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Abstract

Adolescence is a particularly vulnerable neurodevelopmental period marked by high rates of
engagement with risky alcohol use. This review summarizes the cognitive and neural
consequences following alcohol use during adolescence from longitudinal design studies in
humans and animals. Findings from human adolescent studies suggest that binge drinking and
heavy alcohol use is associated with poorer cognitive functioning on a broad range of
neuropsychological assessments, including learning, psychomotor speed, attention, executive
functioning, and impulsivity. adolescence is memory, visuospatial functioning, Alcohol use during
associated with accelerated decreases in gray matter and attenuated increases in white matter
volume, and aberrant neural activity during executive functioning, attentional control, and reward
sensitivity tasks, when compared to non-drinking adolescents. Animal studies in rodents and non-
human primates have replicated human findings, and suggest cognitive and neural consequences of
adolescent alcohol use may persist into adulthood. Novel rodent studies demonstrate that
adolescent alcohol use may increase reward responsiveness of the dopamine system to alcohol
later in life, as well as disrupt adolescent neurogenesis, potentially through neuroinflammation,
with long-lasting neural and behavioral effects into adulthood. Larger longitudinal human
cognitive and neuroimaging studies with more diverse samples are currently underway which will
improve understanding of the impact of polysubstance use, as well as the interactive effects of
substance use, physical and mental health, and demographic factors on cognition and
neurodevelopment.
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Introduction

Adolescence is a critical developmental phase involving significant physical, cognitive,
emotional, social, and behavioral changes. Cognitive features of adolescence include
heightened reward sensitivity, sensation seeking and impulsive action, and diminished self-
control to inhibit emotions and behaviors (1, 2). This contributes to the high rates of
engagement in risky behaviors, including the initiation and escalation of alcohol use.
Adolescent-specific brain developments may predispose young people to be particularly
vulnerable to the potentially serious and long-lasting alcohol-related consequences (3).

Cross-sectional design studies have established a relationship between adolescent alcohol
use, brain development, and cognitive function (4). Over the past decade, researchers have
attempted to understand the direction of this relationship. Considering that it would be
highly unethical to randomize youth to different alcohol-using groups, human research is
limited to natural observational studies. This makes it difficult to discern correlational from
causal findings. Prospective, longitudinal designs have been used to help delineate between
pre-existing alterations and post-alcohol effects on brain development by assessing youth
before they have ever used alcohol or other drugs and continuing to assess them over time as
a portion of the participant population naturally transitions into substance use. This design
allows for examination of normal developmental neural trajectories in youth who have never
used alcohol or drugs during adolescence, and compares their brain maturation to youth who
transition into substance use.

A recent review summarized potentially pre-existing neurobiological markers of alcohol use
in humans (5). While previous reviews have explored the neurobiological consequences of
alcohol use, limitations exist. Some previous reviews have summarized studies examining
the impact of one adolescent drinking pattern (4), or one study type (i.e., neuropsychological
studies (6), neuroimaging studies (7)). Broader, more inclusive, reviews on the effects of
alcohol use exist, although they require updating due to the rapidly expanding evidence base
(8, 9). The aim of this review is to therefore provide an update on the growing literature by
summarizing the neural and cognitive consequences of varying patterns of alcohol use
during adolescence, from prospective longitudinal studies in humans, rodents and non-
human primates. In order to provide a broader context of the neural and cognitive
consequences of alcohol use, this review begins with an overview of adolescent brain
development, and the global prevalence rates of adolescent alcohol use before summarizing
the effects of adolescent alcohol use on the brain and behavior from both human and animal
studies. A focus has been placed on neurocimaging, neuropsychological, and
neurophysiological studies as a means to provide a better understanding of the underlying
neurobiological consequences of early alcohol use. Findings from cross-sectional studies are
not included.

2. Overview of the adolescent brain

The brain undergoes significant neurodevelopment during adolescence, with maturation
continuing until around age 25 (10, 11). Brain gray matter, which includes mostly nerve cell
bodies and dendrites, tends to decrease during normal adolescent brain development via

Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leesetal.

Page 3

removal of weak synaptic connections and changes in the extracellular matrix (11-16).
Concurrently, white matter volume and white matter integrity increase over this period with
continued myelination of axons, allowing for more efficient communication between brain
regions (17-20). Some research suggests that through this process, distributed connectivity
and circuitry between distant brain regions is increased relative to more local connectivity
(21-23); however, this finding has been debated (24).

Various regions of the brain have time-varying developmental trajectories, with lower order
sensorimotor regions maturing first, followed by limbic regions important for processing
rewards, and frontal regions associated with higher order cognitive functioning developing
later in adolescence and young adulthood (15, 16, 25, 26). Adolescent brain developmental
trajectories tend to differ by sex, with female brains developing one to two years earlier than
males. For instance, cortical gray matter reaches peak thickness in the parietal lobes at ages
10 (female) and 12 (male), and in the frontal lobes at ages 11 (female) and 12 (male).
Although this pattern is reversed for the temporal lobes, which reaches maximal thickness at
ages 16 (male) and 17 (female; 17).

