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A B S T R A C T

The broad-based legalization of cannabis use has created a strong need to understand its impact on human health
and behavior. The risks that may be associated with cannabis use, particularly for sensitive subgroups such as
pregnant women, are difficult to define because of a paucity of dose-response data and the recent increase in
cannabis potency. Although there is a large body of evidence detailing the mode of action of Δ9-tetra-
hydrocannabinol (THC) in adults, little work has focused on understanding how cannabis use during pregnancy
may impact the development of the fetal nervous system and whether additional plant-derived cannabinoids
might participate. This manuscript presents an overview of the historical and contemporary literature focused on
the mode of action of THC in the developing brain, comparative pharmacokinetics in both pregnant and non-
pregnant model systems and neurodevelopmental outcomes in exposed offspring. Despite growing public health
significance, pharmacokinetic studies of THC have focused on nonpregnant adult subjects and there are few
published reports on disposition parameters during pregnancy. Data from preclinical species show that THC
readily crosses the placenta although fetal exposures appear lower than maternal exposures. The neurodeve-
lopmental data in humans and animals suggest that prenatal exposure to THC may lead to subtle, persistent
changes in targeted aspects of higher-level cognition and psychological well-being. There is an urgent need for
well-controlled studies in humans and preclinical models on THC as a developmental neurotoxicant. Until more
information is available, pregnant women should not assume that using cannabis during pregnancy is safe.

1. Introduction

The history of cannabis use and its impact on human health and
society is complicated and rapidly changing (National Academies Press,
2017). Throughout the world, this flowering plant remains the most
commonly used illicit drug and there is a strong shift towards the le-
galization of its medical and recreational use (Azofeifa et al., 2016).
According to the 2015 National Survey on Drug Use and Health, 22.2
million Americans currently use cannabis and 2.6 million individuals
aged 12 or older tried cannabis for the first time in the last twelve
months (Center for Behavioral Health Statistics and Quality, 2016;

Lipari et al., 2015). This sobering statistic translates into approximately
7100 new users each day. Attitudes about cannabis use are changing
and this is particularly apparent in adolescents and young adults. With
significant profits at stake, the legal cannabis market has implemented
selective growing methods to boost psychoactive potency. Over the last
two decades, the average THC content of cannabis (potency) has in-
creased from approximately 4% to 12% (ElSohly et al., 2016), but levels
as high as 30% have recently been documented in legal cannabis grown
for recreational use (American Chemical Society, 2015). The cultivation
of cannabis is evolving and dramatic increases in potency make it dif-
ficult to understand the health risks that may be associated with
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contemporary use, particularly for sensitive subgroups within the
general population.

The increased availability and quality of cannabis, paired with re-
laxed attitudes about use in younger populations, will likely result in a
rise of cannabis use in women of childbearing age. In fact, data col-
lected from 2002 to 2014 in the U.S. indicate that 7.5% of pregnant
women between 18 and 25 years of age use cannabis, while the rate of
use in all pregnant women is approximately 4% (Brown et al., 2016).
This statistic places cannabis firmly in the bull's-eye of public health
concerns and suggests that thousands, if not millions, of infants will be
prenatally exposed to this chemically-complex compound over the
coming decades. Women who become pregnant may continue to use
cannabis for a variety of reasons. For example, a survey of women in
Vancouver, Canada found that up to 77% of medicinal cannabis use
during pregnancy was related to nausea; over 50% of respondents also
reported cannabis use to treat a lack of appetite, general pain, insomnia,
anxiety, depression and fatigue (Westfall, Janssen, Lucas, & Capler,
2009). Despite knowledge of potential fetal health risks, cannabis use in
pregnant women is becoming more commonplace and the need for
clear messaging on the safety of use during pregnancy is urgently
needed (Mark, Gryczynski, Axenfeld, Schwartz, & Terplan, in press).

Given the possibility of increased use in pregnant women and the
fact that cannabis is being widely investigated as a novel treatment for a
variety of diseases, including epilepsy, multiple sclerosis and cancer, it
is imperative that significant efforts be immediately dedicated to
evaluating the potential consequences of exposure for the fetus. For
example, the oromucosal spray (Sativex) has been approved in Europe
to treat spasticity due to multiple sclerosis. While cannabis use during
pregnancy has been studied in humans and several animal model sys-
tems, defining the risk of fetal cannabis exposure has been complicated
by factors such as concurrent maternal use of drugs with their own
toxicity profile and an absence of quantitative markers of cannabis
exposure. Studies in human and preclinical model systems are needed
to generate mechanistic data on the maternal-fetal kinetics and toxicity
of cannabis that can be interpreted within the context of fetal phar-
macology and developmental psychobiology. The consequences of
prenatal cannabis exposure will not be elucidated without

methodological control of confounding factors such as tobacco/alcohol
use and quantitative measurements of exposure to generate critical
dose-response information. This review was written to bridge our cur-
rent understanding of 1) THC pharmacokinetics in adults with a focus
on pregnancy 2) the consequences of fetal exposure at the molecular
and cellular levels and 3) the effects of prenatal exposure on child
neurodevelopmental outcomes from birth through adolescence. The
marriage of pharmacokinetics with neurodevelopmental data provides
an interdisciplinary framework to generate data-driven messages about
fetal risk and highlight directions for future research objectives.

2. What is cannabis?

Cannabis is a dioecious plant that grows wild in many tropical parts
of the world. It is one of the world's oldest crops and the history of
cannabis dates back about 12,000 years (Warf, 2014). Cannabis was
widely used in ancient China and records of medical applications ap-
peared about 4000 years ago, originally in relation to its use as a sur-
gical anesthetic. Plant-derived cannabinoids (CB) are referred to as
phyto-cannabinoids (phyto-CB) and THC is the most famous, re-
presenting the primary psychoactive ingredient produced by the can-
nabis plant (see Fig. 1). Specific strains of cannabis may also produce
high levels of a second phyto-CB, cannabidiol (CBD), often referred to
as non-psychoactive. Although not associated with cannabis-induced
euphoria or intoxication (Grotenhermen, Russo, & Zuardi, 2017), CBD
exposure is psychoactive and affects several brain functions and beha-
viors, including neuronal activity, seizure incidence and social inter-
actions (Renard, Norris, Rushlow, & Laviolette, 2017; Todd & Arnold,
2016). Accordingly, CBD has been linked to influencing a wide range of
clinical outcomes such as epilepsy and neuropsychiatric disorders.
Additional phyto-CBs that exhibit a certain level of bioactivity include
cannabinol, cannabigerol, and cannabichromine (Rosenthaler et al.,
2014; Turner, Williams, Iversen, &Whalley, 2017). These compounds
are synthesized by a family of enzymes expressed by the cannabis plant
and their biological activity and mechanism of action have not yet been
studied in great detail. Thus, the cannabis plant produces a family of
structurally related compounds, the phyto-CB, that produce a wide

Fig. 1. Endogenous signaling system is used by multiple
cell types in the brain and periphery. It encompasses can-
nabinoid receptors CB1 and CB2 (primarily expressed by
neurons and immune cells microglia, respectively), the two
endocannabinoids anandamide (arachidonoyl ethanola-
mine, AEA) and 2-AG (2-arachidonoyl glycerol) and the
enzymes that produce them (not shown) and inactivate
them, namely fatty acid amide hydrolase (FAAH), mono-
acylglycerol lipase (MGL), α/β-hydrolase domain 6
(ABHD6) and cyclooxygenase 2 (COX2, not shown).
Additional molecular components are GPR55 that is
modulated by cannabidiol (CBD). Tetrahydrocannabinol
(THC) modulates both CB1 and CB2, and 11-OH tetra-
hydrocannabinol (11-OH-THC) modulates CB1.
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array of biological effects, many of which remain to be studied.

