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Abstract

Cannabis remains one of the world’s most widely used substance of abuse amongst pregnant 

women. Trends of the last 50 years show an increase in popularity in child-bearing women 

together with a constant increase in cannabis potency. In addition, potent herbal “legal” highs 

containing synthetic cannabinoids that mimic the effects of cannabis with unknown 

pharmacological and toxicological effects have gained rapid popularity amongst young adults. 

Despite the surge in cannabis use during pregnancy, little is known about the neurobiological and 

psychological consequences in the exposed offspring. In this review, we emphasize the 

importance of maternal programming, defined as the intrauterine presentation of maternal stimuli 

to the foetus, in neurodevelopment. In particular, we focus on cannabis-mediated maternal adverse 

effects, resulting in direct central nervous system alteration or sensitization to late-onset chronic 

and neuropsychiatric disorders. We compare clinical and preclinical experimental studies on the 

effects of foetal cannabis exposure until early adulthood, to stress the importance of animal 

models that permit the fine control of environmental variables and allow the dissection of 

cannabis-mediated molecular cascades in the developing central nervous system. In sum, we 

conclude that preclinical experimental models confirm clinical studies and that cannabis exposure 
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evokes significant molecular modifications to neurodevelopmental programs leading to 

neurophysiological and behavioural abnormalities.
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Introduction

In 2010, with an estimated annual prevalence ranging from 2.6 to 5 % of the adult 

population (between 119 million and 224 million estimated users aged 15–64), cannabis 

remains one of the world’s most widely used substance of abuse [1]. Recent data from the 

European Monitoring Centre for Drugs and Drug Addiction (2013) present that the global 

popularity of cannabis is stable, in contrast to the continuous decline of “hard drugs”, such 

as heroin and cocaine. Conversely, cannabis use in teenagers and young adults is rising [2]. 

Data from the 2013 European Drug Report indicate that European cannabis consumption has 

increased in a small number of countries (Bulgaria, Estonia, Finland and Sweden), while in 

others it has stabilized (e.g. eastern and south-eastern Europe) or decreased (e.g. Western 

and Central Europe) [1–3].

Despite its stable global prevalence, the social and political status of cannabis consumption 

changed remarkably during the last century. In Europe, as in the USA, the policy on 

cannabis possession for personal use is one of the most controversial political issues. While 

cannabis is classified as a narcotic drug, under the control of the United Nations and by all 

EU Member States from 1961 (United Nations Single Convention on Narcotic Drugs), the 

measures adopted to regulate it at a national level vary considerably. This has resulted in a 

heterogeneous “legal map” regarding cannabis offences. For example, in Belgium, 

Germany, Greece and Austria, “small amounts” for personal use are locally tolerated. 

Alternatively, a drug awareness course (stage de sensibilisation; France) may be ordered in 

cases of occasional consumption, while in the Netherlands the possession or sale in “coffee 

shops” up to 5 g is generally not penalized. Other countries apply administrative sanctions or 

fines (Denmark, Czech Republic, Estonia, Ireland, Italy Latvia, Luxemburg, Portugal, 

Slovenia, Finland, Sweden, Croatia and Norway); while still others apply penal sanctions 

(Cyprus, Hungary, Poland, Slovak Republic and UK) [4]. Beside the geographical 

fluctuation of the legal status of cannabis, the acceptance of cannabis consumption, either 

medical or recreational, increased during the last decade. At the time of this review, 21 

states in the USA and an increasing number of countries in Europe allowed medical 

cannabis use under specified conditions. Medical cannabis, or purified THC (dronabinol), is 

used successfully in the clinic as an (1) anti-nausea and antiemetic, (2) antispasmodic and 

analgesic, (3) anti-inflammatory and anti-allergic and (4) anti-epilepsy drug [5]. In addition 

to the constant increase in European countries legalizing medical cannabinoid use, 

recreational cannabis consumption was recently legalized in Colorado and Washington 