Neurotransmitter systems, which transmit chemical signals across synapses, also undergo
significant change in adolescence. Dopamine projections to the limbic and frontal regions
often peak during adolescence (27, 28). This is associated with amplified neural sensitivity
following rewards, compared to adulthood (29, 30). Inhibitory control is generally lower in
adolescence than adulthood, reflecting greater excitatory synapses and less GABAergic
inhibitory neurotransmitters in higher-order frontal regions, with the ratio reversing in later
adolescence and into adulthood (31). Reward hypersensitivity in combination with low
inhibition is thought to increase adolescents’ drive for risky and novel experiences, such as
alcohol use (30, 32). Neurotoxin exposure, particularly alcohol use, during adolescence can
affect healthy brain development, with even minor changes in neurodevelopmental
trajectories affecting a range of cognitive, emotional, and social functioning (4). Alcohol use
during adolescence could therefore set the stage for cognitive problems into adulthood,
conferring functional consequences throughout life.

3. Global prevalence of adolescent alcohol use

Alcohol use among adolescents is heterogeneous, ranging from low, normative use to heavy,
pathological use. Alcohol is the most frequently used substance, as it is generally the easiest
for adolescents to access (33). The average age of initiation for alcohol use among US and
Australian adolescents is 15 years (34, 35). Across Europe, most adolescents begin drinking
alcohol between ages 12 and 16, with 25% of adolescents in this region first consuming
alcohol by age 13 (36). The worldwide estimate of adolescents (age 15-19) who drank
alcohol in the past month is 27%, ranging from 1 to 44% across countries (Figure 1; 33).
Higher rates of past month adolescent drinking occur in higher income countries; the highest
rates are observed in the European region (44%), and the lowest rates are observed in the
Eastern Mediterranean region (1.2%; 33, 37). Past month alcohol use among adolescents in
other countries ranges from 38% in the Americans and Western Pacific regions, to 21% in
Africa and Southeast Asia, and 14% in Japan (33, 38).
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It is also important to consider common drinking patterns among adolescents, therefore
many studies use the alcohol use classification summarized in Figure 2 (39, 40). While rates
of heavy drinking are highest among young people aged 20 to 24, heavy alcohol use among
adolescents remains a concern. Binge drinking is a pattern of alcohol use that raises blood
alcohol concentration (BAC) levels consumption of four or more standard drinks for females
and five or more drinks for to 0.08 g/dL, which typically occurs after the males within a two
hour period (39). Binge drinking in young people aged 15 to 19 is particularly prevalent
(Figure 1), with global estimates of 14% reporting this drinking pattern over the previous
month (33). The highest rates of binge drinking are in the European region (24%; 33),
particularly in Austria, Cyprus, and Denmark where more than 50% of students report this
binge drinking pattern (41). In the US, 4% and 14% of US adolescents aged 14 and 18,
respectively, report binge drinking in the previous two weeks (42). Similarly in Australia,
2% and 17% of 14 and 17 year olds report binge drinking in the previous week (43).
Approximately 13% of adolescents in Africa and 10% of adolescents in South East Asia
report past month binge drinking (33).

As noted previously with neurodevelopment trajectories, gender differences are also
reported in alcohol use estimates. Worldwide estimates of alcohol use also show higher rates
of drinking occur among young males than females (33). Globally, 22% of males and 5% of
females binge drink during adolescence. When focusing on country-specific adolescent
binge drinking, rates are reported as 36% of males and 12% of females in Europe; 30% of
males and 6% of females in the Americas and Western Pacific Regions; and approximately
17-21% of adolescent males and 3-4% of adolescent females binge drink in Africa and
South East Asia.

Overall, these general and gender-specific in general alcohol use prevalence rates represent a
recent decline and binge drinking that parallels an increase in the number of adolescents
who abstain from alcohol use altogether (44-47). Despite these declines, adolescent alcohol
consumption remains a major public health concern. There is clear evidence that adolescent
alcohol use is associated with a wide range of adverse outcomes in both the short and long
term. Negative consequences of adolescent alcohol use include gradual attrition of cognitive
functions and aberrant neural development trajectories (4).

4. Adolescent alcohol effects on the human brain

Prospective longitudinal neuropsychological, neuroimaging, and neurophysiological studies
have identified cognitive and neural consequences directly related to initiation and escalation
of adolescent alcohol use. Overall, adolescent alcohol use has been found to negatively
affect cognition, brain structure, and function (Table 1); however, the level to which alcohol
use and different patterns of drinking affects male and female brain functioning has been
debated. Research in this field is also limited to natural observational studies, and it is
common for a portion of adolescents to use multiple substances (e.g., alcohol and cannabis
use). While studies may try to statistically control for other drug use to parse the relative
contribution of alcohol use on brain functioning, this method is imperfect given the high
collinearity between alcohol and other drug use variables as well as potential interactive
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effects. Longitudinal studies with very large sample sizes are currently underway and may
help to answer these important issues (48-50).

Neuropsychological consequences of alcohol use

Neuropsychological test batteries enable tracking of cognitive skills over time to detect
potential effects of alcohol use on cognition and intellectual development. Alcohol-induced
deficits are arguably even more impactful for adolescents than adults, given that educational
attainment, learning, and ongoing neural development are the most critical developmental
tasks of adolescence. Notably, alcohol use behaviors at ages 12 to 14 predict lower
educational achievement in later years, even after accounting for confounding factors such
as sex and externalizing behavior (51). A recent meta-analysis of cross-sectional studies
reported adolescent binge drinking was associated with an overall cognitive deficit and
specific impairments in decision-making and inhibition (4). Herein, we report on
longitudinal studies that have identified potential negative effects of adolescent binge
drinking and heavy alcohol use on memory, learning, visuospatial function, executive
function, reading ability and impulsivity.

