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The recent shift in sociopolitical debates and growing liberalization of cannabis use across the globe has raised concern regarding its
impact on vulnerable populations, such as pregnant women and adolescents. Epidemiological studies have long demonstrated a rela-
tionship between developmental cannabis exposure and later mental health symptoms. This relationship is especially strong in people
with particular genetic polymorphisms, suggesting that cannabis use interacts with genotype to increase mental health risk. Seminal
animal research directly linked prenatal and adolescent exposure to delta-9-tetrahydrocannabinol, the major psychoactive component of
cannabis, with protracted effects on adult neural systems relevant to psychiatric and substance use disorders. In this article, we discuss
some recent advances in understanding the long-term molecular, epigenetic, electrophysiological, and behavioral consequences of
prenatal, perinatal, and adolescent exposure to cannabis/delta-9-tetrahydrocannabinol. Insights are provided from both animal and
human studies, including in vivo neuroimaging strategies.
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Introduction
The legalization and decriminalization of cannabis are rapidly
expanding worldwide; this has important societal and medical
implications in relation to the developing brain. Cannabis is fre-
quently used by pregnant women (Ebrahim and Gfroerer, 2003;
Brown et al., 2017; Young-Wolff et al., 2017; Agrawal et al., 2019),
due to its anecdotal use as a treatment for morning sickness and
its widespread acceptance as a harmless drug (Dickson et al.,
2018). Moreover, nursing mothers often use cannabis without
realizing that delta-9-tetrahydrocannabinol (THC; the psychoac-
tive cannabinoid) is transferred into breast milk and therefore
poses risks to infants (Baker et al., 2018). Indeed, exposure to
cannabis during critical windows of neurodevelopment has the

potential to alter the endogenous cannabinoid (endocannabi-
noid [eCB]) system that is critical for hardwiring the developing
brain (Harkany et al., 2007; Wu et al., 2011; Torii et al., 2017).
This can predispose children to psychiatric disorders, many of
which have a developmental etiology. Such risks are not limited
to the prenatal and perinatal periods: the onset of cannabis use
normally occurs during adolescence, a period of continued brain
maturation. Epidemiological data also suggest a greater fre-
quency of use during the adolescent period is associated with
psychiatric and substance use vulnerability (Silins et al., 2014;
Leadbeater et al., 2019).

An important aspect of the developmental effects of cannabis
is that cannabinoid 1 receptors (CB1Rs), which mediate the ac-
tions of THC, are predominantly expressed in mesocorticolimbic
brain structures during prenatal development as compared to wide
expression in the adult brain (Wang et al., 2004, 2006). CB1Rs are
targeted by endocannabinoid (eCB) ligands, anandamide (AEA)
and 2-arachidonoylglycerol (2-AG), which are synthesized by
N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D
(NAPE-PLD) and sn-1-specific diacylglycerol lipase-� (DGL�)
or DGL� and are metabolized by fatty acid amide hydrolase 1
(FAAH) and monoacylglycerol lipase (MGL), respectively
(Mechoulam et al., 2014). The eCB ligands have been shown to be
synthesized “on demand” in the postsynaptic terminal and trans-
ferred in a retrograde manner across the synaptic cleft to directly
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Recherche to O.J.M.; National Institutes of Health, National Institute of Drug Abuse DA030359 to Y.L.H., DA044925 to
M.M., DA043982 to O.J.M., DA046196 to O.J.M., and DA041208 to M.V.P.; National Institutes of Health, National
Institute of Mental Health MH094268 and MH083728 to M.V.P.; National Institutes of Health NS052819 to F.S.L.;
National Institute for Health Research 16/126/53 to S.B.; Medical Research Council to S.B.; National Institutes of
Health, Mental Health Biomedical Research Centre at South London, and Maudsley National Health Service Foun-
dation Trust and King’s College London to S.B.

The authors declare no competing financial interests.
Correspondence should be addressed to Yasmin L. Hurd at Yasmin.hurd@mssm.edu or Miriam Melis at

myriam@unica.it.
https://doi.org/10.1523/JNEUROSCI.1165-19.2019

Copyright © 2019 the authors

8250 • The Journal of Neuroscience, October 16, 2019 • 39(42):8250 – 8258

mailto:Yasmin.hurd@mssm.edu
mailto:myriam@unica.it


bind to CB1R at presynaptic terminal where they play a critical
role in regulating neurotransmitter release and synaptic plasticity
(Katona and Freund, 2008). CB1Rs are expressed at glutamater-
gic, GABAergic, and dopaminergic terminals, which are highly
implicated in various addiction and psychiatric disorders. How-
ever, the eCB ligands are also critical for neurodevelopment pro-
gramming, contributing to, for example, cell fate determination,
neuronal proliferation and migration, neurite outgrowth, and
synaptogenesis (Keimpema et al., 2013; Maccarrone et al., 2014).
Therefore, the direct and indirect regulation of the eCB system by
exposure to cannabinoids during development can have impor-
tant effects on brain and behavior later in life.

