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Abstract

Cannabis exposure during the perinatal period results in varied and significant consequences in
affected offspring. The prevalence of detrimental outcomes of perinatal cannabis exposure is likely
to increase in tandem with the broadening of legalization and acceptance of the drug. As such, it is
crucial to highlight the immediate and protracted consequences of cannabis exposure on pre- and
post-natal development. Here, we identify lasting changes in neurons’ learning flexibility (synaptic
plasticity) and epigenetic misregulation in animal models of perinatal cannabinoid exposure (using
synthetic cannabinoids or active components of the cannabis plant) in addition to significant
alterations in social behavior and executive functions. These findings are supported by
epidemiological data indicating similar behavioral outcomes throughout life in human offspring
exposed to cannabis during pregnancy. Further, we indicate important lingering questions
regarding accurate modeling of perinatal cannabis exposure as well as the need for sex- and age-
dependent outcome measures in future studies.

Keywords
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Global trends in cannabis use and perinatal cannabis exposure

The current global reassessment of cannabis, exemplified by the legalization and
decriminalization of the drug in large swaths of North America and Europe, as well as in
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other parts of the world, demands in kind an appraisal of concerns regarding its impact on
health and well-being. While the economic and sociopolitical push towards increased
cannabis acceptance has accelerated, the scientific accompaniment has lagged in addressing
concerns regarding increased consumption and widespread use. As with other self-inflicted
maladies of modern age, preventative measures including basic education remain favorable
options compared to the post-hoc correction of aberrant outcomes.

Cannabis is the world’s most widely used (illicit) drug among the global population, and it is
similarly so among the global women population [1-3]. Indeed, the rate of cannabis use by
young, pregnant women has been consistently increasing over time[4]. The majority (>70%)
of pregnant women consider use of the drug once or twice per week to be of little to no risk
[5]. Further, a recent trend of cannabis providers actively encouraging the use of the drug
during the perinatal period underscores the urgency of information dissemination with
regards to the known negative impacts of cannabis use during this time [6]. Given the known
transfer of the primary active constituent in cannabis, A9-THC (THC), to the developing
fetus at levels equal to maternal plasma [7], the importance of understanding the
consequences of maternal cannabis use on development are paramount.

The aim of this review is thus threefold: 1/ provide background for the determinant role of
the endocannabinoid system (ECS) during the perinatal period (PNP) for the proper
development of brain and behavior; 2/ summarize the current state of knowledge regarding
the impact of perinatal cannabis exposure (PCE) as inferred from both human and animal
studies and 3/ highlight new findings on PCE and identify critical future directions for this
area of research.

The extended perinatal period

According to the World Health Organization (WHO), the perinatal period (PNP) in humans
begins at 22 weeks of gestation and ends 7 days after birth. Biological processes of
neurodevelopment linked to specific behavioral outcomes are temporally correlated with the
maturation of discrete neuronal networks. Key stages of neurodevelopment during fetal brain
formation are remarkably conserved in mammalian species ([8,9] and references therein)
which has allowed for the implementation of an online database of early
neurodevelopmental milestones among species [10]. For instance, in rodents, the PNP
ranges from neural tube formation (gestational day, GD 10.5-11 and 9-9.5 in rats and mice,
respectively) to white matter development (postnatal day, PND 7-10) [11].

In the literature, boundaries between prenatal, perinatal and early postnatal stages are rather
blurry (Figure 1). Several factors contribute to this imprecision and inconsistency in the
definition of the PNP, including the inability to correlate precise timing of specific human
brain regions and comparable events in rodents (e.g. absence of gyrification) as well as
inconsistency in time-keeping mechanisms underlying comparable developmental paces of
separated processes and regions ([12], and references therein). Indeed, the duration of
breastfeeding often (~50% of cases) reaches 6 months of age [13], significantly extending
the period when child and maternal health are closely tied and of potential transfer of
cannabinoids. Breast milk of cannabis-consuming mothers has been shown to contain
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significant quantities of cannabinoids [14-16], thus indicating that during the pivotal early
weeks and months of postnatal development, the influence of maternal cannabis use remains
a concern. Therefore, here we discuss the vulnerable period as extending beyond the WHO
definition in order to include both early gestational (i.e. first trimester) as well as early
postnatal (i.e. breastfeeding) impacts of cannabinoid exposure.

