®

Check for
updates

Developmental Impact 4

Jesse D. Hinckley and John Dillon

Introduction

The endocannabinoid system (ECS) is the primary endogenous system through which
exogenous cannabinoids act. Please see Chap. 1 for a review of the outlines the com-
ponents of the endocannabinoid system. The ECS is a highly evolutionarily conserved
system, which suggests the developmental processes modulated by the ECS are vital
for normal development. As reviewed by Harkany et al., the ECS is present from the
earliest stages of pregnancy and regulates key aspects of fertilization and implantation
[1]. Anandamide (AEA), a primary endocannabinoid, facilitates fertilization through
cannabis 1 receptors (CB1R) expressed on spermatozoa. Subsequently, transient
reductions in AEA in the uterus and CB1R and CB2R expression in the embryo facili-
tate blastocyst activation and enable implantation into the uterine wall.

Neurodevelopment

As the fetus continues to develop, the ECS also plays a fundamental role in regu-
lating multiple stages of brain development (neurodevelopment) and modulates
the mature nervous system throughout adulthood (Highlights Box 4.1) [1-3].
Neurodevelopment begins early in embryogenesis and continues through young
adulthood, presenting a uniquely vulnerable time to the detrimental effects of can-
nabis use (Fig. 4.1). Throughout neurodevelopment, CB1R is widely expressed
and is one of the most abundant G-protein-coupled receptors in the brain [1, 3].
CBIR is detectable in the human fetal brain at approximately 14 weeks gestation.
Expression progressively increases in a temporally and spatially regulated pattern
in the cerebral cortex, caudate nucleus, putamen, cerebellar cortex, hippocampus,
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Highlights Box 4.1 Key Points in Neurodevelopment

* The ECS is an important regulator of fetal development from conception.

» The ECS regulates many aspects of brain development, including organiza-
tion of the brain into mature neural circuits, which continues until about
25 years old.

* The ECS also mediates development of neurotransmitters important to cog-
nitive function and mental health, including glutamate, serotonin, dopa-
mine, and opioid systems.

* Behavioral functions regulated ECS signaling include cognition, learning
and memory, attention, drug/addictive behaviors, social interactions, pain
sensitivity, sexual behavior, and stress response.

* Over the lifespan, the ECS continues to mediate behavioral functions and
the ability of the brain to learn and adapt, forming new memories and refin-
ing learned functions.

and amygdala. Further, endocannabinoids are “made on demand,” facilitating
maintenance of a precise temporal and spatial pattern of signaling [1, 3]. 2-arachi-
donoylglycerol (2-AG) concentrations are 1000-fold higher throughout brain
development, setting a basal tone for the ECS. Conversely, AEA levels are rela-
tively low at midgestation and gradually increase throughout the perinatal period
and into adolescence.
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Fig. 4.1 The effects of prenatal cannabis exposure throughout neurodevelopment. Stages of
development during embryogenesis, ongoing neurogenesis, and adult neural function are pre-
sented. The stages of neurogenesis are presented sequentially for simplicity. It is important to note
these stages take place simultaneously and at different times and rates throughout the developing
brain. White boxes show the role of and changes in the endocannabinoid system across develop-
ment. Key points of exogenous cannabis exposure are presented in the red boxes
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Neuromaturation: Neurogenesis, Synaptogenesis,
and Myelination

Development of the brain begins with a collection of neuronal progenitor cells,
which must migrate to specific locations in the brain, differentiate to specific types
of neurons (neuronal differentiation), and form a network of connections or syn-
apses. Synaptic pruning then refines connections to establish neuronal circuits. The
ECS regulates many aspects of neuronal differentiation, including neurogenesis,
neuronal migration, neurite outgrowth, and axonal pathfinding (Fig. 4.1) [1, 4].
Temporal and spatial expression of endocannabinoids and receptors is also impor-
tant in maintaining homeostatic control of synaptic transmission in the developmen-
tal brain in a narrow physiological time window [5].