3. Phyto-cannabinoids, cannabinoid receptors and
endocannabinoid signaling

The two main phyto-CBs, THC and CBD, and several of their me-
tabolites (e.g. 11-hydroxy-Δ9-THC (11-OH-THC, Fig. 1)) bind and dif-
ferentially activate cannabinoid receptors (Devane, Dysarz, Johnson,
Melvin, & Howlett, 1988). Cannabinoid receptors 1 (CB1R) are G pro-
tein-coupled receptors (GPCR) abundantly expressed in the central
nervous system (CNS) by many neuronal and glial cell types (Stella,
2010). A key function of CB1R in mature neurons is to modulate the
release of neurotransmitters such as glutamate and GABA (Bloomfield
et al., 2016; Katona & Freund, 2008, 2012). Central to this review, ac-
tivation of CB1R during neuronal development influence cell pro-
liferation, migration, and differentiation through control of the ex-
pression of key factors, including brain-derived nerve factor
(Calvigioni, Hurd, Harkany, & Keimpema, 2014; de Salas-Quiroga et al.,
2015; Marsicano et al., 2003). CB1R are also expressed by cells in the
periphery, including in reproductive tissues (Pertwee et al., 2010).
Thus, most of the psychoactive responses produced by THC and 11-OH-
THC exposure are mediated through CB1R expressed by a complex
network of neuronal and glial cells in the CNS but circulating phyto-CBs
and their metabolites also exhibit significant activity on both the CNS
and peripheral tissues.

Cannabinoid receptors 2 (CB2R) are closely-related GPCRs of CB1R
and are expressed by hematopoietic cells, as well as by select neurons
and cells in the periphery, including cells in reproductive tissues
(Pertwee et al., 2010). CB2R also couple to Gi/o proteins and their ac-
tivation modulates similar signaling pathways and cell functions as
CB1R (Pertwee, 2008). Accordingly, both CB1R and CB2R mediate the
biological activity of different phyto-CBs, resulting in pronounced
changes in several neural and immune functions.

Cannabinoid receptor activity is regulated by endocannabinoids
(eCB), anandamide (AEA) and 2-arachidonoyl glycerol (2-AG), two
signaling lipids that are produced and inactivated by distinct lipases
and hydrolases, respectively (Castillo, Younts, Chávez, &
Hashimotodani, 2012; Piomelli, 2003). Increased cannabinoid receptor
activation allows for rapid modulation of neuronal functions by mod-
ifying synaptic circuits (Katona & Freund, 2008). eCBs are produced on-
demand by many different cell types in response to increased activity
(typically associated with increases in intracellular calcium) via lipase
activation that releases the eCBs from their membrane precursors (Di
Marzo et al., 1994; Stella & Piomelli, 2001; Stella, Schweitzer,
& Piomelli, 1997). Biological inactivation of eCBs occurs in two steps: a
rapid uptake into cells via active transport, followed by FAAH-mediated
hydrolysis for anandamide (Cravatt et al., 2001; Fu et al., 2012;
Mckinney & Cravatt, 2005) and hydrolysis or chemical modification of
2-AG by mono acyl glycerol lipase (MGL), α/β-hydrolase domain 6
(ABHD6) and cyclooxygenase 2 (COX2) (see Fig. 1) (Dinh et al., 2002;
Dinh, Kathuria, & Piomelli, 2004; Karlsson, Contreras, Hellman,
Tornqvist, & Holm, 1997; Nomura et al., 2011; Tornqvist & Belfrage,
1976). Thus, members of the eCB signaling system include CB1R and
CB2R, anandamide and 2-AG, and enzymes that produce and inactivate
these two main eCBs. Note that both anandamide and 2-AG modulate
the activity of additional targets that play fundamental roles in cell
function involved in development and regulation of homeostasis and
metabolic pathways. For example, anandamide is a low-efficacy agonist
of TRPV1 and GPR55, and high concentrations of 2-AG activate per-
oxisome proliferator-activated receptor-α (PPARα) and PPARγ (Abood,
Sorensen, & Stella, 2012; Pertwee et al., 2010). Thus, eCB hydrolyzing
enzymes represent cardinal molecular hubs within lipid signaling net-
works that control the levels and action of eCBs on their various targets
(Marrs & Stella, 2007; Stella, 2012).

While THC remains the most famous phyto-CB thus far, the phar-
macological activity of CBD is being studied in greater detail and was

recently shown to modulate several non-CB1/CB2 receptors. For ex-
ample, emerging in vitro evidence suggests that CBD might modulate
CB1R through an allosteric site (Laprairie, Bagher, Kelly, & Denovan-
Wright, 2015). A large body of work based on mouse genetics studies
show that CBD modulates the activity of GPR55, a GPCR expressed by
cells in both CNS and peripheral tissue (Ross, 2009; Sharir & Abood,
2010). As mentioned above, much less is known about the mechanism
of action of cannabinol (CBN), cannabigerol (CBG), and cannabichro-
mine (CBC).

Over 50 years of medicinal chemistry efforts have led to the de-
velopment of several classes of synthetic cannabinoids that exhibit re-
markable potency and selectivity profiles at the various targets men-
tioned above. For example, the indole-based compound, JWH-018, is a
high potency selective agonist at CB1R (Atwood, Huffman,
Straiker, &MacKie, 2010). In recent years, the human use of recrea-
tional cannabis-based products that contain indole-based cannabinoids
(such as JWH-018 in K2 and Spice) has greatly increased and its impact
on human health is only starting to be reported. Concerning reports
indicate that JWH-018 is associated with a toxicity profile that is ra-
dically different from phyto-CBs and characterized by renal failure and
seizures (Buser et al., 2014; Lapoint et al., 2011). One should note,
however, that this indole-based compound was developed from a dif-
ferent chemical scaffold and exhibits a different selectivity profile to the
rest of cannabinoids, including THC. Therefore, it is not surprising that
its toxicity profile may be different from the rest of cannabinoids. To-
gether, this evidence depicts a complex bioactivity profile linked to the
use of cannabinoids that is due to their polypharmacological activity at
multiple targets that regulate cardinal physiological functions.

4. eCB signaling in development

The eCB signaling system plays an overarching regulatory role
during the initial stages of embryo development, implantation and
ensuing prenatal development and differentiation. It undergoes a
drastic switch in function from the prenatal determination of cell fate to
the homeostatic regulation of metabolic pathways and transmission in
the mature CNS. The functional role of CB1R and CB2R during this early
stage of embryogenesis is not well understood but is likely linked to
their ability to control cell proliferation and differentiation (Galve-
Roperh et al., 2013).

During brain development, the proliferation and asymmetric divi-
sion of neural progenitor cells, as well as their positioning and mole-
cular diversification into neuronal and glial progenies, are all tightly
regulated by both morphogenetic signaling molecules that contribute to
building complex tissues. CB1R and CB2R are expressed by divergent
pluripotent cells, including neuronal stem and progenitor cells where
they differentially regulate cell proliferation and differentiation (Galve-
Roperh, Palazuelos, Aguado, & Guzmán, 2009; Maccarrone, Guzmán,
Mackie, Doherty, & Harkany, 2014). For example, activation of CB1R
expressed by neural stem cells isolated from embryos enhances differ-
entiation into neurons without affecting astrocytes and oligoden-
drocytes, as evidenced by increased neurite outgrowth and expression
in neuronal markers (de Salas-Quiroga et al., 2015). By contrast, acti-
vation of CB1R expressed by post-natal radial and neuronal stem cells
controls differentiation in the adult brain by promoting astroglial dif-
ferentiation of newly born cells (Aguado et al., 2005, 2006). Given that
CB1R expressed by neural progenitor cells in the developing forebrain
regulates the ratio of neurons to astroglial cells in areas such as the
hippocampus and cerebral cortex, changes in CB1R during this critical
period are likely to influence the connectivity of these brain regions
(Berghuis et al., 2007; Maccarrone et al., 2014). Evidence suggests that
focal eCB gradients are probably generated to control the direction of
cell migration (Miller & Stella, 2008; Tortoriello et al., 2014). Accord-
ingly, the downregulation of DAGLα and DAGLβ expression (enzymes
involved in 2-AG release from membranes) following neuronal speci-
fication is likely to represent an essential step to increase the reliance of
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post-mitotic neurons on extracellular 2-AG produced by pyramidal cells
in the cortical plate and thus function as positional cues (Tortoriello
et al., 2014). Additional molecular mechanisms involving eCB signaling
that regulate directed migration include the tropic action of growth
factors. Indeed, specific receptor tyrosine kinases are transactivated
following stimulation of CB1R, and conversely CB1R are sensitized by
growth factors (e.g. BDNF) (Marsicano et al., 2003). In line with these
studies, 2-AG signaling through CB1Rs represents an essential effector
molecular step of neurotrophic factor signaling (De Chiara et al., 2010;
De March et al., 2008; López-Gallardo et al., 2012). This body of work
identified a novel physiological role of eCB signaling system in pro-
viding signaling cues involved in the regulation of neural stem and
progenitor cell differentiation and ensuing function. These studies also
highlight the importance of determining how prolonged activation of
CB1R in neural progenitors by phyto-CBs intake impact newly born
cells.