The following sections highlight some of our collective re-
search in humans and other animals that, together with yet
unpublished data, provide insight about specific molecular, epi-
genetic, neurophysiological, and neural circuits affected by expo-
sure to cannabis and THC during different developmental stages:
in utero, nursing, and adolescence. We particularly focus on ef-
fects on adult brain and behavior relevant to psychiatric risk.

Maternal THC biases offspring dopamine system toward
behavioral metaplasticity
Maternal cannabis use likely affects fetal development of numer-
ous circuits, but effects on the mesocorticolimbic system may
have particularly strong impacts on future psychiatric health of
the offspring. The functioning of this system is regulated by do-
pamine, a neurotransmitter highly implicated in various psychi-
atric and substance use disorders, and its receptors are involved
in developmental differentiation and circuit formation of the
forebrain (Frederick and Stanwood, 2009; Conio et al., 2019).
Human fetal studies have documented alterations in dopamine
D2 receptor (DRD2) gene expression in mesocorticolimbic brain
structures after in utero cannabis exposure (Wang et al., 2004,
2006). Animal models have substantiated dopamine receptor al-
terations in forebrain regions similar to those observed in hu-
mans (Jutras-Aswad et al., 2009; DiNieri et al., 2011; Morris et al.,
2011; Szutorisz and Hurd, 2018) (Fig. 1). These brain regions play
key roles in motivation, emotional regulation, reward, and cog-
nition. Therefore, cannabis-induced perturbation of the dopami-
nergic system during early development may influence the onset
and trajectory of psychiatric disorders (Shrivastava et al., 2014;
Bolhuis et al., 2018; Fine et al., 2019).

In contrast to forebrain alterations,
limited information is known about the
effects of maternal cannabis/THC expo-
sure on the ventral tegmental area (VTA)
from which mesocorticolimbic dopamine
forebrain projections arise. But Fernandez-
Ruiz et al. (1998) hypothesized that
cannabis exposure during perinatal de-
velopment might confer permanent
changes in the function of dopaminergic
neurons, making individuals more sus-
ceptible to the effects of dopaminergic
drugs in adulthood. Recent evidence has
verified that juvenile male rats exposed in
utero to THC exhibit increased spontane-
ous activity of dopamine neurons. In
addition, in utero THC-exposed rats man-
ifest an imbalance in the ratio between ex-
citatory and inhibitory inputs (E/I ratio)
onto dopamine neurons, which might
contribute to the enhanced excitability

(Frau et al., 2019). The latter might be secondary to changes in
eCB signaling: indeed, inhibitory afferents impinging upon do-
pamine neuron dendrites undergo adaptive changes in CB1R
function (Frau et al., 2019). Particularly, THC exposure in utero
also induces a marked change in the presynaptic nanoarchitec-
ture of the active zone at inhibitory synapses onto dopamine
neurons, which might increase molecular crowding at vesicle re-
lease sites and limit GABA diffusion into the synaptic cleft
(Glebov et al., 2017), thus contributing to the observed reduced
probability of GABA release on dopamine neurons. Indeed,
nanoscale superresolution data indicate that the ratio of the pre-
synaptic CB1R and their molecular effectors is shifted in THC-
exposed male offspring, thereby contributing to an increased
effect of cannabinoids on the probability of GABA release (Frau
et al., 2019). These phenomena might account for the E/I ratio
imbalance and might depend upon homeostatic regulation of
eCB signaling (i.e., prior, tonic, and persistent engagement of the
different molecular components of eCB signaling) (Melis et al.,
2014) through which the VTA circuit maladaptively changes. Ab-
errant behavior related to maladaptive alterations of VTA dopa-
mine system function subsequent to in utero THC are manifest in
male, but not female, rats as an increased locomotor activity (a
sign of psychomotor agitation) and deficits in sensorimotor gat-
ing function upon a challenge with THC (Frau et al., 2019).