The Avon Longitudinal Study of Parents and Children is an ongoing population-based study
in the UK. Utilizing data from 3,141 adolescents, frequent binge drinkers exhibited poorer
working memory compared to the low alcohol group. However, this association was
attenuated when adjusting for sociodemographic variables, tobacco, and cannabis use (52).
In a sample of 89 young people who did not have a history of psychiatric disorders and did
not regularly consume other drugs, consistent binge drinking over two years in late
adolescence was associated with poorer immediate and delayed recall, retention, and
working memory, compared to non-binge drinkers (53). Conversely, a four-year study of 234
adolescents unexpectedly found that more alcohol use predicted better working memory,
driven largely by a relationship between recent blackout history and auditory attention
scores, when controlling for age, socioeconomic status, abstinence, gender, and baseline
performance (54). Although, this was in contrast to other findings in this study which
demonstrated that more alcohol use days predicted worse verbal memory and visuospatial
ability. Approximately 40% of the cohort had tried cannabis, and 18% had tried other illicit
drugs. No follow-up tests supported the unexpected working memory finding, such as
removing gender and other covariates from the regression models. The authors conclude that
unreliability of self-report alcohol use data may have also contributed to the unexpected
result. A study using eight years of data from 2,226 youth in the Tracking Adolescents’
Individual Lives Survey (TRAILS) found that light and heavy adolescent alcohol use was
not associated with deterioration in executive functioning, compared to no alcohol use, when
controlling for baseline performance, age, and tobacco use (55). A four-year study of 92
adolescents found low alcohol consumption was associated with subtle improvements in
inhibitory control (56). No negative effect of low-level alcohol use on the development of
school grades, spatial working memory or rapid visual processing was found. Therefore,
binge drinking may have specific detrimental effects on executive functioning, in
comparison to lighter doses. Inconsistent findings may also partly reflect psychiatric and
other substance use comorbidities.
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A 10-year longitudinal study followed heavy alcohol using and control youth from age 16
until early adulthood (~age 25). Youth diagnosed with a psychiatric disorder, besides
conduct disorder, were excluded from the study at intake. Heavy alcohol use and withdrawal
symptoms were associated with worsening verbal memory and learning over time (57, 58),
as well as relative declines in visuospatial function (58). Heavier use patterns, and greater
hangover and withdrawal symptoms over time were related to worse cognitive functioning,
suggesting a dose-dependent relationship between alcohol use and cognitive functioning
(57). Dose-dependent relationships between alcohol use and cognitive impairment have been
replicated in other studies. Higher total life-time drinks predicts escalated impulsive choice
(59), and poorer cognitive flexibility, verbal recall, semantic clustering, and reading skills
(60). Higher drinking days over a four-year period predicted worse verbal memory and
visuospatial ability (54). Higher estimated peak BAC over six years predicted worse verbal
learning, and immediate, short and long-term delayed and cued recall (61). Greater post-
drinking effects predict worse psychomotor speed (54), and more withdrawal symptoms over
the past month are associated with greater decrements in cognitive functioning (60). Overall,
heavy alcohol use during adolescence has been associated with a range of cognitive deficits,
with some cognitive domains showing dose-dependent relationships where greater alcohol
use is associated with poorer cognitive functioning (see Table 1).

Sex-related neuropsychological consequences of alcohol use

Adolescent alcohol use may differentially impact male and female cognitive function,
furthering the implications of noted gender differences within brain development and
alcohol use estimates. A five-year longitudinal study followed 89 young adolescents from
ages 14 to 19, where a portion transitioned into moderate (14%) or heavy (33%) alcohol use
(62). Conduct disorder was present in 15% (female) and 39% (male) of drinkers, and 0% of
controls. Drinkers had consumed alcohol at moderate or heavy levels for an average of 2.8
years since initiation (SD=1.3). For females, more drinking days in the past year predicted a
greater reduction in visuospatial performance from baseline to follow-up. For males, a
tendency was seen for more hangover symptoms in the previous year to predict relative
worsening of sustained attention. While drinkers had used cannabis and other drugs, these
substances did not predict any change in cognitive functioning. A six-year study followed
155 older adolescents from age 18 every 22-months. Consistent binge drinkers, who
continued to engage in binge drinking behavior throughout the entirety of the study,
represented 35%, 23% and 10% of the sample at first follow up one, two and three,
respectively. Consistent binge drinkers presented difficulties in immediate and delayed
recall, with similar deficits for males and females compared to controls (63), while no
disadvantage for either sex was observed for decision-making ability (64). This suggests that
some cognitive domains may be differentially impacted in adolescent males and females
who drink, while other domains may be similarly affected. Further longitudinal research on
sex differences in other cognitive domains known to be affected by alcohol use (i.e.,
learning, executive functions, impulsivity) should be conducted.

