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Human adolescence is a period of development characterized by wide ranging
emotions and behavioral risk taking, including binge drinking (Konrad et al., 2013).
These behavioral manifestations of adolescence are complemented by growth in the
neuroarchitecture of the brain, including synaptic pruning (Spear, 2013) and increases
in overall white matter volume (Perrin et al., 2008). During this period of profound
physiological maturation, the adolescent brain has a unique vulnerability to negative
perturbations. Alcohol consumption and stress exposure, both of which are heightened
during adolescence, can individually and synergistically alter these neurodevelopmental
trajectories in positive and negative ways (conferring both resiliency and susceptibility)
and influence already changing neurotransmitter systems and circuits. Importantly, the
literature is rapidly changing and evolving in our understanding of basal sex differences
in the brain, as well as the interaction between biological sex and life experiences.
The animal literature provides the distinctive opportunity to explore sex-specific stress-
and alcohol- induced changes in neurocircuits on a relatively rapid time scale. In
addition, animal models allow for the investigation of individual neurons and signaling
molecules otherwise inaccessible in the human brain. Here, we review the human and
rodent literature with a focus on cortical development, neurotransmitters, peptides, and
steroids, to characterize the field’s current understanding of the interaction between
adolescence, biological sex, and exposure to stress and alcohol.

Keywords: alcohol, stress, prefrontal, neurocircuitry, development, adolescence

INTRODUCTION

Adolescence Is a Key Window of Neurodevelopment
Adolescence is defined as the transitional period between childhood and adulthood marked by
biological, behavioral, and cognitive changes (Spear, 2000). Human adolescents show heightened
risk taking and novelty seeking behavior, peaking in early adolescence, and then decreasing
throughout late adolescence and early adulthood (Steinberg et al., 2008), possibly contributing to
high rates of drug use during this period (Spear, 2000). Adolescence is also a period of intense
brain maturational changes. Among brain structures, the prefrontal cortex (PFC) is one of the
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last to mature, potentially making the PFC particularly vulnerable
to changes induced by things like stress and alcohol use –
the exposure to which are already heightened during this time
(Larsen and Luna, 2018).

The purpose of this review is to outline major neurological and
behavioral changes which occur during adolescence and describe
how exposure to stress or alcohol (or combined exposure) during
adolescence can interfere with these developmental processes.
We focus primarily on changes occurring in the PFC, as it is
one of the final brain regions to fully mature and is known
to be altered by alcohol consumption or exposure. In addition,
the medial region of the PFC has been well connected to
alcohol-seeking behaviors (for review, see Klenowski, 2018).
In this review, we will highlight major developmental changes
in the PFC including myelination, synaptic pruning, and
neurotransmitter and neuropeptide systems, that are vulnerable
to adolescent stress and alcohol. For the purposes of this
review, biological sex is recapitulated as captured in the
original manuscripts.

Human adolescence is estimated to comprise most of the
second decade of life (human ages 10–20), although some argue
that biological and social factors point toward a broader window
spanning ages 10–24 (Sawyer et al., 2018). Adolescents become
more social and seek to interact with their peers more during this
time (Spear, 2000). Other adolescent-typical behavioral changes
include risk-taking, intense emotions, and sensation-seeking
(Spear, 2000; Konrad et al., 2013). Risk-taking behavior can have
consequences including substance use, car accidents, and unsafe
intercourse (CDC, 2020).

Animal models can be used to study and characterize many of
the neurobiological changes associated with adolescence which
cannot be feasibly studied in humans. Rodent animal models
show a transitional period between juvenile and adulthood stages
marked by physical growth, final neurobiological maturation,
and behavioral characteristics like those seen in humans (Spear,
2000). As with humans, the exact ages delineating adolescence
in rodents are debated. The most conservative definitions of
the adolescent period use postnatal day (PND) 28–42 (e.g.,
Spear, 2000); however, others have identified a wider age range
ending around PND 65, arguing that maturational changes
continue through this time (Tarazi and Baldessarini, 2000; Spear,
2015). Behaviors characteristic of human adolescence are also
present in animals, including changes in social behavior and risk-
taking (for review see Spear, 2000). Here, we highlight some
of the major changes observed in the PFC during rodent and
human adolescence, including synaptic pruning, myelination,
and maturation of key neurotransmitter systems, which are
altered by adolescent alcohol use.

BRAIN ARCHITECTURE DURING
ADOLESCENCE

A major characteristic of adolescent brain development is the
remodeling and growth of gray and white matter. Cortical
gray matter volume changes according to an inverted U-shape
over the lifespan, with increases throughout childhood, a peak

in adolescence, and a steady decline throughout adulthood
(Giedd et al., 1999). Synaptic pruning, the process by which
neuronal communication is refined when excess connections
between neurons are eliminated, occurs in the frontal lobe into
early adolescence in humans (Huttenlocher, 1979) as well as after
the onset of puberty in male and female rodents, suggesting a
role for gonadal hormones in this process (Drzewiecki et al.,
2016). Unsurprisingly, much of our understanding of the cellular
level changes seen in the brain’s architecture during development
comes from the animal literature. Neuronal cell loss in ventral
regions of the PFC may contribute to gray matter reductions
during adolescence, and this effect is much more pronounced
in females (Markham et al., 2007). By adulthood, males have
more neurons and glial cells in the PFC (Markham et al., 2007;
Koss et al., 2015). Pre-pubertal ovariectomy prevented the typical
adulthood reduction of neurons and glial in the cortex of females,
but castration in males did not alter the number of neurons
and glial, suggesting a role of ovarian hormones in neuronal
loss (Koss et al., 2015). At the same time, white matter in the
PFC increases during adolescence because of myelination in
both humans (Miller et al., 2012) and rats (McDougall et al.,
2018). Myelination of PFC fibers and synaptic pruning are
associated with improvements in inhibitory control of behavior
and improved cognition (Caballero et al., 2020) suggesting this
process of synaptic refinement is key for behavioral development.

Along with structural development in the PFC during
adolescence, innervation of the PFC by several neurotransmitter
systems also develops, including the gamma-aminobutyric acid
(GABA) system. Inhibitory inputs onto excitatory pyramidal
neurons gradually increase throughout adolescence (Cass et al.,
2014). The number of parvalbumin (PV)-expressing neurons,
the largest subpopulation of GABAergic neurons (Kubota et al.,
1994), increases in the mouse PFC during adolescence (Caballero
et al., 2014; Ueda et al., 2015; Du et al., 2018). This upregulation is
critical for maintenance of a proper excitatory-inhibitory balance
and for processing of information from other regions including
the hippocampus (Caballero et al., 2020). Although membrane
characteristics and electrophysiological properties of PV-
expressing neurons are thought to remain consistent throughout
adolescence, excitatory input onto PV-expressing neurons was
found to increase during late adolescence (Caballero et al., 2014).
Calretinin-expressing GABAergic neurons show the opposite
trajectory, showing a decrease throughout adolescence (Caballero
et al., 2014; Du et al., 2018). Other populations of GABAergic
neurons, including somatostatin (SST)-expressing and vasoactive
intestinal peptide (VIP)-expressing interneurons were not found
to change in number during the adolescent period (Ueda et al.,
2015). However, other studies show an increase followed by
pruning of SST-expressing GABAergic cells in females (Du et al.,
2018) and their broad role in the PFC functioning (Dao et al.,
2020, 2021) warrant further developmental investigation. There
are also developmental changes in the interaction between other
neurotransmitter systems and PFC GABA neurons. Stimulating
dopamine receptor 2 (D2Rs) on PFC GABA neurons can
increase the firing of these interneurons only in postpubertal
rats (Tseng and O’Donnell, 2007), suggesting a development
shift in either the function or expression of D2Rs. Glutamate
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N-methyl-D-aspartate (NMDA) receptors are also necessary
for development of this GABAergic system and for the proper
excitatory/inhibitory balance in the PFC, indicating a role of
glutamatergic input (Thomases et al., 2013; Flores-Barrera
et al., 2020). These results indicate that proper development
of the GABAergic PFC system is necessary for the correct
excitatory/inhibitory balance and contributes to processing of
afferent input in the adult PFC.

Glutamatergic connections in the PFC finish developing
during adolescence. Glutamate binding to NMDA receptors in
the frontal cortex increases until PND 28 and declines into
adulthood, which could be indicative of changes in NMDA
receptor expression or receptor sensitivity throughout the
lifespan (Insel et al., 1990). Prior to the adolescent period, there
is a shift in NMDA receptor, with NR2A subunits increasing
in expression and a corresponding decrease in NR2B subunits
(Ueda et al., 2015). However, overall functional maturity of
the PFC glutamatergic system is not achieved until later in
adolescence (Ueda et al., 2015). The relative function and
expression of NMDA receptor subunits changes throughout
adolescence. For example, despite the reported decline in NR2B
expression during juvenile stages (Ueda et al., 2015), input-
specific NR2B function specifically does not develop in the PFC
until late adolescence (Flores-Barrera et al., 2014). This indicates
that the glutamatergic system of the PFC undergoes profound
and complex developmental changes which warrant further in-
depth investigation.

In addition to previously mentioned changes in dopamine-
mediated input onto PFC GABA neurons, the dopaminergic
system itself undergoes vast maturational changes in adolescence.
Expression of dopaminergic receptors D1, D2, and D4 continues
to increase until PND 60 (Tarazi and Baldessarini, 2000).
However, other studies show that dopaminergic receptor
expression is lower in early adulthood (PND 70) than in mid-
to-late adolescence (PND 45) (Naneix et al., 2012). While
other timepoints were not investigated in this study, this
suggests that like other neurotransmitter and receptor systems,
the dopaminergic system may have a U-shaped developmental
trajectory. In humans, levels of mRNA for dopamine receptor
1 (D1R) peak in adolescence before declining throughout
adulthood, while D2R mRNA levels decrease after infancy
(Weickert et al., 2007). At the same time, dopaminergic axons
arising from non-cortical regions, such as the ventral tegmental
area and periaqueductal gray, and corresponding dopamine
levels increase throughout adolescence (Naneix et al., 2012).
These dopaminergic axons continue to grow into the medial PFC
and guide the maturation of dendritic spines on medial PFC
pyramidal neurons (Reynolds et al., 2018).

The relatively late maturation of the PFC compared to other
brain regions has been hypothesized to contribute to risk-
taking and sensation-seeking characteristics of adolescents. In
contrast to the PFC, other reward-associated structures including
the dorsal striatum and nucleus accumbens mature earlier in
adolescence [for review of this model, see (Steinberg, 2008)].
This maturational imbalance has been hypothesized to contribute
to adolescent-typical risk-taking (Casey et al., 2010). The
late-occurring developmental changes in the PFC throughout

adolescence likely make the PFC particularly vulnerable to the
perturbations caused by stress and alcohol use during this time,
as compared to adulthood exposures. Importantly, this also
suggests that insults to PFC maturation may induce lifelong
consequences in behavior and brain structure. This makes it
critical to understand the ramifications of adolescent stress
exposure and alcohol consumption, as well as their prevalence
and consequences, both from a prevention and intervention
standpoint and to identify specific neuronal vulnerabilities.

HUMAN STUDIES OF ALCOHOL
EXPOSURE

A breadth of literature suggests that human adolescents are at
an increased risk of substance use and misuse. According to the
2020 Monitoring the Future Study, 25% of 8th graders have used
alcohol at least once, increasing to 46% of 10th graders and over
60% of 12th graders – all of which are under the legal drinking age
in the United States (CDC, 2020; Miech et al., 2021). The National
Institute on Alcohol Abuse and Alcoholism (NIAAA) reports that
individuals aged 14–20 are more likely to binge drink (defined by
the NIAAA as consuming 5 or more alcoholic drinks for men or 4
or more alcoholic drinks for women, typically within a 2 h period
and reaching a blood alcohol concentration over 80 mg/dL),
with over 4.2 million individuals aged 14–20 reporting having
engaged in binge drinking at least once in the past month in
2019. It is also important to note that these thresholds of ‘binge
drinking’ were defined with the adult physiology in mind, and
it will be important to consider that these parameters of alcohol
consumption are likely to have more severe consequences in the
developing human body. Supporting this, recent studies estimate
that adolescents, especially those younger than 14 years old, may
reach blood alcohol concentrations exceeding 80 mg/dL with
as few as 3 alcoholic drinks in adolescent girls and 4 alcoholic
drinks in adolescent boys (Donovan, 2009). The NIAAA also
reports that there has been a recent decrease in adolescent alcohol
consumption in boys, while no such decrease has occurred in girls
(National Institute on Alcohol Abuse and Alcoholism, 2019) –
though updated numbers following the stress and isolation of
the COVID-19 pandemic are not yet available. Adolescent girls
ages 16–17 constitute the highest risk group for adolescent
binge drinking, with an 11.2% prevalence (National Institute
on Alcohol Abuse and Alcoholism, 2019). Importantly, binge
drinking often precludes later development of an alcohol use
disorder (AUD) (Deas, 2006). The decrease in alcohol use among
adolescent men, but not adolescent women, suggests that the gap
between AUD prevalence in men and women will continue to
narrow (Grant et al., 2015). These rapidly evolving public health
statistics show the importance of including males and females
in research in preclinical animal models, as well as separating
clinical adolescent data by biological sex.

Risks of adolescent alcohol consumption include those which
cause immediate bodily harm such as alcohol poisoning and
car accidents (individuals aged 16–17 are 17 times more
likely to die while in a car crash if their blood alcohol is
above 0.08%) (Center for Disease Control, 2012). Adolescent
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alcohol consumption can also lead to increased events of
other risk-related behaviors. Adolescents who have had a
binge drinking episode in the last month are more likely
to report suicidal ideation than their peers (Duncan et al.,
1997; Miller et al., 2007), as well as report behaviors such
as engaging in a physical fight, having been a victim of
dating violence or sexual assault, and having used other
substances (e.g., cocaine, tobacco, and marijuana) (Miller et al.,
2007). It will be important to tease apart specific causality
for all these other risky behaviors, and their relationship
to binge drinking.

Along with these acute risks, adolescent binge drinking is
hypothesized to lead to lifelong consequences, partially due to
alterations in brain regions including the PFC (Crews et al.,
2007). Alcohol consumption early in adolescence, particularly
before the age of 15, is associated with increased risk of an
AUD later in life (Grant and Dawson, 1997; DeWit et al., 2000).
However, other studies suggest early drinking and adulthood
AUD may both arise due to familial and environmental
factors (Hingson et al., 2006). Causal relationships cannot
be conclusively determined from these studies, so identifying
potential neurological mechanisms which may increase the risk of
adulthood alcohol abuse is important. Longitudinal studies may
help identify risk factors for excessive alcohol use and AUD before
problematic alcohol use begins.

Neuroimaging studies have found reductions in PFC volume
in adolescents with AUD (de Bellis et al., 2005), especially in
women (Medina et al., 2008). Interestingly, Medina et al. (2008)
demonstrated an interaction between biological sex and AUD
diagnosis, as adolescent men with an AUD had larger PFC
volumes than adolescent men not diagnosed with an AUD,
but adolescent women with an AUD showed reduced PFC
volume compared to women without an AUD. In another study
focusing on gross cortical changes, Squeglia et al. (2012) reported
adolescent women who recently engaged in binge drinking
had thicker cortices than their non-drinking counterparts,
while adolescent men had thinner cortices compared to their
non-drinking counterparts. These results indicate that PFC
volume is affected in a sex-specific manner, and that there are
differences in consequences between episodes of binge drinking
and the progression to AUD. Normal cortical thinning patterns
throughout adolescence show different rates of cortical thinning
across region and during various timepoints of adolescence
(Fuhrmann et al., 2022), suggesting that the age at which an
individual begins binge drinking may have differing effects
on cortical development. Fuhrmann et al. (2022) identified
the midpoint of cortical thinning (MCT) (i.e., the point at
which the cortex thins fastest) to be around 15 years of
age, with more frontal regions (such as the frontal gyrus)
reaching MCT earlier (around age 14) while cingulate regions
reached MCT later (around age 17). The cortical alterations
seen in these studies may be representative of differing cortical
changes across the development of AUD in the two sexes
and highlights the need for precise reporting and tracking in
cortical subregions.

