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Cannabis in Adolescence: Lasting Cognitive Alterations
and Underlying Mechanisms
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Abstract
Cannabis consumption during adolescence is an area of particular concern, owing to changes in the social
and political perception of the drug, and presents a scientific, medical, and economic challenge. Major social
and economic interests continue to push toward cannabis legalization as well as pharmaceutical develop-
ment. As a result, shifting perceptions of both legal and illicit cannabis use across the population have
changed the collective evaluation of the potential dangers of the product. The wave of cannabis legalization
therefore comes with new responsibility to educate the public on potential risks and known dangers asso-
ciated with both recreational and medical cannabis. Among these is the risk of long-term cognitive and psy-
chological consequences, particularly following early-life initiation of use, compounded by high-potency
and/or synthetic cannabis, and heavy/frequent use of the drug. Underlying these cognitive and psychiatric
consequences are lasting aberrations in the development of synaptic function, often secondary to epigenetic
changes. Additional factors such as genetic risk and environmental influences or nondrug toxic insults during
development are also profound contributors to these long-term functional alterations following adolescent
cannabis use. Preclinical studies indicate that exposure to cannabinoids during specific windows of vulner-
ability (e.g., adolescence) impacts neurodevelopmental processes and behavior by durably changing den-
dritic structure and synaptic functions, including those normally mediated by endogenous cannabinoids
and neuronal circuits.
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Introduction
Cannabis consumption during adolescence is an area of
particular concern, owing to changes in the social and
political perception of the drug, presenting a scientific,
medical, and economic challenge. Major social and
economic interests continue to push toward cannabis
legalization as well as pharmaceutical development.
As a result, shifting perceptions of both legal and illicit
cannabis use across the population have changed the
collective evaluation of the potential dangers of the

product. The wave of cannabis legalization, therefore,
comes with new responsibility to educate the public
on potential risks and known dangers associated with
both recreational and medical cannabis.

The Determinant Role of the Adolescent
Developmental Period
in Neurodevelopmental Diseases
In humans, adolescence is a period of life characterized
by a number of developmental changes, which occur
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between childhood and adulthood.1 Although age is
not a strict marker of the adolescent timeframe, the
age-range for this period is roughly defined as 10–19
years in humans.2 In comparison, puberty is a relatively
short period of which the main clinical developments
include sexual maturation and growth acceleration.
Cognitively and behaviorally, adolescence is character-
ized by improvements in intelligence quotients, working
memory, and problem solving to prepare adolescents
for adulthood, and by the appearance of specific be-
havioral phenotypes such as risk taking, sensation
seeking, and intense peer socializing.3,4

Brain maturation is a process that begins following
conception and continues throughout adolescence and
into adulthood. Neuronal plasticity, which allows alter-
ation of connections between neurons through synaptic
long-term potentiation (LTP) or depression (LTD),
plays a major role in integrating environmental informa-
tion and physiological changes. During adolescence, the
brain matures through sensitive periods, which occur at
different times varying by brain region. The term ‘‘critical
period’’ refers to a restricted sensitive time period wherein
maturational changes are particularly sensitive and
rapid.5 Beyond these periods, neurocognitive develop-
ment is characterized by synaptic pruning and increased
myelination, particularly in the frontal, parietal, and
temporal regions.6 The prefrontal cortex (PFC), which
regulates the highest executive functions in humans, ex-
hibits the largest overproduction of synapses and the
slowest rate elimination of all examined regions.5

This period of profound neurodevelopmental change
is accompanied by increased vulnerability to substance
use. However, most adolescents do not use drugs, and
those who do are often exposed to different factors
than those who remain abstinent. Additionally, some
users maintain moderate use for decades, while others
have intermittent periods of cessation, or escalate rap-
idly and develop substance use disorders. Thus, no sin-
gle factor is sufficient to explain the progression to
harmful substance use, and only a critical combination
of risk factors and/or absent protective factors triggers
harmful substance use behavior. The threshold beyond
which inappropriate substance use behavior may be
triggered is unique to each individual and may be im-
pacted by several potential combinations of external
and intrinsic elements. Human behavior is therefore
considered the result of the ‘‘biological embedding’’ of
social and environmental conditions.7

The main individual characteristics that may contrib-
ute to inappropriate substance use are genetic suscepti-

bilities, personality traits (sensation seeking, aggression,
and impulsivity), mental health problems (post-
traumatic stress disorder, attention deficit/hyperactivity
disorder, depression, anxiety, antisocial personality,
etc.), cognitive impairments, head traumas, language
delays, decision-making difficulties, emotional regula-
tory deficits, and adjustment difficulties.8–10

Macrolevel socioenvironmental influences that may
interact with these characteristics in adolescence are
mainly due to lack of economic and social resources
(poverty, homelessness, lack of access to care, child
labor) and maladaptive social environment (antisocial
norms, social exclusion, conflict/war, etc.).11,12 Signifi-
cant influences at the individual level are related to the
family (abusive or neglectful parenting, stressful envi-
ronment, negative role modeling, lack of monitoring,
parental substance abuse), school (poor quality early
education, negative school climate, lack of prevention
programs, etc.), and peer influences (antisocial peers,
substance use, social network influence, etc.).13,14

Stress is one common denominator among these fac-
tors and is now recognized as able to impact both the
hormonal and neural systems that regulate learning,
memory, decision making, and other functions during
adolescence, which normally support adaptive behav-
iors. The involvement of hormonal factors is differen-
tially impacted in stress behavior of boys and girls;
the latter more readily resorting to substance use to
limit stress symptoms.15,16

Addiction thus presents as a complex phenotype
regulated by genetic and socioenvironmental factors.
Environmental information, recognized by the brain
and peripheral tissues, elicit a response, which often in-
volves changes in gene expression. These interactions
are delayed by epigenetic mechanisms, including his-
tone modifications, DNA methylation, and expression
of noncoding RNAs and non-long noncoding RNAs.
These alterations disrupt certain physiological responses,
including synaptic plasticity and stress hormone secre-
tion.17 Ultimately, early life socioenvironmental experi-
ences may modify gene expression through epigenetic
processes, thus explaining individual differences in re-
sponses to stress and trauma and in the development
of substance use disorders.

Clinical and Epidemiological Data
With the exception of tobacco and alcohol, cannabis is
the most widely used drug among young people, de-
fined by the United Nations as those between 15 and
24 years of age.7,18 The perceived innocuity of cannabis
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combined with increasing access to the drug are likely
drivers of its prevalent consumption in the youth pop-
ulation. Prevalence of past-year and past-month use
are indicators of recent and regular use: in 2018, it is
estimated that there were 13 million past-year users
of any drug among students 15–16 years of age in the
world, with an estimated 11.6 million past-year users
of cannabis. This corresponds to an annual prevalence
of cannabis use of 4.7% among this age group—a rate
that is higher than the rate among the general popula-
tion 15–64 years of age (3.9%). In 2018, past-year use of
cannabis among young people 15–16 years of age was
notably elevated in Oceania, the Americas, and Europe
(17.8; 12.1%, and 11.7%, respectively). In 2020, 43.7%
of high school seniors in the United States reported
having used cannabis in their lifetime.

