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Unique, long-term effects of nicotine on adolescent brain
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Abstract

Adolescence is a time of major plasticity of brain systems that regulate motivated behavior and
cognition, and is also the age of peak onset of nicotine use. Although there has been a decline in
teen use of cigarettes in recent years, there has been a huge increase in nicotine vaping. It is
therefore critically important to understand the impact of nicotine on this critical phase of brain
development. Animal studies have shown that nicotine has unique effects on adolescent brain. The
goal of this review is therefore to systematically evaluate age- and sex-differences in the effects of
nicotine on brain and behavior. Both acute and chronic effects of nicotine on brain biochemistry
and behavior, particularly drug reward, aversion, cognition and emotion, are evaluated. Gaps in our
current knowledge that need to be addressed are also highlighted. This review compares and
integrates human and animals findings. Although there can be no experimental studies in humans
to confirm similar behavioral effects of teen nicotine exposure, an emerging observational
literature suggests similarities across species. Given the substantial evidence for long-term
negative impact of adolescent nicotine exposure on brain and behavior, further longitudinal
assessment of health outcomes in teen and young adult e-cigarette users is warranted.
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1. The teen vaping crisis

2. Acute

Whereas the use of tobacco cigarettes has declined in the United States within recent years,
the use of electronic cigarettes (e-cigarettes) has increased exponentially (Cullen et al., 2019;
Miech et al., 2019). Although introduced as recently as 2007 to the US market, e-cigarettes
are now the most commonly used tobacco product among teenagers (Miech et al., 2017;
Wang et al., 2019). According to Monitoring the Future survey data (Miech et al., 2019),
25.4% of 12t graders in 2019 used e-cigarettes within the last thirty days, an increase of
131% from two years previously (Figure 1). Use of e-cigarettes was almost as prevalent
among 10™ graders, and was particularly troubling among 8" graders who showed a 157%
increase in 30-day e-cigarette use over the last two years. In absolute numbers, the National
Youth Tobacco Survey shows that ~5 million students in grades 6-12 have tried e-cigarettes
within the past 30 days, an increase from ~3.6 million in 2018 (Cullen et al., 2019). Of
these, nearly 1 million are vaping daily.

There are a number of reasons for this rapid increase in e-cigarette use. Marketing of e-
cigarettes to adolescents has been very effective (Marynak et al., 2018), and manufacturers
offer a wide selection of flavors that appeal to youth. Flavorants can lead to different patterns
of nicotine delivery and a decreased perception of risk (Moos et al., 2019; Jensenn and
Boykan, 2019; Boccio et al., 2020). Adolescents who use flavorants are also frequently
unaware of their nicotine exposure, with 40% of subjects with significant urinary cotinine in
a recent study reporting that they used only nicotine-free products (Boykan et al., 2019b).
Furthermore, adolescents who used e-cigarettes with non-traditional flavors are more likely
to continue vaping and take more puffs per session six months later (Leventhal et al., 2019).

To date there has been insufficient regulation of these potentially dangerous tobacco
products and, as a result, they have been readily available to minors in some states (Paradise,
2014). The perceptions of low health risk, combined with the appeal of flavors and minimal
market regulations, have created a climate for the wide use of e-cigarettes among
adolescents. Thus, we have a generation of teenagers who are effectively human guinea pigs
for the health effects of e-cigarettes. There has been much recent concern about pulmonary
injuries, particularly among those that are vaping tetrahydrocannabinol (Lozier et al., 2019).
However, as has been particularly highlighted in pre-clinical studies, described below,
nicotine is a neurotoxicant that can produce unique and long-lasting negative behavioral
effects in adolescents.

nicotine effects in adolescents

Nicotine mediates its effects via nicotinic cholinergic receptors (nAChRS), pentameric
ligand-gated ion channels that are widely distributed throughout the brain (Dani, 2015; Zoli
et al., 2015). nAChRs consist of pentameric arrays of homomeric (a7-a10) or heteromeric
of a (a2—a7) and B (B2—P4) subunits, giving rise to a rich and diverse pharmacology.
Whereas the endogenous transmitter, acetylcholine, induces rapid gating of Na*, K* and/or
Ca?* ions, nicotine may either activate, inactivate or desensitize NAChRs depending on dose
and subunit composition. NAChRs are expressed early in brain development and play critical
maturational roles at many developmental stages, including adolescence (reviewed by
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Dwyer et al., 2009). Expression of nAChR binding and subunit mRNA is highly variable
across development (Thorpe et al., 2020). In the ventral tegmental area (VTA), a limbic
dopamine cell body region, expression of many nAChR subunits is higher in adolescents
than in adults (Azam et al., 2007). Radioligand binding to a4p2* nAChRs in the VTA and in
the striatum and prefrontal cortex, which are enriched in dopamine terminals, is also higher
in adolescents than adults (Doura et al., 2008).