Alterations in white matter microstructure during early
adolescence have been associated with familial history

of alcohol use and future instances of binge drinking
(Jones and Nagel, 2019). Adolescents who went on to engage in
binge drinking tended to have excessive maturation, indicated
by increased fractional anisotropy, of tracts connecting striatal
regions to the frontal cortex, but insufficient maturation of frontal
lobe regions (Jones and Nagel, 2019). However, this study was
not sufficiently powered to compare differences between sexes.

Retrospective analyses conducted during adulthood may
also provide clarity on cortical changes. An examination of
cortical thickness and drinking patterns of United States veterans
conducted after September 11, 2001, revealed that individuals
with early onset binge drinking (defined as having first binge
drinking episode before age 15) had thicker PFCs than post-
9/11 veterans who started binge drinking in later adolescence
(defined as first binge drinking episode at age 15 or later), and
the early onset binge drinkers were at a higher risk for later
development of AUD as well as other mental illnesses, as well
as having poorer performance on attention and inhibition tests
(Bedi et al., 2021). Both groups had thicker PFCs than an age-
matched reference group of social drinkers. This suggests a
complex interaction between age of onset of binge drinking, stress
exposure, cortical thickness, and likely other cortical-related
neuropsychiatric disorders such as post-traumatic stress disorder
(PTSD) (Jones and Nagel, 2019).

As shown in Bedi et al. (2021), adolescent alcohol
consumption also poses concern for present and future
psychological illness. Several longitudinal studies demonstrate
that drinking alcohol in early adolescence predicts higher risk
of alcohol use in late adolescence and early adulthood (Duncan
et al., 1997; Enstad et al., 2019; Magee and Connell, 2021).
Magee and Connell (2021) report that alcohol consumption
at age 17 indirectly predicts higher incidences of Major
Depressive Disorder (MDD) in later adulthood (ages 28–30)
via two pathways; alcohol use at age 17 was found to predict
a continued alcohol use at age 22, which in turn predicted a
higher risk for substance use at age 23, leading to a higher
risk of MDD at age 30. A similar pathway demonstrated
alcohol use at 17 predicting greater depressive symptoms at
22, predicting the same prospects of depressive symptoms at
age 23, leading to a higher incidence of a diagnosis of MDD
by age 30 (Magee and Connell, 2021). An earlier longitudinal
study by Duncan et al. (1997) showed adolescents with a
faster rate of acceleration in alcohol consumption across the
adolescent period (as compared to peers with a low or steady
escalation of alcohol consumption) were more likely to engage
in chronic alcohol use in early adulthood and were more likely
to experience suicidal ideation in later adolescence. A similar
study examining biological sex effects on adolescent drinking
found that adolescent boys with a higher drinking frequency
were more likely to meet criteria for MDD in late adolescence
(by age 17), while adolescent girls with a higher drinking
frequency were more likely to meet diagnostic criteria for MDD
and comorbid anxiety disorder (Edwards et al., 2014). This
sex difference suggests a link between anxiety and adolescent
alcohol consumption which may be stronger in women than
men. Importantly, it should not be suggested that alcohol
consumption definitively leads to increased anxiety, as the
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relationship between adolescent alcohol consumption and
anxiety is unclear beyond a positive correlation.

Though the human literature provides clear evidence for
the association between adolescent alcohol consumption, stress,
changes in cortical development, and exacerbated problems
in adulthood, it is thus far impossible to perturb precise
neurotransmitters, cell types, and circuits in humans (Brockway
and Crowley, 2020). Animal models of adolescent alcohol
exposure (Crowley et al., 2019) and adolescent stress exposure
(Lo Iacono and Carola, 2018; Schroeder et al., 2018) provide
a robust opportunity to understand the precise signaling
cascades and systems involved in these developmental changes –
and will likely provide the first evidence for pharmacological
intervention. In addition, although several groups have proposed
an association between the age at first alcoholic drink and
escalated alcohol use in adulthood, others have proposed that the
age at first intoxication or first binge-drinking episode is more
important in predicting risk of problems related to excessive
alcohol use (Morean et al., 2018; Newton-Howes et al., 2019).
This important difference highlights that patterns of alcohol use
may play a key role in susceptibility to greater neuropsychiatric
disorders – a variable that the animal literature is uniquely
poised to investigate.

ANIMAL STUDIES OF ALCOHOL
EXPOSURE

Animal models of adolescent alcohol consumption have allowed
for greater control in alcohol administration while investigating
the intersection between genetic background, biological sex,
and the role of individual populations of neurons and circuits
(Crowley et al., 2019). Using animal models, adolescent-specific
patterns of alcohol consumption can be modeled with greater
control over patterns of consumption and age windows of
exposure. Multiple models have supported the general human
phenotype of adolescent alcohol exposure leading to increased
consumption of alcohol in adulthood. Previous work has shown
that while C57Bl/6J mice exposed to Drinking-in-the-Dark
(DID), an NIAAA-recognized model of binge drinking, as
adolescents (PND 25–45) show escalated alcohol consumption
as adults, this did not hold true for DBA/2J mice (Moore et al.,
2010). The adolescent data shown by Moore et al. (2010) is
consistent with the general belief of C57Bl/6J mice as “high
drinkers” and DBA/2J mice as “low drinkers” and importantly,
hints at the potential for genetic mechanisms by which some mice
escalate drinking in adulthood. However, recent work suggests
that DBA/2J mice will consume alcohol when administered
intragastrically, and thus likely are taste-avoidant for alcohol, not
alcohol-avoidant more generally (Fidler et al., 2011). Importantly,
the study by Moore et al. (2010) was one of the first to include
males and females. Other studies have continued to investigate
the relationship between adolescent alcohol exposure, adulthood
alcohol consumption, and sex. Another model of binge drinking
during adolescence increased alcohol consumption in adulthood,
with the effect primarily driven by higher drinking in females
(Strong et al., 2010). Not all work shows a sex-dependent effect,

however. Younis et al. (2019) demonstrated that adolescent DID
(PND 28–36) increased alcohol consumption in adults (PND 72–
80), without sex differences in either adolescent or adulthood
drinking levels.

Although the previously discussed results indicate that
adolescent alcohol exposure increases alcohol consumption
in adulthood in rodents, other studies do not support this
relationship. Rats which drank during adolescence did not show
increased consumption compared to naïve rats when presented
with alcohol in adulthood (Vetter et al., 2007). Importantly,
forced exposure (non-choice consumption models) are also
used in rodents, and while they lead to more consistency
in alcohol exposure, they may produce differing effects. For
example, vaporized ethanol exposure during adolescence did not
increase voluntary consumption in adults (Jury et al., 2017).
It is difficult to tease apart whether a lack of escalation in
adulthood drinking seen in these cases is driven by exposure
model, species (rats versus mice), overall amount of ethanol, or
developmental window.

As seen in humans, adolescent rodents display different
consumption patterns compared to adults. Studies continue
to demonstrate the importance of including both males and
females in alcohol studies, as alterations due to adolescent alcohol
may be sex specific. Several studies have shown that female
rodents consume more alcohol than males in both adolescence
and adulthood (e.g., Amodeo et al., 2018; Szumlinski et al.,
2019), but occasionally opposite patterns have been observed
(Vetter-O’Hagen et al., 2009). Though sex differences in alcohol
drinking have not been universally observed, some studies have
found that testosterone and estradiol contribute to levels of
alcohol consumption in adults. Testosterone was shown to
have an inhibitory effect on drinking (Vetter-O’Hagen et al.,
2011). Castration of male rats increased alcohol drinking, while
subsequent restoration of testosterone reduced drinking to the
level of control males (Vetter-O’Hagen et al., 2011). Estradiol
(E2) has contrasting effects, as alcohol intake in ovariectomized
females was reduced compared to control females but restored
following subcutaneous injections of E2 (Satta et al., 2018).
In addition to hormonal contributions to drinking, motivation
and affect may also contribute to sex differences in alcohol
drinking patterns. Adolescent male rats are more likely to engage
in drinking in social contexts (Varlinskaya et al., 2015a). In
contrast, adolescent female rats consume more ethanol when
isolated (Varlinskaya et al., 2015b). Adolescent females showed
low social behavior indicative of social anxiety-like behavior and
were more likely to experience the anxiolytic and facilitative
effects (such as increase their social interaction) following ethanol
intake (Varlinskaya et al., 2015a,b). Importantly, these behavioral
phenotypes broadly mimic those seen in humans, with men
more likely to engage in drinking for positive reinforcement and
women more likely to drink for the negative reinforcing effects
[reviewed in Dir et al. (2017)].

In addition to changes in adulthood drinking levels, animal
studies have reported long term effects of adolescent alcohol
exposure on behaviors related to anxiety, risk taking, and
memory. These effects may not present until adulthood and may
be dependent on species of rodent, sex of the subjects, alcohol

Frontiers in Neuroscience | www.frontiersin.org 5 May 2022 | Volume 16 | Article 896880

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-896880 May 13, 2022 Time: 9:28 # 6

Sicher et al. Adolescent Alcohol and Stress

exposure paradigm, and timing of exposure. For example, male
rats are vulnerable to developing social anxiety-like behaviors
following adolescent alcohol exposure (Varlinskaya et al., 2014,
2017, 2020), and both males and females show similar changes
in anxiety-like behavior after adolescent alcohol measured with
the elevated plus maze (Varlinskaya et al., 2020). However,
intermittent alcohol exposure consisting of voluntary drinking
sessions intermixed with forced vaporized ethanol exposure
throughout adolescence did not affect anxiety-like behavior
measured using the light-dark box and marble burying test
when tested in adulthood (Amodeo et al., 2018). Importantly,
these differing behavioral tests may capture different behavioral
phenotypes on an anxiety-like spectrum, and performance in
one test should not necessarily be expected to perfectly predict
performance in another, thus further muddying the overall
interpretation of the literature.

Varlinskaya et al. (2020) also found that males are uniquely
susceptible to developing deficits in behavioral flexibility after
chronic intermittent adolescent alcohol via intragastric gavage
(2020). This change in behavioral flexibility was replicated in
another study which used alcohol vapor exposure throughout the
early adolescent period (Gass et al., 2014). Only males were used
in this study, limiting the ability to draw comparison between the
sexes (Gass et al., 2014). Another study found similar reductions
in behavioral flexibility in both male and female C57Bl/6J mice
which drank during early adolescence (van Hees et al., 2022).
It is possible that different alcohol exposure paradigms may
differentially affect behavior – with intragastric gavage and
vaporized ethanol both reflecting forced exposure, and drinking
reflecting choice consumption. Alcohol-induced alterations in
other types of behaviors have been primarily studied in males.
Adolescent male rats exposed to alcohol via intragastric gavage
showed increased risky behavior in a probability discounting
task 1 week into withdrawal (Boutros et al., 2015). However,
mice bred to prefer alcohol did not show changes in impulsivity
following alcohol exposure during the mid-adolescent period
(O’Tousa et al., 2013).

Corresponding with persistent changes in behaviors,
adolescent alcohol induces alterations in maturing brain regions,
including the PFC. Major changes to the PFC induced by
adolescent alcohol are summarized in Figure 1. Changes in PFC
connectivity have been reported, as have alterations in neuronal
structure and function. Adolescent alcohol exposure interferes
with several of the maturational processes described above.
One important developmental process which occurs during
adolescence is the refinement of connections between late-
maturing regions like the PFC and already-matured subcortical
regions. Ongoing development of frontostriatal connections due
to this relatively late maturation of the PFC is hypothesized to
contribute to these adolescent-typical behaviors of sensation-
seeking and risk-taking (Steinberg, 2008; Shulman et al., 2016).
Intermittent exposure to alcohol during adolescence reduces
intra-PFC resting-state connectivity and functional connectivity
between the PFC and structures in the striatum (Broadwater
et al., 2018). The frontal lobe undergoes continued expansion
even into late adulthood, as PFC thickness was increased at
PND 220 compared to PND 80 (Vetreno et al., 2017). However,

rats exposed to alcohol intermittently throughout adolescence
(PND 22–55) via intragastric gavage exhibited thinning of the
PFC at the younger adult timepoint (PND 80). Importantly, this
study only investigated changes in male rats, while neuroimaging
studies in human adolescents with a history of binge drinking
have shown sex-specific alterations in cortical thinning (de Bellis
et al., 2005; Medina et al., 2008; Squeglia et al., 2012). These
results show how adolescent alcohol interferes with structural
maturation of the PFC and suggest a greater need for in-depth
assessment of sex-specific alcohol-induced changes in cortical
maturation and connectivity.

At the cell-type specific level, much work assessing changes
in PFC neuronal function following adolescent alcohol has
focused on excitatory glutamatergic pyramidal neurons, where
several studies describe persistent electrophysiological and
morphological changes in these output neurons after adolescent
alcohol. It has been proposed that adolescent alcohol impairs
the development of several neuronal properties, inducing
these lasting deficits and possibly contributing to previously
discussed behavioral changes in adults exposed to alcohol during
adolescence. Pyramidal neurons in layer 5 of the prelimbic
(PL) cortical region of the PFC show increased intrinsic
excitability following adolescent alcohol exposure, with this effect
persisting into adulthood, several weeks after alcohol exposure
ended (Salling et al., 2018; Galaj et al., 2020). This effect was
specific to alcohol exposure during adolescence (beginning at
approximately PND 28), as alcohol exposure in young-adult
mice (beginning at PND 70) demonstrated decreased pyramidal
neuron intrinsic excitability (Galaj et al., 2020). Alterations
in excitability were not seen until 21 days after cessation of
alcohol exposure – highlighting the importance of investigating
protracted timepoints. In addition, excitatory input onto layer
5 pyramidal neurons was reduced following adolescent alcohol
exposure, suggesting that larger network changes occur following
alcohol exposure, in addition to alterations in intrinsic excitability
(Galaj et al., 2020).

Salling et al. (2018) found that voluntary alcohol consumption
during adolescence (PND 30–60) interfered with the typical
development of pyramidal neuronal membrane properties
including resting membrane potential and voltage sag
following injections of hyperpolarizing current. Although
PL cortical pyramidal neurons become more depolarized
during adolescence, this change did not occur following alcohol
exposure where pyramidal neurons remained hyperpolarized
(Salling et al., 2018). The hyperpolarization-activated cation (Ih)
current was also reduced following adolescent drinking, likely
being a causal mechanism for the changes in intrinsic excitability
(Salling et al., 2018). Further work from this group showed a
role for a hyperpolarization-activated cyclic nucleotide-gated
channel (HCN1) in alcohol preference in male adolescent mice
(Salling and Harrison, 2020), where they demonstrated HCN1
knockout mice consumed more 20% alcohol in an intermittent
voluntary consumption paradigm. This finding has not yet been
investigated in females, although female rodents show higher
levels of HCN1 expression in PFC Martinotti neurons, hinting at
another key interaction between adolescent alcohol consumption
and biological sex (Hughes et al., 2020).
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FIGURE 1 | Summary of alterations in the prefrontal cortex identified in rodent models following adolescent alcohol exposure, separated by sex. Triangles represent
pyramidal neurons. Arrows indicate the direction of the alteration relative to control animals not exposed to alcohol. Prelimbic pyramidal neurons are more excitable,
receive reduced excitatory synaptic input and reduced tonic current, and show increased spine density in both sexes following adolescent alcohol. D1R, dopamine
receptor 1; D1R GPCR illustrated in purple; Exc, intrinsic excitability; IL, infralimbic cortex; IL-1β, interleukin 1 beta; mPFC, indicates changes tested throughout the
medial prefrontal cortex; PL, prelimbic cortex; sEPSCs, spontaneous excitatory postsynaptic currents; RMP, resting membrane potential; TH, tyrosine hydroxylase;
TLR-4, toll-like receptor 4.

Throughout adolescence, expression of a tonic GABA current
increases in PL cortical layer 5 pyramidal neurons (Centanni
et al., 2017). Although the amplitude of the current is consistent
throughout development, the percentage of pyramidal neurons
showing this tonic current increases during the adolescent period.
As expression of the tonic GABA current increases, so does
the contribution of delta-subunit containing GABAA receptors.
However, this work by Centanni et al. (2017) found that binge-
like intermittent alcohol vapor exposure during adolescence
blocks the development of this current and reduces its amplitude.
This reduction appeared within days of adolescent alcohol and
persisted into adulthood in both males and females. Adolescent
alcohol also attenuated the effects of allopregnanolone, a
neuroactive steroid which has been shown to increase this
tonic current (Stell et al., 2003). The authors hypothesize that
adolescent alcohol alters the performance of delta subunit-
containing GABAA receptors without affecting expression of the
delta-subunit (Centanni et al., 2017). This suggests a greater

need for investigation of the alcohol-induced alterations in
receptor function.

