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1 |  INTRODUCTION

In the last decade, public and media have advocated the use 
of cannabis as a therapy in various medical conditions, and 

especially as a safe and natural pain reliever (Whiting et al., 
2015). Currently, several European countries, Canada and 
many states in the United States have already legalized 
medical cannabis but only a minority of states in the United 
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Abstract
Background: Cannabinoids are proposed in a wide array of medical indications. 
Yet, the evaluation of adverse effects in controlled clinical studies, following the evi-
dence‐based model, has partly been bypassed. On the other hand, studies on the con-
sequences of recreational use of cannabis and experimental studies bring some 
insights on the potential long‐term consequences of cannabinoids use.
Results: Epidemiological studies have consistently demonstrated that cannabis use 
is associated with a risk of persistent cognitive deficits and increased risk of schizo-
phrenia‐like psychoses. These risks are modulated by the dose and duration of use, 
on top of age of use and genetic factors, including partially shared genetic predisposi-
tion with schizophrenia. Experimental studies in healthy humans showed that can-
nabis and its principal psychoactive component, the delta‐9‐tetrahydrocannabinol 
(THC), could produce transient, dose‐dependent, psychotic symptoms as well as 
cognitive effects, which can be attenuated by cannabidiol (CBD). Studies in rodents 
have confirmed these effects and shown that adolescent exposure results in structural 
changes and impaired synaptic plasticity, impacting fronto‐limbic systems that are 
critically involved in higher brain functions. The endocannabinoid system plays an 
important role in brain maturation. Its over‐activation by cannabinoid receptor type 
1 agonists (e.g., THC) during adolescence and the resulting changes in neuroplasti-
city could alter brain maturation and cause long‐lasting changes that persist in the 
adult brain.
Conclusions: Exposure to cannabinoids can have long‐term impact on the brain, 
with an inter‐individual variability that could be conveyed by personal and family 
history of psychiatric disorders and genetic background. Adolescence and early 
adulthood are critical periods of vulnerability.
Significance: The assessment of benefice–risk balance of medical use of cannabis 
and cannabinoids needs to carefully explore populations that could be more at‐risk of 
psychiatric and cognitive complications.
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States (9 out of 50) have legalized recreational cannabis. 
Considering that nowadays cannabinoids can be available 
through the web, medical cannabis has become a reality 
in many countries, mostly through self‐medication. Public 
and political pressures have somewhat bypassed the usual 
evidence‐based medicine approach that carefully weighs 
the benefit–risk balance (D'Souza & Ranganathan, 2015). 
In absence of well‐designed studies leading to recommen-
dations on dose, identification of potential interactions or 
contra‐indications, patients explore by themselves ther-
apeutic strategies in a trial‐and‐error process that can be 
harmful. The variation in cannabinoids composition of 
the various strain of cannabis is also often overlooked, at 
least in the information available to the community. A re-
cent overview on the use and approval of cannabis‐based 
medicine in Europe has shown inconsistent findings on the 
efficacy of these medications in neuropathic pain (Häuser, 
Petzke, & Fitzcharles, 2018). Current studies with canna-
bis‐based medicines for chronic pain syndromes are being 
conducted, and an update of these studies will be necessary 
in a few years to make a conclusion (Häuser et al., 2018). 
While the benefit in each medical condition will require 
specific clinical studies, the adverse effects after expo-
sure to cannabis can be inferred from numerous studies 
that explored the consequences of recreational use of can-
nabis, including prospective epidemiological studies and 
experimental studies in humans and rodents (e.g., Curran 
et al., 2016; Gruber & Sagar, 2017; Murray et al., 2017; 
Renard, Krebs, Le Pen, & Jay, 2014; Rubino & Parolaro, 
2016; Sherif, Radhakrishnan, D'Souza, & Ranganathan, 
2016). The acute psychotropic effect of cannabinoids is 
well‐known, since its ancestral use in several social rituals 
and more specifically since the description by the French 
doctor, Moreau de Tours, reporting on the observations of 
the “Hashishin club” members, including the famous poet 
Charles Baudelaire (Moreau, 2012). The main psychoac-
tive effects of cannabis are due to its action on cannabinoid 
receptor type 1 (CB1R). Their activation induces the syn-
thesis and release of endocannabinoids (eCB), including 
anandamide, or 2‐arachidonoylglycerol (2‐AG) that can 
be released to back modulate the presynaptic terminals. In 
addition to its high concentration in the cerebellar cortex, 
CB1R is present at high density in limbic areas of the brain 
(e.g., the amygdala, prefrontal cortex and hippocampus; 
reviewed in Curran et al., 2016). These brain areas that 
play a role in processing emotional information, learning 
and memory are involved in neuropsychiatric disorders 
(including anxiety, depression and schizophrenia; Godsil, 
Kiss, Spedding, & Jay, 2013). In this narrative review, our 
objective is to outline the main lessons to bear in mind re-
garding the potential alterations in brain function that can 
result from cannabis exposure, and especially the cognitive 
and psychiatric consequences.

