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During adolescence, the brain continues to undergo vital developmental processes. In turn, complex behavioral and cogni-

tive skills emerge. Unfortunately, neurobiological development during adolescence can be influenced by environmental

factors such as drug exposure. Engaging in drug use during adolescence has been a long-standing health concern, especially

how it predicts or relates to drug using behavior later in life. However, recent findings suggest that other behavioral

domains, such as learning and memory, are also vulnerable to adolescent drug use. Moreover, it is becoming increasingly

apparent that deficits in learning and memory following adolescent drug use endure into adulthood, well after drug expo-

sure has subsided. Although persistent effects suggest an interaction between drug exposure and ongoing development

during adolescence, the exact acute and long-term consequences of adolescent drug exposure on substrates of learning

and memory are not fully understood. Thus, this review will summarize human and animal findings on the enduring cog-

nitive deficits due to adolescent drug exposure. Moreover, due to the fact that adolescents are more likely to consume drugs

of abuse legally available to adults, this review will focus on alcohol, nicotine, and marijuana. Further, given the critical role

of the frontal cortex and hippocampus in various learning and memory domains, the impact adolescent use of the previous

listed drugs on the neurobiology within these regions will also be discussed.

Adolescence is marked by drastic changes in behavior and cog-
nitive function (for reviews, see Spear 2000; Steinberg 2005).
Research has demonstrated that the brain remains plastic through
adolescence and displays developmental-based morphological
changes in total white and gray matter volume (Giedd et al.
1999; Giedd 2004). Moreover, specific regions, such as the fron-
tal cortex (FC), hippocampus (HC), and amygdala continue to
develop into late adolescence (Suzuki et al. 2005; Wierenga et al.
2014). At the synaptic level, mass production of synaptic spines oc-
curs in the prefrontal cortex during the neonatal period and peaks
around school-age, after which large scale pruning occurs, extend-
ing through adolescence until the third decade of life (Petanjek
et al. 2011). It is clear that the adolescent brain is highly plastic
and undergoes developmental and biological changes that may
be required for proper behavioral and cognitive development.
Unfortunately, due to this highly malleable state, the adolescent
brain is also vulnerable to environmental stimuli. For example, ex-
posure to continuous stress during the adolescent period may lead
to various biobehavioral consequences (Barha et al. 2011; Eiland
and Romeo 2013). From this, it is important to note other environ-
mental factors that may hinder or impact neurological and behav-
ioral development.

Adolescent drug use has been a long-standing health concern.
According to the monitoring the future study, in 2017 9.3% of
8th graders, 13.7% of 10th graders, and 19.5% of 12th graders
have reported using any illicit drug, other thanmarijuana, in their
life time (Johnston et al. 2018). Moreover, for legal substances,
alcohol, cigarettes, and in some states marijuana, these numbers
increase with 23.1% of 8th graders, 44.2% of 10th graders, and
61.5% of 12th graders reported alcohol use, 13.3 % of 8th graders,
19.9% of 10th graders, and 31.1% of 12th graders reported ciga-
rette use, and 13.5% of 8th graders, 30.7% of 10th graders, and
45.0% of 12th graders reported using marijuana/hashish in their
lifetime (Johnston et al. 2018). Although these substances are age

restricted during most of the adolescent period, these findings
clearly suggest that adolescent drug use is geared toward legal sub-
stances, which is most likely due to ease of obtainment. In adults,
the long-term consequences of drug use have been thoroughly
studied. However, the enduring impact of legal recreational drug
use during adolescence remains understudied. Nevertheless, recent
findings suggest that persistent deficits in behavior, such as learn-
ing and memory, may be present after adolescent drug use
(Coleman et al. 2011; Gleason et al. 2012; Portugal et al. 2012).

The neuroanatomical contributors of learning and memory
are abundant, as cognition is a multisystem behavior; however,
large focus is given to the FC and HC. Animal studies have demon-
strated that various sub regions within the FC play a critical role in
behavioral flexibility and attention (Dias and Aggleton 2000;
Chudasama et al. 2003; Chudasama and Robbins 2003), whereas
sub regions of the HC appear to be vital in spatial and contextual
learning and memory (Stubley-Weatherly et al. 1996; Logue et al.
1997). In adult rodents, acute administration of alcohol, nicotine,
ormarijuana alters aspects of learning andmemory associatedwith
the FC and HC (Hahn et al. 2002; Gould 2003; Arguello and
Jentsch 2004; Pamplona and Takahashi 2006; Semenova et al.
2007; Portugal et al. 2012), indicating that mechanisms responsi-
ble for learning and memory are sensitive to those substances.
From this, it is feasible that adolescent alcohol, nicotine, or mari-
juana use also disrupts FC and HC learning and memory systems
acutely. However, due to the continuous development of these re-
gions during the adolescent time period, these acute alterations
maydisturb typical development and ultimatelymanifest as persis-
tent cognitive deficits.

This paper will provide a review of the literature examining
the long-term consequences of adolescent drug use on learning
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and memory. Moreover, given the fact that alcohol, nicotine, and
marijuana are the most widely abused substances during the ado-
lescent period, this paperwill exclusively focus on these substances
and how they modulate learning and memory behaviors associat-
ed with the FC and HC.

Alcohol

Alcohol is a widely used recreational substance that alters neuronal
activity and functioning, leading to a myriad of behavioral chang-
es. In 2015, 56% of individuals 18 or older in the US reported using
alcohol in the past month and 87% reported using alcohol within
their lifetime (Johnston et al. 2016). Given the fact that alcohol can
be legally purchased and consumed by individuals 21 yr of age or
older in the US and has intrinsic rewarding properties, it is not sur-
prising to see high rates of use among adults. However, as men-
tioned previously, the adolescent rate of alcohol use in the U.S. is
of concern, with 18.2% of 8th graders, 37.7% of 10th graders,
and 55.7% of 12th graders reporting alcohol use in the past year
(Johnston et al. 2018). Moreover, 2.2% of 8th graders, 8.9% in
10th graders, and 19.1% of 12th graders reported being drunk
within the last 30 d (Johnston et al. 2018), indicating that those
who do decide to drink, consume multiple alcoholic drinks in
one session.