Adolescent alcohol prevents the typical development of
dopamine modulation of pyramidal cell firing in the PL cortex
(Trantham-Davidson et al., 2017), another PFC system known
to undergo developmental maturation. During adolescence, the
number of pyramidal neurons which show D1R and D2R
modulation of activity increases. However, following adolescent
alcohol exposure, stimulating D1Rs no longer changed evoked
firing of pyramidal neurons, indicating a loss of this development
(Trantham-Davidson et al., 2017). Interestingly, these changes
were not due to changes in D1R expression in these neurons
(Trantham-Davidson et al., 2017), and there was no change
in D2R-modulated firing. In addition, electrophysiological
alterations were reported along with reduced PL cortical
expression of tyrosine hydroxylase, a marker for dopaminergic
neurons, following adolescent alcohol exposure (Trantham-
Davidson et al., 2017). These findings indicate that not only is
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development of dopaminergic inputs into the PFC altered by
adolescent alcohol, but that the functioning of corresponding
receptors may change as well, and that the alterations have
consequences for the firing of both pyramidal and non-pyramidal
neurons. This highlights the need for in-depth investigation of
entire neurotransmitter systems.

Morphological changes to pyramidal neurons, including
alterations in dendritic spines, have been proposed to underlie
age-specific differences in the effects of adolescent alcohol
(Galaj et al., 2020). Indeed, adolescent alcohol increases the
prevalence of thin dendritic spines, which are hypothesized to
have fewer receptors than other non-thin dendritic spines, as
well as increase overall dendritic spine density on PL pyramidal
neurons (Trantham-Davidson et al., 2017; Galaj et al., 2020).
However, this effect does not seem to generalize to other PFC
regions. Exposure to alcohol vapor during adolescence reduced
the density of dendritic spines in another region of the PFC, the
infralimbic cortex, with average dendritic spine width increasing
after adolescent alcohol (Jury et al., 2017).

The cholinergic system is also vulnerable to adolescent
alcohol use. Intermittent alcohol exposure via intragastric gavage
throughout adolescence reduced cholinergic markers in the
orbitofrontal cortex (OFC) of male and female Sprague Dawley
rats (Kipp et al., 2021) and in the basal forebrain male in
Wistar rats (Boutros et al., 2015). Dendritic branching complexity
was altered in the OFC, though the location of compromised
branching was different in alcohol-exposed males and females
(Kipp et al., 2021). Cholinergic efflux in the OFC, but not
the hippocampus, during behavioral tasks is reduced following
adolescent intermittent alcohol (Kipp et al., 2021).

Another critical developmental change during adolescence
which is susceptible to alcohol use is the myelination of neurons
within the PFC. Voluntary alcohol consumption reduced
myelination density in the anterior cingulate cortex of male
Wistar rats (Tavares et al., 2019). Although overall density of
myelinated fibers was unaltered in females, adolescent alcohol
consumption induced microstructural changes in female rats,
including a shift toward smaller nodes of ranvier (Tavares
et al., 2019). Based on their findings, the authors propose
that adolescent alcohol alters myelin density by inducing
demyelination followed by remyelination, with males being
more vulnerable to these consequences. Similarly, Rice et al.
(2019) found that adolescent alcohol reduced myelin basic
protein (MBP) density in the medial PFC in adolescent male
C57BL/6J mice, but this deficit was restored by adulthood.
Immediately following adolescent alcohol, there was an increase
in the expression of degraded MBP in the medial PFC (Rice
et al., 2019). This result seems to match the demyelination-
remyelination hypothesis proposed by Tavares et al. (2019). The
increased vulnerability of PFC myelin in males may be due to
sex differences in expression of inflammatory markers following
adolescent drinking (Silva-Gotay et al., 2021). Expression of some
pro-inflammatory genes, including interleukin 1-beta, increases
in the PFC of both males and females after adolescent alcohol,
while expression of the gene encoding Toll-like receptor 4 (TLR4)
is increased in the PFC only in males (Silva-Gotay et al., 2021).
Because TLR4 has been implicated in alcohol-induced myelin

loss (Montesinos et al., 2015), Silva-Gotay et al. (2021) argue
that this sex difference in inflammatory gene expression may
contribute to the increased sensitivity to adolescent alcohol in
males. Overall, these results indicate that myelination during
adolescence is susceptible to alcohol exposure in both males
and females. Males may be more vulnerable to these changes in
myelination; however, more studies investigating the mechanism
of myelin loss in both males and females are needed. Given
the devastating effects of myelination-related neurodegenerative
disorders in adulthood, a thorough understanding of how
adolescent alcohol may contribute to this phenotype is absolutely
critical to preventing and intervention of these diseases in
aging populations.

Neuroactive steroids in the PFC are targets of alcohol and have
been identified as potential treatment options to reduce excessive
drinking. Male Wistar rats exposed to ethanol during adolescence
showed increased mRNA and protein levels of 5 alpha-reductase
in the PFC (Sánchez et al., 2014). The magnitude of change
was highest in rats exposed to ethanol on a chronic intermittent
schedule (Sánchez et al., 2014). Administration of neuroactive
steroids has reduced voluntary alcohol consumption in male rats
exposed to ethanol during adolescence (Gurkovskaya et al., 2009).
Because of this demonstrated effect, neuroactive steroids have
emerged as a potential treatment strategy for AUD (Morrow et al.,
2020); however, studies testing the efficacy of neuroactive steroids
across sex and broader age ranges are limited.

Together, the human and animal literature both demonstrate
that adolescents are especially at risk of initiating alcohol use
and that alcohol can interfere with PFC development during
this critical stage. Studies using rodents have found major
neurobiological changes following alcohol at the structural
and cellular level, but factors including sex, species, alcohol
exposure paradigm, and timing of exposure may influence
results. Rates of alcohol use among adolescents remain high,
making it prudent to understand persistent changes of adolescent
alcohol consumption.

HUMAN STUDIES OF ADOLESCENT
STRESS

While adolescence is a time of great physiological and
psychological change, this change is often accompanied by
varying levels of stress. Chronic exposure to stress in adolescence
is associated with alterations in cortical structure, and an
increased risk of neuropsychiatric illnesses, including AUD
(Watt et al., 2017). Many neuropsychiatric illnesses begin
to present during adolescence, possibly because the PFC,
implicated in several such disorders, is especially vulnerable to
factors including stress while it undergoes the aforementioned
maturational changes (Paus et al., 2008). Ongoing stressors
resulting from the COVID-19 pandemic have increased
the prevalence of anxiety and depression symptoms among
adolescents worldwide (Racine et al., 2021). Sex differences in
the prevalence and progression of neuropsychiatric illnesses
such as MDD (Schuch et al., 2014), PTSD (Olff, 2017), and
anxiety disorders (McLean et al., 2011) and other disorders

Frontiers in Neuroscience | www.frontiersin.org 8 May 2022 | Volume 16 | Article 896880

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-896880 May 13, 2022 Time: 9:28 # 9

Sicher et al. Adolescent Alcohol and Stress

indicate potential biological differences in stress reactivity
between men and women.

Engagement of the hypothalamic-pituitary-adrenal (HPA)
axis is a classical response to stress, resulting in altered circulating
cortisol levels as a response, although the directionality of a
possible sex difference in response to more chronic stress is
unclear as the literature reports conflicting findings (for review,
see Bangasser and Valentino, 2014). Continued higher cortisol
levels are often seen in patients with MDD, and lower cortisol
levels are seen in people with PTSD (Bangasser and Valentino,
2014). Studies report women suffering from depression tend to
have higher cortisol levels than men with depression (Young
and Altemus, 2004), and women with PTSD show lower cortisol
levels than women without PTSD, but the effect is not seen in
men (Freidenberg et al., 2010; Bangasser and Valentino, 2014).
Another way the HPA axis is implicated is through the release
of corticotropin-releasing factor (CRF), increased levels of which
are seen following stress (Sautter et al., 2003; Bangasser and
Valentino, 2014), and increased sensitivity to CRF is noted
in women during puberty (Stroud et al., 2011), implicating a
possible mediating role for ovarian hormones in stress sensitivity
during and post adolescence. Of note, CRF is also released by CRF
containing neurons throughout the brain and not solely regulated
by the HPA axis (Kash et al., 2015; Brockway and Crowley, 2020).

Other alterations to brain maturation seen due to stress
exposure include myelination deficits (Shaw et al., 2020) and
synaptic pruning leading to decreases in cortical gray matter
(Watt et al., 2017; Shaw et al., 2020). Myelination of the central
nervous system continues into adulthood (Vetreno et al., 2017),
and is highly sensitive to stress, with the literature reporting
the implication of myelin deficits in neuropsychiatric illnesses
via a multitude of neuroimaging-based white matter studies (for
review, see Tae et al., 2018). White matter structure was shown to
be decreased after adolescent stress using male subjects from the
Avon Longitudinal Study of Parents and Children, specifically in
the corpus callosum (Jensen et al., 2018).

As highlighted above, the adolescent brain undergoes
significant synaptic pruning, with synaptic density within the
PFC peaking at the onset of puberty and declining rapidly before
stabilizing at the end of adolescence (Shaw et al., 2020). While
unconfirmed in humans, studies show decreased dendritic spine
density and branching in pyramidal neurons in layer II/III of
adult rodent PFC after exposure to chronic stress (for review,
see Romeo, 2017). As with much of the human literature, it
is difficult to tease apart cellular level findings after stress, but
the human literature is plentiful with neuroimaging studies
post-stress to provide some mechanistic insight. Watt et al.
(2017) hypothesize that the disruption of circuitry of the PFC
caused by adolescent stress leads to impaired reward processing,
leading in turn, to struggles with impulse control and a higher
susceptibility to substance use disorders and neuropsychiatric
illnesses. Findings of a neuroimaging study of 20-year-old men
who experienced chronic stress between 15 and 18 years of
age showed decreased PFC activation in response to reward
anticipation (Casement et al., 2013), supporting the hypothesis
of Watt et al. (2017). A study of young women who were
child sexual abuse victims (ages 14–16 at time of abuse, and

17–19 at time of study) showed decreased frontal lobe gray
matter (Andersen et al., 2008), indicating a potential long-
term stress-induced adaptation in cortical development. An
adolescent-specific stress effect was seen by Baker et al. (2013)
when imaging populations of adults (ages 30–40) who had
experienced early life stress. Interestingly, individuals who had
faced chronic stress between the ages of 8–17 showed decreased
gray matter in the anterior cingulate cortex and insular cortex
within the frontal lobe, but no such decrease in gray matter
was seen in individuals who had faced chronic stress before
age 8 (Baker et al., 2013). Combined, these studies give support
to the possibility of enhanced cortical vulnerability to stress
during adolescence. Importantly however, adolescent stress in
humans is often complicated by interactions between variables
that synergize with stress, including socioeconomic status, food
and housing security, and education.

RELATIONSHIP BETWEEN STRESS AND
ALCOHOL USE

The AUD shows high co-morbidity with other neuropsychiatric
illnesses, including depression, bipolar disorder, and borderline
and antisocial personality disorders (Grant et al., 2015). The
presence of an AUD has also been associated with heightened
severity of these co-morbid disorders (Helle et al., 2020). As
previously mentioned, there is an complex relationship between
anxiety and alcohol consumption. Anxiety disorders and AUD
are often co-morbid (Grant et al., 2004), but there have been
conflicting findings indicating the exact characteristics and
mechanisms of this relationship (e.g., see Dyer et al., 2019).
The uncertainty around this mechanism or directionality of
these comorbidities extends to the adolescent literature as
well. Cloutier et al. (2019) found that adolescent females with
higher baseline social anxiety levels are more likely to consume
their first alcoholic beverage within a year of exposure to an
acute social stressor. However, anxiety symptoms alone do not
necessarily lead to an increased urge to drink immediately
in non-alcohol naïve adolescents (Blumenthal et al., 2015),
indicating that there are other factors at play in the relationship
between adolescent alcohol consumption and anxiety that require
further study (with access to alcohol likely being relevant). The
same must be said of other common comorbidities of AUD,
including MDD and conduct disorder due to the tendency
to use alcohol as a coping method for psychological distress
(Zaso et al., 2021) and as a negative reinforcer among late-stage
adolescents (Obasi et al., 2016). Obasi et al. (2016) surveyed
a population of undergraduate college students, examining
the relationship between psychological stress and alcohol use,
and report the relationship between individuals with problem
drinking (as assessed by the Alcohol Use Disorders Identification
Test) positively correlates with poor emotional coping skills,
depression, anxiety, and positive alcohol related expectancies.
A model fit was able to predict that the relationship between
depression and anxiety and alcohol use is mediated by a chain
of negative affect regulation and positive alcohol expectancies
(Obasi et al., 2016). Importantly, work like this can help to
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tie together the correlation and potential causality between
overlapping neuropsychiatric disorders.

ANIMAL STUDIES OF ADOLESCENT
STRESS

As with alcohol consumption, exposure to stress during
adolescence can impair typical maturation of the brain and
lead to persistent changes in behavior and neurobiology.
Animal models present a unique opportunity to not only
understand causality between adolescent stress exposure and
related disorders, but also to understand when unique periods of
vulnerability occur, and how these interact with cell- and circuit-
level specific changes in the brain. Various types of stressors have
been used, including social defeat, social isolation, physical stress,
and variable stress paradigms. Neurobiological changes in the
PFC following adolescent stress are outlined in Figure 2.

Unsurprisingly, the brain is uniquely susceptible to stress
during adolescent development. Several studies have reported
unique behavioral changes in animals which underwent stress
during adolescence compared to animals which underwent stress
in adulthood. Exposure to an elevated-platform stressor in early
adolescence, but not adulthood, impaired reactivity to an acute
stressor presented later in life (Avital and Richter-Levin, 2005).
When male and female mice were exposed to a footshock stress
in either mid-adolescence (PND 36–37) or adulthood (PND
72–77), sex- and age-specific effects presented. In this study,
females demonstrated an increased startle response after either
adolescent or adult stress, while adult males exposed to stress
showed a reduction in startle response compared to non-stressed
males (Chester et al., 2008). Other studies have found increased
anxiety-like behavior following adolescent stress (Luo et al., 2014;
Page and Coutellier, 2018). Female rats are more vulnerable to
lasting anxiogenic effects of adolescent social stress than males
(McCormick et al., 2008), although other studies show persistent
increases in anxiety-like behavior in stressed animals of both
sexes compared to unstressed controls (Page and Coutellier,
2018). Stressed female Listar hooded rats exhibited more nose-
poking behavior during a delay discounting task, interpreted
as compulsive-like behavior (Brydges et al., 2015). Adolescent
stress induces lasting effects, most notably increasing anxiety-like
behavior in adult rodents, with evidence suggesting that females
may be more vulnerable than males.

Animal models of adolescent stress have also been shown
to influence alcohol consumption in adulthood, with evidence
of sex-specific effects. Exposure to chronic variable social stress
(CVSS) during adolescence (PND 25–59) significantly increased
adulthood alcohol consumption in the DID model of binge
drinking (Caruso et al., 2018). An effect of sex on alcohol
consumption was not reported, but stressed females drank to
higher blood alcohol levels compared to non-stressed females
(Caruso et al., 2018).

Post-weaning social isolation has been used to model
adolescent stress in rats and mice and to investigate the
relationship between adolescent stress and alcohol intake. Social
isolation beginning at weaning (PND 21) led to increased

drinking in adult mice (Lopez et al., 2011; Lopez and Laber,
2015) and rats (Hall et al., 1998). In contrast, adulthood social
isolation for the same length of time did not influence levels
of alcohol intake (Lopez et al., 2011). Drinking levels following
adolescent social isolation were similar to those following chronic
variable stress (Lopez et al., 2011). Housing in an enriched
environment could reduce alcohol drinking levels in mice
following adolescent social isolation to drinking levels of group-
housed mice (Lopez and Laber, 2015). However, not all studies
have found this relationship, indicating that other factors may
affect the relationship between stress and alcohol intake. Both
studies by Lopez et al. (2011) used a limited-access model,
with mice only having access to alcohol for 2 h each day. In
contrast to these results, social isolation upon weaning increased
adulthood alcohol consumption and intake measured by 2-bottle
choice in males only (Advani et al., 2007). Moriya et al. (2015)
did not find any change in alcohol drinking following social
isolation in C57BL/6J mice. This literature suggests a complex
relationship between adolescent social isolation and adulthood
alcohol consumption.