5. Impact of cannabinoids on the developing brain

The developing brain undergoes substantial structural remodeling
that makes it particularly vulnerable to the harmful effects of bioactive
ingredients (Chambers, Taylor, & Potenza, 2003; Crews, He, & Hodge,
2007). Such remodeling occurs in many brain areas involved in vital
neuronal function, including sensory inputs and the control of body
temperature, as well as higher-order cognitive processes such as
learning, memory and decision making (Wise, 2004). CB1R signaling
modulates long-range neuronal connectivity, including corticofugal
connectivity (Katona & Freund, 2008; Tortoriello et al., 2014). Ac-
cordingly, THC administration to pregnant mice during a restricted
time window interferes with subcerebral projection neuron generation,
thereby altering corticospinal connectivity and producing long-lasting
alterations in the fine motor performance of the adult offspring (de
Salas-Quiroga et al., 2015).

Mechanistically, such impairments are reminiscent of those elicited
by the genetic ablation of CB1R and accordingly regimented THC ad-
ministration to pregnant mice leads to down-regulation of CB1R sig-
naling through desensitization (Berghuis et al., 2007; Castelli et al.,
2007; Keimpema, Mackie, & Harkany, 2011; Vitalis et al., 2008). This
impairment of long-range neuronal connectivity occurs for dorsal tel-
encephalic glutamatergic neurons but not for forebrain GABAergic
neurons (Mulder et al., 2008). Importantly, repeated CB1R activation
during sensitive periods of CNS development affects the expression and
functionality of multiple receptors, including dopaminergic receptors
that are critically involved in higher cognitive functions (Renard et al.,
2017). In mice, in utero exposure to THC leads to CB1R activation and
neuronal rewiring through the degradation of the molecular effector,
SCG10/stathmin 2, known to regulate microtubule dynamics in axons
(Tortoriello et al., 2014). A telling example is provided by results
showing that CB1Rs activation on the axonal surface induces repulsive
growth cone turning and eventual collapse in in vitro model systems
(Harkany, Keimpema, Barabás, &Mulder, 2008; Harkany,
Mackie, & Doherty, 2008; Maccarrone et al., 2014). The molecular
mechanism of CB1R-mediated cytoskeletal instability in growth cones
involves select signaling pathways, including RHO-family GTPases,
RAS, and PI3K–AKT–β-catenin signaling (Alpár et al., 2014; Díaz-
Alonso et al., 2012; Maccarrone et al., 2014). Accordingly, THC ex-
posure leads to ectopic formation of filopodia and alterations in axon
morphology, together limiting the computational power of neuronal
circuits involved in high cognitive function in affected offspring
(Cristino & Di Marzo, 2014; Tortoriello et al., 2014).

An interesting cellular component of the impact of THC on brain
development that has not been studied in detail is whether repeated
activation of cannabinoid receptors expressed by glial cells will also
lead to their down-regulation or desensitization and whether this re-
sponse might affect normal brain maturation and result in persisting
impairments. In accordance with the tripartite synapse hypothesis,

which states an involvement of astrocytes in synaptic transmission,
peri-synaptic astrocytes that express MAGL should form a barrier lim-
iting 2-AG spread and action on its targets to 20–100 μm and not be-
yond its immediate site of action (Maccarrone et al., 2014; Metna-
Laurent &Marsicano, 2015; Navarrete & Araque, 2010; Oliveira da
Cruz, Robin, Drago, Marsicano, &Metna-Laurent, 2016; Stella, 2010).
This MAGL expression pattern is likely to both limit axonal spread in
the prospective internal capsule and help delineate migratory routes for
CB1R-expressing neurons, such as exemplified by cortical interneurons
(Alpár et al., 2014; Keimpema et al., 2010; Wu et al., 2010). Thus,
pharmacological manipulation of eCB signaling and its highjack by
phyto-CB during crucial periods of synaptogenesis and/or postnatal
pruning might precipitate or predispose an individual to neu-
ropsychiatric disease-like phenotypes.

6. Pharmacokinetics of THC in humans

There is strong evidence that THC pharmacology has considerable
impacts on neuronal signaling and development and as such, it is
plausible to hypothesize that THC exposures during pregnancy could
lead to long-term changes in neuronal development. However, a critical
component in understanding the potential consequences of cannabis
consumption during pregnancy is the duration of exposure, the overall
magnitude of exposure and the extent to which the fetus and fetal brain
are exposed to THC after maternal cannabis consumption. While the
pharmacokinetics (PK) of THC and its metabolites have been studied in
adult humans following intravenous (iv), oral and inhalation adminis-
tration (see Table 1), little is known about the changes in cannabis PK
during pregnancy and the maternal-fetal transfer and fetal PK of THC.
In addition, it is possible that the route of cannabis consumption (oral,
inhalation, and different ways of smoking) will have an impact on the
overall fetal toxicity.

The absorption pathways between smoked and edible cannabis
products are distinctly different. Following oral administration, THC
absorption is typically> 90% and not affected by formulation (Parikh,
Kramer, Khurana, Smith, & Vetticaden, 2016). Studies have shown that
the bioavailability of THC is limited (10–20% when ingested in gelatin
capsules (Wall, Sadler, Brine, Taylor, & Perez-Reyes, 1983) and
6 ± 3% when ingested in a chocolate cookie (Ohlsson et al., 1980))
due to significant liver first pass metabolism. In contrast, smoked can-
nabis is not subject to liver first pass metabolism. Loss of THC in side
stream smoke and in the butt of the cigarette, as well as loss via pyr-
olysis, result in low absorption of THC from smoking (Grotenhermen,
2003) and overall highly variable bioavailability of 2–56% (mean
18 ± 6%) (Huestis, 2007; Ohlsson et al., 1980).

An important difference between oral and smoked cannabis is also
the rate of THC absorption (see Table 1). Following smoking, THC is
rapidly absorbed and its peak concentrations (Cmax) are reached within
minutes (Kauert, Ramaekers, Schneider, Moeller, & Toennes, 2007;
Ohlsson et al., 1980). In comparison, absorption from oral capsules is
considerably slower and maximum THC concentrations are reached
1–3 h after dosing (Ahmed et al., 2015; Ohlsson et al., 1980; Schwilke
et al., 2009). As expected from the faster rate of absorption from
smoked cannabis, the average Cmax values for THC following smoking
are somewhat higher than those observed after oral consumption if
similar THC content is consumed (see Table 1). The average peak
concentrations of THC in serum reached after smoking cannabis ci-
garettes containing 18.2 mg (0.25 mg/kg body weight) and 36.5 mg
(0.5 mg/kg body weight) of THC were 48 μg/L and 79 μg/L (Kauert
et al., 2007). In a study in occasional users who smoked a cannabis
cigarette with 4% THC (20 mg dose) with tobacco, the average Cmax

was 25.8 ± 42.9 μg/L with an average time to maximum concentra-
tion of 0.2 h. (Marsot et al., 2016). The range of individual peak con-
centrations (1.6–160 μg/L) emphasizes the large inter-individual
variability in THC exposures. After oral dosing in daily cannabis users,
the Cmax of THC was 16.5 μg/L after 20 mg THC orally, (Schwilke et al.,
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2009). In elderly patients the Cmax was, 0.41 μg/L after 0.75 mg oral
dose and 1 μg/L after a 1.5 mg oral dose (Ahmed et al., 2015). Col-
lectively, the observed differences in the various studies in rate and
extent of absorption and in first pass metabolism between oral and
smoked cannabis may ultimately contribute to different toxicity pro-
files, especially if toxicity is related to peak concentrations and/or if
overall metabolite exposure contributes to fetal pharmacology.