From a pharmacology stand point, alcohol is a relatively
“dirty drug” that impacts many neurotransmitter systems includ-
ing but not limited to: glutamate, GABA, acetylcholine, and opioid
(for review, see Deitrich et al. 1989). Behaviorally, in adult rodents,
alcohol exposure 15–30 min prior to behavioral training/testing
produces robust cognitive deficits in many aspects of learning
and memory (Matthews et al. 2002; Gould 2003). Due to the
breadth of systems impacted by alcohol, it is hard to pinpoint
the exact mechanism by which alcohol produces cognitive im-
pairments. However, in vivo and in vitro work in the rodent HC
has demonstrated that exposure to ethanol 20 min prior to stimu-
lation, completely inhibits or reduces the ability to induce long-
termpotentiation (LTP), a neural substrate of learning andmemory
(Givens and McMahon 1995; Ramachandran et al. 2015). Al-
though previous findings indicate neurobiological and behavioral
consequences of adult alcohol exposure, the adolescent brain is
different andmay be differentially sensitive to long-termoutcomes
following adolescent alcohol exposure. In support, current find-
ings suggest that following adolescent alcohol exposure, specific
FC andHC based cognitive deficits arise in adulthood, well beyond
initial drug exposure.

Impact of adolescent alcohol exposure on the FC

and behavior
The vulnerability of the adolescent FC to alcohol exposure has
been examined through various techniques in both humans and
rodent models. In humans, adolescents suffering from alcohol
use disorder have significantly smaller prefrontal cortex volumes
and white matter compared to healthy controls (De Bellis et al.
2005). Moreover, gray matter volume is significantly correlated
with the maximum number of drinks per drinking episode, with
greater number of drinks correlated with reduced prefrontal cortex
gray matter. These findings are consistent with adult studies,
which have shown reductions in FC gray matter in young and
older adult alcoholics, however, only older alcoholics displayed re-
duced FC white matter (Pfefferbaum et al. 1997). Rodent models
suggest that alterations in FCmorphology following adolescent ex-
posure to alcohol may be persistent, as rats exposed to chronic in-
termittent alcohol exposure during the adolescent period had a
bilateral reduction in prefrontal cortex thickness and basal fore-
brain volume as adults (Coleman et al. 2011; Vetreno et al.

2017). Conversely, increased thickness in the anterior cingulate
and increased volume of the orbital FC has also been observed in
adult rodents exposed to alcohol during adolescence (Coleman
et al. 2014; Vetreno et al. 2017).

At the molecular level, exposure to alcohol during adoles-
cence produces persistent up-regulation of neuroinflammatory
markers, high-mobility box group 1, and toll-like receptor 3 and
4 and glutamatergic binding in the FC (Sircar and Sircar 2006;
Vetreno and Crews 2012). Moreover, recent findings also suggest
that reductions in FC brain derived neurotrophic factor (BDNF)
may also be a consequence of adolescent alcohol exposure, howev-
er the duration of this effect is inconsistent, with some reporting
persistent reductions during abstinence (Fernandez et al. 2016)
and others reporting reductions during alcohol exposure and acute
withdrawal but not during abstinence (Fernandez et al. 2017).
Differences in BDNF outcomes between studies may be attributed
to differences in alcohol consumption. For example, Fernandez
et al. (2016) used a chronic continuous administration method
through drinking water, whereas Fernandez et al. (2017) utilized
an intermittent binge-like exposure. Aside from methodological
differences, long-termchanges inBDNFmaynot be adolescent spe-
cific, as persistent reductions in FC BDNF have also been docu-
mented following adult alcohol exposure (Fernandez et al. 2016).
Conversely, during acute withdrawal (24 h after last alcohol
exposure), developmental differences arise in FC BDNF, with ear-
ly-adolescent exposure leading to decreases in FC BDNF but
adult exposure producing increases in FC BDNF (Fernandez et al.
2017). Based on these studies, it is possible that duration and
type of exposure play a role in the biological outcomes following
adolescent and adult alcohol exposure. Nevertheless, disturbances
in FCneurobiology following adolescent alcohol exposure suggests
that behavioral tasks mediated by the FC may also be vulnerable.

Efforts to characterize the persistent behavioral consequences
of adolescent alcohol exposure point to disruptions in behavioral
flexibility. Behavioral flexibility refers to the ability to ignore or
adapt a previously learned condition and adjust to fit a new set
of learning rules, which has been shown to be dependent on the
FC (for review, see Ragozzino 2007). This type of learning can be
assessed in laboratory animals through maze learning (i.e., Barnes
maze or Morris water maze), in which a previously learned escape
condition is changed and the organism must learn a new strategy
to escape an aversive stimulus. Utilizing the Barnes maze, Vetreno
and Crews (2012) assessed both spatial and reversal learning in
adult rats that were exposed to chronic alcohol during the adoles-
cent period. They found that previous adolescent ethanol exposure
did not impact acquisition of the Barnes maze but did disrupt re-
versal learning in adulthood, with alcohol exposed mice exhibit-
ing longer latencies to find the new escape hole and spending a
longer time in the previously learned hole location when com-
pared to controls. Similar adult deficits in behavioral flexibility,
due to adolescent ethanol exposure, have also been observed using
the Morris water maze (Coleman et al. 2011) and set shifting mod-
els (Gass et al. 2014). It is important to note, however, that behav-
ioral flexibility has also been shown to be compromised in adult
rodents following chronic exposure to alcohol, suggesting that
FC-mediated behavioral deficits induced by alcoholmay not be ex-
clusive to the adolescent period (Fernandez et al. 2017). Interest-
ingly, not all cognitive domains may be impaired. For example,
adolescent alcohol exposure enhanced long-term attentional capa-
bilities in one study (Boutros et al. 2017) but produced no change
in another (Semenova 2012). Similar null findings on attention
outcomes have been found in human alcoholic adults during pro-
longed abstinence (Fein and McGillivray 2007). Collectively, hu-
man and animal studies indicate that the FC, during the
adolescent period, is sensitive to alcohol exposure, which in turn
alters certain aspects of learning and memory.