2.1. Acute neurochemical effects on monoamine systems.

Functional assays confirm the immaturity of nAChRs in adolescence. In vitro rubidium
efflux assays have shown a4p2* nAChRs to have higher functional activity in striatum and
other brain regions in adolescents than adults (Britton et al., 2007; Kota et al., 2007).
Nicotine-stimulated dopamine release from ventral striatal slices shows complex age- and
sex-dependence, being highest in male rats during early adolescence (postnatal day (P)30),
with females showing no significant age differences (Azam et al., 2007). In vivo
microdialysis has confirmed that nicotine induces greater release of dopamine in the nucleus
accumbens of adolescents than adults (Corongiu et al., 2020). Nicotine-induced neuronal
activation, as measured by immediate early gene expression, is also enhanced during
adolescence in several limbic regions, including nucleus accumbens shell, basolateral
amygdala, VTA and medial prefrontal cortex (Schochet et al., 2005; Shram et al., 2007; Dao
et al., 2011). Furthermore, electrophysiological studies have shown that VTA dopamine
neurons are more sensitive to nicotine-induced synaptic plasticity in adolescents than adults
(Placzek et al., 2009). Serotonin systems are also uniquely sensitive to nicotine during
adolescence (Slotkin & Seidler, 2009; Bang & Commons, 2011; Dao et al., 2011). Following
acute injection of a low dose of nicotine, there is broader regional activation of serotonin
cells within the ascending projections of the raphe in adolescents than in adults (Bang and
Commons, 2011). Brief treatment with low-dose nicotine during early adolescence
(postnatal days (P) 28-31) but not adulthood, also increases presynaptic markers of
serotonin function in the forebrain (Dao et al., 2011). Although presynaptic dopamine
markers are not impacted by this nicotine treatment, there is an increase in the efficacy of
striatal D2 dopamine receptors (Mojica et al., 2014; Linker et al., 2020).

2.2. Short-term behavioral effects.

Although nicotine is more rapidly metabolized in rodents during pre-adolescence (P23-25)
than in adults, leading to lower blood levels, no pharmacokinetic differences have been seen
during the adolescent period starting at P28 (Portugal et al., 2012; Ahsan et al., 2014; Craig
etal., 2014; Arany et al., 2017). Thus, differences in nicotine behavioral effects between
adolescents and adults cannot be accounted for by differences in drug clearance rate.
Whereas most studies have shown age differences in the acute /n vivo effects of nicotine,
there is no consistent pattern to these findings. Some studies have found adolescent rodents
to be less sensitive than adults to the behavioral effects of nicotine. Miller et al. (2019) found
an age-related increase in nicotine-induced hypothermia in male mice, with adult mice being
the most sensitive. Strain differences were observed in which early-adolescent mice of the
DBA/2] strain were insensitive to nicotine-induced hypothermia, whereas C57BL/ 6J were
sensitive at this age. However, both strains showed increased sensitivity to nicotine as
development progressed. Acute nicotine is also less effective in adolescents than adults at
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enhancing the context pre-exposure facilitation effect, a hippocampal-dependent learning
paradigm (Kutlu et al., 2016). Whereas adolescent mice only showed learning enhancement
at the highest nicotine dose, adult mice exhibited behavioral effects at lower nicotine doses.
Age differences have also been seen in the aversive effects of nicotine. Whereas adults of
both sexes experience aversive effects of high doses of nicotine, adolescents tolerate the drug
well (Adriani et al., 2002; Shram et al., 2006; Torres et al., 2008, 2009; Lenoir et al., 2015).
This may reflect late maturation of the medial habenula to lateral dorsal tegmental pathway
that underlies nicotine aversion (Wolfman et al., 2018). Adult female rats show less aversion
to nicotine than do adult males or oviarectomized females, suggesting that ovarian hormones
protect against this effect (Torres et al, 2009).

