Susceptibility to Psychiatric Diseases After
Cannabis Abuse in Adolescence: Animal
Models

Tiziana Rubino and Daniela Parolaro

Abstract Epidemiological evidence suggests that adolescent exposure to delta-9-
tetrahydrocanabinol, the psychoactive component of Cannabis, confers an
increased risk for developing psychiatric disorders later in life. However, epidemi-
ological studies have a correlative nature and are limited by ethical problems which
can be circumvented by animal models.

After a preliminary section describing the dynamic changes that occur in the
endocannabinoid system during adolescence, in the following sections, the more
relevant animal data on the long-lasting consequences of adolescent exposure to
cannabinoids is reported. Behavioral evidence in terms of impairment in cognition,
vulnerability to mood disorders, schizophrenia, and subsequent drug abuse as well
as the underlying neurobiological aspects are summarized.

The arising picture seems to support the hypothesis that adolescent exposure to
cannabinoids might represent a risk factor for the development of psychiatric-like
symptoms in adulthood since the external stimulation of the endocannabinoid
system can profoundly alter its physiological role, thus triggering alterations in
the maturational events occurring in the adolescent brain.

Quantifying the relative adverse and beneficial effects of cannabis and its constit-
uent cannabinoids is becoming a priority particularly considering that several
countries are legalizing its use. Although it is still a matter of debate, there is
evidence suggesting that chronic adolescent marijuana exposure may be associated
with a higher risk for neuropsychiatric diseases, including schizophrenia (Rubino
and Parolaro 2015; Renard et al. 2014). During adolescence, the endocannabinoid
system is highly active, driving the central nervous system maturation. Thus,
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adolescent exposure to exogenous cannabinoids might interfere with normal corti-
cal maturation, causing neurobiological changes that impair brain function. This
chapter will describe the behavioral and cellular evidence of enhanced susceptibil-
ity to neuropsychiatric disorders after cannabinoid abuse in adolescence obtained
using validated animal models. Moreover, a preliminary description of the matu-
rational processes occurring in the endocannabinoid system during adolescence will
be provided.

1 The Endocannabinoid System in Adolescence

Several physical, neural, and behavioral changes occur simultaneously during
adolescence. Indeed, the brain of adolescents is subjected to extensive synaptic
and neurochemical remodeling in areas involved in emotions, learning, decision-
making, and reward-motivated behaviors. These complex changes may make the
human brain more vulnerable, and transient imbalances, primarily among develop-
mental trajectories of corticolimbic structures, can leave an individual susceptible
to mental illness. The endocannabinoid system (eCB) is a lipid signaling system
consisting of specific receptors (cannabinoid CB1 and CB2 receptors), endogenous
ligands (mainly anandamide and 2-arachidonoylglycerol), and a battery of enzymes
responsible for the synthesis and degradation of these ligands. The eCB system
plays a major role in neurodevelopmental processes which are particularly active
during adolescence, and several studies have highlighted its active and dynamic
nature during this age.

Rodriguez de Fonseca et al. (1993) showed that CB1 receptor (CB1R) binding in
the rat brain is highest just prior to the onset of adolescence (postnatal day (PND)
25-29), followed by a general linear reduction to adult levels within limbic, striatal,
and cortical structures. Accordingly, recent findings from different laboratories
demonstrated that prefrontal cortex (PFC) CBIR expression in male rats declines
in pre- to early adolescence with a region-specific rate (Ellgren et al. 2008; Heng
et al. 2011). Indeed there is a gradual decline of the CB1R expression in limbic/
associative regions, whereas major changes in sensorimotor regions are not evident
until mid- to late adolescence, with the functionality of these receptors following
the same developmental pattern (Heng et al. 2011). Accordingly, Rubino et al.
(2015) showed that in female rodents, CB1Rs increase from mid- to late adoles-
cence (PND 60) and decline by adulthood (PND 75; Rubino et al. 2015). The
efficacy of CB1 receptor coupling with G proteins through adolescence does not
show significant alteration, at least in the PFC, implying that CB1Rs seem to be
more efficient during adolescence (Rubino et al. 2015). Recently, an interesting
paper was published by Schneider et al. (2015) in which the introduction of a gain-
of-function mutation in the gene that encodes for the CB1R generated rats with
sustaining features of adolescent behavior in adulthood. Indeed, adult mutant rats
exhibited typical high risk/novelty seeking, increased peer interaction, enhanced
impulsivity, and augmented reward sensitivity for drug and nondrug reward when
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compared to wild-type littermates. Partial inhibition of CB1R activity normalized
mutant rats’ behavior.