More worryingly, the prevalence of heavy cannabis use
in adolescence has tripled over the past 25 years, with 6.9%
of US high school seniors reporting daily use.19 Approx-
imately 9% of all people who experiment with cannabis
develop cannabis use disorders, compared with > 16%
of those who initiate this use during adolescence.20

Boys, who exhibit higher rates and frequency of can-
nabis use compared with girls, also employ a greater va-
riety of routes of administration of cannabis and are
more likely to consume high-potency products
and/or cannabis concentrates. These patterns of use
have been linked to greater risk of developing cannabis-
use dependence.21 Nevertheless, the gap between men
and women has narrowed in recent years, especially
among teenage users.22 In addition, women show a
‘‘telescoping effect,’’ which results in a more rapid pro-
gression of first use to cannabis use disorder.23

Widespread decriminalization and legalization of
cannabis have contributed to significant changes in
the landscape of consumption. In the United States,
medical and recreational legalization of cannabis corre-
lates strongly with both rates of cannabis consumption
and concomitant psychiatric consequences such as
cannabis use disorder.24 Over the last two decades of
regulatory changes, potency of cannabis and cannabis
extracts has also increased significantly.25 These trends
are mirrored outside of the United States, as well as in
Europe.26 While no significant trends in age-of-onset
for first cannabis consumption have been noted over
this period, a small decrease in overall adolescent can-
nabis consumption was observed.27 Notably, the route
of administration has shifted progressively from smok-
ing to oral (edible) consumption and vaporization.
Together with changes in the biodynamic makeup of

cannabis (e.g., increased THC content and decreased
associated phytocannabinoids), these factors may be
important considerations in understanding the conse-
quences of adolescent cannabis use.

While repeated associations between early initiation
of cannabis use and later-life drug abuse disorders have
been suggested (e.g., ‘‘gateway theory’’), lifetime trends
of drug use following initiation with cannabis as com-
pared with other psychoactive substances has failed to
confirm a unique role for cannabis in spurring a pro-
gression to further differentiated drug abuse.28,29

Cannabis use is typically initiated in late adolescence
and peaks in young adulthood. Before the age of 16, can-
nabis use has been linked to increased risks of acute
harm and susceptibility to drug use disorders and
mental health disorders, including personality disor-
ders, anxiety, depression, and suicidality.30,31 Acute
cannabis consumption, even in infrequent users, can
generate a range of negative mood states, including
feelings of anxiety, tension, agitation, mental confusion,
memory impairment, unsteadiness, suspiciousness, and
paranoia.20

Both observational and experimental studies have
confirmed the influence of cannabis use on the initia-
tion and persistence of psychotic disorders, such as
schizophrenia and bipolar disorder. These adverse ef-
fects observed after acute or regular use of cannabis
have been strongly correlated with the concentrations
of THC in the consumed product, which have been
rising dramatically for several decades. Moreover, con-
centrations of cannabidiol (CBD), whose protective ef-
fects against some negative psychological THC effects
are now well described, are decreasing.

According to some authors, the increase in the ratio
THC:CBD may be the reason for the increase in
harmful effects associated with cannabis use.32 Simi-
larly, the use of potent synthetic cannabinoids, often
supplanting THC, enhances the risk of neuropsycho-
logical side effects.33,34 Early initiation of cannabis
use among adolescents is dose dependently associ-
ated with the emergence and severity of psychotic
symptoms and functional impairment, such that
adolescents who initiate use earlier and use more fre-
quently have poorer disease and treatment out-
comes.35 The relationship between developmental
cannabis exposure and later-life emergence of mental
health disorder symptoms is especially strong in peo-
ple with particular genetic polymorphisms, suggesting
that cannabis use interacts with genotype to increase
mental health risk.36
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Pre-clinical Approaches: Rodents and Primates
Pre-clinical approaches using rodent or nonhuman pri-
mate models to examine the neuropsychiatric effects of
neurodevelopmental cannabinoid exposure offer many
advantages over long-term clinical studies.

First, it is possible to exert precise experimental con-
trol, both temporally and in dosing consistency, of the
cannabinoid in question throughout the entire course
of exposure. This level of precision is impossible in
human clinical investigations relying on subject self-
reporting of historical cannabis use patterns. Indeed,
self-reported rates of cannabis consumption are particu-
larly inaccurate in adolescents, as consumption of canna-
bis has been legalized only for adults and therefore
adolescents or juveniles are likely to underreport canna-
bis use.37 Second, pre-clinical models allow for the pre-
cise interrogation of specific neural circuits, neuronal
populations, and molecular biomarkers that would be
difficult to obtain from human subjects. Finally, pre-
clinical cannabinoid exposure models can assess multiple
routes of cannabis exposure, ranging from systemic in-
jection procedures to regionally specific direct infusions,
and inhalation and/or edible consumption methods.

Although generally overlooked, it should be kept in
mind that comparison of the pharmacokinetic properties
of D9-THC have revealed many differences in THC dis-
tribution and metabolism between adolescent and adult
(male) mice.38 Numerous pre-clinical studies have dem-
onstrated that nonhuman primates, when exposed to
stringent protocols involving prior substance addiction
(i.e., self-administration preconditioning with noncan-
nabinoid substances) or some degree of reward/coercion
(i.e., pairing cannabinoid self-administration with addi-
tional rewarding parameters), self-administer THC
through intravenous administration.39 Activation of
CB1Rs produces strong rewarding effects and regulates
conditioned aversion learning and memory formation
in brain circuits such as the mesolimbic pathway in var-
ious rodent behavioral models.40,41

Importantly, CB1R transmission has been shown to di-
rectly regulate emotional salience processing through
functional modulation of dopaminergic neuronal activa-
tion states. For example, CB1R transmission in the rodent
PFC was shown to biphasically modulate subcortical DA
neuron activation states in the ventral tegmental area
(VTA); low acute doses of CB1R agonists caused hyperac-
tivation of DA firing and bursting frequency and a
corresponding amplification of normally nonsalient fear-
conditioned associative memories. Higher doses of THC
directly in the PFC caused strong inhibition of VTA DA

neuronal activity states and a corresponding blunting of
emotional memory processing. These data provide a neu-
robiological mechanism by which cannabinoids can func-
tionally regulate emotional salience processing through
prefrontal-cortical to mesolimbic pathways.42

Adolescent THC alters behavioral, synaptic,
and molecular phenotypes in the adult brain
In rats, the neurobehavioral features of adolescence are
observed from approximately postnatal days (PND)
28–42, with early changes occurring at PND 20 in fe-
males and ongoing until PND 55 days in males.1 Rats
exposed to THC at the onset of puberty display de-
creased social play in adolescence, showing that the
negative effects of cannabis appear quickly in develop-
ing rodents.43

Various rodent studies have examined the effects of
adolescent exposure to THC during specific windows
of vulnerability to assess the impact on neurodevelop-
mental processes. While these studies have used a vari-
ety of THC exposure protocols and time frames, several
consistent phenotypes have emerged.