The perinatal period is a critical period

Windows of heightened vulnerability during brain development overlap with critical and
sensitive periods of plasticity. A critical period of plasticity is an optimal time for brain
changes because it coincides with necessary environmental inputs for proper neural circuitry
development (e.g., primary sensory circuits [17]). Since during PNP the diverse
developmental processes (e.g., dendritogenesis, spine and synaptic formation, and ion
channel compositions) have different paces, this period represents a critical time-window of
plasticity with high susceptibility to discrete environmental influences. In fact, any
divergence from the orderly sequelae of developmental events (i.e. developmental trajectory,
[18]) during PNP imbues serious functional consequences revealed later in life: any delay,
stall or acceleration, change in excitatory to inhibitory balance, or synchronization of critical
events may uncouple a developmental progression of processes, circuits and brain regions
and lead in turn to mental illness. Given the long half-life of cannabinoids in blood and
breast milk [19]and the rapid pace of neurodevelopment during this period, even seemingly
small levels of exposure to cannabinoids may imbue significant consequences on the
developing brain.

Lasting changes in gene expression patterns (epigenetic programming) take place during the
PNP to establish correct cell- and tissue- specific gene expression. Perturbation of the
epigenomic trajectory during the PNP can derail normal brain development and induce long-
lasting effects on brain function and, subsequently, behavior [20,21]. Alternatively,
environmental challenges may lead to incorrect epigenetic programming of molecular
machinery, resulting in neuropsychiatric (endo)phenotypes dependent on when the hit occurs
[22].

Epigenetic insults resulting from cannabinoid exposure during the PNP have been briefly
explored in rodents as well as humans. However, additional evidence suggests that the
epigenome remains sensitive to cannabis at least through adolescence (for a review, see [23])
when even minimal exposure to THC may significantly alter brain structure [24]. The first
preclinical investigation into genetic dysregulation induced by PCE observed significant
alterations in the mRNA of the opioid peptide hormone, proenkephalin, in the nucleus
accumbens of rats exposed to THC, from GD5 to PND2, during both early development and
adulthood (decreased in the former while increased at the latter time point), as well as in the
amygdala at adulthood [23]. Such an alteration in dopamine function was earlier predicted
by Rodriguez de Fonseca and colleagues [25]. Importantly, these epigenetic changes were
linked with increased heroin seeking behavior and sensitivity to the drug at adulthood. In
another pioneering study, decreased D2 receptor mMRNA was observed in human fetal tissue
(at 18-22 gestational weeks, GW) collected from cannabis-using mothers [26]. These results
were then replicated in a corresponding rat model (THC exposure from GD5 to PND2) in
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which D2 receptor mRNA was similarly decreased in the nucleus accumbens at both PND2
and at PNDG62. Interestingly, this effect appears subtype specific as no similar changes were
observed in D4 receptors in the offspring of cannabis-using mothers [27]. Finally, epigenetic
regulation of the immune system following PCE has been briefly documented and
summarized most recently by Dong and colleagues [28] as well as in a previous review [29].

The eCB system during the perinatal period

The endocannabinoid system (ECS; Figure 2) is comprised of endocannabinoids (eCBs,
primarily AEA and 2-AG), the cannabinoid receptors (CB1R and CB2R) and the enzymes
responsible for the synthesis of eCBs (namely NAPE, DGL) and its degradation (namely
FAAH, MGL). In addition to these components, it must be considered that the eCBs interact
with additional targets (Transient receptor potential vanilloid 1 [TRPV1], peroxisome
proliferator-activated receptor [PPAR], G-protein coupled receptor 55, amongst others) and
that both CB1R and CB2R co-localize and form heterodimers with a large variety of
additional receptor types including p-opioid[30], 5SHT2A serotonin [31] and D2 dopamine
[32] amongst others.