states, supporting the notion that cannabis consumption is gaining acceptance.
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However, together with its rising popularity amongst young adults [1], cannabis potency has 

gradually increased since selective cultivation boosted the level of its main psychoactive 

compound, Δ-9-Tetrahydrocannabinol (THC) [1, 2]. Depending on the strain and production 

site, the actual mean THC content of cannabis herb ranges from 3 to 17 % [2]. For example, 

the Netherlands, where cannabis is decriminalized, registered a sharp increase in THC 

concentration of up to 17 % in herb and 40 % in cannabis resin preparations in the last 

decade alone. In contrast, other countries, such as Germany, presented a more stable THC 

concentration (8 % for both herb and resin) [1, 2] stressing the need to recognize THC 

content when studying and comparing cannabis’ effect on physical and psychological health.

The criminalization of cannabis use led to the recent development of herbal “legal” high 

products (e.g. Spice), containing synthetic cannabinoids mimicking THC’s effects [6, 7]. 

These cannabinomimetics are of higher potency than THC and lead to a wide variety of 

negative effects compared with cannabis itself [8]. Despite the strict monitoring of synthetic 

cannabinoids at the European level in the Early Warning System (EWS) on new 

psychoactive substances, little is known about the pharmacology and toxicology of these 

cannabinomimetics in humans [9]. The 2012 US Monitoring the Future survey of students is 

the most robust prevalence dataset on the use of synthetic cannabinoids and reported an 8.8 

and 11.3 % consumption for those aged 15/16 and 17/18 years, respectively [3].

While cannabis and synthetic cannabinoids remain most popular amongst males, studies 

demonstrate that cannabis use during pregnancy steadily increases. Recent population 

statistics reveal that over 10 % of pregnancies in the US and Europe are associated with 

maternal cannabis exposure [10]. Despite the high incidence of prenatal cannabis use in 

society, a limited set of data is available on the incidence of foetal cannabis exposure and its 

neurobiological and psychological consequences in the exposed offspring. Data from the 

2012 National Survey on Drug Use and Health (NSDUH) in the USA clearly show a 

significant change in prevalence trends with the age of the consumer [11], from 5.9 % illicit 

drug users amongst pregnant women aged 15–44, up to 18.3 % amongst pregnant women 

aged 15–17 [11]. In addition to an increase in pregnancy rates [12], the treatment episode 

data set reports that 72.9 % of pregnant teen admissions to rehabilitation clinics used 

cannabis, which is relatively more than alcohol consumption (45.7 %) [13].

Despite the available wealth of population data regarding worldwide cannabis consumption, 

the literature focusing on cannabis-induced foetal developmental complications in humans is 

still lacking (for review see [14–17]), particularly when compared to studies on nicotine and 

alcohol [18–20]. With the increasing accessibility to cannabis, together with its increasing 

strength, the advent of potent synthetic mixtures and the growing number of cannabis users 

during pregnancy, the need arises to thoroughly address the prenatal consequences 

associated with foetal cannabis exposure. Therefore, we compared preclinical (animal 

models) and clinical longitudinal human studies on prenatal cannabis exposure and offspring 

outcome and summarized their most significant neurobiological effects at the molecular, 

cellular and systems neuroscience levels to provide an overview of cannabis-induced 

influences on brain development, offspring behaviour and late-life neurological disorders. 

We conclude that foetal cannabis exposure disturbs fine-tuned molecular signalling 
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pathways and leads to altered brain circuit formation, underpinning long-lasting 

physiological and behavioural alterations.