Cognitive consequences adolescent drug exposure
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Impact of adolescent alcohol exposure on the HC

and behavior

Aside from FC-mediated behaviors, other adult regionally specific
cognitive domains are influenced by adolescent alcohol exposure.
Fear conditioning is a well-validated model that allows for the
investigation of HC-dependent learning and memory by pairing
an aversive stimulus with a specific context and then examining
the animal’s behavior when reexposed to the same context after
a time delay (for reivew, see Maren 2001). Studies using variations
of fear conditioning indicate that adult hippocampal functionmay
be impaired following adolescent alcohol exposure (Broadwater
and Spear 2013b). For instance, rodents exposed to alcohol during
adolescence show impaired memory of a context paired with
an aversive stimulus when trained and tested in adulthood.
Conversely, when the aversive stimuli was paired with a tone
and the context, adult animals previously exposed to alcohol dur-
ing adolescence showed a heightened fear response when reex-
posed to the context only, suggesting augmented fear learning
and memory. From these results, it is possible that alcohol expo-
sure during adolescents alters the ability to process and retain in-
formation. That is, adolescent alcohol exposure may lead to an
inability to focus or remember subtle cues but enhance attention
in the presence of more salient cues such as the tone. From this,
it is possible that exposure to alcohol at differing time points
may lead to different outcomes for learning and memory. In an
effort to examine this possibility, Broadwater and Spear (2013a) re-
ported that adolescent alcohol exposure selectively impairs certain
aspects of fear learning depending on the time of alcohol exposure.
They found that animals exposed to chronic intermittent alcohol
exposure during the early adolescent period, but not the mid-late
adolescent period or adulthood, displayed significantly less freez-
ing during contextual retention testing as adults, indicating that
there are developmental sensitive periods for alcohol exposure
and subsequent impacts on adult cognitive functioning.

In line with impaired HC contextual memory formation,
markers of neuroinflammation and cell death are up-regulated
24 h after chronic intermittent alcohol exposure in adolescent ro-
dents, suggesting alcohol-induced neuronal damage in the HC fol-
lowing acute withdrawal (Pascual et al. 2007). Moreover, persistent
HC damage following intermittent alcohol exposure has also been
documented, with alcohol exposure in rats during the adolescent
period leading to decreases in doublecortin labeled neurons (mark-
er of neurogenesis), Ki-67 labeled cells (marker of cell prolifera-
tion), and BDNF, and increases in cleaved caspase-3 (marker of
cell death) in the HC in adulthood (Vetreno and Crews 2015;
Sakharkar et al. 2016). Interestingly, adult reductions in doublecor-
tin, as a result of adolescent alcohol exposure, are prevented by the
inhibition of histone deacetylase, suggesting a role of epigenetic
modification in the deficits produced by adolescent alcohol expo-
sure (Sakharkar et al. 2016). It should be noted that 2 d of binge ex-
posure in adults produces significant increases in cell death in the
gyrus 3 h (Cippitelli et al. 2010) and 4 d later (Obernier et al. 2002).
Further, neurogenesis and cell proliferationwithin theHC are both
impaired in adults exposed to alcohol suggesting overlapping neu-
rological consequences of alcohol exposure in adolescents and
adults (He et al. 2005). However, findings from Broadwater et al.
(2014) indicate that age-related changes in neurogenesis and cell
death differ in the duration of the effect. That is adolescent animals
displayed reduced neurogenesis, 26 d after exposure where adult
exposed animals did not. Due to the fact that adult exposed ani-
mals did not display changes inneurogenesis, a similar comparison
between adolescent and adult exposure for cell death was not
made. Interestingly, Broadwater et al. (2014) also reported no
change in hippocampal cell proliferation, which is inconsistent
with previous findings of reduced hippocampal cell proliferation

in adult rodents exposed to alcohol during adolescence (Vetreno
and Crews 2015; Sakharkar et al. 2016). Despite similar methodol-
ogies in binge-like alcohol exposure, variation in dose and age of
assessment may account for the differences in hippocampal cell
proliferation reported. From these findings, it is possible that the
proliferation of cells in the HC is more sensitive to the dose of alco-
hol exposure and duration of abstinence, whereas cell death and
neurogenesis are not.

Although there is evidence for persistent neurological and
cognitive deficits in HC function, it is important to note that
certain aspects of HC-dependent learning and memory, such as
spatial learning andmemory, were not impacted following adoles-
cent exposure (Coleman et al. 2011; Vetreno and Crews 2012) but
were in adults (Cippitelli et al. 2010). These selective cognitive def-
icits may help pinpoint the exact regional andmolecular impact of
adolescent alcohol exposure on the development of the HC. The
human and rodent findings discussed above provide evidence to
suggest that both the FC and HC are altered following adolescent
exposure to alcohol. Moreover, it is apparent that some of these
neurobiological alterations are persistent and may manifest later
in life as specific cognitive deficits mediated by the FC and HC.

Nicotine

Tobacco use accounts for sixmillion deaths a year worldwide, with
trends predicting this number to increase to eight million by 2030
(World HealthOrganization 2018). Historically, tobacco industries
have targeted adolescent aged individuals and young adults as new
customers (Ling and Glantz 2002; Kreslake et al. 2008), with the
goal of obtaining life-long sales of an addicting substance. This
most likely accounts for the fact that most smokers begin smoking
before the age of 18 (Center for Disease Control and Prevention
2014). Currently, in the United States, cigarette use in adolescents
has declined over the past 15 yr (Johnston et al. 2018). However,
with the recent surge in popularity of electronic cigarettes among
youths (Camenga et al. 2014), adolescent nicotine exposure re-
mains a health concern. In fact, 30-d prevalence of use among
8th, 10th, and 12th graders are higher for electronic cigarettes
than that for conventional tobacco products (Johnston et al.
2018). Aside from the unknown risks of electronic cigarettes, the
increase in use among adolescents begs for continued examination
of the impact of nicotine exposure during adolescence.

Nicotine, the psychoactive substance in tobacco, acts as an ag-
onist on nicotinic acetylcholine receptors (nAChRs), which are
abundant in the FC and HC. Nicotinic acetylcholine receptors
are expressed either as homomeric or heteromeric, comprised of ei-
ther α (2–10) or combined α and β subunits (2–4) (for review, see
Gotti et al. 2006). Functionally, these receptors play a role in learn-
ing andmemory (Hasselmo 2006). For example, acute nicotine ex-
posure enhances fear conditioning in mice (Gould and Higgins
2003). Enhanced cognitive performance following acute nicotine
exposure has also been seen in rodent models of attention (Hahn
et al. 2002). Conversely, nicotinewithdrawal produces impairments
in both contextual learning and attention-basedmodels (Semenova
et al. 2007; Gould et al. 2012; Portugal et al. 2012; Poole et al. 2014;
Yildirim et al. 2015). From these studies, it is apparent that nicotine
alters cognitive function in adults depending on multiple factors
including duration of treatment. An important question is the im-
pact of nicotine on cognitive function in adolescents.