In contrast, acute nicotine treatment induces enhanced or unique effects in adolescents in
other behavioral paradigms. Whereas nicotine inhibits locomotor activity in late adolescence
and adulthood, it either has no effect (Lopez et al., 2003; Belluzzi et al., 2004; Miller et al.,
2019) or stimulates motor activity in early adolescence (Adriani et al., 2002; Cao et al.,
2010). These age differences in nicotine-induced locomotor behavior are independent of sex.
Although animals in late adolescence exhibit the same inhibitory locomotor response to
acute nicotine as adults, they show greater locomotor sensitization to repeated nicotine
treatment (Belluzzi et al., 2004). Adolescent males have been shown to have a strong
anxiolytic response to nicotine treatment which diminishes with age, whereas adolescent
females have much lower anxiolytic or outright anxiogenic responses depending on the
behavioral test (Elliott et al., 2004; Cao et al., 2010). It is possible that the age-dependent
increase in the anxiogenic effect of nicotine reflects an activation of the stress response in
adults, which is greater in females than males (Cao et al., 2010). This is consistent with a
substantial clinical and pre-clinical literature that indicates that female adults are more
sensitive to stressors, including nicotine, than males (Torres & O’Dell, 2016).

Adolescents of both sexes are more sensitive than adults to the rewarding effects of nicotine,
as shown in conditioned place preference tests (Vastola et al., 2002; Shram et al., 2006; Kota
et al., 2007; Torres et al., 2008; Ahsan et al., 2014; Lenoir et al., 2015), with some studies
demonstrating reward after a single pairing of drug and context (Belluzzi et al., 2004;
Brielmaier et al., 2007). Although one group has argued against a biological vulnerability of
adolescents to nicotine (Shram et al., 2008), the majority of studies have shown that
adolescent rats readily acquire intravenous nicotine self-administration and have higher drug
intake than adults (Chen et al., 2007; Levin et al. 2003, 2007; Natividad et al., 2013: Ahsan
etal., 2014; Gellner et al., 2016). Some of the increased drug intake in adolescents in
intravenous self-administration tests may reflect elevated motor activity and non-specific
increases in responding (Gellner et al., 2016). However, when this is controlled for,
adolescent males are seen to be sensitive to lower doses of nicotine than adults at low
schedules of reinforcement. This increased sensitivity to lower nicotine doses is also seen in
many of the conditioned place preference studies described above. Using drinking behavior
to measure the rewarding effect of nicotine, mice have also been shown to have a peculiar
vulnerability to oral self-administration of nicotine during early adolescence (Adriani et al.,
2002). Whereas Adriani and colleagues found no sex differences in this effect, most other
studies have not compared sex and age differences within the same study to allow a direct
comparison of males and females. However, in one recent study in which reward was
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measured by reduction in brain reward thresholds, there was no sex difference in the
rewarding effects of nicotine in adults, whereas adolescent females (P40-59) were
significantly more sensitive to the rewarding effect of nicotine than their male counterparts
(Xue et al., 2020). This finding is consistent with an earlier study in which self-
administration of nicotine with the tobacco constituent, acetaldehyde, was compared across
sex and age (Park et al., 2007). Whereas both sexes found the drug combination to be highly
rewarding during early adolescence (P27), this initial reinforcing effect had significantly
diminished in males at later ages (P34 and adult), whereas it remained high in females.
Although these findings may suggest that adolescent females find nicotine and tobacco more
rewarding than males, recent data on middle and high school students suggest few sex
differences in rates of tobacco product use, with males showing slightly elevated
consumption (Wang et al., 2019).

Smoking and drinking are two of the earliest drug use behaviors in human teens, and many
reports indicate a positive interaction of smoking and drinking in this age group (Dani &
Harris, 2005; Kristjansson et al., 2015). Our animal studies have also shown a unique
interaction of nicotine and alcohol in adolescent male rats (Larraga et al., 2017). Using an
intravenous self-administration paradigm, we have shown that nicotine combined with
alcohol is self-administered at much higher rates in male adolescents than adults, and with
much greater alcohol intake in adolescents than that of alcohol alone (Figure 2A). This was
not observed in females. Mechanistic studies showed that the decreased response to the drug
combination in adults reflected the late maturation of an inhibitory kappa opioid receptor
modulation. When adult males were pretreated with the kappa opioid receptor antagonist,
norbinaltorphimine, to block this they self-administered the drug combination at the same
high rate as adolescents (Larraga et al., 2017).