Endocannabinoid signaling, particularly AEA-mediated signaling, regulates sur-
vival of and differentiation of neuronal progenitor cells, ensuring adequate quanti-
ties of cells during neurodevelopment [1]. CBIR localizes to cell proliferative
regions including the subventricular zones of the striatum, nucleus accumbens, and
neocortex [6, 7]. There is a robust upregulation of CB1R expression that coincides
with commitment of neuronal progenitor cells to differentiate, and endocannabinoid
signaling subsequently mediates acquisition of neuronal identity and initial organi-
zation of neural networks [6]. As development continues the distribution of CB1R
shifts to the cerebral cortex, coinciding with neuronal cell migration through the
cortex to their final target site [2]. Through CB1R signaling, AEA is proposed to
regulate migration of progenitor cells and neurons into the cortical plate, as well as
long-distance migration of interneurons [4].

As neurons reach their target sites and development progresses, CB1R expres-
sion increases on axons and axonal growth cones along developing axonal trajecto-
ries, or white matter [1]. CB1R levels subsequently peak when synaptic connectivity
is established [7]. CB1 receptors cluster at anchor points in immature neuronal net-
works to facilitate information processing. As neurons reach their destination, axo-
nal growth cones orchestrate axon tract development. 2-AG-mediated activation of
CBIR in axonal growth cones helps guide directional turning and impacts motility
of the developing axon [8].

These CB1R expression sites along axons are termed “atypical” because this is a
unique distribution pattern that only exists in the developing brain and is essentially
absent from the fully developed brain [2]. Considering these unique developmental
expression patterns, endocannabinoid-mediated signaling is widely implicated in
the organization of long-range axon tract development including corticothalamic
and corticospinal tracts [3, 4]. The role of the ECS in axonal guidance is supported
by animal studies, which demonstrate deletion or blockade of CBIR results in
increased aberrant axon trajectories in the corpus callosum and abnormal fascicula-
tions of long-range axons [3, 4]. As axonal fasciculations and pathways develop,
2-AG mediates activation of radial glial cells and oligodendrocytes to regulate
myelination, further establishing mature neural circuits [4].

As neural circuits form, CB1R expression is enriched on presynaptic neurons
[1, 3]. Endocannabinoid-mediated retrograde signaling at central synapses allows
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control of the earliest events of presynaptic neurotransmitter release during the
transition from synaptogenesis to synaptic communication in developing neuronal
circuits [6]. This pattern of expression continues in the adult brain, enabling ECS-
mediated regulation of synaptic transmission and of adult synaptic plasticity [6].

Neurotransmitter System Development

As with neuronal circuit formation, the ECS also mediates development of multiple
neurotransmitter systems (Box 4.1). CBIR is expressed on glutamatergic, choliner-
gic, glycinergic, and serotonergic neurons [4]. ECS signaling also targets other neu-
rotransmitters, including dopamine, orexin A, adenosine 2A, and delta and mu
opioid receptors. Interestingly, dopaminergic, or tyrosine hydroxylase (TH)-
containing, neurons express CB1R only during neurodevelopment [2]. CBIR is
expressed on both excitatory and inhibitory afferents, and endocannabinoid-
mediated signaling generally decreases neurotransmitter release [6]. Through these
neurotransmitter systems, the ECS mediates several behavioral functions, including
learning ability, motor activity, neuroendocrine regulation, and pain sensitivity, as
well as drug-seeking behavior, social interaction, sexual behavior, and stress
response.

Neurodevelopmental Impact of Cannabinoid Exposure

Determining the neurodevelopmental impact of cannabinoid exposure is compli-
cated by cannabinoid pharmacodynamics, developmental timing of exposure, over-
all dose and duration of exposure, and gender, among other factors.