Structural brain consequences

Adolescent alcohol-induced alterations in neurodevelopmental trajectories (including
accelerated decreases in gray matter volume, attenuated increases in white matter volume
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and density, and poorer white matter integrity) may underlie some long-term cognitive
deficits. Here, longitudinal studies reporting on structural brain changes following alcohol
use in adolescence are discussed. The National Consortium on Alcohol and
Neurodevelopment in Adolescence (NCANDA) is a nationally representative prospective
longitudinal study being conducted in the US, designed to disentangle the complex
relationships between onset, escalation, and desistance of alcohol use in adolescence and
neuromaturation (50). At baseline all adolescents were no/low alcohol, tobacco, cannabis
and other drug use consumers. Approximately 50% of the cohort endorsed =1 externalizing
and =2 internalizing symptoms. By the two-year follow-up assessment, 356 participants
were no/low alcohol consumers, 65 had initiated moderate drinking, and 62 had initiated
heavy drinking (65). Adolescents who remained no/low alcohol consumers served as a
control group for estimating typical developmental trajectories over the same age range as
the drinkers. Youth who initiated heavy drinking showed abnormal neurodevelopmental
trajectories compared to continuously non-/low-drinking controls with accelerated decreases
in frontal gray matter volume. Marginal differences in frontal gray matter were also
observed in moderate drinkers, and although not significant, their intermediate position
between no/low and heavy drinkers suggests a dose-dependent effect (65). By the three- to
four-year follow up assessment, 328 youth were no/low drinkers, 120 were moderate
drinkers and 100 were heavy drinkers (66). Moderate and heavy drinkers continued to
exhibit altered neurodevelopmental trajectories, including accelerated cerebellar gray matter
declines, white matter expansion, and cerebrospinal fluid volume expansion relative to
controls. Cannabis co-use did not contribute to these effects (65, 66).

These findings replicate earlier longitudinal studies with smaller sample sizes showing
adolescent heavy drinkers had altered neurodevelopmental trajectories, including accelerated
decreases in gray matter in frontal and temporal lobes (67—69), and attenuated increases in
white matter growth over time of the frontal, temporal and occipital lobes, cingulate, corpus
callosum, and pons, compared to non-using controls (67, 69). A prospective four-year study
measured within-subject changes in brain volume for males and females. Heavy-drinking
males and females showed similar deviations in neural developmental trajectories compared
to continuously non-drinking controls, including accelerated decreases in gray matter
volume (particularly in frontal and temporal regions), and attenuated increases in white
matter volume over the follow-up, even after controlling for cannabis and other substance
use (67).

In a sample of 113 alcohol-naive adolescents aged 11 to 16 at baseline, 45 went on to binge
drink before turning 21. Binge drinking throughout adolescence predicted altered
frontostriatal white matter microstructural development when compared to developmental
trajectories of non-using healthy adolescents (70). Three studies examining adolescents who
used alcohol and cannabis showed these youth had consistently poorer white matter integrity
across 7 to 20 clusters compared to controls, as well as poorer cognitive functioning over an
18-month (71) to three-year period (72, 73). Mixed findings were reported for the specific
effects of alcohol, with two studies reporting that heavy drinking predicts worsening white
matter integrity (71, 72) with either no effect (71) or added effect (72) of co-occurring
cannabis use. A third study reported that white matter integrity effects were driven by heavy
cannabis initiation (73). The right superior longitudinal fasciculus, connecting the

Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leesetal.

Page 8

frontoparietal-temporal networks, was the only consistent white matter tract across studies to
show poorer white matter integrity among alcohol users compared to control.

Overall, binge and heavy drinking appears to affect the normal developmental trajectories of
gray and white matter maturation during adolescence, particularly in the frontal and
temporal lobes, and interconnecting networks. Some studies have reported accompanying
cognitive deficits alongside aberrant neurodevelopmental trajectories. Patterns observed
among alcohol-using youth may represent accelerated but non-beneficial pruning of gray
matter, attenuated connective efficiency of white matter tracts, or alternatively, premature
cortical gray matter decline similar to volume declines related to accelerated aging in adult
alcoholics (74) or even “normal” aging (75, 76). Adults who engage in sustained
problematic drinking exhibit similar structural alterations and have speeded gray and white
matter decline, which suggests alcohol use is associated with accelerated brain aging (74,
75, 77). Existing studies tend to group youth by “drinkers” versus “controls”. To address this
methodological limitation, the Adolescent Brain Cognitive Development (ABCD) Study is
underway with a larger sample size (~12,000) which will allow more nuanced investigation
of the dose-dependent effect of alcohol on neural development (48, 78).

Functional brain consequences

Task-based functional neuroimaging studies measure brain activation by detecting changes
in blood direction while participants complete tasks. These studies can help link structural
brain changes with behavioral and cognitive deficits following alcohol initiation in
adolescence. Functional neuroimaging studies have identified potential effects of alcohol use
on adolescent brain activation during tasks of working memory, inhibitory control, and
reward sensitivity. In a longitudinal study, 40 12- to 16-year-old adolescents were scanned
before they ever used alcohol or drugs and then were rescanned approximately three years
later (79, 80). In total, 15% of adolescents who transitioned into heavy drinking by late
adolescence presented with conduct disorder. These heavy drinking adolescents showed less
baseline brain activation in frontal and parietal regions during a visual working memory (79)
and inhibition task (80) when compared to controls. Neural activation during these tasks
increased from baseline to follow-up in youth who initiated drinking compared to decreased
activation in those who remained abstinent over the follow-up. This suggests that youth who
initiate heavy drinking may require more executive cognitive control to perform at the same
level as non-users.

