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Abstract Alcohol use becomes normative in adolescence and
sometimes reaches high levels. Studies have shown that both
adolescent rats and their human counterparts often drink two
to three times more ethanol per occasion than adults, suggest-
ing potential evolutionarily conserved, biological contribu-
tors. These elevated intakes may be promoted by neural
changes that increase adolescent sensitivity to desired ethanol
effects while attenuating sensitivity to undesired conse-
quences likely serving as cues to moderate intake; while based
primarily in rodent work, similar (albeit limited) findings are
available in humans, suggesting some consilience—i.e., com-
parability in findings across species. A variety of neural, cog-
nitive, behavioral, and affective alterations, along with an el-
evated propensity for elevations in later alcohol use, have been
reported after repeated ethanol exposure in both species. In
those cases where roughly comparable measures have been
used across species, signs of consilience are often apparent.
Such emerging consiliences may help to guide future research
efforts in this understudied and rapidly evolving research area.
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Introduction

Alcohol use typically begins during adolescence. This use
becomes normative by about 14 years of age in the USA, with
a majority of youth reporting that they have at least tried al-
cohol (EtOH) [1]. Although adolescents drink EtOH less often
than do adults, when they do drink, their consumptions are
greater than adults, with the average number of drinks per
occasion reported to be about twice as high in adolescents than
adults [2]. Some of this use reaches high levels, with 10 and
25 % of 8th- and 12th-grade students reporting binge drinking
(consumption of 5+ drinks within a drinking episode) within
the past 2 weeks in the USA [1], and twofold to threefold
greater rates of binge drinking reported among adolescents
in some European countries [3]. Some adolescents report es-
pecially high consumptions, with >10 % of 18 year olds in the
USA endorsing consumption of ten or more drinks and >5 %
reporting 15+ drink consumption per drinking episode in the
past 2 weeks [4°].

Elevated levels of EtOH consumption are evident not only
in human adolescents, but also in animals undergoing this
developmental transition in other species as well. For instance,
adolescent rats, like their human counterparts, often drink two
to three times more per drinking occasion than do adults (e.g.,
[5, 6], but see also [7]). These across-species similarities sup-
port the suggestion that this developmental elevation in intake
is related in part to evolutionarily conserved biological factors.
Indeed, when defined as the transition from parental depen-
dence to relative independence, adolescence is a developmen-
tal period evident in all mammalian species. There are similar
goals for this transition across species (such as gaining the
skills necessary for survival in adulthood and for reproductive
success) as well as similar biological changes that include the
temporally restricted processes of puberty, along with other
hormonal changes, transformations in the brain, and a growth
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spurt. Particularly notable among the changes occurring in the
adolescent brain is the marked pruning of synaptic con-
nections between neurons in some brain regions as well as
the continued elaboration, modification, and refinement of
neuronal signaling systems, including myelination of
pathways that link different brain regions, thereby speed-
ing information flow across these regions (see [8] for re-
view). These brain changes are regionally specific and
include not only the oft-discussed delayed maturation of
prefrontal cortex critical for cognitive control [9], but also
subcortical transformations, including enhanced reactivity
of limbic regions critical for motivational responding and
the processing of rewarding, arousing, and emotionally
provoking stimuli [10, 11]. Given these adolescent-
associated brain transformations, it is not surprising that
age-specific behavioral alterations are evident as well,
with, for instance, adolescent-associated elevations in
peer-directed social behavior and in risk-taking and
sensation/novelty-seeking evident during adolescence
across a variety of species (see [8] for review). Of course,
there are striking species differences in lifespan, and
hence, the length and timing of adolescence vary accord-
ingly. Although the precise onset and offset of adoles-
cence are as difficult to characterize in other species as
in humans, the early/mid-adolescent period (~10—17 years
in humans) may subsume roughly the 28—42 postnatal day
(P) period in rodents, with late adolescence (~18-25 years
in humans) extending from ~P42 to 55 [12, 13].

These cross-species similarities in brain and behavior
during adolescence, including elevated levels of per occa-
sion EtOH use, provide the opportunity to examine poten-
tial contributors and consequences of adolescent EtOH use
in ways that are not possible when studying human adoles-
cents—e.g., through the use of EtOH challenge studies,
invasive neural assessments, and empirical studies of
long-term consequences of repeated exposure to EtOH dur-
ing adolescence. Of course, the rodent brain is much less
complex than that of humans, and hence, studies in labora-
tory animals cannot be used to model all aspects of neural,
behavior, and psychopharmacological function in humans
during adolescence (or at any other point in the lifespan).
But, whenever comparable across-species data exist, areas
of potential consilience (similar findings across species)
will be considered here (see [14], for discussion of consil-
ience in EtOH phenotypes). Because of the rapid accumu-
lation of work in the area, this review will not attempt to be
comprehensive but will focus instead on representative
findings. In areas where other recent reviews are available,
findings will be only briefly summarized, and readers are
encouraged to consult these reviews for further detail and
references. Most of the rodent work to date has been con-
ducted in rats; cited instances where mice were investigated
will be noted accordingly.