Mild foot shock and restraint stress have both been used to
model mild physical stress in adolescence. A mild foot shock
during adolescence but not adulthood led to higher levels of
alcohol consumption in a strain of alcohol-preferring mice
(Chester et al., 2008). Exposure to a restraint stress did not
alter alcohol consumption in a continuous access paradigm in
mice which began drinking during adolescence (Tambour et al.,
2008). These mice had several weeks of drinking experience
before the stressor occurred (Tambour et al., 2008), so these
mice may have been habituated to the effects of alcohol which
may have interacted with any changes following stress. Another
study showed that restraint stress during early adolescence
altered alcohol consumption in an intermittent-access paradigm
in a sex- and age-specific manner (Wille-Bille et al., 2017).
Adolescent males and adult females decreased drinking following
stress, while adolescent females increased alcohol consumption.
Other factors which may mediate the relationship between
adolescent stress and alcohol consumption may include the
experimental stress paradigm, method to assess subsequent
alcohol consumption, and time between adolescent stress and
measurement of adult alcohol consumption.

Adolescent stress imposes neurobiological changes which
underlie these behavioral consequences by impairing several
critical maturational changes. These major changes within the
PFC following adolescent stress are visualized in Figure 2.
Supporting this, lesions of the PL region of the PFC increased
vulnerability to adolescent footshock and restraint stress (Gomes
and Grace, 2017). Specific targets of adolescent stress in the PFC
may include neurotransmitter systems, neuronal populations,
peptides, and hormones, as well as developmental changes
affecting these target systems.

In the PFC, the impacts of adolescent stress on development
of the GABAergic system have been characterized, with
research investigating several subpopulations of GABAergic
neurons. Development of the GABAergic system is necessary for
proper cortical inhibitory/excitatory balance in adulthood, and
impairments in this system have consequences for emotional
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FIGURE 2 | Schematic of major changes to the medial prefrontal cortex identified in rodent models of adolescent stress. Triangles indicate pyramidal neurons.
Arrows represent the direction of the alteration, relative to non-stressed controls of the same sex. CCK, cholecystokinin; CORT, corticosterone; D2R, dopamine
receptor 2; D2R GPCR illustrated in blue; DA, dopamine; E/I ratio, excitatory/inhibitory balance; IL, infralimbic cortex; mPFC, medial prefrontal cortex (indicates
alterations tested throughout this region); NMDAR, N-methyl-D-aspartate receptor; PL, prelimbic cortex; PV, parvalbumin-expressing; sIPSCs, spontaneous
inhibitory postsynaptic currents; sEPSCs, spontaneous excitatory postsynaptic currents; SST-28, somatostatin-28 peptide; VGAT, vesicular GABA transporter 1; VIP,
vasoactive intestinal peptide.

development (Page and Coutellier, 2019). This development
can be altered by adolescent stress paradigms in a sex-specific
manner. For example, adolescent stress reduces the number of
PV neurons in the PL cortex only in male mice [Page and
Coutellier, 2018; reviewed in Woodward and Coutellier (2021)].
However, the effects of stress throughout the lifespan on other
populations of GABAergic neurons have not been studied as
extensively. Other GABAergic populations including SST- and
VIP- expressing neurons are potential targets for specific changes
in the GABAergic system following adolescent stress. In animal
models, SST-expressing neurons have roles in depressive-like
phenotypes (Fuchs et al., 2017), substance misuse (Dao et al.,
2020; Crowley and Joffe, 2021), and encoding of fear memories
(Cummings and Clem, 2020) in adult mice. Although membrane
properties of SST-expressing neurons in the PFC are stable
by adolescence (Pan et al., 2016; Koppensteiner et al., 2019),
SST neuron-mediated inhibitory transmission onto pyramidal
neurons in the infralimbic cortex is reduced following fear
conditioning in adolescent mice (Koppensteiner et al., 2019).

This effect of fear conditioning was not observed in pre-
adolescent or adult male mice (Koppensteiner et al., 2019). Future
research should continue to investigate these other GABAergic
populations in both males and females after adolescent stress.

Adolescent stress altered the expression of several
neuropeptides in the PFC of male Wistar Han rats. After
a stress paradigm of unpredictable exposures to fox odor
or an elevated platform from PND 28–42, levels of SST-28
were reduced (Li et al., 2018). SST has been implicated in
human neuropsychiatric illnesses (Brockway and Crowley,
2020; Robinson and Thiele, 2020) and is an interesting target
for future research in adolescent stress. Other stress-affected
neuropeptides in the PFC include cholecystokinin (CCK)
and VIP precursors (Li et al., 2018). Stress hormones are also
persistently affected by adolescent stress. Following prolonged
post-weaning social isolation, corticosterone levels increased
in both males and females (Pisu et al., 2016). This finding has
important implications for the alcohol experiments discussed
above, such as those using the DID model, which require social
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isolation. Although acute footshock stress in adolescence slightly
increased baseline corticosterone levels in adulthood, exposure
to this stressor did not influence corticosterone response to an
acute stress challenge in adulthood (Lovelock and Deak, 2017,
2020).

Neurotransmitter systems such as the dopaminergic system
and its alteration by adolescent social stress have undergone in-
depth investigation. For example, Watt et al. (2014) exposed
male Sprague-Dawley rats to social defeat stress beginning
in either mid-adolescence (PND 35) or adulthood (PND 70).
Several weeks later, dopaminergic activity in the medial PFC
(measured by levels of dopamine and the dopamine metabolite
3,4-dihydroxyphenylacetic acid) was reduced in rats which
underwent adolescent stress. In rats which were not stressed until
adulthood, levels of dopaminergic activity were increased at the
same timepoint after stress (Watt et al., 2014). Others have found
that stress beginning in early adolescence, however, corresponded
to an increase in medial PFC dopamine levels (Luo et al.,
2014). This suggests that stressor timing during adolescence can
influence the direction of dopamine alterations. Supporting this,
immunostaining for tyrosine hydroxylase increased in layer I of
the PL cortex of male and female rats stressed from PND 27–29, a
relatively short period of time immediately surrounding the start
of adolescence (Harris et al., 2022). Exposure to a predator odor
during adolescence reduced D2R expression in the medial PFC in
adulthood (Wright et al., 2008), perhaps indicating compensation
for changes in dopamine levels following adolescent stress.
Importantly, this mimics the effects seen with alcohol in that
both neurotransmitter ligands and receptors tend to be affected
by developmental perturbations.

During adolescence, inputs onto pyramidal neurons in
regions including the PFC continue to mature; however, this
maturation is disrupted by adolescent stress. Social stress during
adolescence alters inhibitory transmission onto layer II/III
pyramidal neurons in the adult medial PFC (Caruso et al.,
2018; Xu et al., 2021). Glutamatergic transmission onto PL
cortical pyramidal neurons is reduced following adolescent stress
in males (Urban and Valentino, 2017; Caruso et al., 2018).
Properties of pyramidal neurons are also altered by adolescent
stress. While stress beginning in early adolescence did not
alter pyramidal neuron intrinsic excitability, stress beginning in
mid-adolescence resulted in reduced intrinsic excitability of PL
cortical pyramidal neurons in males and females (Urban and
Valentino, 2017). These results demonstrate the importance of
stress timing in neurobiological outcomes and indicate that mid-
adolescence may be a particularly sensitive period for changes
in the PFC following stress. Along with electrophysiological
changes, adolescent stress induces sex-specific morphological
changes in PFC pyramidal neurons. After an unpredictable
stress paradigm, dendritic spine density increased in stressed
females but decreased in stressed males (Urban et al., 2019). The
balance of the excitatory/inhibitory synaptic markers vesicular
glutamate transporter 1 and vesicular GABA transporter were
reduced in stressed females, indicating potential alterations of the
excitatory/inhibitory balance (Bueno-Fernandez et al., 2021).

Adolescent stress impairs development of NMDA receptor
expression in the PFC. Stressed male rodents show increased

levels of NMDA receptor expression in the infralimbic region
of the PFC (Novick et al., 2016). Expression of the NMDA
receptor NR2B subunit is increased in the PFC of males but
not females after early-adolescent stress (Page and Coutellier,
2018). NMDA receptor subunit expression has been shown to
stabilize before adolescence (Ueda et al., 2015), so adolescent
stress may interfere with or override this stabilization. Together,
these findings indicate that exposure to a variety of stressors
during adolescence can cause persistent changes in behavior and
corresponding changes in the PFC, with factors including sex,
stress paradigm, and timing of exposure mediating these changes.

DISCUSSION

Human and animal studies indicate that the adolescent
period is particularly vulnerable to alcohol- and stress-induced
changes in brain development because both alcohol and
stress exposure interfere with necessary maturational processes
naturally occurring in critical brain regions such as the
PFC during this time. Stress and alcohol use are common
among adolescents, and the ongoing COVID-19 pandemic is
likely to exacerbate both of these phenomena. The American
Psychological Association’s 2020 Stress in America survey found
that over 40% of teenagers aged 13–17 report that their stress
levels had increased over the previous year, due to the pandemic’s
disruptions to their daily lives and uncertainty about their
future (Stress In America, 2020). Adolescents and young adults
aged 18–23 reported higher levels of stress, on average, than
adults over the age of 24 (Stress In America, 2020). Alarmingly,
alcohol use among adolescents has plateaued in recent years
after several decades of decline – which may be related to the
increased rates of stress caused by the COVID-19 pandemic
(CDC, 2020). Together, the prevalence of alcohol use and stress-
related pathology during adolescence, and the changing rates
of both of these phenomena during the current pandemic,
highlight the importance of understanding the neurobiological
consequences, both short- and long-term, of adolescent stress
exposure and alcohol consumption.

Although the literature discussed above indicates a variety of
behavior and neurobiological characteristics which are sensitive
to adolescent alcohol or stress exposure, it is paramount to note
the vast variability in standard operating procedures for both
preclinical stress and alcohol paradigms, which likely are a key
driver in the discrepancies in effects seen in the literature. For
example, though it has been argued that alcohol exposure during
adolescence increases alcohol consumption in adulthood, not
all studies have shown this relationship. Other factors which
might mediate the effects of adolescent alcohol and stress include
animal strain, timing of the experiment during adolescence, and
duration of the stressor. In addition, new research indicates
variables as seemingly innocuous as lab diet may influence
alcohol consumption – making it particularly difficult to rectify
differences in the literature (Maphis et al., 2022). Because the
variety of paradigms used to induce stress or alcohol exposure can
be used to model different consequences of these perturbations
(e.g., see McCormick et al., 2017; Crowley et al., 2019),
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more standardized protocols across alcohol and stress exposure
paradigms may reduce some of this variability. However, the
variability in outcomes does not diminish the overall finding
that the adolescent period is particularly vulnerable to lasting
consequences of alcohol and stress.

Despite the National Institute of Health 2016 mandate to
include sex as a biological variable (SABV) (Consideration of
Sex as a Biological Variable in NIH-funded Research, 2016),
there remains a large gap in the literature around the effects
of alcohol exposure and stress on cortical neurocircuitry in
females. Addressing this gap will allow for a fuller and
more robust understanding of the development of adolescent
cortical neurocircuitry into adulthood. Although many of the
studies reviewed here found that sex influences how the brain
changes in response to alcohol, existing treatment for AUD and
neuropsychiatric illnesses in general tend to be standardized for
both sexes (Bekker and van Mens-Verhulst, 2007; Holzhauer
et al., 2019). In fact, the current understanding of the efficacy
of several AUD pharmacotherapies is based mainly on studied
responses in males. Some analyses have found that clinical trials
for several pharmacotherapies for AUD and alcohol withdrawal,
including disulfiram, benzodiazepines, and anticonvulsants, did
not include a sufficient number of female participants (Agabio
et al., 2016). Although AUD is diagnosed more frequently in
men, alcohol use is increasing in women (White, 2019), making
it crucial to evaluate pharmacotherapies for AUD in both sexes.
Among adolescents, the prevalence of alcohol use is equal in boys
and girls, probably due to a sharper decline in alcohol use among
adolescent boys (White, 2019), suggesting that the gap in AUD
prevalence may continue to close.

While the factor of sex in human studies of alcohol use and
stress is important, considering gender identity is crucial to our
understanding of alcohol use throughout the lifespan. Although
newer studies are beginning to include gender identity as a factor
in studies of stress and drinking, much of our understanding of
adolescent stress and alcohol use only considers biological sex
as a binary variable. Transgender and gender non-conforming
adolescents are at increased risk for using alcohol and other
drugs, and they are victims of disproportionate amounts of
stress as a result of bullying and abuse from peers and family
(Reisner et al., 2015; de Pedro et al., 2017). Understanding
the lifelong consequences of this unique stress burden faced
by transgender and gender non-conforming adolescents is
critically important for attempts to reduce alcohol use among
these vulnerable populations, as well as for providing targeted
interventions and care.

An additional factor for consideration in human studies
of alcohol use is the pattern of alcohol consumption. Age
of alcohol use onset or age of first intoxication are often
primary outcomes of studies; however, this simplifies alcohol

use to a binary variable. Monitoring frequency or amount
of drinking, which are variables often included in animal
studies, will strengthen future studies of human adolescent
neurobiology. Importantly, assessment of some of these variables
is likely limited due to the retrospective nature of human
data science; ongoing studies will likely capture adolescent
drinking in far greater detail along these variables. Adolescence
is a critical developmental period characterized by behavioral,
physical, and neurobiological maturation. Development of the
PFC involves a variety of changes, such as myelination, synaptic
pruning, and refinement of several key neurotransmitter systems.
These maturational changes are susceptible to exposure to
alcohol or stress during this period, with behavioral and
structural changes often becoming permanent. Promising targets
for future research may include populations of GABAergic
neurons, as alcohol and stress both impact this system
(Morrow et al., 2020; Woodward and Coutellier, 2021). Further
investigation into behavioral effects of adolescent alcohol or
stress may uncover potential factors influencing individual
sensitivity to these insults, as there is often variability in
outcomes in human studies. Finally, research should continue
to incorporate participants of both sexes to generate a complete
understanding of these effects. Because of high reported
rates of stress and alcohol use in adolescents, elucidating
the age- and sex-specific effects of these insults will likely
improve the quality of therapeutic options for AUD and other
neuropsychiatric conditions.

DATA AVAILABILITY STATEMENT

The original contribution spresented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

AS made the figures. All authors contributed to the literature
review, writing, and editing of the manuscript.

FUNDING

This work was supported by the National Institute on Alcohol
Abuse and Alcoholism of the National Institutes of Health
(1R21AA028088 and P50AA017823 to NC), the Brain & Behavior
Research Foundation (NARSAD Young Investigator Award to
NC), and the National Institute of General Medical Sciences
(T32GM108563 to AS).

REFERENCES
Advani, T., Hensler, J. G., and Koek, W. (2007). Effect of early rearing conditions

on alcohol drinking and 5-HT 1A receptor function in C57BL/6J mice. Int. J.
Neuropsychopharmacol. 10, 595–607. doi: 10.1017/S1461145706007401

Agabio, R., Pani, P. P., Preti, A., Gessa, G. L., and Franconi, F. (2016). “Efficacy
of medications approved for the treatment of alcohol dependence and alcohol
withdrawal syndrome in female patients: a descriptive review,” in European
Addiction Research, Vol. 22, ed. S. Karger (Berlin: Karger Publishers), 1–16.
doi: 10.1159/000433579

Frontiers in Neuroscience | www.frontiersin.org 13 May 2022 | Volume 16 | Article 896880

https://doi.org/10.1017/S1461145706007401
https://doi.org/10.1159/000433579
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-896880 May 13, 2022 Time: 9:28 # 14

Sicher et al. Adolescent Alcohol and Stress

Amodeo, L. R., Wills, D. N., Sanchez-Alavez, M., Nguyen, W., Conti, B., and
Ehlers, C. L. (2018). Intermittent voluntary ethanol consumption combined
with ethanol vapor exposure during adolescence increases drinking and alters
other behaviors in adulthood in female and male rats. Alcohol 73, 57–66. doi:
10.1016/j.alcohol.2018.04.003

Andersen, S. L., Tomada, A., Vincow, E. S., Valente, E., Polcari, A., and Teicher,
M. H. (2008). Preliminary evidence for sensitive periods in the effect of
childhood sexual abuse on regional brain development. J. Neuropsychiatry 20,
292–301. doi: 10.1176/appi.neuropsych.20.3.292

Avital, A., and Richter-Levin, G. (2005). Exposure to juvenile stress exacerbates
the behavioural consequences of exposure to stress in the adult rat. Int. J.
Neuropsychopharmacol. 8, 163–173. doi: 10.1017/S1461145704004808

Baker, L. M., Williams, L. M., Korgaonkar, M. S., Cohen, R. A., Heaps, J. M., and
Paul, R. H. (2013). Impact of early vs. late childhood early life stress on brain
morphometrics. Brain Imaging Behav. 7, 196–203. doi: 10.1007/s11682-012-
9215-y

Bangasser, D. A., and Valentino, R. J. (2014). Sex differences in stress-related
psychiatric disorders: neurobiological perspectives. Front. Neuroendocrinol. 35,
303–319. doi: 10.1016/j.yfrne.2014.03.008

Bedi, A., McGlinchey, R. E., Salat, D. H., Currao, A., Fonda, J. R., Milberg,
W. P., et al. (2021). Age of onset of adolescent binge drinking is differentially
associated with cortical thickness in post-9/11 adult Veterans. Alcohol. Clin.
Exp. Res. 45, 1065–1077. doi: 10.1111/acer.14606

Bekker, M. H. J., and van Mens-Verhulst, J. (2007). Anxiety Disorders:
sex differences in prevalence, degree, and background, but gender-neutral
treatment. Gend. Med. 4, S178–S193. doi: 10.1016/s1550-8579(07)80057-x

Blumenthal, H., Cloutier, R. M., Zamboanga, B. L., Bunaciu, L., and Knapp, A. A.
(2015). A laboratory-based test of the relation between adolescent alcohol use
and panic-relevant responding. Exp. Clin. Psychopharmacol. 23, 303–313. doi:
10.1037/pha0000022

Boutros, N., Semenova, S., Liu, W., Crews, F. T., and Markou, A. (2015). Adolescent
intermittent ethanol exposure is associated with increased risky choice and
decreased Dopaminergic and cholinergic neuron markers in adult rats. Int. J.
Neuropsychopharmacol. 18:pyu003. doi: 10.1093/ijnp/pyu003

Broadwater, M. A., Lee, S. H., Yu, Y., Zhu, H., Crews, F. T., Robinson, D. L.,
et al. (2018). Adolescent alcohol exposure decreases frontostriatal resting-state
functional connectivity in adulthood. Addict. Biol. 23, 810–823. doi: 10.1111/
adb.12530

Brockway, D. F., and Crowley, N. A. (2020). Turning the ‘tides on neuropsychiatric
diseases: the role of peptides in the prefrontal cortex. Front. Behav. Neurosci.
14:588400. doi: 10.3389/fnbeh.2020.588400

Brydges, N. M., Holmes, M. C., Harris, A. P., Cardinal, R. N., and Hall, J.
(2015). Early life stress produces compulsive-like, but not impulsive, behavior
in females. Behav. Neurosci. 129, 300–308. doi: 10.1037/bne0000059

Bueno-Fernandez, C., Perez-Rando, M., Alcaide, J., Coviello, S., Sandi, C., Castillo-
Gómez, E., et al. (2021). Long term effects of peripubertal stress on excitatory
and inhibitory circuits in the prefrontal cortex of male and female mice.
Neurobiol. Stress 14:100322. doi: 10.1016/j.ynstr.2021.100322

Caballero, A., Flores-Barrera, E., Cass, D. K., and Tseng, K. Y. (2014). Differential
regulation of parvalbumin and calretinin interneurons in the prefrontal cortex
during adolescence. Brain Struct. Funct. 219, 395–406. doi: 10.1007/s00429-
013-0508-8

Caballero, A., Flores-Barrera, E., Thomases, D. R., and Tseng, K. Y. (2020).
Downregulation of parvalbumin expression in the prefrontal cortex during
adolescence causes enduring prefrontal disinhibitiona in adulthood.
Neuropsychopharmacology 45, 1527–1535. doi: 10.1038/s41386-020-0
709-9

Caruso, M. J., Seemiller, L. R., Fetherston, T. B., Miller, C. N., Reiss, D. E., Cavigelli,
S. A., et al. (2018). Adolescent social stress increases anxiety-like behavior
and ethanol consumption in adult male and female C57BL/6J mice. Sci. Rep.
8:10040. doi: 10.1038/s41598-018-28381-2

Casement, M. D., Shaw, D. S., Sitnick, S. L., Musselman, S. C., and Forbes, E. E.
(2013). Life stress in adolescence predicts early adult reward-related brain
function and alcohol dependence. Soc. Cogn. Affect. Neurosci. 10, 416–423.
doi: 10.1093/scan/nsu061

Casey, B. J., Jones, R. M., Levita, L., Libby, V., Pattwell, S. S., Ruberry, E. J., et al.
(2010). The storm and stress of adolescence: insights from human imaging and
mouse genetics. Dev. Psychobiol. 52, 225–235. doi: 10.1002/dev.20447

Cass, D. K., Flores-Barrera, E., Thomases, D. R., Vital, W. F., Caballero, A., and
Tseng, K. Y. (2014). CB1 cannabinoid receptor stimulation during adolescence
impairs the maturation of GABA function in the adult rat prefrontal cortex.
Mol. Psychiatry 19, 536–543. doi: 10.1038/mp.2014.14

CDC (2020). Monitoring the Future, CDC Youth Risky Behavior Survey. Available
online at: www.cdc.gov/yrbss (accessed March 10, 2022).

Center for Disease Control (2012). CDC VitalSigns: Teen Drinking and Driving -
A Dangerous Mix. Available online at: http://www.cdc.gov/vitalsigns (accessed
March 10, 2022).

Centanni, S. W., Burnett, E. J., Trantham-Davidson, H., and Chandler, L. J. (2017).
Loss of δ-GABAA receptor-mediated tonic currents in the adult prelimbic
cortex following adolescent alcohol exposure. Addict. Biol. 22, 616–628. doi:
10.1111/adb.12353

Chester, J. A., Barrenha, G. D., Hughes, M. L., and Keuneke, K. J. (2008). Age- and
sex-dependent effects of footshock stress on subsequent alcohol drinking and
acoustic startle behavior in mice selectively bred for high-alcohol preference.
Alcohol. Clin. Exp. Res. 32, 1782–1794. doi: 10.1111/j.1530-0277.2008.00763.x

Cloutier, R. M., Blumenthal, H., Trim, R. S., Douglas, M. E., and Anderson, K. G.
(2019). Real-Time social stress response and subsequent alcohol use initiation
among female adolescents. Psychol. Addict. Behav. 33, 254–265. doi: 10.1037/
adb0000454

Consideration of Sex as a Biological Variable in NIH-funded Research (2016).
Available online at: https://orwh.od.nih.gov/sites/orwh/files/docs/NOT-OD-
15-102_Guidance.pdf (accessed March 10, 2022).

Crews, F., He, J., and Hodge, C. (2007). Adolescent cortical development: a critical
period of vulnerability for addiction. Pharmacol. Biochem. Behav. 86, 189–199.
doi: 10.1016/j.pbb.2006.12.001

Crowley, N. A., Dao, N. C., Magee, S. N., Bourcier, A. J., and Lowery-Gionta,
E. G. (2019). Animal models of alcohol use disorder and the brain: from casual
drinking to dependence. Transl. Issues Psychol. Sci. 5, 222–242. doi: 10.1037/
tps0000198

Crowley, N. A., and Joffe, M. E. (2021). Developing breakthrough psychiatric
treatments by modulating G protien coupled receptors on prefrontal cortex
somatostatin interneurons. Neuropsychopharmocology 47, 389–391. doi: 10.
1038/s41386-021-01119-x

Cummings, K. A., and Clem, R. L. (2020). Prefrontal somatostatin interneurons
encode fear memory. Nat. Neurosci. 23, 61–74. doi: 10.1038/s41593-019-
0552-7

Dao, N. C., Brockway, D. F., Suresh Nair, M., Sicher, A. R., and Crowley, N. A.
(2021). Somatostatin neurons control an alcohol binge drinking prelimbic
microcircuit in mice. Neuropsychopharmacology 46, 1906–1917. doi: 10.1038/
s41386-021-01050-1

Dao, N. C., Suresh Nair, M., Magee, S. N., Moyer, J. B., Sendao, V., Brockway, D. F.,
et al. (2020). Forced abstinence from alcohol induces sex-specific depression-
like behavioral and neural adaptations in somatostatin neurons in cortical and
amygdalar regions. Front. Behav. Neurosci. 14:86. , doi: 10.3389/fnbeh.2020.
00086

de Bellis, M. D., Narasimhan, A., Thatcher, D. L., Keshavan, M. S., Soloff, P.,
and Clark, D. B. (2005). Prefrontal cortex, thalamus, and cerebellar volumes
in adolescents and young adults with adolescent-onset alcohol use disorders
and comorbid mental disorders. Alcohol. Clin. Exp. Res. 29, 1590–1600. doi:
10.1097/01.alc.0000179368.87886.76

de Pedro, K. T., Gilreath, T. D., Jackson, C., and Esqueda, M. C. (2017). Substance
Use among Transgender Students in California Public Middle and High Schools.
Available online at: www.ashaweb.org

Deas, D. (2006). Adolescent substance abuse and psychiatric comorbidities. J. Clin.
Psychiatry 67(Suppl. 7), 18–23.

DeWit, D. J., Adlaf, E. M., Offord, D. R., and Ogborne, A. C. (2000).
Age at first alcohol use: a risk factor for the development of alcohol
disorders. Am. J. Psychiatry 157, 745–750. doi: 10.1176/appi.ajp.157.
5.745

Dir, A. L., Bell, R. L., Adams, Z. W., and Hulvershorn, L. A. (2017). Gender
differences in risk factors for adolescent binge drinking and implications for
intervention and prevention. Front. Psychiatry 8:289. , doi: 10.3389/fpsyt.2017.
00289

Donovan, J. E. (2009). Estimated blood alcohol concentrations for child and
adolescent drinking and their implications for screening instruments. Pediatrics
123:e975-81. doi: 10.1542/peds.2008-0027

Frontiers in Neuroscience | www.frontiersin.org 14 May 2022 | Volume 16 | Article 896880

https://doi.org/10.1016/j.alcohol.2018.04.003
https://doi.org/10.1016/j.alcohol.2018.04.003
https://doi.org/10.1176/appi.neuropsych.20.3.292
https://doi.org/10.1017/S1461145704004808
https://doi.org/10.1007/s11682-012-9215-y
https://doi.org/10.1007/s11682-012-9215-y
https://doi.org/10.1016/j.yfrne.2014.03.008
https://doi.org/10.1111/acer.14606
https://doi.org/10.1016/s1550-8579(07)80057-x
https://doi.org/10.1037/pha0000022
https://doi.org/10.1037/pha0000022
https://doi.org/10.1093/ijnp/pyu003
https://doi.org/10.1111/adb.12530
https://doi.org/10.1111/adb.12530
https://doi.org/10.3389/fnbeh.2020.588400
https://doi.org/10.1037/bne0000059
https://doi.org/10.1016/j.ynstr.2021.100322
https://doi.org/10.1007/s00429-013-0508-8
https://doi.org/10.1007/s00429-013-0508-8
https://doi.org/10.1038/s41386-020-0709-9
https://doi.org/10.1038/s41386-020-0709-9
https://doi.org/10.1038/s41598-018-28381-2
https://doi.org/10.1093/scan/nsu061
https://doi.org/10.1002/dev.20447
https://doi.org/10.1038/mp.2014.14
http://www.cdc.gov/yrbss
http://www.cdc.gov/vitalsigns
https://doi.org/10.1111/adb.12353
https://doi.org/10.1111/adb.12353
https://doi.org/10.1111/j.1530-0277.2008.00763.x
https://doi.org/10.1037/adb0000454
https://doi.org/10.1037/adb0000454
https://orwh.od.nih.gov/sites/orwh/files/docs/NOT-OD-15-102_Guidance.pdf
https://orwh.od.nih.gov/sites/orwh/files/docs/NOT-OD-15-102_Guidance.pdf
https://doi.org/10.1016/j.pbb.2006.12.001
https://doi.org/10.1037/tps0000198
https://doi.org/10.1037/tps0000198
https://doi.org/10.1038/s41386-021-01119-x
https://doi.org/10.1038/s41386-021-01119-x
https://doi.org/10.1038/s41593-019-0552-7
https://doi.org/10.1038/s41593-019-0552-7
https://doi.org/10.1038/s41386-021-01050-1
https://doi.org/10.1038/s41386-021-01050-1
https://doi.org/10.3389/fnbeh.2020.00086
https://doi.org/10.3389/fnbeh.2020.00086
https://doi.org/10.1097/01.alc.0000179368.87886.76
https://doi.org/10.1097/01.alc.0000179368.87886.76
http://www.ashaweb.org
https://doi.org/10.1176/appi.ajp.157.5.745
https://doi.org/10.1176/appi.ajp.157.5.745
https://doi.org/10.3389/fpsyt.2017.00289
https://doi.org/10.3389/fpsyt.2017.00289
https://doi.org/10.1542/peds.2008-0027
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-896880 May 13, 2022 Time: 9:28 # 15

Sicher et al. Adolescent Alcohol and Stress

Drzewiecki, C. M., Willing, J., and Juraska, J. M. (2016). Synaptic number changes
in the medial prefrontal cortex across adolescence in male and female rats: a
role for pubertal onset. Synapse 70, 361–368. doi: 10.1002/syn.21909

Du, X., Serena, K., Hwang, W., Grech, A. M., Wu, Y. W. C., Schroeder, A., et al.
(2018). Prefrontal cortical parvalbumin and somatostatin expression and cell
density increase during adolescence and are modified by BDNF and sex. Mol.
Cell. Neurosci. 88, 177–188. doi: 10.1016/j.mcn.2018.02.001

Duncan, S. C., Alpert, A., Duncan, T. E., and Hops, H. (1997). Adolescent alcohol
use development and young adult outcomes. Drug Alcohol Depend. 49, 39–48.
doi: 10.1016/s0376-8716(97)00137-3

Dyer, M. L., Easey, K. E., Heron, J., Hickman, M., and Munafò, M. R. (2019).
Associations of child and adolescent anxiety with later alcohol use and
disorders: a systematic review and meta-analysis of prospective cohort studies.
Addiction 114, 968–982. doi: 10.1111/add.14575

Edwards, A. C., Heron, J., Dick, D. M., Hickman, M., Lewis, G., Macleod, J., et al.
(2014). Adolescent alcohol use is positively associated with later depression
in a population-Based U.K. Cohort. J. Stud. Alcohol Drugs 75, 758–765. doi:
10.15288/jsad.2014.75.758

Enstad, F., Evans-Whipp, T., Kjeldsen, A., Toumbourou, J. W., and von Soest,
T. (2019). Predicting hazardous drinking in late adolescence/young adulthood
from early and excessive adolescent drinking - A longitudinal cross-national
study of Norwegian and Australian adolescents. BMC Public Health 19:790.
doi: 10.1186/s12889-019-7099-0

Fidler, T. L., Dion, A. M., Powers, M. S., Ramirez, J. J., Mulgrew, J. A., Smitasin,
P. J., et al. (2011). Intragastric self-infusion of ethanol in high- and low-
drinking mouse genotypes after passive ethanol exposure. Genes Brain Behav.
10, 264–275. doi: 10.1111/j.1601-183X.2010.00664.x

Flores-Barrera, E., Thomases, D. R., Heng, L. J., Cass, D. K., Caballero, A., and
Tseng, K. Y. (2014). Late adolescent expression of GluN2B transmission in the
prefrontal cortex is input-specific and requires postsynaptic protein kinase A
and D1 dopamine receptor signaling. Biol. Psychiatry 75, 508–516. doi: 10.1016/
j.biopsych.2013.07.033

