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Abstract

The adolescent brain is a period of dynamic development making it vulnerable to
environmental factors such as drug exposure. Of the illicit drugs, cannabis is most used
by teenagers since it is perceived by many to be of little harm. This perception has led to
a growing number of states approving its legalization and increased accessibility. Most
of the debates and ensuing policies regarding cannabis were done without consideration
of its impact on one of the most vulnerable population, namely teens, or without
consideration of scientific data. We provide an overview of the endocannabinoid system
in relation to adolescent cannabis exposure and provide insights regarding factors such
as genetics and behavioral traits that confer risk for subsequent addiction. While it is
clear that more systematic scientific studies are needed to understand the long-term
impact of adolescent cannabis exposure on brain and behavior, the current evidence
suggests that it has a far-reaching influence on adult addictive behaviors particularly for

certain subsets of vulnerable individuals.
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1. Introduction

Adolescence is an important stage of behavioral maturation and brain development
during which the high degree of neuroplasticity that occurs in this ontogenetic period
places the adolescent brain at particular risk to environmental factors such as drug
exposure. Marijuana (Cannabis sativa) continues to be the illicit drug most commonly
used by teenagers in the United States as well as in other Western societies (Johnston
et al., 2012; SAMHSA, 2011). Although cannabis is not as highly addictive as other
substances, such as heroin and cocaine, cannabis-dependent individuals still greatly
outnumber those reporting dependence on other illicit drugs and the number of people
seeking treatment for cannabis dependence continues to increase yearly (SAMHSA,
2011).

Despite these facts, there is a growing perception, particularly in adolescents and young
adults (Kilmer et al., 2007; Lopez-Quintero and Neumark, 2010), that cannabis is
‘harmless’ especially when compared to other abused substances like nicotine (tobacco)
and alcohol that are legal. Reasons cited for this perception include the consideration
that cannabis-associated mortality is lower than tobacco and alcohol, which are
associated with cancer and overdose/vehicular accidents, respectively. In addition,
cannabinoids provide medicinal benefits (Hermanson and Marnett, 2011; Hill et al.,
2012) in contrast to tobacco and alcohol, which have no medical indications. These and
other considerations have contributed to the decriminalization, or even legalization, of
cannabis in a number of states within the USA. Economic factors have also been
suggested as a rationalization for legalization as a potential source of tax revenue for
state governments. Despite some cogent arguments in the current debates regarding
legalization and increased availability of cannabis, most of the discussion and policies

have been made without significant consideration of scientific data.

Growing evidence suggests a differential effect of cannabis exposure on the human
brain based on the age of exposure, but the question remains as to the potential long-
term mental health consequences of cannabis exposure in teens. Few scientific studies
have systematically investigated the long-term impact of cannabis use in relation to the
developing teenage brain, the population most crucial to the current debates.
Nevertheless, the available data to date, as discussed in this review, suggest that

adolescent cannabis exposure induces significant protracted effects suggestive of



enhanced vulnerability to addiction and psychiatric disorders in later life, at least in

certain subsets of individuals.

2. Neurobiology of the endocannabinoid system

The main psychoactive component of cannabis, A°-tetrahydrocannabinol (THC), acts
primarily via cannabinoid receptors (CBRs) — CB4R and CB,R (Gerard et al., 1991;
Griffin et al., 2000; Matsuda et al., 1990; Munro et al., 1993). The CBR is one of the
most abundant G-protein-coupled receptor in the brain (Herkenham et al., 1990;
Herkenham et al., 1991a) and is G;,-coupled, suppressing neurotransmitter release
(Howlett et al., 2002). The expression of CB4R is most pronounced within the basal
ganglia, cerebellum, cerebral cortex, hippocampus and amygdala (Biegon and Kerman,
2001; Glass et al., 1997; Herkenham et al., 1990; Herkenham et al., 1991b; Mailleux et
al., 1992; Pettit et al., 1998; Wang et al., 2003) (Fig. 1), consistent with cannabis
exerting significant effects on motor function, cognition, and emotional regulation.
Recent evidence, though initially controversial, suggests that CB,R is also expressed
within the central nervous system in immune cells as well as glia and potentially neurons
(Gong et al., 2006; Lanciego et al., 2011; Onaivi et al., 2006; Van Sickle et al., 2005).
Nevertheless, the broad and abundant expression of CB+R in neuronal circuits relevant
to addiction and psychiatric disorders still place a prominent emphasis on cannabis’

modulation of this CBR subtype in relation to psychiatric vulnerability.