Maternal drug-induced malprogramming and foetal development

The prenatal period plays a fundamental role in the proper development of the foetal brain 

[21]. In the past years, the scientific community increasingly recognizes the critical 

importance of the prenatal and early postnatal developmental period in chronic and 

psychiatric disease, highlighting a new scientific approach to medical issues [22] [23]. Here, 

we propose that maternal programming, defined as the in utero presentation of external 

stimuli to the foetus, is a major contributor to foetal development. External stimuli, 

including nutrients or stress hormones, can affect embryonic signalling systems, resulting in 

long-lasting or even permanent alterations to organogenesis, including brain circuit 

formation, leading to the in utero adaptation of the foetus to an anticipated non-

physiological environment once born. However, in the case of substance abuse, such as 

alcohol and cannabis consumption, these stimuli can induce aberrant signalling events and 

lead to physiological complications and neuropsychiatric disease [15, 18, 24]. One such 

example is tobacco exposure during pregnancy, resulting in adverse effects to offspring 

health [25], spontaneous abortions [26] and reduced intrauterine growth [27]. In a recent 

study, foetal tobacco exposure was linked to alterations in brain morphology, in particular 

reduced brain volumes and cortical thinning, as well as increased measures of affective 

problems [28] confirming previous findings in rodents [29, 30].

In this review, we approach the source of developmental deficits through two different 

mechanisms originating from maternal programming. In utero stimuli, or the lack thereof 

through nutrient deficits, can result in (1) a direct pathological condition visible from the 

early ages (e.g. microcephaly in foetal alcohol exposure [31]) or (2) an alternative indirect 

non-symptomatic sensitivity of neuronal circuits. This latter “double hit” hypothesis 

involves the generation of an imbalanced brain circuit at sub-threshold levels (non-

manifested first hit during foetal development) that can precipitate neurodevelopmental 

disease by otherwise sub-threshold stimuli (second hit) later in life. Here, we will employ 

these two types of maternal malprogramming to compare the neurodevelopmental 

alterations induced by in utero cannabis exposure between animal models and human 

longitudinal studies.

THC readily passes through the placenta [32, 33] and is correlated with direct physiological 

effects including human foetal distress and growth retardation [34–36]. Moreover, studies 

showing a significant contribution of early cannabis exposure to the susceptibility to 

neuropsychiatric disorders (e.g. schizophrenia) [37, 38] have reinforced the hypothesis that 

cannabis can act as an indirect “double hit” stressor to precipitate otherwise unrevealed 

diseases in later stages of life. Therefore, uncovering the signalling molecules that link 

maternal inputs to foetal development, especially in the case of maternal cannabis use, and 

revealing their mechanisms, sites of action and causal relationships to postnatal illnesses is 

imperative to efficiently deal with unwanted effects in the offspring.
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Evidence from human longitudinal studies

Detrimental effects of prenatal cannabis exposure have been investigated in three major 

prospective longitudinal studies with follow-up data on the offspring beyond the early 

neonatal period (Fig. 1). (1) The Ottawa Prenatal Prospective Study (OPPS) from the late 

1970s by Fried et al. (for detailed description, see [39, 40]). It included a low-risk, 

European–American, middle-class sample of pregnant women. (2) The Maternal Health 

Practices and Child Development Study (MHPCD) started in 1982 [35]. This study focused 

on high-risk pregnant women, with a low socioeconomic status of mixed ethnicity (57 % of 

African–American ethnicity). (3) The Generation R study started in 2001 and encompasses a 

multi-ethnic population-based prospective cohort study from foetal life until adulthood in 

the Netherlands (for details see [41, 42]). The mothers from the Generation R cohort were 

also studied in regard to the determinants for their cannabis use during pregnancy, which 

were strongly related to cannabis use by the biological father, being single, childhood 

trauma and delinquency, but not maternal age, ethnicity, psychopathology, family 

functioning and perceived stress [43].

While the first two longitudinal studies contain data spanning a large part of adolescent 

offspring (up to 22 and 14 years old, respectively), the recent initiation of the Generation R 

study only allows follow-up results until the first years of life (n = 9,778 mothers, 80 % 

follow-up rates until age 6 years). The results of these studies, of which the most significant 

ones are presented in this review, are clustered in neonatal findings (up to 10-month-old 

offspring) and child findings (up to 5- and 10-year-old offspring). Since cannabis is often 

combined with tobacco, cannabis-exposed offspring was compared with tobacco-exposed 

and non-exposed individuals to exclude the effects of tobacco in the studies described 

below. However, care should be taken to compare these studies since THC content steadily 

increased in cannabis preparations over the past years [1, 2]. Below, we summarize their 

main physiological and psychological findings correlated with foetal cannabis exposure.