Heavy alcohol use may also affect reactivity and sensitivity to reward. Adolescent binge
drinking was associated with less cerebellar (81) and dorsal striatum (82) activation during a
monetary reward and decision making task, respectively. More drinks per drinking day
predicted less activation within these regions among binge drinkers (81). This suggests binge
drinking may affect the emotional component of reward processing and decision making, as
damage to the posterior cerebellum has been associated with cognitive and emotional
deficits (83), while the dorsal striatum is integral to incorporating emotional information into
reward and decision-making (84).

Neurophysiological studies conducted in Spain over a two-year period have measured event-
related potential (ERP) components among consistent binge drinking and non-binge
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drinking youth during inhibitory and complex attention tasks (85-87). In separate studies of
38 to 57 participants, consistent binge drinkers exhibited increased P3 amplitude (related to
working memory and inhibitory control) in the central, parietal and frontal regions, as well
as increased activation in the prefrontal cortex and insula during inhibitory responses,
compared to non- or low-drinkers (86, 87). Consistent binge drinkers also reported increased
P3b amplitude in the central and parietal regions during an attentional control task compared
to controls, with more pronounced differences observed after two years of consistent binge
drinking (85).

Taken together these studies suggest that neural differences are observable as a consequence
of alcohol use, mirroring the behavioral findings from neuropsychological and
neurostructural studies. Functional changes were not examined in relation to
neuropsychological deficits; thus, it is not possible to infer whether changes in neural
response were related to poorer cognitive outcomes. Sex differences in neural activation
following the uptake of alcohol use in adolescence remains unknown. Of note, these
functional findings come from small samples (< 30 drinkers in each study) and include
mostly Caucasian participants from high socioeconomic status groups. More longitudinal
fMRI and ERP studies in larger, more diverse samples are needed to better understand the
specific effect of alcohol on neural functioning in adolescence.

Neurobiological consequences: Integrating findings from human studies

Determining how adolescent alcohol use may lead to overt cognitive and behavioral deficits
is critical, and early structural and functional brain changes may help us understand this
relationship. Following adolescent alcohol initiation, structural brain changes appear to
occur. Studies have consistently reported accelerated decreases in gray matter volume and
attenuated white matter growth of the frontal and temporal lobes, with poorer white matter
integrity throughout related networks (65-73). The frontal lobe is thought to be critical for
higher-order cognitive control, and the temporal lobe plays an important role in learning and
memory (88, 89). Damage to these regions may result in overt cognitive impairments.
Likewise, neuropsychological studies demonstrate a possible dose-dependent response of
alcohol use on executive functioning ability (53, 55) and learning and memory (54, 60, 61).
Preliminary functional neuroimaging and neurophysiological research complements findings
from neuropsychological and structural neuroimaging studies; transitions into heavy alcohol
use and binge drinking result in increased neural activation in fronto-parietal regions during
executive functioning and attentional control tasks (79, 80, 85-87). This suggests that heavy
alcohol use initiation and continuation may have a cumulative effect on brain activity, and
anomalous activity may reflect degradation of underlying attentional and executive
functioninging mechanisms. Heavy drinkers may therefore require more executive cognitive
control to perform at the same level as non-users. Overall, integration of human
neuroimaging, neuropsychological, and neurophysiological studies suggest that moderate to
heavy alcohol use may initially result in structural brain changes, and with heavier binge
doses, the resulting neural impairments may lead to more overt functional consequences
(i.e., cognitive functioning deficits).
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It is important to note that previous reviews illustrate that pre-morbid cognitive and neural
vulnerabilities predispose some adolescents to initiate, and misuse, alcohol (4, 5). Presently,
it is not clear whether neurobiological deficits are the direct results of adolescent alcohol
use, irrespective of predispositions, or whether those youth exhibiting vulnerability markers
prior to alcohol initiation then experience worse neurobiological outcomes following uptake.
Larger prospective longitudinal studies that are currently underway will help disentangle
these complex relationships (48, 78).

5. Cognitive and neural functioning following alcohol remittance

Studies have examined the effects of alcohol remittance (i.e., discontinuation of alcohol use)
in adolescence on cognitive and neural functioning. A 10-year study found remitted youth,
who had previously met criteria for an alcohol use disorder, performed similarly to youth
with persistent disorders on tasks measuring visuospatial functioning and language abilities
(58). The majority of youth in this study also met criteria for at least one other substance use
disorder. Similarly, no improvements were reported for immediate or delayed recall in a
sample of 20 young people who had stopped binge drinking for two years (63). However,
another two-year study which included 16 ex-binge drinkers found some improvement in
delayed recall which reflected an intermediate position between binge and non-drinkers at
age 21 (53). Longer-term abandonment of binge drinking (two to four years) in healthy older
adolescents who occasionally report cannabis and/or tobacco use, was associated with
improvements in immediate recall which matched non-drinking control performance (63),
and improvements in long-term memory (63) and working memory (90) which again
reflected an intermediate position between binge and non-drinkers.

One functional neuroimaging study reported that, after one month of abstinence, adolescents
who previously drank heavily no longer exhibited alterations in reward activation to alcohol
cues, highlighting the potential for adolescents to benefit from early intervention and recover
from the short-term effects of alcohol (91). Overall, these results provide mixed evidence as
to whether cognitive functioning in adolescents who drink heavily can be modified or
improved after abstinence, reductions in drinking, or treatment. While there is preliminary
support that abstinence may be related to recovery in brain functioning, more evidence is
required. Future research is needed to clarify when cognitive and neural recovery is most
likely, and if certain cognitive and neural domains are more malleable than others following
changes in substance use. This knowledge will benefit practitioners working with
adolescents and can ultimately inform alcohol use treatment practices.