The results described above suggest that in utero THC expo-
sure increases the general responsiveness of the mesolimbic
dopamine system. A hyperdopaminergic phenotype is also sug-
gested by decreased Drd2 expression in VTA targets. This occurs
through epigenetic mechanisms in the amygdala, nucleus accum-
bens (Wang et al., 2004), and ventral striatum (DiNieri et al.,
2011) of humans exposed to cannabis in utero. Accordingly, sen-
sitized responses in extracellular dopamine levels in nucleus ac-
cumbens (shell subregion), a region central to reward, occur in
response to a single exposure to THC in male rat offspring that
were exposed to THC prenatally (Frau et al., 2019). These en-
hanced THC-induced increases in dopamine levels might result
from maladaptive changes in the response of VTA dopamine
neurons to THC (Frau et al., 2019) and/or from deficits in the
homeostatic control of synaptic plasticity by eCB signaling in the
nucleus accumbens (Mato et al., 2004). Given the important
role played by dopamine D2 receptors and the eCB system in
vulnerability to substance use disorders, such changes might con-

Protracted impact
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Behavior

Figure 1. Cannabis exposure during prenatal, perinatal, and adolescent periods of development exerts protracted effects on
adult neural processes that underlie behaviors relevant to psychiatric vulnerability. Modified with permission from Szutorisz and
Hurd (2018).
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tribute to the observation that children/adolescents exposed to
THC in the pre/perinatal period are vulnerable to substance use
later in life (Porath and Fried, 2005; Day et al., 2006; Sonon et al.,
2015). Accordingly, prenatal THC exposure enhances heroin-
seeking profiles in adult rat offspring (Spano et al., 2007) and
alters the expression of CB1R, dopamine, and glutamate receptor
genes in the striatum, resulting in impaired striatal synaptic plas-
ticity (Tortoriello et al., 2014).

Cannabinoid exposure during pregnancy or lactation
disrupts the developmental trajectory and cognitive and
synaptic function in adult offspring
Longitudinal studies have documented that people exposed peri-
natally to cannabis have cognitive impairments and deficits in
executive functions as adults (Fried and Watkinson, 1990; Day et
al., 1994; Fried and Smith, 2001; Smith et al., 2004, 2006). Con-
sistent with this, a wide range of behavioral deficits are evident
during adolescence and adulthood in rats exposed to cannabi-
noids during prenatal or perinatal periods (Mereu et al., 2003;
Antonelli et al., 2005; O’Shea et al., 2006; Campolongo et al.,
2007; Silva et al., 2012). Many of these cognitive deficits are asso-
ciated with alterations in hippocampal and cortical excitatory
neurotransmission (Mereu et al., 2003; Antonelli et al., 2004;
Campolongo et al., 2007; Castaldo et al., 2007, 2010; Ferraro et al.,
2009).

In addition to deficits in executive function, animal models of
perinatal cannabinoid exposure (PCE; here, reflecting both pre-
natal and early postnatal exposure) also affects emotional behav-
iors in rodents. For example, in rats exposed perinatally to
cannabinoids, ultrasonic vocalizations are modified in early life
(Antonelli et al., 2005; Trezza et al., 2008). At later ages (adoles-
cent and adult), both rats and mice exposed to cannabinoids
perinatally show specific deficits in sociobehavioral repertoire
(O’Shea et al., 2006; Trezza et al., 2008; Vargish et al., 2017; Bara
et al., 2018). Notably, perinatal cannabinoid exposure affects the
social repertoire of offspring in a sex-dependent manner: adult
male but not female rats exhibit social deficits.

The long-term effects of perinatal cannabinoid exposure
might stem from abnormal development of the prefrontal cortex,
which mediates cognitive function. The eCB system is a key me-
diator for the proper maturation of the PFC (Harkany et al., 2007;
Wu et al., 2011; Dow-Edwards and Silva, 2017), a cognitive hub
whose neurodevelopmental perturbation has been linked to sig-
nificant long-term behavioral deficits (Goldstein and Volkow,
2011; Schubert et al., 2015; Scheyer et al., 2019). In male PCE
offspring, eCB-mediated long-term depression (LTD) in the PFC
is disrupted and PFC pyramidal neurons’ excitability is height-
ened (Bara et al., 2018). Interestingly, eCB-LTD is preserved in
the nucleus accumbens in both sexes, indicating a particular sen-
sitivity of the PFC to prenatal cannabis insult. Despite sexually
divergent outcomes, expression levels of key components of the
eCB system are altered in both sexes. Specifically, mRNA levels of
the perisynaptic mGlu5 glutamate receptor are decreased in male
and female offspring. In female progeny, however, mRNA ex-
pression of TRPV1, a synaptic receptor activated by the eCB li-
gand AEA, and DAGL-�, the synthetizing enzyme of 2-AG, is
decreased. Confirming the importance of the eCB system in syn-
aptic and behavioral dysregulation in relation to PCE, positive
allosteric modulation of mGlu5 receptors and pharmacological
enhancement of AEA levels restore LTD and social interaction in
cannabis-exposed males while having no effects in normal ani-
mals (Bara et al., 2018). These findings bolster previous results
indicating sexual divergence in the long-term functional and be-

havioral consequences of PCE (e.g., drug self-administration)
(Vela et al., 1998; B. González et al., 2003; Economidou et al.,
2007; Spano et al., 2007).