Neonatal physical findings and behaviour

The MHPCD and OPPS studies assessed neonatal growth parameters within 48 h after birth 

[36], while the Generation R study examined foetal growth parameters [41, 44]. The 

Generation R study reports a lower birth weight and a reduction in the head circumference 

of the offspring [45] of mothers who used cannabis as compared to non-users and tobacco 

users, similar to earlier reports [33, 46]. Since it was hypothesized that cannabis exposure 

could provoke adaptations to the vascular system, foetal circulation variables were assessed 

in a subset of neonates in the Generation R study [14, 44]. Accordingly, an increase in foetal 

pulsatility index, described as the variability in blood velocity in a vessel, was shown. In 

addition, the resistance index of the uterine artery was found elevated after cannabis 

exposure, suggesting increased placental resistance during pregnancy [47]. This, together 

with data showing a reduced inner diameter of the aorta in cannabis-exposed foetuses [48], 

can explain foetal growth retardation due to a diminished accessibility of oxygen and 

nutrients. The lack of nutrients thus limits proper organogenesis and is detrimental for the 

development of the foetal nervous system. Despite the variability of the results in 

behavioural data obtained, there is evidence for foetal irritability, expressed as increased 

Calvigioni et al. Page 5

Eur Child Adolesc Psychiatry. Author manuscript; available in PMC 2015 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tremors, startles and altered sleep patterns in the offspring [39, 49]. However, to reach a 

definite conclusion, these data need adequate controls of potential confounding factors, 

including socioeconomics and ethnicity [50].

Child (<5 years) behaviour and cognitive development

Based on the MHPCD study, in addition to growth deficits, decreased mental scores, 

evaluated as sensory/perceptual acuities and response, memory, learning and vocalization 

parameters (noticeable up to 1 year of age) are evident in cannabis-exposed offspring that 

suggests impaired mental development [51]. By the age of 3–4 years, in addition to those in 

the MHPCD population, a small subgroup of the OPPS cohort indicated a negative 

association between prenatal cannabis exposure and verbal and memory functioning. While 

these cognitive deficits could not be reproduced in the larger and more recent Generation R 

study, there was evidence for a temporary effect on girls’ aggression and inattention levels 

[41]. Other human non-longitudinal studies have substantiated such sexual dimorphisms. 

For example, impaired dopamine receptor expression in amygdala regions is most evident in 

males in association with prenatal cannabis exposure [52] and 10-year-old boys are more 

susceptible to behavioural problems than girls [53].

Child (<10 years) behaviour and cognitive development

By now, the OPPS and MHPCD studies have analysed data of prenatally cannabis-exposed 

offspring beyond infancy. Externalizing behaviour symptoms (that include hyperactivity, 

inattention, impulsive symptoms and delinquency) were reported in children at ages 6 

(OPPS and MHPCD) and 10 years (MHPCD) after prenatal cannabis exposure [54–56].

Moreover, prenatal cannabis exposure was found to be associated with cognitive 

behavioural aspects that fall in executive function domains [16, 40, 49, 57], which are 

higher-order cognitive functions including sustained and focused attention and planning and 

working memory [58]. Impairment in executive function, therefore, has a notable impact on 

daily life experiences, as the inability of planning, organizing, prioritizing, paying attention 

to and remembering details and controlling emotional reactions. In particular, prenatal 

cannabis exposure seems to affect attention/impulsivity and problem-solving situations that 

require integration and manipulation of basic visuoperceptual skills [16, 40, 49, 57]. 

Interestingly, these deficits in executive functions seem to be long lasting, since 18- to 22-

year-old young adults with prenatal cannabis exposure demonstrate altered neuronal 

functioning during visuo-spatial working memory processing [59].