2 |  CANNABIS USE AND 
CANNABIS USE DISORDERS

Cannabis is among the most widely used illicit drug in ado-
lescents and young adults. Prevalence of experimentation at 
the age of 17 is almost one out of two in 43 countries and 
regions in the WHO European Regions and North America 
(Currie et al., 2012). As many as 20% of all 16‐year‐old sur-
veyed persons reported using cannabis. Cannabis contains 
several cannabinoids. Delta‐9‐tetrahydrocannabinol (THC) 
is the principal psychoactive component acting as a partial 
agonist of the CB1R. Its concentration largely varies in the 
different strains of cannabis, ranging from 6%–14% to 20% in 
certain strain (e.g., “skunk”). Cannabis use disorder (CUD) 
is the continued use of cannabis despite clinically significant 
distress or impairment. CUD is defined in the fifth revision 
of the Diagnostic and Statistical Manual of Mental Disorders 
(DSM‐5; American Psychiatric Association, 2013). Typically, 
it includes a strong desire to take the drug, difficulties in con-
trolling its use, a persistent use despite harmful consequences, 
a higher priority given to drug use than to other activities and 
obligations, an increased tolerance, and sometimes a physi-
cal withdrawal state. There is now no doubt that long‐term 
cannabis use can lead to addiction. Approximately one in 11 
people who experienced cannabis will become dependent in 
their lifetime, but this risk is almost doubled if use starts in 
adolescence. 25% to 50% of daily users will become depend-
ent (Englund, Freeman, Murray, & McGuire, 2017). In more 
recent US national data (2012–2013), among 9.52% of US 
adults using cannabis in the past year, 2.9% had a diagnosis 
of DSM‐IV CUD, i.e., three out of 10 cannabis users (Hasin, 
2018). Moreover, extending analyses of DSM‐5 diagnoses of 
CUD, 19.5% of lifetime users met criteria for DSM‐5 CUD, 
of whom 23% were symptomatically severe (>6 criteria). 
Since 2001–2002, the prevalence of adult past‐year cannabis 
use and past‐year CUD approximately doubled. In the United 
States, medical marijuana laws appear to have contributed to 
increased prevalence of illicit cannabis use and CUD (Hasin, 
2018).

3 |  CANNABIS USE AND 
PSYCHIATRIC DISORDERS, 
EPIDEMIOLOGICAL EVIDENCE

The first prospective study that demonstrated an associa-
tion between cannabis use and schizophrenia in later life 
was conducted in young conscripts to the Swedish Military 
and published in 1987 by Andréasson, Allebeck, Engström, 
and Rydberg (1987). The authors found that “heavy” canna-
bis use at age 18 (more than 50 times, approximately corre-
sponding to once a week for 1 year) led to a sixfold increased 
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risk of schizophrenia 15 years later. Extending the sample 
(more than 50,000 persons), the duration of the follow‐up 
and the analysis to address all possible confounders, they 
confirm an increased risk of schizophrenia after cannabis ex-
posure, even after eliminating potential unravelled prodromal 
psychosis, association of other drugs, family vulnerability, 
etc. This study also revealed that early cannabis consump-
tion (i.e., at age 15) further increased the risk of develop-
ing schizophrenic symptoms at age 26 by a factor of four 
compared to cannabis consumption after age 18, even after 
controlling for predating psychotic symptoms (Arseneault 
et al., 2002). There are now 13 studies that consistently dem-
onstrate that the use of cannabis increases the risk of schizo-
phrenia‐like psychosis (see for review Murray et al., 2017). 
A significant association was found in 10 studies and a trend 
in the three remaining studies. The psychotic syndrome in-
duced by cannabis is diagnosed either cannabis‐induced psy-
chosis (when the symptoms rapidly regress after withdrawal) 
or schizophrenia, when the symptoms persist. This chronic 
condition requires antipsychotics medication for long periods 
(minimum 2 years, most of the time for decades if not life-
time). Noteworthy, approximately 40%–50% of patients with 
cannabis‐induced psychosis will finally be diagnosed with 
schizophrenia within 3 years (Arendt, Rosenberg, Foldager, 
Perto, & Munk‐Jørgensen, 2005), underlining the potential of 
cannabis to induce chronic, persistent psychotic symptoms.

The questions that are still debated are (a) the effect size 
and (b) the direction of association (causality). Regarding 
the effect size, the results vary in the different studies, which 
were conducted in different settings (birth cohort or general 
population), levels of use, type of cannabis, age thresholds, 
etc. A meta‐analysis has recently estimated the effect as an in-
creased risk of fourfold in a regular use of cannabis before the 
age of 18 with a clear dose effect (Marconi, Di Forti, Lewis, 
Murray, & Vassos, 2016), an estimation which is higher than 
the previous ones but includes more recent studies. It may 
reflect the recent global increase in THC concentration in 
cannabis and/or the increased frequency of high‐potency can-
nabis or synthetic cannabinoids (“spice”, K2).

Regarding the direction of the association, the debate is 
still open. The majority of studies do not support the so‐called 
self‐medication hypothesis (i.e., people using cannabis to re-
lieve symptoms). The high prevalence of cannabis use in early 
phase of psychosis might reflect the psychological distress, 
and anxiety seek relief by consuming cannabis. However, 
longitudinal studies have shown that predating psychotic 
symptoms strongly increase the risk for psychosis symptoms 
when exposed to cannabis (e.g., 75‐fold in van Os et al., 
2002). Cannabis use is also consistently associated with more 
severe psychosis, more hospitalization and poor outcome (re-
viewed in Murray et al., 2017; Curran et al., 2016). Patients 
with schizophrenia who continue to use cannabis have higher 
relapse rates, longer hospital admissions and more severe 

positive symptoms than former users who discontinued 
cannabis or neverusers (Schoeler et al., 2016). In addition, 
patients with first‐episode psychosis experience both the pos-
itive and negative effects of cannabis more intensely than do 
healthy controls (Bianconi et al., 2016), further supporting 
the link between psychosis and cannabis. On the other hand, 
several studies have shown that cannabis‐using patients with 
schizophrenia have higher cognitive functioning than nonus-
ing patients (Meijer et al., 2012; Murray et al., 2017; Potvin, 
Joyal, Pelletier, & Stip, 2008). In addition of a possible bias 
due to a cross‐sectional design of these studies, a possible 
explanation is that cannabis use and continuation require suf-
ficient social skills and premorbid functioning. Moreover, 
high neurological soft signs, a marker of vulnerability for 
schizophrenia, were found associated with not having been 
a heavy cannabis user in patients with first‐episode psy-
chosis, suggesting that cannabis‐using patients do not carry 
vulnerability to schizophrenia (Ruiz‐Veguilla et al., 2009). 
Although in partial contradiction with the genetic findings 
exposed hereafter suggesting shared genetic background, the 
data suggest a potentially different pathway to psychosis in 
relation to cannabis use. Some authors estimated 8%–13% of 
the patients in their study might never have developed schizo-
phrenic symptoms had they not used cannabis (Arseneault, 
Cannon, Witton, & Murray, 2004). Overall, the general view 
is that cannabis is neither necessary nor sufficient, to induce 
schizophrenia, stressing the need to identify factors, clinical 
characteristics and/or biomarkers that could predict a higher 
vulnerability to psychosis triggered by cannabis.

There is also some support for increased risk of depres-
sion and suicidal attempts in persons with cannabis use 
(Agrawal et al., 2017). In the NESARC study, regular can-
nabis use predicted the development of bipolar disorder, 
panic disorder with agoraphobia and social phobia as well as 
declines in mental, but not physical health (Cougle, Hakes, 
Macatee, Chavarria, & Zvolensky, 2015). In a longitudinal 
cohort study, adolescent cannabis use (before 17) was also 
identified as a potential risk factor for hypomania at the age 
of 23 (Marwaha, Winsper, Bebbington, & Smith, 2018). In 
a 3‐year longitudinal population‐based study, the associa-
tion was, however, no longer significant when adjusted for 
other illicit drugs, (Danielsson, Lundin, Agardh, Allebeck, & 
Forsell, 2016). A recent twin study supports that depression 
is more frequent in persons with CUDs (Smolkina 2017, in 
Hasin, 2018). Adolescent cannabis use has also been shown 
to be independently associated with hypomania in early 
adulthood (Marwaha et al., 2018). Overall, the association 
of cannabis use with mood and anxiety disorders is demon-
strated, especially in women, and depends on the severity of 
cannabis use. Nevertheless, the causal link is still debated 
and shared predisposition has been hypothesized (Hasin, 
2018). Noteworthy, the CB1R‐inverse agonist rimonabant 
(a molecule formerly proposed in obesity now withdrawn 



1228 |   KREBS Et al.

worldwide), which blocks the action of eCB, was associated 
with frequent anxious and depressive side effect.

Altogether several associations there are, however, inher-
ent limitations of observational studies due to potential con-
founders that cannot always be addressed such as associated 
consumption (alcohol, tobacco and other drugs) or other en-
vironmental factors (childhood trauma, stress, inflammation, 
etc.), stressing the need for experimental studies.

4 |  CANNABIS USE AND 
PSYCHIATRIC DISORDERS: 
EXPERIMENTAL STUDIES IN 
HUMAN

Experimental studies of acute exposure to THC in human 
offer an experimental setting to study transient psychosis‐like 
phenomena in a precise temporal relationship between cause 
(drug administration) and effect (psychosis), controlling the 
dose and modality of administration of the drug. In addition, 
the respective effects of the different constituents of cannabis 
(e.g., THC and cannabidiol [CBD]) can be isolated (Murray 
et al., 2017; Sherif et al., 2016). CBD is a major non‐psycho-
active constituent of Cannabis. It is devoid of both CB1R and 
CB2R activities, but CBD alleviates adverse effects (anxiety, 
panic attacks, psychotic symptoms, cognitive impairments 
and, possibly, dependence) but not the pleasurable effects of 
THC (reinforcing effect, subjective feeling of “stoned” or re-
laxed; Englund et al., 2017).

These studies have clearly confirmed that THC can induce 
positive symptoms as well as conceptual disorganization, de-
personalization and derealization, distorted sensory percep-
tions and slowing down of time perception in almost 50% of 
participants. These studies have also confirmed a high inter‐
individual variability, as it is seen in spontaneous reports of 
subjective effects during first experience of cannabis use in 
young adults (Krebs, Morvan, Jay, Gaillard, & Kebir, 2014). 
THC can also induce effects which are similar to negative 
symptoms (included blunted affect, lack of spontaneity and 
being internally preoccupied). Persistent amotivational syn-
drome has been reported with chronic use. Persistent deper-
sonalization syndromes have also been reported sometimes 
after limited exposure (Dadi et al., 2016). These studies have 
also unambiguously demonstrated that cannabinoids produce 
acute transient dose‐related deficits in cognitive functions, 
especially in memory, and attention, also impacting execu-
tive function, abstract ability, decision making, immediate 
and delayed (30‐min) verbal recall (Murray et al., 2017). 
These effects are attenuated by CBD. Interestingly, CBD in 
addition to antipsychotic medication has been initially found 
to reverse psychotic symptoms in patients with schizophre-
nia (McGuire et al., 2018) but not replicated in another study 
(Boggs et al., 2018).

5 |  CANNABIS USE, COGNITION 
AND BRAIN STRUCTURE

The majority of studies assessing the chronic effects of can-
nabis have shown that regular users exhibit poorer cogni-
tive performance across a large range of domains compared 
to nonusers. Verbal learning and memory, attention and 
psychomotor function are consistently impaired by acute 
and chronic exposure to cannabis (Broyd, van Hell, Beale, 
Yücel, & Solowij, 2016). Acute effects of cannabis use in-
clude executive functions (especially inhibition) and mem-
ory (including working memory) while chronic effects are 
less consistent. The deficits are more important in early age 
at onset, heavy use and high THC/CBD ratio (Broyd et al., 
2016). Processing speed is also affected. Findings regarding 
IQ are less consistent. In the large Dunedin birth cohort, per-
sistent cannabis use was associated with decline in general 
functioning (IQ). The impairment was more important in ad-
olescent‐onset cannabis users (vs. in adult‐onset users) and 
when the exposure persists (Meier et al., 2012). Nevertheless, 
in a limited sample of co‐twins, short‐term cannabis uses in 
adolescence did not appear to cause IQ decline or impair 
executive functions, even when cannabis use reaches the 
level of dependence (Meier et al., 2018). Impaired verbal 
memory, attention and psychomotor functions may persist 
after prolonged abstinence (Broyd et al., 2016) as well as 
IQ deficit in adolescent users, although discontinuation at-
tenuates the deficit (Meier et al., 2012). Impaired verbal 
memory, attention and psychomotor functions may persist 
after prolonged abstinence (Broyd et al.,2016) as well as IQ 
deficit in adolescent users, although discontinuation attenu-
ates the deficit (Meier et al., 2012). Noteworthy, persistence 
or recovery across all cognitive domains and in the long time 
remains poorly explored (Broyd et al., 2016).

Overall, brain‐imaging studies have shown that chronic 
cannabis exposure induces brain alterations, (reviewed in 
Gruber & Sagar, 2017; Murray et al., 2017). Lorenzetti, 
Solowij, & Yücel (2016) reviewed 23 anatomical neuroim-
aging studies and reported that regular cannabis users con-
sistently exhibit reductions in grey matter volume especially 
in brain regions with high concentration of CB1R, that is in 
the hippocampus, prefrontal cortex, amygdala and cerebel-
lum. However, there are some inconsistencies in the litera-
ture, possibly due to modulating or confounding factors that 
are not always described in the studies, calling for a mini-
mum set of criteria to be used in future studies (Lorenzetti 
et al., 2016). For instance, the alterations are more marked 
for high THC/CBD ratio and for early age at onset of canna-
bis use. Comorbid substance use should also be taken into 
account: no association between cannabis use and standard 
volumetric or shape measurement of subcortical structures 
were found when controlling for alcohol use, gender and age 
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(Weiland et al., 2015). Longitudinal studies could be more 
appropriate to control for pre‐existing inter‐individual dif-
ferences. In a small 3‐year longitudinal study with young 
adults (mean age around 21), Koenders et al. (2017) found 
that continued daily cannabis use did not affect hippocam-
pal neuroanatomical changes although smaller grey matter 
volume was seen in cannabis users compared to controls. 
The authors suggest that small volumes are a risk factor for 
heavy cannabis use or that the effect of cannabis is limited 
to early adolescence with no further damage of continued 
use after early adulthood. Regarding white matter, several 
studies report reduced integrity in many brain areas (pre-
frontal, limbic, parietal and cerebellar tracts) in adolescent 
and emerging adult cannabis users (Gruber & Sagar, 2017).

Finally, several functional magnetic resonance imaging 
studies have found strong evidence that cannabis use is as-
sociated with altered activation patterns in tasks involving 
executive functioning, attention, working memory, verbal 
learning, affective processing and reward processing (Gruber 
& Sagar, 2017; Murray et al., 2017). A recent meta‐analysis 
reported differential activation profiles in adults and adoles-
cents using cannabis. In adult cannabis users, brain activation 
was increased in the superior and posterior transverse tempo-
ral and inferior frontal gyri and decreased in the striate area, 
insula and middle temporal gyrus, whereas in adolescent 
cannabis users, activation was increased in the inferior pari-
etal gyrus and putamen compared to healthy controls (Blest‐
Hopley, Giampietro, & Bhattacharyya, 2018). Again, earlier 
onset of use and longer duration of use relate to more altered 
activation during cognitive tasks requiring decision making 
and inhibition (Gruber & Sagar, 2017). Neurochemical im-
aging studies indicate that acute cannabis is associated with 
a small increase in dopamine release in the striatum, whereas 
chronic cannabis use is associated with decreased dopamine 
release as well as decreased CB1R receptors (Murray et al., 
2017). The persistence of these alterations after withdrawal is 
unknown except that positron emission tomography imaging 
studies showed that decreased CB1R densities could be re-
versed within 4 weeks of abstinence (Hirvonen et al., 2012).

6 |  GENETIC VULNERABILITY 
AND THE RISK OF PSYCHOSIS 
WHEN EXPOSED TO CANNABIS

Only a small minority of cannabis users develops psychotic 
symptoms. It is therefore likely that, in addition with dose, 
THC concentrations, other environmental factors and ge-
netic predisposition may play a role in the strength of a 
causal association. A shared genetic aetiology between can-
nabis use and schizophrenia has been suggested, where the 
genetic risk could promote exposure to the environmental 
risk (Power et al., 2014). A Genome‐Wide Association 

Study (GWAS) found shared genetic factors between CUD, 
mood disorders and schizophrenia (Sherva et al., 2016). 
Among patients with schizophrenia, hypersensitivity to 
the psychotomimetic effects of cannabis was found associ-
ated with early cannabis exposure and a family history of 
psychosis (Goldberger et al., 2010). Along the same line, 
polygenic risk score of schizophrenia could predict canna-
bis use (Aas et al., 2018; Power et al., 2014). Patients suf-
fering from schizophrenia or bipolar disorder were more 
likely to use daily or weekly cannabis before illness onset 
if their polygenic risk score for schizophrenia was high 
(Aas et al., 2018). However, this shared genetic vulner-
ability does not account for the strength of the association 
(Murray et al., 2017) and cannabis use in early adolescence 
actually moderates the association between the polygenic 
risk for schizophrenia and cortical maturation among male 
individuals (French et al., 2015). The relationship between 
adolescent cannabis use and psychosis may also be attrib-
uted to a functional polymorphism in the catechol‐O‐meth-
yltransferase (COMT) gene, which encodes an enzyme 
that degrades catecholamines such as dopamine (DA) and/
or in AKT1, a serine/threonine kinase that helps regulate 
dopaminergic signalling cascades. Caspi et al. found that 
carriers of the COMT valine 158 alleles (coding for faster 
enzyme) who use cannabis are more likely to exhibit psy-
chotic symptoms and develop a schizophrenic disorder 
(Caspi et al., 2005). Finally, a study of nearly 1,200 young 
healthy students revealed that the psychotomimetic effects 
at first cannabis use were associated with CNR1 variants 
but not with COMT or AKT1 variants (Krebs et al., 2014). 
This finding supports the notion that individual variability 
in the psychotomimetic effect of cannabis may be attrib-
uted to specific genetic backgrounds that influence the in-
dividual's first response to cannabis, potentially revealing 
a susceptibility of developing psychosis when exposed to 
cannabis. However, these candidate gene studies are limited 
by their small samples and absence of replication. The larg-
est GWAS for lifetime cannabis use to date (n = 184,765) 
identified eight genome‐wide significant independent sin-
gle nucleotide polymorphisms in six regions (Pasman et al., 
2018). In this study, all measured genetic variants combined 
explained 11% of the variance. The strongest finding across 
the different analyses was CADM2 (encoding for a synap-
tic cell adhesion molecule), which has been associated with 
substance use and risk‐taking. Interestingly, mendelian ran-
domization analysis showed evidence for a causal positive 
influence of schizophrenia risk on cannabis use contrasting 
with another Mendelian randomization analysis using ten 
genetic variants previously associated with cannabis use, 
which strongly supports that cannabis plays a causal role 
in the development of schizophrenia (Vaucher et al., 2018). 
Altogether, these studies suggest that the link between psy-
chosis and cannabis could be bidirectional.
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7 |  EXPERIMENTAL STUDIES IN 
RODENTS

Endocannabinoids provide a retrograde feedback system, via 
the activation of presynaptic CB1 receptors, located in on 
inhibitory and excitatory neurons. Endocannabinoids, THC 
and other plant‐derived or synthetic cannabinoids bind CB1 
receptors and regulate basal synaptic transmission and syn-
aptic plasticity through changes in CB1 receptor signalling, 
resulting modification in neurotransmitter release probabil-
ity and the regulation of synaptic strength. Animal models 
are useful for investigating the neurobiological basis of can-
nabis‐induced effects on brain and even more the long‐term 
behavioural effects of cannabis exposure during adolescence 
(reviewed in Renard et al., 2014; Rubino & Parolaro, 2016; 
Curran et al., 2016).

Cannabinoids act on the reward habit and cognition net-
works. Among other changes, acute use leads to increased 
firing of dopamine (DA) neurons and DA release, while 
chronic use results in decreased DA release in the ventral 
striatum (Curran et al., 2016). In addition, the eCB system 
modulates synaptic efficacy and plasticity (Castillo, Younts, 
Chávez, & Hashimotodani, 2012). The main eCBs, 2‐AG 
and anandamide, are synthesized “on demand” from phos-
pholipid precursors in the postsynaptic membrane by Ca2+‐
dependent and independent mechanisms and feedback in a 
retrograde manner onto presynaptic terminals, thus suppress-
ing afferent neurotransmitter release via activation of CB1Rs 
(Ohno‐Shosaku & Kano, 2014). Electrophysiological and 
biochemical data strongly support a model of postsynaptic 
synthesis and a presynaptic site of action. Retrograde eCB 
signalling promotes Long‐term depression (LTD), but these 
eCB forms of synaptic plasticity after stress have also been 
found to promote long‐term potentiation (LTP) for review 
Morena, Patel, Bains, and Hill(2016).

Adults rats that have been chronically exposed to CB1R 
agonists or THC during their adolescence display short‐term 
memory impairment in the novel object recognition and 
novel‐place recognition paradigms, as well as deficits in spa-
tial working memory and reduced social interactions (Renard 
et al., 2014; Rubino & Parolaro, 2016). These deficits were 
milder or not significant when rodents were exposed during 
adulthood. Our studies and others reported a reduced expres-
sion of synaptic plasticity proteins (PSD95, synaptophysin, 
protein kinase C‐dependent signalling), of cytoskeletal and 
structural proteins, and activity‐regulated cytoskeletal‐asso-
ciated protein (Arc) as well as a reduced expression of CB1R 
in the hippocampus and/or prefrontal cortex in adult rats that 
were treated with CB1R agonists or THC during adolescence. 
(for review Curran et al., 2016; Renard et al., 2014). Those 
proteins have a close interaction with N‐Methyl‐D‐aspartate 
(NMDA) receptors and determine the size and strength of 

excitatory synapses. A significant reduction of NMDA re-
ceptors was found in the hippocampus of adolescent treated 
rats as well as a reduced glutamic acid decarboxylase 67 
(GAD 67) and basal gamma‐Aminobutyric acid levels in the 
prefrontal cortex (Rubino & Parolaro, 2016). In addition, 
rats exposed to cannabinoids during adolescence have, when 
adults, reduced total dendritic length, arborization, and spine 
numbers in the dentate gyrus and the prefrontal cortex and 
an impaired synaptic plasticity in the prefrontal cortex as re-
flected by a decrease in LTP at hippocampal to prefrontal 
cortex synapses pathway (Renard et al., 2016). This gluta-
mate dysregulation likely contributes to the altered plasticity 
and cognitive impairments observed in schizophrenia.

The hippocampal–prefrontal pathway is a hub for the reg-
ulation of emotions and behaviours and is implicated in anxi-
ety, depressive and psychotic disorders. There is inconsistent 
support for anxiety‐related behaviours after adolescent can-
nabinoid exposure (reviewed Rubino & Parolaro, 2016). For 
instance, increased anxiety behaviours were described in the 
elevated plus maze and in the open‐field test. Similarly, a 
depressive‐like phenotype in adulthood has been described 
after adolescent exposure to cannabinoids in some studies 
(e.g., in sucrose preference test, a measure of anhedonia, or 
in the forced‐swim test) and with a more pronounced effect 
in females. These findings support that exposure to canna-
binoid during adolescence may affect the susceptibility to 
develop mood disorders later in life. This could be due to a 
decrease in CB1R expression in the amygdala, ventral teg-
mental area and Nucleus Accumbens (NAcc), accompanied 
by changes in the levels of CREB protein and to hyperactiv-
ity of noradrenergic neurons concomitant with an hypoactiv-
ity of serotonergic neurons (Curran et al., 2016).

In terms of psychotic‐like behaviours, animal studies have 
focused on disruptions in sensorimotor gating measured using 
prepulse inhibition (PPI), an endophenotype of schizophrenia 
with high translational validity. Several authors, but not all, 
reported that chronically treating rats with a cannabinoid ago-
nist during adolescence (PND40 to PND65, but not in adults) 
induced long‐lasting impairment of PPI in adulthood, with a 
correlation with basal neuronal activity (i.e., c‐Fos activity) 
in the NAcc, amygdala, caudate putamen and hippocampus 
(reviewed in Renard et al., 2014; Rubino & Parolaro, 2016). 
Discordance discrepancy may be due to differences in the pe-
riod of exposure, cannabinoid compound used or rat strains.

8 |  CANNABINOID SYSTEMS 
ARE INVOLVED IN BRAIN 
DEVELOPMENT AND MATURATION

Endocannabinoid eCB systems are active during early brain 
development and modulate several neurodevelopmental 
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processes, including neuronal migration, axonal guidance, 
positioning of cortical interneurons, neurite outgrowth and 
morphogenesis (Berghuis et al., 2007). During adolescence, 
the brain undergoes major brain maturation processes includ-
ing grey matter reduction, myelination, rewiring, decrease in 
synapses and dendrites, changes in neurotransmitters ratio 
(Insel, 2010). These changes occur, in human, between the 
ages of 13–30 (for the latest myelination processes), with a 
peak of modifications between 15 and 25 years old. The eCB 
system also undergoes functional development and changes. 
For instance, CB1R expression increases in the frontal cor-
tex, striatum and hippocampus in humans and CB1R expres-
sion increases in the shell of the NAcc, but decreases in the 
core of the NAcc and in the cingulate, prelimbic and infral-
imbic cortices. Concomitantly, levels of anandamide (AEA) 
and 2‐AG vary throughout adolescence in a region‐ and time‐
specific manner (Rubino & Parolaro, 2016). These changes 
in eCB system during adolescence indicate that this system 
is involved in the maturation of the central nervous system 
and that activation by exogenous THC may dysregulate this 
maturation, either directly or through indirect regulation pro-
cesses resulting in inhibition of the CB1R signalling.

9 |  CONCLUSIONS

While the precise mechanisms still require more investiga-
tions, lessons from epidemiological and experimental stud-
ies in human or rodent clearly demonstrated that chronic 
exposure to THC can lead to brain alterations. The causal 
link remains controversial as observational findings can 
always be hampered by confounding (where another risk 
factor associated with cannabis causes the disease) and/or 
reverse causality bias (where individuals affected by schiz-
ophrenia may be more prone to consume cannabis). When 
cannabis is used during the critical period of brain matura-
tion during adolescence and early adulthood, these altera-
tions may lead to more persistent cognitive deficits and/or 
to psychiatric disorders and more specifically to psychosis. 
When exposed during the adulthood, the cognitive deficits 
and psychiatric symptoms persist during the exposure (e.g., 
lack of motivation, concentration deficits, dyscoordination) 
but there remains a debate about whether cannabis use leads 
to long‐term cognitive impairments following abstinence. 
Some individuals, especially when a psychotic disorder pre‐
exists could me more at‐risk of persisting deficits but in any 
case, it is clear that ongoing regular cannabis use impairs 
cognition and therefore impact educational achievement. 
Altogether, the risk of cognitive and psychiatric adverse ef-
fects depends (a) on the kind of cannabinoids used: they 
are related to THC while CBD attenuates these effects; (b) 
on the level and duration of exposure; (c) on an individual 
vulnerability, that could partly be genetically defined; and 

(d) on the age of exposure. Because exogenous cannabi-
noids interfere with endo‐cannabinoids regulation of brain 
maturation during adolescence, they can induce long‐term 
changes. Hence, adolescence and early adulthood are, per 
se, periods of vulnerability to long‐term cognitive and psy-
chiatric consequence of cannabis use. Further studies are 
needed to identify populations that could be more at‐risk 
of psychiatric and cognitive complications in order to per-
sonalize the evaluation of benefice–risk of potential medi-
cal use of cannabinoids. In addition, the risk (or benefit) 
conveyed by the different cannabinoids should be more 
thoroughly studied: while THC is clearly associated with 
long‐term brain alterations, CBD is less prone to induce 
such complications, and may even have protector effects 
that deserve more investigations.
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