The site of action of THC's psychoactive effects is in the CNS and
hence distribution to the site of action is critical for effects. Indeed, THC
distributes extensively into tissues with a steady state volume of dis-
tribution (Vss) of 523–626 L (7.5–8.9 L/kg) (Hunt & Jones, 1980; Wall
et al., 1983). The distribution of THC into the brain is, however, de-
layed and the volume of distribution of the central compartment after iv
bolus is estimated between 2.6 L (0.04 L/kg) (Hunt & Jones, 1980) and
22.8 L (0.33 L/kg) (Ohlsson et al., 1980). Following iv administration,
the maximum rated psychological “high” is reached at 15 min after the
dose (Ohlsson et al., 1980). This corresponds to the time required to
reach distribution equilibrium (minutes to an hour) (Hunt & Jones,
1980; Ohlsson et al., 1980) at the site of action and results in a hys-
teresis loop that describes the relationship between THC concentrations
in plasma and the observed pharmacological effect with time (see also
Grotenhermen, 2003). After peak effects are reached, the effects decline
slowly due to the long terminal half-life between 20 and 57 h
(Hunt & Jones, 1980; Lemberger, Axelrod, & Kopin, 1971) suggesting
prolonged exposures and pharmacological effects even after single use.

In humans, THC is extensively metabolized (see Fig. 2) with a

systemic clearance of 12–36 L/h (Hunt & Jones, 1980; Wall et al.,
1983). The clearance is somewhat restricted by plasma protein binding
(THC unbound fraction of 3%). The majority of THC clearance in hu-
mans is thought to be hepatic, although metabolism of THC exists in the
gut mucosa, lung and heart, at least in preclinical species
(Grotenhermen, 2003). After iv dosing in humans,< 0.05% of the THC
dose is recovered as unchanged Δ9-THC in urine or feces as the vast
majority of THC is eliminated as metabolites either in urine (20%) or
via biliary secretion of the metabolites in feces (25–40%)
(Hunt & Jones, 1980; Lemberger et al., 1971; Wall et al., 1983). Over 80
metabolites of THC have been identified to date, but only some of these
metabolites are quantitatively important and pharmacologically active,
including 11-OH-THC, 11-nor-Δ9-THC-9-carboxylic acid (11-nor-THC-
COOH) and 8-OH-Δ9-THC (see Fig. 2) (Dinis-Oliveira, 2016;
Grotenhermen, 2003).

11-OH-Δ9-THC is even more pharmacologically active than THC
(Christensen et al., 1971) but the activity of 8-OH-THC is not known
and 11-nor-THC-COOH is not a potent cannabinoid. In vitro and in vivo
data suggest that 11-OH-THC is formed predominantly by CYP2C9
while 8-OH-THC is mainly formed by CYP3A4 (Bland, Haining,
Tracy, & Callery, 2005; Bornheim, Lasker, & Raucy, 1992; Stott, White,
Wright, Wilbraham, & Guy, 2013; Watanabe, Yamaori, Funahashi,
Kimura, & Yamamoto, 2007). The 11-nor-THC-COOH is formed from
11-OH-THC by microsomal alcohol dehydrogenase enzymes (Narimatsu
et al., 1988). Both 11-OH-THC and 11-nor-THC-COOH undergo glu-
curonidation by UGT1A9 and UGT1A10 (11-OH-THC) and UGT1A1 and

CH3

H3C

H3C CH3O
9-tetrahydrocannabinol 

OH

H3C

H3C
CH3O

OH

9-tetrahydrocannabinol 11-hydroxy- 

OH

H3C

H3C
CH3O

OH

9-tetrahydrocannabinol 11-nor-9-carboxy- 

O

CH3

H3C

H3C CH3O
9-tetrahydrocannabinol 

HO

8-hydroxy- 

Glucuronide 
Conjugates 

Microsomal alcohol 
dehydogenase enzymes

UGT1A1
UGT1A3

UGT1A9
    UGT1A10

CYP3A4CYP2C9

Fig. 2. In humans, THC is metabolized predominantly by CYP2C9 to 11-OH-THC and subsequently by CYP and alcohol dehydrogenase enzymes to 11-nor-THC-COOH. CYP3A4 forms
primarily the 8-OH-THC metabolite in humans, which is a minor elimination pathway for THC. 11-OH-THC and 11-nor-THC-COOH are glucuronidated by UGT1A family enzymes.
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UGT1A3 (11-nor-THC-COOH) (Mazur et al., 2009). As the 11-nor-THC-
COOH, together with its acyl glucuronide conjugate, account for the
majority (30–65%) of THC elimination (Glaz-Sandberg et al., 2007),
altered CYP and UGT activity, as occurs during pregnancy, may sig-
nificantly alter THC and metabolite exposures and pharmacology. Of
note, the route of THC consumption will also alter the exposures to the
metabolites. Following iv administration of THC or smoking of can-
nabis, 11-OH-THC plasma concentrations are much lower than those of
THC (Grotenhermen, 2003; Wall et al., 1983) declining with the same
half-life as THC (25–33 h). By contrast following oral THC adminis-
tration, 11-OH-THC plasma concentrations can exceed those of THC but
decline with a shorter half-life (12h) than THC suggesting that most of
11-OH-THC is formed during first pass in the liver (Grotenhermen,
2003; Wall et al., 1983). As 11-OH-THC has been suggested to penetrate
the brain much better than THC, it is possible that 11-OH-THC con-
tributes to the pharmacological effects observed after oral cannabis or
THC consumption. Because of the low clearance of 11-nor-THC-COOH
(5.5 L/h), it is the main circulating compound following any route of
THC administration (Glaz-Sandberg et al., 2007). Overall, these data
show that the route of consumption of THC may result in distinctly
different exposures and pharmacology. Further research is needed to
determine the role of peak concentrations, duration of exposures and
role of metabolites in THC pharmacology and toxicity.

6.1. THC pharmacokinetics in preclinical species

The disposition of THC has been studied in several animal model
systems, including mice, rats, rabbits, dogs and nonhuman primates
(Freudenthal, Martin, &Wall, 1972; Garrett & Hunt, 1977; Ginsburg,
Hruba, Zaki, Javors, &McMahon, 2014; Leuschner, Harvey,
Bullingham, & Paton, 1986). These species generally reproduce the
distribution kinetics observed in humans characterized by a relatively
rapid distribution phase and long terminal half-life predominantly
driven by the extensive distribution of THC into adipose tissue. Un-
fortunately, due to low analytical sensitivity in the early studies, and
oftentimes insufficient duration of sample collection, the terminal half-
lives of THC have not yet been thoroughly characterized in most spe-
cies. A terminal half-life of 8 days was reported in dogs based on
radiolabeled THC (Garrett & Hunt, 1977) while terminal half-lives
ranging from 41 h to 76 h were documented in rabbits (Leuschner et al.,
1986). In rodents, the terminal half-life of petroleum ether extractable
THC related radioactivity was 21 h (Klausner & Dingell, 1971). It is
likely that these terminal half-lives measured based on radioactivity
include both THC and its non-polar metabolites and hence may provide
misleading estimates of the half-life of THC in different species. As such,
these half-lives should be interpreted with caution and not compared
across species.

In contrast to human studies, information on THC metabolite dis-
position in preclinical species is sparse. The formation of 11-OH-THC is
largely conserved across species as a major metabolite and consistent
with data in humans, rat CYP2C enzymes (CYP2C11 in males and
CYP2C6 in females) predominantly form the 11-OH-THC (Narimatsu
et al., 1990, 1992). THC is almost exclusively eliminated via metabo-
lism in rats, and similar to what is observed in humans, only 10% of the
dose is excreted in urine. The majority of the iv dose of THC is found in
feces as metabolites of THC (Klausner & Dingell, 1971). The role of
biliary secretion in rats was confirmed using the isolated perfused rat
liver model in which 90% of the perfused THC radioactivity was se-
creted into the bile. Studies in rats also suggested that enterohepatic
circulation of THC metabolites may occur (Klausner & Dingell, 1971).
Whether the metabolite exposures in rats reflect those observed in
humans is not known. In nonhuman primates (rhesus macaque mon-
keys) exposed to 0.1 mg/kg iv dose, the plasma disposition of THC is
similar to humans and the human metabolites 11-OH-THC and 11-nor-
THC-COOH are also detected. 11-nor-THC-COOH is present in the
monkey plasma at similar concentrations as 11-OH-THC, but unlike in

humans, the concentrations of 11-nor-THC-COOH are lower than THC
in monkey plasma. The difference could be due to either lower effi-
ciency of 11-nor-THC-COOH formation in the monkey compared to
humans or higher clearance of the 11-nor-THC-COOH in the monkey.
These minor species differences are, however, unlikely to affect the
validity of the model species as 11-nor-THC-COOH is an inactive me-
tabolite. Together, these studies show that we still have only a basic
understanding of THC disposition and metabolism in both human and
relevant preclinical model systems and further studies are urgently
needed in this area.