The MHPCD study also provided insights about the effect of prenatal cannabis exposure on 

school achievement. Exposure during the first trimester predicted deficits in reading and 

spelling scores, and lower child performance at 10 years of age [55]. Moreover, second-

trimester cannabis use was significantly associated with reading comprehension and 

underachievement [53]. However, these findings have not yet been examined in the 

Generation R population, thus for now preventing the formation of definite conclusions 

regarding prenatal cannabis exposure on cognitive behaviour in early childhood [42].
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The importance of animal studies

Environmental and genetic factors are difficult to control in human studies. The resulting 

variability increases the complexity of analysis aimed to make causal links between 

cannabis use during pregnancy and the offspring’s neurodevelopment. One strategy to 

evaluate this relationship, permitting a high level of control of genetics, environmental 

factors (such as dietary, disease and THC pharmacology), is the use of animal models. 

Therefore, a wide array of animal studies has been performed to dissect the molecular, 

physiological and behavioural effects of pre-natal cannabis exposure. For example, the 

behavioural alterations found in the OPPS and MHPCD studies matched earlier findings in 

rodent models from almost a decade ago. These studies demonstrated altered spontaneous 

locomotor and exploratory behaviours [60], as well as impairments in social interactions and 

behavioural responses to novelty [60]. In addition, prenatal cannabinoid exposure resulted in 

lower memory function and motor hyperactivity [61], similar to human studies [55]. A more 

recent study revealed that prenatal THC exposure causes an increased rate of ultrasonic 

vocalizations, a sign of distress and anxiety, in rat offspring, again similar to earlier human 

foetal distress [57]. This suggests an emotional reactivity that can be altered by THC 

exposure, resulting in effects on serotonin and dopamine release [62]. This can provide the 

background for the depressive symptoms found in children at age 10 in the MPHCD study 

(e.g. [53, 55]).

In addition, a recent study investigating transgenerational effects of parental germline 

exposure demonstrates that adolescent cannabis consumption can alter reproductive cells, 

leading to molecular abnormalities in the offspring’s striatum as well as increasing drug-

seeking behaviour [63]. Thus, preclinical results reinforce that prenatal cannabis exposure, 

either through germline transmission or directly during pregnancy, may affect foetal 

developmental and behavioural outcomes. In particular, findings relating to diminished 

habituation and affected memory functioning corroborate findings of the OPPS and MHPCD 

studies (as discussed above, e.g. [49, 64]). In sum, animal models prove to be a valid and 

highly sensitive method to predict physiological and behavioural effects of prenatal cannabis 

exposure.

Endocannabinoid signalling in the foetal brain

The CB1 cannabinoid receptor (CB1R) is one of the most abundant G protein-coupled 

receptor (GPCR) in the adult brain [65]. It is the major target of the main psychoactive 

compound of cannabis, THC [66]. In addition, THC can also signal through the cannabinoid 

receptor type 2 (CB2R; [67] and G protein-coupled receptor 55 (GPR55) [68] identified in 

the human adult brain [69]. Traditional classifications posit CB1Rs as the major central 

nervous system cannabinoid receptor (“brain type”), while CB2Rs are mainly restricted to 

the periphery and involved in the modulation of immune responses (“spleen type”) [70]. 

However, this dogma has recently been challenged, since CB1Rs also seem to be involved in 

immunomodulatory responses [71] and functional CB2Rs have been localized to neurons 

[72, 73], increasing the complexity of this signalling system.
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CB1R mRNA has been detected as early as the preimplantation period [74] and is involved 

in embryo implantation [75], embryonic growth [36] and neuronal development [76]. In the 

developing central nervous system of rodents, CB1R mRNA and receptor density gradually 

increase during foetal development [77, 78] from day 11 of gestation (comparable to 5/6 

weeks in the human embryo). In human foetuses, CB1Rs were detected at week 14 of 

gestation with a similar developmental pattern during pre- and postnatal development as 

observed in rodents [52, 79].