The obvious targets of PCE are, therefore, these components of the ECS. Indeed, CB1R and
CBZ2R are both present at nearly all stages of the PNP. The role of the ECS in development is
pivotal beginning as early as ontogenesis where it regulates diverse phases of fertility (e.g.,
ovulation, spermatogenesis, implantation) as well as pregnancy outcomes (e.g., delay in
embryo development, poor blastocyst implantation, miscarriage and compromised
placentation) [33,34]. The ECS has a precise role in each neurodevelopmental step [35-39]
with the expression of CBRs during development following discrete trajectories dependent
on species, strain, sex and age [40-42]. For instance, CB2Rs are expressed in the mouse
embryo where they are important for stem-cell derived hematopoietic cell proliferation and
lineage differentiation [43]. CB1R is expressed during development of the CNS early on in
both chick and zebrafish embryo [44,45] and its expression follows neural differentiation
[44]. Given the close association between DAGL and CB1Rs, axonal growth and
fasciculation appear to be the first functions played by 2-AG during neurodevelopment [45].

Brain distribution of CB1Rs during development is atypical as their activation has different
effects when compared to post-natal life. Developmental CB1R expression is regulated both
temporally and spatially. In particular, in cholinergic components of the mouse basal
forebrain CB1Rs appear to be limited to prenatal life (GD14.5-birth) [45], whereas in
cortical regions their expression fluctuates, reaching the highest levels at GD16.5 in mice
and during the second trimester in fetal telencephalon [46]. This latter case appear to be
more common as CB1Rs are present beginning at GD11 in rodents [46] with similar patterns
observed in human fetal brain tissue (GW 14, [47,48]). At GW20, a marked and selective
increase in CB1R expression is detected in the limbic portion of the hippocampus and in the
basolateral amygdala (BLA) [47], thus highlighting a plausible sensitive period of
vulnerability for programming of emotional processing in fetal brains.

CB1R expression peaks as synaptic connectivity is established by cortical pyramidal cells
[49] and GABA interneurons [50]. CB1Rs influence neuronal progenitor proliferation
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[49,51,52], axonal growth and guidance, and fasciculation [45]. In both humans and rodents,
this peak in CB1R expression is tightly correlated with 2-AG levels [46,53-55]. The integral
role of CB1R in proper neurodevelopment is revealed in genetically modified mice lacking
these receptors, which have been used to model the “double hit” hypothesis of psychiatric
illness: CB1R lacking mice are indeed susceptible to depression-like disorders and exhibit
features of aberrant brain development, such as diminished levels of neurotrophic factors,
alterations in the HPA axis and in the levels of pro-inflammatory cytokines [56].

Among the eCBs, 2-AG appears to play a particularly prominent role during PNP not only
because its levels are much higher than the other eCBs throughout this period [46,57]. The
2-AG synthesizing enzymes, DGLa and DGL, control neurite outgrowth [58] and their
expression begins around GD 14.5-6.5 and remains high until the moment of birth, when it
decreases abruptly [55]. Moreover, 2-AG gradients modulate growth cone maturation and
axonal elongation through a specific spatial and temporal distribution of its main degrading
enzyme, MGL. Furthermore, 2-AG regulates morphogenesis and interneuron migration [59].
Finally, a developmental change in spatial distribution of DGL expression reveals 2-AG’s
diverse functions in the embryo, where it acts in an autocrine fashion in the axonal tract to
promote axonal growth and guidance via CB1R [60]. This is in sharp contrast with its
canonical retrograde signaling from the post- to the pre- synaptic compartment in regulating
synaptic plasticity throughout post-natal life [61,62]. Conversely, changes in AEA during
mid-gestation in mice affects neither axonal development nor neurogenesis [63].

Hence, PCE, by interfering with physiological regulation operated by eCB signaling
[36,37,39,57], disrupts its role in developmental programming and alters synaptogenesis and
the correct developmental trajectory of neuronal circuitries [64].