6.2. THC pharmacokinetics during pregnancy and maternal-fetal
distribution

While THC and its metabolites can be reliably detected in meconium
and infant urine as an indicator of maternal cannabis use in humans,
very few studies have been conducted to evaluate maternal-fetal dis-
position of THC and its metabolites following maternal smoking or oral
consumption of THC products. In addition, infant exposure to THC via
passive smoking or via breastmilk has not been systematically assessed.
THC is highly lipophilic (logP 6.97 for THC, 5.7 for 11-OH-THC and 5.2
for 11-nor-THC-COOH) and as such readily crosses the placenta but
fetal exposure may be limited to some degree by active transport in the
placenta. Observational studies in a small number of humans have
demonstrated that THC distributes into the fetal compartment and
readily crosses the placenta, although the overall extent of fetal dis-
tribution in humans has not been evaluated (Blackard & Tennes, 1984;
Boskovic, Klein, Woodland, Karaskov, & Koren, 2001). Interestingly,
based on meconium and hair samples of monozygotic and dizygotic
twins, it was shown that THC levels in dizygotic twins can be discrepant
(i.e. observed in one fetus but not in the other). This result suggests that
placental and possibly fetal factors are the predominant factors con-
trolling fetal THC exposures at constant maternal exposure.

While some epidemiological studies have incorporated maternal
measures of exposure in the design of their study, none have generated
data on the relationship between maternal and fetal measurements of
cannabis exposure. Some initial information on this topic has been
provided by a study of Spanish women undergoing voluntary pregnancy
terminations (Falcon et al., 2012). In this study, samples of maternal
hair, placenta and fetal tissue were collected from participants and THC
and THC-COOH were detected in maternal hair. Placental THC tissue
concentrations averaged 196.8 ± 110.1 ng/g (range 101.1–432.8),
while the mean THC level in fetal remains was 118.5 ± 97.9 ng/g
(range from 3.9 to 281.7). These results document the transplacental
passage of THC during the embryonic and fetal period but are not
sufficient to establish a quantitative relationship between maternal
cannabis exposure and fetal cannabis levels.

To date, no studies on the disposition of THC in humans during
pregnancy have been conducted. Based on the significant contribution
of CYP2C9 and CYP3A4 to THC metabolism and their known increase
in expression during pregnancy (Isoherranen & Thummel, 2013), one
could suggest up to 2-fold increase in THC clearance during pregnancy
and potentially a decrease in THC exposure for a given consumption
level. However, one cannot easily predict that maternal or fetal ex-
posures to the metabolites of THC are also increased during pregnancy
as a result of enhanced CYP activity, as we still do not know how
pregnancy may change the metabolite glucuronidation and clearance.
Hence, more studies are needed to mechanistically characterize the
elimination pathways of THC and its metabolites in humans and to
predict whether pregnancy-mediated changes in maternal THC dis-
position are of clinical significance.

In preclinical model systems of human developmental exposure,
fetal concentrations are generally lower than those observed in the
mother and may be dependent on route of administration. In pregnant
mice, fetal liver concentrations of THC and its metabolites were similar
to maternal liver based on autoradiograms that were taken 2 h after iv
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dosing of THC (Freudenthal et al., 1972). When THC was administered
orally, a similar analysis yielded higher concentrations in the fetus than
maternal liver. However, presence of THC metabolites may confound
these measurements. In contrast, in pregnant female dogs administered
0.5 mg/kg THC iv, maternal brain concentrations of THC related
radioactivity were 3-fold higher than those observed in the fetal brains
30 min after dosing, although overall distribution of THC to maternal
and fetal brain regions was similar (Martin, Dewey, Harris, & Beckner,
1977). In pregnant rats given chronic oral doses of THC at 15 mg/kg or
50 mg/kg throughout gestation, fetal THC concentrations reached only
9–13% of the maternal concentrations and fetal exposure to THC in-
creased proportionately to the dose (Hutchings, Martin, Gannagaris,
Miller, & Fico, 1989). However, due to the distribution kinetics of THC
to the fetus and the potential slow elimination from the fetus, these
single point concentrations may not reflect the overall fetal exposure. In
pregnant ewes (~130 days gestation) exposed via inhalation to can-
nabis smoke containing 3.2% THC, maternal THC concentrations
peaked rapidly at 10 min after inhalation (Abrams et al., 1984) while
the concentrations in fetal blood peaked at 90 min. Consistent with the
rodent data, the fetal concentrations remained lower than those in the
mothers during the 24 h study indicating potential placental efflux
transport of THC. In 3 pregnant rhesus macaque monkeys administered
iv doses of 0.3 mg/kg THC, distribution to the fetal compartment was
faster than that observed in the ewes (Bailey, Cunny, Paule, & Slikker,
1987) and the fetal plasma THC concentrations peaked at 15 min after
iv administration. Consistent with all other species, the fetal con-
centrations reached only 28% of the concentrations observed in ma-
ternal plasma at this sampling time point. Alarmingly, the half-life of
THC in the fetal compartment appears longer than that in the dam with
fetal THC concentrations reaching those of maternal plasma at 180 min
after dosing (Bailey et al., 1987). Unfortunately, this study does not
provide data on longer periods of sampling which prevents full phar-
macokinetic analysis of this pattern. However, this study measured fetal
tissue THC concentrations and found that the thymus, adrenals and bile
had the highest THC concentrations at 3 h after THC dosing to the
pregnant dam (about 5 times those observed in fetal plasma) (Bailey
et al., 1987). In other tissue samples, such as fetal brain, liver and
kidney, THC concentrations were either similar or slightly higher than
those observed in fetal plasma. Together, these results indicate a broad
distribution of THC to fetal tissues. The studies in rhesus macaques also
show that 11-nor-THC-COOH is not detectable in the fetal plasma and
that the maternal concentrations of 11-nor-THC-COOH were lower than
those of THC up to 180 min post-exposure.

These preclinical animal studies show that THC concentrations in
the fetus appear lower than in the mother and thus suggest that active
transport (active efflux) in the placenta limits fetal exposure to THC.
However, most of the studies are limited to single time points and
further detailed studies are needed to carefully characterize the rate
and extent of THC distribution into the fetus. For example, it is critical
to understand whether peak concentrations in the fetal brain are similar
to those observed in the mother and whether the exposure in the fetus is
prolonged in comparison to the mother even after single doses of can-
nabis. In addition, mechanistic studies are needed to identify placental
transporters responsible for THC transport to support our under-
standing of potential interindividual variability in THC distribution into
the fetus and to identify individuals at high-risk for fetal THC toxicities.
Variability in maternal-fetal THC disposition and transport may be
partially responsible for inconsistent reports of neurodevelopmental
effects from studies of THC exposure during pregnancy, outlined in
detail below.

7. Impact of prenatal cannabis exposure on neurodevelopmental
outcomes in humans

There are numerous publications focused on the reproductive and
developmental effects of cannabis. Excellent review articles describing

a range of reproductive effects in both males and females have been
published recently and will not be reviewed here (Brents, 2016; du
Plessis et al., 2015).

Early chemical or drug exposure can result in subtle injuries to the
developing CNS that are expressed as changes in postnatal development
(Bellinger, Matthews-Bellinger, & Kordas, 2016; Grant & Rice, 2008).
Over the past four decades, a number of prospective studies have found
changes in the developmental trajectory of children prenatally exposed
to cannabis. The demographic characteristics of subjects in these stu-
dies as well as exposure and outcome measures are summarized in
Table 2. Most studies were conducted in urban environments with
economically-disadvantaged families. The most common metric to es-
timate use of cannabis during pregnancy is maternal self-report on
frequency of use (e.g. # joints/day), while fewer studies have collected
biological samples to more accurately estimate real-world levels of
exposure. Much of what is known about maternal cannabis use and
child development is based on data collected from 3 longitudinal birth
cohort studies; the Ottawa Prenatal Prospective Study, the Maternal
Health Practices and Child Development Project and the Generation R
Study (McLemore & Richardson, 2016), but other longitudinal and
cross-sectional studies focused on the developmental neurotoxicity of
this compound have also made important contributions. The wide
variation in cannabis potency and individual smoking habits make the
interpretation of the developmental literature challenging but a careful
review reveals certain common themes surrounding the fetal risks as-
sociated with prenatal exposure. Accordingly, we have separated the
developmental outcomes of cannabis exposure into four domains:
physical growth/maturation, neonatal behaviors, cognition and psy-
chological health/adaptive behavior.