Imaging studies of rodents (Verdurand et al., 2011) and human subjects (Mato et al.,
2003) suggest global increases in CB4R throughout early life into adolescence, at which
period adult levels are generally maintained (Belue et al., 1995; McLaughlin et al., 1994;
Rodriguez de Fonseca et al., 1993), but there are also reports of reduced CB/R
expression from juvenile to adulthood that mirrors developmental changes in CB4R-
mediated signaling (Heng et al., 2011). Some of the inconsistencies regarding the
ontogenic pattern of the CB4R may be due to regional, as opposed to global,
developmental differences in the receptor development in addition to differences in
mMRNA, receptor protein or receptor binding being studied. Most preclinical investigations
to date that have examined the neurodevelopment of CB4R have focused on the striatum
and prefrontal cortical brain regions which are key components of neuronal circuits
implicated in addiction and related psychiatric disorders. Reward, motivated behavior,

decision-making, habit formation and motor function are mediated by the prefrontal



cortex as well as components of the dorsal (associative- and sensorimotor-related) and
ventral (limbic-related) striatal areas making these brains regions relevant to adolescent

cannabis exposure.

With respect to cortical development, remodeling of excitatory connections in the
prefrontal cortex is a key feature of adolescent neurodevelopment. For instance, there is
significant pruning of excitatory synapses that parallels the delayed maturity of cognitive
behaviors such as inhibitory control and working memory. The CB4R is highly abundant
in the prefrontal cortex, primarily localized on large cholecystokinin interneurons
(Marsicano and Lutz, 1999), but molecular and functional evidence suggest that CB4R is
also present in a subset of pyramidal neurons (Hill et al., 2007; Marsicano and Lutz,
1999; Matsuda et al., 1993). Interestingly, the most pronounced and progressive cortical
alteration observed on CBR expression and CB;R-mediated functional signaling evident
during adolescent development in rodents is within the medial prefrontal and other
limbic/associative cortices as compared to sensorimotor cortices (Heng et al., 2011).
Whether such developmental fluctuations of the CB4R directly relate to plasticity and the

synaptic remodeling that occurs in the prefrontal cortex during adolescence is unknown.

In the striatum, CB4R are localized in the medium spiny GABAergic neurons that
constitute the major output pathways — striatonigral and striatopallidal (Fig. 2). These
receptors are expressed on both striatonigral ‘direct’ and striatopallidal ‘indirect’
pathways which mediate ‘Go’ facilitatory (positive reward/choice) and ‘NoGo’ (avoidance
learning/inhibitory control) behaviors, respectively, relevant to motor function and
decision-making processes (Durieux et al., 2009; Frank et al., 2007; Klein et al., 2007;
Sano et al., 2003). While no study thus far has characterized the pattern and abundance
of CB4R in the different output pathways during development, it is known that CB4R
expression is dynamic during the course of adolescent development in different brain
regions. For example, in vivo (Verdurand et al., 2011) and in vitro (Belue et al., 1995)
imaging of the rat brain that revealed global enhanced CB+R in the cortex, also showed
increased CB4R in other brain structures including the striatum during the transition from
early adolescence to adulthood. However, other investigators have provided significant
evidence for reduced CB1R expression and mRNA levels from juvenile to adulthood
(Van Waes et al., 2012). Moreover, examination of CB4R protein expression restricted to

the adolescent developmental window suggests significant CB4R differences even within



distinct compartments of the nucleus accumbens (Eligren et al., 2008). During
adolescence, CB+R protein decreases in the nucleus accumbens shell yet concomitantly
increases in the core compartment. This suggests that distinct time periods during
adolescence may have different sensitivity to cannabis exposure relevant to mesolimbic

striatal function.

Given anatomical and functional relationships between the prefrontal cortex and the
striatum, it is not surprising that these regions are coordinated in regard to development
of the endocannabinoid (eCB) system. There appears to be a direct correlation between
the developmental trajectory of CB+R expression in specific cortical regions with their
projection to distinct striatal subregions. For example, striatal subregions with high levels
of CB+R expression (dorsolateral sensorimotor regions) receive input primarily from
cortical areas with relatively low CB+R levels (motor, somatosensory) (Van Waes et al.,
2012). In contrast, striatal subregions with low mRNA expression of Cnr1, such as the
associative ventromedial dorsal striatum and limbic nucleus accumbens, receive
afferents from cortical areas with greater CB4R expression (cingulate, insular). These
findings emphasize a strong inverse relationship between cortical and striatal CB4R
expression in frontostriatal circuits, suggesting a functional orchestration vulnerable to

adolescent cannabis exposure.

In addition to CBRs, other components of the eCB system, such as the endogenous
cannabinoids anandamide and 2-arachidonoylglycerol (2-AG), have significant
developmental implications. Indeed, eCB signaling plays a key role in hardwiring of the
brain during prenatal ontogeny, regulating synaptogenesis and target selection for the
development of neuronal pathways (Harkany et al., 2008; Mulder et al., 2008). During
later developmental stages, the eCBs are well-documented regulators of synaptic
plasticity (Katona and Freund, 2008). Within adolescent ontogeny, anandamide and 2-
AG are dynamically altered in the striatum and prefrontal cortex, as for instance, 2-AG is
reduced from early to late adolescence in these regions (Eligren et al., 2008). There is
also a continuous increase of anandamide in the prefrontal cortex over the course of
adolescence. The fact that the eCB system is dynamically altered during adolescence in
brain areas central to reward, decision-making and motivation suggests that cannabis
exposure during this critical developmental phase may have long-term influence on

behaviors linked to the mesocorticolimbic system. Clearly, however, the limited studies



to date are incomplete, so there still remains a large gap of knowledge regarding the

adolescent ontogeny of the eCB system.

3. Cannabis and ‘gateway’ effects

A major aspect of the debate regarding adolescent cannabis use is whether it increases
the use of other addictive substances such as heroin and cocaine later in life, a
phenomenon known as the gateway hypothesis. Clinical and epidemiological studies
have documented a significant link between repeated early cannabis exposure and an
increased risk of other illicit drug use (Agrawal et al., 2004; Brook et al., 1999a;
Fergusson and Boden, 2008; Fergusson and Horwood, 2000; Hall and Lynskey, 2005;
Kandel, 1975; Yamaguchi and Kandel, 1984). Altogether, the data suggest that use of
‘heavy’ drugs is almost systematically preceded by cannabis use, and that risk is
correlated with the intensity of cannabis exposure. Moreover, cannabis use also appears
more deleterious when its onset occurs in younger versus older adolescents in regard to
adjustment in transition from adolescence to young adulthood, education attainment,
employment, delinquency and ability to conform to adult role (Brook et al., 1999a; Brook
et al., 1999b; Fergusson and Boden, 2008; Fergusson et al., 2002; Lynskey et al., 2003;
Tucker et al., 2006). Despite these findings, a major caveat of human studies is the
difficulty of demonstrating a causal relationship between adolescent cannabis use and
subsequent behavioral disturbances, especially when considering the influence of
genetic and environmental factors alongside other aspects such as polysubstance use
(Cleveland and Wiebe, 2008; Fergusson et al., 2006; Kandel et al., 2006; Lessem et al.,
2006; Maccoun, 2006; Tarter et al., 2006). Given these complexities, animal models are
a valuable tool to obtain direct insights about the relationship between early cannabis

exposure and behavioral disruptions.

Many rodent investigations exploring the potential gateway effects of cannabis have
primarily studied synthetic cannabinoid agonists that differ in pharmacological properties
to THC. Nevertheless, studies examining adolescent exposure to cannabinoid agonists
or THC provide evidence of enhanced intake and sensitivity later in life to opiate drugs
(Biscaia et al., 2008; Eligren et al., 2007; Tomasiewicz et al., 2012). In our experimental
rat model that mimics the more periodic use of most adolescent cannabis users, adult
male rats with low-to-moderate THC exposure during adolescence exhibit enhanced

heroin self-administration behavior (Ellgren et al., 2007). Cannabinoid-opioid interactions



have also been documented by studies showing that developmental exposure to
cannabinoid agonists increases heroin-induced conditioned place preference (Biscaia et
al., 2008; Singh et al., 2006). Short adolescent exposure to cannabinoid agonist, WIN
55,212-2, has also been reported to instead induce tolerance to morphine (Pistis et al.,
2004).

Animal models make it possible to identify neuroadaptations that may contribute to the
behavioral vulnerability related to adolescent cannabis. Intriguingly, many experimental
animal studies to date have implicated the striatopallidal circuit in association with
developmental cannabinoid exposure (Corchero et al., 1998; Corchero et al., 1999;
Eligren et al., 2007; Morel et al., 2009; Perez-Rosado et al., 2000; Spano et al., 2007;
Valverde et al., 2001). This theory is based on consistent alterations of striatal dopamine
D2 receptors (Drd2) and proenkephalin (Penk) mRNA expression both of which are
preferentially co-expressed within striatopallidal medium spiny neurons (Gerfen et al.,
1990; Gerfen and Young lll, 1988; Le Moine et al., 1990). In our model of adolescent
THC exposure, reduced Drd2 and Penk (Eligren et al., 2007; Tomasiewicz et al., 2012)
mRNA levels were observed within the nucleus accumbens of adult animals (Fig. 3).
Reduced D;R, the protein encoded by Drd2, has long been a characteristic
neurobiological feature of addiction vulnerability. /n vivo positron emission tomography
(PET) evidence has consistently demonstrated that subjects with substance abuse have
less available D;R in the striatum (Heinz et al., 2004; Volkow et al., 2001; Volkow et al.,
2004; Volkow et al., 1999; Wang et al., 1997), findings that animal models have shown
to be linked to enhanced drug self-administration vulnerability (Morgan et al., 2002;
Nader et al., 2006). Over-expression of Drd2 in the ventral striatum attenuates cocaine
intake (Thanos et al., 2008), and D,R binding in this region in cocaine-naive rats
negatively predicts future cocaine-seeking behavior (Michaelides et al., 2012). In
addition to adolescent THC exposure, prenatal THC also leads to dysregulation of the
Drd2 gene in adulthood (DiNieri et al., 2011). That developmental THC exposure
reduces Drd2 mRNA expression in the striatum, and affects related behavioral traits,
support the hypothesis that developmental cannabis may induce a neurobiological state

of addiction vulnerability.

The finding of impaired Penk gene expression in cannabis-exposed subjects is perhaps

not surprising given the tight neurobiological interactions between the opioid and eCB



systems. Opioid neuropeptide receptors and CB+R are coexpressed on similar neurons
in the striatum, share similar G-protein coupled signaling mechanisms and appear
functionally interdependent (Blume et al., 2013; Canals and Milligan, 2008). Of the opioid
neuropeptides, enkephalin, encoded by the Penk gene, directly regulates hedonic states
(Kelley et al., 2002; Skoubis et al., 2005). We recently documented a direct causal link
between regulation of ventral striatal Penk mRNA expression and heroin self-
administration behavior. Overexpression of the Penk gene in the nucleus accumbens
shell by use of viral-mediated manipulation enhanced heroin self-administration and
heroin-seeking behavior in animals naive to THC, whereas in contrast, knocking down
the Penk gene in THC-exposed rats reduced heroin intake behavior (Tomasiewicz et al.,
2012). Altogether, these and other findings (Spano et al., 2010; Vigano et al., 2005)
suggest the tight interaction between cannabinoids and the opioid system could
contribute to the development of opiate abuse in adults with previous exposure to THC

during adolescence.

In contrast to the effects noted for opiates, the impact of early cannabinoid exposure on
the subsequent sensitivity to stimulant drugs have yielded inconsistent findings. While
some studies failed to find significant behavioral differences in response to amphetamine
later in life (Ellgren et al., 2004), others report that adolescent cannabinoids enhance
cocaine-induced motor behavior (Dow-Edwards and Izenwasser, 2012). Moreover, both
increased (Higuera-Matas et al., 2008) and deceased self-administration of cocaine
(Panlilio et al., 2007) have been reported in adult animals with adolescent cannabinoid
exposure. Differences in experimental factors, such as the duration and frequency of
exposure, dose and formulation of the cannabinoid, and even gender likely contribute to
these inconsistencies. For example, adolescent administration of the CB4R agonist CP
55,940 was reported to increase cocaine self-administration primarily in females, not
males (Higuera-Matas et al., 2008). These findings emphasize the need to
systematically probe factors such as the magnitude and duration of cannabinoid
exposure, adolescent period of exposure and gender in order to help expand insights

about individual risk factors contributing to the gateway effects of adolescent cannabis.

4. Genetic and behavioral traits contribute to individual vulnerability
Although animal studies demonstrate protracted behavioral and neurobiological effects

of adolescent THC exposure into adulthood, there remains the fact that not all teenage



cannabis users develop future addictions or psychiatric disorders. In fact, despite its
common use, only a subset of teens (~25%) and young adults (~19%) using cannabis
progress to abuse or dependence (SAMHSA, 2011). Indeed, for most teenagers,
cannabis is a terminus with no further use of that or other illicit drugs as they mature into
full adulthood, suggesting that there are differences in individual vulnerability. Humans
vary tremendously for instance in regards to environment, behavioral traits, genetics,
and cultural norms. While these and other factors play significant roles in complex
disorders as addiction, understanding the contribution of each factor is as much a

challenge as determining their interactions to risk..

4.1 Behavioral traits and personality

Cannabis users are generally characterized by apathy, loss of goal-motivated behavior
and negative mood states, and dependent subjects report more negative affect,
neuroticism, aggressivity and impulsivity (Dorard et al., 2008; Hyman and Sinha, 2009;
Jutras-Aswad et al., 2012; Zvolensky et al., 2007). Negative affect in cannabis-
dependent subjects is also related to the severity of dependence insomuch that this
personality trait correlates with years of cannabis use, implying that long-term use of
cannabis also worsens negative affect. Such findings are consistent with the hypothesis
that in attempts to ‘self-medicate’, a user’s continued consumption of cannabis itself
exacerbates underlying negative traits (Arendt et al., 2007). Rat studies also
substantiate these human findings by documenting that exposure to CB1R agonists
during adolescence induces long-term increases in anxiety- and depression-like
behaviors as adults (Biscaia et al., 2003; Ciccocioppo et al., 2002). Indeed, a growing
body of evidence suggests that cannabis exposure in humans during adolescence is
linked to the development of symptoms characteristic of mood and anxiety disorders
(Fergusson et al., 2002; Hayatbakhsh et al., 2007; Patton et al., 2002).

While the use of cannabis itself appears to lead to negative affect, which could
contribute to subsequent drug abuse as individuals try to self-medicate, even young
cannabis dependent subjects without a long history of drug use show high
neuroticism/anxiety and depression traits, implying a preexisting negative emotional
affect in these users (Dorard et al., 2008). As such, there may be subsets of individuals
with at-risk behavioral traits that contribute to self-medication ultimately leading to

dependence. Self-medication due to a preexisting vulnerable state is also evident in



regard to psychosis risk. Cannabis use is high among people with psychosis (Koskinen
et al., 2010; van Gastel et al., 2013) and it has been documented that psychotic
symptoms are evident in subjects who have never used cannabis before the onset of
psychotic symptoms, which also predicts future cannabis use (Ferdinand et al., 2005).
This suggests that current cannabis-dependent subjects may have underlying
psychiatric disorders that contributed to self-medication and that through repeated use,
led to dependence. Thus, while cannabis may itself increase drug addiction and
psychiatric vulnerability, pre-existing prodromal states (or disease vulnerability) may

initially promote the initiation and continuation of cannabis use.

4.2 Heritable genetic factors

A growing number of family, twin and adoption studies have shown that cannabis use
disorder is strongly heritable (30-80%) (Agrawal and Lynskey, 2009; Kendler et al.,
2000; Kendler and Prescott, 1998; Maes et al., 1999; McGue et al., 2000; Miles et al.,
2001; Rhee et al., 2003; Tsuang et al., 1998; van den Bree et al., 1998). Most studies
examining cannabis dependence and genetic risk have used a candidate gene
approach. Thus far, genes encoding CB4R (CNRT1) and the fatty acid amide hydrolase
(FAAH), an enzyme responsible for the hydrolysis of the eCB anadamide, have been
shown to modulate cannabis dependence risk (Agrawal et al., 2009; Hopfer et al., 2006;
Tyndale et al., 2007).

Given the effects of adolescent THC on striatopallidal-related genes, namely Drd2 and
Penk expression, in the rodent models, (Corchero et al., 1998; Corchero et al., 1999;
Eligren et al., 2007; Morel et al., 2009; Perez-Rosado et al., 2000; Spano et al., 2007;
Valverde et al., 2001; Wang et al., 2006), it was of interest to explore DRD2 and PENK
SNPs in humans in relation to cannabis dependence. The DRD2 Taq1A polymorphism,
which has been studied in multiple addiction disorders, did not associate with cannabis
use (Creemers et al., 2011; Jutras-Aswad et al., 2012; Sakai et al., 2007). However,
considering the link between DRDZ2 and inhibitory control, we probed their interacting
association with cannabis dependence risk. A number of neurocognitive studies have
documented that DRD2 SNPs predict avoidance-based decisions in healthy subjects, in
line with this gene’s association with the striatopallidal NoGo pathway (Frank and
Hutchison, 2009; Frank et al., 2007; Klein et al., 2007). Our results confirmed that

negative reinforcement learning, linked with the ability to avoid maladaptative choices in



a probabilistic learning task, was indeed associated with the DRDZ2 rs6277 SNP (Jutras-
Aswad et al., 2012). For this DRD2 SNP, however, both cannabis users and controls
exhibited the same association with negative reinforcement. Interestingly, negative affect
(high anxiety/neuroticism trait) which was prominent in cannabis users significantly
modulated the association between DRD2 and PENK genotypes with cannabis
dependence. This interaction was most apparent for PENK SNPs (rs2609997 and
rs2576573), with neuroticism/anxiety trait explaining approximately 15% to 20% of the

association between genotype and cannabis dependence (Jutras-Aswad et al., 2012).

Recent evidence from animal models have demonstrated a direct role of the nucleus
accumbens Penk striatopallidal pathway in mediating behavioral responses associated
with aversive behavior (Hikida et al., 2010). In the human brain, there is a significant
association of PENK SNPs (rs2609997 and rs2576573) with mRNA expression of this
gene in the nucleus accumbens and dorsal striatum as well as with striatal met-
enkephalin peptide levels (Jutras-Aswad et al., 2012). These findings emphasize the
transcriptional and translational functional relationships of polymorphisms of the PENK
gene (Fig. 4A). In addition to the striatum, PENK mRNA amygdala expression is also
related to PENK genotype which is interesting given that the amygdala plays a
prominent role in negative mood states and enkephalinergic neurons in the central
amygdala are critically involved in anxiety and stress responsivity (Kang et al., 2000;
Kung et al., 2010) (Fig. 4B).

4.3 Interactions between genetics and behavioral traits

It is clear that multiple factors can converge to contribute to vulnerability. For example,
while PENK genotype and anxiety/neuroticism trait are individually associated with
cannabis dependence, there was a strong synergism between high-risk genotypes and
the negative affect trait that enhanced cannabis dependence risk 8-9-fold (Jutras-Aswad
et al., 2012) (Fig. 5). . This synergistic interaction was also evident in another population
(homogenous Caucasian Greek army conscripts) in which aspects of cigarette use could
be explored separately from cannabis use (Jutras-Aswad et al., 2012). The finding that
cannabis dependence is significantly enhanced in individuals with both high
neuroticism/anxiety and risk genotypes emphasizes the important synergistic
contribution of negative emotional traits and genetics to vulnerability. Thus,

developmental cannabis exposure may confer susceptibility primarily in those individuals



with underlying genetic and behavioral trait (Fig. 6). Both clinical reports and research
studies suggest that coping with stress and negative mood states is a common motive
for use among heavy abusers (Hyman and Sinha, 2009), which would be consistent with
self-medicating even subthreshold anxiety and negative affect induced by PENK
dysfunction. Cannabis exposure and negative affect may thus interact in a complex way
such that cannabis is used to cope with subthreshold symptoms, but paradoxically

further increases these symptoms in the long term.

5. Summary

Different lines of evidence suggest a link between adolescent THC and subsequent
vulnerability to addiction and psychiatric risk. Yet, it is clear that more scientific evidence
is critically needed to fully understand this relationship considering the multiple factors
that appear to influence this trajectory. While some neurobiological insights have been
obtained, it is clear that additional information is needed to fully understand the dynamic
neurodevelopment of distinct components of the eCB and related neuronal systems, and
the impact of cannabis upon these systems during adolescent ontogeny. The
mechanisms by which cannabis may disrupt the functional organization of brain
structures such as the striatum and prefrontal cortex during adolescent development as
well as specific behavioral phenotypes are still unknown. Aside from the direct
pharmacological effects of the drug on brain development, individual factors contribute
tremendously to the complexity of the relationship between adolescent cannabis
exposure and addiction risk (Fig. 6). The apparent synergistic interactions of genetics
and negative affective trait suggest that genetic screens should begin to consider
behavioral endophenotypes since the gene-addiction risk relationship is not direct. The
possibility to identify vulnerable adolescents is essential for early intervention of
cannabis dependence and related psychiatric disorders. Overall, it is impossible to
ignore the evidence that cannabis/THC is not harmless to the developing brain, but there
remain large gaps of knowledge that need to be filled in order to help inform public

policy, thereby enhancing teenagers’ well-being and their mental health later in life.
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Figure 1. Cannabinoid receptor mRNA (CNR1) expression in the human brain
emphasizes this gene’s abundant expression in cerebral cortex — such as insular cortex
(1) and prefrontal cortex (PFC) — as well as the caudate nucleus (CN), putamen (Pu),
nucleus accumbens (NAc), hippocampus (Hipp), amygdala (Amy), and cerebellum (CB).
Absent-to-low mRNA expression is notable in the thalamus (T), basal forebrain (BF),
globus pallidus (GP), and midbrain (Ms).
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Figure 2. Schematic illustration of the striatonigral ‘Go” andstriatopallidal ‘NoGo’
pathways. These medium spiny output neurons are distinguishable based on their
targets and subcellular markers, namely the expression of D1R (purple) and D2R
(brown), respectively. Both cell-types, however, express CB1R (orange). This dissociation
is based mainly on the dorsal striatal circuit, but a similar organization, particularly with
respect to the ‘NoGo’ pathway, exists for the ventral striatal circuit.
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Figure 3. Periodic low-to-moderate THC exposure during adolescence (1.5 mg/kg every
third day between postnatal days 28 and 49) alters Drd2 and Penk mRNA expression in
the adult nucleus accumbens. These genes are strongly enriched in striatopallidal
neurons of the nucleus accumbens (*p < 0.05).
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Figure 4. PENK SNPs (rs2609997 and rs2576573) are associated with PENK expression in
the human brain. High-risk alleles for cannabis dependence of the rs2609997 and
rs2576573 PENK SNPs associate with elevated mRNA expression and met-enkephalin
peptide (met-enk) levels in the human striatum (A). Similarly, these alleles associate
with elevated mRNA expression in central amygdala nucleus (B). (High-risk genotypes =
C/C + C/T for rs2609997 or A/A + A/G for rs2576573; low-risk genotypes = T/T for
rs2609997 or G/G for rs2576573. *p < 0.05.)
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Figure 5. Synergistic Contribution of negative affect trait and PENK variants to cannabis
dependence vulnerability. (High-risk genotype = C/C + C/T for rs2609997 or A/A + A/G
for rs2576573; low-risk genotype = T/T for rs2609997 or G/G for rs2576573. ***p <
0.01; ****p < 0.001. Modified from Jutras-Aswad et al., 2012.)
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Figure 6. Schematic overview of the interaction between environmental factors,
genetics and behavioral traits that together contribute to complex neuropsychiatric
disorders like addiction. Vulnerability involves a delicate balance between factors that
promote and protect against disease, and adolescent THC, an environmental factor, may
tip this balance in teens with high-risk genotypes and behavioral traits.
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