Breastfeeding significantly prolongs the potential period of
direct transfer of cannabinoids consumed by the mother to the
developing offspring during critical stages of neurodevelopment.
In rodents, the first 10 postnatal days are equivalent to the third
trimester of human pregnancy (Spear and File, 1996). Thus, the
transfer of cannabinoids to the developing offspring through
breast milk during the preweaning period serves as a model of
both lactation-mediated cannabis transfer and cannabinoid ex-
posure during late-gestation neurodevelopment in humans.

Cannabinoid exposure impacts multiple transmitter systems
that play important roles during development, including GABAergic
transmission. Whereas GABA is the primary inhibitory neu-
rotransmitter in the adult brain, GABAergic transmission is ex-
citatory during early development. GABA switches from being
excitatory to inhibitory during the postnatal period as a result of
reciprocal changes in expression of the K�/Cl� cotransporters
KCC2 and NKCC1. The timing of this shift is a decisive moment
in the neurodevelopmental trajectory, and perturbations during
this critical period are linked with numerous disorders (Kaila et
al., 2014). Exposure to THC or a synthetic cannabinoid during
early lactation (postnatal day 1–10) has recently been shown to
retard transcriptional upregulation and expression of KCC2 in
the PFC, thereby delaying the GABA switch in pups of both sexes
via a CB1R-dependent mechanism (Scheyer et al., 2019). The
perturbed trajectory was corrected by the NKCC1 antagonist bu-
metanide and accompanied by alterations in ultrasonic vocaliza-
tion. These results indicate that the developmental trajectory of
GABA in PFC neurons is significantly altered by perinatal lacta-
tion exposure to cannabinoids that can impact emotional behav-
ior of the offspring. Thus, while it is challenging to distinguish the
effects of in utero exposure from those of breastmilk exposure in
most human developmental studies, the results from animal
studies provide evidence that even lactation cannabinoid expo-
sure impacts brain and behavioral outcomes later in life.

Role of the endocannabinoid anandamide on adolescent
brain development and vulnerability to drug addiction
In addition to the prenatal and perinatal periods, adolescence is
also a critical neurodevelopmental period characterized by dy-
namic changes in the mesolimbic dopamine pathway (Gee et al.,
2018) that is fine-tuned by the eCB system (Parsons and Hurd,
2015) to regulate reward-associated behaviors (Solinas et al.,
2007). The eCB system reaches peak expression and activity
throughout the brain during adolescence (Meyer et al., 2018).
This positions the eCB system as a key modulator of adolescent
developmental processes involving the mesolimbic reward cir-
cuitry and vulnerability to drug addiction (Hurd et al., 2014). Use
of cannabis during this period can therefore disrupt normal de-
velopment, and thus increase vulnerability to drug addiction.

Contributing to the heightened activity of the eCB system
during adolescence are peaks in expression of both CB1R and the
eCB ligand AEA. AEA activity appears to represent a tonic signal
that gates and maintains steady-state (homeostatic) conditions
(Hill and Tasker, 2012). In rodents, the highest expression of
CB1R is observed at the onset of adolescence, particularly in PFC
and striatum, with a subsequent decline approaching adulthood
(Rodríguez de Fonseca et al., 1993; Berrendero et al., 1998; Ell-
gren et al., 2008; Heng et al., 2011). AEA levels in the nucleus
accumbens and striatum appear to exhibit unique developmental
trajectories, gradually increasing during early life and fluctuating
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during adolescence (Ellgren et al., 2008). The levels of the eCB
AEA are tightly regulated by the catabolic enzyme FAAH, which
is highly expressed in brain regions implicated in reward and
addiction and exerts widespread modulatory influences on
molecular and behavioral responses to drugs of abuse (Par-
sons and Hurd, 2015). In rodents, complementary changes in
FAAH activity occur during adolescence, which may contrib-
ute to the observed fluctuations in AEA levels during this time
period (Lee and Hill, 2013).

In humans, a common single nucleotide polymorphism
(SNP) in the FAAH gene (C385A; rs324420), carried by 38% of
individuals of European descent (Genomes Project Consortium
et al., 2012), results in the substitution of a proline at position 129
with a threonine residue, which in turn renders the FAAH pro-
tein more vulnerable to proteolytic degradation and thus results
in increased AEA levels (Chiang et al., 2004). In addition, humans
carrying this FAAH SNP display enhanced functional connectiv-
ity between PFC and amygdala, as well as changes in fear-related
behaviors compared with humans without the SNP. This differ-
ence emerges during adolescence (Dincheva et al., 2015; Gee et
al., 2016). Human studies demonstrate that, compared with in-
dividuals without the SNP, FAAH C385A carriers also display
increased striatal activity and increased impulsivity during a re-
ward behavioral task (Hariri et al., 2009), an endophenotype as-
sociated with addiction disorders. Moreover, many studies have
also linked this FAAH SNP to problem drug use (Chiang et al.,
2004; López-Moreno et al., 2012; Parsons and Hurd, 2015). Al-
though this SNP has been associated with increased likelihood to
try cannabis (Tyndale et al., 2007), the influence on the progres-
sion to cannabis dependence remains unclear because of incon-
clusive results (Parsons and Hurd, 2015).