One such consistent protocol has been adolescent
exposure of female and male rats to increasing doses
of THC for 11 days (PND 35–45) before an abstinence
period until adulthood (PND 75) to perform an array
of behavioral, electrophysiological, and biochemi-
cal assays.44 Therein, the authors did not observe
changes in anxiety-related behaviors, however, both
female and male rats displayed evidence of anhedo-
nia phenotypes.

Using an identical THC exposure protocol, Renard
et al45 reported that adolescent THC induced strong
anxiety- and depression-like phenotypes as well as def-
icits in social cognition and memory in male rats. In fe-
male rats, depressive-like behaviors were observed in
response to THC and the synthetic agonists CP55,940
and WIN55,212-2 (WIN) but curiously not HU-210,
suggesting that not all cannabinoid receptor agonists
may induce long-term negative effects.46 While adoles-
cent THC exposure did not significantly alter adult sen-
sitivity to non-noxious or noxious stimuli, or the
antinociceptive effect of THC, it altered adult explor-
atory and consummatory behaviors in a sex-dependent
manner: adolescent THC reduced hedonic drinking in
adult males, and THC-induced hedonic drinking in
adult females.47

These behavioral phenotypes corresponded to a per-
sistent subcortical hyperdopaminergic state character-
ized by significantly potentiated firing frequency and
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bursting rates in subpopulations of VTA DA neurons
observed during in vivo single unit recordings.45

Furthermore, THC-exposed animals exhibited several
schizophrenia-like molecular adaptations in the PFC
(e.g., glycogen synthase kinase-3, protein kinase B, and
mammalian target of rapamycin-signaling pathways)
that persisted into adulthood. These effects were entirely
absent in control rats that received THC exposure only
after reaching adulthood, underscoring the exquisite vul-
nerability of the adolescent brain to extrinsic insults from
THC. These cortical molecular biomarkers are critically
involved in cognitive processing and are linked to the
cognitive deficits associated with various neurodegenera-
tive and neuropsychiatric disorders, including Alz-
heimer’s, schizophrenia, and major depressive
disorder,48,49 suggesting that neurodevelopmental canna-
binoid exposure may be capable of broadly impacting
molecular signaling pathways that could increase risk
factors for various neuropsychiatric disorders with un-
derlying cognitive pathologies.

At the cortical level, a subsequent study using this
protocol examined the effects of adolescent THC expo-
sure on PFC neuronal activity states.50 As above, the
authors reported significantly increased firing rates
and bursting activity in subpopulations of presumptive
pyramidal neurons recorded directly in the rat PFC.
Interestingly, cannabinoids have previously been
reported to acutely increase the bursting states of
PFC neurons, an effect that was associated with
the ability of cannabinoids to pathologically amplify
associative fear memory formation.51,52 At the molec-
ular level, alterations were noted in another critical
schizophrenia-like biomarker following adolescent
THC exposure: significant reductions in levels of
GAD67 directly in the PFC, indicating a loss of corti-
cal inhibitory control, consistent with evidence found
in studies of schizophrenia patients.53,54 Beyond
reported changes in single unit neuronal activity
within the mesocortical network, adolescent THC ex-
posure has been shown to disrupt oscillatory activity
patterns.

Specifically, adolescent THC exposure was reported
to cause long-term elevations in gamma-band activity
patterns within the PFC of rats,50 highly consistent
with clinical phenotypes showing abnormal gamma os-
cillatory band patterns in schizophrenia.55,56 Finally,
adolescent THC exposure-induced depressive behav-
iors have also been linked to a reduction in dorsal
raphe serotonergic neural activity, identifying mono-
aminergic systems as prime targets of THC.57

Cannabinoid exposure alters the adolescent
endocannabinoid system
The endocannabinoid (eCB) system (ECS) is dynamic
both temporally and spatially throughout adolescence.
Thus, recreational use of cannabinoids by adolescents is
bound to manipulate the functions of naturally occur-
ring eCBs and thereby impact eCB signaling molecules
and functions. Upon repeated adolescent exposure to
cannabinoids, long-lasting changes in the ECS are con-
sistently reported. For example, the above-discussed
study of adolescent THC exposure44 found that CB1R
expression and CB1R/G-protein coupling were signifi-
cantly reduced by THC exposure in amygdala, VTA,
and nucleus accumbens (NAc) of female rats at adult-
hood, whereas male rats were only affected in the
amygdala and hippocampus. Further illustrating this
idea, Leishman et al58 found that acute treatment
with the synthetic cannabinoid, CP55940, had stronger
effects on the female mouse brain lipidome during ad-
olescence than during other developmental stages.

CB1R expression is reduced in the PFC of WIN-treated
female mice59 and in the female hippocampus 2 weeks
following adolescent THC treatment.60 Repeated admin-
istration of the FAAH inhibitor, URB597 (which thusly
increases AEA levels), during adolescence persistently
decreased CB1R binding in the caudate–putamen,
NAc, VTA, and hippocampus, and led to increased
CB1R binding in the locus coeruleus.61

Molecular mechanisms underlying the lasting effects
of adolescent cannabis exposure remain elusive. None-
theless, current data indicate that the ECS, in addition
to fast glutamatergic and GABAergic synapses, are the
main targets. Early life and adolescence are well-
described periods of changes for the ECS. Early data
from de Fonseca et al described sex differences in
CB1R expression starting at early postnatal develop-
ment and peaking around adolescence.62,63

Analysis in humans of the ontogenetic pattern of
CB1R confirmed that its expression increases during
the transition from adolescence to adulthood, a rare fea-
ture during adolescence.64 Such developmental changes
in CB1R occur in parallel with fluctuations of the circu-
lating levels of anandamide and 2-arachidonoylglycerol
(2-AG), which themselves peak during adolescence.65–68

Reports of increased CB1R messenger RNA (mRNA)
expression in the central amygdala60 and of increased
CB1R binding in the locus coeruleus61 indicate a degree
of regional specificity in the protracted consequences of
cannabinoid exposure on the main receptor target of
exogenous cannabinoids.
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Adolescent cannabinoid exposure alters
dendritic architecture
Dendritic specializations, especially synapse-bearing
spines, are the communicating interface between most
neurons. Dendritic communication integrates synaptic
inputs, neuromodulatory influences, and neuronal pas-
sive properties to fine tune and otherwise modulate the
genesis of action potentials. Thus, dendrites are essen-
tial to neuronal and circuit computation and therefore
to resultant cognitive processes. Adolescence is a period
of profound sex-dependent neuronal maturation. Den-
dritic complexity, as well as spine shape and number,
are subject to intense remodeling during adolescence,
particularly in brain areas involved in the highest cogni-
tive functions such as the PFC. During sensitive periods
such as adolescence, experiences can greatly alter the
appearance types and longevity of dendritic spines
and that these effects can be sex specific.69–72 Thus, en-
vironmental influences, including consumption of drugs
of abuse such as cannabis and related risk-taking behav-
iors, may all have profound impact on crucial develop-
mental processes during this maturational window.