3. Chronic effects of adolescent nicotine treatment

3.1. Withdrawal syndrome.

Abrupt cessation of tobacco use in dependent smokers results in withdrawal symptoms that
include both somatic and affective components. Somatic symptoms include bradycardia,
insomnia, and gastrointestinal discomfort, whereas negative affective symptoms include
anger, anxiety, craving, depression, difficulty concentrating, impatience, insomnia, and
restlessness (Hughes, 2007a). There is limited research on withdrawal from e-cigarettes, but
recent analysis of the US Population Assessment of Tobacco and Health Survey and a
clinical trial by the same investgators indicated that withdrawal symptoms were mild in
never smokers (Hughes & Callas, 2019; Hughes et al., 2020), whereas another study of self-
reported dependence symptoms suggested there were similarities to tobacco dependence but
with some unique indicators (Soule et al., 2020). Some clinical studies of cessation of
tobacco use in teenagers indicate that they may be especially sensitive to withdrawal,
exhibiting symptoms of dependence soon after smoking initiation and before the
establishment of daily smoking habits (DiFranza et al., 2007; Dierker & Mermelstein, 2010;
Zhan et al., 2012). A recent study has reported that teen e-cigarette users are more likely to
report dependence signs and be daily users if they use high nicotine content pods, such as
Juul (Boykan et al., 2019a).
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Nicotine withdrawal following chronic passive administration in animals results in a
syndrome with both somatic and affective components, including disrupted operant
performance, avoidance behavior, weight gain, anxiety-like behaviors, decreased reward
sensitivity, and opioid-like withdrawal behaviors (Malin, 2001; Hughes, 2007b). Although
these withdrawal signs are routinely seen in adult rodents, this is not the case for
adolescents. In most studies, male adolescents have been found to exhibit less prominent
somatic withdrawal symptoms than adults (O’Dell et al., 2006; Kota et al., 2007; Shram et
al., 2008; Keeley et al., 2019), although female adolescent mice have been reported to show
increased physical withdrawal signs as compared to adults (Kota et al., 2008). Strain
differences have also been noted in adolescent physical withdrawal signs (Hamilton et al.,
2010); whereas Sprague Dawley rats of both sexes were found to show significant
withdrawal signs for two days after nicotine removal, Long Evans rats exhibit shortened
(males) or non-existent (females) withdrawal. Affective signs of withdrawal, as measured by
anxiety-like behaviors on the elevated plus maze and open field, increased brain reward
threshold, conditioned place avoidance, and depressive-like behaviors in the forced swim
test, are also generally found to be lower in adolescent rats and mice of both sexes than
adults (O’Dell et al., 2006, 2007; Kota et al., 2007, 2008; Shram et al., 2008; Ifiiguez et al.,
2009; Torres et al., 2013). This overall reduction in withdrawal signs in adolescent rodents
as compared to adults may reflect a resistance to decreased mesolimbic dopamine function
(Natividad et al., 2010, 2012). There is a notable discrepancy between human studies, in
which teens are thought to be more sensitive to withdrawal than adults, and preclinical
studies where the opposite is observed. One possible reason is that route and timing of
nicotine administration may make a difference, as has been shown in one prior rodent study
(Kota et al., 2008). Two studies in which an inhalation method for tobacco smoke or nicotine
was used did note substantial physical withdrawal in adolescents, although adults were not
included for comparison (de la Pena, 2015; Kallupi et al., 2019). Alternatively, tobacco
constituents, which have been shown to enhance reinstatement of nicotine seeking behavior
(Costello et al., 2014; Cross et al., 2020), may increase withdrawal signs. Further studies are
needed to address this issue.

Drug reward.

Many studies have shown long term consequences of adolescent nicotine exposure on drug
reward. Adolescent nicotine treatment increases subsequent nicotine reward and decreases
aversion in adults (Adriani et al., 2003; Torres et al., 2008; Kallupi et al., 2019). This may
reflect an age-dependent increase in a5, a6 and 2 nAChR subunits in the ventral midbrain
(Adriani et al., 2003). These findings are also consistent with clinical data which show that
teen e-cigarette use is associated with greater risk for subsequent initiation and continuation
of cigarette smoking (Soneji et al, 2017; Kinnunen et al., 2019).

Adolescent nicotine also leads to increased rewarding effects of other abused drugs. Human
studies indicate that smoking and e-cigarette use is associated with greater alcohol
consumption in adolescents (Kristjansson et al., 2015). Adult dependent smokers are also
much more likely to be alcoholics than non-smokers, and the great majority of alcoholics
smoke (DiFranza & Guerrera, 1990; Falk et al., 2006). Furthermore, there is a strong
relationship between early onset of smoking and alcohol dependence and problem use
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(Grant & Dawson, 1997). Since most smokers begin before the age of 18 (Hanna et al.,
2001; SAMHSA, 2011), it is critical that animal studies model the impact of adolescent
nicotine exposure on alcohol intake and evaluate underlying mechanisms.