Impact of adolescent nicotine exposure on the FC

and behavior
Given the plasticity of the FC during adolescence, this region and
processes mediated by it may be sensitive to developmental nico-
tine exposure. In young adult humans aged 17–22, Li et al.
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(2015) demonstrated that chronic nicotine exposure produces a
decrease in the volume of the orbitofrontal and anterior cingulate
cortex when compared to nonsmoking aged matched controls.
Moreover, after assessing the participants’ nicotine dependence
rating, they found that both the dorsolateral prefrontal cortex
and orbitofrontal cortex volume were negatively correlated with
the severity of dependence. Despite most participants in this study
being considered young adults, the FC is still developing during
this period (Giedd et al. 1999) and thus these findings highlight
the vulnerability of a plastic FC to nicotine exposure, a characteris-
tic that is similar between young adults and adolescent aged indi-
viduals. Functionally, adolescent nicotine exposure is associated
with a blunted blood oxygen-level dependent (BOLD) response
in themedial frontal lobe during an attention task when compared
to nonsmoking controls (Musso et al. 2007). To investigate poten-
tial persistent cognitive deficits following adolescent smoking,
Treur et al. (2015) examined the impact of adolescent smoking
on attentional problems in a longitudinal study of monozygotic
twins. They report that both in adults and adolescents smoking sta-
tus was a significant predicator of attentional problems (as mea-
sured by the Conners Adult ADHD Rating Scales and the Child
Behavior Checklist and the Youth Self Report), with smokers hav-
ing increased attentional issues. Moreover, attentional problems
were associated with age of first cigarette, with less attention prob-
lems reported when the twins started smoking at a later age. In dis-
cordant twin pairs (one smoker and one nonsmoker) the smoking
twin on average had greater attentional problems than the non-
smoking twin in adulthood. This relationship was also found for
adolescent 16-yr-old discordant twins but not 10- or 12-yr-old
discordant twins, suggesting a vulnerable period in the middle of
adolescence. It should be pointed out that these are not the first
findings to demonstrate a link between attention issues with
adolescent nicotine use (Fuemmeler et al. 2007), however, it is un-
clear whether nicotine use is a byproduct of attention issues or
vice versa.

Animal models have been instrumental in disentangling the
impact of adolescent nicotine use and subsequent attentional def-
icits. Despite the inherent challenges of investigating attention in a
rodent model, the 5-Choice Serial Reaction Time Task allows re-
searchers to examine various components of attention (for review,
see Robbins 2002). Briefly, animals are trained to start each trial
with a lever press, which after a set delay produces a short light
stimulus in one of five nose-poke apertures on the opposite wall
from the lever. If attention is properly directed, the animal will
nose poke the lit aperture, which results in a food pellet. This cycle
of behavior is continued until a certain amount of trials or time
subsides. Changes in behaviors measured can be attributed to dif-
ferent components of attention. For example, a decrease in correct
responses would indicate attentional deficits while an increase in
premature responding would be akin to impulsivity. Using this
paradigm, Counotte et al. (2009) demonstrated that 10 constitu-
tive days of nicotine exposure during the adolescent period result-
ed in a decrease in the number of correct responses and an increase
in the number of premature and time-out responses tested 5wk lat-
er, when compared to controls, indicating persistent deficits in at-
tention and impulsivity. Interestingly, the same duration of
nicotine exposure did not result in any behavioral alterations in
adult animals, suggesting that long-term attentional deficits pro-
duced by nicotine are exclusive to the adolescent period. Similar
deficits in the number of correct and premature responses have
been observed elsewhere (Counotte et al. 2011).

It is possible that alterations within the acetylcholine system
in the FC account for the enduring attention deficits following ad-
olescent nicotine. For example, 1-wk nicotine exposure in adoles-
cent mice significantly increased nAChR binding in the cerebral
cortex 1 d and 1 wk but not 1 mo after exposure (Abreu-Villaça

et al. 2003). In line with these findings, Counotte et al. (2012)
found that chronic nicotine exposure in adolescents but not adults
produced an increase in nAChR binding in the medial prefrontal
cortex 1 d after exposure but not after 5 wk. Moreover, they also
found a significant increase in both α4 and β2 nAChR specific bind-
ing after 1 d but not after 5 wk in adolescent animals. Although
these studies clearly demonstrate that nicotine alters FC acetylcho-
line signaling in adolescent animals, the effects are not persistent,
which suggest that they are not completely responsible for the at-
tentionaldeficitsobserved inadulthoodor thatalterations indown-
stream signaling cascades produced by the initial acetylcholine
activation facilitate the attentional deficits observed in adulthood.

Interestingly, recent findings suggest that altered neuronal
substrates of learning and memory mediated by excitatory/in-
hibitory input may be responsible for adult attentional deficits
following adolescent nicotine exposure (Counotte et al. 2012).
Goriounova and Mansvelder (2012) found that adolescent nico-
tine exposure produced a significant reduction inmedial prefrontal
cortex LTP 1–4 d after the last exposure. Conversely, 5 wk after nic-
otine exposure, LTP was enhanced in the medial prefrontal cortex
in animals exposed to nicotine during adolescence, but not adult-
hood, indicating an inhibitory/excitatory switch produced by ado-
lescent nicotine exposure. Further research has pointed to the
inhibitory Type 2 metabotropic glutamate receptor (mGluR2) as
a potential mechanism responsible for this developmental dichot-
omy (Counotte et al. 2011). Specifically,mGluR2 levels were signif-
icantly reduced following 1 d of abstinence but increased following
5 wk of abstinence in adolescent rats exposed to continuous nico-
tine. In HC slices, blockade of the mGluR2 prevented the acute re-
duction in LTP found in adolescent nicotine exposed animals,
whereas activation of the mGluR2 prevented the excessive LTP
observed in adult rats previously exposed to nicotine during
adolescence (Goriounova and Mansvelder 2012). These results
are in line with behavioral findings that showed that the blockade
of mGluR2 prevents persistent adult attentional deficits in the
5-Choice Serial Reaction Time Task following adolescent nicotine
exposure (Counotte et al. 2011). As the authors suggested, the
long-term aberrant attentional issues driven by adolescent nico-
tine exposure may stem from an overexcited system, which was
represented by increased adult LTP, leading to an inability to
focus on a desired stimulus. It is important to note, however,
that impairments in impulsivity were not prevented with the
blockade of mGluR2, suggesting that multiple systems contribute
to FC-mediated deficits due to adolescent nicotine exposure.
When taken together, these findings demonstrate that nicotine
exposure during the adolescent period modulates the FC acetyl-
choline system acutely, however, the persistent cognitive deficits
appear to be facilitated by downstream mechanisms.