The presence and distribution of THC-sensitive cannabinoid receptors in the developing and 

adult brain, argues for the existence of endogenous ligands. These endogenous ligands (Fig. 

2a) have been discovered to be arachidonic acid derivatives with functional similarity to 

THC and are therefore termed as “endocannabinoids” [80]. The two major 

endocannabinoids are anandamide (AEA) [80] and 2-arachidonoyl glycerol (2-AG) [81]. 

The synthesis of AEA involves the recruitment of Ca2+-dependent N-acyl-phosphatidyl-

ethanolamine-selective phospholipase D (NAPE-PLD) [82], while 2-AG is synthesized by 

sn-1-diacylglycerol lipases α and β (DAGLα/β) [78]. AEA and 2-AG are degraded by fatty-

acid amide hydrolase (FAAH) [83] and monoacylglycerol lipase (MAGL) together with α/β 

hydrolase domain-containing protein 6 (ABHD6) [84], respectively.

In the adult, endocannabinoids act as retrograde messengers by being released from 

postsynaptic sites, which contain endocannabinoid synthesis enzymes [85]. Upon release, 

endocannabinoids activate presynaptic CB1Rs resulting in the reduction in neurotransmitter 

release by the inhibition of voltage-gated calcium channels [86]. The catabolic enzymes are 

also mainly expressed in the presynaptic terminal to scavenge excess endocannabinoids to 

limit excess CB1R activation [78]. However, the distribution and levels of the components 

of the endocannabinoid-signalling cassette during development differ from adulthood (Fig. 

2a).

In developing neurons, CB1Rs and 2-AG’s synthesis enzymes (DAGLα/β) coexist and are 

preferentially located in elongating neurites and their motile tips, the growth cones [76]. 

During development, the levels of AEA and 2-AG change considerably. 2-AG 

concentrations peak during the embryonic development, suggesting a significant role in 

foetal brain signalling [87]. AEA has a major role in embryo implantation [88] and exists in 

low concentrations in the brain at midgestation with its levels gradually increasing 

throughout the perinatal period [87]. Strikingly, both AEA and 2-AG were found as early as 

E10.5 in the developing mouse [89]. While the AEA synthesis machinery is present during 

development [90], data on the appearance and the distribution of its enzymes are still 

discussed. Therefore, we focus this review on 2-AG signalling since its enzymatic 

machinery and their localization are better understood.

Activation of CB1Rs in developing neurons leads to neurite outgrowth [91] and affects 

growth cone steering decisions [90]. The unique configuration of CB1Rs and 2-AG 

synthesis enzymes in the growth cone allows for a primarily autocrine activation of CB1Rs, 

as well as the paracrine signalling amongst neighbouring neuronal segments or growth cones 

advancing in parallel and coalescing into axonal bundles [92]. To prevent ectopic activation 

of CB1Rs, either expressed or transported along the axon, and consequently, unwanted 
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neurite outgrowth or steering decisions, MAGL is expressed in the stabilized neurite 

segment to scavenge excess 2-AG [93]. When the growth cone reaches its postsynaptic 

target, the premature presynapse halts by adopting the “adult configuration” of 2-AG 

signalling by the redistribution of DAGLs and MAGL [76], through an as of yet unidentified 

molecular mechanism (Fig. 2a).

MAGL, or any other endocannabinoid-related catabolic enzyme known to date, is not able to 

degrade THC. Thus, introduction of THC to developing foetal circuits could result in the 

ectopic activation of CB1Rs, leading to unwanted directional neurite outgrowth, including 

synapse formation errors [94]. In addition, THC exposure increases the synthesis and release 

of endocannabinoids, particularly AEA, in a concentration-dependent manner through 

CB1Rs [95] and mobilizes phospholipase D (PLD) [96]. In response to chronic THC or 

synthetic cannabinoid agonist exposure, CB1Rs undergo downregulation and rapid 

desensitization in a regionally distinct manner with considerable magnitude [97]. In sum, 

besides out-of-place activation of CB1Rs, THC is able to reshape endocannabinoid 

signalling by directly affecting receptor and enzyme levels. The tightly regulated 

spatiotemporal expression of endocannabinoid-related enzymes and receptors during foetal 

development thus predicts sensitivity to prenatal cannabis exposure.