Perinatal cannabis in humans

Compared to the wealth of clinical studies documenting behavioral effects of prenatal
exposure to cigarettes or alcohol, only three main longitudinal studies have tracked
neurobehavioral consequences of maternal Cannabis use: the Ottawa Prenatal Prospective
Study (OPPS), initiated in 1978 by Fried and colleagues, included a low-risk, European-
American, middle-class population of pregnant women and followed the offspring until the
age of 18-22 years [65-72]; the Maternal Health Practices and Child Development Study
(MHPCD), which began in 1982, focused on high-risk pregnant women of mixed ethnicity
and low socioeconomic status, with follow-up of the offspring until the age of 14 [73-78];
and the more recent Generation R study, initiated in 2001, which enrolled multi-ethnic
pregnant women of middle to high socioeconomic status, with follow-up for most measures
until the age of 6 [79-81,81-83]. The results of these studies have been extensively reviewed
elsewhere [84-91] and therefore we will only summarize the main findings, controversies
and methodological limitations here.

In contrast to prenatal cigarette or alcohol exposure, the consequences of PCE in the human
offspring upon growth or behavior immediately after birth are rather subtle [89] and appear

to manifest with age. At infancy, the MHPCD study found lower mental development scores
in 9 month-old babies exposed to cannabis, although this effect disappeared by 19 months
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[92]. At the age of 3-4 years, both the OPPS and MHPCD studies reported a negative
association between PCE and verbal and memory function [68,74]. While the more recent
Generation R study did not confirm these earlier findings, it reported an effect of prenatal
cannabis on girls’ aggression and inattention at the age of 18 months [93].

Both the OPPS and MHPCD studies reported impulsivity and hyperactivity in cannabis-
exposed children at 6 and 10 years [70,75,94]. Very recently, the Generation R study found
that maternal cannabis use during pregnancy was associated with externalizing symptoms
(i.e., aggressive and rule-breaking behaviors) at 7-10 years [95]. Because eCBs control
emotional states, PCE might negatively impact emotional reactivity of the offspring. Earlier
reports from the MHPCD cohort showed that heavy prenatal cannabis consumption during
the first trimester predicted levels of self-reported anxiety and depressive symptoms in
children aged 10 [76,96,97]. These results were not replicated in the more recent Generation
R study [93], perhaps due to the different demographic characteristics of the women enrolled
in the two studies (e.g., low versus slightly higher socioeconomic status in the MHPCD and
Generation R cohorts, respectively) or concurrent environmental events. Importantly, a
significant correlation has been noted between psychiatric diseases and cannabis use,
indicating that while positive associations between disturbed emotional and psychiatric
health in offspring and maternal cannabis use have been found, a genetic driver for both
cannot be ruled out [98,99].

PCE has consequences beyond infancy: data from the OPPS study indicate that PCE does
not affect global 1Q but may impair performance on tasks that require cognitive performance
in the domain of “executive functions”, such as cognitive flexibility, sustained attention,
planning, working memory and goal-directed behavior (for a review, see [85]). Both the
MHPCD and OPPS have identified PCE as a risk factor for later cannabis use in adolescent
and young adults [100-102]. Further, fMRI experiments showed that 18-22 year-old PCE
offspring exhibit altered neuronal function in several brain areas during both visuospatial
working memory processing and response inhibition [103]. Thus, while PCE appears to
induce subtle and sometimes inconsistent effects at infancy, it more consistently results in
long-term behavioral deficits that appear at childhood, persist throughout adolescence and
last at least into early adulthood.

However, some intrinsic limitations of these clinical data must be carefully considered. First,
different population characteristics, patterns of use and content of THC in cannabis
preparations may account for discrepancies in the findings. Second, it cannot be excluded
that genetic and environmental variables also contribute to the relationship between maternal
cannabis use and long-term behavioral outcomes in the offspring. Third, to date only the
OPPS and MHPCD studies provided long-term follow-up data, and therefore a comparison
across studies cannot always be made. The relatively small subsamples studied also present
some difficulty in drawing conclusive determinations. Finally, clinical studies only provide
limited information about the specific molecular and cellular consequences that underlie
behavioral and neural changes induced by PCE (for a more detailed overview of these
methodological caveats, see [79]).
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A key strategy to overcome these limitations is to use animal models, which allow a measure
of control over the confounding variables that characterize human studies and permit the
careful dissection of the roles of specific brain areas and neural pathways in the impact of
PCE.