Impact of adolescent nicotine exposure on the HC

and behavior
In both adolescent and adult rodents, nicotine exposure leads to al-
terations of the cholinergic system in the HC (Trauth et al. 2000;
Doura et al. 2008; Portugal et al. 2012). Recent evidence suggests
these alterations may depend on the age of exposure. For example,
both adults and adolescents displayed significant up-regulation of
α4β2 nAChRs in the dentate gyrus and CA1 region of the HC dur-
ing chronic nicotine exposure but only adults displayed significant
differences in α7 nAChR in the same regions (Doura et al. 2008).
These findings are in-line with Trauth et al. (1999) who found sig-
nificant increases in α4β2 nAChR binding in the HC of both ado-
lescent and adult animals during chronic nicotine exposure.
Moreover, during withdrawal, α4β2 nAChRs remained up-regulat-
ed in both adolescents and adults 2 wk after nicotine exposure
subsided. Interestingly, adolescent male, but not female, animals
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displayed significant up-regulation of α4β2 nAChRs in the HC 1
mo after nicotine exposure, an effect that was not present in adults
exposed to nicotine. These results suggest that both adult and ad-
olescent nAChRs composition is sensitive to chronic nicotine ex-
posure, however, in the HC of male adolescent animals this
effect was persistent, lasting well beyond the period of drug ex-
posure. It must be pointed out however, that not all findings
have reported alterations in nAChR binding following adolescent
nicotine exposure (Portugal et al. 2012). Nevertheless, it is possible
that age of exposure may lead to differences in nAChR binding fol-
lowing chronic nicotine exposure. For example, onset of chronic
nicotine exposure on postnatal day 23 produced no differences
in nAChR binding during withdrawal (Portugal et al. 2012), where-
as onset of chronic nicotine exposure on postnatal day thirty pro-
duced up-regulation of nAChRs during withdrawal (Trauth et al.
1999). These findings suggest that different developmental periods
of sensitivity to the effects of nicotine exist during adolescence;
some that may result in long-term changes in nAChRs.

Cellularly, nicotine produces long-term changes in neuron
morphology within the HC based on age. For example, in the
CA1 region, nicotine exposure during the adolescent period, but
not in adulthood, reduced apical and total dendritic length 30 d
later (Holliday et al. 2016). Conversely, CA3 basal and total den-
dritic length were reduced in adults exposed to nicotine but not
adolescents when examined 30 d later. Moreover, adolescent nico-
tine exposure but not adult nicotine exposure produced a signifi-
cant reduction in AMPA GluR2/3 subunits in the HC regardless
of sex (Adriani et al. 2004). From these biological alterations, it
could be expected that similar age-specific outcomes would be
found in behavior.

Using the previously described fear conditioning paradigm,
Portugal et al. (2012) reported age, duration, and dose specific alter-
ations of nicotine exposure. They found that acute nicotine en-
hanced fear conditioning in preadolescent, adolescent, and adult
mice but that preadolescent mice were the most sensitive to the
acute effects. Conversely, when fear conditioning was assessed on
the last day of chronic nicotine exposure, only the preadolescent
groupdisplayedenhanced fear conditioningbutonlyat thehighest
dose tested. Duringwithdrawal fromnicotine (1 d of abstinence af-
ter chronicnicotine exposure), adolescentmice exhibiteddeficits at
all dosages tested, whereas preadolescent showed awithdrawal def-
icit only at the highest dose, suggesting that preadolescentmice are
less sensitive to nicotinewithdrawal when compared to adolescent
mice. Adult mice had withdrawal deficits at the two highest doses.
Interestingly, when fear conditioning was assessed after a 30-d ab-
stinence period following chronic nicotine exposure, preadoles-
cent and adolescent exposed but not adult exposed animals
displayed persistent cognitive impairments, indicating that adult
deficits in fear conditioning during prolonged nicotine abstinence
are specific to preadolescent and adolescent nicotine exposure. In
linewith these findings, similar deficits in adult contextual memo-
ry following chronic adolescent nicotine exposure have been
documented elsewhere (Spaeth et al. 2010; Holliday et al. 2016).
Further, exposure to chronic nicotine during adolescence, but not
adulthood, disrupted trace fear conditioning when assessed in
adulthood (Connor and Gould 2017), a cognitive model that en-
compasses working memory and is dependent on the HC as well
as theprefrontal cortex (ConnorandGould2016). In support, other
cognitive tasks ofworkingmemoryhave also been shown tobe sen-
sitive to adolescent nicotine exposure when tested in adulthood
(Fountain et al. 2008; Pickens et al. 2013). These results suggest
that the preadolescent or adolescent HC and prefrontal cortex are
susceptible to nicotine exposure, which leads to persistent cogni-
tive deficits. Moreover, these effects are most likely driven by alter-
ations in the development of these regions since persistent deficits
are not observed in adults following nicotine exposure.

Although the literature is consistent surrounding the long-
term deficits in contextual fear conditioning following adolescent
nicotine exposure, no study, to the best of our knowledge, has ex-
amined the impact of sex on these effects. However, studies suggest
that there may be sex differences. Up-regulation of membrane
protein levels (marker of cell damage) and down-regulation of
glial fibrillary acidic protein (marker of astrocyte), neurofilament
68-kDA protein, and neurofilament 200-kDA protein are found
in the HC of adult female but not male rodents that were previous-
ly exposed to nicotine during adolescence (Trauth et al. 1999; Xu
et al. 2003). Moreover, adolescent males but not females displayed
prolonged up-regulation of nAChR α4β2 binding in the HC follow-
ing nicotine exposure (Trauth et al. 1999). Thus, the behavioral
outcomes following nicotine exposure during adolescence may
differ based on sex. In line with these biological differences,
Mateos et al. (2011) found that chronic nicotine exposure during
the adolescent period impaired performance in the object in place
test, which is dependent on theHC, in adult females but notmales.
Conversely, persistent impairments in fear conditioning following
adolescent nicotine exposure have been reported inmales, though
females were not tested (Spaeth et al. 2010; Portugal et al. 2012;
Holliday et al. 2016). Future work examining the role of sex on
long-term cognitive function following adolescent nicotine expo-
sure is needed.