The sensitivity of the endocannabinoid system to disturbances is stressed by the phenotypes 

found in different knockout mouse models. For example, the lack of CB1Rs affects neural 

progenitor proliferation [98], induces an axon fasciculation phenotype, as well as alters 

synapse formation in the hippocampus leading to learning and memory problems [90, 99]. In 

addition, genetic deletion of DAGLα displays similar abnormalities in the innervation of the 

hippocampus [100, 101]. Thus, mouse models are refined tools for in-depth mechanistic 

analysis of the involvement of endocannabinoid signalling in developmental and adult 

functions.

The underlying molecular mechanisms of THC signalling

Despite the evidence that activation of CB1Rs, by either THC or synthetic cannabinoids, 

evokes significant modifications to neuronal differentiation [76] and synapse physiology by 

disrupting normal patterns of endocannabinoid signalling [101], little is known about the 

molecular mechanisms and signalling cascade requirements at the cellular level. Since 

advanced array technologies allow the molecular fingerprint of prenatal cannabis to be for a 

large part identified through unbiased genomic and/or proteomic analysis in animal models 

(for a detailed review see [76]), it is hoped that molecular sensitivities and checkpoints that 

can be exploited for therapeutic intervention will soon emerge.

The recently identified complex gene and protein networks affected by cannabis exposure, 

resulting from genome and proteome profiling in adults rodents confirms the powerful effect 

of THC on signalling systems. These profiling studies identify clusters of target molecules 

affected by cannabis exposure that can be classified as (1) the endocannabinoid system 

[102–104], (2) cytoskeletal instability [105, 106] and (3) neurotransmission [106–108]. 

However, the exact signalling cascades underlying these molecular changes are largely 

unknown.
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Only one in-depth study investigating the molecular signalling pathways affected by 

prenatal cannabis exposure in the developing nervous system has been published so far 

[109]. This reports major alterations to the assembly of cortical networks and reproduces the 

axonal fasciculation phenotype found in CB1R knockouts (see above) suggesting that THC 

is able to negatively regulate CB1R signalling by either (1) desensitizing CB1R receptors, 

(2) outcompeting endocannabinoids and/or (3) downregulating receptor and ligand 

availability [109]. Notably, this study demonstrates for the first time a long-term functional 

modification to the cortical circuitry after prenatal cannabis exposure [109]. An impairment 

to long-term potentiation, a major cellular mechanisms involved in the formation of 

memories, was found by investigating synaptic plasticity in the hippocampus. This, together 

with an increased paired-pulse facilitation [109], indicative of increased presynaptic 

communication suggests deregulated presynaptic activity as well as reduced synaptic 

plasticity. These data are similar to the detrimental effects of a single THC injection on 

long-term potentiation in neonates, underlying learning and memory formation [109], as 

well as transgenerational effects on dopamine signalling [107]. Moreover, it links 

endocannabinoids signalling to epilepsy, such as febrile seizures, for which 

endocannabinoids are important [109], and the efficacy of CB1Rs to tune network 

excitability in the foetal and neonatal brain [109]. These data can thus provide, at least in 

part, an explanation for the impaired mental development and memory function found in the 

OPPS and MHPC studies [14, 55].

In addition, Tortoriello et al. [109] describe a molecular mechanism for THC-induced 

axonal growth deficits involving Superior Cervical Ganglion 10 (SCG10)/stathmin-2, a 

microtubule-binding protein, in the lack of instability of the neuronal cytoskeleton (Fig. 2b). 