Flores-Barrera, E., Thomases, D. R., and Tseng, K. Y. (2020). MK-801 exposure
during adolescence elicits enduring disruption of prefrontal E–I balance and
its control of fear extinction behavior. J. Neurosci. 40, 4881–4887. doi: 10.1523/
JNEUROSCI.0581-20.2020

Freidenberg, B. M., Gusmano, R., Hickling, E. J., Blanchard, E. B., Bremner, J. D.,
and Frye, C. (2010). Women with PTSD have lower basal salivary cortisol levels
later in the day than do men with PTSD: a preliminary study. Physiol. Behav. 99,
234–236. doi: 10.1016/j.physbeh.2009.06.002

Fuchs, T., Jefferson, S. J., Hooper, A., Yee, P. H., Maguire, J., and Luscher, B.
(2017). Disinhibition of somatostatin-positive GABAergic interneurons results
in an anxiolytic and antidepressant-like brain state. Mol. Psychiatry 22, 920–930.
doi: 10.1038/mp.2016.188

Fuhrmann, D., Madsen, K. S., Johansen, L. B., Baaré, W. F. C., and Kievit, R. A.
(2022). The midpoint of cortical thinning between late childhood and early
adulthood differs across individuals and regions: evidence from longitudinal
modelling in a 12-wave sample. bioRxiv [Preprint]. doi: 10.1101/2022.02.10.
479868

Galaj, E., Guo, C., Huang, D., Ranaldi, R., and Ma, Y. Y. (2020). Contrasting effects
of adolescent and early-adult ethanol exposure on prelimbic cortical pyramidal
neurons. Drug Alcohol Depend. 216:108309. doi: 10.1016/j.drugalcdep.2020.
108309

Gass, J. T., Glen, W. B., McGonigal, J. T., Trantham-Davidson, H., Lopez, M. F.,
Randall, P. K., et al. (2014). Adolescent alcohol exposure reduces behavioral
flexibility, promotes disinhibition, and increases resistance to extinction of
ethanol self-administration in adulthood. Neuropsychopharmacology 39, 2570–
2583. doi: 10.1038/npp.2014.109

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos,
A., et al. (1999). Brain development during childhood and adolescence: a
longitudinal MRI study. Nat. Neurosci. 2, 861–863. doi: 10.1038/13158

Gomes, F. v., and Grace, A. A. (2017). Prefrontal cortex dysfunction increases
susceptibility to schizophrenia-like changes induced by adolescent stress
exposure. Schizophr. Bull. 43, 592–600. doi: 10.1093/schbul/sbw156

Grant, B. F., and Dawson, D. A. (1997). Age at onset of alcohol use and its
association with DSM-IV alcohol abuse and dependence: results from the
National Longitudinal Alcohol Epidemiologic Survey. J. Subst. Abuse 9, 103–
110. doi: 10.1016/s0899-3289(97)90009-2

Grant, B. F., Goldstein, R. B., Saha, T. D., Patricia Chou, S., Jung, J., Zhang, H., et al.
(2015). Epidemiology of DSM-5 alcohol use disorder results from the national
epidemiologic survey on alcohol and related conditions III. JAMA Psychiatry
72, 757–766. doi: 10.1001/jamapsychiatry.2015.0584

Grant, B. F., Stinson, F. S., Dawson, D. A., Patricia, S., Dufour, M. C., Compton,
W., et al. (2004). Prevalence and co-occurrence of substance use disorders
and independent mood and anxiety disorders results from the national
epidemiologic survey on alcohol and related conditions. Arch. Gen. Psychiatry
61, 807–816. doi: 10.1001/archpsyc.61.8.807

Gurkovskaya, O. v., Leonard, S. T., Lewis, P. B., and Winsauer, P. J. (2009).
Effects of pregnanolone and dehydroepiandrosterone on ethanol intake in rats
administered ethanol or saline during adolescence. Alcohol. Clin. Exp. Res. 33,
1252–1264. doi: 10.1111/j.1530-0277.2009.00951.x

Hall, F. S., Huang, S., Fong, G. W., Pert, A., and Linnoila, M. (1998). Effects of
isolation-rearing on voluntary consumption of ethanol, sucrose and saccharin
solutions in Fawn Hooded and Wistar rats. Psychopharmacology 139, 210–216.
doi: 10.1007/s002130050706

Harris, E. P., McGovern, A. J., Melo, T. G., Barron, A., Nolan, Y. M., and
O’Leary, O. F. (2022). Juvenile stress exerts sex-independent effects on anxiety,
antidepressant-like behaviours and dopaminergic innervation of the prelimbic
cortex in adulthood and does not alter hippocampal neurogenesis. Behav. Brain
Res. 421:113725. doi: 10.1016/j.bbr.2021.113725

Helle, A. C., Trull, T. J., Watts, A. L., McDowell, Y., and Sher, K. J. (2020).
Psychiatric Comorbidity as a Function of Severity: DSM-5 Alcohol Use
Disorder and HiTOP Classification of Mental Disorders. Alcohol. Clin. Exp. Res.
44, 632–644. doi: 10.1111/acer.14284

Hingson, R. W., Heeren, T., and Winter, M. R. (2006). Age at drinking onset and
alcohol dependence age at onset, duration, and severity. Arch. Pediatr. Adolesc.
Med. 160, 739–746. doi: 10.1001/archpedi.160.7.739

Holzhauer, C. G., Cucciare, M., and Epstein, E. E. (2019). Sex and gender effects in
recovery from alcohol use disorder. Alcohol Res. 40:03. doi: 10.35946/arcr.v40.
3.03

Hughes, B. A., Crofton, E. J., O’Buckley, T. K., Herman, M. A., and Morrow,
A. L. (2020). Chronic ethanol exposure alters prelimbic prefrontal cortical Fast-
Spiking and Martinotti interneuron function with differential sex specificity
in rat brain. Neuropharmacology 162:107805. doi: 10.1016/j.neuropharm.2019.
107805

Huttenlocher, P. R. (1979). Synaptic density in human frontal cortex-develop-
mental changes and effects of aging. Brain Res. 163, 195–205. doi: 10.1016/0006-
8993(79)90349-4

Insel, T. R., Miller, P., and Gelhard, R. E. (1990). The ontogeny of excitatory
amino acid receptors in rat forebrain-I. N-methyl-D-aspartate and quisqualate
receptors. Neuroscience 35, 31–43. doi: 10.1016/0306-4522(90)90117-m

Jensen, S. K. G., Pangelinan, M., Björnholm, L., Klasnja, A., Leemans, A.,
Drakesmith, M., et al. (2018). Associations between prenatal, childhood, and
adolescent stress and variations in white-matter properties in young men.
Neuroimage 182, 389–397. doi: 10.1016/j.neuroimage.2017.10.033

Jones, S. A., and Nagel, B. J. (2019). Altered frontostriatal white matter
microstructure is associated with familial alcoholism and future binge drinking
in adolescence. Neuropsychopharmacology 44, 1076–1083. doi: 10.1038/s41386-
019-0315-x

Jury, N. J., Pollack, G. A., Ward, M. J., Bezek, J. L., Ng, A. J., Pinard, C. R., et al.
(2017). Chronic ethanol during adolescence impacts corticolimbic dendritic
spines and behavior. Alcohol. Clin. Exp. Res. 41, 1298–1308. doi: 10.1111/acer.
13422

Kash, T. L., Pleil, K. E., Marcinkiewcz, C. A., Lowery-Gionta, E. G., Crowley,
N., Mazzone, C., et al. (2015). Neuropeptide regulation of signaling and
behavior in the BNST. Mol. Cells 38, 1–13. doi: 10.14348/molcells.2015.
2261

Kipp, B. T., Nunes, P. T., Galaj, E., Hitchcock, B., Nasra, T., Poynor, K. R., et al.
(2021). Adolescent ethanol exposure alters cholinergic function and apical
dendritic branching within the orbital frontal cortex. Neuroscience 473, 52–65.
doi: 10.1016/j.neuroscience.2021.08.014

Klenowski, P. M. (2018). Emerging role for the medial prefrontal cortex in alcohol-
seeking behaviors. Addict. Behav. 77, 102–106. doi: 10.1016/j.addbeh.2017.09.
024

Konrad, K., Firk, C., and Uhlhaas, P. J. (2013). Brain development during
adolescence. Dtsch. Arztebl. Int. 110, 425–431. doi: 10.3238/arztebl.2013.0425

Frontiers in Neuroscience | www.frontiersin.org 15 May 2022 | Volume 16 | Article 896880

https://doi.org/10.1002/syn.21909
https://doi.org/10.1016/j.mcn.2018.02.001
https://doi.org/10.1016/s0376-8716(97)00137-3
https://doi.org/10.1111/add.14575
https://doi.org/10.15288/jsad.2014.75.758
https://doi.org/10.15288/jsad.2014.75.758
https://doi.org/10.1186/s12889-019-7099-0
https://doi.org/10.1111/j.1601-183X.2010.00664.x
https://doi.org/10.1016/j.biopsych.2013.07.033
https://doi.org/10.1016/j.biopsych.2013.07.033
https://doi.org/10.1523/JNEUROSCI.0581-20.2020
https://doi.org/10.1523/JNEUROSCI.0581-20.2020
https://doi.org/10.1016/j.physbeh.2009.06.002
https://doi.org/10.1038/mp.2016.188
https://doi.org/10.1101/2022.02.10.479868
https://doi.org/10.1101/2022.02.10.479868
https://doi.org/10.1016/j.drugalcdep.2020.108309
https://doi.org/10.1016/j.drugalcdep.2020.108309
https://doi.org/10.1038/npp.2014.109
https://doi.org/10.1038/13158
https://doi.org/10.1093/schbul/sbw156
https://doi.org/10.1016/s0899-3289(97)90009-2
https://doi.org/10.1001/jamapsychiatry.2015.0584
https://doi.org/10.1001/archpsyc.61.8.807
https://doi.org/10.1111/j.1530-0277.2009.00951.x
https://doi.org/10.1007/s002130050706
https://doi.org/10.1016/j.bbr.2021.113725
https://doi.org/10.1111/acer.14284
https://doi.org/10.1001/archpedi.160.7.739
https://doi.org/10.35946/arcr.v40.3.03
https://doi.org/10.35946/arcr.v40.3.03
https://doi.org/10.1016/j.neuropharm.2019.107805
https://doi.org/10.1016/j.neuropharm.2019.107805
https://doi.org/10.1016/0006-8993(79)90349-4
https://doi.org/10.1016/0006-8993(79)90349-4
https://doi.org/10.1016/0306-4522(90)90117-m
https://doi.org/10.1016/j.neuroimage.2017.10.033
https://doi.org/10.1038/s41386-019-0315-x
https://doi.org/10.1038/s41386-019-0315-x
https://doi.org/10.1111/acer.13422
https://doi.org/10.1111/acer.13422
https://doi.org/10.14348/molcells.2015.2261
https://doi.org/10.14348/molcells.2015.2261
https://doi.org/10.1016/j.neuroscience.2021.08.014
https://doi.org/10.1016/j.addbeh.2017.09.024
https://doi.org/10.1016/j.addbeh.2017.09.024
https://doi.org/10.3238/arztebl.2013.0425
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-896880 May 13, 2022 Time: 9:28 # 16

Sicher et al. Adolescent Alcohol and Stress

Koppensteiner, P., von Itter, R., Melani, R., Galvin, C., Lee, F. S., and Ninan, I.
(2019). Diminished Fear extinction in adolescents is associated with an altered
Somatostatin Interneuron–Mediated Inhibition in the Infralimbic Cortex. Biol.
Psychiatry 86, 682–692. doi: 10.1016/j.biopsych.2019.04.035

Koss, W. A., Lloyd, M. M., Sadowski, R. N., Wise, L. M., and Juraska, J. M. (2015).
Gonadectomy before puberty increases the number of neurons and glia in the
medial prefrontal cortex of female, but not male, rats. Dev. Psychobiol. 57,
305–312. doi: 10.1002/dev.21290

Kubota, Y., Hattori, R., and Yui, Y. (1994). Three distinct subpopulations of
GABAergic neurons in rat frontal agranular cortex. Brain Res. 649, 159–173.
doi: 10.1016/0006-8993(94)91060-x

Larsen, B., and Luna, B. (2018). Adolescence as a neurobiological critical period
for the development of higher-order cognition. Neurosci. Biobehav. Rev. 94,
179–195. doi: 10.1016/j.neubiorev.2018.09.005

Li, W., Papilloud, A., Lozano-Montes, L., Zhao, N., Ye, X., Zhang, X., et al.
(2018). Stress impacts the regulation neuropeptides in the rat hippocampus and
prefrontal cortex. Proteomics 18:e1700408. doi: 10.1002/pmic.201700408

Lo Iacono, L., and Carola, V. (2018). The impact of adolescent stress experiences on
neurobiological development. Semin. Cell Dev. Biol. 77, 93–103. doi: 10.1016/j.
semcdb.2017.09.040

Lopez, M. F., Doremus-Fitzwater, T. L., and Becker, H. C. (2011). Chronic social
isolation and chronic variable stress during early development induce later
elevated ethanol intake in adult C57BL/6J mice. Alcohol 45, 355–364. doi: 10.
1016/j.alcohol.2010.08.017

Lopez, M. F., and Laber, K. (2015). Impact of social isolation and enriched
environment during adolescence on voluntary ethanol intake and anxiety in
C57BL/6J mice. Physiol. Behav. 148, 151–156. doi: 10.1016/j.physbeh.2014.11.
012

Lovelock, D. F., and Deak, T. (2017). Repeated exposure to two stressors
in sequence demonstrates that corticosterone and paraventricular nucleus
of the hypothalamus interleukin-1β responses habituate independently.
J. Neuroendocrinol. 29:e12514. doi: 10.1111/jne.12514

Lovelock, D. F., and Deak, T. (2020). Acute stress imposed during adolescence
has minimal effects on hypothalamic-pituitary-adrenal (HPA) axis sensitivity
in adulthood in female Sprague Dawley rats. Physiol. Behav. 213:112707. doi:
10.1016/j.physbeh.2019.112707

Luo, X. M., Yuan, S. N., Guan, X. T., Xie, X., Shao, F., and Wang, W. W. (2014).
Juvenile stress affects anxiety-like behavior and limbic monoamines in adult
rats. Physiol. Behav. 135, 7–16. doi: 10.1016/j.physbeh.2014.05.035

Magee, K. E., and Connell, A. M. (2021). Supplemental material for the role
of substance use coping in linking depression and alcohol use from late
adolescence through early adulthood. Exp. Clin. Psychopharmacol. 29, 659–669.
doi: 10.1037/pha0000436.supp

Maphis, N. M., Huffman, R., and Linsenbardt, D. N. (2022). The Development,
but not Expression, of Alcohol Front-loading in C57BL/6J Mice Maintained
on LabDiet 5001 is Abolished by Maintenance on Teklad 2920x Rodent Diet.
bioRxiv [Preprint]. doi: 10.1101/2022.02.23.481358

Markham, J. A., Morris, J. R., and Juraska, J. M. (2007). Neuron number decreases
in the rat ventral, but not dorsal, medial prefrontal cortex between adolescence
and adulthood. Neuroscience 144, 961–968. doi: 10.1016/j.neuroscience.2006.
10.015

McCormick, C. M., Green, M. R., and Simone, J. J. (2017). Translational relevance
of rodent models of hypothalamic-pituitary-adrenal function and stressors in
adolescence. Neurobiol. Stress 6, 31–43. doi: 10.1016/j.ynstr.2016.08.003

McCormick, C. M., Smith, C., and Mathews, I. Z. (2008). Effects of chronic social
stress in adolescence on anxiety and neuroendocrine response to mild stress in
male and female rats. Behav. Brain Res. 187, 228–238. doi: 10.1016/j.bbr.2007.
09.005

McDougall, S., Riad, W. V., Silva-Gotay, A., Tavares, E. R., Harpalani, D., Li,
G. L., et al. (2018). Myelination of axons corresponds with faster transmission
speed in the prefrontal cortex of developing male rats. eNeuro 5:ENEURO.0203-
18.2018. doi: 10.1523/ENEURO.0203-18.2018

McLean, C. P., Asnaani, A., Litz, B. T., and Hofmann, S. G. (2011). Gender
differences in anxiety disorders: prevalence, course of illness, comorbidity and
burden of illness. J. Psychiatr. Res. 45, 1027–1035. doi: 10.1016/j.jpsychires.2011.
03.006

Medina, K. L., McQueeny, T., Nagel, B. J., Hanson, K. L., Schweinsburg, A. D.,
and Tapert, S. F. (2008). Prefrontal cortex volumes in adolescents with alcohol

use disorders: unique gender effects. Alcohol. Clin. Exp. Res. 32, 386–394. doi:
10.1111/j.1530-0277.2007.00602.x

Miech, R. A., Johnston, L. D., O’Malley, P. M., Bachman, J. G., Schulenberg, J.
E., and Patrick, M. E. (2021). Monitoring the Future National Survey Results
on Drug Use, 1975-2020: Overview, Key Findings on Adolescent Drug Use. Ann
Arbor, MI: Institute for Social Research, The University of Michigan, 124.