Contributors to Early Drinking: Adolescents Differ
from Adults in Their Sensitivity to EtOH in Ways
That May Promote Use and Encourage High Levels
of Use

Studies using rodent models have revealed a number of po-
tential contributors to the elevated EtOH intake of adolescents,
including notable age differences between adolescents and
adults in their sensitivity to acute effects of EtOH. For in-
stance, relative to adults, adolescents are more sensitive to
the social facilitatory and rewarding effects of EtOH (e.g.,
[15—17] for data in rats, but see also [18] for contrasting find-
ings in a mouse study). Enhanced facilitatory and rewarding
effects could make EtOH consumption particularly desirable
for adolescents. Adolescents unfortunately are also more vul-
nerable than adults to the disrupting effects of acute EtOH
exposure on spatial memory and hippocampal brain plasticity
(e.g., long-term potentiation) [19]. In contrast to these few
instances of enhanced EtOH sensitivities, adolescents are rel-
atively insensitive when compared with adults to most other
effects of EtOH, including acute consequences of intoxication
that likely serve as cues to limit intake. These effects include
adolescent insensitivities to the social impairing effects of
higher doses of EtOH as well as to EtOH’s motor impairing,
sedative, and aversive effects [15, 20-22]. EtOH is also a less
effective discriminative cue for adolescents, suggesting that
adolescents are less able to detect the presence of EtOH within
the body (i.e., its subjective, interoceptive effects) than their
mature counterparts [23].

Neural Contributors to These EtOH Sensitivities These
adolescent-typical EtOH sensitivities are not simply related
to age-related differences in pharmacokinetics [24], but rather
seemingly reflect developmental differences in expression of
acute (within session) tolerance [25], along with differential
rates of development of neural systems underlying these var-
ious acute effects. For example, consistent with functional
actions of EtOH as a glutamate NMDA-receptor antagonist
and gamma-aminobutyric acid (GABA) agonist, similar onto-
genetic patterns of psychopharmacological sensitivity are seen
to NMDA-R antagonists and GABA agonists as to EtOH—
data consistent with the hypothesis that developmental alter-
ations in these neural systems contribute to adolescent-typical
EtOH sensitivities. For instance, analogous to the biphasic,
inverted J-shaped (low-dose rise from baseline, higher-dose
decline past baseline) dose—response curve for EtOH’s effects
on social behavior seen during adolescence (see Fig. 1), the
NMDA-R antagonist MK-801 and the NR2B receptor
subtype-specific antagonist ifenprodil likewise induce both
low-dose stimulatory and higher-dose inhibitory effects on
social behavior during adolescence [26, 27]. Again, reminis-
cent of the EtOH data, the stimulation of social behavior by
low doses of these drugs was only evident in adolescents and
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Fig. 1 Acute effects of EtOH on overall social activity of adolescent and
adult rats tested in a familiar test environment (adapted from [15])

not adults, with adults being more sensitive than adolescents
to the aversive and social impairing effects of NMDA antag-
onists [26-28] and to the anxiolytic effects of a partial
GABA , receptor agonist [29]. Swartzwelder and colleagues
have shown that the greater vulnerability of adolescents to
EtOH-induced memory impairment and disruptions in synap-
tic plasticity may be related to greater induction of GABA
receptor-mediated tonic inhibition by EtOH in the hippocam-
pus of adolescents than adults [30]. Magnetic resonance spec-
troscopy (MRS) studies also have revealed maturational
changes in the GABA system in human adolescents that have
likewise been suggested to contribute to adolescent-specific
EtOH sensitivities [31]. Other neural systems may also con-
tribute to adolescent-typical EtOH sensitivities, including opi-
oid receptor systems. EtOH-related social facilitation appears
mediated in part through EtOH-induced activation of mu opi-
oid receptors [32], whereas resistance of adolescents to
EtOH’s aversive properties may be related in part to attenuated
sensitivity of adolescents to kappa opioid effects [33].