Perinatal cannabis in animal models

Different protocols have been used to model PCE in rodents with multiple variables
including the cannabinoid agonist used (i.e., THC or synthetic cannabinoid receptor
agonists, primarily WIN55,212-2), doses and routes of administration, time window of
exposure and outcome measures. Here, we consider only studies using doses of cannabinoid
compounds devoid of overt signs of toxicity and/or gross malformations, and that are
equivalent to moderate cannabis consumption in humans. In the rat, an oral dose of 5 mg/kg
of THC or a subcutaneous dose of 0.5 mg/kg of WIN55,212-2, given daily through
pregnancy/and or lactation, are thought to correspond to moderate levels of cannabis
exposure in humans after correcting for differences in route of administration and body
weight surface area [104,105]. For this reason, these doses have been widely used in
preclinical studies. Of important note, recent advances in the delivery of smoke- or vapor-
based cannabis in animal models aimed at replicating human use have thus far indicated
similar effects to those of systemic administration [106].

As for the time window of PCE, most protocols are based upon either prenatal (most often
GD 0 to GD 20) or perinatal (interpreted as through pregnancy and lactation) cannabinoid
administration, with the rat prenatal period being approximately equivalent to the first and
second trimesters of human pregnancy and the first 10 postnatal days in the rat
approximately equivalent to the third trimester [107].

Because comprehensive reviews about the behavioral consequences of PCE in preclinical
models are available [86,88,91,108], here we will only focus on rodent studies with
translational relevance to the human findings outlined above.

A wide range of cognitive deficits has consistently been reported in rats exposed to
cannabinoid agonists either during prenatal or perinatal period, from early deficits in
olfaction-based social discrimination [109] to disrupted memory retention in the inhibitory
avoidance task at adolescence and adulthood [105,110,111], as well as impaired
discrimination abilities in both social discrimination [110] and object recognition [112].
These cognitive deficits have been correlated with alterations in hippocampal long-term
potentiation [105] and changes in both hippocampal and cortical glutamatergic
neurotransmission [110,113-116]. In addition, Tortoriello et al. [117] observed a cortical
reorganization of axonal morphology in both mouse and human fetuses downstream of
SCG10 expression that might induce a predisposition to “circuit failure” upon a second
insult [23,104,118,119].

As for the impact of PCE on emotional-related behaviors in rodents, both increased [91] and
decreased [109,120] rates of ultrasonic vocalizations (USVs) have been found in infant rats
exposed to cannabinoids. Our most recent data illustrate a change in the quality rather than
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quantity of USV following exposure to cannabinoids via lactation during the first 10 days of
postnatal life [121]. Changes in the USV mean dominant frequency were correlated with a
delayed trajectory of GABA maturation in the prefrontal cortex following cannabinoid
exposure from PND1-10.

At later ages, an interesting behavioral domain that seems to be consistently affected by PCE
in rodents is the social repertoire. Both adolescent and adult rats and mice exposed to
cannabinoid drugs during pregnancy and/or lactation show specific deficits in social
interaction [91,112,122,123]. We recently found that PCE impacts the social repertoire of
offspring in a sex-dependent manner: male but not female rats prenatally exposed to
cannabinoid drugs showed social deficits associated with disrupted long-term depression
(LTD) and heightened excitability of prefrontal cortex pyramidal neurons [122].
Interestingly, positive allosteric modulation of mGlu5 receptors and enhancement of AEA
levels through pharmacological inhibition of AEA hydrolysis restored LTD and social
interaction in cannabis-exposed males.