The adolescent brain, specifically the HC and FC, responds
differently to nicotine exposure than the adult brain. This should
not be surprising given that the adolescent brain is still developing.
Results from human studies indicate that adolescent nicotine ex-
posure results in persistent attention deficits, a finding that is sup-
ported with findings from rodent models. Moreover, HC based
learning and memory is altered following adolescent nicotine ex-
posure well beyond cessation of drug exposure. Additionally,
changes in cell physiology and structure have been reported in
the FC and HC in adults previously exposed to nicotine as adoles-
cents. Largely, the behavioral and neurobiological changes appear
specific to adolescent exposure. Attempts to uncover a biological
mechanism responsible for these physiological and cognitive def-
icits indicate that the acetylcholine and glutamatergic system
may be involved, however, continued examination is needed to
elucidate how the changes in these systems or others lead to persis-
tent cognitive deficits.

Marijuana

Currently, attitudes and beliefs toward marijuana use are shifting,
which is reflected in the recent legalization of marijuana in a few
states in the US. Further, these attitude shifts are also seen in
adolescent aged individuals, with 8th, 10th, and 12th graders all
showing a decline in disapproval of experimental marijuana use
from 2016 to 2017 (Johnston et al. 2018). From this, it is not sur-
prising that marijuana use is slightly increased from 2016 to
2017, when all three age groups are collapsed (Johnston et al.
2018).

Delta-9-tetrahydrocannainol (THC) is the psychoactive sub-
stance in marijuana that is responsible for its rewarding and rein-
forcing effects. Within the brain, THC works on the endogenous
endocannabinoid system that is comprised of twometabotropic re-
ceptors CB1 & CB2. Functionally, this system plays a modulatory
role for many neurotransmitter systems, which in turn facilitate
many physiological and behavioral outcomes including pain, in-
flammation, and stress (Walker et al. 1999; Marchalant et al.
2007; Hill et al. 2010). Moreover, in adult rodents, activation of
the endocannabinoid system leads to acute deficits in FC and HC
mediated learning and memory (Arguello and Jentsch 2004;
Pamplona and Takahashi 2006; Suenaga and Ichitani 2008).
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Further, other aspects of learning andmemory, suchas cognitive ef-
fort, appear to be compromised following adult THC admin-
istration (Silveira et al. 2017). Collectively, these findings indicate
that adult cognitive functioning is disrupted following exposure
to a CB1 agonist, however, less is known about the cognitive
consequences followingadolescentexposure to aCB1agonist.Nev-
ertheless, recent research suggests that adolescent exposure to a
CB1 agonist are associated with enduring cognitive deficits in
adulthood.

Impact of adolescent marijuana exposure on the FC

and behavior
Historically, concern around adolescent marijuana use focused on
the development of psychosis (for review, see Malone et al. 2010),
however, recent findings indicate that cognitive domains mediat-
ed by the FC may also be at risk following adolescent marijuana
use. Results from human studies demonstrate that adolescent
marijuana use leads to altered FC connectivity and volume
(Churchwell et al. 2010; Lopez-Larson et al. 2011, 2015; Cam-
chong et al. 2017); many of these outcomes being more severe
with earlier onset ofmarijuana use. Likewise, adolescentmarijuana
exposure results in acute (Jacobsen et al. 2004; Harvey et al. 2007)
and persistent (Ehrenreich et al. 1999; Meier et al. 2012) impaired
attentional capabilities. However, it should be noted that attention
deficits may be attributed to global cognitive difficulties, as atten-
tional deficits are not present when controlling for overlapping
variance between cognitive tests (i.e., short-term memory and
implusivity; Dougherty et al. 2013). Moreover, there is conflicting
evidence that abstinence from cannabis use during adulthoodmay
produce multiple cognitive impairments including attention
(Bolla et al. 2002) or no change in cognitive function (Pope et al.
2001) 28 d later, suggesting that enduring cognitive deficits follow-
ing exposure to a CB1 agonistmay not be specific to the adolescent
time period.

In rodent models, these confounding variables can be more
easily controlled and certain aspects of learning and memory can
be disentangled. In an active place avoidance model, where an an-
imal learns to avoid a specific environment that is paired with an
unpleasant stimulus, repetitive THC exposure during early adoles-
cence does not hinder task acquisition or retention in adulthood,
but does impair reversal learning when the location of the condi-
tioned environment is changed, an effect that was not observed
following chronic THC exposure in late adolescence (Harte and
Dow-Edwards 2010). Moreover, in males, administration of a syn-
thetic cannabinoid agonist during adolescence disrupted reversal
learning in the attentional set-shifting paradigm but did not
impact other complex behaviors associated with attention in
adulthood (Gomes et al. 2014). Interestingly, there is evidence in-
dicating that a single, extremely low dose (0.001 mg/kg) exposure
of THC in adulthood produces cognitive deficits in reversal learn-
ing 3 wk after exposure (Senn et al. 2008). Based on these findings
it is possible that THC exposure produces long-term cognitive def-
icits in reversal learning for both adolescent and adult rats, howev-
er, these outcomes are dose dependent. Long-term disruption of
recognitionmemory has also been observed following CB1 agonist
exposure in female adolescent but not adult rodents (O’Shea et al.
2004). Interestingly, conflicting reports are found for males, with
some finding deficits only following adolescent exposure (Quinn
et al. 2008) and others finding deficits following both adolescent
and adult exposure (O’Shea et al. 2006). It is possible that differenc-
es in drug exposure (THC and CB1 synthetic agonist) and washout
length may account for these discrepancies. Nevertheless, these
findings suggest that neural substrates of recognition memory
may be sensitive to CB1 agonist exposure. It is worth mentioning
that the exact circuitry of recognition memory is debated as both

the FC andHC have been suggested to play a role in certain aspects
(Cohen and Stackman 2015; Warburton and Brown 2015), while
other evidence suggests that recognition memory may predomi-
nantly involve the perirhinal cortex (Winters et al. 2008). While
studies in humans have found impairments in attention, these
studies suggest that adolescent and maybe adult marijuana expo-
sure produces persistent impairments in FC-mediated behaviors
such as behavioral flexibility.