While CB1R are largely absent from dendrites (ex-
cept for early developmental stages73), other receptor
components of the ECS are present and cannabinoids,
by virtue of their multiple receptor and downstream
targets expressed on all neuronal subdivisions, can
change spines’ shape and dendrites’ arborization/
architecture.

First reported in adults,74 the transformative power
of THC was originally elucidated by Rubino et al in
their pioneering 2009 study.75 Therein, adolescent
THC exposure (PND 35–45) reduced dendritic length,
as well as the number and density of spines in hippo-
campal granule cells of the dentate gyrus in adult rats
1 month after the last injection. Similar results have
been observed in the PFC following chronic adolescent
exposure to THC.76 Behaviorally, the resultant THC-
exposure ‘‘dendritic phenotype’’ originally described
by Rubino and colleagues was associated with poor per-
formance in assays of memory (e.g., radial arm maze
acquisition time) and increased psychotic-like behav-
iors in male rats without alterations in the emotional
reactivity (e.g., passive avoidance test77).

When female adolescent rats were similarly exposed
to THC, a reduction of dendritic spine density was ob-
served in the adult PFC together with deficits in both
cognitive and emotional behavioral domains.44,69 In
both sexes, the structural modifications were paralleled
by multiple changes of the synaptic repertoire of

NMDA- and AMPA-type glutamate receptors in addi-
tion to other essential molecular constituents of excit-
atory76,78,79 and inhibitory synapses.80 Notably, a
recent study shows that adolescent THC engagement
differentially impacts synaptic organization in the pre-
limbic PFC by increasing muscarinic-2 receptors
(M2R) plasmalemmal accumulation in large proximal
dendrites and decreasing M2R cytoplasmic expression
in small spines.81 Furthermore, transcriptomic data
suggest that adolescent exposure to THC alters the
transcriptional trajectory and dendritic architecture of
prefrontal pyramidal neurons by acting on functional
gene networks linked to cell morphogenesis, dendritic
development, and cytoskeleton organization.82

Altogether, these data provide a structural founda-
tion to the long-lasting sex-specific cognitive deficits
resultant of chronic, but not acute,83 adolescent canna-
binoid exposure.

Adolescent cannabinoid exposure alters neuronal
and synaptic properties
In mammals, activity-dependent changes in the effi-
cacy of synaptic transmission are central to the devel-
opment of neural circuitry and functions of memory,
including the storage of information and behavioral ad-
aptations. Thus, synaptic plasticity is one of the neuro-
biological foundations of higher cognitive function. At
the structural and molecular levels of synaptic function,
cannabinoid-induced changes in dendrites and spines
are bound to impact how information flows from syn-
apses to cell bodies and therefore synaptic transmission
and plasticity. Evidence of lasting modifications to syn-
aptic transmission and plasticity following various reg-
imens of exposure to cannabinoids during adolescence
is abundant.40,50,76,84

eCB-mediated retrograde signaling equips most cen-
tral synapses bearing CB1R and/or TRPV1R with a ro-
bust means of activity-dependent plasticity (e.g.,
LTD85,86), which has been the subject of substantial in-
vestigations into the acute and protracted effects of can-
nabinoids on forms of plasticity such as eCB-LTD in the
adult brain.87,88 Curiously, how adolescent cannabis can
interfere with eCB-mediated and eCB-independent
synaptic functions and/or synaptic plasticity is a rela-
tively new and underrepresented field of study.

The existence of sensitive periods within the period
of adolescence itself was first suggested by the study
of Cass et al who reported that WIN exposure during
early and mid but not late adolescence, reduced
GABAergic inhibition in the PFC and caused prefrontal
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disinhibition in adulthood.89 However, earlier data from
Abush and Akirav demonstrated that chronic intraperi-
toneal (i.p.) treatment of male rats with the synthetic
cannabimimetic WIN during late adolescence (PND
45–60) hampered LTP in the ventral subiculum accum-
bens pathway up to 10 days after withdrawal while cog-
nitive deficits in a hippocampal-dependent task lasted up
to 75 days.90 WIN exposure during early adolescence
suppresses oscillations not only in the adult medial
PFC but also the somatosensory cortex.91 As in other
studies, this lasting disruption is attributed both to
CBR-dependent and independent mechanisms.

Two recent reports identified the extracellular ma-
trix glycoprotein reelin as a potential mediator of the
behavioral, dendritic, and synaptic deficits following
adolescent mice exposure to cannabinoids.92,93 Nor-
mally involved in cortical development (notably that
of the PFC94) reelin is also a risk factor in psychiatric
disorders and taken these findings illustrate how ado-
lescent cannabinoid exposure interacts with other risk
factors in schizophrenia.95

In the search for synaptic substrates underlying the
deleterious consequences of cannabinoid exposure dur-
ing adolescence on female behavior and den-
drites,44,75,77,96 several groups concomitantly found
that prefrontal LTP76 and LTD mediated by metabo-
tropic glutamate receptors 2/3 (mGluR2/385) or
eCB97 were deficient in adulthood in mice treated
with natural or synthetic cannabinoids.44,59 Further-
more, Rubino et al showed that, following the manifes-
tation of these lasting deficits, pharmacological
enhancement of levels of the eCBs 2-AG or ananda-
mide levels through blockade of their principal degrad-
ing enzyme restores eCB-LTD.44,98 Similar restoration
of plasticity deficits has been demonstrated in mouse
models of autism and depression.84,99,100 In the case
of adolescent cannabinoids, it is not known if the phar-
macomodulation of eCB levels also rescue behaviors.

The long-term consequences of teenage cannabis use
extend beyond cortical areas. For example, 7–10 days of
THC exposure abolished eCB-LTD at glutamatergic in-
puts to VTA GABA cells of juvenile–adolescent-age
mice.101 Further studies are required to determine the
relationship between the latter finding and the observa-
tion that WIN is more efficacious at triggering striatal
Dopamine release during adolescence compared with
adulthood.102 As above, these data highlight the nature
of developmental fluctuations in expression of ECS
components during development, which confer specific
windows of developmental vulnerability.

Despite the apparent value of single-exposure stud-
ies to elucidating the consequential neuroadaptations
in response to initiation of cannabis use, the acute ef-
fects of adolescent cannabis exposure have received
minimal preclinical attention. Results to date indicate
that a single THC exposure ablated eCB-LTD in the
PFC of females (while males were spared), but had
no effect on PFC-LTP (in both sexes) nor eCB-LTD
at the glutamatergic inputs to VTA GABA cells in
male mouse.101,103 Altogether these data indicate that
adolescent cannabis exposure profoundly impacts syn-
aptic plasticity in a region-, sex-, and time-dependent
manner. This interpretation, not surprising given the
sensitive and fluid nature of adolescent neurodevelop-
ment, provides strong incentive for a more systematic
evaluation of the acute and protracted consequences
of acute (single) or repeated cannabinoid exposure in
both sexes.