A sexual divergence in the long-term functional and behavioral consequences of PCE has
also been found when the offspring were tested for drug self-administration later in life.
Indeed, female but not male rats perinatally exposed to THC showed an increase in the rate
of acquisition of morphine self-administration, in parallel with changes in mu opioid
receptor binding in several brain regions [124], but this vulnerability to morphine
disappeared if animals had to work harder to get the drug [125]. Conversely, male rats
prenatally exposed to THC showed enhanced heroin seeking only during mild stress and
extinction [23]. Concerning the effects of PCE on adult sensitivity to other drugs of abuse,
no effects of perinatal THC exposure on alcohol self-administration in the adult male
offspring have been found [126]. However, one could plausibly argue that since in humans,
early experiences with alcohol consumption in humans are associated with deficits in
sociability, this study failed to find an association between PCE and alcohol self-
administration because it has been assessed at the wrong age (i.e., not during a sensitive
developmental window). Accordingly, juvenile THC-exposed male rats are sensitive to an
ineffective dose of THC that induces a hyperlocomotion and deficits in sensorimotor gating
functions, and both these effects are dependent upon a biased dopamine system function
[119]. In contrast, THC-exposed rats of both sexes exhibit a blunted locomotor response to
amphetamine at adulthood [111]. Despite the large clinical evidence, the effects of PCE on
sensitivity to drugs like hallucinogens and other drugs commonly experimented before and
at adulthood remain unknown.

The quick development of drugs that interfere with ECS signaling not by binding CB
receptors but rather by interfering with eCB metabolism is an additional and rising source of
concern. Future research needs to be performed to evaluate how pharmacologically-induced
changes in eCB levels impact neuronal development and offspring behavior throughout life.
In developing such pharmacological tools, it is crucial to consider that perinatal inhibition of
eCB degrading enzymes alters the levels of multiple bioactive lipids, which may ultimately
act through other targets, including PPARa and TRPV1 [127,128].
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Currently, only two studies (two our knowledge) have investigated the effects of perinatal
eCB elevation. The pioneering study by Wu et al. [63] addressed the use of FAAH
inhibitors, which show promise as a treatment for anxiety, depression and pain, all of which
are conditions commonly observed in pregnant women and young mothers. The adult
progeny of mouse dams treated with the FAAH inhibitor URB597 (GD 10.5 to 16.5),
exhibited reduced cocaine-conditioned preference, increased depressive behaviors and
impaired working memory. In this study, URB597 did not affect dam weight gain,
neurogenesis or axonal development suggesting that the consequences of perinatal AEA
imbalance may be significantly protracted. The observation that anxiety levels, motor
function and sensory-motor gating were not significantly altered further indicate that the
manifestations of eCB elevation differ from that of direct agonist stimulation. However, a
humanized mouse model of a common SNP in the FAAH gene (C385A,; [129]) exhibits
biochemical and behavioral traits (i.e., heightened fear extinction learning and reduced
anxiety-like behaviors [130]) suggestive of differences in developmental alterations resulting
from enhanced AEA levels consequent to indirect agonist administration (i.e., FAAH
inhibitors) or carrying the 385A SNP. Alpar and colleagues [131] employed JZL184 to
inhibit MGL between E12.5-18.5. The data show that 2-AG acting on CB1R facilitated Slit2
accumulation in oligodendrocyte end-feet and Robol accumulation in axonal growth cones.
Unfortunately, the behavioral consequences of prenatal 2-AG elevation were not evaluated in
this paper and thus remain so far elusive. However, in humans, cannabis use disorder is
associated with genetic variation of MGLL (i.e., rs604300; [132]) and early childhood
adversities, corroborating the “double hit hypothesis” of developmental derangement and
vulnerable (endo)phenotypes. Additional studies are needed to address the effects of
blocking ABHDS, a serine hydrolase that degrades 2-AG [133] and the behavioral
consequences of MGL inhibition.

Double hit: how many tokes does it take to deprogram neurodevelopment?

Cannabis use during the PNP is rarely an isolated developmental insult. The aberrations
found in humans following prenatal cannabis exposure are further confounded by several
additional variables, including higher rates of cigarette, alcohol and illicit drug use by
cannabis users [134-138] and lower educational and socioeconomic status amongst cannabis
users during pregnancy [5,139]. Moreover, intoxication from cannabis use is further
associated with deficits in maternal care [140].