Cannabinoid Potency and Timing of Exposure

Whereas endocannabinoid signaling lasts seconds, exposure to exogenous can-
nabinoids, such as smoking or ingestion of cannabis, results in more sustained
(minutes to hours) and much more indiscriminate signaling patterns [4]. Further,
the potency of cannabinoids varies dramatically between cannabis products.
Tetrahydrocannabinol (THC), the primary psychoactive cannabinoid, is a potent,
low-efficacy cannabinoid receptor agonist that outcompetes endocannabinoids for
receptor binding [6]. On the other hand, cannabidiol (CBD), a primary cannabi-
noid of pharmaceutical or medical interest, is a negative allosteric modulator of
CBI1R and attenuates activation by THC and endocannabinoids. Like THC, syn-
thetic cannabinoids exhibit high potency and high efficacy. The physiologic and
neurodevelopmental impacts of varying formulations of cannabinoid concentra-
tions and ratios are not well understood.

Animal models allow more controlled experimental settings, where research-
ers determine the timing, formulation, dose, and duration of exposure, when
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compared to human consumption of cannabis. These animal studies provided ini-
tial insights that neurodevelopment is a unique period of vulnerability to the det-
rimental effects of cannabinoids on the brain [9]. As reviewed by Lubman and
Schneider, exposure to exogenous cannabinoids during neurodevelopment results
in impairments of neuronal differentiation and survival, alterations in neurotrans-
mitter system development, cognitive impairments, hyperactivity, cross-tolerance
with other illicit drugs and alterations to the opioid system, and learning and
memory deficits (Highlights Box 4.2) [9, 10]. Animals exposed to cannabinoids
during neurodevelopment, comparable to childhood through young adulthood,
show continued neurocognitive impairments, even after periods of abstinence.
However, animals who are exposed to cannabinoids after completion of neurode-
velopment, comparable to adulthood after approximately 25 years old, do not
exhibit similar vulnerabilities.

Highlights Box 4.2 Cognitive Effects of Cannabis Exposure

* Endocannabinoids are made “on demand” to maintain tight temporal and
spatial signaling lasting seconds.

* Exogenous cannabinoid exposure results in sustained, indiscriminate

signaling.

Cannabis exposure during neurodevelopment impairs neural circuit forma-

tion and neuron survival and alters development of neurotransmitter

systems.

Affected behavioral functions include cognition, learning and memory,

emotional reactivity, drug-seeking/addictive behavior, and depression and

anxiety.

Prenatal exposure

 Teratogenicity: fetal growth restriction and lower birth weight for gesta-
tional age.

* Infancy: increased startle response and irritability, altered sleep patterns.

 Childhood: short-term memory and verbal reasoning impairment, deficits
in sustained attention, and increased hyperactivity and impulsivity, as well
as higher rates of depression.

* Adolescents: changes in attentional behavior and adaptive learning and
higher rates of depression and problematic substance use.

Adolescent exposure

* Brain development continues through young adulthood (about age
25 years old).

* Imaging studies show changes in brain structure and connectivity.

* Impacts psychomotor speed (athletics and driving), complex attention,
learning and memory, abstract reasoning, decision making, processing
speed, attention, and working memory.
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 Associated with higher rates of depression, anxiety, and psychosis.

» Cannabis use at least 4 days per week is associated with decrease in full-
scale IQ of approximately 8 points, lower grade point average, and poorer
scholastic aptitude test scores.

* Cannabis use of 10 days a month is associated with increased risky and
impulsive decision making.

* Earlier age of onset, duration of use, and frequency of use increase risk of
negative cognitive impacts.

» Impairments in executive functioning persist even in abstinence.

Mechanisms of Exogenous Cannabinoid Exposure

The increased vulnerability to the detrimental effects of cannabinoids during fetal
development is likely due to the vital roles of the ECS in modulating neurodevelop-
ment. One mechanism of exogenous cannabinoid exposure is downregulation of
CBIR, which is observed to a much higher degree in the developing brain [11].
Prolonged cannabis exposure downregulates CB1R in oligodendrocytes, which may
impact oligodendrocyte survival, resulting in decreased myelination and altered
white matter development. Additionally, prenatal cannabinoid exposure disrupts
glutamate transmission, which regulates neuronal maturation and synaptic pruning
[9]. Cannabinoid exposure also alters expression of genes that regulate neuron pro-
liferation, migration, and synaptogenesis [12].