Impairments in cognitive function are mirrored with findings
of long-term alterations in FC biology and function. For instance,
repetitive THC exposure in adolescent female rodents led to reduc-
tions in pre- and postsynaptic markers of neuroplasticity and total
and basal dendritic length in the prefrontal cortex in adulthood,
indicating multiple potential changes in cortical organization
(Rubino et al. 2009a). Conversely, reports examining similar out-
comes in male adolescents are conflicting, with some reporting re-
ductions in postsynaptic markers and dendritic count and length
(Renard et al. 2016) and others reporting no change (Zamberletti
et al. 2016). It should be noted, however, that the discrepancies
inmale prefrontal cortex outcomesmay be a byproduct of different
drugs used, as Renard et al. (2016) administered a synthetic canna-
binoid agonist and Zamberletti et al. (2016) administered THC.
Moreover, in regard to potential sex differences, both Rubino
et al. (2009a) and Zamberletti et al. (2016) utilized an increasing
dose regimen throughout the adolescent period but did not inves-
tigate a range of dosages, indicating that sex may contribute to dif-
ferences in sensitivity to THC.

From a molecular prospective, the mechanism driving
adult brain and behavioral alterations following adolescent expo-
sure to THC, or a CB1 agonist, remains unclear but changes in
GABAergic and glutamatergic systems may contribute. For in-
stance, reductions in FC basal GABA, GAD67 (enzyme responsible
for GABA synthesis), total Type 2/3 metabotropic glutamate recep-
tors (mGluR2/3), and inhibitory tone after administration of a
mGluR2/3 agonist have been observed in female adult rodents that
were exposed to a CB1 agonist during adolescence (Zamberletti
et al. 2014; Lovelace et al. 2015). Interestingly, total FC CB1 recep-
tors remain unchanged in adult female rodents following adoles-
cent exposure to a CB1 receptor agonist (Lovelace et al. 2015),
suggesting that persistent cognitive deficits in FC-mediated tasks
produced by adolescent exposure to a CB1 agonist may be mediat-
ed by downstream systems such as glutamate and GABA and not
the endocannabinoid system. Moreover, recent findings indicate
that repetitive THC exposure during adolescence, but not adult-
hood, alters adult prefrontal cortex gene expression associated
with synaptic plasticity and GABAergic and glutamatergic systems
in female rats (Prini et al. 2018). Nevertheless, alterations in long-
term depression in the FC of adult female rodents exposed to a CB1
agonist during adolescence is prevented by inhibiting the break-
down of the endogenous endocannabinoid 2-arachidonyglycerol
(Lovelace et al. 2015). Moreover, reductions in CB1 receptors
were present, but only when colocalized with vesicular glutamate
transporter 1 in adults exposed to a CB1 agonist during the adoles-
cent period. From these results, it is possible that persistent
FC-based behavioral deficits following adolescent exposure to a
CB1 agonist may be the product of a down regulation of the endo-
cannabinoid system which in turn leads to altered modulation
of specific systems such as GABA and glutamate. In line with the
latter portion of this hypothesis, Cass et al. (2014) found that
repetitive exposure to a CB1 agonist during adolescence but not
adulthood produced aberrant GABAergic mediated local field po-
tentials in the medial prefrontal cortex. Specifically, adults with
previous exposure to a CB1 agonist during adolescence displayed
reduced spontaneous GABAergic inhibitory postsynaptic currents
in the medial prefrontal cortex. Interestingly, the reductions
in GABAergic inhibitory tone in adults produced by adolescent
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exposure to a CB1 agonist mirrored typical GABAergic inhibitory
tone observed in adolescent animals, suggesting blunted develop-
ment of the prefrontal cortex GABAergic system.

It must be pointed out that many of the findings reporting al-
tered prefrontal cortex biological outcomes discussed above were
only found in females. In fact, Zamberletti et al. (2016) found no
changes in various glutamatergic receptors or pre- and postsynap-
tic markers in males, suggesting that the prefrontal cortex may be
more vulnerable in females than inmales to adolescent exposure to
a CB1 agonist. However, deficits in reversal learning were found in
both sexes (Harte and Dow-Edwards 2010) indicating deficits in
FC-mediated cognitive functioning. From these results, it is possi-
ble that many of the biological outcomes unique to females
following adolescent exposure to a CB1 agonist do not relate to def-
icits in reversal learning. Nevertheless, inferences between biology
and behavior based on the studies discussed above must be done
with caution as many experiential design differences, such as
dose, exist.

Impact of adolescent marijuana exposure on the HC

and behavior
In adult rodents, exposure to a CB1 agonist produces impaired HC
learning and memory in various paradigms (Lichtman et al. 1995;
Varvel et al. 2001; Da and Takahashi 2002; Pamplona and Takaha-
shi 2006; Suenaga and Ichitani 2008; Wegener et al. 2008). Learn-
ing is associated with neurogenesis and disruption of neurogenesis
can hinder learning (Gould et al. 1999; Hernandez-Rabaza et al.
2009). However, activation of the endocannabinoid system (CB1
or CB2) is associated with increased neurogenesis (for review, see
Prenderville et al. 2015). These findings suggest that in some cases
increased neurogenesis may not be adaptive for learning or that
cognitive deficits produced by exposure to a CB1 agonist are not re-
lated to changes in neurogenesis. This area warrants further inves-
tigation. Nevertheless, Abboussi et al. (2014) found that chronic
exposure to a CB1 agonist followed by a washout period produced
no differences in HC neurogenesis in adults when compared
to controls, indicating a transient effect. Conversely, when ani-
mals were exposed chronically to a CB1 agonist during adoles-
cence, long-term reductions in HC neurogenesis were found in
adulthood, indicating developmental sensitivity to a CB1 agonist
exposure.