As shown in Figure 2B, self-administration of nicotine or nicotine + ethanol during
adolescence leads to increased oral consumption of ethanol in young adult males (Larraga et
al., 2017). This is quite different from animals that self-administered these drugs as adults,
where intravenous ethanol self-administration increased subsequent ethanol intake. Passive
exposure to nicotine during adolescence, but not adulthood, also leads to a subsequent
increase in ethanol intake in adults (Thomas et al., 2018). This latter study also explored
mechanisms of enhanced ethanol self-administration following adolescent nicotine
exposure, and found that it resulted from altered GABA signaling within the VTA.
Adolescent, but not adult, nicotine downregulated the chloride channel, KCC2, causing a
depolarizing shift in Egaga and resulting inhibition of ethanol-stimulated dopamine release.
This elevated drinking following adolescent nicotine exposure could be prevented by co-
administration of the KCC2 agonist, CLP290, offering a possible therapeutic strategy to
reduce excessive drinking in smokers. It is important to note that although sex differences
were found in the acute reinforcing effects of nicotine-ethanol combinations (Larraga et al.,
2017), sex has not been examined as a variable in these long-term studies. This is an
important area for further research given clinical findings of a stronger association of
smoking and binge drinking in women than men (Wilsnack et al., 2018).

Clinical data have shown a link between teen smoking and use of other drugs, particularly
psychostimulants. For example, one study showed that those who used tobacco before age
15 were more than 80x more likely to use illegal drugs than those who did not, with cocaine
being the most widely used drug among teen cigarette smokers (Lai et al., 2000). Other
studies have shown that 90% of cocaine users smoked before they began drug use, and that
cocaine dependence is highest among users who initiated cocaine use after tobacco use
(Levine et al., 2011). Furthermore, those who were regular smokers were more likely to
‘like” or “‘want’ cocaine when they first tried it, responses that are significant predictors of
dependence and lifetime cocaine use (Lambert et al., 2006). Thus, teen smoking is
associated with greater psychostimulant use and poorer treatment outcomes (Weinberger &
Sofluoglu, 2009; Ren & Lotfipour, 2019).

Preclinical studies have confirmed a positive interaction of nicotine with psychostimulants,
particularly following adolescent nicotine exposure. Animals treated with nicotine during
early adolescence, but not late adolescence or adulthood, have been found to have enhanced
rewarding effects of cocaine, methamphetamine and morphine, as measured by conditioned
place preference later in adulthood (McMillen et al., 2005; Alajaji et al., 2016; Kota et al.,
2018; Cadoni et al., 2019), but see (Kelley & Middaugh, 1999; Kelley & Rowan, 2004).
Nicotine treatment during early adolescence also increases subsequent cocaine-induced
locomotor sensitization (Kelley & Rowan, 2004; McQuown et al., 2009; Alajaji et al., 2016;
Reed and Izenwasser, 2017). This effect may be specific to males, however, since adolescent
nicotine-induced enhancement of cocaine- and amphetamine-induced locomotor
sensitization was not seen in female mice (Collins & Izenwasser, 2004; Collins et al., 2004).
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Other studies, using the self-administration procedure, have shown that nicotine
pretreatment of adolescents, but not adults, increases the subsequent reinforcing effects of
cocaine (McQuown et al., 2007; Dao et al., 2011; Reed & Izenwasser, 2017; Dickson et al.,
2014; Linker et al., 2020), but see (Levin et al., 2011; Pomfrey et al., 2015; Schassburger et
al., 2016). The enhancement of cocaine intake is seen immediately following nicotine
pretreatment and persists through adulthood, but is not seen for sucrose. Increased cocaine
intake is observed in both males and females, and results from an upward shift of the dose-
response curve. A similar increase in methamphetamine and ethanol intake following
adolescent nicotine treatment has also been seen (Dao et al., 2011; Pipkin et al., 2014).
Whereas initial self-administration is enhanced by adolescent nicotine treatment, there is not
a similar increase in drug-primed reinstatement (Mojica et al., 2014; Pipkin et al., 2014),
although one study of preadolescent animals found an increase in cue-induced drug seeking
behavior in a high sucrose preferring rat strain (Anker & Carroll, 2011).