As mentioned above, a frequently used approach to the measure-
ment of cannabis exposure is maternal self-report of use during preg-
nancy. This approach, while commonly employed, may not provide an
accurate evaluation of in utero exposure due to underreporting of drug
use by pregnant women (Garg et al., 2016). Reluctance to report can-
nabis use is commonly linked to feelings of guilt, the fear of being ar-
rested and concern over repercussions in child custody cases. This
makes it difficult to characterize biologically-based dose-response re-
lationships for cannabis-related developmental effects. Few studies
have collected biological samples to augment maternal self-report es-
timates of use and for those that have, the information has been pri-
marily used to determine incidence of drug exposure, not dose-response
relationships. The laboratory analysis of cannabis exposure from bio-
logical mediums most often relies on samples of maternal urine and
blood (Musshoff&Madea, 2006), but more recently, maternal hair,
placenta and fetal meconium have been utilized (Falcon et al., 2012).

7.1. Physical growth and maturation

In utero exposure to cannabis does not typically result in congenital
birth defects (Linn et al., 1983; van Gelder et al., 2010; Warner,
Roussos-Ross, & Behnke, 2014) and there is no phenotypic signature of
this compound in newborns. Effects on physical growth at birth and
during the neonatal period have been reported in some studies (see
below) but not others (Bada, Reynolds, & Hansen, 2006; Conner, Carter,
Tuuli, Macones, & Cahill, 2015; van Gelder et al., 2010). In a study of
maternal cannabis use and effects on fetal growth, decrements in
birthweight and neonatal head circumference were associated with
prenatal exposure but only when data were restricted to women with a
positive urine assay for cannabis (Zuckerman, Amaro, & Cabral, 1989).
When maternal self-report data were used for analysis, no significant
relationship between cannabis exposure and early growth was detected.
In a retrospective records study, maternal use of cannabis, as de-
termined by either self-report or a positive urine assay for THC, was
associated with decrements in fetal growth (e.g. small-for-gestational
age) and an increase of 54% in neonatal intensive care unit admissions
(Warshak et al., 2015). This investigation is particularly noteworthy for
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its enrollment criteria and women who used tobacco during pregnancy
were not included in the study population. Because subjects were
classified only as cannabis users or nonusers, it is not possible to glean
information about dose-response relationships for these effects. Ex-
posure-related changes in early growth were also detected in a study
where fetal meconium, maternal self-report and urine were collected
from women undergoing voluntary saline-induced abortions (Hurd
et al., 2005). The anthropometric examination of fetuses of varying
gestational ages revealed a significant exposure-related decrement in
fetal foot length, a standard marker of physical maturation at birth. This
effect was observed as early as mid-gestation (weeks 17–22) and sta-
tistical trends in the data showed that offspring of women who were
heavy users of cannabis during early pregnancy (~1 or more joints/
day) were most likely to be affected. In contrast, a study of over 8000
women that relied on either self-report or a positive THC urine screen to
determine fetal exposure found no relationship between maternal
cannabis use during pregnancy and a composite score of neonatal
morbidity composed of birthweight, APGAR score (health status of
newborn immediately after birth) and umbilical artery pH levels
(Conner et al., 2015).

Changes in physical growth and development have also been
documented in studies relying solely on measures of maternal self-re-
port to estimate cannabis use. Ultrasound images collected from thou-
sands of pregnant women demonstrated that maternal cannabis use was
not related to adverse neonatal outcomes, such as perinatal death, but
was associated with small but detectable reductions in birthweight and
fetal head circumference (El Marroun et al., 2009). Changes in weight
and growth trajectories were primarily observed in infants whose mo-
thers reported using cannabis on a weekly or daily basis. In separate
studies using maternal self-report, the use of cannabis during pregnancy
has been linked to an increased risk of having a small-for-gestational
age infant (Saurel-Cubizolles, Prunet, & Blondel, 2014) and reductions
in birthweight (Fergusson, Horwood, & Northstone, 2002).

Our reading of the literature on prenatal cannabis exposure and
early physical development indicates mixed results. Despite some re-
search supporting a significant relationship between cannabis use
during pregnancy and decrements in fetal growth, there is no strong
evidence that cannabis has a long-term negative impact on physical
maturation (Fried &O'Connell, 1987). Longitudinal tracking of children
with a history of prenatal cannabis exposure revealed normal physical
growth trajectories at the time of school entrance (age 5–6) and during
adolescence (Day, Richardson, Geva, & Robles, 1994; Fried,
Watkinson, & Gray, 1999) and key pubertal milestones such as age at
menstruation in females and shaving in males were also not affected
(Fried et al., 1999; Fried, James, &Watkinson, 2001).

7.2. Neonatal behaviors

Neurobehavioral effects of in utero cannabis exposure have been
detected in some studies during the newborn period. Infants born to
moderate and heavy users of cannabis during pregnancy (≥2 joints/
week, maternal self-report) showed increased tremors/startles and
poorer habituation to visual stimuli (Fried, 1980; Fried, Watkinson,
Dillon, & Dulberg, 1987). The authors note that these behavioral find-
ings are consistent with a mild narcotic withdrawal syndrome and may
portend exposure-related changes in CNS functioning. Some women
who decreased use or quit cannabis during pregnancy showed a re-
duced risk of delivering an infant with clinical symptomology. Gesta-
tional cannabis exposure has also been associated with changes in
postnatal cortical activity. Specifically, a study of neonatal electro-
encephalography (EEG) sleep patterns found that in utero exposure to
cannabis was associated with increased body movements and decreased
time in a quiet sleep state (Scher, Richardson, Coble, Day, & Stoffer,
1988). This effect was most widely observed in infants born to women
who used cannabis on a daily basis. When children in this cohort
reached 3 years of age, a similar pattern of EEG sleep disturbances wasTa
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documented (Dahl, Scher, Williamson, Robles, & Day, 1995). These re-
sults suggest that the neurophysiological mechanisms that control in-
fant/toddler arousal and sleep cycling may be disrupted by cannabis
use during pregnancy. This behavioral change in affected infants may
reflect subtle chemical injury to the brain stem, particularly in neurons
that comprise the raphe nuclei. The long-term significance of these
effects, if any, is unknown.

7.3. Cognition

Learning and memory are perhaps the most consequential outcome
measures in developmental cannabis research but studies are relatively
few and findings are inconsistent. With few exceptions (e.g. Noland
et al., 2005), the central limitation of studies investigating neurocog-
nitive endpoints is their methodological reliance on maternal self-re-
port of cannabis use during pregnancy to estimate fetal exposure.
Several studies focused on early cognitive outcomes have reported that
maternal cannabis use during pregnancy was not related to perfor-
mance on infant tests of mental development (Astley & Little, 1990;
Fried &Watkinson, 1988). Other studies however, have reported a
significant decline in early cognitive performance (Richardson,
Day, & Goldschmidt, 1995). The reduction in test scores for 9 month-old
infants with the highest levels of maternal cannabis use (> 1 joint per
day) was a disquieting 10 points, providing some evidence for dose-
related effects in early mental test performance. When these infants
were re-evaluated at 19 months using the same exam, fetal THC ex-
posure was no longer related to language and cognitive scores.

During the preschool period of development (3–4 years), results
from child assessment studies have demonstrated that prenatal can-
nabis exposure is related to adverse effects on sustained attention,
short-term memory and verbal processing, although it is important to
note that decrements in performance were frequently subtle and limited
in scope (Day et al., 1994; Fried &Watkinson, 1990; Noland et al.,
2005). At school age (5–6 years), one prospective, birth-cohort study
found no evidence of an adverse effect of prenatal cannabis exposure on
any cognitive outcome, including global intelligence quotient (IQ)
scores (Fried, O'Connell, &Watkinson, 1992). Additional testing with
these children did, however, reveal small deficits in sustained attention
and increased levels of impulsivity and hyperactivity (Fried,
Watkinson, & Gray, 1992). The number of lapses in attention (omission
errors) during a vigilance task was greatest in children born to heavy
users of cannabis during pregnancy (> 6 joints/week). In contrast, a
separate longitudinal study found that heavy maternal cannabis use
during pregnancy (~1 or more joints/day) was associated with di-
minished scores on a standardized IQ test at age 6, including deficits in
short-term memory processing, and the effects varied by trimester of
exposure (Goldschmidt, Richardson, Willford, & Day, 2008).

By middle childhood and adolescence, a pattern of neurocognitive
results highlights the resiliency of global IQ and the possible sensitivity
of attention and memory to prenatal cannabis exposure. Between 9 and
12 years of age, the data suggest that fetal cannabis exposure is not
associated with composite IQ scores or performance on broad-based
reading and language exams (Fried, Watkinson, & Gray, 1998; Fried,
Watkinson, & Siegel, 1997). However, the heavy use of cannabis during
pregnancy (~1 or more joints/day) has been linked with decreased
scores on tests of academic achievement, impulse control, visual ana-
lysis/hypothesis testing and learning/memory in exposed children
(Fried et al., 1998; Goldschmidt, Richardson, Cornelius, & Day, 2004;
Richardson, Ryan, Willford, Day, & Goldschmidt, 2002). Longitudinal
tracking of a birth cohort through adolescence (13–16 years) demon-
strated that global IQ scores remain unaffected by fetal cannabis ex-
posure but certain aspects of cognition, particularly those related to
sustained attention and visual working memory, may continue to be
negatively impacted (Fried, Watkinson, & Gray, 2003).

Two cannabis research programs have paired behavioral protocols
with in vivo visualization of the brain using functional magnetic

resonance imaging (fMRI) (Smith et al., 2016; Smith, Fried,
Hogan, & Cameron, 2004, 2006). Prenatal cannabis exposure in subjects
ranging in age from 8 to 22 was not related to decrements in perfor-
mance on a visuospatial cognitive task but fMRI scans revealed in-
creased neural activity in the frontal gyri, parahippocampal gyrus, oc-
cipital gyrus and cerebellum and decreased activity in the right inferior
and middle frontal gyri in exposed subjects. Brain imaging techniques
were also utilized in a study of 6 year old children to investigate can-
nabis-related changes in brain morphology (El Marroun et al., 2015).
Using MRI technology to compare prenatally exposed and nonexposed
children, no differences in brain volume were detected but there were
significant differences in cortical thickness. While the mechanism and
functional significance of these findings remains unknown, thicker
cortices in the frontal regions of both hemispheres suggest exposure-
driven changes in the maturation of the frontal cortex.

A collective examination of the body of knowledge on fetal cannabis
exposure and childhood neurocognitive development suggests that
heavy maternal use of cannabis during pregnancy does not result in a
reduction in global IQ but rather, may act to diminish performance on
tasks that require the harnessing and implementation of executive
function skills; a top-down set of cognitive processes that are used to
manage attention, exert inhibitory control and plan goal-directed be-
havior (Fried & Smith, 2001). Functional losses in executive function
skills may place exposed children at a disadvantage for long-term suc-
cess in school, the community and the workplace (Diamond & Lee,
2011).

7.4. Psychological health and adaptive behavior

On the continuum of cannabis-related developmental neurotoxicity,
there is growing evidence that psychological health may be particularly
vulnerable to the adverse effects of in utero exposure. A study of infant
social behavior demonstrated that maternal cannabis use during preg-
nancy was related to a significant increase in aggressive behavior and
attentional problems in 18 month-old girls (El Marroun et al., 2011). In
middle childhood, prenatal exposure was predictive of damaging or
maladaptive behaviors such as increases in hyperactivity, impulsivity
and delinquent behavior (Goldschmidt, Day, & Richardson, 2000). In
children born to heavy cannabis users (~1 or more joints/day), the risk
of scoring in the borderline clinical range for delinquent behavior was
2.4 times that of children born to nonusers. Increased reporting of de-
pressive symptoms and anxiety has also been documented in children
with a history of heavy prenatal cannabis exposure during the first
trimester (Gray, Day, Leech, & Richardson, 2005; Leech, Larkby,
Day, & Day, 2006).

A similar pattern of results has been observed in adolescence where
rates of delinquency varied by prenatal exposure history (41% non-
exposed, 50% light to moderate exposure and 61% heavy exposure)
(Day, Leech, & Goldschmidt, 2011). It is useful to note that cannabis-
exposed children who expressed depressive symptoms at age 10 were at
the highest risk of reporting delinquent behaviors during puberty. In
separate studies focused on mental health and adaptive behavior during
young adulthood, maternal cannabis use during pregnancy was not
predictive of non-clinical psychopathology (Zammit et al., 2009) but
was related to an increased risk for diagnosis of Tourette syndrome or
chronic tic disorder (Mathews et al., 2014). Recent studies have sug-
gested that prenatal exposure predicts the early onset of cannabis use in
young adults (22 years of age), but this effect was primarily observed in
subjects born to heavy users (~1 or more joints/day) (Sonon,
Richardson, Cornelius, Kim, & Day, 2015). While an intriguing result, a
positive relationship between prenatal cannabis exposure and the early
onset of cannabis use was not found in a study that utilized both ma-
ternal self-report and infant meconium to measure levels of gestational
exposure (Frank et al., 2014).
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8. Insights from experimental work with preclinical species

Preclinical animal model systems provide an important bridge be-
tween brain and behavior, allowing for the identification of neural
pathways and processes that underlie postnatal changes in exposed
offspring (Thompson, Levitt, & Stanwood, 2009). One of the most im-
portant aspects of preclinical work is the ability to control many of the
confounding environmental and genetic factors that can adversely af-
fect neurodevelopmental outcomes in human populations; a condition
that is essential to determining the independent contribution of drug
exposure (Fried, 2002). Most investigations have used rodent models to
study oral or subcutaneous (sc) routes of exposure but a small number
of investigations have employed inhalation or intravenous dosing (see
Table 3). THC doses in preclinical studies range from 0.1 to 150 mg/kg.

An oral dose of 5 mg/kg THC in rats is thought to correspond to
moderate levels of drug exposure in humans (Garcia-Gil, Romero,
Ramos, & Fernandez-Ruiz, 1999). Because comprehensive reviews of
the behavioral and neuroendocrine effects of prenatal cannabis ex-
posure in preclinical models are available (e.g. Campolongo, Trezza,
Ratano, Palmery, & Cuomo, 2011), the present discussion of the rodent
and primate literature is focused on studies which bring translational
value to the human research findings outlined above.

8.1. Physical growth and maturation

The effects of THC on fetal growth and neonatal outcomes were
among the first investigational topics to be addressed in preclinical
modeling research. In a study of chronic oral THC exposure (2.4 mg/
kg/day) that was undertaken in pregnant macaque monkeys, THC
readily crossed the placenta but was not related to changes in fetal
growth or infant birthweight (Asch & Smith, 1986). In an early and
ground-breaking longitudinal research program using rats, gravid ani-
mals were exposed to THC via gastric intubation (15 or 50 mg/kg/day)
on gestation day (GD) 2–22 and offspring were evaluated on a series of
neurodevelopmental metrics (Hutchings, Morgan, Brake, Shi, & Lasalle,
1987). While there were significant increases in offspring mortality at
both doses, broad-based behavioral testing (including the rest-activity
cycle, latency to attach to a nipple and ontogeny of locomotor activity)
did not reveal adverse effects of early THC exposure (Brake, Hutchings,
Morgan, Lasalle, & Shi, 1987; Hutchings et al., 1987, Hutchings, Brake,
et al., 1991, Hutchings, Fico, Banks, Dick, & Brake, 1991; Hutchings,
Gamagaris, Miller, & Fico, 1989). In a recent inhalation mouse study, a
dose of ~0.5 mg/kg/day THC smoke from GD 5.5 to 17.5 produced
deficits in fetal growth and reduced birthweights in cannabis-exposed
offspring (Benevenuto et al., 2017). Pups with a history of gestational
THC exposure showed a surprising 9.9% drop in birthweight and sig-
nificant decrements in the weight of lungs, brain, thymus, and liver. In
general, male fetuses appeared more susceptible to cannabis-related
disruptions in early physical growth. These results suggest that low-
dose exposure to cannabis for periods as little as 5 min a day via in-
halation can have a compromising effect on fetal development.

8.2. Cognition

Cognitive endpoints have also been evaluated in animals prenatally
exposed to THC and like results from human studies, the evidence is
evolving. While some results with animal models suggest adverse ef-
fects on learning and memory, it is important to remember that there
are multiple studies that did not identify prenatal cannabis exposure as
a risk factor for short-or long-term neurocognitive effects (e.g. Abel,
1984). The original discovery work in this field was plagued by meth-
odological and translational issues that detracted from the overall sig-
nificance of the experimental results, including the role of maternal
toxicity in producing false-positives on behavioral assessments in ex-
posed offspring (Hutchings & Dow-Edwards, 1991). With that said,
impairments in learning abilities were among the earliest reported

effects of prenatal cannabis exposure (Fried, 1976;
Gianutsos & Abbatiello, 1972). More contemporary research with pre-
clinical species has demonstrated that maternal oral exposure to 5 mg/
kg/day THC during pregnancy produces measurable deficits in learning
and short-term olfactory memory in exposed offspring (Campolongo
et al., 2007). Cognitive impairments in exposed animals were accom-
panied by changes in cortical gene expression that suggest alterations in
glutamatergic neurotransmission. In a recent mouse study targeting
early CNS development, gravid mice were exposed to intraperitoneal
(ip) injections of 3.0 mg/kg/day THC from GD 12.5 to 16.5 and off-
spring showed reductions in skilled motor activity and an increased
vulnerability to seizures (de Salas-Quiroga et al., 2015). The authors
theorize that fetal THC exposure may impede the normal development
of corticospinal connectivity and increase seizure susceptibility by in-
terfering with CB1R-dependent regulation of both glutamatergic and
GABAergic neuron development.

Consistent with preclinical findings on physical growth and ma-
turation, the effects of developmental THC exposure on cognition are
more pronounced in males. Offspring of rats exposed to 0.15 mg/kg/
day iv injections of THC throughout gestation showed reduced perfor-
mance on a test of learning and long-term memory with the most
pronounced deficits occurring in male offspring (Silva, Zhao,
Popp, & Dow-Edwards, 2012). This investigation is commendable for
tracking animals from weaning through adulthood and the findings
suggest emergent memory processes may be particularly vulnerable to
perturbation from in utero exposure. Additional evidence of cognitive-
based impairments was obtained in a rat study using 5 mg/kg/day THC
sc on GD 4–14, a period of major synaptogenesis and analogous to the
3rd trimester in humans (O'Shea &Mallet, 2005). As adults, exposed
animals committed more errors and took longer to reach a level of
proficient performance on a test of spatial learning and memory.
Neurocognitive testing across studies with rats and mice have identified
cognitive effects in exposed offspring that align with cognitive findings
from prenatally exposed children, providing corroboration that
memory-in-action, or working memory, may be the seat of cannabis-
induced cognitive impairment.

8.3. Emotionality and adaptive behavior

Given that prenatal cannabis exposure may be associated with in-
creased anxiety and depressive symptomology in children, emotionality
is an important outcome measure in studies with animals. Auditory
startle in adulthood, a sensitive measure of CNS functioning, was not
impaired in rat pups exposed to either 15 or 50 mg/kg/day THC via
gastric intubation on GD 2–22 (Hutchings et al., 1991). Conversely,
results from a longitudinal study of 2.5–5 mg/kg/day oral THC ex-
posure from GD 15 to Postnatal day 9 in rats demonstrated that peri-
natal exposure to THC was associated with an increased number of
adverse effects including ultrasonic distress calls from pups, inhibited
social behavior during adolescence and anxiety-like symptoms during
adulthood (Trezza et al., 2008). These findings led investigators to
hypothesize that developmental exposure to cannabinoids may exert
long-term effects on select brain regions that control emotional devel-
opment and cognition (Trezza et al., 2012). Interestingly, changes in
adult social behavior expressed as increased interactions with peers
have been reported after gestational and early postnatal exposure to
2 mg/kg/day THC sc (Newsom&Kelly, 2008). The theoretical premise
that cannabinoid exposure may impact the modulation of emotional
states, including sociability, is bolstered by two research findings 1)
CB1R are highly expressed in brain regions that regulate anxiety (e.g.
cortex, hippocampus, lateral septum, nucleus accumbens, amygdala)
and 2) the eCB signaling system controls the release of several neuro-
transmitters (e.g. serotonin, dopamine) involved with emotionality
(Campolongo et al., 2011).
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8.4. Physical activity

Findings from modeling studies suggest that fetal exposure to THC
may produce transient effects on postnatal physical activity (i.e. body
movement). In rodent studies using oral doses of 5 or 10 mg/kg/day
THC during gestation, increases (Borgen, Davis, & Pace, 1973; Mereu
et al., 2003; Navarro, Rubio, & Rodriguez de Fonseca, 1995), decreases
(Fried, 1976) and no changes (Brake et al., 1987; Trezza et al., 2008) in
psychomotor activity levels have been documented. While results are
inconsistent, some data suggest that prenatal exposure to cannabinoids
may impact the development of brain areas involved in motor behavior,
a finding that is relevant to the increased hyperactivity and impulsivity
observed in exposed children and adolescents. Oral administration of
THC from GD 5 to Postnatal day 24 in gravid rats led to significant
changes in offspring physical activity levels at doses as low as 0.1 mg/
kg (range 0.1–2 mg/kg/day) (Moreno, Trigo, Escuredo, Rodriguez de
Fonseca, & Navarro, 2003). Offspring perinatally exposed to THC spent
significantly more time in an immobile state and displayed reduced
levels of activity in an open field test apparatus when compared to
controls.

9. Conclusions and directions of future research objectives

Much of the research conducted thus far on the mechanisms of THC
toxicity has focused on understanding the MOA of THC and role of the
eCB signaling system in the mature brain. Much less is known about the
MOA mediating the effects of THC on the developing brain and whether
glial cells play a role in the impact of THC and how this is influenced by
additional phyto-CB. Almost nothing is known about the impact of
phyto-CB on the developing brain when exposure occurs in combina-
tion with other drugs. There is a strong need to establish the fetal
neurotoxic effects of phyto-CB exposure to properly evaluate the safety
profile of cannabis use during pregnancy. In addition, a key gap in
translating preclinical findings of cannabis toxicity to humans is the
lack of detailed knowledge of the pharmacokinetics and maternal-fetal
transfer mechanisms of THC and its metabolites in humans and in an-
imal models. Detailed pharmacokinetic studies and quantitative mod-
eling of cannabis pharmacokinetics are needed to develop methods that
allow interspecies scaling and determination of human maternal and
fetal exposures from spot urine or blood samples. It is also notable that
no studies have been conducted to evaluate the potential fetal toxicity
of the metabolites of THC and such studies are critically needed.

In terms of neurodevelopmental effects, the current evidence is in-
consistent but certain patterns can be gleaned from the data. Cannabis
does not act as a classical teratogen and is not associated with mor-
phological abnormalities at birth. Fetal exposure has been associated
with changes in physical growth and maturation early in life but long-
term growth, including pubertal milestones, are unaffected. Global in-
telligence scores in children with a history of in utero cannabis ex-
posure are typically not affected but aspects of cognition involved with
executive functioning (e.g. attention, inhibitory control, planning) can
be negatively impacted. Effects of exposure also include higher levels of
depression and anxiety during adolescence, suggesting that psycholo-
gical outcomes may be particularly sensitive to the disrupting influence
of gestational cannabis exposure. Results from preclinical modeling
studies have confirmed that in other mammalian species, fetal exposure
to THC does not result in changes in long-term physical growth but may
negatively impact certain aspects of cognition and heighten the oc-
currence of behaviors that are consistent with anxiety. While the neu-
rodevelopmental effects of in utero cannabis exposure are subtle, they
are persistent and have been observed in more than one species. Our
overall conclusion is that there is a public health need for well-con-
trolled scientific studies to elucidate the pattern of neurotoxicity that
may be associated with fetal exposure and until such time more in-
formation is available, pregnant women should not assume that it is
safe to use cannabis during pregnancy.
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