Indeed, one of the most pressing current questions (and a major future challenge) for
cannabis researchers is how to incorporate the “Double Hit Hypothesis” [87,141] when
examining the effects of PNP cannabis exposure. In their 2016 review, Richardson and
colleagues [142] make the case that PCE, “similar to other neurodevelopmental teratogens,
delivers a “first hit’” to the endogenous cannabinoid signaling system, which is compromised
in such a way that a ‘second hit’ (i.e., postnatal environmental stressors) may precipitate the
emergence of a specific phenotype.”

Stressors qualifying for the second hit include environmental, genetic/epigenetic and
socioeconomic influences. Thus, environmental factors, drugs, alcohol, tobacco, abused
illegal drugs (psychostimulant, opiates...) or prescription drugs (e.g. anxiolytics,
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benzodiazepines, SSRI, opioid pain killers, AINS), environment-polluting chemicals, in-
utero and early life infections and malnutrition may combine with cannabis and result in
synergistic or additive deficits. This emphasizes the urgency to design and validate “high
translational value” rodent models that incorporate factors interacting with cannabinoids.

In light of the current opioid epidemic, a striking illustration of the double hit theory is that
maternal cannabis increases morphine place conditioning [143] and self-administration (in
female rats only [124]; for additional references [144]). The mechanistic underpinnings are
not clear, but one can speculate a role for the functional interactions between p-opioid
receptors and CB1R [145,146] as well as epigenetic alterations of the dopamine reward
pathway.

Both hits may occur at the same time/during the same developmental period. Maternal
consumption of cannabis and tobacco has been linked to poor autonomic regulation in
infancy [147,148]. In both studies, harsh parenting and reduced parent-infant interactions
participate and potentially aggravate the deficits. While simultaneous use of both alcohol
and cannabis is high in females (8.7%, [149]) the consequences on their progeny are largely
unknown. Brief postnatal (PND 4-9) exposure to a cannabimimetic and alcohol produced
more severe alterations of locomotor activity than either drug alone [150].

How chemical pollutants such as pesticides or Bisphenol A (BPA) and cannabis combine
and affect neurodevelopment has not been studied. For example, a theoretical study of the
neurodevelopmental neurotoxicity of clorpyrifos (an organophosphate pesticide) exposure
with maternal cannabis use suggests multiple adverse outcome pathways [151].
Furthermore, perinatal BPA exposure downregulates CB1R in mice and it is therefore
tempting to speculate on the consequences of fetal CB1R activation followed by early life
BPA exposure [152]. Finally, it is not known how perinatal infection and cannabis combine
to affect fetal developmental programming. Nonetheless, maternal infection in rats and
adolescent cannabinoid exposure synergize to elevate 5HT1a receptors in the hippocampus
[153] and we hypothesize that perinatal infection concomitant to cannabis will perturb
offspring development.

Concluding remarks

As cannabis use in the general population changes in accordance with cultural and legal
shifts in the drug’s status, the advancement of scientific evaluation of the potential
consequences of its use becomes paramount. Here, we have presented the current state of
research indicating significant and lasting consequences of maternal cannabis use on
offspring health and well-being during the critical and sensitive periods of perinatal
development. Clearly, while a wide range of effects has been thus far described both in
humans and rodent models, a number of important questions linger (see Outstanding
Questions). As improved non-invasive techniques become readily available, the confirmation
of thus far observed effects in rodent models must be confirmed in humans. Above all, we
would argue, further research will shed light on the molecular underpinnings of PCE and the
clear and rapid dissemination of such information as a means of preventative education
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presents a challenging but valuable approach to addressing many of the concerns herein
described.
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Outstanding Questions

Cannabis use during the PNP is rarely an isolated insult, underscoring the
importance of a double/multiple hit hypothesis in the context of PCE. How
does the presence of multiple “hits” to development during or after PCE alter
the outcomes of PCE?

What are the short- and long-term effects of PCE within individual models/
cohorts?

What effects of PCE (both established, and ones not previously investigated)
show sexual divergence?

How does PCE alter the epigenome in a transgenerational manner?