Many long-term neurochemical and morphological changes have been shown to result from
adolescent treatment with nicotine that are distinct from that in adult (Ehlinger et al., 2016;
Cadoni et al., 2019). However, few of these have been linked to behavioral changes. One
study which compared Lewis (addiction prone) and Fischer (addiction resistant) rats has
shown that only Lewis rats show enhancement of cocaine conditioned place preference and a
concomitant potentiation of dopamine response in the nucleus accumbens shell following
adolescent nicotine treatment (Cadoni et al., 2019). This finding highlights the importance of
genetic background in mediating the effects of adolescent nicotine and may explain some of
the discrepant findings reported in the literature. To further examine underlying mechanisms
we have used a paradigm in which Sprague Dawley rats are treated once daily for four days
with a low dose of nicotine (0.06 mg/kg, i.v.), intended to mimic the early phase of teen
smoking, and have shown this enhances subsequent reinforcing effects of cocaine,
methamphetamine and alcohol (McQown et al., 2007; Dao et al., 2011) in adolescents but
not adults of both sexes. The long-lasting enhancement of cocaine intake can be blocked by
co-administration of a serotonin 5HT1 5 or dopamine D2 receptor antagonist during nicotine
pretreatment (Dao et al., 2011; Linker et al., 2020). These behavioral findings are consistent
with biochemical studies that show regional forebrain increases in serotonin, SERT or
5HIAA levels in adolescents but not adults. Although presynaptic dopamine markers are not
impacted by adolescent nicotine pretreatment, D2 receptor protein and G protein coupling in
the nucleus accumbens are increased (Mojica et al., 2014; Linker et al., 2020). Furthermore,
there is a long-lasting increase in locomotion induced by the D2 receptor agoinst, quinpirole,
which is blocked by co-administration of the 5SHT1 5 antagonist, WAY 100 635, with
nicotine. Thus, both 5HT; A and D2 receptors are critical modulators of adolescent nicotine
effects on reward pathways. These enhancing effects of nicotine are restricted to early
adolescence and are not seen at later ages.

In a recent study, we have further examined the mechanism by which adolescent nicotine
increases cocaine self-administration, and have demonstrated a critical role for microglia
(Linker et al., 2020). Whereas nicotine inhibits microglial activation in adults, it has the
opposite effect in adolescents and induces reactive microglia. Microglial activation then
selectively prunes glutamate synapses in the nucleus accumbens and basolateral amygdala,
and results in increased cocaine self-administration. Nicotine enhancement of cocaine self-
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administration is blocked by minocycline, which inhibits microglial actvation, or by the
selective CSF1R inhibitor, PLX3397, which clears microglia from the brain. This immune
response in adolescents is induced by nicotine via activation of D2 receptors, and a resulting
neuronal release of the fractalkine signaling ligand, CXRCL1, which binds to microglial
CX3CR1 receptors to regulate synaptic pruning (Figure 3; Luo et al., 2019). The possible
role of 5SHTq 4 receptors in this pathway has not yet been examined.

3.3. Cognition.

The hippocampus is a brain region that is critical for memory formation and retrieval, and
plays an important role in processing contextual information and spatial learning (Opitz,
2014). Contextual fear learning is a hippocampal-dependent task in which performance is
impacted by adolescent nicotine treatment (Holliday and Gould, 2016; Holliday et al.,
2016). Animals treated with nicotine as adolescents that were tested as adults showed
decreased context-induced freezing, and were less sensitive than saline-treated controls to
nicotine enhancement of performance, effects that were not seen in adults treated with
nicotine. Similar performance decrements were observed in another contextual conditioning
task following adolescent nicotine treatment (Spaeth et al., 2010). Whereas sex differences
were not observed for adolescent nicotine effects on contextual conditioning (Spaeth et al.,
2010), these have been observed for hippocampal-dependent spatial learning tasks. Adult
performance in an object learning task and a novel object test were decreased following
adolescent nicotine treatment of females, but not males (Mateos et al., 2011). A sex-specific
decrease in nAChR binding in prefrontal cortex was also observed in adult females
following adolescent nicotine treatment, although this has not been established as a
mechanism for their performance deficit.