Zhang et al first reported region- and age-specific
differences in the ability of endogenous and exogenous
cannabinoids to induce LTD in the striatal complex of
male mice104 and recent evidence indicates that the de-
velopmental course of eCB-LTD in PFC is sexually di-
morphic.105 eCB-LTD first appears during the juvenile
period in female rats, while emerging during puberty in
males. Strikingly, eCB-LTD is mediated by distinct re-
ceptors in males and females dependent on their devel-
opmental stage. Female rats use both CB1R and
TRPV1R for the induction and maintenance of eCB-
LTD during the juvenile stage, but only CB1R at pu-
berty, and only TRPV1R at adulthood. In contrast,
eCB-LTD is exclusively mediated by CB1R in both pu-
bescent and adult males.

The existence of distinct maturational pathways in
male and female brains implies that the acute and last-
ing effects of exogenous cannabinoids depend not only
on sex, but also on the developmental state of the ECS
at the stage of exposure.

Current knowledge favors the hypothesis that addi-
tional cellular substrates for sex-specific behavioral
and synaptic abnormalities caused by adolescent expo-
sure to cannabinoids include modifications of the syn-
aptic repertoire of glutamatergic and GABAergic
synapses. Illustrating this, adolescent cannabinoid ex-
posure differentially impacts multiple components of
synaptic machinery in the PFC: CB1R and mGluR2/3
expression is reduced in WIN-treated female mice59;
PFC GABAergic transmission is functionally downre-
gulated after adolescent WIN exposure89; and cannabi-
noid exposure-induced enhanced PFC expression of
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the scaffolding protein PSD-95 is paralleled by in-
creased expression of GluN1,79 GluN2A/B, and
GluA1 subunits.69 Finally, data indicate that adoles-
cence cannabis exposure results in a persistent neuroin-
flammatory state located in the adult PFC,77 leading to a
diverse set of behavioral consequences owing to the
PFC’s role as a neurocognitive hub or relay.

While D9-THC is the component of most concern in
Cannabis sativa with regard to adolescent health, the
plant contains over 300 compounds, including CBD.
CBD does not induce psychotropic effects compared
with D9-THC106,107 and, as such, it is globally perceived
as safe and free of harmful side effects. Additionally, au-
thorization of CBD by several health-governing bodies
globally indicates an acceptable level of safety for use
in necessary conditions such as intractable seizure disor-
ders. Nonetheless, data on the impact of CBD on the de-
veloping brain remains relegated to the pre-clinical body
of literature, and despite this paucity of data on the im-
pact of CBD on the adolescent brain and body, its ther-
apeutic and recreational use is growing.108

Administration of CBD for 2 weeks (5, 10, or
30 mg/kg; i.p.) to juvenile rats (PND 30) has been
found to significantly disrupt metabolic markers and
the sleep–wake cycle in young adult rats (PND 80).
Increased blood glucose and decreased plasma triglyc-
eride levels in adipose and hepatic tissue indicate dis-
rupted metabolic activity in one study109 in contrast
with another report.110 Interestingly, female weight
gain is reduced during adolescent exposure to
CBD.111 In adult rats exposed to CBD during adoles-
cence (5 or 30 mg/kg, i.p.; PND 30–44), arousal, rapid
eye movements (REM), and slow sleep are disrupted
and NeuN expression increased in the suprachiasmatic
nucleus.112 Interestingly, similar alterations of REM,
wakefulness, and NeuN expression have been reported
in response to an adolescent exposed to a synthetic
cannabimetic.113

Multiple aspect of emotional regulation and cogni-
tion are sensitive to CBD exposure during puberty. In
late adolescence (PND 45), single administration of
CBD has antidepressant-like effects in unstressed
Swiss mice in the tail suspension and elevated plus
maze (EPM) tests.114 C57BL/6J mice of both sexes re-
peatedly exposed to CBD during adolescence showed
reduced anxiety in the EPM and improved learning
in a spatial memory task at PND 60.115 Social interac-
tion and freezing in response to contextual fear condi-
tioning were both augmented up to 30 days
postadolescent CBD treatment.111 While in adolescent

male rats, CBD ameliorates behavioral despair in the
forced-swim test, CBD does not modulate anxiety-
like behavior or sucrose preference in mice,112 suggest-
ing species differences.

In female rats, CBD attenuates some long-term be-
havioral alterations induced by adolescent THC expo-
sure and prolonged changes in prefrontal CB1R and
microglia activation. In addition, chronic administra-
tion of CBD-rich cannabis with a CBD:THC ratio anal-
ogous to that found commercially, negatively affects
cognition, results in anhedonia, and alters prefrontal
GABAergic neurotransmission when administered
during adolescence in female rats (PND 35–45116). In
mice, coadministration of CBD confers protection
against all THC-induced behavioral abnormalities in
adolescents, but unlike in rats, CBD alone has no be-
havioral effects.117

Although still rare and partly contradictory due to
species and treatment differences, the available evidence
suggests a complex situation. The fact that CBD in ado-
lescence affects multiple aspects of cognition in a sus-
tained manner prompts a cautious approach.

Overall, the data concerning cannabis exposure dur-
ing critical periods of development have highlighted
the labile and sensitive nature of neuronal program-
ming schema and the crucial role of the ECS in guiding
and modulating these processes. In this study, research
detailing the impact of exogenous cannabinoid expo-
sure at various stages of development have been de-
tailed and revealed a consistent theme: developmental
organization principles and functional outcomes, rang-
ing from synaptic plasticity to complex behaviors, are
profoundly impacted through cascading insult from
early-life exocannabinoid interference. Thus, develop-
mental windows wherein principal neuronal guidance
is affected or governed by the ECS, from early prenatal
life through adolescence and early adulthood, require
careful consideration with regard to exocannabinoid
exposure.

Concluding Remarks
Overall, the data concerning cannabis exposure during
critical periods of development have highlighted the la-
bile and sensitive nature of neuronal programming
schema and the crucial role of the ECS in guiding and
modulating these processes. In this study, research
detailing the impact of exogenous cannabinoid exposure
at various stages of development have been detailed and
revealed a consistent theme: developmental organiza-
tion principles and functional outcomes, ranging from
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synaptic plasticity to complex behaviors, are profoundly
impacted through cascading insult from early-life exo-
cannabinoid interference. Thus, developmental win-
dows wherein principal neuronal guidance is affected
or governed by the ECS, from early prenatal life through
adolescence and early adulthood, require careful consid-
eration with regard to exocannabinoid exposure.

Future Research Directions, Pressing Questions
One of the most pressing limitations related to our un-
derstanding of the effects of adolescent cannabis expo-
sure on vulnerable brain development periods is that
most of the extant literature examining these effects
have relied primarily on systemic injections of purified
THC extracts or synthetic cannabinoids. Given the pri-
mary route of cannabis consumption is through
smoked or vaped inhalation and/or edible formats,
this might raise concerns about potential differences
in cannabinoid metabolism, distribution, and pharma-
cokinetics between systemic versus inhaled/edible can-
nabinoid exposure routes and translational validity of
pre-clinical models.

Nevertheless, previous studies using direct compari-
sons between inhaled versus intravenous routes of
THC exposure have observed similar levels of THC
in both blood and brain,118,119 demonstrating the valid-
ity of systemic THC injection protocols to accurately
mimic THC exposure. Beyond the issue of administra-
tion route, cannabis is known to contain over 100 dis-
tinct phytochemical constituents. There is, therefore,
an urgent need to better understand how exposure to
combinations of cannabis-derived phytochemicals (in-
cluding the lesser cannabinoids such as cannabigerol,
cannabichromene, and the monoterpenes) might act
synergistically to increase neuropsychiatric risk.

In addition, while many studies reviewed in this ar-
ticle have examined the effects of direct THC exposure
during adolescent brain development on sequelae asso-
ciated with neuropsychiatric phenotypes, less is known
regarding how exposure to cannabinoids during ado-
lescence might interact with specific environmental
factors to increase disease risk or render the brain
more sensitized to exposure to environmental risk fac-
tors such as acute or chronic stressors.

Outstanding Questions

(1) How might long-term neuronal phenotypes asso-
ciated with adolescent THC exposure, such as hy-
peractive subcortical DA or cortical activity states,

increase brain vulnerability to subsequent envi-
ronmental stressors, consistent with a ‘‘two-hit’’
hypothesis of the etiology of disorders like schizo-
phrenia?

(2) Is the influence of endogenous and exogenous
cannabinoids in adolescence different than in
other periods of development? Does adolescent
cannabis change the course of the ‘‘endogenous
cannabinoid program’’ normally engaged across
the lifespan, including aging? How do these im-
pacts compare to gestational exocannabinoid ex-
posure and adulthood cannabinoid consumption?

(3) What are the functions and molecular mecha-
nisms of the endogenous cannabinoid system/
program in adolescence? Are they the same as
in early childhood and adulthood? What is the
role of puberty and sex in the onset of the
cannabinoid-sensitive period in adolescence?

(4) Is the timing and duration of the ‘‘adolescent
cannabinoid-sensitive period’’ aligned with that
of the adolescent sensitive period? What is the
role of sexual and individual differences in de-
termining the onset and duration of the ‘‘can-
nabinoid-sensitive period’’ during this time of
life?

(5) How do environmental influences such as infec-
tious and/or genetic diseases, stress, or drug
(legal and illegal) use impact the functions of
endocannabinoids in brain development in
humans?

(6) Are the effects of adolescent cannabis expo-
sure reversible? Can we exploit the adolescent
cannabinoid-sensitive period for remedial inter-
ventions? If so, what are the side effects of such
interventions? What are the ethical implications
of cognitive alteration through cannabinoid
modulation?
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31. Taylor M, Collin SM, Munafò MR, et al. Patterns of cannabis use during
adolescence and their association with harmful substance use behav-
iour: Findings from a UK birth cohort. J Epidemiol Community Health
2017;71(8):764–770.

32. Lafaye G, Karila L, Blecha L, et al. Cannabis, cannabinoids, and health.
Dialogues Clin Neurosci 2017;19(3):309–316.

33. Moulin V, Alameda L, Framorando D, et al. Early onset of cannabis use
and violent behavior in psychosis. Eur Psychiatry 2020;63(1):e78; doi:
10.1192/j.eurpsy.2020.71

34. Sideli L, Quigley H, La Cascia C, et al. Cannabis use and the risk for
psychosis and affective disorders. J Dual Diagn 2020;16:22–42.

35. Bagot KS, Milin R, Kaminer Y. Adolescent initiation of cannabis use and
early-onset psychosis. Subst Abus 2015;36:524–533.

36. Hurd YL, Manzoni OJ, Pletnikov MV, et al. Cannabis and the developing
brain: Insights into its long-lasting effects. J Neurosci 2019;39(42):8250–
8258.

37. Akinci IH, Tarter RE, Kirisci L. Concordance between verbal report and
urine screen of recent marijuana use in adolescents. Addict Behav 2001;
26(4):613–619.

38. Torrens A, Vozella V, Huff H, et al. Comparative pharmacokinetics of D9-
tetrahydrocannabinol in adolescent and adult male mice. J Pharmacol
Exp Ther 2020;374(1):151–160.

39. Tanda G, Munzar P, Goldberg SR. Self-administration behavior is main-
tained by the psychoactive ingredient of marijuana in squirrel monkeys.
Nat Neurosci 2000;3(11):1073–1074.

40. Ahmad T, Laviolette SR. Cannabinoid reward and aversion effects in the
posterior ventral tegmental area are mediated through dissociable
opiate receptor subtypes and separate amygdalar and accumbal do-
pamine receptor substrates. Psychopharmacology (Berl) 2017;234(15):
2325–2336.

41. Norris C, Szkudlarek HJ, Pereira B, et al. The bivalent rewarding and
aversive properties of D9-tetrahydrocannabinol are mediated through
dissociable opioid receptor substrates and neuronal modulation
mechanisms in distinct striatal sub-regions. Sci Rep 2019;9(1):9760; doi:
10.1038/s41598-019-46215-7

CANNABIS IN ADOLESCENCE 21

https://www.who.int/health-topics/adolescent-health#tab=tab_1
https://www.who.int/health-topics/adolescent-health#tab=tab_1
https://www.unodc.org/unodc/en/data-and-analysis/wdr2021.html
https://www.unodc.org/unodc/en/data-and-analysis/wdr2021.html
https://www.samhsa.gov/data/sites/default/files/reports/rpt35325/NSDUHFFRPDFWHTMLFiles2020/2020NSDUHFFR102121.htm
https://www.samhsa.gov/data/sites/default/files/reports/rpt35325/NSDUHFFRPDFWHTMLFiles2020/2020NSDUHFFR102121.htm
https://www.samhsa.gov/data/sites/default/files/reports/rpt35325/NSDUHFFRPDFWHTMLFiles2020/2020NSDUHFFR102121.htm


42. Draycott B, Loureiro M, Ahmad T, et al. Cannabinoid transmission in the
prefrontal cortex bi-phasically controls emotional memory formation via
functional interactions with the ventral tegmental area. J Neurosci 2014;
34(39):13096–13109.

43. McDonald R, Keeley R, Himmler S, et al. Chronic exposure to D9-
tetrahydrocannabinol in adolescence decreases social play behaviours.
F1000Res 2021;10:1191.

44. Rubino T, Vigano’ D, Realini N, et al. Chronic D9-tetrahydrocannabinol
during adolescence provokes sex-dependent changes in the emotional
profile in adult rats: Behavioral and biochemical correlates. Neuropsy-
chopharmacology 2008;33(11):2760–2771.

45. Renard J, Rosen LG, Loureiro M, et al. Adolescent cannabinoid exposure
induces a persistent sub-cortical hyper-dopaminergic state and associ-
ated molecular adaptations in the prefrontal cortex. Cereb Cortex 2017;
27(2):1297–1310.

46. Farinha-Ferreira M, Rei N, Fonseca-Gomes J, et al. Unexpected short- and
long-term effects of chronic adolescent HU-210 exposure on emotional
behavior. Neuropharmacology 2022;214:109155.

47. Gogulski HY, Craft RM. Adolescent THC exposure: Effects on pain-
related, exploratory, and consummatory behaviors in adult male vs. fe-
male rats. Psychopharmacology (Berl) 2022;239(5):1563–1578.

48. Manduca A, Servadio M, Melancia F, et al. Sex-specific behavioural def-
icits induced at early life by prenatal exposure to the cannabinoid re-
ceptor agonist WIN55, 212-2 depend on mGlu5 receptor signalling. Br J
Pharmacol 2020;177(2):449–463.

49. Talboom JS, Velazquez R, Oddo S. The mammalian target of rapamycin
at the crossroad between cognitive aging and Alzheimer’s disease. NPJ
Aging Mech Dis 2015;1:15008; doi: 10.1038/npjamd.2015.8

50. Renard J, Szkudlarek HJ, Kramar CP, et al. Adolescent THC exposure
causes enduring prefrontal cortical disruption of GABAergic inhibition
and dysregulation of sub-cortical dopamine function. Sci Rep 2017;7(1):
11420; doi: 10.1038/s41598-017-11645-8

51. Laviolette SR, Grace AA. Cannabinoids potentiate emotional learning
plasticity in neurons of the medial prefrontal cortex through basolateral
amygdala inputs. J Neurosci 2006;26(24):6458–6468.

52. Tan H, Lauzon NM, Bishop SF, et al. Integrated cannabinoid CB1 receptor
transmission within the amygdala-prefrontal cortical pathway modu-
lates neuronal plasticity and emotional memory encoding. Cereb Cortex
2010;20(6):1486–1496.

53. Curley AA, Arion D, Volk DW, et al. Cortical deficits of glutamic acid
decarboxylase 67 expression in schizophrenia: Clinical, protein, and cell
type-specific features. Am J Psychiatry 2011;168(9):921–929.

54. Woo TU, Whitehead RE, Melchitzky DS, et al. A subclass of prefrontal c-
aminobutyric acid axon terminals are selectively altered in schizophre-
nia. Proc Natl Acad Sci U S A 1998;95(9):5341–5346.

55. Gordon E. Integrative psychophysiology. Int J Psychophysiol 2001;42(2):
95–108.

56. Lee KH, Williams LM, Breakspear M, et al. Synchronous gamma activity: A
review and contribution to an integrative neuroscience model of
schizophrenia. Brain Res Brain Res Rev 2003;41:57–78.

57. De Gregorio D, Dean Conway J, Canul ML, et al. Effects of chronic ex-
posure to low-dose delta-9-tetrahydrocannabinol in adolescence and
adulthood on serotonin/norepinephrine neurotransmission and emo-
tional behavior. Int J Neuropsychopharmacol 2020;23(11):751–761.

58. Leishman E, Murphy MN, Murphy MI, et al. Broad and region-specific
impacts of the synthetic cannabinoid CP 55,940 in adolescent and adult
female mouse brains. Front Mol Neurosci 2018;11:436; doi:
10.3389/fnmol.2018.00436

59. Lovelace JW, Corches A, Vieira PA, et al. An animal model of female
adolescent cannabinoid exposure elicits a long-lasting deficit in pre-
synaptic long-term plasticity. Neuropharmacology 2015;99:242–255.

60. Silva L, Harte-Hargrove L, Izenwasser S, et al. Sex-specific alterations in
hippocampal cannabinoid 1 receptor expression following adolescent
delta-9-tetrahydrocannabinol treatment in the rat. Neurosci Lett 2015;
602:89–94.

61. Marco EM, Rubino T, Adriani W, et al. Long-term consequences of
URB597 administration during adolescence on cannabinoid CB1 re-
ceptor binding in brain areas. Brain Res 2009;1257:25–31.

62. de Fonseca FR, Gorriti MA, Fernández-Ruiz JJ, et al. Downregulation of
rat brain cannabinoid binding sites after chronic D9-
tetrahydrocannabinol treatment. Pharmacol Biochem Behav 1994;47(1):
33–40.

63. de Fonseca FR, Ramos JA, Bonnin A, et al. Presence of cannabinoid
binding sites in the brain from early postnatal ages. Neuroreport 1993;
4(2):135–138.

64. Verdurand M, Nguyen V, Stark D, et al. Comparison of cannabinoid CB 1
receptor binding in adolescent and adult rats: A positron emission to-
mography study using [18 F]MK-9470. Int J Mol Imaging 2011;2011:1–11.

65. Wenger T, Ledent C, Csernus V, et al. The central cannabinoid receptor
inactivation suppresses endocrine reproductive functions. Biochem
Biophys Res Commun 2001;284(2):363–368.

66. Ellgren M, Artmann A, Tkalych O, et al. Dynamic changes of the endog-
enous cannabinoid and opioid mesocorticolimbic systems during ado-
lescence: THC effects. Eur Neuropsychopharmacol 2008;18(11):826–834.

67. Heng L, Beverley JA, Steiner H, et al. Differential developmental trajec-
tories for CB1 cannabinoid receptor expression in limbic/associative and
sensorimotor cortical areas. Synapse 2011;65(4):278–286.

68. Lee TTY, Gorzalka BB. Timing is everything: Evidence for a role of cortico-
limbic endocannabinoids in modulating hypothalamic-pituitary-adrenal
axis activity across developmental periods. Neuroscience 2012;204:17–30.

69. Rubino T, Parolaro D. Sex-dependent vulnerability to cannabis abuse in
adolescence. Front Psychiatry 2015;6:56; doi: 10.3389/fpsyt.2015.00056

70. Baratta MV, Gruene TM, Dolzani SD, et al. Controllable stress elicits
circuit-specific patterns of prefrontal plasticity in males, but not females.
Brain Struct Funct 2019;224(5):1831–1843.

71. Jung CKE, Herms J. Structural dynamics of dendritic spines are influ-
enced by an environmental enrichment: An in vivo imaging study.
Cereb Cortex 2014;24(2):377–384.

72. Meruelo AD, Castro N, Cota CI, et al. Cannabis and alcohol use, and the
developing brain. Behav Brain Res 2017;325:44–50.

73. Gaffuri AL, Ladarre D, Lenkei Z. Type-1 cannabinoid receptor signaling in
neuronal development. Pharmacology 2012;90:19–39.

74. Kolb B, Gorny G, Limebeer CL, et al. Chronic treatment with D-9-
tetrahydrocannabinol alters the structure of neurons in the nucleus
accumbens shell and medial prefrontal cortex of rats. Synapse 2006;
60(6):429–436.

75. Rubino T, Realini N, Braida D, et al. Changes in hippocampal morphology
and neuroplasticity induced by adolescent THC treatment are associated
with cognitive impairment in adulthood. Hippocampus 2009;19(8):763–772.

76. Renard J, Vitalis T, Rame M, et al. Chronic cannabinoid exposure during
adolescence leads to long-term structural and functional changes in the
prefrontal cortex. Eur Neuropsychopharmacol 2016;26(1):55–64.

77. Zamberletti E, Gabaglio M, Grilli M, et al. Long-term hippocampal glu-
tamate synapse and astrocyte dysfunctions underlying the altered
phenotype induced by adolescent THC treatment in male rats. Phar-
macol Res 2016;111:459–470.

78. Quinn HR, Matsumoto I, Callaghan PD, et al. Adolescent rats find re-
peated D9-THC less aversive than adult rats but display greater residual
cognitive deficits and changes in hippocampal protein expression fol-
lowing exposure. Neuropsychopharmacology 2008;33(5):1113–1126.

79. Pickel VM, Bourie F, Chan J, et al. Chronic adolescent exposure to D9-
tetrahydrocannabinol decreases NMDA current and extrasynaptic plas-
malemmal density of NMDA GluN1 subunits in the prelimbic cortex of
adult male mice. Neuropsychopharmacology 2020;45(2):374–383.

80. Garcia-Mompo C, Curto Y, Carceller H, et al. D-9-Tetrahydrocannabinol
treatment during adolescence and alterations in the inhibitory networks
of the adult prefrontal cortex in mice subjected to perinatal NMDA re-
ceptor antagonist injection and to postweaning social isolation. Transl
Psychiatry 2020;10(1):1–13.

81. Garzón M, Chan J, Mackie K, et al. Prefrontal cortical distribution of
muscarinic M2 and cannabinoid-1 (CB1) receptors in adult male mice
with or without chronic adolescent exposure to D9-tetrahydrocannabinol.
Cereb Cortex 2022 [Epub ahead of print]; doi: 10.1093/cercor/bhac024

82. Miller ML, Chadwick B, Dickstein DL, et al. Adolescent exposure to D 9 -tet-
rahydrocannabinol alters the transcriptional trajectory and dendritic archi-
tecture of prefrontal pyramidal neurons. Mol Psychiatry 2019;24(4):588–600.

83. Carvalho AF, Reyes BAS, Ramalhosa F, et al. Repeated administration of a
synthetic cannabinoid receptor agonist differentially affects cortical and
accumbal neuronal morphology in adolescent and adult rats. Brain
Struct Funct 2016;221(1):407–419.

84. Manduca A, Bara A, Larrieu T, et al. Amplification of mGlu5-
endocannabinoid signaling rescues behavioral and synaptic deficits in a
mouse model of adolescent and adult dietary polyunsaturated fatty acid
imbalance. J Neurosci 2017;37(29):6851–6868.

22 SCHEYER ET AL.



85. Robbe D, Kopf M, Remaury A, et al. Endogenous cannabinoids mediate
long-term synaptic depression in the nucleus accumbens. Proc Natl
Acad Sci U S A 2002;99(12):8384–8388.

86. Gerdeman GL, Ronesi J, Lovinger DM. Postsynaptic endocannabinoid
release is critical to long-term depression in the striatum. Nat Neurosci
2002;5(5):446–451.

87. Mato S, Robbe D, Puente N, et al. Presynaptic homeostatic plasticity
rescues long-term depression after chronic delta 9-
tetrahydrocannabinol exposure. J Neurosci 2005;25(50):11619–11627.

88. Mato S, Chevaleyre V, Robbe D, et al. A single in-vivo exposure to delta
9THC blocks endocannabinoid-mediated synaptic plasticity. Nat Neu-
rosci 2004;7(6):585–586.

89. Cass DK, Flores-Barrera E, Thomases DR, et al. CB1 cannabinoid receptor
stimulation during adolescence impairs the maturation of GABA function
in the adult rat prefrontal cortex. Mol Psychiatry 2014;19(5):536–543.

90. Abush H, Akirav I. Short- and long-term cognitive effects of chronic
cannabinoids administration in late-adolescence rats. PLoS One 2012;
7(2):e31731.

91. Raver SM, Keller A. Permanent suppression of cortical oscillations in
mice after adolescent exposure to cannabinoids: Receptor mechanisms.
Neuropharmacology 2014;86:161–173.

92. Iemolo A, Montilla-Perez P, Nguyen J, et al. Reelin deficiency contributes
to long-term behavioral abnormalities induced by chronic adolescent
exposure to D9-tetrahydrocannabinol in mice. Neuropharmacology
2021;187:108495.

93. Juda Silva-Hurtado TT, Giua G, Lassalle O, et al. Cannabinoid during
adolescence phenocopies reelin haploinsufficiency in prefrontal cortex
synapses. bioRxiv 2021;2021.12.22.473793.

94. Iafrati J, Orejarena MJ, Lassalle O, et al. Reelin, an extracellular matrix
protein linked to early onset psychiatric diseases, drives postnatal de-
velopment of the prefrontal cortex via GluN2B-NMDARs and the mTOR
pathway. Mol Psychiatry 2014;19(4):417–426.

95. Dunn AL, Michie PT, Hodgson DM, et al. Adolescent cannabinoid expo-
sure interacts with other risk factors in schizophrenia: A review of the
evidence from animal models. Neurosci Biobehav Rev 2020;116:202–220.

96. Realini N, Vigano’ D, Guidali C, et al. Chronic URB597 treatment at adulthood
reverted most depressive-like symptoms induced by adolescent exposure
to THC in female rats. Neuropharmacology 2011;60(2–3):235–243.

97. Kasanetz F, Lafourcade M, Deroche-Gamonet V, et al. Prefrontal synaptic
markers of cocaine addiction-like behavior in rats. Mol Psychiatry 2013;
18(6):729–737.

98. Cuccurazzu B, Zamberletti E, Nazzaro C, et al. Adult cellular neuroa-
daptations induced by adolescent THC exposure in female rats are
rescued by enhancing anandamide signaling. Int J Neuropsychophar-
macol 2018;21(11):1014–1024.

99. Bosch-Bouju C, Larrieu T, Linders L, et al. Endocannabinoid-mediated
plasticity in nucleus accumbens controls vulnerability to anxiety after
social defeat stress. Cell Rep 2016;16(5):1237–1242.

100. Jung KM, Sepers M, Henstridge CM, et al. Uncoupling of the endocan-
nabinoid signalling complex in a mouse model of fragile X syndrome.
Nat Commun 2012;3:1080.

101. Friend L, Weed J, Sandoval P, et al. CB1-dependent long-term depres-
sion in ventral tegmental area GABA neurons: A novel target for mari-
juana. J Neurosci 2017;37(45):10943–10954.
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Abbreviations Used
2-AG¼ 2-arachidonoylglycerol
CBD¼ cannabidiol
ECS¼ eCB system

EPM¼ elevated plus maze
INSERM¼ Institut National de la Santé et de la Recherche Médicale

i.p.¼ intraperitoneal
LTD¼ long-term depression
LTP¼ long-term potentiation

M2R¼muscarinic-2 receptors
mGluR2/3¼metabotropic glutamate receptors 2/3

NAc¼ nucleus accumbens
PFC¼ prefrontal cortex

PND¼ postnatal days
REM¼ rapid eye movements
THC¼ tetrahydrocannabinol
VTA¼ ventral tegmental area
WIN¼WIN55,212-2
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