Recently, the Lee group has developed a knock-in mouse that
biologically recapitulates the FAAH C385A polymorphism and is
thus characterized by decreased brain levels of FAAH protein and
increased levels of AEA (Dincheva et al., 2015). Furthermore, like
humans carrying the FAAH C385A SNP, these mice display en-
hanced functional connectivity between PFC and amygdala and
changes in fear-related behaviors compared with WT mice
(Dincheva et al., 2015; Gee et al., 2016). FAAH SNP mice also
exhibit greater alcohol intake (Zhou et al., 2016); however, the
contribution of this FAAH SNP to other types of addiction, such
as cannabis dependence, remains unknown. In ongoing inves-
tigations, this humanized eCB SNP mouse model is being used
to determine whether genetic variation in FAAH can alter the
structure and function of reward pathways during adolescence
and in relation to THC exposure. In addition, the effect of
altered mesolimbic circuit activity on THC reward-related be-
haviors is being examined. These animal studies will allow
causal and mechanistic studies to determine the contribution of the
gene–environment relationship to cannabis sensitivity on discrete
neural systems and behavior relevant to the human condition.

Cell type-specific mechanisms of genetic vulnerability to
adverse cognitive effects of adolescent cannabis exposure
As noted above, cannabis use during adolescence has been con-
sidered a significant environmental factor that might contribute
to the development of psychotic disorders and cognitive impair-
ment (Saito et al., 2013). However, as with other environmental
adversities, such as infection or social stress, epidemiological data
for cannabis are inconclusive, as not all teenagers who smoked
cannabis go on to manifest psychoses or exhibit cognitive dys-
function. Individual vulnerability to adolescent cannabis expo-

sure might explain heterogeneity of behavioral and cognitive
outcomes in different people. Unfortunately, little is known
about the mechanisms of individual susceptibility to adverse ef-
fects of cannabis, the so-called gene– environment interaction.
Because the molecular mechanisms of gene– environment inter-
actions might differ across cell types, recent studies have begun to
identify molecular cascades activated by an environmental stim-
ulus in a cell type-specific manner.

The expression of the CNR1 gene in different brain cells sug-
gests that effects of THC might initiate diverse cell type-specific
responses and variable behavioral effects. Indeed, a critical role of
CNR1 in astrocytes in mediating cognitive effects of THC has
been reported (Han et al., 2012). THC stimulation of astrocyte
CNR1 activates inflammatory signaling, glutamate release, ab-
normal neuronal activities, and poor memory (Chen et al., 2013).
These findings indicate that genetic risk factors associated with
major psychiatric disorders might differentially influence the
cognitive effects of THC depending on whether genetic variants
are expressed in astrocytes or neurons. Indeed, such an effect
was shown for a rare, highly penetrant mutation, a dominant-
negative form of Disrupted in Schizophrenia 1 (DN-DISC1)
(Ballinger et al., 2015; Jouroukhin et al., 2018).

Mutation of the DISC1 gene, initially identified in a Scottish
family, is produced by a chromosomal abnormality that leads to
the protein being truncated. The mutation was associated with
several major psychiatric disorders in the family (Millar et al.,
2000). Although the DISC1 locus did not meet significance in
recent genomewide association studies (Schizophrenia Working
Group of the Psychiatric Genomics, 2014), rare mutations of
large effect can contribute to behavioral and cognitive abnormal-
ities (Farrell et al., 2015) and can have important roles in
mechanistic studies (Geschwind and Flint, 2015). Therefore,
DN-DISC1 was selectively expressed in astrocytes or neurons of
mice exposed to adolescent THC to determine putative cell-type
specific mechanisms of gene– environment interactions that
shape individual vulnerability to adverse cognitive effects of can-
nabis. The results demonstrated that perturbation of expression
of Disc1 in astrocytes, but not neurons, exacerbated the effects of
adolescent THC exposure on recognition memory assessed in
adult mice. The findings further suggested that DN-DISC1 and
THC converged and caused synergistic activation of the NF-�B-
COX-2 pathway in astrocytes. Activation of this proinflamma-
tory pathway leads to secretion of glutamate by astrocytes and
dysfunction of GABAergic neurons in the hippocampus (Jour-
oukhin et al., 2018). The neuronal and synaptic changes can at
least in part explain deficient recognition memory observed in
DN-DISC1 mice after adolescent THC. Critically, in contrast to
mice that express DN-DISC1 in astrocytes, mice that expressed
DN-DISC1 in forebrain neurons and received THC did not dem-
onstrate altered recognition memory but exhibited attenuated
fear conditioning (Ballinger et al., 2015). These cell type-specific
cognitive outcomes suggest that expression of the same risk factor
in different brain cells leads to differential neurobehavioral alter-
ations in mice treated with THC.

Importantly, it was possible to prevent the development of
cognitive impairments in DN-DISC1 mice by blocking activation
of the proinflammatory pathway identified as a convergent target
in this model. These findings demonstrate that astrocyte genetic
risk factors can exacerbate cognitive effects of adolescent canna-
bis use and indicate a putative target for preventive treatment
(Jouroukhin et al., 2018).
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Neurodevelopmental THC impacts the epigenetic landscape
relevant to psychiatric vulnerability
As previously mentioned, the PFC continues to develop through-
out adolescence and dynamic fluctuations in components of the
eCB system occur throughout adolescent development (Ellgren
et al., 2008; Heng et al., 2011; Lee et al., 2013). The critical role of
the eCB system in neuronal development and synaptic plasticity
(Mackie, 2008) suggests that this eCB-controlled regulation
relates to the fine-tuning of PFC circuits established during
adolescence.

The prelimbic subregion of the rodent ventromedial PFC me-
diates cognitive function, decision-making, and emotional regu-
lation, making it a central component of mesolimbic and cortical
circuitries (Hempel et al., 2000; Zhang, 2004; Hoover and Vertes,
2007; MacAskill et al., 2012). Disruption of these circuits is im-
plicated in the etiology of multiple psychiatric illnesses in hu-
mans. Pyramidal neurons in the prelimbic area, particularly in
layer III (Bourgeois et al., 1994), exhibit the most pronounced
developmental pruning and the highest rate of spine turnover of
PFC subdivisions during adolescence (Pattwell et al., 2016). Re-
search has shown that THC exposure during adolescence in male
rats disrupts normal cortical development with structural re-
modeling of prelimbic pyramidal neurons reflected in the prema-
ture pruning of spines and protracted atrophy of distal apical
trees (Miller et al., 2019). These findings suggest that adolescent
THC exposure reduces the complexity of pyramidal neurons,
which might prematurely attenuate the capacity for plasticity in
neural circuits central for normal adult behavior. Similar findings
were observed in adult female rats: adolescent THC exposure
resulted in premature pruning in the PFC as well as impairment
of eCB-mediated LTD associated with altered synaptic markers
(Rubino et al., 2015). The alterations included glutamatergic re-
ceptor remodeling, resulting in a less functional adult PFC that
was also accompanied by reduced spatial working memory.

The long-term impact of prenatal and adolescent THC expo-
sure on adult brain and behavior strongly suggests a contribution
of epigenetic processes. These processes modulate gene expres-
sion without altering the genetic code and are critical aspects of
molecular memory. Epigenetic modifications include DNA
methylation, post-translational modifications of nucleosomal hi-
stones, changes in the structural accessibility of specific chroma-
tin regions, and nucleosomal repositioning, histone replacement,
and small RNA molecules that influence protein production
(Maze et al., 2014; Cholewa-Waclaw et al., 2016). An important
issue germane to epigenetics, the transcriptome, and behavior
relates to the discussions above regarding heterogeneity of the
brain in regard to cell types, neurochemical phenotype, and ana-
tomical connectivity. Recent research strategies have enabled
physical isolation of specific cells to characterize the transcrip-
tome of discrete cell populations. For example, laser capture
microdissection in combination with next-generation RNA se-
quencing was used to isolate mRNA from discrete cortical cellu-
lar populations in a region- and layer-specific manner to
determine how THC exposure affects the pyramidal cell tran-
scriptome (Miller et al., 2019). This strategy revealed that pyra-
midal neurons of adult rats with adolescent THC exposure have
marked reprogramming of the transcriptome consistent with the
morphological disturbances evident in these cells. Surprisingly,
only �5% of all differentially expressed genes in adulthood over-
lapped between THC-exposed and normal animals emphasizing
that cannabinoid exposure greatly perturbs the developmental
trajectory of prelimbic transcriptional maturation. The specific
gene networks altered by adolescent THC involved regulation of

actin dynamics at excitatory synapses and dendritic spines, which
recapitulates on a molecular level the morphological alterations
(Miller et al., 2019). Notable genes with enhanced THC sensitiv-
ity included pyramidal-enriched Pacsin1, as well as Clu and
Snap25, which are implicated in psychiatric diseases, such as
schizophrenia and mood disorders (Wang et al., 2015; Pouget et
al., 2016; Mahadevan et al., 2017). Intriguingly, the coordinated
expression of genes altered by THC across development overlap
with PFC gene expression networks dysregulated in humans with
schizophrenia (Miller et al., 2019).