Miller, D. J., Duka, T., Stimpson, C. D., Schapiro, S. J., Baze, W. B., McArthur, M. J.,
et al. (2012). Prolonged myelination in human neocortical evolution. Proc. Natl.
Acad. Sci. U.S.A. 109, 16480–16485. doi: 10.1073/pnas.1117943109

Miller, J. W., Naimi, T. S., Brewer, R. D., and Jones, S. E. (2007). Binge drinking
and associated health risk behaviors among high school students. Pediatrics 119,
76–85. doi: 10.1542/peds.2006-1517

Montesinos, J., Pascual, M., Pla, A., Maldonado, C., Rodríguez-Arias, M., Miñarro,
J., et al. (2015). TLR4 elimination prevents synaptic and myelin alterations
and long-term cognitive dysfunctions in adolescent mice with intermittent
ethanol treatment. Brain Behav. Immun. 45, 233–244. doi: 10.1016/j.bbi.2014.
11.015

Moore, E. M., Mariani, J. N., Linsenbardt, D. N., Melón, L. C., and
Boehm, S. L. (2010). Adolescent C57BL/6J (but not DBA/2J) mice
consume greater amounts of limited-access ethanol compared to
adults and display continued elevated ethanol intake into adulthood.
Alcohol. Clin. Exp. Res. 34, 734–742. doi: 10.1111/j.1530-0277.2009.
01143.x

Morean, M. E., L’Insalata, A., Butler, E. R., McKee, A., and Krishnan-Sarin, S.
(2018). Age at drinking onset, age at first intoxication, and delay to first
intoxication: assessing the concurrent validity of measures of drinking initiation
with alcohol use and related problems. Addict. Behav. 79, 195–200. doi: 10.1016/
j.addbeh.2017.12.017

Moriya, Y., Kasahara, Y., Hall, F. S., Sakakibara, Y., Uhl, G. R., Tomita, H., et al.
(2015). Sex differences in the effects of adolescent social deprivation on alcohol
consumption in µ-opioid receptor knockout mice. Psychopharmacology 232,
1471–1482. doi: 10.1007/s00213-014-3784-y

Morrow, A. L., Boero, G., and Porcu, P. (2020). A rationale for allopregnanolone
treatment of alcohol use disorders: basic and clinical studies. Alcohol. Clin. Exp.
Res. 44, 320–339. doi: 10.1111/acer.14253

Naneix, F., Marchand, A. R., di Scala, G., Pape, J. R., and Coutureau, E. (2012).
Parallel maturation of goal-directed behavior and dopaminergic systems during
adolescence. J. Neurosci. 32, 16223–16232. doi: 10.1523/JNEUROSCI.3080-12.
2012

National Institute on Alcohol Abuse and Alcoholism (2019). Underage Drinking.
Bethesda, MD: National Institute on Alcohol Abuse and Alcoholism.

Newton-Howes, G., Cook, S., Martin, G., Foulds, J. A., and Boden, J. M. (2019).
Comparison of age of first drink and age of first intoxication as predictors of
substance use and mental health problems in adulthood. Drug Alcohol Depend.
194, 238–243. doi: 10.1016/j.drugalcdep.2018.10.012

Novick, A. M., Mears, M., Forster, G. L., Lei, Y., Tejani-Butt, S. M., and Watt,
M. J. (2016). Adolescent social defeat alters N-methyl-d-aspartic acid receptor
expression and impairs fear learning in adulthood. Behav. Brain Res. 304, 51–59.
doi: 10.1016/j.bbr.2016.02.013

Obasi, E. M., Brooks, J. J., and Cavanagh, L. (2016). The relationship between
psychological distress, negative cognitions, and expectancies on problem
drinking: exploring a growing problem among university students. Behav.
Modif. 40, 51–69. doi: 10.1177/0145445515601793

Olff, M. (2017). Sex and gender differences in post-traumatic stress disorder: an
update. Eur. J. Psychotraumatol. 8(Suppl. 4):1351204. doi: 10.1080/20008198.
2017.1351204

O’Tousa, D. S., Matson, L. M., and Grahame, N. J. (2013). Effects of
intoxicating free-choice alcohol consumption during adolescence on drinking
and impulsivity during adulthood in selectively bred high-alcohol preferring
mice. Alcohol. Clin. Exp. Res. 37, 141–149. doi: 10.1111/j.1530-0277.2012.0
1857.x

Page, C. E., and Coutellier, L. (2018). Adolescent stress disrupts the maturation
of anxiety-related behaviors and alters the developmental trajectory of the
prefrontal cortex in a sex- and age-specific manner. Neuroscience 390, 265–277.
doi: 10.1016/j.neuroscience.2018.08.030

Page, C. E., and Coutellier, L. (2019). Prefrontal excitatory/inhibitory balance
in stress and emotional disorders: evidence for over-inhibition. Neurosci.
Biobehav. Rev. 105, 39–51. doi: 10.1016/j.neubiorev.2019.07.024

Frontiers in Neuroscience | www.frontiersin.org 16 May 2022 | Volume 16 | Article 896880

https://doi.org/10.1016/j.biopsych.2019.04.035
https://doi.org/10.1002/dev.21290
https://doi.org/10.1016/0006-8993(94)91060-x
https://doi.org/10.1016/j.neubiorev.2018.09.005
https://doi.org/10.1002/pmic.201700408
https://doi.org/10.1016/j.semcdb.2017.09.040
https://doi.org/10.1016/j.semcdb.2017.09.040
https://doi.org/10.1016/j.alcohol.2010.08.017
https://doi.org/10.1016/j.alcohol.2010.08.017
https://doi.org/10.1016/j.physbeh.2014.11.012
https://doi.org/10.1016/j.physbeh.2014.11.012
https://doi.org/10.1111/jne.12514
https://doi.org/10.1016/j.physbeh.2019.112707
https://doi.org/10.1016/j.physbeh.2019.112707
https://doi.org/10.1016/j.physbeh.2014.05.035
https://doi.org/10.1037/pha0000436.supp
https://doi.org/10.1101/2022.02.23.481358
https://doi.org/10.1016/j.neuroscience.2006.10.015
https://doi.org/10.1016/j.neuroscience.2006.10.015
https://doi.org/10.1016/j.ynstr.2016.08.003
https://doi.org/10.1016/j.bbr.2007.09.005
https://doi.org/10.1016/j.bbr.2007.09.005
https://doi.org/10.1523/ENEURO.0203-18.2018
https://doi.org/10.1016/j.jpsychires.2011.03.006
https://doi.org/10.1016/j.jpsychires.2011.03.006
https://doi.org/10.1111/j.1530-0277.2007.00602.x
https://doi.org/10.1111/j.1530-0277.2007.00602.x
https://doi.org/10.1073/pnas.1117943109
https://doi.org/10.1542/peds.2006-1517
https://doi.org/10.1016/j.bbi.2014.11.015
https://doi.org/10.1016/j.bbi.2014.11.015
https://doi.org/10.1111/j.1530-0277.2009.01143.x
https://doi.org/10.1111/j.1530-0277.2009.01143.x
https://doi.org/10.1016/j.addbeh.2017.12.017
https://doi.org/10.1016/j.addbeh.2017.12.017
https://doi.org/10.1007/s00213-014-3784-y
https://doi.org/10.1111/acer.14253
https://doi.org/10.1523/JNEUROSCI.3080-12.2012
https://doi.org/10.1523/JNEUROSCI.3080-12.2012
https://doi.org/10.1016/j.drugalcdep.2018.10.012
https://doi.org/10.1016/j.bbr.2016.02.013
https://doi.org/10.1177/0145445515601793
https://doi.org/10.1080/20008198.2017.1351204
https://doi.org/10.1080/20008198.2017.1351204
https://doi.org/10.1111/j.1530-0277.2012.01857.x
https://doi.org/10.1111/j.1530-0277.2012.01857.x
https://doi.org/10.1016/j.neuroscience.2018.08.030
https://doi.org/10.1016/j.neubiorev.2019.07.024
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-896880 May 13, 2022 Time: 9:28 # 17

Sicher et al. Adolescent Alcohol and Stress

Pan, G., Yang, J. M., Hu, X. Y., and Li, X. M. (2016). Postnatal development of
the electrophysiological properties of somatostatin interneurons in the anterior
cingulate cortex of mice. Sci. Rep. 6:28137. doi: 10.1038/srep28137

Paus, T., Keshavan, M., and Geidd, J. N. (2008). Why do so many psychiatric
disorders emerge during adolescence? Nat. Neurosci. 9, 947–957. doi: 10.1038/
nrn2513

Perrin, J. S., Hervé, P. Y., Leonard, G., Perron, M., Pike, G. B., Pitiot, A., et al.
(2008). Growth of white matter in the adolescent brain: role of testosterone and
androgen receptor. J. Neurosci. 28, 9519–9524. doi: 10.1523/JNEUROSCI.1212-
08.2008

Pisu, M. G., Garau, A., Boero, G., Biggio, F., Pibiri, V., Dore, R., et al. (2016). Sex
differences in the outcome of juvenile social isolation on HPA axis function in
rats. Neuroscience 320, 172–182. doi: 10.1016/j.neuroscience.2016.02.009

Racine, N., McArthur, B. A., Cooke, J. E., Eirich, R., Zhu, J., and Madigan, S.
(2021). Global prevalence of depressive and anxiety symptoms in children and
adolescents during COVID-19: a meta-analysis. JAMA Pediatr. 175, 1142–1150.
doi: 10.1001/jamapediatrics.2021.2482

Reisner, S. L., Greytak, E. A., Parsons, J. T., and Ybarra, M. L. (2015). Gender
minority social stress in adolescence: disparities in adolescent bullying and
substance use by gender identity. J. Sex Res. 52, 243–256. doi: 10.1080/00224499.
2014.886321

Reynolds, L. M., Pokinko, M., Torres-Berrío, A., Cuesta, S., Lambert, L. C., del Cid
Pellitero, E., et al. (2018). DCC receptors drive prefrontal cortex maturation
by determining dopamine axon targeting in adolescence. Biol. Psychiatry 83,
181–192. doi: 10.1016/j.biopsych.2017.06.009

Rice, J., Coutellier, L., Weiner, J. L., and Gu, C. (2019). Region-specific interneuron
demyelination and heightened anxiety-like behavior induced by adolescent
binge alcohol treatment. Acta Neuropathol. Commun. 7:173. doi: 10.1186/
s40478-019-0829-9

Robinson, S. L., and Thiele, T. E. (2020). A role for the neuropeptide somatostatin
in the neurobiology of behaviors associated with substances abuse and affective
disorders. Neuropharmacology 167:107983. doi: 10.1016/j.neuropharm.2020.
107983

Romeo, R. D. (2017). The impact of stress on the structure of the adolescent
brain: implications for adolescent mental health. Brain Res. 1654, 185–191.
doi: 10.1016/j.brainres.2016.03.021

Salling, M. C., and Harrison, N. L. (2020). Constitutive genetic deletion of Hcn1
increases alcohol preference during adolescence. Brain Sci. 10:763. doi: 10.3390/
brainsci10110763

Salling, M. C., Skelly, M. J., Avegno, E., Regan, S., Zeric, T., Nichols, E.,
et al. (2018). Alcohol consumption during adolescence in a mouse model
of binge drinking alters the intrinsic excitability and function of the
prefrontal cortex through a reduction in the hyperpolarization-activated
cation current. J. Neurosci. 38, 6207–6222. doi: 10.1523/JNEUROSCI.0550-18.
2018

Sánchez, P., Castro, B., Torres, J. M., and Ortega, E. (2014). Effects of
different ethanol-administration regimes on mRNA and protein levels of
steroid 5α-reductase isozymes in prefrontal cortex of adolescent male rats.
Psychopharmacology 231, 3273–3280. doi: 10.1007/s00213-014-3558-6

Satta, R., Hilderbrand, E. R., and Lasek, A. W. (2018). Ovarian hormones
contribute to high levels of binge-like drinking by female mice. Alcohol. Clin.
Exp. Res. 42, 286–294. doi: 10.1111/acer.13571

Sautter, F. J., Bissette, G., Wiley, J., Manguno-Mire, G., Schoenbachler, B., Myers,
L., et al. (2003). Corticotropin-releasing factor in posttraumatic stress disorder
(PTSD) with secondary psychotic symptoms, nonpsychotic PTSD, and healthy
control subjects. Biol. Psychiatry 54, 1382–1388. doi: 10.1016/S0006-3223(03)
00571-7

Sawyer, S. M., Azzopardi, P. S., Wickremarathne, D., and Patton, G. C. (2018).
The age of adolescence. Lancet Child Adolesc. Health 2, 223–228. doi: 10.1016/
S2352-4642(18)30022-1

Schroeder, A., Notaras, M., Du, X., and Hill, R. A. (2018). On the
developmental timing of stress: delineating sex-specific effects of stress across
development on adult behavior. Brain Sci. 8:121. doi: 10.3390/brainsci807
0121

Schuch, J. J. J., Roest, A. M., Nolen, W. A., Penninx, B. W. J. H., and de Jonge,
P. (2014). Gender differences in major depressive disorder: results from the
Netherlands study of depression and anxiety. J. Affect. Disord. 156, 156–163.
doi: 10.1016/j.jad.2013.12.011

Shaw, G. A., Dupree, J. L., and Neigh, G. N. (2020). Adolescent maturation of the
prefrontal cortex: role of stress and sex in shaping adult risk for compromise.
Genes Brain Behav. 19:e12626. doi: 10.1111/gbb.12626

Shulman, E. P., Smith, A. R., Silva, K., Icenogle, G., Duell, N., Chein, J., et al.
(2016). The dual systems model: review, reappraisal, and reaffirmation. Dev.
Cogn. Neurosci. 17, 103–117. doi: 10.1016/j.dcn.2015.12.010

Silva-Gotay, A., Davis, J., Tavares, E. R., and Richardson, H. N. (2021). Alcohol
drinking during early adolescence activates microglial cells and increases
frontolimbic Interleukin-1 beta and Toll-like receptor 4 gene expression, with
heightened sensitivity in male rats compared to females. Neuropharmacology
197:108698. doi: 10.1016/j.neuropharm.2021.108698

Spear, L. P. (2000). The adolescent brain and age-related behavioral manifestations.
Neurosci. Biobehav. Rev. 24, 417–463. doi: 10.1016/s0149-7634(00)00014-2

Spear, L. P. (2013). Adolescent neurodevelopment. J. Adolesc. Health 52(Suppl. 2),
S7–S13. doi: 10.1016/j.jadohealth.2012.05.006

Spear, L. P. (2015). Adolescent alcohol exposure: Are there separable vulnerable
periods within adolescence? Physiol. Behav. 148, 122–130. doi: 10.1016/j.
physbeh.2015.01.027

Squeglia, L. M., Sorg, S. F., Schweinsburg, A. D., Wetherill, R. R., Pulido, C., and
Tapert, S. F. (2012). Binge drinking differentially affects adolescent male and
female brain morphometry. Psychopharmacology 220, 529–539. doi: 10.1007/
s00213-011-2500-4

Steinberg, L. (2008). A social neuroscience perspective on adolescent risk-taking.
Dev. Rev. 28, 78–106. doi: 10.1016/j.dr.2007.08.002

Steinberg, L., Albert, D., Cauffman, E., Banich, M., Graham, S., and Woolard,
J. (2008). Age differences in sensation seeking and impulsivity as indexed by
behavior and self-report: evidence for a dual systems model. Dev. Psychol. 44,
1764–1778. doi: 10.1037/a0012955

Stell, B. M., Brickley, S. G., Tang, C. Y., Farrant, M., and Mody, I. (2003).
Neuroactive steroids reduce neuronal excitability by selectively enhancing tonic
inhibition mediated by delta subunit–containing GABAA receptors. Proc. Natl.
Acad. Sci. U.S.A. 100, 14439–14444. doi: 10.1073pnas.2435457100

Stress In America (2020). A National Mental Health Crisis. Washington, DC:
American Psychological Association.