These observations in adult mutant rats together with the above cited reports on
enhanced CBIR signaling in adolescence highlight that the activity state and
functionality of the CB1R are critical for mediating adolescent behavior. Interest-
ingly no differences were observed between the genotypes for the two main
endocannabinoids, anandamide (AEA) and 2-arachidonoylglycerol (2-AG).

The picture regarding changes in the level of the two main endocannabinoids,
AEA and 2-AG, during adolescence is still at the beginning, and the few data
available are somewhat divergent, probably for the difference in the strain and sex
of the used animals.

In male rats, a continuous increase in PFC AEA levels throughout the adolescent
period was reported, anandamide being almost three times higher in later adoles-
cence. However, 2-arachidonoylglycerol concentrations in the same brain area
were highest very early in adolescence (PND 29), decreased by PND 38, and
increased again in late adolescence (PND 50; Ellgren et al. 2008). Similarly,
Rubino et al. (2015), in the PFC of female rats, observed that AEA levels increased
from mid- to late adolescence and then decreased into adulthood, while 2-AG levels
first decreased and subsequently increased. Interestingly, despite these dynamic
changes, the activity of the two degrading enzymes, fatty acid amide hydrolase
(FAAH) and monoacylglycerol lipase, did not show any variation throughout the
developmental window, suggesting a more likely involvement of the synthetic
enzymes in regulating endocannabinoid levels.

Concerning other brain areas, it was reported that hypothalamic AEA content in
female rats increases immediately preceding vaginal opening (as a physical marker
of pubertal onset; Wenger et al. 2002), whereas in male rats the pattern of the AEA
adolescent fluctuation in the amygdala, hippocampus, and hypothalamus (PND
25-70) was similar as in the PFC (Lee et al. 2013). Moreover, two other related
N-acylethanolamines hydrolyzed by FAAH, oleoylethanolamine and
palmitoylethanolamine, exhibit the same temporal-specific pattern as AEA, indi-
cating that the corticolimbic AEA fluctuations are at least partly due to
corresponding changes in FAAH activity (Lee et al. 2013).

Concluding the eCB system during adolescence shows a high instability and
participates actively to the final brain’s refinement that occur in this period.
External stimulation of this system can profoundly alter its physiological role
triggering altered brain maturation.
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2 Behavioral Consequences of Cannabinoid Abuse
in Adolescence

2.1 Emotional Aspects

Chronic administration of cannabinoid compounds in adolescent animals has been
reported to lead to altered emotional reactivity later in life.

The picture emerging from studies evaluating the effect on anxiety behavior is
quite complex, since different results have been obtained depending on the specific
component of anxiety under study and the tests used to monitor it. The most
difficult interpretation regards data on general anxiety, monitored in the elevated
plus maze test or the open field test. Indeed, adult animals that were exposed to
cannabinoids during adolescence have been reported to exhibit no changes in their
behavior (Rubino et al. 2008; Higuera-Matas et al. 2009; Bambico et al. 2010;
O’Tuathaigh et al. 2010; Mateos et al. 2011; Bortolato et al. 2014; Cadoni et al.
2015), an anxiolytic-like response (Biscaia et al. 2003; Wegener and Koch 2009;
Cadoni et al. 2015), or even anxiety (Llorente-Berzal et al. 2013; Stopponi et al.
2014; O’Tuathaigh et al. 2010; Abboussi et al. 2015; but see also Renard et al. 2016
who used the light—dark box test). This lack of consistency might be due to
differences in several experimental parameters such as the cannabinoid compound
used (synthetic versus natural), the precise developmental period of exposure, and
the strain of animals used. For example, it is well known that synthetic cannabi-
noids are full CB1 receptor agonists, whereas the natural ingredient of Cannabis,
delta-9 tetrahydrocannabinol (THC), is a partial agonist. This could greatly affect
the adaptive changes occurring in the brain in response to chronic exposure. Also
the strain of animals used in the experimentation could play a fundamental role in
the response to cannabinoid treatment, due to a possible different genetic back-
ground. This is the case, for example, in Cadoni’s study (Cadoni et al. 2015), where
it was reported an anxiolytic-like effect in adult Lewis rats exposed to THC during
adolescence and no changes in anxiety behavior in the Fisher344 ones. In the same
line, O’Tuathaigh et al. (2010) reported that only mice KO for the catechol-O-
methyltransferase (COMT) gene were able to develop an anxiety-like behavior at
adulthood after adolescent exposure to THC, while wild-type ones did not.

These different experimental parameters seem to play a minor role when social
anxiety has been investigated. All the researchers who monitored this aspect
reported a decrease in social interaction in adult rats after adolescent cannabinoid
exposure. This was demonstrated with both synthetic and natural cannabinoid
agonists, in male and female animals (Leweke and Schneider 2011; O’Shea et al.
2004, 2006; Quinn et al. 2008; Realini et al. 2011; Zamberletti et al. 2014; Renard
et al. 2016). The only exception is the Gleason’s paper (2012) performed in mice,
even if a trend to a decreased social interaction might be seen after the adolescent
treatment. The most likely reason for the lack of the effect in Gleason’s work may
reside in the fact that the behavior was monitored long after the end of the treatment
(nearly 3 months later), whereas in all the other studies it was checked within
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2 months. This suggests that at least some of the altered behaviors induced by the
adolescent cannabinoid exposure might be normalized with time. Although reduc-
tion in social interaction has been considered an anxiogenic behavior in rodents
(File and Hyde 1978), it is also well known that a significant and pervasive
impairment in social functioning is associated with major depressive disorder
(Hirschfeld et al. 2000). According to this view, impaired social behavior might
also be a sign present in a depressive-like phenotype. Besides reduced social
behavior, two other features of depression-like reactivity in animals are behavioral
despair/passive coping strategy (measured in the forced swim test) and anhedonia
(assessed as sucrose preference or palatable food consumption). Accumulating
literature provides evidence that adolescent exposure to THC or WIN 55,212-2
induces passive coping strategy in the forced swim test and a reduction in the
sucrose preference or palatable food consumption (Rubino et al. 2008; Realini et al.
2011; Bambico et al. 2010; Zamberletti et al. 2014). This suggests the presence of
dysfunction in motivational processes, and, intriguingly, these effects appear to be
stronger in female rats (Rubino et al. 2008). In line with this, Chadwick et al. (2011)
reported that adolescent exposure to CP-55,940 decreased sexual motivation in
adult female rats.

As a whole, these findings suggest the presence of altered emotional reactivity
and hedonic processes after adolescent cannabinoid exposure, especially in female
animals.

2.2 Cognition

Most literature on adolescent cannabinoid exposure in animal models agrees on the
presence of long-lasting impairments in learning and memory.

Impairments in episodic memory tested in the classical or spatial version of the
novel object recognition test or in the social recognition test have been reported
after adolescent exposure to synthetic or natural cannabinoid agonists in adult rats
and mice and in both sexes (Abush and Akirav 2012; O’Shea et al. 2004, 2006;
Quinn et al. 2008; Realini et al. 2011; Renard et al. 2013, 2016; Schneider and Koch
2003; Zamberletti et al. 2014; Abboussi et al. 2015; Lovelace et al. 2015). Few
exceptions to this rule are represented by papers where adolescent exposure was
performed for very short periods of time (3 days, Cadoni et al. 2015) or where the
cognitive effect was monitored much longer than in other studies after the end of
the treatment (Higuera-Matas et al. 2009). The former exception might suggest that
a longer period of exposure is needed to elicit the cognitive deficit, whereas the
latter suggests, again, the possibility that some signs might spontaneously return to
control value with time. Spatial working memory deficits have been observed after
adolescent THC exposure in adult rats (Rubino et al. 2009a, b, 2015), mice
(O’Tuathaigh et al. 2010), and monkeys (Verrico et al. 2014), as well as impair-
ments in cognitive flexibility assessed through the attentional set-shifting task
(Gomes et al. 2015). When other forms of memory were considered, no lasting
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effects were observed. This was the case for aversive memory (Rubino et al. 2009a,
b) or “pure” spatial learning in the Morris water maze (Abush and Akirav 2012; Cha
et al. 2006, 2007; Higuera-Matas et al. 2009).

These data point toward a task-specific effect of adolescent cannabinoid expo-
sure on cognition, suggesting that the exposure might more likely affect the forms
of memory where both PFC and hippocampus play a role and the integrity of their
interaction is needed to perform the task.

2.3 Psychosis

Epidemiological studies suggest that cannabis use during adolescence confers an
increased risk for developing psychotic symptoms later in life (D’Souza et al. 2009;
Evins et al. 2012).

Schizophrenia represents a complex disorder associated with various distur-
bances in motivational, social, emotional, and cognitive processing. Some of
these features are uniquely human (i.e., hallucination and delusions) and cannot
be reproduced in animals. Differently, several experimental protocols can repro-
duce impairment in cognition and altered emotionality present in schizophrenia,
and the consequences of cannabis in adolescence on these signs has been already
examined in the previous chapters. Thus, in the present chapter, only the effect of
adolescent cannabis use on two other paradigms considered as valid translational
models of schizophrenia will be reported: the pre-pulse inhibition of startle (PPI—a
measure of sensorimotor gating, the ability of an organism to attain information and
process it correctly) and drug-induced hyperactivity (Lodge and Grace 2009;
Powell and Miyakawa 2000).

2.3.1 Pre-pulse Inhibition

Chronic adolescent treatment with the cannabinoid agonist WIN 55,212-2 pro-
voked impairment in PPI in rats and mice that was still present long after the
treatment withdrawal (Gleason et al. 2012; Schneider and Koch 2003; Wegener and
Koch 2009). In contrast, Llorente-Berzal et al. (2011) and O’Tuathaigh et al. (2012)
did not show alterations in this behavior after adolescent exposure to synthetic
cannabinoid agonists (CP55940, 0.4 mg/kg, or WIN 55,212-2, 1 or 2.5 mg/kg,
respectively). The reason for this discrepancy is quite difficult to find. Data for both
evidence were obtained in mice and rats, using a synthetic cannabinoid agonist. The
only speculation we may put forward is that the last two groups performed a longer
treatment (15 or 21 days) with the same dose of agonist (thus triggering a deep state
of tolerance), while the former ones performed a shorter treatment (10 days) or used
an irregular protocol of injections (none, one, or two daily injections for 25 days),
thus reducing the risk to develop profound tolerance. More recently, Renard et al.
(2016) showed that adult rats pretreated with THC in adolescence displayed PPI
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deficits at both the pre-pulse intensity levels of 76 and 80 dB compared with control
rats. Interestingly the same protocols in adult rats did not affect PPL

2.3.2 Locomotor Hyperactivity

Finally, locomotor hyperactivity in rodents may have some face validity for certain
components of the positive symptoms of schizophrenia, such as psychotic agitation
(Van Den Buuse 2010). However, despite its ease of quantification in rodents, very
few data are available about the long-term effect of adolescent cannabinoid expo-
sure on this behavioral sign. A significant increase in locomotor activity in the open
field was observed in adult rats exposed to WIN 55,212-2 during adolescence
(Wegener and Koch 2009). Differently, other groups showed no significant alter-
ations in the open field recordings (Biscaia et al. 2003; Rubino et al. 2008), and
some others found that young adult rats chronically treated with CP55,940 showed
reduced baseline locomotor activity 2 weeks after the treatment’s cessation (Klug
and Van Den Buuse 2013). Our group recently observed that adolescent exposure to
THC increased the locomotor activating effect of phencyclidine (PCP) when this
was administered acutely in adulthood (Zamberletti et al. 2014). In fact, the low
dose of PCP injected (2.5 mg/kg) did not induced locomotor activation in vehicle-
treated animals but significantly increased locomotion in THC-treated rats. More-
over, stereotyped behaviors were observed in vehicle-treated animals following
acute PCP injection, but this effect was significantly enhanced in THC-treated rats.

2.3.3 Two-Hit Hypothesis

Schizophrenia is a multifactorial disease characterized by the combined action of
multiple genes of small effect size (Owen et al. 2005) and a number of environ-
mental risk factors (McGrath et al. 2003), which causes the development of this
mental disorder (Mackay-Sim et al. 2004). This is conceptualized in the “two-hit
hypothesis” of schizophrenia, which predicts that genetic and environmental risk
factors interactively (G x E interaction) cause the development of the disorder
(Bayer et al. 1999; Caspi and Moffitt 2006).

Genetic factors may confer vulnerability to psychosis outcomes following expo-
sure to cannabis, i.e., a gene-environment interaction. In specific, the genes
encoding for COMT, neuregulin (Nrgl), brain-derived neurotrophic factor
(BDNF), and disrupted in schizophrenia 1 (DISC1) have been implicated in con-
ferring such vulnerability.

COMT

In one of the first studies that drew attention to gene X environment interactions,
Caspi et al. (2005) reported that the COMT gene moderated the risk of psychotic
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disorder with adolescent cannabis exposure. The enzyme COMT plays a critical
role in the breakdown of dopamine (DA) in the PFC (Papaleo et al. 2008), in
contrast to the striatum where DA is cleared by a transporter. The COMT gene has a
common polymorphism in humans where valine (Val) is substituted for methionine
at the158/108 locus, and this results in 40% higher enzymatic activity and thus more
rapid degradation of DA. Lower cortical DA levels in individuals homozygous for
the Val (158) polymorphism are associated with, among other things, poorer
cognitive performance and inefficient pre-cortical functioning (Tunbridge et al.
2006). Accordingly, COMT knockout (KO) mice were more vulnerable than wild
types (WT) to the disruptive effects of WINS55212 adolescent treatment on PPL
Moreover, acute pharmacological inhibition of COMT in mice modified acute
cannabinoid effects on startle reactivity, as well as PPI. COMT KO mice also
demonstrated differential effects of adolescent cannabinoid administration on
sociability and anxiety-related behavior, confirming and extending earlier reports
of COMT xcannabinoid effects on the expression of schizophrenia-related
endophenotypes (O’Tuathaigh et al. 2012).

Neuregulin

Nrgl, a leading schizophrenia susceptibility gene, is relevant to several
schizophrenia-related neurodevelopmental processes due to its involvement in
axonal guidance, myelination, and GABAergic and glutamatergic neurotransmis-
sion (Mei and Xiong 2008). Heterozygous deletion of Nrgl results in increased
sensitivity of mice to schizophrenia-like symptoms induced by THC, especially
under stressful conditions (Boucher et al. 2007). Long’s lab team exposed adoles-
cent WT and Nrgl heterozygous (HET) mice to chronic THC during adolescence
(Long et al. 2013). Surprisingly, Nrgl mutants appeared less susceptible to
THC-induced suppression of investigative social behaviors than control mice.
However, adolescent THC exacerbated the hyperlocomotive phenotype character-
istic for adult Nrgl mutant mice (Karl et al. 2007; Long et al. 2013). Nrgl
deficiency also modulated the effects of adolescent THC on neurotransmitter
systems involved in the pathophysiology of schizophrenia. Genotype-specific
THC effects on CB1 expression in the substantia nigra were found: reduced CB1
level was present in Nrgl HET drug-free mice, but its level increased in Nrgl mice
post THC challenge. Lower CB1 expression levels in the substantia nigra might be
responsible for the observed decreased susceptibility of adolescent Nrgl mutant
mice. Nrgl also conferred opposing effects of THC on serotonin 2A receptor
expression in the insular cortex, and NMDA receptor binding was selectively
increased in the hippocampus and cingulate cortex of Nrgl HET mice (Long
et al. 2013) (for a better mechanistic understanding of Nrgl-THC interaction on
NMDA receptor expression in the hippocampus, see Spencer et al. 2013).

Concluding Nrgl modulated the behavioral sensitivity of mice to cannabinoids
during adolescence providing evidence for a role of Nrgl-cannabis interactions in
schizophrenia.



Susceptibility to Psychiatric Diseases After Cannabis Abuse in Adolescence:. . . 245

BDNF

Reduced BDNF signaling has been shown in the frontal cortex and hippocampus in
schizophrenia. Young BDNF HET mice and wild-type controls were chronically
treated with the cannabinoid receptor agonist, CP55,940. Two weeks later, baseline
PPI was lower but average startle was increased in BDNF HET compared to wild-
type controls. Acute CP55,940 administration before the PPI session increased PPI
only in male HET mice. In females, only small increases of PPI in all groups upon
acute CP55,940 administration were observed. Acute CP55,940 administration
furthermore reduced startle, and this effect was greater in HET mice irrespective
of chronic CP55,940 pretreatment. Moreover, male “two-hit” mice, but not
females, were hypersensitive to the effect of acute CP55,940 on sensorimotor
gating. These effects may be related to a selective upregulation of CB1 receptor
density in the nucleus accumbens (Klug and Van Den Buuse 2013).

DISC1

Recent research evaluated the interaction between cannabis in adolescence and
another genetic risk factor, DISC1 (Brandon and Sawa 2011; Kamiya et al. 2012).
Ballinger et al. (2015) demonstrated that a perturbation in DISC1 exacerbates the
response to adolescent THC exposure in adult mice, such as deficits in fear-
associated memory. Moreover, downregulation of the expression of CB1Rs in the
PFC, hippocampus, and amygdala was induced by either expression of dominant-
negative mutant of DISC1 (DN-DISC1) or adolescent THC treatment. A synergistic
reduction of c-Fos expression induced by cue-dependent fear memory retrieval in
DN-DISC1 with adolescent THC exposure was also found. These results suggest
that alteration of CBIR-mediated signaling in DN-DISC1 mice may underlie
susceptibility to detrimental effects of adolescent cannabis exposure on adult
behaviors.

Environment x Environment Interaction

Some evidence has been recently accumulated highlighting the presence of envi-
ronment X environment interaction in cannabis vulnerability in adolescence. Neo-
natal rodents subjected to prefrontal cortex lesioning showed impairment in various
forms of social behavior and in object recognition memory after WIN 55,212-2
exposure in adolescence (Schneider and Koch 2007). Similarly, exposure to THC in
adolescence produced a larger disruption of PPI in rats reared in social isolation
(Malone and Taylor 2006), and a greater cognitive impairment was shown after
THC in rats preexposed to PCP (Vigano et al. 2009). Interestingly stressful events
early in life (maternal deprivation/separation) associated with adolescent exposure
to natural or synthetic cannabinoids provoked different behavioral results when
compared with non-stressed control animals. Indeed no effect, increased
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cannabinoid-induced effect, or even decreased cannabinoid-induced effect was
observed, depending on the sex of the animals and the considered behavior
(Llorente-Berzal et al. 2011; Zamberletti et al. 2012; Klug and Van Den Buuse
2012). Recently, Gomes et al. (2015) showed that WIN 55212-2 administration in
adolescence did not exacerbate the behavioral and electrophysiological changes
(increased locomotor response to amphetamine administration and increased num-
ber of spontaneously active dopamine neurons in the ventral tegmental area)
present in the methylazoxymethanol acetate (MAM) developmental disruption
model of schizophrenia. WIN 55212-2 treatment attenuated the locomotor response
to amphetamine in MAM rats without affecting dopamine neuron activity.

To conclude, the interaction between a previous hit (genetic or environmental)
and cannabinoid exposure in adolescence warrants further investigations, and the
different outcomes seem to be dependent by the considered gene profile, the nature
and the time of the environmental factors, and the sex.

3 The Gateway Hypothesis

The possibility that cannabis use during adolescence increases the vulnerability to
drug abuse disorders later in life, the so-called gateway hypothesis, has been
heavily debated over the last decades due to contrasting results obtained with
epidemiological studies. The definitive causal link between cannabis use and
subsequent abuse of other illicit drugs should come from the use of experimental
animal models. However, despite the use of these models, no conclusive findings
are available, due to the existence of contrasting results even under these controlled
conditions.

The most consistent data have been collected in studies considering
cannabinoid-opioid interaction. Male, but not female, rats presented significant
increases in the acquisition of both morphine and heroin self-administration after
adolescent exposure to natural or synthetic cannabinoid agonists (Ellgren et al.
2007; Biscaia et al. 2008). Similarly, chronic cannabinoids in adolescence
increased the sensitivity to morphine or heroin conditioned place preference
(CPP) (Morel et al. 2009; Cadoni et al. 2015). Conversely, the same authors
under different conditions or other authors reported that adolescent THC exposure
neither affected heroin CPP (Cadoni et al. 2015) nor heroin self-administration
(Stopponi et al. 2014). However Stopponi et al. (2014) found that adolescent THC
pretreatment enhanced subsequent vulnerability to relapse to heroin seeking caused
by yohimbine administration (as a pharmacological stressor). These discrepancies
might be explained by differences in experimental parameters such as the strain of
animals under investigation and the different heroin doses used for self-
administration.

More contrasting results have been found regarding the interaction with
psychostimulant drugs. Increased acquisition of cocaine self-administration was
reported in adult female, but not male, rats pretreated with cannabinoids in
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adolescence (Higuera-Matas et al. 2008). However, the locomotor activating effects
of cocaine are enhanced after adolescent THC exposure (Dow-Edwards and
Izenwasser 2012). Conversely, pretreatment with natural or synthetic cannabinoid
agonists during early adolescence did not alter locomotor responses to amphetamine
(Ellgren et al. 2004). Finally, exposure to cannabinoids during adolescence enhanced
the acquisition and reinstatement of 3,4-methylenedioxymetamphetamine hydro-
chloride-induced CPP in mice (Rodriguez-Arias et al. 2010).

Very recently, data on cannabinoid—cannabinoid interaction have been reported
(Scherma et al. 2015). These authors demonstrated that adolescent exposure to
THC significantly increases WIN 55212-2 self-administration in adulthood. Indeed,
THC-exposed rats acquired cannabinoid self-administration more rapidly than
controls and showed higher rates of consumption when self-administration behav-
ior reached asymptote.

In conclusion, the picture is still quite unclear regarding the role of Cannabis as a
possible gateway drug to subsequent abuse of other illicit compounds. Maybe a
more complex theory taking into account also influences of individual (personality
traits) and environmental (substance availability, peer influence) characteristics
will better describe this complex phenomenon.

4 Cellular Mechanisms Underlying Adolescent Brain
Vulnerability

Despite their paucity, the available data seem to support the hypothesis that
cannabis in adolescence might exert developmental interference on the eCB sys-
tem. Accordingly, adolescent THC exposure in male and female rats induced
lasting CB1 receptor downregulation and desensitization in different cerebral
areas, females being more sensitive than males (Rubino et al. 2008, 2015; Burston
et al. 2010). Moreover, in the PFC of THC-exposed female animals, the significant
decrease of CB1R binding, still present in adulthood, was paralleled by a significant
decrease of AEA levels (Rubino et al. 2015). Mice exposed to WIN 55,212-2 during
adolescence exhibited at adulthood increased MGL and FAAH levels, suggesting
increases in endocannabinoid degradation (Gleason et al. 2012). Recently, Ortega-
Alvaro et al. (2015) showed that CB1R deletion induces a pre-attentional deficit and
CB1 KO mice have significantly lower PPI values than WT mice. Moreover,
treatment with the CB1R antagonist AM251 produces an impairment of PPI in
WT mice, and typical and atypical antipsychotics did not ameliorate PPI deficit in
CB1 KO mice. These data emphasize the important role of CB1R in sensorimotor
gating modulation and suggest that the long-lasting downregulation of CB1R
observed after cannabinoid in adolescence can play a role in the PPI impairment.
Collectively strong cannabis exposure in adolescence can profoundly affect the
developmental trajectories of the different components of the eCB system such as
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receptors (CB1 and CB2) and endocannabinoid levels (AEA), thus provoking its
dysregulation and indirectly interfering with the final brain connectivity. These data
strengthen the hypothesis that the alteration in the dynamic changes present in the
eCB system during adolescence provoked by cannabis could profoundly affect the
neurodevelopmental processes in which this system is involved.

For example, working memory and decision-making are refined during adoles-
cence and require the functional maturation of the PFC. Interestingly, the eCB tone
seems to play a fundamental role in some maturational processes occurring in the
adolescent PFC. Indeed, adolescent THC exposure induced alterations in the
maturational fluctuations of NMDA and AMPA subunits in this brain area, leading
to larger amounts of gluN2B and gluA1 at adulthood (Rubino et al. 2015). More-
over, due to the fact that NMDA receptors play a critical role in regulating
adolescent maturation of GABAergic networks in the PFC (Thomases et al.
2013), adolescent cannabinoid exposure might also affect the GABAergic system.
Accordingly, Cass et al. (2014) showed that WIN55,212-2 exposure during early or
mid-adolescence, but not later in life, caused a functional downregulation of
GABAergic transmission in the PFC. Similarly, Zamberletti et al. (2014) demon-
strated that adolescent THC exposure resulted in reduced GAD67 and basal GABA
levels in the same brain area. These data suggest that adolescent cannabinoid
exposure impacts not only the endocannabinoid system but also the glutamatergic
and the GABAergic ones. These three systems are important in shaping cortical
oscillations, a neural network activity in the neocortex (Uhlhaas et al. 2009) that is
implicated in cognitive and sensory processing (Buzsaki and Draguhn 2004; Wang
2010). Chronic exposure to cannabinoids during adolescence permanently sup-
presses pharmacologically evoked cortical oscillations (Raver et al. 2013), and
this effect seems to be mediated partly by CB1 receptors, but there is also some
evidence of the involvement of CB2 and other non-cannabinoid receptors (Raver
and Keller 2014). Moreover, the functional downregulation of GABAergic trans-
mission in the PFC induced by adolescent cannabinoid exposure might impact the
functionality of PFC excitatory descending projections. According to this hypoth-
esis, increased ventral tegmental area (VTA) DA neuronal firing frequencies and
relative proportion of spikes firing in burst have been described in adult rats
chronically exposed to THC during adolescence (Renard et al. 2016). Similarly,
an increased number of spontaneously active VTA dopaminergic neurons were
seen in adult rats treated with WINS55,212-2 during puberty (Gomes et al. 2015).
This VTA hyper-DAergic activity impacts molecular and neuronal activity param-
eters in the VTA DAergic output targets, such as the PFC and NAc. Indeed, an
increased dopamine turnover was observed in the ventral striatum of adult rats
chronically treated with WINS5,212-2 during adolescence (Bortolato et al. 2014),
as well as altered amounts of D1 and D2 receptors in PFC and NAc (Higuera-Matas
et al. 2010; Zamberletti et al. 2012). Consistent with this state of hyper-DAergic
function in the mesocorticolimbic system, acute administration of the D3 receptor
antagonists U-99194A partially restored the cognitive performances in the novel
object recognition test disrupted by chronic cannabinoid exposure during adoles-
cence (Abboussi et al. 2015).
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Besides the impact on the maturation of different neurotransmitter systems, the
endocannabinoid system has been recently suggested to affect the process of
synaptic pruning (Rubino et al. 2015). Alterations in this event can lead to structural
changes in the adult brain that might play a part in the dysfunctionality triggered by
adolescent cannabinoid exposure. In male rats, adolescent exposure to WINS55,212-
2 significantly decreased spine density in the nucleus accumbens immediately after
treatment (Carvalho et al. 2016). More interestingly, long after the end of treatment,
adolescent cannabinoid exposure has been shown to reduce spine density in the
dentate gyrus of the hippocampus at adulthood, paralleled by a significant decrease
in dendrite length and number (Rubino et al. 2009b) as well as a significant decrease
in the basal dendritic arborization of pyramidal neurons in layer II/III of the PFC
(Rubino et al. 2015).

As the brain is composed of many different cell types, including, but not limited
to, neurons, it is only logical that adolescent cannabinoid exposure could also affect
the functionality of other cell types besides neurons. According to this view,
adolescent WIN55,212-2 treatment has been shown to induce an increase in the
survival of oligodendroglia precursors in the striatum and PFC immediately after
treatment (Bortolato et al. 2014). The role of this alteration in cannabinoid-induced
effects is still not known, but pave the way to the increasing importance for brain
function of the interaction between glial cells and neurons. More recently,
Zamberletti et al. (2015) reported that adolescent THC administration induces a
persistent neuroinflammatory state specifically localized within the adult PFC,
characterized by increased expression of pro-inflammatory markers (TNF-a,
iNOS, and COX-2), and reduction of the anti-inflammatory cytokine IL-10. More-
over, this neuroinflammatory phenotype was associated with downregulation of
CB1 receptor on neuronal cells and upregulation of CB2 on microglia cells.
Interestingly, blocking microglia activation with ibudilast during THC treatment
significantly attenuated short-term memory impairment in adulthood. This was
paralleled by the prevention of the increases in TNF-a, iNOS, and COX-2 levels
as well as of the upregulation of CB2 receptors on microglia cells.

5 Conclusions

In conclusion, this review shows that cannabinoid administration in adolescence
can profoundly affect the maturation of the endocannabinoid system, thus trigger-
ing important dysregulation in the final remodeling of other neurotransmitter
pathways (glutamate, GABA, and dopamine). These dysfunctions represent the
neurobiological substrate of the behavioral abnormalities resembling psychiatric
diseases that become evident at adulthood. Moreover, recent evidence suggests that
besides neuron also glial cells are affected by cannabinoid in adolescence, thus
underlying the presence of a more generalized dysfunctional picture involving all
the cellular elements of the central nervous system. Finally, no conclusive findings
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are available for the gateway hypothesis due to the presence of limited and
contrasting data mainly focused on opioids and psychostimulants.
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