In addition to the dysregulation of genes central to cytoskel-
etal organization and synaptic function, adolescent THC expo-
sure induced a profound reorganization of the epigenetic
landscape with developmentally dynamic networks of histone
and chromatin modifications (Miller et al., 2019). The strongest
functional alterations were associated with Kmt2a (Lysine meth-
yltransferase 2A; also termed mixed lineage leukemia, Mll1) and
H3K4me3. This finding is intriguing given that MLL1, an H3K4
methyltransferase, is essential for neurogenesis (Yu et al., 1998;
Lim et al., 2009) and PFC synaptic plasticity (Jakovcevski et al.,
2015). Moreover, animal models have established an essential
role of Kmt2a/Mll1 in cognition and emotion relevant to cortical
disturbances in schizophrenia (Huang et al., 2007).

Ongoing studies focused on identifying epigenetic modifica-
tions in adults with prenatal THC exposure suggest similar alter-
ation of epigenetic and transcription impairments related to
cytoskeletal architecture and synaptic plasticity.

Effects of adolescent onset of regular cannabis use on in vivo
brain function and chemistry
In addition to neurobiological insights gleaned from postmortem
human fetal brain studies and animal models of perinatal and
adolescent cannabis/THC exposure, significant knowledge has
been obtained regarding the impact of cannabis use on function
and neurochemistry in the living human brain using in vivo neu-
roimaging. Systematic reviews of the effects of regular cannabis
use on human brain function using neuroimaging approaches
have not observed consistent patterns of brain function altera-
tions (Quickfall and Crockford, 2006; Chang and Chronicle,
2007; R. González, 2007; Martín-Santos et al., 2010; Bhattacha-
ryya and Sendt, 2012; Bhattacharyya et al., 2012a; Batalla et al.,
2013). Methodological factors, such as heterogeneity in study
populations, the duration and extent of exposure to cannabis,
and the neuroimaging techniques used (e.g., fMRI, PET, single-
photon emission CT), may underlie the inconsistent pattern of
results. Additionally, inconsistencies between studies may relate
to whether neuroimaging data were acquired while participants
were performing cognitive tasks or were at rest (Martín-Santos et
al., 2010; Batalla et al., 2013). Brain function alterations associ-
ated with cannabis use independent of specific cognitive pro-
cesses of interest can be investigated with a meta-analytic
approach to quantitatively synthesize whole-brain fMRI data
from studies using a diverse set of cognitive activation paradigms.
This strategy revealed a pattern of greater activation in adolescent
cannabis users compared with controls in two clusters of brain
regions: one with a peak in the right inferior parietal gyrus ex-
tending to the superior parietal and angular gyri and a second
with peak in the right putamen extending to the striatum and
insula (Blest-Hopley et al., 2018). Some of these regions are part
of large-scale brain functional networks, such as the default mode
and salience networks (Sridharan et al., 2008; Menon, 2011;
Andrews-Hanna et al., 2014) that have been implicated in psy-
chotic disorders, such as schizophrenia and in addiction (Radua
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et al., 2015; Luijten et al., 2017; O’Neill et al., 2018). The angular
gyrus in particular is involved in a number of cognitive processes
and is thought to serve as a cross-modal hub involved in integrat-
ing information from multiple modalities, reorienting attention,
and retrieving stored information while giving meaning to new
experiences and problem-solving (Seghier, 2013).

While the alteration of brain function observed in adolescent
cannabis users may reflect the wide range of cognitive activation
paradigms used in various studies, it may also reflect an alteration
in the attribution of meaning or significance to internal or exter-
nal experiences. Alteration in the attribution of meaning or sa-
lience has been well recognized with cannabis use and following
experimental THC administration (Bhattacharyya et al., 2012b,
2015; Wijayendran et al., 2018). Misattribution of significance or
salience to everyday experiences or stimuli has also been sug-
gested to underlie the development of symptoms, such as delu-
sions characteristic of psychotic disorders (Kapur, 2003). The
insula, a core node within the salience network, is thought to play
a key role in switching cognitive resources between the central
executive and the default mode networks, thereby allowing the
detection of a salient event (Sridharan et al., 2008; Menon, 2011).
Therefore, the meta-analysis results suggest that cannabis use in
adolescence may lead to altered functioning of the network-
switching process that normally allows efficient allocation of cog-
nitive resources.