Further characterization of the long-term biological conse-
quences of adolescent exposure to a CB1 receptor agonist demon-
strates that multiple processes are altered. Indeed, Moretti et al.
(2015) reported significant increases in HC inflammatory markers
in both adolescent and adult mice exposed to subchronic THC,
however, adolescent but not adult mice had persistent up-regula-
tion of HC inflammatory markers almost 7 wk after subchronic ex-
posure. Moreover, reductions in HC dendritic length and number
of proximal and distal dendrites in adults previously exposed to
THC as adolescents has been reported (Rubino et al. 2009b).
Within the glutamatergic system, adults previously exposed to a
CB1 agonist during adolescence had increased GluA1, GluA2,
and GluN2B receptors, increased synaptosomal stimulated gluta-
mate release (Zamberletti et al. 2016), and reduced type 5 metabo-
tropic glutamate receptors (Gleason et al. 2012). Collectively, these
results indicate that the neurobiological impact of CB1 agonist ex-
posure during adolescents is diverse, resulting in alterations in
multiple neurotransmitter systems.

In concordance with alterations in HC morphology and neu-
rochemistry, adolescent exposure to cannabinoids produces adult
deficits in learning. For example, Gleason et al. (2012), found
that adolescent rodents exposed to 10 consecutive days of a CB1
agonist displayed impaired contextual memory during fear condi-
tioning when tested in adulthood, an effect that was not found

when animals were exposed to a CB1 agonist during early adult-
hood. Further, adult HC-based cognitive deficits following adoles-
cent exposure to aCB1 agonist have also been reported in the radial
arm maze (Rubino et al. 2009a) and novel spatial object location
(Abush and Akirav 2012; Zamberletti et al. 2016). However, studies
utilizing the Morris water maze yield inconsistent results, with
some displaying no change in spatial learning (Cha et al. 2007;
Abush and Akirav 2012) or slight changes (Higuera-Matas et al.
2009), and others reporting deficits (Abboussi et al. 2014).
Methodological variations may account for differences in Morris
water maze findings, as age of drug exposure, type of drug used,
duration of drug exposure, and washout period until behavioral
testing all differed. It should be noted that similar inconsistent re-
sults for long-term spatial learning have also been observed follow-
ing adult exposure to a CB1 agonist (Cha et al. 2007; Tselnicker
et al. 2007). From these results it is possible that only certain as-
pects of adult HC learning and memory (contextual and working
spatial memory) are vulnerable to adolescent marijuana use.

Given the modulatory role of the endocannabinoid system in
central nervous system signaling, it is not surprising that adoles-
cent exposure to endocannabinoid substances leads to changes
in learning and memory in adults. The results discussed indicate
that activation of the endocannabinoid system via THCor synthet-
ic cannabinoids in the developing adolescent leads to persistent al-
terations in multiple neurochemical systems in the FC and HC
even after prolonged periods of abstinence. Moreover, these persis-
tent alterations in neurological morphology and neurochemistry
may mediate cognitive deficits in multiple aspects of learning
and memory.

Conclusion

The adolescent time period is marked by increased risky-behavior,
which includes drug use (Johnston et al. 2018). In the United
States, legal recreational use is limited to alcohol, nicotine, and
in some states marijuana and is age restricted to adults. Despite
these age restrictions, use of these substances is high among the ad-
olescent population (Johnston et al. 2018), which draws concern
about the long-term consequences of exposure to psychoactive
substances during a critical developmental period. Human and
animal findings validate these concerns by demonstrating that ex-
posure to these substances can lead to long-term cognitive dys-
function into adulthood, even after extended abstinence periods.
However, it is important to note that certain aspects of learning
and memory are compromised depending on the drug. For exam-
ple, adult attention capabilities were compromised following ado-
lescent nicotine exposure, but enhanced or not changed following
adolescent alcohol exposure. Moreover, adolescent marijuana ex-
posure produces attentional deficits in human studies. Further, ad-
olescent alcohol andmarijuana exposure compromised behavioral
flexibility, whereas the exact impact of nicotine on behavioral flex-
ibility remains unknown. Interestingly, context learning and
memory was compromised following exposure to all three drugs.
These findings suggest that certain deficits are produced by or
through entirely unique biological pathways, while others may
overlap (i.e., GABA or glutamate, see Fig. 1). It must be pointed
out, however, that the relationship between each of these drugs
and their prolonged outcomes following adolescent exposure is
not simple. For instance, onset and duration of exposure varies
greatly depending on experimental design, which may lead to dif-
ferent behavioral and biological outcomes. Moreover, there is evi-
dence from animal studies that some of the long-term cognitive
consequences following adolescent drug exposure are not unique
to the adolescent time period. That is, prolonged drug exposure
during adulthood can also lead to enduring cognitive deficits
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following abstinence (see Table 1). For example, Fernandez et al.
(2017) found that chronic intermittent exposure to alcohol pro-
duced long-term deficits in reversal learning following adolescent
or adult exposure. While in contrast, Broadwater and Spear
(2013a) found long-term deficits in contextual fear conditioning
in adult rats exposed to alcohol in early adolescence but not
exposed in adulthood. From these findings, it could be argued
that repeated alcohol exposure produces permanent alterations
in the neurobiology of the HC regardless of the age of exposure.
Conversely, nicotine exposure during adolescence but not adult-
hood produces long-term cognitive deficits in contextual learning
andmemory (Portugal et al. 2012). These findings suggest that the
persistent cognitive consequences of nicotine use are most likely
based on disrupted development of theHC as they are only present
following adolescent exposure. Continued study of the similarities
and differences between the effects of drugs of abuse and age of ex-
posure on cognitive function can provide valuable information to-
ward uncovering mechanisms responsible for prolonged cognitive
deficits that persist after abstinence.

The studies reviewed here highlight the importance of further
examining the long-term biobehavioral deficits of adolescent drug

use. Several important issues could be further explored. For in-
stance, drug initiation during the adolescent time period has
been linked with heightened levels of stress exposure (Wills et al.
2001; Charles et al. 2017), thus studies using rodent models exam-
ining the impact of the interaction effects of adolescent stress and
drug use on adult brain and behavioral outcomes associated with
learning and memory are needed. Moreover, given the relatively
high rate of poly drug use (Collins et al. 1998), continued investi-
gation of the long-term cognitive consequences ofmultidrug expo-
sure during adolescence in an animalmodelmay be useful (Mateos
et al. 2011). Aside from these suggestions, current findings indicate
that the development of the FC andHC is vulnerable to drug abuse
during adolescence, which in turn manifest as cognitive deficits
later in life. A deeper understanding of the biological mechanisms
responsible for these deficits may help mitigate the consequences
of adolescent drug use.
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