deBry & Tiffany (2008) proposed a Tobacco-Induced Neurotoxicity of Adolescent Cognitive
Development (TINACD) theory which postulates that smoking during early adolescence, a
period of major neurodevelopment of brain structures regulating inhibitory control, leads to
increased impulsivity and inattention. In particular, the prefrontal cortex, which plays a
critical role in integrating emotional and motivational states to regulate top-down attentional
processes, is still actively maturing during adolescence and is a target for aberrant nicotine
effects. Prefrontal cortical activity, working memory and attentional performance are all
reduced in teen smokers during withdrawal (Jacobsen et al., 2005; 2007), although male
smokers are significantly more impaired during tests of selective and divided attention than
female smokers and nonsmokers. Cognitive performance has also been shown to be
influenced negatively by adolescent nicotine exposure in animal studies (Schochet et al.,
2005; 2008; Counotte et al., 2011). Nicotine treatment of male adolescent rats resulted in
increased impulsive behavior and decreased attention in adulthood, but had no effect on
animals that are treated as adults (Counotte et al., 2011). Although adolescent nicotine
increased prefrontal cortex levels of mGIuR2 immediately after drug treatment, there was a
significant decrease five weeks later when these behavioral studies were conducted. This
change in mGIuR2 levels was adolescent-specific and not seen in adults.
Electrophysiological data showed that adolescent nicotine treatment leads to decreased
synaptic mGIuR2 signaling and reduced short-term depression of prefrontal cortex layer V
pyramidal neurons, which may compromise their ability to filter out irrelevant signals
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(Goriounova & Mansvelder, 2012). A critical mechanistic role for this reduction in mGIuR2
function has been confirmed by pharmacological evidence that attentional deficits in animals
treated with nicotine as adolescents are reversed by prefrontal cortex infusion of the mGIuR2
agonist, LY 379268. Given findings of sex differences in human studies of smoking effects
on cognition (Jacobsen et al., 2005; 2007), these animal studies need replication that
includes females.

3.4. Emotional regulation.

There is a strong association between teen use of tobacco products and anxiety and
depression (Patton et al., 1998; Jamner et al., 2003; McKenzie et al., 2010; Leventhal et al.,
2016; Cho et al., 2018). Whereas many studies suggest that tobacco use is preceded by
emotional dysregulation, and may be a form of self-medication (Gehricke et al., 2007;
Weinstein et al., 2008), there is substantial evidence for a bidirectional association between
smoking/vaping and depression (Chaiton et al., 2009; Lechner et al., 2017; Esmaeelzadeh,
2018). Other predictors of teen and young adult smoking include anhedonia, aggression, low
hedonic capacity and lower distress tolerance (Roberts et al., 2010; Audrain-McGovern et
al., 2012; Trujillo et al., 2016; Stone et al., 2017; Trucco et al., 2018).

Many animal studies have also shown a correlation between chronic adolescent nicotine
exposure and long term increases in anxiety and depression. Nicotine treatment during
adolescence, but not adulthood, increases anxiety in later life, as shown by elevated plus
maze, time spent in the light side of a box, or time spent in the center zone of an open field
(Slawecki et al., 2003; Smith et al., 2006; Ifiguez et al., 2009; Holliday et al., 2016; Jobson
et al., 2019). Several studies have also shown an age-specific increase in long-term
depressive symptoms and anhedonia, as measured by immobility in the forced swim test and
decreased sucrose preference (Ifiguez et al., 2009; Holliday et al., 2016; Jobson et al.,
2019). One group has also found that adolescent, but not adult nicotine, induces long-term
social withdrawal and deficits in social cognition (Jobson et al., 2019). Thus, adolescent
nicotine exposure may produce a long-term vulnerability to the adverse effects of stress,
resulting in a negative emotional state. Whereas it has been argued that these preclinical
studies, which use fairly high doses of nicotine, do not adequately model the use of tobacco
products in teenagers (Pushkin et al., 2019), it should be noted that Juul and other vape pod
systems result in adolescent exposure to high doses of nicotine and subsequent dependence
(Goniewicz et al., 2018; Boykan et al., 2019). It is also notable that most of the studies
conducted to date have used only male mice or rats. Thus, there is a gap in the preclinical
literature on the impact of adolescent nicotine on emotional responding in females. This is
an important area for further research, given human findings of sex differences in the
relationship between smoking urges and mood states (Delfino et al., 2001).