Strong, M. N., Yoneyama, N., Fretwell, A. M., Snelling, C., Tanchuck, M. A., and
Finn, D. A. (2010). “Binge” drinking experience in adolescent mice shows sex
differences and elevated ethanol intake in adulthood. Horm. Behav. 58, 82–90.
doi: 10.1016/j.yhbeh.2009.10.008

Stroud, L. R., Papandonatos, G. D., Williamson, D. E., and Dahl, R. E.
(2011). Sex differences in cortisol response to corticotropin releasing
hormone challenge over puberty: Pittsburgh Pediatric Neurobehavioral Studies.
Psychoneuroendocrinology 36, 1226–1238. doi: 10.1016/j.psyneuen.2011.02.017

Szumlinski, K. K., Coelho, M. A., Lee, K. M., Tran, T., Sern, K. R., Bernal, A.,
et al. (2019). DID it or DIDn’t it? Exploration of a failure to replicate binge-
like alcohol-drinking in C57BL/6J mice. Pharmacol. Biochem. Behav. 178, 3–18.
doi: 10.1016/j.pbb.2018.12.002

Tae, W. S., Ham, B. J., Pyun, S. B., Kang, S. H., and Kim, B. J. (2018). Current clinical
applications of diffusion-tensor imaging in neurological disorders. J. Clin.
Neurol. 14, 129–140. doi: 10.3988/jcn.2018.14.2.129

Tambour, S., Brown, L. L., and Crabbe, J. C. (2008). Gender and age at drinking
onset affect voluntary alcohol consumption but neither the alcohol deprivation
effect nor the response to stress in mice. Alcohol. Clin. Exp. Res. 32, 2100–2106.
doi: 10.1111/j.1530-0277.2008.00798.x

Tarazi, F. I., and Baldessarini, R. J. (2000). Mini review Comparative postnatal
development of dopamine D(1), D(2) and D(4) receptors in rat forebrain. Int.
J. Dev. Neurosci. 18, 29–37.

Tavares, E. R., Silva-Gotay, A., Riad, W. V., Bengston, L., and Richardson, H. N.
(2019). Sex differences in the effect of alcohol drinking on myelinated axons in
the anterior cingulate cortex of adolescent rats. Brain Sci. 9:167. , doi: 10.3390/
brainsci9070167

Thomases, D. R., Cass, D. K., and Tseng, K. Y. (2013). Periadolescent exposure to
the NMDA receptor antagonist MK-801 impairs the functional maturation of
local GABAergic circuits in the adult prefrontal cortex. J. Neurosci. 33, 26–34.
doi: 10.1523/JNEUROSCI.4147-12.2013

Trantham-Davidson, H., Centanni, S. W., Garr, S. C., New, N. N., Mulholland,
P. J., Gass, J. T., et al. (2017). Binge-like alcohol exposure during adolescence
disrupts dopaminergic neurotransmission in the adult Prelimbic Cortex.
Neuropsychopharmacology 42, 1024–1036. doi: 10.1038/npp.2016.190

Frontiers in Neuroscience | www.frontiersin.org 17 May 2022 | Volume 16 | Article 896880

https://doi.org/10.1038/srep28137
https://doi.org/10.1038/nrn2513
https://doi.org/10.1038/nrn2513
https://doi.org/10.1523/JNEUROSCI.1212-08.2008
https://doi.org/10.1523/JNEUROSCI.1212-08.2008
https://doi.org/10.1016/j.neuroscience.2016.02.009
https://doi.org/10.1001/jamapediatrics.2021.2482
https://doi.org/10.1080/00224499.2014.886321
https://doi.org/10.1080/00224499.2014.886321
https://doi.org/10.1016/j.biopsych.2017.06.009
https://doi.org/10.1186/s40478-019-0829-9
https://doi.org/10.1186/s40478-019-0829-9
https://doi.org/10.1016/j.neuropharm.2020.107983
https://doi.org/10.1016/j.neuropharm.2020.107983
https://doi.org/10.1016/j.brainres.2016.03.021
https://doi.org/10.3390/brainsci10110763
https://doi.org/10.3390/brainsci10110763
https://doi.org/10.1523/JNEUROSCI.0550-18.2018
https://doi.org/10.1523/JNEUROSCI.0550-18.2018
https://doi.org/10.1007/s00213-014-3558-6
https://doi.org/10.1111/acer.13571
https://doi.org/10.1016/S0006-3223(03)00571-7
https://doi.org/10.1016/S0006-3223(03)00571-7
https://doi.org/10.1016/S2352-4642(18)30022-1
https://doi.org/10.1016/S2352-4642(18)30022-1
https://doi.org/10.3390/brainsci8070121
https://doi.org/10.3390/brainsci8070121
https://doi.org/10.1016/j.jad.2013.12.011
https://doi.org/10.1111/gbb.12626
https://doi.org/10.1016/j.dcn.2015.12.010
https://doi.org/10.1016/j.neuropharm.2021.108698
https://doi.org/10.1016/s0149-7634(00)00014-2
https://doi.org/10.1016/j.jadohealth.2012.05.006
https://doi.org/10.1016/j.physbeh.2015.01.027
https://doi.org/10.1016/j.physbeh.2015.01.027
https://doi.org/10.1007/s00213-011-2500-4
https://doi.org/10.1007/s00213-011-2500-4
https://doi.org/10.1016/j.dr.2007.08.002
https://doi.org/10.1037/a0012955
https://doi.org/10.1073pnas.2435457100
https://doi.org/10.1016/j.yhbeh.2009.10.008
https://doi.org/10.1016/j.psyneuen.2011.02.017
https://doi.org/10.1016/j.pbb.2018.12.002
https://doi.org/10.3988/jcn.2018.14.2.129
https://doi.org/10.1111/j.1530-0277.2008.00798.x
https://doi.org/10.3390/brainsci9070167
https://doi.org/10.3390/brainsci9070167
https://doi.org/10.1523/JNEUROSCI.4147-12.2013
https://doi.org/10.1038/npp.2016.190
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-896880 May 13, 2022 Time: 9:28 # 18

Sicher et al. Adolescent Alcohol and Stress

Tseng, K. Y., and O’Donnell, P. (2007). Dopamine modulation of prefrontal cortical
interneurons changes during adolescence. Cereb. Cortex 17, 1235–1240. doi:
10.1093/cercor/bhl034

Ueda, S., Niwa, M., Hioki, H., Sohn, J., Kaneko, T., Sawa, A., et al. (2015). Sequence
of molecular events during the maturation of the developing mouse prefrontal
cortex. Mol. Neuropsychiatry 1, 94–104. doi: 10.1159/000430095

Urban, K. R., Geng, E., Bhatnagar, S., and Valentino, R. J. (2019). Age- and sex-
dependent impact of repeated social stress on morphology of rat prefrontal
cortex pyramidal neurons. Neurobiol. Stress 10:100165. , doi: 10.1016/j.ynstr.
2019.100165

Urban, K. R., and Valentino, R. J. (2017). Age- And sex-dependent impact of
repeated social stress on intrinsic and synaptic excitability of the rat prefrontal
cortex. Cereb. Cortex 27, 244–253. doi: 10.1093/cercor/bhw388

van Hees, L., Didone, V., Charlet-Briart, M., van Ingelgom, T., Alexandre, A.,
Quertemont, E., et al. (2022). Voluntary alcohol binge-drinking in adolescent
C57Bl6 mice induces delayed appearance of behavioural defects in both males
and females. Addict. Biol. 27:e13102. doi: 10.1111/adb.13102

Varlinskaya, E. I., Hosová, D., Towner, T., Werner, D. F., and Spear, L. P.
(2020). Effects of chronic intermittent ethanol exposure during early and late
adolescence on anxiety-like behaviors and behavioral flexibility in adulthood.
Behav. Brain Res. 378:112292. doi: 10.1016/j.bbr.2019.112292

Varlinskaya, E. I., Kim, E. U., and Spear, L. P. (2017). Chronic intermittent ethanol
exposure during adolescence: effects on stress-induced social alterations and
social drinking in adulthood. Brain Res. 1654, 145–156. doi: 10.1016/j.brainres.
2016.03.050

Varlinskaya, E. I., Truxell, E. M., and Spear, L. P. (2015a). Ethanol intake under
social circumstances or alone in Sprague-Dawley rats: impact of age, sex, social
activity, and social anxiety-like behavior. Alcohol. Clin. Exp. Res. 39, 117–125.
doi: 10.1111/acer.12604

Varlinskaya, E. I., Truxell, E. M., and Spear, L. P. (2015b). Sex differences in
sensitivity to the social consequences of acute ethanol and social drinking
during adolescence. Behav. Brain Res. 282, 6–13. doi: 10.1016/j.bbr.2014.12.054

Varlinskaya, E. I., Truxell, E., and Spear, L. P. (2014). Chronic intermittent ethanol
exposure during adolescence: effects on social behavior and ethanol sensitivity
in adulthood. Alcohol 48, 433–444. doi: 10.1016/j.alcohol.2014.01.012

Vetreno, R. P., Yaxley, R., Paniagua, B., Johnson, G. A., and Crews, F. T. (2017).
Adult rat cortical thickness changes across age and following adolescent
intermittent ethanol treatment. Addict. Biol. 22, 712–723. doi: 10.1111/adb.
12364

Vetter, C. S., Doremus-Fitzwater, T. L., and Spear, L. P. (2007). Time course of
elevated ethanol intake in adolescent relative to adult rats under continuous,
voluntary-access conditions. Alcohol. Clin. Exp. Res. 31, 1159–1168. doi: 10.
1111/j.1530-0277.2007.00417.x

Vetter-O’Hagen, C. S., Sanders, K. W., and Spear, L. P. (2011). Evidence for
suppressant effects of testosterone on sex-typical ethanol intake in male
Sprague-Dawley rats. Behav. Brain Res. 224, 403–407. doi: 10.1016/j.bbr.2011.
06.020

Vetter-O’Hagen, C., Varlinskaya, E., and Spear, L. (2009). Sex differences in ethanol
intake and sensitivity to aversive effects during adolescence and adulthood.
Alcohol Alcohol. 44, 547–554. doi: 10.1093/alcalc/agp048

Watt, M. J., Roberts, C. L., Scholl, J. L., Meyer, D. L., Miiller, L. C., Barr, J. L., et al.
(2014). Decreased prefrontal cortex dopamine activity following adolescent
social defeat in male rats: role of dopamine D2 receptors. Psychopharmacology
231, 1627–1636. doi: 10.1007/s00213-013-3353-9

Watt, M. J., Weber, M. A., Davies, S. R., Forster, G. L., and Forster, G. (2017). Impact
of juvenile chronic stress on adult cortico-accumbal function: implications for
cognition and addiction HHS Public Access. Prog. Neuropsychopharmacol. Biol.
Psychiatry 79, 136–154. doi: 10.1016/j.pnpbp

Weickert, C. S., Webster, M. J., Gondipalli, P., Rothmond, D., Fatula, R. J.,
Herman, M. M., et al. (2007). Postnatal alterations in dopaminergic markers
in the human prefrontal cortex. Neuroscience 144, 1109–1119. doi: 10.1016/j.
neuroscience.2006.10.009

White, A. M. (2019). Gender differences in the epidemiology of alcohol use and
related harms in the United States. Alcohol Res. 40, 1–13. doi: 10.35946/arcr.
v40.2.01

Wille-Bille, A., Ferreyra, A., Sciangula, M., Chiner, F., Nizhnikov, M. E., and
Pautassi, R. M. (2017). Restraint stress enhances alcohol intake in adolescent
female rats but reduces alcohol intake in adolescent male and adult female rats.
Behav. Brain Res. 332, 269–279. doi: 10.1016/j.bbr.2017.06.004

Woodward, E. M., and Coutellier, L. (2021). Age- and sex-specific effects of
stress on parvalbumin interneurons in preclinical models: relevance to sex
differences in clinical neuropsychiatric and neurodevelopmental disorders.
Neurosci. Biobehav. Rev. 131, 1228–1242. doi: 10.1016/j.neubiorev.2021.10.031

Wright, L. D., Hébert, K. E., and Perrot-Sinal, T. S. (2008). Periadolescent
stress exposure exerts long-term effects on adult stress responding and
expression of prefrontal dopamine receptors in male and female rats.
Psychoneuroendocrinology 33, 130–142. doi: 10.1016/j.psyneuen.2007.10.009

Xu, H., Wang, J., Jing, H., Ellenbroek, B., Shao, F., and Wang, W. (2021).
mPFC GABAergic transmission mediated the role of BDNF signaling
in cognitive impairment but not anxiety induced by adolescent social
stress. Neuropharmacology 184:108412. doi: 10.1016/j.neuropharm.2020.1
08412

Young, E. A., and Altemus, A. (2004). Puberty, ovarian steroids and stress. Ann.
N. Y. Acad. Sci. 1021, 124–133. doi: 10.1196/annals.1308.013

Younis, R. M., Wolstenholme, J. T., Bagdas, D., Bettinger, J. C., Miles, M. F., and
Damaj, M. I. (2019). Adolescent but not adult ethanol binge drinking modulates
ethanol behavioral effects in mice later in life. Pharmacol. Biochem. Behav.
184:172740. , doi: 10.1016/j.pbb.2019.172740

Zaso, M. J., Read, J. P., and Colder, C. R. (2021). Coping-motivated escalations in
adolescent alcohol problems following early adversity. Psychol. Addict. Behav.
doi: 10.1037/adb0000788 [Epub ahead of print].

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sicher, Duerr, Starnes and Crowley. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 18 May 2022 | Volume 16 | Article 896880

https://doi.org/10.1093/cercor/bhl034
https://doi.org/10.1093/cercor/bhl034
https://doi.org/10.1159/000430095
https://doi.org/10.1016/j.ynstr.2019.100165
https://doi.org/10.1016/j.ynstr.2019.100165
https://doi.org/10.1093/cercor/bhw388
https://doi.org/10.1111/adb.13102
https://doi.org/10.1016/j.bbr.2019.112292
https://doi.org/10.1016/j.brainres.2016.03.050
https://doi.org/10.1016/j.brainres.2016.03.050
https://doi.org/10.1111/acer.12604
https://doi.org/10.1016/j.bbr.2014.12.054
https://doi.org/10.1016/j.alcohol.2014.01.012
https://doi.org/10.1111/adb.12364
https://doi.org/10.1111/adb.12364
https://doi.org/10.1111/j.1530-0277.2007.00417.x
https://doi.org/10.1111/j.1530-0277.2007.00417.x
https://doi.org/10.1016/j.bbr.2011.06.020
https://doi.org/10.1016/j.bbr.2011.06.020
https://doi.org/10.1093/alcalc/agp048
https://doi.org/10.1007/s00213-013-3353-9
https://doi.org/10.1016/j.pnpbp
https://doi.org/10.1016/j.neuroscience.2006.10.009
https://doi.org/10.1016/j.neuroscience.2006.10.009
https://doi.org/10.35946/arcr.v40.2.01
https://doi.org/10.35946/arcr.v40.2.01
https://doi.org/10.1016/j.bbr.2017.06.004
https://doi.org/10.1016/j.neubiorev.2021.10.031
https://doi.org/10.1016/j.psyneuen.2007.10.009
https://doi.org/10.1016/j.neuropharm.2020.108412
https://doi.org/10.1016/j.neuropharm.2020.108412
https://doi.org/10.1196/annals.1308.013
https://doi.org/10.1016/j.pbb.2019.172740
https://doi.org/10.1037/adb0000788
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Adolescent Alcohol and Stress Exposure Rewires Key Cortical Neurocircuitry
	Introduction
	Adolescence Is a Key Window of Neurodevelopment

	Brain Architecture During Adolescence
	Human Studies of Alcohol Exposure
	Animal Studies of Alcohol Exposure
	Human Studies of Adolescent Stress
	Relationship Between Stress and Alcohol Use
	Animal Studies of Adolescent Stress
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References


