (LTD), whereas ethanol pre-exposure
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leads to an absence of LTD and an emergence of LTP (Jeanes et al., 2011). In the adolescent
brain, where studies focusing on alcohol’s effects on excitability have been much less
numerous, certain drug effects are enhanced while others are diminished compared to those
seen in adults. For example, LTP in hippocampal slices taken from rats at P30 was enhanced
relative to that observed in slices taken from adults (P90). Subsequent application of ethanol
(10–30 mM) resulted in a blockade of LTP in the adolescent, but not the adult, hippocampus
(Pyapali et al., 1999). Contributing factors to the acute effects of ethanol on hippocampal
LTP in adolescents relative to adults include a greater sensitivity to ethanol’s inhibitory
effects on NMDA-mediated excitation (Swartzwelder et al., 1995), its ability to enhance
GABA-receptor mediated inhibition (Fleming et al., 2007), and its ability to enhance the
activity of GABAergic interneurons (Yan et al., 2009, 2010). In contrast to this enhanced
sensitivity to ethanol in the adolescent hippocampus, there appears to be a decreased
sensitivity in the cerebellum. Using in vivo electrophysiology, Van Skike et al. (2010)
showed that the inhibitory effect of 1.5 g/kg (i.p.) ethanol on the activity of cerebellar
Purkinje neurons was evident in adult, but not adolescent, rats. Together, the relatively
limited number of studies that have directly compared the acute effects of ethanol on
synaptic excitability suggest a heightened sensitivity of adolescents to ethanol-induced
decreases in LTP in the hippocampus but a decreased sensitivity to this effect the
cerebellum.

Repeated alcohol exposure beginning in adolescence (Roberto et al., 2002) or adulthood
(Durand and Carlen, 1984; Fujii et al., 2008) also reduces hippocampal LTP, and this effect
persists for up to two months of withdrawal (Durand and Carlen, 1984). In rats exposed to
alcohol during early (P28-36), but not late (P45-50), adolescence, there is an enhancement
of a unique, NMDA receptor-independent form of hippocampal LTP (Sabeti and Gruol,
2007). This effect, which was dependent on activation of sigma receptors, was observed
when brain slices were taken 24 hours following the last ethanol exposure (i.e., during acute
withdrawal). Sabeti (2011) further found these changes in LTP following early adolescent
exposure to ethanol are accompanied by changes in the intrinsic excitability of CA1
pyramidal neurons that likely develop during withdrawal. Using a binge-like method for
chronic ethanol exposure, Fleming et al. (2012) recently demonstrated that the GABA
receptor-mediated inhibitory tone is reduced in the hippocampus of adolescent-exposed
adult rats compared to saline-treated controls. Thus, the emerging picture from these studies
of ethanol effects on the adolescent brain is that many, though certainly not all, of the effects
of drug exposure on neurophysiology are greater and, potentially, longer lasting than those
seen when exposure occurs during adulthood.

Effects of alcohol on neurochemistry
Several neurochemical systems, and their associated receptors, are altered by alcohol
exposure during adolescence. Both voluntary alcohol intake (Sahr et al, 2004) and exposure
through i.p. injection (Badanich et al, 2007; Pascual et al, 2009; Philpot et al, 2009) induce
changes in NAc dopamine in adulthood. Specifically, rats exposed to alcohol in adolescence
have higher basal levels of dopamine in the NAc compared to unexposed controls (Sahr et
al., 2004; Badanich et al., 2007) and adult-exposed rats (Pascual et al., 2009). However,
adolescents exhibit attenuations in ethanol-induced increases in dopamine overflow
following a challenge injection (Philpot et al., 2009). Using in vivo voltammetry to measure
rapid changes in dopamine concentrations as rats engaged in a risk-based decision making
task, Nasrallah et al. (2011) showed that adult rats who self-administered ethanol from P30-
P49 had a greater release of NAc dopamine following presentation of a lever associated with
a risky choice. These rats also made more risky choices compared to controls.

Glutamate in the NAc is also affected as mice pre-exposed to ethanol during adolescence
respond to an ethanol challenge (1.8 g/kg, i.p.) with 200% increases in glutamate
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concentrations (Carrara-Nascimento et al., 2011). Mice in this study that were pre-exposed
to ethanol in adulthood, in contrast, had 50% reductions in NAc glutamate in response
following the challenge. The mechanism for this age of exposure-dependent divergence in
glutamate response to ethanol challenge is not apparent, though it has been shown that
NMDA receptors are upregulated (Sircar and Sircar, 2006), whereas the function of the
NR2B subunit is reduced (Pascual et al, 2009), in the PFC of adolescent-exposed rats. In
addition, a recent whole-brain analysis of ethanol-induced changes in neurotransmitter-
related gene expression revealed widespread downregulation in the brains of adolescent-
exposed mice, compared to controls (Coleman et al., 2011). This included significant
changes in the expression of genes coding for peptides, GABAA receptor subunits, nicotinic
acetylcholine receptors, and dopamine receptors. It is not clear if alcohol-induced decreases
in NMDA receptor expression and function or changes in neurotransmitter-related gene
expression are directly responsible for the changes in neurotransmitter levels demonstrated
in studies of adolescent alcohol exposure, but it is notable that many of the effects reported
by Coleman et al. were in addition to the changes in gene expression evident in control mice
assessed in adolescence compared to adulthood. Thus, alcohol’s ability to alter the normal
trajectory of development in neurotransmitter systems appears to play an important role in
its long-lasting effects on neurochemistry. Interestingly, some of the effects of alcohol
exposure may be more prominent when exposure occurs in adulthood. For example, alcohol-
induced decreases in mRNAs for corticotropin releasing hormone (CRH), GABAA and α1-
adrenergic receptors were decreased in the BLA of adult-, but not adolescent-, exposed rats
(Falco et al., 2009).

Given the important role of experience in the development of the hypothalamo-pituitary-
adrenal (HPA) axis and the response to stress (Romeo, 2010), it is not surprising that
exposure to alcohol during adolescence has long-lasting consequences on glucocorticoids,
For example, in adolescent rats, ethanol significantly elevates plasma corticosterone levels
relative to untreated or saline-injected controls, though this effected is attenuated with
repeated exposure and is more significant in females compared to males (Przybycien-
Szymanska et al., 2010). This change in corticosterone response is associated with an
increase in CRH gene expression in the hypothalamus of male, but not female, rats exposed
repeatedly to ethanol. Subsequent studies revealed this sex difference was due to a
protective effect of estradiol on ethanol-induced upregulation of gene expression in females
(Przybycien-Szymanska et al., 2012). When tested during adulthood, male rats pre-exposed
to ethanol during adolescence, compared to saline-treated controls, exhibit reductions in
basal corticosterone levels and exaggerated increases in corticosterone and CRH gene
expression following ethanol challenge (Przybycien-Szymanska et al., 2011). In male rats
given alcohol vapor exposure during adolescence and challenged with 4.5 g/kg ethanol
during late adolescence/early adulthood, CRH gene expression and c-fos expression was
shown to be reduced and unaffected, respectively, compared to air-exposed controls (Allen
et al., 2011). A significant reduction in CRH immunoreactive cells in the central nucleus of
the amygdala has also been found in rats that self-administered alcohol from P27 through
sacrifice at P42 (Allen et al., 2011). Although more investigations of the interacting effects
of stress and alcohol exposure during adolescence are needed, it is clear from the currently
available studies that alcohol can have a long-lasting impact on the neurochemistry of the
stress response system and that some of these effects may contribute to sex differences in
alcohol-induced behavior.

Behavioral effects of alcohol during adolescence
Alcohol exposure during adolescence has been shown to have consequences for behavior
later in life, with alcohol self-administration receiving a significant amount of research
attention. The literature is somewhat equivocal, however, as there is published evidence for
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both increases and decreases in drinking behavior when exposure begins in adolescence. On
the one hand, chronic exposure to alcohol via systemic injection (Pascual et al, 2007, 2009;
Maldonado-Devincci et al., 2010), voluntary drinking (Rodd-Henricks et al, 2002; Walker
and Ehlers, 2009; Strong et al., 2010; O’Tousa et al., 2013) or forced consumption (Blizard
et al., 2004) has been shown to increase drinking behavior in adulthood. Using similar
methods of ethanol pre-exposure, however, the opposite or no consistent effect on alcohol
drinking in adulthood has been reported (Lancaster et al, 1996; Slawekci and Betancourt,
2002; Slawecki et al, 2004; Siegmund et al, 2005; Broadwater et al., 2011; Gilpin et al.,
2012). In our own lab (Sherrill et al., 2011b), we found that alcohol drinking was modestly
increased in both male and female rats who were pre-exposed in a “binge-like” fashion to 3
g/kg ethanol (i.p.) during adolescence. Interestingly, pre-pubertal gonadectomy potentiated
the pre-exposure effect, but only in females. Thus, estrogen appeared to protect females
from the long-term effects of alcohol exposure during adolescence. In a parallel study
(Sherrill et al., 2011a), we found that adult males develop a more robust ethanol-induced
conditioned taste aversion compared to females. In addition, males, but not females,
exhibited an attenuated taste aversion in adulthood following pre-exposure to ethanol during
adolescence. Changes in alcohol’s aversive properties might contribute to the ability of
adolescent alcohol exposure to modulate alcohol drinking in adulthood. The reasons for the
equivocal findings in these studies of alcohol pre-exposure during adolescence are not
entirely clear, although differences in exposure methods and procedures for assessing
drinking behavior certainly play a role.

Investigations of the effects of adolescent alcohol exposure on cognitive behavior typically
demonstrate adverse consequences. For example, ethanol-induced impairments in auditory
fear conditioning (Bergstrom et al, 2006) and memory (Markwiese et al, 1998; White et al,
2000; Land and Spear, 2004; Silvers et al, 2003, 2006) are more pronounced in adolescent
compared to adult rats. Interestingly, this is true even though adolescents are known to be
less sensitive to ethanol’s hypothermic, anxiolytic, and motor impairing effects (Spear and
Varlinskaya, 2005). Following chronic, intermittent exposure to alcohol vapor during
adolescence (P35-40) (Slawecki et al, 2004) or free access to 10% ethanol for 5 weeks
starting in the juvenile period (3–8 weeks of age) (Salimov et al, 1996), rats exhibit
increases in anxiety- and depression-like behaviors when they are tested in adulthood. A
recent study found that only those rats with prior binge drinking experience restricted to
adolescence, rather than earlier in adulthood, showed increases in open-arm entries on an
elevated plus maze (Gilpin et al., 2012). This result was interpreted as being consistent with
either decreased anxiety or increased impulsivity. The latter possibility is consistent with
data from adult humans performing delayed reward discounting tasks, which assess
impulsive choice behavior. In these studies, those with a history of adolescent alcohol
exposure have higher levels of impulsivity than controls (Rogers et al, 2010). Data from
laboratory animals are inconsistent with this interpretation, however. In adult rats trained to
resist the impulse to respond during a premature phase of a five-choice serial reaction time
task, there were no observed effects of repeated exposure to 5 g/kg (i.g.) ethanol every 8
hours from P33-P36 on baseline measures of attention, impulsivity or cognitive flexibility.
Somewhat surprisingly, adolescent-exposed rats appeared to maintain a lasting tolerance to
ethanol as they were less sensitive to ethanol-induced disruptions of task performance
following a challenge with 1.5 or 3.0 g/kg ethanol (Semenova, 2012).

Additional evidence for alcohol-induced changes in decision making comes from studies in
rats that were allowed to consume a sweetened gelatin and ethanol mixture from P30-49 and
were then tested in a probability discounting task when they were adults. In this task, where
rats are given the choice between small and certain or large but uncertain rewards, those
exposed to alcohol during adolescence behaved in a more risky fashion than controls
(Nasrallah et al., 2009). This preference for risk seems to be due to an imbalance in learning

Gulley and Juraska Page 8

Neuroscience. Author manuscript; available in PMC 2014 September 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of better-than-expected outcomes over those that are worse than expected (Clark et al.,
2012). Together, studies of the effects of alcohol exposure during adolescence have often,
though not always, suggested a long-lasting impairment in cognitive function that is evident
well into adulthood. Much of this work has not included comparison groups of adult-
exposed subjects, however, so it is not yet clear if adolescents are uniquely sensitive
compared to adults.

3. Psychostimulants and adolescence
The use of the psychostimulant drugs nicotine, cocaine and the amphetamines is relatively
high among adolescents, particularly in comparison to other age groups. The most recent
National Survey of Drug Use and Health (SAMHSA, 2012) suggests that individuals 18 to
25 years old have the highest rates of current tobacco use (39.5%) compared to those 12 to
17 (10.0%) and adults who are 26 or older (26.3%). For individuals in the 12 to 25 year old
range, that represents approximately 21 million individuals. Although considerably lower,
the use of more difficult to obtain drugs like cocaine and the amphetamines is nonetheless
significant in young people (Johnston et al., 2012). Cocaine use by 12th grade students,
which peaked in the mid-1980’s at about 13%, is now estimated to be at about 3%. The non-
therapeutic use of amphetamines, which are more widely available due in part to diversion
of prescriptions for medical conditions such as attention deficit hyperactivity disorder
(ADHD), is nearly three times higher, with approximately 9% of 12th graders reporting use
in the previous year. The use of these drugs is estimated to be even higher in those who are
in the latter stages of adolescence. For those 18 to 25, it is estimated that over 1.5 million
have used cocaine in the previous year, whereas nearly 1.3 million used amphetamines and
other non-tobacco stimulants (SAMHSA, 2012). Clearly, adolescents are using these drugs
and it is therefore critical to develop a full understanding of the potential for
psychostimulants to induce adaptations in the brain and behavior that may persist and lead to
adverse consequences, even after drug taking has ceased.

Effects of psychostimulants on brain structure
Similar to what has been seen in adult-exposed rats (Robinson and Kolb, 1997, 1999; Brown
and Kolb, 2001), psychostimulant exposure during adolescence has been reported to alter
neuronal morphology, with most of the changes reported to date in the PFC for
amphetamine, cocaine and nicotine, along with additional effects reported for nicotine in the
NAc, hippocampus and BLA. For example, the length and branching of basilar dendrites of
pyramidal neurons in the mPFC of 48 day-old rats was increased by twice daily injections of
0.5 mg/kg amphetamine from P22-34 (Diaz Heijtz et al., 2003). This study also showed that
these structural changes were associated with an upregulation in the expression of calcium/
calmodulin-dependent protein kinase II (CaMKII) and tyrosine hydroxylase in slices of the
mPFC taken from a separate group of rats given the same treatments. Long-lasting changes
in the response of dendritic spines in the orbitofrontal cortex have also been reported. In this
study (Gourley et al., 2012), mice were pre-exposed to 10 mg/kg cocaine, once per day from
P31-36 and were then given a challenge injection of 10 mg/kg cocaine on P63. When spine
morphology was assessed 24 hours later, it was discovered that there was decreased spine
density, but increased spine head size, in cocaine pre-exposed compared to saline pre-
exposed mice.

Nicotine-induced structural plasticity has been demonstrated in the NAc, BLA,
hippocampus and mPFC, with some effects appearing to be dependent on the age of
exposure. In rats that were sacrificed for anatomical analysis on P144 following continuous
exposure to nicotine from the juvenile period to young adulthood (P22-69) via an osmotic
minipump (2 mg/kg/day), medium spiny neurons of the NAc had more and longer dendritic
segments compared to saline-exposed controls (McDonald et al., 2005). Subsequently, this
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same group demonstrated that nicotine-induced increases in dendritic length and branch
number in medium spiny neurons was selectively increased in rats exposed from P29-43, but
not in those exposed from P80-94 (McDonald et al., 2007). In the mPFC, and more
specifically pyramidal cells of the prelimbic cortex, continuous exposure to nicotine during
adolescence (P29-43) increases the length of basilar dendrites in cells classified as
“complex” because of their large dendritic arbor. In rats exposed to nicotine in adulthood
(P80-94), there was an increase in dendritic length and number of branches, but only in cells
classified as “simple” because of their relatively small arbors (Bergstrom et al., 2008). This
effect of nicotine on mPFC might be somewhat selective for the prelimbic region as nicotine
failed to alter dendrites in the infralimbic region when it was given to adolescent (P32-46)
and adult (P61-75) rats via an intermittent exposure method (six subcutaneous injections of
0.5 mg/kg; Bergstrom et al., 2010). This intermittent-exposure study also showed that
nicotine increased dendritic length in principal neurons of the BLA, though this effect was
dependent on both age of exposure and on brain hemisphere. Specifically, adult nicotine
exposure induced an increase in dendritic complexity and, in the right hemisphere only, an
increase in dendritic length. In adolescent-exposed rats, there was also an increase in
complexity relative to saline injected controls, but the increase in length was not observed
(Bergstrom et al., 2010). An important issue that remains to be fully addressed is the
duration of these effects of nicotine on brain structure and whether or not they are fully
reversed following withdrawal. A recent study in adolescent mice (P30-45) that were
chronically exposed to nicotine in their drinking water suggests most observed effects were
reversed by the time animals reached young adulthood (Oliveira-da-Silva et al., 2010).

Effects of psychostimulants on neurophysiology
Numerous studies have used neurophysiological measures to investigate psychostimulant-
induced plasticity in adolescent-exposed rodents, though most of these have only assessed
adaptations following relatively short withdrawal periods – a few days to 3 weeks. For
example, studies in juvenile to adolescent rats or mice (typically between P21 and 41) that
were sacrificed soon after their last injection of nicotine, cocaine or amphetamine have
demonstrated drug-induced changes in synaptic excitability in the ventral tegmental area
(Mansvelder and McGehee, 2000; Ungless et al., 2001; Saal et al., 2003), hippocampus
(Perez et al., 2010), amygdala (Huang et al., 2003; Pollandt et al., 2006) and mPFC (Huang
et al., 2007; Goriounova and Mansvelder, 2012). In the hippocampus of late adolescent/
young adult mice (P63), the induction of LTP was enhanced by once daily exposure to 3 mg/
kg amphetamine from P28-P37, compared to that observed in saline-treated controls
(Gramage et al., 2013). This neural adaptation was associated with a significant, albeit
transient, increase in anxiety-related behavior and memory impairments, as measured by
deficits in passive avoidance and Y-maze performance, respectively.

In the NAc, pre-exposure to cocaine during adolescence tends to decrease excitability
(Thomas et al., 2001), though this effect may be dependent on the method of drug exposure
(experimenter- versus self-administered; see Jacobs et al., 2003) and the duration of
withdrawal (Mu et al., 2010). In addition, a recent study (Huang et al., 2011) suggested the
effects of cocaine on accumbal LTD may be dependent on the subregion that is analyzed. In
this report, five days of exposure to cocaine (15 mg/kg/day) starting between P26 and 28 led
to a decrease in LTD in the NAc shell, but not core, that lasted for up to 28 days following
withdrawal (P56). Kourrich and Thomas (2009) also showed that unique effects in the shell
compared to the core may depend on the duration of withdrawal from cocaine or
amphetamine. In at least one study (Li and Kauer, 2004), amphetamine exposure during
adolescence had no effect on the induction of LTP by high-frequency activation of
glutamatergic afferents. However, when brain slices were subsequently exposed to
amphetamine, which causes a dopamine-dependent attenuation of LTP induction in saline
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pre-treated rats, there was a reduced sensitivity to the inhibitory effect of acute amphetamine
exposure on LTP (Li and Kauer, 2004). An important, and as yet unanswered question, is
whether or not these effects differ between males and females. Sex differences were not
assessed in any of these studies and nearly all of them utilized male rats or mice (or sex was
not specified).

Although the neurophysiological effects of repeated psychostimulant exposure in adulthood
have been extensively studied (for recent reviews, see Bowers et al., 2010; Luscher and
Malenka, 2011), the paucity of studies using comparison groups of adolescent- and adult-
exposed subjects makes it difficult to make direct comparisons and, in turn, assess whether
adolescents are differentially sensitive to drug-induced plasticity. In the small number of
studies that have used comparison groups of different ages, there is evidence that the
adolescent brain is more sensitive to some drug effects. In one study of repeated nicotine
exposure, rats given nicotine (0.4 mg/kg, three times per day) from P34-43 had decreases in
short-term depression of evoked excitatory postsynaptic currents (eEPSCs) in layer V
pyramidal cells of the mPFC. This effect, which was measured 5 weeks after the last
nicotine injection (starting at P78), was not observed in saline-treated controls or in rats
exposed to nicotine during late adolescence/young adulthood (P60-69) (Counotte et al.,
2011). Additionally, parallel studies revealed that these long-lasting changes in synaptic
function were associated with decreases in mGluR2 expression and function in the mPFC, as
well as deficits in behavioral measures of attention and inhibitory control (Counotte et al.,
2009, 2011). Additional support for the important role of nicotine-induced adaptations in
mGluR2 comes from a report showing alternations in LTP in the mPFC of adult rats
exposed to nicotine from P34-43 (Goriounova and Mansvelder, 2012). In this study,
decreases in LTP were observed in the adolescent mPFC following bath application of
nicotine (10 μM) and during the first 4 days following the last nicotine injection (on P43).
However, when LTP was assessed following a 5-week withdrawal period (after P78),
nicotine pre-exposed rats exhibited enhanced LTP compared to saline-treated controls.
These short- and long-term adaptations, which were both linked to impairments in mGluR2
signaling in the mPFC, were not present in rats exposed to nicotine from P60-69
(Goriounova and Mansvelder, 2012).

Recently, we have found that repeated exposure to amphetamine during adolescence leads to
changes in the function of mPFC neurons that persist for ~3 months following the last drug
injection (Paul, Kang, Cox, and Gulley, unpublished observations). In this study, rats were
given saline or 3 mg/kg amphetamine (i.p.), every other day during adolescence (P27-45) or
adulthood (P85-103). When rats were between P125 and P140, we prepared brain slices at
the level of the mPFC and performed whole-cell recordings of excitatory layer V pyramidal
cells and fast-spiking inhibitory interneurons using methods similar to those described
previously (Paul and Cox, 2012). We found no differences in the basic cellular properties of
pyramidal neurons between the controls and those exposed to amphetamine. However,
application of amphetamine (25 μm) or dopamine (50 μm) increased the frequency of
spontaneous inhibitory postsynaptic currents (sIPSC) in controls while having no significant
effects in amphetamine pre-exposed rats. These effects, which were not dependent on age of
exposure, were also apparent in a comparison group of rats that was studied at
approximately P66 (i.e., the same ~3-week withdrawal period used in the adult-exposed
rats). Furthermore, we found that the excitability of interneurons, as measured by number
and frequency of action potentials to depolarizing pulses, was significantly reduced in
amphetamine-exposed compared to control rats. Thus, it appears that that the reduction of
spontaneous inhibitory activity on layer V pyramidal neurons in amphetamine-exposed
animals is due to the reduced excitability of fast spiking interneurons. Moreover, the effects
of amphetamine exposure during adolescence are measurable at both short and long
withdrawal periods.
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Effects of psychostimulants on neurochemistry
Given their potent pharmacological effects and the continuing development of monoamine
systems during adolescence, it is not surprising that psychostimulants have the potential to
induce unique changes in dopamine system function in the young brain. Following a single
injection, cocaine and amphetamine have been shown to increase extracellular dopamine
concentrations in the dorsal striatum to a greater extent in adolescent compared to adult male
rats (Walker and Kuhn, 2008; Walker et al., 2010) while rats in the juvenile period have a
significantly lower dopamine response to cocaine (Chen et al., 2010). Additionally,
inconsistent results have been found in the NAc, where cocaine-induced dopamine overflow
was found to be either greater in adolescents (Badanich et al., 2006) or not different as a
function of age following cocaine (Frantz et al., 2007) or amphetamine (Silvagni et al.,
2008). A likely mechanism for the age-dependent differences that have been observed is
differences in the expression and/or function of dopamine transporters. Indeed, both are
increased in the striatum of adolescents compared to adults (Volz et al., 2009). The function
of the vesicular monoamine transporter, which is responsible for sequestering monoamines
into vesicles, is also higher in adolescents compared to adults (Volz et al., 2009). These
developmental differences in dopamine transporters, along with those reported for D1 and
D2 receptor expression (Anderson et al., 2000; Brenhouse et al., 2008) and tyrosine
hydroxylase (Mathews et al., 2009), provide an opportunity for enhanced vulnerability to the
effects of repeated drug exposure.

Chronic treatment with nicotine, cocaine or amphetamine leads to enhanced responsiveness,
or sensitization, to the behavioral and neurobiological effects of these drugs (Berridge and
Robinson, 1993; Vanderschuren and Kalivas, 2000). Some evidence suggests this drug-
induced plasticity may be enhanced when exposure occurs during adolescence. For example,
in rats given 2 or 10 mg/kg amphetamine daily for three days and challenged with 2 mg/kg
amphetamine after a 5-day withdrawal period, it was shown that amphetamine-stimulated
dopamine release in the striatum was significantly higher in those exposed during
adolescence (P33-43) compared to young adulthood (P61-71; Laviola et al., 2001).
Following a similar treatment protocol, but a significantly longer withdrawal period of 28
days, adolescent-exposed rats continue to exhibit a sensitized behavioral response that was
associated with heightened neural activation in the striatum and amygdala (McPherson and
Lawrence, 2006). A potential mechanism for these effects is a lasting change in the
responsiveness of monoamine neurons to subsequent drug challenges. Labonte et al. (2012)
used in vivo electrophysiology to demonstrate that daily exposure to amphetamine from
P30-50 led to significant increases in the firing rate of dopamine neurons in the ventral
tegmental area and 5-HT neurons in the dorsal raphe, compared to neurons recorded from
these brain regions in saline-exposed controls.

Nicotine’s effects on dopamine, which are indirect via the drug’s activation of nicotinic
acetylcholine receptors (nAChRs) located on dopamine terminals (Livingstone and
Wonnacott, 2009), have generally been shown to be different in adolescents compared to
adults, but the direction of this effect has varied. In the NAc, a single injection of 0.3 mg/kg
nicotine was reported to elevate dopamine levels to a greater extent in adolescent (~P28)
compared to adult (P63-84) rats (Shearman et al., 2008), whereas 0.6 mg/kg nicotine
reportedly increased dopamine in adults (P60), but not adolescents (P35 or P45; Badanich
and Kirstein, 2004). Consistent with the former result is a study showing elevations in
nicotine-stimulated [3H]dopamine from NAc synaptosomes prepared from adolescent rats,
compared to those taken from adults (Azam et al., 2007). With repeated exposure, nicotine
induces adaptations in the dopamine system such that dopamine concentrations in the NAc
are decreased during precipitated withdrawal in both adolescents and adults. Interestingly,
the magnitude of this decrease is significantly lower in adolescent-exposed rats (Natividad et
al., 2010). This effect was shown to be mediated by age-dependent differences in nicotine-
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induced adaptations in the interacting glutamatergic and GABAergic systems of the ventral
tegmental area (Natividad et al, 2012). Stimulated dopamine release and receptor-mediated
signaling are also known to be elevated in adult rats exposed to nicotine during adolescence
(Trauth et al., 2001; Abreu-Villaca et al., 2003; Dickson et al., 2011). Although many of
these studies of chronic nicotine effects have utilized continuous exposure techniques that
result in high-dose exposure for relatively long periods of time, intermittent exposure to low
or moderate doses during adolescence also has the potential to produce lasting effects. For
example, daily injections of 0.4 mg/kg nicotine from P30-36 results in increases and
decreases in the expression of dopamine and serotonin transporters, respectively, that were
not evident in rats exposed from P60-66 (Collins et al., 2004). After only 4 days of
intravenous injections with 0.06 mg/kg nicotine, serotonin transporters are elevated in the
PFC and the BLA of adolescent- (P32) but not adult-exposed (P90) rats (Dao et al., 2011).

Dopamine and other monoamines are not the only neurochemical systems to exhibit age-
dependent differences in psychostimulant-induced adaptations. In the adolescent brain,
cholinergic systems are a primary target for nicotine-induced plasticity (O’Dell, 2009). This
may be due in part to the numerous changes in expression and function of the nicotinic
receptor during normal adolescent development (Slotkin, 2002). Recent studies have also
highlighted a potential role for adaptations in cannabinoid and opiate receptors in the long-
lasting behavioral effects of adolescent nicotine exposure (Marco et al., 2007; Mateos et al.,
2011).

Behavioral effects of psychostimulants during adolescence
Much of the work on the behavioral effects of adolescent psychostimulant exposure has
focused on long-lasting changes in either the locomotor stimulant properties of the drugs or
their ability to influence reward seeking behavior. With regards to the former, some studies
report greater amphetamine- or cocaine-induced sensitization in adolescent-exposed rodents
(Adriani et al., 1998; Schramm-Sapyta et al., 2004; Caster et al., 2005; Mathews et al., 2010,
2011; Kameda et al., 2011), whereas others indicate greater effects in adults (Frantz et al.,
2007; Zakharova et al., 2009; Good and Radcliffe, 2011; Richetto et al., 2013; Sherrill et al.,
2013) or no difference between age groups (Niculescu et al., 2005; Good and Radcliffe,
2011). Studies with nicotine have also reported inconsistent results for age-dependent
differences in locomotor sensitization (Belluzzi et al., 2004; Schochet et al., 2004; Cruz et
al., 2005). Between- and within-study methodological differences contribute to some of
these discrepant findings, with key factors being age of exposure (e.g., early vs. late
adolescence), drug dose and the aspect of drug-induced behavior that is measured (e.g.,
locomotion or stereotypy). For example, at lower doses of amphetamine (< 1.5 mg/kg),
adolescents tend to show an attenuated response to the first injection but enhanced
locomotor sensitization relative to adults (Mathews and McCormick, 2007; Mathews et al.,
2009; Zakharova et al., 2009; Bolanos et al., 1998). With higher doses (> 2 mg/kg),
however, age-dependent differences in initial responsiveness diminish and repeated
exposure produces robust stereotypy and reduced locomotor activity, particularly in adults
(Adriani et al., 1998; Adriani and Laviola, 2002; Sherrill et al., 2013). Thus, adolescents
appear to have a higher threshold for the psychomotor-activating effects of cocaine and
amphetamine, but once activated their response is similar to that seen in adults.

Studies of age-dependent differences in the rewarding properties of psychostimulants have
generally been more consistent – rodents exposed during adolescence tend to exhibit
heightened reward-related behavior later in life compared to those exposed during
adulthood. For example, nicotine-induced conditioned place preference is enhanced in
adolescents compared to adults (Vastola et al., 2002; Belluzzi et al., 2004; Torrella et al.,
2004; Shram et al., 2006; Shram and Le, 2010; Kota et al., 2008, 2011; Brielmaier et al.,
2007; Torres et al., 2008, 2009). Adolescent rats also exhibit reduced conditioned place
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aversion to nicotine compared to adults (O’Dell et al., 2007). A similar increase in
sensitivity to cocaine and amphetamine reward in adolescents has been demonstrated
(Badanich et al., 2006; Brenhouse and Andersen, 2008; Brenhouse et al., 2008; Zakharova et
al., 2008), with adolescents exhibiting a potent resistance to extinction of drug-environment
associations (Brenhouse et al., 2010). There are, however, several studies showing that
adults are relatively more sensitive (Adriani and Laviola, 2003; Aberg et al., 2007; Vidal-
Infer et al., 2012) or no age-dependent differences (Campbell et al., 2000; Schramm-Sapyta
et al., 2004; Mathews and McCormick, 2007; Mathews et al., 2010). Moreover, there are
robust sex differences in these effects. For example, in a study of cocaine-induced
conditioned place preference (Zakharova et al., 2008), it was demonstrated that the female
sex and adolescent exposure independently resulted in higher sensitivity to the rewarding
effects of cocaine in adults. Studies showing changes in psychostimulant self-administration
behavior following pre-exposure to the drugs in adolescence or adulthood, which have been
reviewed in detail elsewhere (Shahbazi et al., 2008; Schramm-Sapyta et al., 2009; Anker et
al., 2011), suggest that adolescents have a more “addiction vulnerable” phenotype.
Specifically, they exhibit heightened motivation for the drug, reduced extinction and greater
relapse of drug-seeking behavior, and have reduced withdrawal responses.

Of great clinical interest is the potential for long-lasting changes in cognition that might
result from adolescent exposure to psychostimulant drugs. Human stimulant abusers, who
usually initiate drug use in adolescence, have been shown to exhibit significant cognitive
deficits that vary in magnitude depending on the duration of drug exposure (Bolla et al.,
1998; Verdejo-Garcia et al., 2006). In adult rats exposed to psychostimulants during
adolescence, there is evidence of enduring deficits in cognitive tasks that assess attention,
fear learning, memory, decision making, and impulse control (Harvey et al., 2009; Santucci
and Rabidou, 2011; Sillivan et al., 2011; Hankosky and Gulley, 2012). However, in these
studies, it is difficult to ascertain if adolescents are relatively more sensitive to these effects
because comparison groups of adult-exposed subjects were rarely utilized.

In studies that directly assess the age-dependence of psychostimulant-induced cognitive
deficits, there is evidence that adolescents may be more vulnerable. For example, nicotine
exposure during adolescence, but not adulthood, increases impulsive action and enhances
electrically stimulated dopamine release in vitro from slices of the mPFC (Counotte et al.
2009). In addition, there are unique effects of cocaine on memory processes when the onset
of drug exposure occurs in adolescence compared to adulthood (Harvey et al., 2009).
Recently, we found that adult rats that were exposed to 3 mg/kg amphetamine during
adolescence displayed delay-dependent deficits in choice accuracy in an operant-based
working memory task (Sherrill et al., 2013). In addition, they required more sessions to
optimize performance and learn task rules, and they were more susceptible to proactive
interference, compared to control and adult-exposed groups (Fig 3). Interestingly, we also
found that amphetamine-induced locomotor sensitization was enhanced in adult- compared
to adolescent-exposed rats, suggesting that drug-induced changes in cognition were
dissociable from amphetamine’s lasting effects on sensitivity to its motor activating effects.
These findings of heightened vulnerability of adolescents to the psychostimulant-induced
cognitive deficits are not without exception, however. Repeated cocaine exposure has been
reported to have no specificity or even greater effects in adults on an amygdala-sensitive
maze task (Kerstetter and Kantak, 2007).

4. Future challenges
There is mounting evidence from the rat model that adolescence is a particularly vulnerable
time for both behavioral and neural effects of alcohol and psychostimulant exposure.
Nevertheless, more studies are needed that directly compare adolescent and adult exposures
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to firmly establish the unique sensitivity of the adolescent to drug-induced plasticity and its
associated consequences. Until recently, the majority of the work in this area has focused on
one age group or the other (McCutcheon and Marinelli, 2009). More studies are also needed
to understand the discrepancies in results that exist. Many of the inconsistencies are at least
partially attributable to obvious factors such as drug dose and method of exposure. These are
aspects of experimental design that influence the generality of findings and ultimately
contribute to the translational impact of observed results. There are other factors, however,
that need to be more closely controlled since their variation can lead to results that are
confounded and otherwise difficult to interpret. For example, the ages that are considered
adolescence are often defined too broadly. If a rise in gonadal hormones is an essential
marker of adolescence, which it is in humans at approximately 12 years old, then the earliest
age at which rats should be considered adolescent is P28. This is especially true for male rats
where overt signs of puberty are not found until after P38. Exposures that are started before
this age are modeling drug intake during the juvenile period that continues into adolescence.
Observed effects could thus be due to the juvenile exposure, per se. Moreover, including
juveniles in these studies is addressing separate issues since it is not modeling the
experimentation with drugs and alcohol that occur during human adolescence in our society.

The inclusion of females in experimental designs is also needed. As we have discussed
above, there are numerous studies in the literature and from our own laboratories that
demonstrate different effects of drug exposure in male compared to female adolescents.
Clearly, the inclusion of both sexes adds complexity to experimental design, analysis, and
interpretation of results, but the lack of female subjects in most experiments to date limits
their generalizability.

Another key factor that has been largely ignored is the effect of differential rearing
environments and early-life stress that are introduced when experimental animals are
shipped from commercial vendors to research facilities when they are in utero or around
weaning (~P22). This is of particular concern for many of the studies discussed in this
review as rearing environment and early-life stress have been shown to have significant
effects on PFC development and cognitive processes mediated by this brain region (Liston et
al., 2006; Cerqueira et al., 2007; Green et al., 2012; Yuen et al., 2012). Moreover, there are
numerous reports demonstrating the long-lasting effects of shipping stress and rearing
conditions on behavior and neurobiology (Prager et al., 2011), including the response to
drugs (Bardo et al., 2001; Adriani and Laviola, 2002; Ogawa et al., 2007; Wiley and Evans,
2009; Mogi et al., 2012; Martini and Valverde, 2012). There is also ample evidence that the
effects of stress during adolescence are different and often more prolonged in their duration
compared to those seen when stress is induced in adulthood (see Romeo in this volume). It
could be argued that all subjects (i.e., both “experimental” and “control”) experience the
same early-life stress. However, it is likely that these effects can interact with later drug
exposures. Such interactions, along with the additional influence of the animal’s sex, have
been demonstrated previously (Ogawa et al., 2007; Wiley and Evans, 2009; Mogi et al.,
2012). All of these potential interactions can be avoided if animals are bred and housed
within the research facility where experiments will occur. This approach has the additional
advantage of allowing for the control of litter effects that are prevalent in multiparous
research animals like rats and mice (Zorilla, 1997), which would make the distinction
between effects in adolescents and adults clearer.
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• Adolescence is a period of significant neurobiological and behavioral change

• Adolescence is a time when individuals first use drugs and alcohol

• Adolescents may be especially sensitive to drug-induced plasticity

• We review evidence suggesting adolescence is a period of high vulnerability
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Figure 1.
(A) The number of neurons in the ventral portion of the rat mPFC at periadolescence (P35)
and adulthood (P90) in both sexes. Adapted from Markham et al (2007). (B) The number of
neurons in the basolateral amygdalar nucleus at periadolescence and adulthood. Adapted
from Rubinow and Juraska (2009). *p<.04
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Figure 2.
The number of neurons and glia in the mPFC and BLA in adults that have been exposed to
binge levels of alcohol during adolescence. (A) There were no effects of alcohol on the
number of neurons in the mPFC in either sex, but exposure to alcohol resulted in fewer glial
cells (14%) in males (*p < 0.02), but not in females compared to saline-exposed controls.
(B) There were no differences in neurons or glia in either sex in the BLA. Adapted from
Koss et al (2012).
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Figure 3.
The effects of pre-exposure to amphetamine on working memory in a delay matching to
position (DMTP) and delay non-match to position (DNMTP) task. (A) Mean choice
accuracy (% correct) within each delay block averaged across the first two training sessions.
(B) Mean number of sessions to reach a performance criterion (STC) of ≥ 85% correct
choices for two consecutive sessions. Matching letters indicate p < 0.001; ***p < 0.001 vs
control and adult-exposed groups within delay; ###p < 0.001 vs DNMTP, collapsed across
exposure group. Adapted from Sherrill et al. (2013).
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