6. Adolescent alcohol effects in animals

Human research is limited to natural observational studies which have typically assessed
youth into early adulthood at the latest. Conversely, researchers have much higher levels of
control over experimental conditions in animal studies, including frequency, amount and
duration of alcohol exposure, and have often assessed rodents or non-human primates into
late adulthood after the termination of alcohol use. Therefore, animal studies can provide
helpful insight into knowledge gaps from human literature on consequences of adolescent
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alcohol use. Notably, much of the work using rodent models has been conducted only in
males; where possible, rodent research testing both sexes is reported.

Comparable cross-species findings

Animal studies can never completely reproduce all human features, and there have been
notable differences in analyses used to examine the consequences of alcohol use on the
adolescent human (e.g., cognitive, neuroimaging) and rodent brain (e.g., molecular, cellular).
However, rodent studies have started to use measures that are similar to those used in human
studies, and have provided evidence for cross-species similarities in findings. Partly
consistent with human research, cognitive studies in male rodents have shown that
adolescent alcohol use predicts poorer executive functioning in adulthood, including
cognitive flexibility (92, 93), set shifting (94), and extinction of responses following
termination of reinforcer cues (94-96). Adolescent alcohol use in male rodents has also been
associated with poorer inhibition, reflecting heightened impulsivity and risk taking in
adulthood (94, 95, 97-100). Similar to human studies, moderate alcohol use and binge
drinking in male and female rodents predicts alterations in learning and memory during
adolescence (101-103), however this may have minimal effects on later learning and
memory in adulthood (104, 105). In terms of neural consequences of adolescent alcohol use,
adult male and female rodents show attenuated neurodevelopment, including reduced
volume in the corpus callosum (106), attenuated thickness in frontal regions (107), decreases
in connectivity between frontal regions, the nucleus accumbens and dorsal striatum (108),
poorer white matter integrity (106, 109-112) and impaired synaptic plasticity (101), similar
to human adolescent studies. Interestingly, greater volume reductions were predictive of later
relapse drinking in adult rats (106). Experimental rodent studies also support cross-sectional
findings in human studies (113, 114) that females may be more vulnerable than males to the
neurotoxic effects of alcohol (106).

Non-human primate findings parallel rodent and human findings. In a recent study, rhesus
macaques were imaged before and after one year of alcohol exposure. Findings showed that
brain volume increased in controls throughout adolescence into early adulthood; however,
heavy drinking macaques showed reduced rates of brain growth over the follow-up period,
particularly in white matter regions and the thalamus, in a dose-dependent fashion (115).
These structural changes may be associated with cognitive aberrations continuing into
adulthood.

Adolescent versus adult alcohol use in rodents

Studies that have compared equivalent exposures to alcohol in adolescent and adult animals
have found that the effects of alcohol exposure during adulthood are generally less
pronounced than after comparable alcohol exposure in adolescence (116). Adolescents are
less sensitive than adults to many of the intoxicating alcohol effects that serve as cues to stop
drinking, such as alcohol’s motor-impairing, sedative, social-inhibiting, and hangover-
inducing effects (117). Comparatively, adolescents are more sensitive than adults to
desirable consequences of low levels of alcohol use, including social facilitation and
rewarding effects (117). Rodent studies show that as adults, former adolescent alcohol-
exposed animals still exhibit ‘adolescent-like’ insensitivities to alcohol’s motor-impairing,
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sedative, and taste aversive effects (118-120), while retaining adolescent-typical increased
sensitivities to alcohol’s rewarding effects (119, 121). This may contribute to consistent
drinking patterns from adolescence into adulthood.

Novel rodent findings

Rodent studies provide novel insight into areas which have not yet been studied in great
detail in humans, such as effects of adolescent alcohol use on neurotransmitters,
neurogenesis, and neuroinflammation. There are marked developments that occur in the
dopamine neurotransmitter system during adolescence, important for reward-motivated
behavior. Limited human research shows dopamine system development is disrupted
following alcohol use, although most studies have focused on older, alcohol-dependent
adults (122). Findings from rodent studies suggest the dopamine system is particularly
sensitive to the effects of alcohol use during adolescence (for review, see 123). Following
alcohol use, adolescent male rodents show increased GABA inhibitory tone on the dopamine
system neurons in the nucleus accumbens (124). This decreases tonic dopamine tone and
increases phasic dopamine responses to rewarding and risky activities, and in turn, appears
to increase risky decision-making following alcohol use. Preliminary evidence also suggests
these dopamine system changes enhance later reactivity to the rewarding, but not harmful,
effects of alcohol (123), although this requires further investigation in both animal and
human studies.

Adolescent alcohol use also appears to disrupt other neurotransmitter systems, including the
cholinergic system of the basal forebrain (116). These neurons play critical roles in cognitive
functions, including learning and memory. Multiple studies show that repeated alcohol use
during adolescence reduces the number of neurons showing immunoreactivity to choline O-
acetyltransferase (ChAT) in the basal forebrain (92, 99, 107, 125-127). This decline in
ChAT immunoreactivity is associated with greater disinhibitory behavior (99), increased
risky behavior (125), and decreased performance on set-shifting tasks (127) in adulthood
following alcohol remittance. This suggests adolescent alcohol use leads to loss of
cholinergic tone which has lasting functional consequences.

Neurogenesis involves formation of new neurons and integration into functional neural
networks, which is a critical component of nervous system development (128). Rates of
neurogenesis are influenced by environmental factors. Repeated alcohol use in adolescence,
but not adulthood, decreases neurogenesis (129), and such changes may be evident long after
alcohol use has stopped (129-131). The mechanisms underlying neurogenesis disruptions
following adolescent alcohol use remains unclear. One suggestion is the suppression of
neurotrophins, such as brain-derived neurotrophic factor (BDNF), which is a regulator of the
survival and differentiation of newly generated neurons. Adolescent alcohol use appears to
decrease BDNF expression in the hippocampus and interrupts neurogenesis (132-135).
Further evidence of the role of BDNF in neurogenesis disruption comes from a study where
a BDNF agonist was administered to male rodents previously exposed to alcohol (133).
Administration resulted in neurogenesis, and reversed depression-like symptoms observed
during alcohol withdrawal and abstinence following repeated alcohol use in adolescence.
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Repeated exposure to alcohol during adolescence also induces long-lasting neural and
behavioural changes via the induction of neuroinflammation. Alcohol stimulates the release
of innate pro-inflammatory cytokines that can disrupt synaptic plasticity and lead to
neuropathology and cell death (136, 137). Studies including male and female mice
demonstrate that females are more vulnerable than males to the neuroinflammatory effects
of alcohol (138). Rodent studies have examined ways to reduce neuroinflammation caused
from adolescent alcohol use. For instance, administration of a neuroimmune drug, ibudilast,
reduced alcohol drinking in dependent male rodents by 50% (139), and administration of an
anti-inflammatory drug, indomethacin, prevented cell death, and reduced cognitive and
motor deficits that were evident after adolescent alcohol exposure (140). Furthermore,
female rodents with altered gene expression of TLR4, which reduced inflammatory
activation following alcohol use, did not show behaviors consistent with adolescent alcohol
use, such as anxiety and heightened reward sensitivity to alcohol (141). Overall, animal
studies provide evidence of lasting impacts of adolescent alcohol use into adulthood, with
growing evidence of retention of adolescent-like phenotypes.

Future directions and conclusions

Recent prospective, longitudinal designs have greatly increased our knowledge of the
complex relationship between adolescent brain development and alcohol use by parsing out
the pre-existing vulnerabilities from the consequential effects of use (142). However, with
high heterogeneity in patterns of alcohol and other substance use during this critical
neurodevelopmental period, more research is needed to determine what developmental
processes and cognitive domains may be most responsive to prevention and treatment
initiatives. The larger multi-site studies currently underway (e.g., ABCD, NCANDA) will
hopefully help disentangle the complicated picture of substance co-use, the interactive
effects of adolescent substance use and psychopathology, sex and other demographic factors,
health habits, and genetic vulnerabilities, among other important factors related to substance
use. It is necessary to understand substance-specific effects, especially given growing US
legalization and rise in rates of cannabis use, the dramatic rise in adolescent e-cigarette use,
and global concerns regarding opioid dependency and associated deaths. These larger
studies are positioned to differentiate the specific neural developmental effects of alcohol as
well as cannabis, tobacco, e-cigarettes, opioids, cocaine, hallucinogens, and amphetamines.
Future studies also need to make concerted efforts to enroll more adolescents with diverse
backgrounds, as substance use effects may not generalize across ethnicities and cultures
(most research to date has been in Caucasian youth from upper middle class families),
various family structures, or psychopathology profiles. This knowledge will benefit
practitioners working with adolescents, and hopefully, inform future substance use
prevention and intervention initiatives

Better understanding the dose-dependent effects of substances will enable improved public
health information to inform policies regarding limiting amounts of adolescent use and
controlling potency of substance-containing products. Specifically, it will be useful to know
how adolescent binge drinking compared to lower levels of drinking differentially affects
cognition and behavior. Additionally, a greater understanding of short compared to longer-
term neural and cognitive effects of alcohol use and remittance in adolescence through to
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adulthood is needed to better inform treatment. Researchers are starting to track these
changes in short and longer-term effects using neural markers of substance use to better
understand how an individual is responding to treatment (143). Targeting cognitive makers
of substance use through cognitive retraining treatment strategies has demonstrated some
success in reducing alcohol use (144), as well as in a range of clinical populations including
various substance use disorders (145). Researchers are also beginning to investigate the
effectiveness of cognitive training as a prevention initiative for adolescent substance use
(146-148), although early findings suggest this method may need to be supplemented with a
substance use prevention program (149).

Of note, all of the human longitudinal studies in this review relied on youth self-report of
substance use. Some of the existing studies also used ranges for self-report questionnaires,
which weakens the ability to understand dose-dependent relationships. Substance use
researchers are beginning to incorporate real time measures via smart phone technology,
more sophisticated biological markers (i.e., blood, urine, saliva, and hair samples), as well as
daily reporting or real-time tracking of drug use through youths’ smart phones and wearable
devices (150). These nuanced tools will help improve the accuracy and reliability of reports
to better quantify the frequency and amount of alcohol consumed. Better neuroimaging
standards, such as scanning under neutral conditions to control for factors like time since last
alcohol use, and more consistency in measures used to assess cognitive functioning are also
suggested as an area of future research.

Cross-species findings show comparability in effects of alcohol use on the adolescent brain
and behavior, and novel experimental rodent studies on the consequences of alcohol use can
guide future work in human adolescents. For instance, researchers are now focused on
quantification of various neurochemicals and transmitters in the brain measured through
Magnetic Resonance Spectroscopy (MRS; (151). Understanding such neurochemical
changes could help us better understand the neurobiological effects of substance use, the
mechanisms of change, and alterations incurred through psychotherapy or pharmacological
treatment.

Overall, it is clear that adolescent alcohol use is associated with neural and cognitive
consequences (see Table 1 for summary). Drawing on the most recent longitudinal studies,
this review has integrated findings from human neuropsychological and neuroimaging
studies, and the animal literature. Neurobiological research suggests a dose-dependent
relationship may occur between alcohol use with brain differences and cognitive deficits.
Structural and functional brain changes may initially occur following moderate to heavy
alcohol doses, while more overt cognitive deficits may be the result of neural insults from
heavy and binge doses. Future longitudinal studies should examine the mediating role of
brain structure and function on associations between adolescent alcohol use and cognitive
and behavioral consequences. Emerging work has begun to characterize the time-limited and
potentially recoverable, versus persisting neural and cognitive effects of alcohol use. Current
findings and future research has the potential to significantly improve global health by
informing the development of prevention and intervention strategies to address alcohol
mechanisms associated with neural and cognitive consequences in adolescence.
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Highlights
. Adolescence is a critical neurodevelopmental period marked by rising alcohol
use.
. This review summarizes the neural and cognitive effects of alcohol use.
. Adolescent alcohol use is related to changes in brain structure and function.
. Heavy alcohol use is associated with poorer cognitive functioning.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Leesetal.

Adolescents (age 15-19) who drink (%)

50

45

40

35

30

25

20

15

10

Page 25

Current drinker
44

Binge drinker

38 38
27
24
21 21
19 19
13 14
10
oo
Europe Americas Western Africa South East Eastern Total World
Pacific Asia Mediterrean Estimate
Figure 1:

Prevalence of current alcohol use and binge drinking in adolescents aged 15 to 19. In this
data, binge drinking was defined as 60+ grams of pure alcohol (~4 standard US drinks) on at

least one occasion per month (33).
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Average drinks per occasion 1-2 1-2 3-4 3-4 3-4 >4
Largest # of drinks in past year 1-2 3-4 >4 3-4 >4 >4
<1x/year Low alcohol use

z S nonh Moderate alcohol use
§ 1-3x/month
g 4-8x/month
== >8x/month
Daily
Figure 2:

Alcohol use classification chart.

1 Binge drinking is typically >4 drinks within 2 hours (females) and =5 drinks within 2
hours (males), where the blood alcohol concentration (BAC) level rises to 0.08 g/dL (39).
The chart is based on the National Institute on Alcohol Abuse and Alcoholism, and
Substance Abuse and Mental Health Services Administration levels of alcohol use
definitions (39, 40).
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Summary of consequences of adolescent alcohol use in humans and rodents

Cognitive

Neural

Humans
Binge/heavy drinking vs control:

| Immediate recall (short-term memory) (53, 63)

| Delayed retention, recall (long-term memory) (53, 57, 58, 63)

| Learning (57, 58)
| Visuospatial function (58)
| Working memory (52, 53)

Dose-dependent relationships.
1 Alcohol use =
| General cognitive functioning (57)
| Verbal memory (54, 60, 61)
| Executive functioning (60)
| Semantic clustering (60)
| Reading skills (60)
| Visuospatial function (54) (females only (62))
T Impulsivity (59)
* Withdrawal / hangovers symptoms =
| General cognitive functioning (60)
| Psychomotor speed (54)
| Attention (males) (62)
Binge/heavy drinking vs control:
| Gray matter volume, particularly frontal, temporal (65-69)
| White matter growth (66-70)
| White matter integrity (71-73)
1 Cerebrospinal fluid volume cerebellum (66)
1 Brain activation during executive functioning (79, 80)
| Brain activation during reward

sensitivity tasks (81, 82)

T P3 amplitdue, particular fronto-parietal during executive functioning and

attentional control (85-87)

Dose-dependent relationships.
1 Alcohol use =
* Gray matter frontal volume (65)

* Brain activation during reward sensitivity tasks (81)

Rodents

Sustained effects into adulthood:
| Executive functioning (92-94)
 Risk-taking (94, 95, 97-100)

t Impulsivity (94, 95, 97-100)

Adolescent-specific effects.
| Learning (101-103)
| Memory (101-103)

Sustained effects into adulthood:

| Gray matter volume (106)

| Cortical thickness (107)

| White matter integrity (106, 109-112)

| Synaptic plasticity (101)

| Connectivity between brain regions (108)
| Neurogenesis (129-135)

* Neuroinflammation (138)

Dose-dependent relationships:

T GABA inhibitory tone on dopamine system =
1 Risky decision-making (124)

1 Cholinergic tone =
* Disinhibition (99)
1 Risk-taking (125)

| Executive functioning (127)
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