Exogenous cannabinoid exposure also impacts the development of neurotrans-
mitter systems, including dopamine, GABA, glutamate, endogenous opioid, and
serotonin systems [2, 4]. To better understand how cannabis exposure during
pregnancy impacts the development of neurotransmitter systems, the Hurd lab
characterized midgestational fetal brains [7, 13]. Maternal cannabis use is associ-
ated with a reduction of dopamine D2 receptor density in the amygdala in a dose-
dependent manner, such that moderate to high cannabis use (>0.4 joints/day) is
associated with the lowest levels of D2 receptor expression [7]. The frontostriato-
pallidal proenkephalin/D2 receptor circuit maps onto inhibitory control behavior,
and downregulation predicts more impulsive behavior in cannabis-exposed off-
spring. Changes in enkephalin/D2 receptor density in the amygdala and nucleus
accumbens, which mediate emotion and reward, are also implicated in depression,
drug addiction, and schizophrenia [14]. Reward and addictive behaviors are also
modulated by interactions between the ECS and opioid system [7]. Particularly
proenkephalin containing neurons, which target mu and delta opioid receptors,
are sensitive to prenatal THC exposure. Animal studies also support this predispo-
sition for substance use, with offspring exposed to cannabis in utero demonstrat-
ing increased impulsivity and self-administration of heroin and cocaine, which is
associated with alterations in metabolic activity in the frontal lobe and amyg-
dala [7].
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Teratogenicity of Exogenous Cannabinoids

In addition to the central nervous system, the ECS is expressed as a regulatory sig-
naling system in multiple developing organ systems [1]. To date, the teratogenicity
of exogenous cannabinoid exposure is not well understood. In animal models, early
prenatal exposure before or during organogenesis or exposure to high cannabinoid
doses (up to 60 mg/kg over a period of 1-3 months) resulted in neurotoxic effects in
the hippocampus, amygdala, and cerebral cortex [9], with some animal models
showing neurotoxicity comparable to fetal alcohol syndrome [2]. Of note, these
studies investigated exposures much higher than typical human consumption.

While animal models raised concerns for teratogenic effects of exogenous can-
nabinoids, there has been little evidence to support gross developmental abnormali-
ties in humans. The Generation R Study, a prospective study of 7452 mothers to
investigate the impact of substance use during pregnancy on fetal growth, found
maternal cannabis in early pregnancy (<18 weeks gestation) or continued use
throughout pregnancy is associated with growth restriction in mid to late pregnancy
and lower birth weight [15]. El Marrouin et al. also demonstrated a dose response,
with no significant changes in birth weight among the children of occasional
(monthly) cannabis-using women, significantly lower birth weight among children
of moderate (weekly) cannabis-using women, and the lowest birth weights among
heavy (daily) cannabis-using women. To further investigate the impact of maternal
cannabis use on fetal growth and development, Hurd et al. characterized midgesta-
tional postmortem human fetuses [13]. Exposed fetuses had a significant reduction
in foot length and body weight for gestational age, with fetal foot length negatively
correlating with the amount and frequency of maternal cannabis use.

Cognitive Effects of Prenatal Cannabis Exposure

CBIR is highly expressed in striatal, limbic, and cortical regions that coordinate
cognitive and emotional function [11]. Similarly, there is a high density of CBIR
in the hippocampus, which is fundamental to memory acquisition, consolidation,
and retrieval [9]. Specific brain regions impacted by prenatal cannabis exposure
provide insights into the expected neurocognitive impacts (Box 4.2). For example,
development of the prefrontal cortex appears particularly vulnerable to maternal
cannabis use, resulting in disinhibition that may underly many of the cognitive
deficits associated with long-term cannabis use. Reductions in cortical neuronal
cell populations and decreased glutamatergic neurotransmission in newborn rats
have also been observed in prenatal cannabis exposure, which may contribute to
learning deficits and decreased emotional reactivity [16]. In the hippocampus, pre-
natal THC exposure disrupts neuronal migration, elongation of GABA-containing
interneurons, and synaptogenesis, predicting impairments in memory and learning
[1, 7]. Disruption of endocannabinoid signaling in the hippocampus and cortex
(particularly the frontal lobe) predicts cognitive, memory, and neurobehavioral
deficits [17].
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Neurodevelopmental vulnerability to exogenous cannabinoid exposure is of par-
ticular concern during the perinatal period. Cannabinoids are lipophilic, readily
cross the blood-brain barrier, and reach the brain of fetuses and newborns [2].
Approximately one-third of plasma THC undergoes cross-placental transfer during
pregnancy [1, 4]. In utero cannabinoid exposure is associated with reorganization of
neurotransmitter systems and cortical cell death and concurrent impairments in
executive function, learning and memory, attention, visual perceptive tasks, and lan-
guage comprehension and increased impulsivity and externalizing behavior [9, 17].

Multiple confounders, including comorbid tobacco and alcohol use, sociodemo-
graphic factors, and other psychological characteristics, have complicated studies of
the neurodevelopmental consequences of maternal cannabis use during pregnancy.
Most of the information on the developmental outcomes of prenatal cannabis expo-
sure is derived from the Ottawa Prenatal Prospective Study (OPPS) and the Maternal
Health Practices and Child Development Study (MHPCD), which followed the chil-
dren of women who used cannabis, tobacco, and or alcohol from birth through
adolescence [4]. The OPPS primarily enrolled low-risk Caucasian, middle class
Canadian women to study prenatal exposure to tobacco and cannabis, whereas the
MHPCD followed women generally of low socioeconomic status from Pittsburgh,
approximately half of whom are Caucasian and half of whom are Black. The fol-
lowing sections will review key findings from the OPPS and MHPCD studies of the
postnatal impact of maternal cannabis use during pregnancy through infancy, child-
hood, and adolescence (Fig. 4.2).

Cognitive effects of prenatal cannabis exposure by age
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Fig.4.2 The impact of prenatal cannabis exposure on neurocognition. This figure presents neuro-
cognitive changes associated with prenatal cannabis exposure as reported in the MHPCD and
OPPS longitudinal studies of maternal cannabis use. Findings are presented by age group: Infancy
(birth to 3 years old), Early-Late childhood (3—13 years old), and Adolescence (14-22 years old).
* Development changes were not present at 18 months of age in the MHPCD cohort and the OPPS
did not report cognitive deficits between the ages of 1 and 3 years. ** Analysis by race between
White and Black mothers shows disparities in effects of maternal cannabis use
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Infancy

In neonates, prenatal cannabis exposure was strongly associated with increased
startle response and a significant reduction in habituation to light, as well as altered
sleep patterns and a trend toward increased irritability [4]. In the MHPCD cohort,
using more than one joint per day in the third trimester was associated with decreased
mental scores on the Bayley Scales of Infant Development at 9 months of age,
which disappeared by 18 months old [4]. Similarly, the OPPS did not report cogni-
tive deficits between the ages of 1 and 3 years, suggesting cognitive abnormalities
are absent or subclinical in toddlers. In a third longitudinal study of prenatal can-
nabis exposure, Richardson et al. found use of one or more joints per day during the
third trimester was associated with delayed mental development at 9 months of
age [18].

Early Through Late Childhood

By age 3 years, first- or second-trimester cannabis exposure was associated with
short-term memory (-1.1 IQ points/joint/day and -2.3 IQ points/joint/day, respec-
tively) in the MHPCD cohort [19]. When analyzing the impact of prenatal cannabis
use by race, a more complex interaction emerges. Among the children of Black
mothers, there was a significant impact of first-trimester cannabis use on composite
score (-0.9 1Q points/joint/day), short-term memory subscale (-1.1 IQ points/joint/
day), and verbal reasoning (-1.5 IQ points/joint/day). Second-trimester use was also
significantly associated with lower short-term memory subscores (-1.8 1Q points/
joint/day). Interestingly, among the children of White mothers, there was no signifi-
cant effect of prenatal cannabis use during any trimester of pregnancy on the com-
posite IQ or subscale scores, which may be mediated or offset by participation in
daycare or preschool. Similar to the main findings of the MHPCD study, in the
OPPS study, smoking six or more joints a week (heavy exposure) during pregnancy
was associated with decreases in verbal perceptual, general cognitive index, and
memory domain scores of the McCarthy Scales of Children’s Abilities at 4 years of
age [20]. Thus, both studies support the impact of prenatal cannabis exposure cogni-
tive functions including short-term memory and verbal reasoning in early child-
hood, though it is important to note other factors may mediate or confound the
impact of exposure.

At age 5 years, in the OPPS cohort, prenatal cannabis exposure was associated
with a dose-dependent trend in deficits of sustained attention, with the highest omis-
sion error rate in children of mothers who used more than six joints a week and the
lowest omission error rate in children whose mothers used no more than one joint a
week [21]. While heavy use mothers reported higher ratings on an impulsive/hyper-
active scale, these differences were not statistically significant. In the MHPCD
cohort, at age 6 years, heavy cannabis use (one or more joints a day) during the first
or second trimester is associated with lower verbal reasoning scores [22]. Heavy
cannabis use during the second trimester is also associated with deficits in
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short-term memory and during the second or third trimester is associated with
decreased quantitative scores. In any trimester, heavy cannabis use is associated
with lower composite score and quantitative reasoning. At age 10 years, heavy first-
and third-trimester exposure (>0.89 joints/day) is associated with increased hyper-
activity and impulsivity, and heavy second-trimester exposure is associated with
increased impulsivity [23]. Heavy exposure is also associated with increased levels
of depression and lower child IQ.

Adolescence

Synthesis of the findings from OPPS and MHPCD through adolescence shows pre-
natal cannabis exposure adversely impacts adolescent executive function, particu-
larly attentional behavior and visual analysis and hypothesis testing, with impacts
lasting through childhood [4]. By age 13—16 years, adolescents in the OPPS cohort
with heavy cannabis exposure (>0.86 joints/day) exhibited deficits in visual mem-
ory, visual analysis, and ability to maintain attention [4]. Similarly, adolescents in
the MHPCD cohort demonstrate deficits in visual analysis and impulse control
aspects of executive functioning. A functional magnetic resonance imaging (fMRI)
study of 18-22-year-old youth showed prenatal exposure is associated with alterna-
tions in neural activity during visuospatial working memory tasks [4]. Maternal
cannabis use predicts earlier onset and increased frequency of substance use among
adolescent children [7].

Cognitive Effects of Adolescent Cannabis Exposure

Similar to prenatal exposure, cannabis use by adolescents and young adults prior to
completion of neurodevelopment poses an increased risk to the cognitive effects of
cannabis use. The ECS continues to function as a modulator of neurodevelopment
via regulation of synaptic pruning and signaling pathways, which facilitate learning,
memory, appetite, and neuroprotection and modulate anxiety, depression, and pain
[4]. Cannabis use impacts psychomotor speed, complex attention, planning and
sequencing ability, executive function, and working memory [7]. Epidemiologic
studies report adolescents with heavy cannabis use experience higher rates of
depression and anxiety, a greater burden of psychotic symptoms, impairments in
learning and memory, and deficits in executive functioning, including decision-
making, processing speed, and attention [9]. Similarly, a review of studies of cogni-
tion demonstrates diminished performance on tasks requiring effortful performance,
including executive functioning, verbal free recall, decision-making, abstract rea-
soning, and complex spatial work [24, 25].

While the literature investigating the cognitive effects of adolescent cannabis use
is expanding, synthesis of evidence is limited by variable outcome measures, rela-
tively small study sizes, and inconsistency in reporting the frequency or quantity of
cannabis use between studies. Where available, frequency or quantity of cannabis
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use associated with reported neurologic changes or impairments will be noted. One
of the most provocative findings was reported by Meier et al., who followed 1037
individuals from birth, with neuropsychological testing at 13 years and 38 years of
age [26]. In this cohort, persistent cannabis use (at least 4 days per week) is associ-
ated with a greater decline in neuropsychological function assessed by full-scale IQ
(WAIS-IV) of approximately eight points, as well as declines in verbal 1Q, perfor-
mance 1Q, and multiple other subtests. Impairments were noted in executive func-
tion, memory, processing speed, perceptual reasoning, verbal comprehension, and
verbal learning and recall. Of note, adolescent-onset cannabis users did not fully
regain neuropsychological functioning with abstinence, supporting the neurotoxic
effects of cannabis on the developing brain.

Subsequently, there has been a robust debate about the impact of cannabis use on
IQ and interest in how this correlates with academic performance. Persistent can-
nabis use throughout high school is associated with lower grade point average
(GPA) and scholastic aptitude test scores, though these observations were not sig-
nificant after controlling for alcohol and tobacco use [25, 27]. One contributor of
poorer academic performance may be externalizing and attention/concentration
problems, which often co-occur with cannabis use [25].

To better understand the impact of cannabis use on neurodevelopment and cogni-
tion, Becker et al. conducted a prospective analysis of cannabis-using adolescents
who used at least five times per week for at least 1 year, with onset of use before age
17 years [24]. Individuals were selected who were sober at the time of enrolment,
effectively limiting the evaluation to the effects of chronic cannabis use. In these
adolescents, there was decreased white matter growth in the central and parietal
regions of the right and left superior longitudinal fasciculus, which is associated
with diminished performance in verbal learning and memory [24, 25]. As described
in the study, more “hits” or uses of cannabis are negatively associated with changes
in white matter connectivity in a seemingly dose-dependent manner.

Similarly, in a second longitudinal study, Camchong et al. followed treatment-
seeking adolescents with more than 50 lifetime “exposures to” (or uses of) cannabis
who were sober at the time of study entry (29). In this cohort, decreased functional
connectivity between caudal anterior cingulate cortex and superior frontal gyrus
predicted higher amounts of cannabis use in the following months defined as num-
ber of days used. More frequent cannabis use also predicted lower intelligence quo-
tient (IQ), though this was a nonsignificant trend when including alcohol as
covariate, and slower cognitive function [25, 28]. The study authors propose one
possible mechanism may be increased dopamine release in the anterior cingulate
cortex, resulting in reciprocal downregulation of D2 receptor availability and subse-
quent impairment of cognitive functioning and decision-making.

The frequency of and the age of onset of cannabis use are also associated with a
negative impact on working memory including recall time and sustained attention.
In the Philadelphia Neurodevelopmental Cohort, adolescents who reported frequent
cannabis use (more than three times per week) performed worse on measures of
executive control compared to occasional cannabis users (twice per week or less)
and non-using adolescents [29]. Earlier age of onset is associated with worse
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performance in occasional users, though this group exhibited better executive con-
trol, memory, and social cognition. In a study by Solowij et al., cannabis users (aver-
age 14 days of use per month) exhibited impaired verbal learning and memory over
five study procedure trials, with impairment in learning, retention, and retrieval
[30]. Younger age of onset, longer duration, and more frequent or higher quantity of
cannabis use are all associated with fewer total words learned and recalled.
Additionally, adolescents who use cannabis an average of 10 days per month show
increased risky and impulsive decision makers, adopting strategies with higher lev-
els of uncertainty and utilizing information less efficiently [31].

Similar to animal models, impairments in executive function associated with
adolescent cannabis use are more persistent in abstinence when compared with
adult cannabis users [9]. Earlier age of onset is associated with greater impairment
in learning and memory, decision-making, attention, and other executive functions.
Among adult users, those who began using prior to age 16 years show deficits in
visual scanning, sustained attention, and working memory compared to late-onset
and non-using adults [11]. In a study of adults who chronically use cannabis, onset
in adolescence before age 15 years (mean use of 1.7 joints per day) is associated
with poorer cognitive performance in executive functioning in adulthood [32].
Similarly, a second study demonstrated onset of use prior to age 16 years (average
24.8 smoking episodes and 14.8 g cannabis consumed per week) is associated with
poorer cognitive performance on measures of executive function, with more diffi-
culty inhibiting inappropriate responses and maintaining cognitive set [33]. In these
individuals, earlier age of onset is positively correlated with changes in frontal
white matter tracts as assessed by fractional anisotropy [34]. Taken together these
findings suggest that impairments in executive function and cognition may result
from adolescent cannabis use and persist into adulthood due to alterations in
neurodevelopment.

Neuroimaging Studies of Adolescent Cannabis Use

Neuroimaging studies have identified mixed results regarding structural changes
associated with adolescent cannabis use. For detailed reviews of neuroimaging find-
ings please see Chye et al. [11]. Synthesis of neuroimaging studies is limited by
small study size, heterogeneity of population and techniques, and multiple other
confounders. Yet, two regions in which structural changes are often noted in cross-
sectional and longitudinal structural and functional studies are the frontal lobe, par-
ticularly orbitofrontal cortex (OFC), and parietal lobes. Reduced frontal lobe
thickness is also predictive of adolescent-onset cannabis use in adult users. As with
cognitive impairments, earlier age of onset may be associated with the magnitude of
structural change. However, changes in brain structure are not necessarily equivocal
to functional changes. For example, another more consistent finding is smaller bilat-
eral hippocampi in adolescents who use cannabis compared with non-using peers.
One study found hippocampal volume is positively associated with verbal learning
performance in adolescents who do not use cannabis, whereas it is not associated
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with verbal learning in cannabis-using adolescents, suggesting altered structure-
functional relationship may underlie cognitive differences associated with adoles-
cent cannabis use.

As imaging technologies have advanced, there has been more focus on evaluat-
ing white matter integrity and structure-functional relationships. Longitudinal stud-
ies suggest continued heavy cannabis use alters development of white matter
microstructure and may contribute to functional impairments [24]. The most consis-
tently implicated findings are poorer white matter integrity in the superior longitu-
dinal fasciculus, the superior temporal gyrus, and the corpus callosum [11, 24].
Poorer white matter integrity has been reported in axon fibers encompassing the
frontal lobe and bilateral hippocampi. Frontal and bilateral parietal lobe activation
is also implicated in attention network task-based connectivity, with adolescent can-
nabis users showing greater activation and poorer task performance. This suggests
adolescents who use cannabis may compensate with increased brain activation to
mitigate functional impairment.

One notable limitation of neuroimaging studies is that the directionality of
change is not known. In other words, it is not known if differences in neuroimaging
result in behaviors that are associated with more frequent cannabis use or if canna-
bis use alters brain structure and connectivity. The Adolescent Brain Cognitive
Development (ABCD) study (https://abcdstudy.org) is a multisite prospective longi-
tudinal study now underway that may help to better understand the contribution of
cannabis and other substance use, age of onset, and gender, among other biological
and behavioral determinants, on neurodevelopmental trajectory.

Future Directions

Taken together, what is known about the role of the ECS in neurodevelopment
and the impact of cannabinoid exposure during the prenatal and adolescent peri-
ods, findings suggest adolescence is a critical period of increased risk for adverse
outcomes from cannabis use [9]. No amount of cannabis is known to be safe for
the developing brain. However, much remains unknown. Very little is known
about the impact of prenatal cannabinoid exposure and adolescent cannabis use
on the ECS. Further, to date no studies have evaluated the effects of prenatal or
adolescent cannabinoid exposure on endocannabinoid levels. Animal studies and
clinical experience also suggest there may be notable differences between gen-
ders that are not well understood [10, 11]. Many of the studies completed to date
are cross-sectional or retrospective and do not allow for adequate evaluation of
confounders or causality [9]. Similarly, longitudinal studies have yet to be con-
ducted to investigate the unprecedented increases in THC concentration and
routes of administration as recreational cannabis is increasingly legalized and
commercialized. The past decade of legalization has been predominantly driven
by political processes. Medicine and science must now respond with evidence-
based studies to better understand the impact these changes are having on youths’
developing brains.
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