Studies have shown that cognitive performance improves in
cannabis users following a period of abstinence (Hanson et al.,
2010) to levels similar to those of nonusing controls (Schulte et
al., 2014), with cognitive deficits possibly only detectable within
the first 25 d of abstinence. Nonetheless, meta-analysis of adoles-
cent cannabis users reveals significantly greater activation in
cannabis users compared with nonusers in the dorsolateral and
ventrolateral prefrontal and posterior parietal cortices, consistent
with results from a study in adolescent cannabis users following
an abstinence period of �5 weeks (Jager et al., 2010). These re-
gions are part of the central executive network known to be in-
volved in higher-order cognitive processes, such as attentional
control, executive function, and working memory (Seeley et al.,
2007; Sridharan et al., 2008). Furthermore, abstinent adolescent
cannabis users display greater activation compared with nonus-
ing adolescents in the cuneus, inferior parietal cortex, and angu-
lar gyrus, as well as the visual cortex, all of which are related to the
default mode network (Buckner et al., 2008). These results un-
derscore the particular vulnerability of the adolescent brain to the
residual effects of long-term cannabis use, even after the drug and
its metabolites have been excreted from the body. Ongoing stud-
ies in the S.B. group are investigating neurochemical underpin-
nings of these effects as well as their relationship with functional
alterations, especially in light of emerging evidence of acute re-
gionally specific neurochemical modulation of brain glutamate
levels by psychoactive cannabinoids, such as THC (Colizzi et al.,
2019).

In conclusion, common themes have emerged from diverse
seminal papers and a growing number of new research studies
providing significant evidence that prenatal, perinatal, and ado-
lescent cannabis exposure can induce a wide array of brain and
behavioral alterations in adulthood. This occurs through inter-
fering with multiple neurobiological systems in brain regions in-
volved in psychotic/affective disorders. Whether such risk truly
results in psychiatric and substance use disorders will depend on
various factors, such as genetics, sex, and environmental condi-
tions that will be better understood as research continues to ex-
pand in this field. Nevertheless, governmental and medical

policies need to leverage the data already accrued to date to edu-
cate the public about the potential health risk to offspring and the
long-term effects on adult mental health.
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Luijten M, Schellekens AF, Kühn S, Machielse MW, Sescousse G (2017) Dis-
ruption of reward processing in addiction: an image-based meta-analysis
of functional magnetic resonance imaging studies. JAMA Psychiatry 74:
387–398.

MacAskill AF, Little JP, Cassel JM, Carter AG (2012) Subcellular connectiv-
ity underlies pathway-specific signaling in the nucleus accumbens. Nat
Neurosci 15:1624 –1626.

Maccarrone M, Guzmán M, Mackie K, Doherty P, Harkany T (2014) Pro-
gramming of neural cells by (endo)cannabinoids: from physiological
rules to emerging therapies. Nat Rev Neurosci 15:786 – 801.

Mackie K (2008) Signaling via CNS cannabinoid receptors. Mol Cell Endo-
crinol 286:S60 –S65.

Mahadevan V, Khademullah CS, Dargaei Z, Chevrier J, Uvarov P, Kwan J,
Bagshaw RD, Pawson T, Emili A, De Koninck Y, Anggono V, Airaksinen
M, Woodin MA (2017) Native KCC2 interactome reveals PACSIN1 as a
critical regulator of synaptic inhibition. Elife 6:e2827.

Martín-Santos R, Fagundo AB, Crippa JA, Atakan Z, Bhattacharyya S, Allen P,
Fusar-Poli P, Borgwardt S, Seal M, Busatto GF, McGuire P (2010) Neu-
roimaging in cannabis use: a systematic review of the literature. Psychol
Med 40:383–398.

Mato S, Chevaleyre V, Robbe D, Pazos A, Castillo PE, Manzoni OJ (2004) A
single in-vivo exposure to delta 9THC blocks endocannabinoid-mediated
synaptic plasticity. Nat Neurosci 7:585–586.

Maze I, Noh KM, Soshnev AA, Allis CD (2014) Every amino acid matters:
essential contributions of histone variants to mammalian development
and disease. Nat Rev Genet 15:259 –271.

Mechoulam R, Hanus LO, Pertwee R, Howlett AC (2014) Early phytocan-
nabinoid chemistry to endocannabinoids and beyond. Nat Rev Neurosci
15:757–764.

Melis M, Greco B, Tonini R (2014) Interplay between synaptic endocan-
nabinoid signaling and metaplasticity in neuronal circuit function and
dysfunction. Eur J Neurosci 39:1189 –1201.

Menon V (2011) Large-scale brain networks and psychopathology: a unify-
ing triple network model. Trends Cogn Sci 15:483–506.
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