Mechanistic analyses have shown that adolescent nicotine induces profound and long-lasting
neuronal and molecular alterations in regions that are critical for emotional regulation
(Slawecki et al., 2005; Holliday et al., 2016; Jobson et al., 2019). In particular, the
behavioral alterations are accompanied by increased firing frequency and bursting of
neurons in the VTA and prefrontal cortex (Jobson et al., 2019). A selective downregulation
of dopamine D1 receptor expression in the prefrontal cortex has also been observed, which
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may have may have occurred in response to elevated sub-cortical dopaminergic firing and
bursting. Clinical studies have previously shown that striatal levels of the D1 receptor are
negatively associated with major depression, particularly in those with anger attacks
(Dougherty et al., 2006; Cannon et al., 2009). Although the Jobson study did not suggest
possible therapeutic approaches to treatment of adolescent nicotine-induced mood disorders,
an earlier study has shown that both nicotine and the antidepressants, fluoxetine and
buproprion, could reduce the associated negative emotional states (Ifiiguez et al., 2009).

4. Conclusions

Adolescence is a time of major plasticity of those brain systems that regulate motivated
behavior and cognition (Yuan et al., 2015). It is also the age of peak onset of nicotine use
(Miech et al., 2017). Although there has been a decline in teen use of cigarettes in recent
years, there has been a huge increase in nicotine vaping (Cullen et al., 2019; Miech et al.,
2019). As a result, it is critically important to understand the impact of nicotine on this phase
of brain development. Given ethical constraints on conducting experimental drug studies on
human teens, this necessitates the use of animal studies.

As outlined in this review, preclinical studies have consistently shown unique effects of
nicotine on adolescent brain. There is an increased number and activity of NAChRs in brain
regions that are important for reward (Doura et al., 2007; Kota et al., 2007) , and an increase
in nicotine-induced DA release in limbic regions of adolescent brain (Azam et al., 2007,
Corongiu et al., 2020). There are significant age differences in many of the acute behavioral
effects of nicotine. Some behavioral effects, such as nicotine reward, are greater in
adolescents than adults (Adriani et al., 2003; Torres et al., 2008; Gellner et al., 2016). In
contrast, other behavioral effects, such as aversion, are greater in adults (O’Dell et al., 2006,
Shram et al., 2006; Torres et al., 2008).

Animal studies have also shown that adolescent nicotine exposure can induce long-term
changes in brain and behavior. The behavioral changes, which last until adulthood, include
increased rewarding effects of other abused drugs (see Yuan et al., 2015 for review),
decreased attention (Counotte et al., 2011) and mood changes (Slawecki et al., 2003; Smith
et al., 2006; Ifiiguez et al., 2009; Holliday et al., 2016; Jobson et al., 2019). Increasingly,
these animal studies are assessing molecular mechanisms underlying these long-term
behavioral changes, which may provide insight into possible therapeutic strategies to reduce
long-term adverse effects of teen nicotine use. These preclinical findings suggest that teen
nicotine vaping may result in similar long-term deleterious effects, and are consistent with
recent observations of linkages between vaping and substance use, mental health problems
and impulsivity (Grant et al., 2019; Roys et al., 2019). Thus, further longitudinal assessment
of health outcomes in teen and young adult e-cigarette users is warranted.
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Highlights
1. Animal studies have shown that nicotine has unique effects on adolescent
brain.
2. Nicotine exposure during adolescence has long-lasting effects that are seen in

adulthood, but are not seen in animals that are treated with nicotine as adults.

3. Lasting effects include increased rewarding effects of abused drugs, deficits in
cognitive function and emotional dysregulation.
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Figure 1.
High school students vaping during the last 30 days, 2017-19 (%). From Meich et al., 2019.
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Figure 2.

Acute and long term effects of co-administration of nicotine (Nic) + ethanol (EtOH). A.
Self-administration of EtoH alone or EtOH + Nic in adolescent (P32) or adult (P90) male
rats. B. Animals from A. were subsequently placed in a 2-bottle drinking in the dark
paradigm and EtOH intake (% of total) measured. + significantly different from Saline,
p<0.05. T significant age difference, p<0.05. From Lérraga et al., 2017.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leslie Page 24

Nicotine

Neuronal terminals D2 receptors ——°*

COGCL1  CX3CR1

Activated microglia

Figure 3.
Schematic of mechanism of adolescent nicotine-induced increase in cocaine self-

administration. Nicotine activates the fractalkine signaling pathway in the nucleus
accumbens via D2 dopamine (DA) receptors. CX3CL1 released from neurons binds to the
CX3CR1 receptor on microglia to induce an inflammatory response and subsequent pruning
of neuronal terminals. From Linker et al., 2020.
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