These data were confirmed in human foetal tissues, with a reduction in SCG10 mRNA and 

protein levels corresponding to in utero cannabis exposure [109]. In sum, this study not only 

reveals some of the molecular mechanisms of THC-induced wiring deficits, but also 

provides a biological basis for the memory impairments found in longitudinal human 

studies.

Summary

Endocannabinoids have a broad range of physiological effects, depending on the enzymatic 

distribution of the endocannabinoid-signalling cassette, in foetal and adult brain function. 

The importance of proper endocannabinoid signalling is stressed by the phenotypes found in 

knockout mouse models and pharmacological studies and imply that endocannabinoids are a 

nexus in the positioning of neurons and wiring of brain circuitry in foetal development. 

Therefore, disrupted temporal and/or spatial precision of cannabinoid receptor activation, 

especially due to in utero cannabis exposure, can destabilize finely tuned signalling 

networks resulting in altered brain circuit formation and sensitivity to secondary insults. 

Here, we compared preclinical findings with human longitudinal studies to delineate the 

complications associated with maternal cannabis use. We find that human studies 

recapitulate results obtained from animal models, demonstrating that cannabis exposure 

evokes significant molecular modifications to neurodevelopmental programs leading to 

neurophysiological and behavioural abnormalities. These findings are especially relevant in 

light of the rising popularity of cannabis consumption in young mothers, together with an 
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increased potency of cannabis mixtures and the availability of potent synthetic cannabinoid 

mixtures (e.g. Spice). However, data are lacking on the physiological effects of potent 

cannabis preparations, as well as synthetic cannabinoid exposure. Along these lines, detailed 

studies disentangling the consequences of foetal exposure to substances often associated 

with cannabis abuse (e.g. alcohol and tobacco use) are also lacking. At the time of this 

review, no data were available on early exposure to cannabis (with or without tobacco) in 

early neonatal life, either by breast-feeding or second-hand smoking. Moreover, only one 

study adequately addressed the underlying molecular signalling pathways of prenatal THC 

exposure resulting in brain wiring deficits [109]. Therefore, dissecting the potential 

consequences of cannabis-mediated cytoskeletal reorganization and the contribution of 

distinct subsets of neurons to brain circuit formation will allow us to understand in more 

details the molecular cascades underlying THC-induced foetal brain malformations. This, 

together with the recent changes in political acceptance and increase in medical cannabis 

consumption, raises awareness on the implications of cannabis consumption on foetal 

development. Similar to alcohol and nicotine exposure, it is increasingly evident that 

understanding the full impact of maternal cannabis use is required to prevent possible foetal 

complications with far-reaching effects into adulthood.
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Fig. 1. 
Main physiological effects of in utero cannabis exposure in human and animal studies. a 
Overview of the major physiological complications found in prenatal cannabis exposure 

from human longitudinal studies: (1) the Generation “R” study, (2) the OPPS study and (3) 

the MHPC study. b List of comparable animal studies directly (bold) or indirectly, reflecting 

physiological findings from human studies
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Fig. 2. 
Molecular mechanisms of THC signalling in developing neurons. a Endocannabinoid 

signalling in developing neurons in relation to SCG10. The growth cone is a 2-AG-rich 

domain due to low levels of MAGL. Within the stabilized axon, MAGL accumulates and 

prevents excess 2-AG from engaging CB1Rs. However, THC can induce ectopic CB1R 

signalling since MAGL is unable to degrade it. Note that 2-AG can either be synthesized 

from DAGLs within the growth cone (autocrine) or be released from neighbouring cells 

(paracrine). Since the role of AEA signalling during axonal elongation and pathfinding is 

poorly understood, the AEA signalling machinery is colour-coded in grey [110]. b Exposure 

of THC to developing foetal neurons results in c-Jun terminal kinase (JNK) phosphorylation 

leading to SCG10 degradation and microtubule stabilization. This, together with the 

internalization of CB1Rs (leading to overall less signalling events) results in changes to 

neuronal morphology and eventually to altered brain circuit formation (i inside and o outside 

the cell membrane)
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