Relevance of These Laboratory Animal Data to EtOH
Intake of Human Adolescence Collectively, such studies
using animal models of adolescence suggest that the high
levels of EtOH intake seen during adolescence may be related
to developmental changes in adolescent brain that increase
sensitivity of adolescents to desired, social-stimulatory and
rewarding effects of EtOH, while attenuating their sensitivity
to undesired consequences of EtOH that presumably serve to
moderate drinking. Yet, the critical question remains of how
relevant these data are for human adolescents. Of course, em-
pirical studies examining responses to acute EtOH challenge
are difficult to conduct in youth who are under legal drinking
age. What limited data are available, however, are reminiscent
of those obtained in the studies with laboratory animals (see
Table 1). For instance, although individuals of all ages often
drink under social circumstances, social context is of particu-
lar importance for adolescents, with human adolescents
reporting that they consume EtOH mostly for social
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Table 1  Adolescents differ from adults in their sensitivity to acute
EtOH effects, findings largely documented in studies in laboratory
animals but confirmed where studied in human adolescents

Adolescents are more sensitive than adults to EtOH’s stimulatory and
brain plasticity- and memory-impairing effects
Animal studies seen with
-EtOH-induced social facilitation
-EtOH’s rewarding properties

-EtOH-induced disruption in brain plasticity indexed via long-term-
potentiation

-EtOH-induced memory disruption
Human studies seen with
-Particular importance of EtOH’s social facilitatory effects
-EtOH’s stimulatory effects
-EtOH-induced memory disruption

Adolescents are less sensitive than adults to many other EtOH effects
likely serving as cues to moderate drinking

Animal studies seen with
-EtOH-induced aversive effects
-Social inhibitory effects at higher EtOH doses
-EtOH-induced sedation
-EtOH-induced motor impairment
-EtOH-induced subject (discriminative stimulus) effects
Human studies seen with EtOH-induced intoxication indexed via
-EtOH-induced motor impairment
-EtOH-induced subject effects

References are provided in text and in cited review articles

reasons—i.e., to facilitate social behavior and make these in-
teractions more enjoyable [34, 35]. Likewise, using ecological
momentary assessment methods, adolescent humans were
found to be more sensitive to the stimulant effects of EtOH
than were adults [36]. Furthermore, reminiscent of the greater
sensitivity of adolescents than adults to the memory-impairing
effects of EtOH in rats, humans during late adolescence (i.e.,
early 20s) were observed to be more sensitive to EtOH-
induced memory impairment than young adults (individuals
in their late 1920s) [37].

In terms of EtOH’s intoxicating and impairing effects, the
literature seems to be limited to an older (1983) study con-
ducted in the USA of 8—15-year-old boys who were chal-
lenged with a dose of EtOH that produced blood EtOH levels
(BECs) in the moderate intoxicating range (i.e., BECs of 34—
35 mg%) [38]. After giving the boys a battery of subjective
and objective (e.g., motor impairment and balance) tests of
intoxication, the researchers noted that they “were impressed
by how little gross behavioral change occurred in the children. ..
after a dose of EtOH which had been intoxicating in an adult
population” ([38], p.407). These results are all the more
impressive when considering that the boys in this study were
thought to be EtOH naive and receiving their first “intoxicating
experience” in the study, whereas at least some of the
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adults assessed earlier using the same test battery likely had
developed some EtOH tolerance due to prior EtOH use.

Vulnerability Factors Normal developmental insensitivities
to the impairing and intake-moderating consequences of
EtOH may interact with other vulnerability factors to promote
and encourage heavier drinking during adolescence. Indeed,
low initial sensitivity to EtOH intoxication is a known risk
factor for problematic EtOH involvement and increases the
risk of future alcoholism [39]. There is a genetic component
to this attenuated sensitivity, with youth having a family his-
tory of alcoholism long known to exhibit a lower sensitivity to
EtOH impairment [40, 41], and strains of mice and rats bred
for high EtOH preference and intake likewise showing atten-
uated sensitivity to EtOH’s aversive effects (see [42] for re-
view). Stressors may serve as an additional vulnerability fac-
tor that alters EtOH sensitivity in a similar way. Repeated
exposure to stressors has been reported to increase EtOH in-
take in developing and adult mice and rats [43—45] while
conversely decreasing sensitivity to the impairing effects of
EtOH [46]. Thus, stressor exposure may further exacerbate
typical developmental insensitivities to intake-moderating ef-
fects and may interact with other vulnerabilities to precipitate
heavier drinking. Indeed, studies in both humans and rodents
have shown that genetic factors notably interact with stressors
to influence EtOH consumption (for review, see [45]). These
stressor influences may be exerted even early in development,
with chronic postnatal stress of infant and juvenile rats report-
ed to increase EtOH intake early in adolescence [47] and
childhood maltreatment serving as a risk factor for early initi-
ation of EtOH use and later alcohol use disorders (AUD) [48].

Reminiscent of the greater sensitivity of adolescents than
adults to the rewarding and social stimulatory effects of EtOH
seen in rodent studies [15—-17], family history-positive indi-
viduals have also been observed to be more sensitive to the
stimulatory and rewarding effects of EtOH than those without
a family history of alcoholism [41, 49]. Repeated stressor
exposure has also been found to restore sensitivity to the social
facilitatory effects of EtOH after the ontogenetic decline in
this adolescent-typical EtOH-induced behavior [50]. Thus, it
appears that attenuated sensitivities to EtOH’s suppressant/
intoxicating effects, along with enhanced sensitivity to
EtOH’s rewarding and stimulatory effects, not only are char-
acteristic of adolescents, but are also evident in individuals
with genetic vulnerabilities and perhaps prior stressful expe-
riences. Consistent with this perspective, heavier drinkers
have been reported to experience stronger stimulant relative
to sedative effects, with the opposite being evident in lighter
drinkers [51]. This combination of normal developmental
EtOH sensitivities may combine with other similar sensitivi-
ties in genetically or experientially vulnerable adolescents to
precipitate high levels of use.

Indeed, recent field studies have helped to highlight the
remarkably high consumption levels evident in college-aged
individuals. For instance, in a series of field-based studies of
drinkers recruited outside bars in an area frequented by stu-
dents (mean age ~19-20 years), individuals averaged about
eight drinks consumed at the time of assessment during the
drinking occasion. Approximately 70 % of the individuals
assessed had BECs (indexed via breathalyzer) in the binge
range (i.e., >80 mg% as defined by the National Institute on
Alcohol Abuse and Alcoholism [NIAAA]) [52]. Average
BECs were approximately 90 mg% and reached as high as
290-320 mg% in some individuals [53, 54, 55¢]. These BECs
were all the more impressive when considering that only in-
dividuals who were able to fill out a multi-page survey while
standing could be recruited, thereby excluding the more intox-
icated individuals from study. Seventy-five percent of these
individuals also scored in or above the range for risky drinking
on the Alcohol Use Disorders Identification Test (AUDIT), a
test that focuses on adverse drinking consequences over the
past year [53]. Other evidence for potential residual effects of
prior adolescent EtOH use also emerged in this field work,
with chronic EtOH consumption, independent of the acute
effects of intoxication, found to be associated with deleterious
effects on a test of cognitive flexibility (Trail Making) [55¢].
Although these field studies were not specifically designed to
assess lasting consequences of the surprisingly high levels of
EtOH use in this predominately college-age population, these
findings hint of possible enduring effects of prior EtOH expo-
sure, setting the stage for the work presented in the sections to
follow.

Consequences of Adolescent Drinking

There is substantial evidence that use of EtOH by adolescent
youth is associated with a variety of neurocognitive alterations
and affective disorders. What is less clear, however, is the
extent to which these associations are causal in either direction
or whether they are each are promoted by some third factor
[56]. Retrospective cross-sectional studies have been used to
determine the temporality of the observed alterations (i.e.,
whether EtOH use or the target alteration/disorder appeared
earlier), although temporal primacy in itself is not sufficient to
establish causality [57]. Prospective longitudinal studies are
beginning to emerge and are an important advance for estab-
lishing causal relationships between adolescent EtOH use and
later consequences. Animal models can also be used to deter-
mine consequences of adolescent EtOH exposure. Studies in
laboratory animals such as the rat have a number of particular
advantages in this endeavor, including the capacity to design
empirical studies that specifically manipulate EtOH exposure
at the target time(s) during development while holding all
other variables constant. With short lifespans and
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correspondingly brief adolescent periods, data also can be
generated in rodent studies much more rapidly than the mul-
tiple years required for longitudinal studies in developing
youth.

In the sections below, both human cross-sectional and lon-
gitudinal data will be examined, as well as empirical studies
conducted predominantly in rats. The focus will be on areas of
consilience—i.e., convergence in findings from studies with
humans and laboratory animals. Such efforts can sometimes
be challenging, in part due to the frequent use of different
types of assessments across species, as well as to dissimilar-
ities in the relative timing of the assessments (i.e., often during
adolescence while use continues in human studies versus in
adulthood after a post-exposure recovery period in rodent
studies). Nevertheless, a number of signs of possible
consiliences are emerging in the data to date (see Table 2)

Neural Alterations

Assessing possible neural consiliences in consequences of ad-
olescence EtOH exposure is often challenging, given across-

species differences in level of analysis and techniques used.
For instance, imaging techniques typically used in human
work provide data on large populations of neurons whereas
basic neurobiological studies in laboratory animals often use
electrophysiological, neuroanatomical, and molecular studies
to probe specific neuronal populations and their structure, sig-
naling systems, adaptations, and functions at a cellular level.
Before turning to the issue of potential neural consiliences in
instances where possibly comparable across-species data are
available, finding from studies in humans and laboratory ani-
mals will be briefly discussed.

Human Studies Imaging studies examining the effects of
adolescent EtOH use on brain structure and function have
been recently summarized in several excellent reviews (e.g.,
[58, 59¢¢]), and hence, only a few common themes will be
highlighted here. Decreases in volume of grey matter (cell-
enriched regions) have been observed in a number of brain
regions of EtOH-abusing youth, including the hippocampus,
prefrontal cortex, and cerebellum, along with sex-specific al-
terations in cortical thickness, although it is unclear from these

Table 2 Across-species consequences of repeated adolescent exposure to EtOH, with areas of potential consilience, apparent non-consilience, and

study gaps noted

Effect Animal studies

Human studies

Neural alterations | Neurogenesis

| Cholinergic markers basal

Forebrain

Disrupted epigenetic regulation
Neuroimmune activation

NR

| Hippocampal volume

| White matter integrity

(With | mean diffusibility [MD])
Alterations in glutamate/GABA systems
Cognitive/behavioral Disinhibition (1 risky choice)
Persistence of adolescent-typical EtOH
Sensitivities

NA

Executive function (EF) deficits

Decreases in prefrontal cortex volume

fMRI alterations in task-related brain activation
| Hippocampal volume

| White matter integrity

(With | typically in fractional anisotropy,; 1 MD)
alterations in glutamate/GABA systems

| Performance language tasks
EF deficits

(NOT on attention, memory tasks, but seen w.r.t. | cognitive (Evident attention, memory tasks, | cognitive flexibility) —
flexibility, include | reversal acquisition/set-shifting) —

Affective measures 1 Depression (may not be long-lasting)
1 Anxiety (social and non-social anxiety)
Later EtOH use and AUDs —

1 Later EtOH consumption

| Performance visuospatial tasks

1 Depression (may not be causally related)
1 Anxiety (temporally delayed)

1 Incidence of AUDs

1 Incidence of EtOH use and problematic
Use

Findings in italics reflect areas of potential non-consilience. References are provided in text and in cited review articles

— Little studied to date, NR not reliably reported, N4 non-applicable
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largely cross-sectional studies if these alterations preceded or
were a consequence of that use. Decreases in volume of white
matter (regions enriched in myelinated axons) along with de-
creases in integrity/health/function of white matter indexed
through diffusion tensor imaging (DTI) have also been report-
ed that may both precede and become exacerbated with use.
Functional magnetic resonance imaging (fMRI) studies have
revealed intriguing timing-related differences in brain activa-
tion during cognitive tasks among adolescents with a history
of heavy EtOH use, with increases in task-related brain acti-
vation among those relatively early in their drinking history
(thought to perhaps reflect compensatory increases in effort to
permit performance at control levels), whereas those with a
longer drinking history showed less brain activation in these
same brain regions and performed worse on the tasks.

Studies in Laboratory Animals A variety of persisting brain
alterations have been observed in adulthood after repeated
exposure to EtOH during adolescence (adolescent intermittent
EtOH [AIE]), typically at doses producing BECs above the
binge level (i.e., >80 mg%). Highlights of a few findings
replicated across laboratories include lasting decreases in
neurogenesis and increases in apoptosis (programmed cell
death) in both rats and mice [60, 61], as well as decreases in
cholinergic neuron markers in basal forebrain [62¢], alter-
ations in epigenetic regulation [63, 64], and neuroimmune
activation [65, 66] in specific brain regions reported in studies
with rats.

Summary and Areas of Possible Consilience Studies in both
humans and laboratory animals have observed neural alter-
ations after adolescent EtOH exposure, effects that animal
studies have shown to last well into adulthood. Although rare
to date, there are a few areas where the dependent measures
targeted are similar enough across species to permit consider-
ation of possible neural consiliences. For instance, hippocam-
pal volume reductions have been reported not only in human
studies [67] but also in rodents [68] following extensive EtOH
exposure during adolescence. DTI studies of white matter per-
mit another area of potential consilience given recent work
with DTI in rats [69]. In this study, long-lasting alterations in
white matter integrity were observed in adulthood after repeat-
ed EtOH exposure during adolescence [69], findings reminis-
cent of the alterations in white matter integrity reported in
human adolescents with high levels of EtOH use (see [70]
for review). It should be noted, however, that the decreases
in mean diffusibility (MD) seen in rats by Vetreno et al. [69],
while similar to some DTI findings in adolescent EtOH
abusers [71], differ from the more typical decreases in frac-
tional anisotropy (FA) and increases in MD observed in these
adolescents [70]. While this could reflect a species difference,
other suspects include study variations in brain regions exam-
ined, history and extent of EtOH exposure, length of abstinence

pre-scanning, assessment age, and comorbid disorders or other
drug use in human studies. Neurochemical consequences of
EtOH exposure during adolescence provide another example of
possible emerging consiliences. Among the neurotransmitter sys-
tems whose development has been shown to be disrupted by AIE
in rodent studies are the primary excitatory and inhibitory neu-
rotransmitter systems in brain—glutamate (glu) and GABA
[72, 73]. Using MRS to examine neurochemistry of human
brain, emerging binge drinkers with a history of EtOH-induced
blackouts likewise were found to exhibit attenuated levels of glu
and GABA [74], findings reminiscent of the rodent AIE findings.
Thus, although limited, where across-species comparisons are
possible, intriguing signs of potential consiliences have emerged
in these data.

Cognitive/Behavioral

Human Studies As was the case with the neural literature, the
literature on cognitive consequences of adolescent use in
humans has been recently summarized (e.g., see [59]), and
hence, major findings will be only briefly highlighted here.
Heavy drinking during adolescence has been associated with
subtle cognitive alterations, including attenuated performance
on language, learning, and visuospatial tasks, as well as defi-
cits in attention, memory, and other executive functions.
While most of these deficits were initially observed in cross-
sectional studies and, hence, causal relationships could not be
definitely established, several more recent longitudinal inves-
tigations have found that history of EtOH use during adoles-
cence does predict later poorer performance on these types of
tasks.

Studies in Laboratory Animals Notable specificity has been
found in the persisting cognitive effects of AIE exposure in
animal studies. Learning of a variety of tasks typically has
been found to be largely unaffected. In contrast, reliable dis-
ruptions in cognitive flexibility have been reported when
indexed using a variety of measures and tasks, including de-
creases in set-shifting [75] and in reversal acquisition [76].
Signs of disinhibition have been also reported on various tasks
[77] along with increases in risky choice [78]. One surprising
effect that has been observed across a diversity of measures
and laboratories is an AIE-induced persistence of adolescent-
typical phenotypes into adulthood (see [79¢] for review).
These persisting adolescent-like effects are sometimes evident
in adulthood in terms of baseline behavioral, cognitive, and
electrophysiological characteristics. Particularly pronounced,
though, is the AIE-induced persistence into adulthood of
many of the adolescent-typical sensitivities to EtOH discussed
earlier (such as attenuated sensitivity to aversive and accentu-
ated responsiveness to rewarding effects of EtOH ([80, 81];
see [79¢] for review).
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Summary and Areas of Possible Consilience Signs of dis-
ruptions in cognitive function after adolescent EtOH exposure
have been reported in both studies with humans and laborato-
ry animals, although the types of tasks affected may reflect
somewhat different constructs. Learning deficits observed in
human studies have rarely been reported in animal experi-
ments, although across-species alterations in executive-type
functions (cognitive control, behavioral flexibility) are sug-
gestive of potential consiliences. Reminiscent of the animal
literature showing an AIE-induced persistence of adolescent-
like sensitivities to EtOH, amount of adolescent use by uni-
versity students was found to be positively related to reward
and inversely related to aversive sensitivity [82]. This was a
cross-sectional study, however, and given evidence discussed
earlier that similar alterations represent a vulnerability factor
in individuals with a family history of alcoholism, longitudi-
nal work would be needed to determine whether reports of
altered EtOH sensitivity could bidirectionally reflect not only
premorbid factors but also consequences of adolescent EtOH
exposure.

Affective Measures

Human Studies It has long been known that there is substan-
tial co-morbidity between AUDs and the affective disorders of
anxiety and depression [57, 83, 84]. The degree to which these
associations reflect causal relationships and, if so, which most
often reflects the primary disorder is still controversial. In the
case of mood disorders, whereas a few studies have not found
significant comorbidity between depression and EtOH prob-
lems when other covariates are considered, reports of positive
associations predominate. Some studies report that depression
is primary and predicts later EtOH problems while others have
found that problematic use of EtOH predicts later depression,
with evidence building for frequent reciprocal positive asso-
ciations between the two, with each serving as a risk factor for
the other [85]. The association of EtOH use with later depres-
sion may not require expression of an AUD per se, with drink-
ing frequency in early adolescence prospectively associated
with depression later in adolescence [86]. The relationship
between depression and EtOH problems appears to be partic-
ularly strong in early to mid-adolescence—which could vary-
ingly reflect particular vulnerabilities of early adolescence or
the greater severity of early onset cases. Some sex differences
have been reported with, for instance, relationships between
depression and levels of EtOH use reported to be particularly
marked early in adolescence in females [85] and AUD more
likely to precede the onset of depression in males than in
females [57].

There is likewise diversity in the reported directional rela-
tionships between EtOH abuse and anxiety, perhaps exacer-
bated in this case by differences across studies in whether one
or more separable disorders (social anxiety disorder (SAD),
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panic, phobias, general anxiety disorder (GAD), etc.) were ex-
amined or whether they were grouped together, with perhaps
these disorders having different causal relationships with AUD
and substance abuse disorders [87]. Anxiety has been reported
to often precede abuse disorders, with SAD and social phobia
sometimes noted as a particular vulnerability factor [88, 89].
Sex differences are sometimes apparent, with, for instance,
SAD and GAD in early adolescence associated with later ado-
lescent EtOH use in females but not males [90]. Conversely,
there is also evidence that EtOH abuse and dependence can
promote later expression of anxiety disorders [57, 83]. Sex
differences were again apparent, with men, for example, report-
ed to be more likely than women to have EtOH abuse that
preceded the onset of GAD [57]. Bidirectional associations
between anxiety disorders and EtOH use could initiate a
“feed-forward cycle,” with anxiety symptoms inducing EtOH
use for its anxiolytic effects, while that EtOH use may further
exacerbate anxiety symptoms [83].

Of particular relevance to considerations of lasting conse-
quences of adolescent EtOH exposure, in cases where AUDs
occurred prior to the later emergence of depression or anxiety,
expression of the affective disorder typically occurred
“temporally distal” to problematic use, with, for instance,
lag times of 7—16 years reported from the onset of AUD (typ-
ically by late adolescence) to the later expression of GAD and
depression in young adulthood [57]. Such long lag times may
make it difficult to assess affective consequences of adoles-
cent alcohol use and abuse in a timely manner in human lon-
gitudinal studies, suggesting the potential value of studies in
laboratory animals for the assessment of these long-term con-
sequences of adolescent EtOH exposure.

Studies in Laboratory Animals Indeed, affective alterations
have frequently been reported in rodent AIE studies.
Depression-like symptoms (e.g., decreases in sucrose prefer-
ence used as an index of anhedonia; immobility in the Porsolt
swim test) have been observed [91, 92], although this effect
was sometimes found to recover with time following termina-
tion of the AIE exposure [92]. Reliable AlE-associated in-
creases in general and social anxiety have been reported by a
number of groups in adulthood, well after the end of the ex-
posure period [64, 92, 93]. When sex differences have been
examined, the elevation in social anxiety after AIE was evi-
dent in males, but not females [93], findings somewhat remi-
niscent of data showing that GAD was more likely to have
been preceded by EtOH abuse in men than women [57].

Summary and Areas of Possible Consilience There is sub-
stantial evidence for co-morbidity between affective disorders
and AUDs. In the human literature, the temporal nature of this
association is often characterized by the emergence of affec-
tive disorders that precedes the development of problematic
use. There is also compelling data, mirrored by the animal data
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(especially in the case of anxiety), that repeated EtOH expo-
sure may also increase the risk of affective disorders—sug-
gesting that there may be, in some cases, a bidirectional, pos-
itive feedback relationship. Exploring later affective conse-
quences of EtOH, however, may sometimes prove challeng-
ing in longitudinal human studies, given the often decade or
longer lag between emergence of AUDs and later expression
of anxiety disorders, thereby increasing the reliance on animal
models for timely assessment of alterations in affect and their
neural underpinnings after adolescent EtOH exposure.

Later EtOH Use and AUDs

Human Studies Early initiation of drinking has long been
associated with an increased incidence of developing AUDs
[94], although whether associations between age at first drink
and later problems still hold when pre-existing risk factors are
considered has been questioned [95]. Delay from first use to
first intoxication may be an additional variable of importance
to consider [96], suggesting that developmental timing of ex-
posure to actual pharmacological consequences of EtOH may
be critical. Indeed, EtOH use during early and mid-
adolescence has been reliably associated with later problem-
atic use of EtOH. For instance, use of EtOH beginning prior to
15 years of age was associated with an increased likelihood of
the later emergence of both EtOH abuse and dependence [97],
whereas level of EtOH consumption between 15 and 19 years
was predictive of amount of EtOH use in adulthood, with
heavy drinking during that age range related to later AUDs
and dependence [98]. These data are consistent with the sug-
gestion that high levels of adolescent EtOH exposure, espe-
cially early in adolescence, increase later EtOH use and prob-
lems associated with that use, though additional longitudinal
studies are needed to derive compelling causal inferences.

Studies in Laboratory Animals Studies in laboratory ani-
mals have been used to examine effects of adolescent EtOH
exposure per se on later voluntary consumption of EtOH.
Findings are mixed, with reports of AIE-induced increases
in later EtOH intake contrasting with others finding no in-
creases; influential variables may include the route by which
adolescents were exposed to ETOH, familiarity of the EtOH
drinking solution, and timing of the adolescent exposure [99].
The latter point is reminiscent of the human literature, with,
for instance, EtOH exposure during early—mid-adolescence
reported to increase free-choice EtOH consumption in adult
rats, an effect not observed with EtOH exposure later in ado-
lescence [100].

Summary and Areas of Possible Consilience There is com-
pelling evidence from the human literature that adolescent use
relatively early in adolescence is associated (albeit not neces-
sarily causally) with later increases in EtOH consumption and

a greater incidence of AUDs. While the findings to date ex-
amining AIE effects on later EtOH intake in rodents are
mixed, the limited available evidence on timing of adolescent
exposure has revealed findings similar to that seen in humans,
revealing a possible area of consilience in these data.

Conclusions and Future Directions

Animal studies have shown adolescents to vary marked-
ly from adults in their sensitivity to various EtOH ef-
fects. These altered developmental sensitivities include
enhanced sensitivity to rewarding and socially facilitat-
ing effects that may help promote intake, along with
attenuated sensitivity to aversive, sedative, intoxicating
effects that likely serve as cues to limit intake. This
developmental pattern of EtOH sensitivities may com-
bine with similar patterns induced by genetic risk fac-
tors as well as prior exposure to stressors to promote
high levels of EtOH use, particularly among vulnerable
individuals, that may in turn exert lasting consequences.

Indeed, repeated high levels of EtOH use among human
adolescents, as well as exposures that produce BECs in the
binge range or higher in laboratory animals, have been report-
ed to be associated with a variety of neural, cognitive, behav-
ioral, and affective consequences, along with increases in later
EtOH intake and the probability of abuse in some instances.
Despite the frequent focus on different levels of analysis and
use of dissimilar assessment measures across species, when
roughly comparable measures were available, signs of consil-
ience between the human and rodent literature often were
apparent. At this early stage in the study of lasting conse-
quences of adolescent EtOH exposure, there are considerable
gaps in the literature, as well as hints from potential
consiliences that could help direct future efforts. To give a
few examples, in animal studies to date, there has been little
emphasis on systematic exploration of exposure timing in AIE
effects [101¢] or on assessment of AIE effects on a broader
variety of intake measures, including later induction of EtOH
dependency. Conversely, in human work to date, there has
been little focus on exploring potential retention of
adolescent-typical phenotypes into adulthood that has
emerged as a prominent consequence of AIE in the animal
literature. Only limited work in either humans or laboratory
animals has explored the role of genetics, stressors, and their
interaction for influencing adolescent EtOH sensitivities and
the consequences of repeated exposure to EtOH during
adolescence.

Another area of emerging interest is the area of withdrawal
frequency. Studies with human adolescents have shown that
frequency of prior withdrawals perhaps serves as a more sen-
sitive predictor of adverse effects than the amount of EtOH
exposure per se (see [59¢]). Similar findings have also been
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reported in mice, with intermittent EtOH exposure in early
adolescence producing more pronounced alterations than
a similar amount of EtOH exposure given continuously
[102]. These findings are reminiscent of studies showing
similar adverse consequences of multiple withdrawals/
detoxification periods in adult alcoholics [103] and fol-
lowing chronic episodic (versus continuous) EtOH ex-
posure in adult mice [104], and hence, further studies
are needed to determine whether the intermittency of
EtOH exposure and withdrawal plays a more critical
role for induction of later deficits in adolescents than
adults.

Further work in these and other areas will be critical
to determine factors contributing to the high levels of
EtOH use during adolescence, the consequences of that
use, and the neural underpinnings of these effects.
Several large efforts are currently underway, including
two national consortiums funded by NIAAA, one fo-
cused on lasting neural, behavioral, and cognitive con-
sequences of adolescent alcohol exposure in laboratory
animals (the Neurobiology of Adolescent Drinking in
Adulthood [NADIA]) and the other focusing on repeat-
ed neural and cognitive assessments of youth prior to
and after initiation of alcohol use (the National
Consortium on Alcohol and NeuroDevelopment in
Adolescence [NCANDA]—see [105]. There is also a
recently initiated extensive multi-site study on
Adolescent Brain Cognitive Development (ABCD)
funded by the National Institutes of Health that is de-
signed to assess consequences of substance abuse during
adolescence on brain development in ~10,000 children,
with assessments conducted beginning prior to initiation
of use and at regular intervals thereafter. Emerging
consiliences derived from these ongoing group efforts
and work from other laboratories will yield critical
new data to facilitate development of effective educa-
tion, prevention, and intervention efforts designed to
decrease the frequency of adolescent EtOH use and
the risks of harm from that use.
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