Certain drugs, such as eCB hydrolysis inhibitors, interfere with the ECS
indirectly, e.g., by acting on eCB metabolism rather than binding CB
receptors. What are the consequences of perinatal exposure to such indirect
cannabinoid drugs?

How can pharmacotherapies for the treatment of PCE be developed in an
effect-, age-, and sex-specific manner?
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Highlights

. Perinatal cannabis exposure during pregnancy and breastfeeding alters the
developmental trajectory of multiple brain regions and results in lasting
functional consequences in both humans and rodent models

. Alterations in social behavior and executive functions are correlated with
these changes throughout life

. Epigenetic regulation by perinatal cannabis exposure unveils potential
mechanisms for lasting changes

. The detrimental outcomes of perinatal cannabis exposure can be exacerbated
by compounding effects of additional environmental and chemical insults
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Figure 1: The perinatal period of sensitivity extends from early pregnancy until weaning.
The perinatal period of sensitivity to cannabis exposure in humans and rodents extends from

early gestation through the pre-weaning period. In humans (top), the WHO defines the
perinatal period as between gestational week (GW) 22 and 7 days after birth. Robust data
indicate significant transfer of cannabinoids through lactation, extending this period of
vulnerability to the end of breastfeeding, which varies widely among individuals. For the
sake of simplified comparison with animal models, and as a conservative estimate, the
breastfeeding window can be considered three months post-birth, which approximately
corresponds to the weaning age in rodents. In rats and mice (bottom) the perinatal period
begins at neural tube formation (GD10.5-11 and GD9-9.5 in rats and mice, respectively) and
extends to white matter development (PNDQ7-10). In rodents, the gestational period
approximately corresponds to the first two trimesters of human in utero development,
whereas the first week of postnatal life corresponds to the third trimester of human in utero
development. Cannabinoid transfer to the developing offspring extends until weaning at
PND21.
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Figure 2: The endocannabinoid system (ECS).

The ECS is a complex array of both pre- and post-synaptic receptors, synthesizing and

degrading enzymes, and the endocannabinoids anandamide (AEA) and 2-
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arachidonoylglycerol (2-AG). Post-synaptic synthesis of AEA and 2-AG by the enzyme
NAPE-PLD occurs via a Ca2*-dependent process derived from IP3-mediated Ca2* stores,
NMDA receptors and voltage-sensitive Ca2* channels (VSCC). AEA and 2-AG both act as

agonists at the presynaptic CB1R, while AEA acts as an agonist at both pre- and post-

synaptic Transient Receptor Potential Vanniloide 1 (TRPV1) channels. While AEA
degradation mediated by FAAH occurs post-synaptically, 2-AG hydrolysis is mediated by

MAGL and ABHDS at the pre- and post-synaptic sites, respectively.
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Figure 3: Consequences of perinatal cannabis exposure in humans and rodents.
The table summarizes consequences of perinatal cannabis exposure in both humans and

rodents highlighted in this review. Behavioral outcomes (top row) throughout life (left to

right) consistently indicate detrimental effects of perinatal cannabis exposure on cognitive
and executive functions and social interactions along with increased risk-taking and
impulsive behaviors in rodents and humans. Early onset of drug abuse and increased drug
seeking behavior are similarly noted starting in adolescence and into adulthood in both
models. Systems-level outcomes (middle row) show similar consistency across age groups.
Namely, perinatal cannabis exposure appears to result in a loss of plasticity at adolescence
and adulthood in multiple brain regions. Molecular outcomes (bottom row) thus far
identified appear to impact largely the opioidergic and dopaminergic systems across all age
groups, with the latter being similarly misregulated in humans and rodents at infancy.

Trends Neurosci. Author manuscript; available in PMC 2020 December 01.



	Abstract
	Global trends in cannabis use and perinatal cannabis exposure
	The extended perinatal period
	The perinatal period is a critical period
	The eCB system during the perinatal period
	Perinatal cannabis in humans
	Perinatal cannabis in animal models
	Double hit: how many tokes does it take to deprogram neurodevelopment?
	Concluding remarks
	References
	Figure 1:
	Figure 2:
	Figure 3:

