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ABSTRACT

The devastating effects of the COVID-19 pandemic have underscored the significant threat that infectious diseases
pose to our society. Pregnancy represents a period of heightened vulnerability to infections, which can compromise
maternal health and increase the risk of neurodevelopmental disorders in offspring. Preclinical and clinical in-
vestigations suggest a potential association between maternal immune activation (MIA), which is triggered by viral or
bacterial infections, and increased risk for neurodevelopmental disorders such as autism and schizophrenia. Genetic
and environmental factors may contribute to the overall risk. Therefore, the two-hit hypothesis of schizophrenia
suggests that MIA could act as a first trigger, with subsequent factors, such as stress or drug abuse, exacerbating
latent abnormalities. A growing body of research is focused on the interaction between MIA and cannabis use during
adolescence, considering the role of the endocannabinoid (eCB) system in neurodevelopment and in neuro-
developmental disorders. The eCB system, crucial for fetal brain development, may be disrupted by MIA, leading to
adverse outcomes in adulthood. Recent research indicates the eCB system'’s significant role in the pathophysiology
of neurodevelopmental disorders in preclinical models. However, findings on adolescent cannabinoid exposure in
MIA-exposed animals have revealed unexpected complexities, with several studies failing to support the exacer-
bation of MIA-related abnormalities. In this review, we delve into the functional implications of the eCB system in MIA
models, emphasizing the role of 2-AG (2-arachidonoylglycerol) signaling in synaptic plasticity and neuroinflammation
and its relevance to the two-hit model of schizophrenia.

https://doi.org/10.1016/j.biopsych.2024.11.015

Infectious diseases pose a significant threat to our society, as
underscored by the detrimental impact of the COVID-19
pandemic. Pregnancy is a period of heightened susceptibility
to infections, which pose risks to maternal health and increase
the likelihood of neurodevelopmental disorders in offspring
(1-3). Preclinical and clinical investigations suggest a link be-
tween maternal immune activation (MIA), which is triggered by
viral or bacterial infections, and the onset of neuro-
developmental disorders such as autism and schizophrenia
(4,5). Numerous epidemiological studies have emphasized the
association between an imbalance in pro- and anti-
inflammatory cytokine levels during pregnancy and a height-
ened risk of psychosis in later life (4,6). Animal models focused
on MIA have demonstrated that perinatal disturbances can
result in detrimental effects on offspring (7—10). These detri-
mental outcomes have been observed in various mammalian
species, including mice, rats, and nonhuman primates (11,12).
Early research used prenatal exposure to live pathogens, such
as the influenza virus (13-15). Using live pathogens in models
is useful for establishing a causal link between the pathogen
and offspring outcomes but necessitates technical pre-
cautions. Two main immunogenic approaches have been
developed to overcome these challenges: administration of
lipopolysaccharide or poly(l:C) (polyinosinic:polycytidylic acid)

to pregnant rodents. Lipopolysaccharide, a cell wall compo-
nent of gram-negative bacteria, stimulates an innate immune
response via the toll-like receptor 4 (TLR4) pathway (16).
Another MIA model is based on poly(l:C), a double-stranded
synthetic RNA that mimics a viral infection by triggering an
innate immune response (17-19). Poly(l:C) binds to TLRS3,
triggering a viral-like acute inflammatory response and result-
ing in the synthesis of proinflammatory cytokines such as
interleukin 1 (IL-1), IL-6, tumor necrosis factor o (TNF-a), and
interferons (IFNs) (20). Offspring of MIA-exposed dams display
a multitude of impairments, including deficits in sensorimotor
gating, social interaction, working memory, and behavioral
despair (16,21,22). Prenatal insults in rodents lead to abnormal
neurodevelopmental paths, disrupting postnatal brain matu-
ration and potentially causing behavioral abnormalities (22,23).
MIA may serve as a primer, heightening the offspring’s
vulnerability to environmental insults later in life. The two-hit
hypothesis of schizophrenia, proposed by Bayer et al. (24),
posits that genetic risk factors act as the first hit, with other
environmental factors (i.e., viral infections, birth complications,
social stressors) acting as the second hit. Feigenson et al. (25)
later expanded this hypothesis to include inflammation. In the
context of inflammation, it has been proposed that MIA could
act as an initial trigger, with a second hit (e.g., stress or drugs
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of abuse) exacerbating latent abnormalities (26). Conse-
quently, research is increasingly focusing on the interaction
between MIA and cannabis use during adolescence (27-34). It
is well established that the endocannabinoid (eCB) system
plays a major role in fetal neurodevelopment (35,36); therefore,
it is plausible that MIA may disrupt proper development and
thereby affect outcomes in adulthood. Recent studies have
provided evidence that suggests the involvement of the eCB
system in the emergence of neurodevelopmental disorders in
preclinical models (37-39). In this review, we discuss the
functional implications of the eCB system in MIA models and
its involvement in neurodevelopment and the two-hit models of
schizophrenia.

eCB SYSTEM

The eCB system consists of a family of lipid molecules, re-
ceptors, and enzymes that have been extensively studied in
both the central nervous system and the periphery over the last
3 decades. The identification and characterization of key eCBs
such as arachidonoylethanolamide (anandamide or AEA) (40)
and 2-AG (2-arachidonoylglycerol) (41,42) has been funda-
mental in elucidating the localization, structure, and function of
this system. The discovery and functional expression of
cannabinoid receptors such as the CB4 receptor (CB1R) (43)
and CB, receptor (CB2R) (44) was a further significant step
forward. AEA and 2-AG are synthesized from arachidonic acid—
containing membrane phospholipids and feature an ethanol-
amine or a glycerol moiety, respectively, in their molecule
(45-47). Despite their structural similarities, AEA and 2-AG
display different receptor affinity for CB1Rs and CB2Rs and
distinct biosynthetic and degradation pathways. AEA is pri-
marily synthesized through an NAPE-PLD-dependent
pathway, while 2-AG is mainly produced from inositol phos-
pholipids via the combined actions of DAGL and phospholi-
pase C. Although there are multiple potential pathways for the
biosynthesis of 2-AG, it is primarily generated by PLCp acting
on membrane phosphatidylinositols, followed by conversion to
2-AG by either of 2 isoforms, DAGLa and DAGLSJ. Signaling by
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eCBs is tightly regulated by metabolic enzymes such as FAAH
and MAGL, which predominantly hydrolyze AEA and 2-AG,
respectively. In addition to MAGL, 2-AG can be hydrolyzed by
two different serine hydrolase ABHD6 or ABHD12. Other en-
zymes (e.g., NAAA, COX- 2, and several LOX isoenzymes) may
also participate in the metabolism of AEA and 2-AG (46). These
eCBs are synthesized on demand and travel retrogradely
across the synaptic cleft to bind to presynaptic eCB receptors,
thereby regulating the release of other neurotransmitters such
as glutamate, GABA (gamma-aminobutyric acid), dopamine,
serotonin, and acetylcholine (48-50). The on-demand synthe-
sis allows for the modulation of synaptic transmission in
various ways (51,52).

ROLE OF THE eCB SYSTEM IN
NEURODEVELOPMENT

The eCB system is essential for neurodevelopment from the
earliest stages of gestation, affecting the uterus, placenta, and
fetal brain (35,36). Beginning around postnatal day 10, the eCB
system modulates synaptic transmission (53). The levels of
eCBs, their receptors, and associated enzymes fluctuate
throughout development (Figure 1). In rodents, CB1R levels
peak around postnatal day 30, at the onset of adolescence,
particularly in the prefrontal cortex (PFC) and striatum, and
begin to decline around postnatal day 70, at the start of
adulthood (54,55). However, there is scarce evidence on how
eCB signaling shifts during different stages of human devel-
opment. Previous studies with relatively small sample sizes
showed age-dependent changes in CB1R levels in human
brains (56,57). Although marked similarities have been
observed in the developmental patterns of CB1R expression
between humans and rodents, expression within human PFC
tissue peaks much earlier (prior to 5 years of age), after which
levels gradually decrease until adulthood (58). In rodents, 2-AG
levels are high at birth and fluctuate until adolescence, ulti-
mately decreasing overall during this period. In contrast, AEA
levels rise gradually until adolescence, peaking between
adolescence and adulthood and remain stable in several

Figure 1. Schematic representation of the corti-
colimbic  endocannabinoid signaling changes
dynamically across rodent development. CB; levels
peak at the onset of adolescence and begin to
decline around the beginning of adulthood; 2-AG
levels are high at birth and fluctuate until adoles-
cence, ultimately decreasing overall during this
period; AEA levels show an opposite trajectory to
FAAH. Adapted with permission from (143). 2-AG, 2-
arachidonoylglycerol; AEA, arachidonoylethanolamide.
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corticolimbic regions such as the hypothalamus, hippocam-
pus, amygdala, and PFC (53). Conversely, FAAH levels show a
trend opposite to AEA. Both eCBs and CB1Rs have been
observed in white matter areas during prenatal development
(59). The pattern of MAGL expression is less well documented,
but it appears to decrease from the first year of life in humans,
with a more notable decline at the onset of adolescence (58).
The changes in the eCB system that take place during pubertal
maturation may be linked to interactions between this system
and gonadal hormones (54), influencing developmental
changes during puberty. In rodents, CB1Rs peak during
adolescence and decrease in adulthood, and their higher
variations occur in prefrontal and limbic areas (60). These
developmental modifications may be influenced by external
factors that negatively affect physiological trajectories. Alter-
ations in the eCB system during sensitive periods can produce
long-term effects on stress responses later in life. Disrupting
the refinement of the maturing system may impair the func-
tionality of the corticolimbic circuit, leading to behavioral
changes. It has been shown consistently that exposure to
CB1R agonists during adolescence can induce anxiety-related
behavior (61,62).

ROLE OF THE eCB SYSTEM IN
NEURODEVELOPMENTAL DISORDERS

Increasing evidence indicates that disrupting the eCB system
during crucial neurodevelopmental periods can lead to
abnormal developmental trajectories and neurodevelopmental
disorders (38,63,64). The eCB system plays a crucial role in
fetal neurodevelopment, particularly by regulating synaptic
plasticity and neuronal cell proliferation and differentiation
(35,36). Several meta-analyses and systematic reviews have
shown that cannabis use during pregnancy is linked with
postnatal neurodevelopmental disorders in children, although
these outcomes can be confounded by sociodemographic
factors and the use of other substances such as tobacco and
alcohol (65-67).

A®-Tetrahydrocannabinol (THC) crosses the placental bar-
rier, making fetal developmental processes and long-term
outcomes susceptible to prenatal cannabis exposure. Cogni-
tive impairments have also been observed in animal studies of
prenatal cannabis exposure. Both adolescent and adult ro-
dents exposed to THC or a synthetic CB1R agonist in utero
exhibit deficits in learning, long-term memory, sensorimotor
gating, attention, and spatial working memory compared with
controls (68-72). Thus, cannabinoid exposure during preg-
nancy can alter the maturation of neurotransmitter systems
and affect behavior (73). Adult animals exposed to THC peri-
natally show long-term neurobehavioral disturbances due to
disrupted neurotransmitter development patterns (73). These
effects are mediated through the activation of CB1Rs, which
emerge early in neurodevelopment (74,75) and disrupt
neuronal network oscillations and sensory gating in the limbic
system, supporting the link between cannabis abuse and
increased schizophrenia risk (76,77).

The eCB system’s role in the maturation of GABAergic
interneuron and dopaminergic cells during prenatal develop-
ment is critical for the emergence of psychoses in adulthood
(38). Disrupting the neurodevelopmental trajectory of the eCB

system during the prenatal period may result in neuro-
developmental disorders such as schizophrenia. Moreover,
adolescence is crucial as a sensitive period of brain develop-
ment during which the brain undergoes morphological and
functional changes for its maturation. There is ample evidence
that the mesocorticolimbic system continues to develop
throughout adolescence and achieves final axon density levels
during early adulthood (78). However, it is evident that the eCB
system is dynamic in the adolescent brain, particularly con-
cerning the development of mesocorticolimbic structures, by
regulating the balance between excitatory and inhibitory
neurotransmission. During adolescence, the synchronized
interaction between limbic and cortical signals is essential for
selective information processing. This process shapes the way
that inputs from the limbic regions influence the PFC, affecting
fear responses and anxiety levels in adolescents (79,80).
Moreover, these specific neuroplasticity patterns together with
behaviors that characterize adolescence (e.g., increase in
novelty-seeking and risk-taking behaviors) may increase
vulnerability to consumption of drugs of abuse. In human
subjects under 17, cannabis use is correlated with decreased
brain volume and a smaller proportion of gray matter, which
may be associated with heightened synaptic pruning during
adolescent development (81).

TWO-HIT MODELS OF SCHIZOPHRENIA: FOCUS ON
MIA AND THC

In the two-hit hypothesis of schizophrenia, it is suggested that
MIA may serve as an initial trigger, with a subsequent stressor
or drug abuse acting as a second hit that exacerbates latent
abnormalities later in life (26). Clinical and epidemiological
studies have identified several risk factors for schizophrenia
but could not determine the underlying mechanisms. The
complexity of this hypothesis is further complicated by factors
such as severity, timing, and frequency of stressors. Animal
studies are crucial for exploring the mechanisms linked with
schizophrenia-related disorders (47,82). Additionally, experi-
mental variables such as stressful stimuli and their severity and
timing can be controlled more precisely in rodent models.
Several two-hit models in animals have used different combi-
nations of insults at various ages (perinatal, adolescence, or
adulthood) and intensities to investigate the etiology of neu-
rodevelopmental disorders (83-86).

The eCB system is crucial for the maturation of the dopa-
mine system. Impairment of the eCB system induced by MIA
may lead to abnormal dopamine system development,
resulting in schizophrenia-related disorders. An impaired
dopamine system is a hallmark of schizophrenia (87,88).
Numerous studies have reported alterations in the dopamine
system in MIA models, such as changes in firing rate and
pattern of dopamine cells, enhanced dopamine release and
hyperdopaminergia, and increased sensitivity to psychosti-
mulants (19,89-91) that might persist across generations
(92,93). The first hit from poly(l:C) injection activates the TLR
pathway, modulating nuclear factor-xB and AP-1 through the
MAPK (mitogen-activated protein kinase) cascade. This leads
to the synthesis of several proinflammatory cytokines, such as
IL-1, IL-6, TNF-a, and IFNs (20). According to the two-hit hy-
pothesis in the context of MIA, a second hit by chronic THC
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treatment during adolescence could worsen the dysfunctions
that have been observed in adult offspring. However, several
studies have not supported this claim (29-33,94). Luchicchi
et al. (91) found that THC treatment during adolescence
attenuated MIA-induced dopamine system disruption. Stol-
lenwerk and Hillard (30) confirmed these observations, with
THC treatment during adolescence not potentiating the
behavioral effects of MIA in adulthood. Accordingly, Guma
et al. (31) found no behavioral alterations in MIA THC-exposed
rats, although they observed several neuroanatomical alter-
ations. Moreover, THC impaired sociability and social memory,
with no interactions between MIA and THC exposure (32).
According to these studies, THC-exposed MIA offspring
showed significant improvements in sensorimotor gating
deficits (33). These findings suggest a need to elucidate the
mechanisms that underlie the paradoxical effects of THC.
Research should prioritize studying the intricate interaction
between the eCB system and neurodevelopmental trajectories
in MIA models. MIA may disrupt eCB system development,
which in turn may affect the physiological maturation of other
systems crucial for the onset of schizophrenia. One plausible
hypothesis is that the inflammation caused by MIA interferes
with eCB system development, which in turn leads to abnormal
dopamine systems in adulthood. The regulation of synaptic
transmission by eCBs is altered by an excess of proin-
flammatory cytokines such as IL-6 and TNF-a, which can lead
to neurodevelopmental disorders (95,96). A recent systematic
review underscored the importance of the TLR pathway in
linking maternal inflammation during pregnancy to neuro-
developmental disorders in human offspring (97). On the other
hand, the synthetic cannabinoid WIN55,212-2 acts on TLR3
and TLR4 signaling by inhibiting the proinflammatory response
triggered by TLR3 and TLR4, while selectively enhancing
TLRS3-induced activation of IFN regulatory factor 3 and
expression of IFN-B (98). These findings support the notion
that poly(l:C) in the MIA model activates the TLR pathway,
modulating nuclear factor-kB and AP-1 activation through
MAPK cascade and leading to the synthesis of several proin-
flammatory cytokines, such as IL-1, IL-6, TNFa, and IFNs (20).
The actions of WIN55,212-2 on TLR3 and TLR4 signaling may
partially explain the inconsistent results that have been ob-
tained in two-hit models (Table 1). Considering the very early-
life impact of MIA on the brain as first hit and the later exposure
to the second hit during a subsequent period of life (e.g., during
adolescence), epigenetic mechanisms may play a crucial role.
Several studies have provided evidence for a link between
polymorphisms in the CNR1 gene, which encodes CB1R, and
schizophrenia (99). Moreover, alterations of DNA methylation
at the promoter of CNR1 have been described in patients with
schizophrenia (100). More recently, research has confirmed
the key role of CNR1 gene regulation in psychosis and pro-
posed that DNA methylation levels at specific sites could serve
as potential biomarkers (101). In addition, the expression of the
CNR2 gene has been linked to the comorbidity of schizo-
phrenia and cannabis dependence, while polymorphisms in
the FAAH gene have been associated with cannabis depen-
dence in a Spanish population (102).

These genetic and epigenetic changes are particularly rele-
vant in the context of schizophrenia, with adolescent cannabis
use exerting specific effects on these abnormalities (103).
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2-AG SIGNALING IN eCB-MEDIATED SYNAPTIC
PLASTICITY AND NEUROINFLAMMATION

Several animal models of psychiatric diseases that utilize
different prenatal insults have demonstrated altered eCB-
mediated synaptic plasticity, together with enhanced 2-AG
signaling, in mesolimbic structures. This suggests a common
disrupted pathway that leads to neurodevelopmental impair-
ment (39,70,104-107). An imbalance in 2-AG levels leads to
disrupted eCB-mediated synaptic plasticity in mesolimbic
structures, ultimately causing abnormalities in the dopamine
system during adulthood that resembles a schizophrenia-like
endophenotype (39).

Similarly, Guo et al. (108) observed region-specific in-
creases in 2-AG signaling, indicating that prenatal immune
activation can cause long-term alterations in eCB-mediated
plasticity, particularly affecting inhibitory synaptic trans-
mission in the hippocampus. Notably, 2-AG exerts anti-
inflammatory effects through CB1R/CB2R and PPAR (peroxi-
some proliferator-activated receptor) (109). Given that 2-AG
acts as a reservoir for arachidonic acid during inflammatory
conditions (109), it is hypothesized that increased 2-AG levels
may be an adaptive response to counteract elevated proin-
flammatory cytokines caused by MIA (Figure 2). Supporting
this idea, 2-AG has been shown to inhibit proinflammatory
cytokine production in lipopolysaccharide-activated rat
microglial cells, murine splenocytes, and peritoneal macro-
phages, as well as having antiproliferative effects on lympho-
cytes (110-113). The neuroprotective effects of 2-AG are
largely linked to its ability to suppress neuroinflammation (114).
2-AG also protects the blood-brain barrier after closed head
injury and inhibits messenger RNA expression of proin-
flammatory cytokines (TNF-a, IL-1f, and IL-6) (115).

Enhancing 2-AG signaling by inhibiting its degradation has
emerged as a promising strategy, with MAGL, the main
enzyme that degrades 2-AG, becoming an attractive drug
target. The neuroprotective effects of MAGL inhibitors are
likely due to increased 2-AG signaling and decreased eicosa-
noid levels. This suggests that controlling 2-AG degradation
through  MAGL could be crucial for reducing neuro-
inflammation (116).

Moreover, 2-AG levels may be regulated via a COX-2-
dependent mechanism, potentially alleviating anxiety- and
depressive-like states in rodents (117,118). Elevated 2-AG
levels have been reported consistently in antipsychotic-free
patients in the PFC and hippocampus (119). These higher
levels may represent an adaptive response to mitigate gluta-
matergic hyperactivity observed in the brain of individuals with
schizophrenia. In this context, it has been reported that 2-AG
selectively depresses the increase in firing and bursting ac-
tivity of dopamine neurons induced by PFC stimulation (120).

Persistent excessive release of 2-AG by platelets has also
been suggested as a possible factor that contributes to
cognitive impairments related to the negative symptoms of
schizophrenia (121). Moreover, increased 2-AG levels have
been documented in postmortem human PFC in individuals
with schizophrenia (122). Accordingly, a recent study showed a
correlation between depression severity and elevated 2-AG
levels in the serum of patients with depression, reinforcing
the link between inflammation and depressive symptoms (123).
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Table 1. Two-Hit Models Based on MIA and Cannabinoid Treatments

Reference Dams First Hit Second Hit Results
(30) Sprague Dawley rats Poly(I:C) (4 mg/kg i.v.) THC injections at PND 45-55 in THC treatment rescued the effects of
GD 15 increasing doses (2.5-10 mg/kg), MIA on VTA dopamine neurons.
twice per day
Male offspring
31) C57BL/6J mice Poly(l:C) (56 mg/kg i.p.) THC was administered orally through THC treatment during adolescence
GD 12 voluntary consumption of a cereal failed to potentiate the behavioral
piece containing THC (30 pL of 2 effects of MIA in adulthood.
mg/mL in ethanol) at PND 35-39
Male and female offspring
32) C57BL/6J mice Poly(l:C) (56 mg/kg i.p.) THC injections at PND 28-45 Lack of behavioral alterations in MIA
GD 9 (5 mg/kg i.p.) daily THC-exposed rats
Male and female offspring Neuroanatomical alterations due to the
combination of MIA and THC
exposure
(83) Sprague Dawley rats LPS (0111:B4 50 ng/kg) THC injections at PND 28-44 THC impaired sociability and social
GD 15 and GD 16 (3 mg/kg i.p.) every other day memory, but there were no
Male and female offspring interactions between MIA and THC
exposure.
(34) Wistar rats Polyl:C (4 mg/kg i.v.) THC injections at PND 28-38 THC-exposed MIA offspring showed
GD 15 (10 mg/kg i.p.) daily significant improvements in
Male offspring sensorimotor gating deficits.
(35) Sprague Dawley rats MAM (22 mg/kg i.p.) THC injections from PND 29-39, twice/ THC reversed cognitive deficits in
GD 17 day with increasing doses MAM offspring by modulating Drd2
(2.5-5-10 mg/kg i.p.) and Drd3 gene expression.
Male offspring
(28) Sprague Dawley rats MAM (20 mg/kg, i.p.) WIN injections from PND 40-65 WIN did not exacerbate the behavioral
GD 17 (1.2 mg/kg i.p.) and electrophysiological changes in
Male offspring MAM offspring but attenuated the
increased locomotor response to
amphetamine.
(29) Sprague Dawley rats MAM (25 mg/kg i.p.) WIN injections from PND 35-45 WIN increased the proportion of
GD 17 (0.2 mg/kg i.p.) every other day second-generation MAM rats that
Male and female offspring developed schizophrenia-like
deficits.
94) Wistar rats Poly(l:C) (6 mg/kg i.v.) HU-210 injections from PND 35-48 Reduced amplitude of human-like

GD 19

(0.1 mg/kg for males and 0.075 mg/
kg for females, i.p.)
Male and female offspring

mismatch responses in male rats of
both single-hit and two-hit groups

This table summarizes studies that have investigated the two-hit hypothesis in the context of MIA and cannabinoid exposure. Each study listed examined the effects of a
primary hit [MIA induced by agents such as poly(l:C) or LPS] and a secondary hit (cannabinoid treatments such as THC or synthetic cannabinoids) on different animal
models. The table includes details on the animal models used, the nature and timing of the first and second hits, and the resultant effects observed in terms of
neuroanatomical, behavioral, and neurochemical outcomes. These studies collectively aimed to elucidate the complex interactions between MIA, the endocannabinoid

system, and neurodevelopmental disorders.

GD, gestational day; i.p., intraperitoneal; i.v., intravenous; LPS, lipopolysaccharide; MAM, methylazoxymethanol acetate; MIA, maternal immune activation; PND,

postnatal day; THC, A°-tetrahydrocannabinol; VTA, ventral tegmental area.

These findings indicate altered eCB metabolism in this psy-
chiatric disorder. However, using 2-AG as a biomarker to
predict neurodevelopmental disorders presents challenges
because the quantification of 2-AG in blood samples is insuf-
ficiently stable (124). Therefore, it is essential to establish
robust preanalytical protocols to ensure reliable assessment
across samples. Technical refinements, such as using aprotic
solvents and GlucoEXACT blood collection tubes (Sarstedt
AG), can minimize the isomerization of 2-AG to 1-AG (125).

To conclude, 2-AG is highly relevant due to its implication in
various physiological processes and its potential association
with pathological conditions. It may represent an intriguing
therapeutic target for schizophrenia and other neuropsychiatric
disorders (124).

ROLE OF THE eCB SYSTEM AS A THERAPEUTIC
TARGET FOR SCHIZOPHRENIA: FOCUS ON CLINICAL
STUDIES

Progress in our knowledge of the eCB system has driven
pharmaceutical research to investigate whether manipulating
this system could offer therapeutic benefits (126). Full
coverage of human and clinical studies conducted on patients
with schizophrenia and potential therapeutics of cannabinoids
is beyond the scope of this review [for excellent reviews on
clinical trials/human studies, see (127-130)]. The most prom-
ising preliminary findings are related to the use of cannabidiol
(CBD) in psychotic symptoms and anxiety. CBD is one of the 2
main phytocannabinoids present in the Cannabis sativa plant,
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Figure 2. This figure illustrates the proposed mechanisms by which maternal immune activation impacts the ECB system, specifically 2-AG signaling,
contributing to neurodevelopmental disorders. Maternal immune activation, through the activation of TLRs and subsequent NF-kB and AP1 pathways, induces
the production of proinflammatory cytokines such as IL-6 and TNF-a. Key components of the ECB system, including 2-AG, are depicted within an adaptive and
maladaptive process framework. In the adaptive process, an enhanced 2-AG signaling involves binding to cannabinoid receptors (CB; and CB,) and PPARs,
with the involvement of metabolic enzymes such as MAGL and ABHD6 for 2-AG breakdown into AA and glycerol. The maladaptive process highlights the
disruption of ECB-mediated synaptic plasticity due to steady elevated levels of 2-AG in response to maternal immune activation-induced inflammation. This
disruption affects various neurotransmitter systems, including Glu and GABA, and leads to aberrant synaptic plasticity, particularly in dopaminergic neurons,
which is implicated in the pathophysiology of schizophrenia. 2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; ECB, endocannabinoid; GABAA, gamma-
aminobutyric acid A; Glu, glutamate; IL, interleukin; mGIuR, metabotropic glutamate receptor; NF-kB, nuclear factor-kB; PPAR, peroxisome proliferator-

activated receptor; TLR, toll-like receptor; TNF-o, tumor necrosis factor o.

and it does not have psychotropic effects. Although it does not
bind to CB1R or CB2R, it may affect the extended endo-
cannabinoidome by interacting with multiple targets (131). It
has been approved by the Food and Drug Administration and
the European Medicines Agency for the treatment of seizures
that occur in 2 rare diseases, Dravet syndrome and Lennox-
Gastaut (131). The first antipsychotic effects of CBD were
documented in a patient with schizophrenia who was treated
with CBD, resulting in a reduction in psychotic symptoms
(132). The first double-blind, randomized clinical trial of CBD
versus amisulpride showed that CBD or amisulpride was
accompanied by an increase in serum AEA levels, which was
significantly associated with clinical improvement (133). In a
recent randomized clinical trial with CBD, patients showed
significantly different neural activation compared with healthy
control individuals on a verbal recall task. However, CBD
improved activation patterns but failed to reach the results of
the healthy control individuals (134). An ongoing phase Il ran-
domized, double-blind clinical trial (NCT04105231) aims to
evaluate the efficacy of CBD versus risperidone, a first-choice
second-generation antipsychotic, in patients with early psy-
chosis and comorbid cannabis use. Moreover, a double-blind,
randomized clinical trial conducted in patients with acute
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paranoid schizophrenia receiving either CBD or amisulpride
showed that both improved cognitive functioning with com-
parable efficacy in patients with schizophrenia via an AEA-
independent mechanism (135). In the context of modulators
that orchestrate the eCB enzyme machinery, FAAH is the only
enzyme that has been specifically explored (136). It has been
observed that brain FAAH in psychosis may represent a
biomarker of disease state and a novel target for interventions
to treat psychotic symptoms (137). On the other hand, selec-
tive inhibitors for MAGL, which metabolizes 2-AG, or com-
pounds that inhibit both enzymes have not yet been studied in
humans.

LIMITATIONS

In the case of the two-hit models of schizophrenia, the multi-
tude of factors associated with the emergence of the disorder
(e.g., the severity of stress, timing of exposure, number of
stressors) adds significant complexity to this framework. Here,
we acknowledge a few noteworthy limitations. First, findings
derived from animal models may not fully capture the in-
tricacies of human physiology and neurodevelopmental com-
plexities, limiting translational applicability. Additionally, our
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review focuses on specific eCB pathways, potentially over-
looking other critical molecular mechanisms involved in
schizophrenia. Moreover, methodological inconsistencies
might also have contributed to the contradictory results
observed across studies. For example, Table 1 illustrates the
lack of standardization in MIA two-hit models (e.g., first and
second hit, THC or synthetic cannabinoids, doses, neuro-
developmental window, gestational timing, and animal strain).
On the other hand, the lack of standardization represents an
opportunity for additional exploration. Nevertheless, it remains
crucial to report detailed methodologies to enhance rigor and
reproducibility across laboratories and species (138). To thor-
oughly elucidate the molecular mechanisms and long-term
behavioral outcomes in human populations affected by MIA
and THC/synthetic cannabinoid exposure, more comprehen-
sive and longitudinal studies are needed that span both pre-
clinical and clinical research.

SUMMARY AND CONCLUSIONS

Reciprocal regulation between the eCB system and neuro-
development has been documented. As reviewed here, several
two-hit models of schizophrenia failed to exacerbate MIA-
related abnormalities. However, the precise mechanisms by
which eCB system activation during adolescence attenuates
the effects of MIA remain to be elucidated. Dynamic variables
such as CB1R agonists suppressing TLR3 and TLR4 signaling
by inhibiting the proinflammatory pathway (98) have been
reviewed. Treatments aimed at reducing inflammation during
critical neurodevelopmental periods prevent behavioral, elec-
trophysiological, and neurochemical deficits in MIA models of
schizophrenia (139-141). Altered eCB signaling during
adolescence in MIA offspring may also be a plausible expla-
nation (39). Further research could explore the molecular ef-
fects of compounds that target the eCB system, such as CBD
and FAAH inhibitors, in relation to psychosis. This would help
improve our understanding of their potential impact on
schizophrenia. Furthermore, given the impact of cannabis on
schizophrenia, driving earlier psychosis onset in users (142),
future studies should test higher and standardized doses of
THC/synthetic cannabinoids to elucidate the interaction be-
tween MIA and cannabinoid treatments during sensitive
developmental periods.

ACKNOWLEDGMENTS AND DISCLOSURES

This work was supported by Progetti di Rilevante Interesse Nazionale (Grant
Nos. PRIN 2022 P20229CCLB and 2022NSLB3Z [to MP]) from the Italian
Ministry of University and Research, by the Assessorato alla Pro-
grammazione (Grant No. PNRR-MAD-2022-12375802; Regione Autonoma
della Sardegna) [to MP]), and by Hybrid Hub: Modelli cellulari e COMputa-
zionali, micro e nanotEcnologie per la personalizzazione di Terapie inno-
vAtive grant (Grant No. T4-AN-10 [to MP]) from the Italian Ministry of Health.

We acknowledge that parts of this review were published in the first
author’s thesis posted online.

The authors report no biomedical financial interests or potential conflicts
of interest.

ARTICLE INFORMATION

From the Department of Biomedical Sciences, University of Cagliari, Mon-
serrato, Italy (MS, MP); Unit of Clinical Pharmacology, University Hospital,

Biological
Psychiatry

Cagliari, ltaly (MS, MP); and Neuroscience Institute, National Research
Council of ltaly, Cagliari, Italy (MP).
Address correspondence to Marco Pistis, M.D., at mpistis@unica.it.
Received Jul 1, 2024; revised Nov 11, 2024; accepted Nov 23, 2024.

REFERENCES

1. Allotey J, Stallings E, Bonet M, Yap M, Chatterjee S, Kew T, et al.
(2020): Clinical manifestations, risk factors, and maternal and peri-
natal outcomes of coronavirus disease 2019 in pregnancy: Living
systematic review and meta-analysis. BMJ 370:m3320.

2. Dashraath P, Wong JLJ, Lim MXK, Lim LM, Li S, Biswas A, et al.
(2020): Coronavirus disease 2019 (COVID-19) pandemic and preg-
nancy. Am J Obstet Gynecol 222:521-531.

3. Wastnedge EAN, Reynolds RM, van Boeckel SR, Stock SJ,
Denison FC, Maybin JA, Critchley HOD (2021): Pregnancy and
COVID-19. Physiol Rev 101:303-318.

4. Allswede DM, Yolken RH, Buka SL, Cannon TD (2020): Cytokine
concentrations throughout pregnancy and risk for psychosis in adult
offspring: A longitudinal case-control study. Lancet Psychiatry
7:254-261.

5. Miller AH, Haroon E, Raison CL, Felger JC (2013): Cytokine targets in
the brain: Impact on neurotransmitters and neurocircuits. Depress
Anxiety 30:297-306.

6. Khandaker GM, Zimbron J, Lewis G, Jones PB (2013): Prenatal
maternal infection, neurodevelopment and adult schizophrenia: A
systematic review of population-based studies. Psychol Med
43:239-257.

7. Meyer U, Schwarz MJ, Miiller N (2011): Inflammatory processes in
schizophrenia: A promising neuroimmunological target for the treat-
ment of negative/cognitive symptoms and beyond. Pharmacol Ther
132:96-110.

8. Meyer U, Feldon J (2009): Prenatal exposure to infection: A primary
mechanism for abnormal dopaminergic development in schizo-
phrenia. Psychopharmacology (Berl) 206:587-602.

9. Bergdolt L, Dunaevsky A (2019): Brain changes in a maternal immune
activation model of neurodevelopmental brain disorders. Prog Neu-
robiol 175:1-19.

10. Han VX, Patel S, Jones HF, Nielsen TC, Mohammad SS, Hofer MJ,
et al. (2021): Maternal acute and chronic inflammation in pregnancy is
associated with common neurodevelopmental disorders: A system-
atic review. Transl Psychiatry 11:71.

11. Bauman MD, Lesh TA, Rowland DJ, Schumann CM, Smucny J,
Kukis DL, et al. (2019): Preliminary evidence of increased striatal
dopamine in a nonhuman primate model of maternal immune acti-
vation. Transl Psychiatry 9:135.

12. Gumusoglu SB, Stevens HE (2019): Maternal inflammation and
neurodevelopmental programming: A review of preclinical outcomes
and implications for translational psychiatry. Biol Psychiatry 85:
107-121.

138. Cotter D, Takei N, Farrell M, Sham P, Quinn P, Larkin C, et al. (1995):
Does prenatal exposure to influenza in mice induce pyramidal cell
disarray in the dorsal hippocampus? Schizophr Res 16:233-241.

14. Fatemi SH, Sidwell R, Akhter P, Sedgewick J, Thuras P, Bailey K,
Kist D (1998): Human influenza viral infection in utero increases nNOS
expression in hippocampi of neonatal mice. Synapse 29:84-88.

15. Shi L, Fatemi SH, Sidwell RW, Patterson PH (2003): Maternal influ-
enza infection causes marked behavioral and pharmacological
changes in the offspring. J Neurosci 23:297-302.

16. Reisinger S, Khan D, Kong E, Berger A, Pollak A, Pollak DD (2015):
The poly(l:C)-induced maternal immune activation model in preclini-
cal neuropsychiatric drug discovery. Pharmacol Ther 149:213-226.

17.  Meyer U, Feldon J, Schedlowski M, Yee BK (2006): Immunological stress
at the maternal-foetal interface: A link between neurodevelopment and
adult psychopathology. Brain Behav Immun 20:378-388.

18. Talukdar PM, Abdul F, Maes M, Binu VS, Venkatasubramanian G,
Kutty BM, Debnath M (2020): Maternal immune activation causes
schizophrenia-like behaviors in the offspring through activation of
immune-inflammatory, oxidative and apoptotic pathways, and

Biological Psychiatry m m, 2025; m:m—m www.sobp.org/journal 7


mailto:mpistis@unica.it
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref1
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref1
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref1
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref1
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref2
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref2
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref2
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref3
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref3
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref3
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref4
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref4
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref4
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref4
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref5
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref5
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref5
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref6
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref6
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref6
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref6
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref7
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref7
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref7
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref7
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref8
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref8
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref8
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref9
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref9
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref9
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref10
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref10
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref10
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref10
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref11
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref11
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref11
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref11
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref12
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref12
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref12
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref12
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref13
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref13
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref13
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref14
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref14
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref14
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref15
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref15
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref15
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref16
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref16
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref16
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref17
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref17
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref17
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref18
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref18
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref18
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref18
http://www.sobp.org/journal

Biological
Psychiatry

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Maternal Immune Activation and Endocannabinoid System

lowered antioxidant defenses and neuroprotection. Mol Neurobiol
57:4345-4361.

Zuckerman L, Rehavi M, Nachman R, Weiner | (2003): Immune acti-
vation during pregnancy in rats leads to a postpubertal emergence of
disrupted latent inhibition, dopaminergic hyperfunction, and altered
limbic morphology in the offspring: A novel neurodevelopmental
model of schizophrenia. Neuropsychopharmacology 28:1778-1789.
Engel AL, Holt GE, Lu H (2011): The pharmacokinetics of toll-like
receptor agonists and the impact on the immune system. Expert
Rev Clin Pharmacol 4:275-289.

Ding S, Hu Y, Luo B, Cai Y, Hao K, Yang Y, et al. (2019): Age-related
changes in neuroinflammation and prepulse inhibition in offspring of
rats treated with poly I:C in early gestation. Behav Brain Funct 15:3.
Kreitz S, Zambon A, Ronovsky M, Budinsky L, Helbich TH,
Sideromenos S, et al. (2020): Maternal immune activation during
pregnancy impacts on brain structure and function in the adult
offspring. Brain Behav Immun 83:56-67.

Piontkewitz Y, Arad M, Weiner | (2011): Abnormal trajectories of
neurodevelopment and behavior following in utero insult in the rat.
Biol Psychiatry 70:842-851.

Bayer TA, Falkai P, Maier W (1999): Genetic and non-genetic
vulnerability factors in schizophrenia: The basis of the “Two hit hy-
pothesis”. J Psychiatr Res 33:543-548.

Feigenson KA, Kusnecov AW, Silverstein SM (2014): Inflammation
and the two-hit hypothesis of schizophrenia. Neurosci Biobehav Rev
38:72-93.

Giovanoli S, Engler H, Engler A, Richetto J, Voget M, Willi R, et al. (2013):
Stress in puberty unmasks latent neuropathological consequences of
prenatal immune activation in mice. Science 339:1095-1099.

Gomes FV, Guimardes FS, Grace AA (2014): Effects of pubertal
cannabinoid administration on attentional set-shifting and dopami-
nergic hyper-responsivity in a developmental disruption model of
schizophrenia. Int J Neuropsychopharmacol 18:pyu018.

Aguilar DD, Giuffrida A, Lodge DJ (2018): Adolescent synthetic
cannabinoid exposure produces enduring changes in dopamine
neuron activity in a rodent model of schizophrenia susceptibility. Int J
Neuropsychopharmacol 21:393-403.

Lecca S, Luchicchi A, Scherma M, Fadda P, Muntoni AL, Pistis M
(2019):  A9-tetrahydrocannabinol during adolescence attenuates
disruption of dopamine function induced in rats by maternal immune
activation. Front Behav Neurosci 13:1-8.

Stollenwerk TM, Hillard CJ (2021): Adolescent thc treatment does not
potentiate the behavioral effects in adulthood of maternal immune
activation. Cells 10:3503.

Guma E, Cupo L, Ma W, Gallino D, Moquin L, Gratton A, et al. (2023):
Investigating the “two-hit hypothesis”: Effects of prenatal maternal
immune activation and adolescent cannabis use on neuro-
development in mice. Prog Neuropsychopharmacol Biol Psychiatry
120:110642.

Moreno-Fernandez M, Ucha M, Reis-de-Paiva R, Marcos A,
Ambrosio E, Higuera-Matas A (2024): Lack of interactions between
prenatal immune activation and A9-tetrahydrocannabinol exposure
during adolescence in behaviours relevant to symptom dimensions of
schizophrenia in rats. Prog Neuropsychopharmacol Biol Psychiatry
129:110889.

Lamanna-Rama N, Romero-Miguel D, Casquero-Veiga M,
MacDowell KS, Santa-Marta C, Torres-Sanchez S, et al. (2024): THC
improves behavioural schizophrenia-like deficits that CBD fails to
overcome: A comprehensive multilevel approach using the poly I:C
maternal immune activation. Psychiatry Res 331:115643.

Di Bartolomeo M, Stark T, Di Martino S, lannotti FA, Ruda-
Kucerova J, Romano GL, et al. (2023): The effects of peripubertal
THC exposure in neurodevelopmental rat models of psychopathol-
ogy. Int J Mol Sci 24:1-15.

Harkany T, Guzman M, Galve-Roperh |, Berghuis P, Devi LA,
Mackie K (2007): The emerging functions of endocannabinoid
signaling during CNS development. Trends Pharmacol Sci 28:83-92.
Harkany T, Keimpema E, Barabéas K, Mulder J (2008): Endocanna-
binoid functions controlling neuronal specification during brain
development. Mol Cell Endocrinol 286:584-S90.

Biological Psychiatry m m, 2025; m:m—m www.sobp.org/journal

37.

38.

39.

40.

41,

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

Zamberletti E, Gabaglio M, Woolley-Roberts M, Bingham S,
Rubino T, Parolaro D (2019): Cannabidivarin treatment ameliorates
autism-like behaviors and restores hippocampal endocannabinoid
system and glia alterations induced by prenatal valproic acid expo-
sure in rats. Front Cell Neurosci 13:1-15.

Zamberletti E, Rubino T (2021): Impact of endocannabinoid system
manipulation on neurodevelopmental processes relevant to
schizophrenia. Biol Psychiatry Cogn Neurosci Neuroimaging 6:
616-626.

Santoni M, Sagheddu C, Serra V, Mostallino R, Castelli MP, Pisano F,
et al. (2023): Maternal immune activation impairs endocannabinoid
signaling in the mesolimbic system of adolescent male offspring.
Brain Behav Immun 109:271-284.

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA,
Griffin G, et al. (1992): Isolation and structure of a brain constituent
that binds to the cannabinoid receptor. Science 258:1946-1949.
Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE,
Schatz AR, et al. (1995): Identification of an endogenous 2-
monoglyceride, present in canine gut, that binds to cannabinoid re-
ceptors. Biochem Pharmacol 50:83-90.

Sugiura T, Waku K (2000): 2-Arachidonoylglycerol and the cannabi-
noid receptors. Chem Phys Lipids 108:89-106.

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner Tl (1990):
Structure of a cannabinoid receptor and functional expression of the
cloned cDNA. Nature 346:561-564.

Munro S, Thomas KL, Abu-Shaar M (1993): Molecular characteriza-
tion of a peripheral receptor for cannabinoids. Nature 365:61-65.

Di Marzo V (2011): Endocannabinoid signaling in the brain: Biosyn-
thetic mechanisms in the limelight. Nat Neurosci 14:9-15.

Luchicchi A, Pistis M (2012): Anandamide and 2-arachidonoylglycerol:
Pharmacological properties, functional features, and emerging spec-
ificities of the two major endocannabinoids. Mol Neurobiol 46:374—
392.

Brown AS, Meyer U (2018): Maternal immune activation and neuro-
psychiatric iliness: A translational research perspective. Am J Psy-
chiatry 175:1073-1083.

Katona |, Freund TF (2008): Endocannabinoid signaling as a synaptic
circuit breaker in neurological disease. Nat Med 14:923-930.
Lovinger DM (2008): Presynaptic modulation by endocannabinoids.
Handb Exp Pharmacol 184:435-477.

Piomelli D (2003): The molecular logic of endocannabinoid signalling.
Nat Rev Neurosci 4:873-884.

Castillo PE, Younts TJ, Chavez AE, Hashimotodani Y (2012): Endo-
cannabinoid signaling and synaptic function. Neuron 76:70-81.
Kano M, Ohno-Shosaku T, Hashimotodani Y, Uchigashima M,
Watanabe M (2009): Endocannabinoid-mediated control of synaptic
transmission. Physiol Rev 89:309-380.

Meyer HC, Lee FS, Gee DG (2018): The role of the endocannabinoid
system and genetic variation in adolescent brain development.
Neuropsychopharmacology 43:21-33.

Rodriguez de Fonseca FR, Cebeira M, Ramos JA, Martin M, Fernandez-
Ruiz JJ (1994): Cannabinoid receptors in rat brain areas: Sexual
differences, fluctuations during estrous cycle and changes after
gonadectomy and sex steroid replacement. Life Sci 54:159-170.
Klugmann M, Klippenstein V, Leweke FM, Spanagel R, Schneider M
(2011): Cannabinoid exposure in pubertal rats increases spontaneous
ethanol consumption and NMDA receptor associated protein levels.
Int J Neuropsychopharmacol 14:505-517.

Westlake TM, Howlett AC, Bonner Tl, Matsuda LA, Herkenham M
(1994): Cannabinoid receptor binding and messenger RNA expres-
sion in human brain: An in vitro receptor autoradiography and in situ
hybridization histochemistry study of normal aged and Alzheimer’s
brains. Neuroscience 63:637-652.

Glass M, Dragunow M, Faull RLM (1997): Cannabinoid receptors in
the human brain: A detailed anatomical and quantitative autoradio-
graphic study in the fetal, neonatal and adult human brain. Neuro-
science 77:299-318.

Long LE, Lind J, Webster M, Weickert CS (2012): Developmental
trajectory of the endocannabinoid system in human dorsolateral
prefrontal cortex. BMC Neurosci 13:87.


http://refhub.elsevier.com/S0006-3223(24)01783-9/sref18
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref18
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref19
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref19
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref19
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref19
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref19
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref20
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref20
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref20
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref21
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref21
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref21
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref22
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref22
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref22
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref22
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref23
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref23
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref23
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref24
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref24
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref24
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref25
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref25
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref25
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref26
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref26
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref26
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref27
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref27
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref27
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref27
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref28
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref28
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref28
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref28
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref29
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref29
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref29
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref29
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref30
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref30
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref30
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref31
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref31
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref31
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref31
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref31
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref32
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref32
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref32
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref32
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref32
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref32
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref33
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref33
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref33
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref33
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref33
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref34
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref34
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref34
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref34
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref35
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref35
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref35
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref36
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref36
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref36
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref37
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref37
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref37
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref37
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref37
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref38
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref38
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref38
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref38
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref39
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref39
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref39
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref39
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref40
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref40
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref40
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref41
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref41
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref41
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref41
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref42
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref42
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref43
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref43
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref43
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref44
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref44
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref45
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref45
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref46
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref46
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref46
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref46
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref47
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref47
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref47
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref48
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref48
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref49
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref49
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref50
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref50
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref51
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref51
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref52
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref52
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref52
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref53
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref53
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref53
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref54
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref54
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref54
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref54
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref55
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref55
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref55
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref55
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref56
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref56
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref56
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref56
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref56
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref57
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref57
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref57
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref57
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref58
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref58
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref58
http://www.sobp.org/journal

Maternal Immune Activation and Endocannabinoid System

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Romero J, Garcia-Palomero E, Berrendero F, Garcia-Gil L,
Hernandez ML, Ramos JA, Fernandez-Ruiz JJ (1997): Atypical
location of cannabinoid receptors in white matter areas during rat
brain development. Synapse 26:317-323.

Heng L, Beverley JA, Steiner H, Tseng KY (2011): Differential devel-
opmental trajectories for CB1 cannabinoid receptor expression in
limbic/associative and sensorimotor cortical areas. Synapse 65:278-
286.

Rubino T, Vigano’ D, Realini N, Guidali C, Braida D, Capurro V, et al.
(2008): Chronic A9-tetrahydrocannabinol during adolescence pro-
vokes sex-dependent changes in the emotional profile in adult rats:
Behavioral and biochemical correlates. Neuropsychopharmacology
33:2760-2771.

Wegener N, Koch M (2009): Neurobiology and systems physiology of
the endocannabinoid system. Pharmacopsychiatry 42(suppl 1):S79-
S86.

Galve-Roperh |, Palazuelos J, Aguado T, Guzman M (2009): The
endocannabinoid system and the regulation of neural development:
Potential implications in psychiatric disorders. Eur Arch Psychiatry
Clin Neurosci 259:371-382.

Viveros MP, Llorente R, Suarez J, Llorente-Berzal A, Lépez-
Gallardo M, de Fonseca FR (2012): The endocannabinoid system in
critical neurodevelopmental periods: Sex differences and neuropsy-
chiatric implications. J Psychopharmacol 26:164-176.

Connor AE, Baumgartner KB, Baumgartner RN, Pinkston CM, Boone SD,
John EM, et al. (2016): Cigarette smoking and breast cancer risk in His-
panic and non-Hispanic white women: The breast cancer health dis-
parities study. J Womens Health (Larchmt) 25:299-310.

Gunn JKL, Rosales CB, Center KE, Nufiez A, Gibson SJ, Christ C,
Ehiri JE (2016): Prenatal exposure to cannabis and maternal and child
health outcomes: A systematic review and meta-analysis. BMJ Open
6:€009986.

Metz TD, Stickrath EH (2015): Marijuana use in pregnancy and
lactation: A review of the evidence. Am J Obstet Gynecol,. 213 761-
778). Amsterdam, Netherlands: Elsevier Ltd, 761-778.

Beggiato S, leraci A, Tomasini MC, Schwarcz R, Ferraro L (2020):
Prenatal THC exposure raises kynurenic acid levels in the prefrontal
cortex of adult rats. Prog Neuropsychopharmacol Biol Psychiatry
100:109883.

Campolongo P, Trezza V, Cassano T, Gaetani S, Morgese MG,
Ubaldi M, et al. (2007): Perinatal exposure to delta-9-
tetrahydrocannabinol causes enduring cognitive deficits associated
with alteration of cortical gene expression and neurotransmission in
rats. Addict Biol 12:485-495.

Frau R, Miczan V, Traccis F, Aroni S, Pongor Cl, Saba P, et al. (2019):
Prenatal THC exposure produces a hyperdopaminergic phenotype
rescued by pregnenolone. Nat Neurosci 22:1975-1985.

Mereu G, Fa M, Ferraro L, Cagiano R, Antonelli T, Tattoli M, et al. (2003):
Prenatal exposure to a cannabinoid agonist produces memory deficits
linked to dysfunction in hippocampal long-term potentiation and
glutamate release. Proc Natl Acad Sci U S A 100:4915-4920.

Weimar HV, Wright HR, Warrick CR, Brown AM, Lugo JM, Freels TG,
McLaughlin RJ (2020): Long-term effects of maternal cannabis vapor
exposure on emotional reactivity, social behavior, and behavioral
flexibility in offspring. Neuropharmacology 179:108288.
Basavarajappa BS, Nixon RA, Arancio O (2009): Endocannabinoid
system: Emerging role from neurodevelopment to neuro-
degeneration. Mini Rev Med Chem 9:448-462.

Berrendero F, Sepe N, Ramos JA, Di Marzo V, Fernandez-Ruiz JJ
(1999): Analysis of cannabinoid receptor binding and mRNA
expression and endogenous cannabinoid contents in the developing
rat brain during late gestation and early postnatal period. Synapse
33:181-191.

Fernandez-Ruiz JJ, Berrendero F, Hernandez ML, Romero J,
Ramos JA (1999): Role of endocannabinoids in brain development.
Life Sci 65(6-7):725-736.

D’Souza DC, Abi-Saab WM, Madonick S, Forselius-Bielen K,
Doersch A, Braley G, et al. (2005): Delta-9-tetrahydrocannabinol

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

1.

92.

93.

94.

95.

effects in schizophrenia: Implications for cognition, psychosis, and
addiction. Biol Psychiatry 57:594-608.

Semple DM, McIntosh AM, Lawrie SM (2005): Cannabis as a risk factor
for psychosis: Systematic review. J Psychopharmacol 19:187-194.
Naneix F, Marchand AR, Di Scala G, Pape JR, Coutureau E (2012):
Parallel maturation of goal-directed behavior and dopaminergic
systems during adolescence. J Neurosci 32:16223-16232.
O’Donnell P (2011): Adolescent onset of cortical disinhibition in
schizophrenia: Insights from animal models. Schizophr Bull 37:
484-492.

Uhlhaas PJ, Singer W (2011): The development of neural synchrony
and large-scale cortical networks during adolescence: Relevance for
the pathophysiology of schizophrenia and neurodevelopmental hy-
pothesis. Schizophr Bull 37:514-523.

Wilson W, Mathew R, Turkington T, Hawk T, Coleman RE,
Provenzale J (2000): Brain morphological changes and early mari-
juana use: A magnetic resonance and positron emission tomography
study. J Addict Dis 19:1-22.

Meyer U, Feldon J, Dammann O (2011): Schizophrenia and autism:
Both shared and disorder-specific pathogenesis via perinatal
inflammation? Pediatr Res 69:26R-33R.

Deslauriers J, Larouche A, Sarret P, Grignon S (2013): Combination of
prenatal immune challenge and restraint stress affects prepulse in-
hibition and dopaminergic/GABAergic markers. Prog Neuro-
psychopharmacol Biol Psychiatry 45:156-164.

Gaskin PLR, Alexander SPH, Fone KCF (2014): Neonatal phencycli-
dine administration and post-weaning social isolation as a dual-hit
model of “schizophrenia-like” behaviour in the rat. Psychopharma-
cology (Berl) 231:2533-2545.

Giovanoli S, Weber L, Meyer U (2014): Single and combined effects
of prenatal immune activation and peripubertal stress on parvalbumin
and reelin expression in the hippocampal formation. Brain Behav
Immun 40:48-54.

Monte AS, Mello BSF, Borella VCM, da Silva Araujo T, da Silva FER,
Sousa FCFd, et al. (2017): Two-hit model of schizophrenia induced
by neonatal immune activation and peripubertal stress in rats: Study
of sex differences and brain oxidative alterations. Behav Brain Res
331:30-37.

Abi-Dargham A, Rodenhiser J, Printz D, Zea-Ponce Y, Gil R,
Kegeles LS, et al. (2000): Increased baseline occupancy of D2 re-
ceptors by dopamine in schizophrenia. Proc Natl Acad Sci U S A
97:8104-8109.

Weinstein JJ, Chohan MO, Slifstein M, Kegeles LS, Moore H, Abi-
Dargham A (2017): Pathway-specific dopamine abnormalities in
schizophrenia. Biol Psychiatry 81:31-42.

Meyer U, Nyffeler M, Yee BK, Knuesel |, Feldon J (2008): Adult brain
and behavioral pathological markers of prenatal immune challenge
during early/middle and late fetal development in mice. Brain Behav
Immun 22:469-486.

Vuillermot S, Weber L, Feldon J, Meyer U (2010): A longitudinal ex-
amination of the neurodevelopmental impact of prenatal immune
activation in mice reveals primary defects in dopaminergic develop-
ment relevant to schizophrenia. J Neurosci 30:1270-1287.
Luchicchi A, Lecca S, Melis M, De Felice M, Cadeddu F, Frau R, et al.
(2016): Maternal immune activation disrupts dopamine system in the
offspring. Int J Neuropsychopharmacol 19:pyw007.
Weber-Stadlbauer U, Richetto J, Zwamborn RAJ, Slieker RC,
Meyer U (2021): Transgenerational modification of dopaminergic
dysfunctions induced by maternal immune activation. Neuro-
psychopharmacology 46:404-412.

Santoni M, Frau R, Pistis M (2022): Transgenerational sex-dependent
disruption of dopamine function induced by maternal immune acti-
vation. Front Pharmacol 13:821498.

Jalewa J, Todd J, Michie PT, Hodgson DM, Harms L (2023): The
effect of schizophrenia risk factors on mismatch responses in a rat
model. Psychophysiology 60:e14175.

Garay PA, Hsiao EY, Patterson PH, McAllister AK (2013): Maternal
immune activation causes age- and region-specific changes in brain

Biological Psychiatry m m, 2025; m:m—m www.sobp.org/journal 9

Biological
Psychiatry



http://refhub.elsevier.com/S0006-3223(24)01783-9/sref59
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref59
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref59
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref59
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref60
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref60
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref60
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref60
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref61
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref61
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref61
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref61
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref61
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref62
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref62
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref62
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref63
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref63
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref63
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref63
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref64
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref64
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref64
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref64
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref65
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref65
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref65
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref65
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref66
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref66
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref66
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref66
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref67
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref67
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref67
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref68
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref68
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref68
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref68
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref69
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref69
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref69
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref69
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref69
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref70
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref70
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref70
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref71
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref71
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref71
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref71
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref72
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref72
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref72
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref72
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref73
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref73
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref73
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref74
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref74
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref74
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref74
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref74
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref75
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref75
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref75
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref76
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref76
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref76
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref76
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref77
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref77
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref78
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref78
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref78
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref79
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref79
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref79
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref80
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref80
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref80
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref80
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref81
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref81
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref81
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref81
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref82
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref82
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref82
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref83
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref83
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref83
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref83
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref84
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref84
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref84
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref84
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref85
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref85
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref85
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref85
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref86
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref86
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref86
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref86
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref86
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref87
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref87
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref87
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref87
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref88
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref88
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref88
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref89
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref89
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref89
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref89
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref90
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref90
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref90
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref90
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref91
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref91
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref91
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref92
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref92
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref92
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref92
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref93
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref93
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref93
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref94
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref94
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref94
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref95
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref95
http://www.sobp.org/journal

Biological
Psychiatry

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

10

cytokines in offspring throughout development. Brain Behav Immun
31:54-68.

Rossi S, Motta C, Musella A, Centonze D (2015): The interplay between
inflammatory cytokines and the endocannabinoid system in the
regulation of synaptic transmission. Neuropharmacology 96:105-112.
Han VX, Jones HF, Patel S, Mohammad SS, Hofer MJ,
Alshammery S, et al. (2022): Emerging evidence of toll-like receptors
as a putative pathway linking maternal inflammation and neuro-
developmental disorders in human offspring: A systematic review.
Brain Behav Immun 99:91-105.

Downer EJ (2011): Cannabinoids and innate immunity: Taking a toll
on neuroinflammation. ScientificWorldJournal 11:855-865.

Gouvéa ES, Santos AF, Ota VK, Mrad V, Gadelha A, Bressan RA, et al.
(2017): The role of the CNR1 gene in schizophrenia: A systematic re-
view including unpublished data. Braz J Psychiatry 39:160-171.
D’Addario C, Micale V, Di Bartolomeo M, Stark T, Pucci M,
Sulcova A, et al. (2017): A preliminary study of endocannabinoid
system regulation in psychosis: Distinct alterations of CNR1 pro-
moter DNA methylation in patients with schizophrenia. Schizophr Res
188:132-140.

Di Bartolomeo M, Ceriianova A, Petrusova V, Di Martino S, Hodosy J,
Drago F, et al. (2024): DNA methylation at cannabinoid type 1 and
dopamine D2 receptor genes in saliva samples of psychotic subjects:
Is there an effect of cannabis use? Pharmacol Res 208:107343.
Arias Horcajadas F, Davila Piriz JR, Parra Gonzalez A, Sanchez
Romero S, Sanchez-Morla E, Ampuero Sanchez I, Ramos Atance JA
(2023): Cannabinoid receptor type 2 gene is associated with co-
morbidity of schizophrenia and cannabis dependence and fatty acid
amide hydrolase gene is associated with cannabis dependence in the
Spanish population. Adicciones 35:33-46.

Peters BD, Blaas J, de Haan L (2010): Diffusion tensor imaging in the
early phase of schizophrenia: What have we learned? J Psychiatr Res
44:993-1004.

Castelli MP, Paola Piras A, D’Agostino A, Pibiri F, Perra S, Gessa GL,
et al. (2007): Dysregulation of the endogenous cannabinoid system in
adult rats prenatally treated with the cannabinoid agonist WIN 55,
212-2. Eur J Pharmacol 573:11-19.

Melis M, Sagheddu C, De Felice M, Casti A, Madeddu C, Spiga S,
et al. (2014): Enhanced endocannabinoid-mediated modulation of
rostromedial tegmental nucleus drive onto dopamine neurons in
Sardinian alcohol-preferring rats. J Neurosci 34:12716-12724.
Serra V, Aroni S, Bortolato M, Frau R, Melis M (2023): Endocanna-
binoid-dependent decrease of GABAergic transmission on dopami-
nergic neurons is associated with susceptibility to cocaine stimulant
effects in pre-adolescent male MAOA hypomorphic mice exposed to
early life stress. Neuropharmacology 233:109548.

Murru E, Carta G, Manca C, Saebo A, Santoni M, Mostallino R, et al.
(2022): Dietary phospholipid-bound conjugated linoleic acid and
docosahexaenoic acid incorporation into fetal liver and brain modu-
lates fatty acid and N-Acylethanolamine profiles. Front Nutr 9:
834066.

Guo Z, Tse YC, Zhang Y, Sun Q, Vecchiarelli HA, Aukema R, et al.
(2018): Prenatal immune activation potentiates endocannabinoid-
related plasticity of inhibitory synapses in the hippocampus of
adolescent rat offspring. Eur Neuropsychopharmacol 28:1405-1417.
Alhouayek M, Masquelier J, Muccioli GG (2014): Controlling 2-
arachidonoylglycerol metabolism as an anti-inflammatory strategy.
Drug Discov Today 19:295-304.

Facchinetti F, Del Giudice E, Furegato S, Passarotto M, Leon A
(2003): Cannabinoids ablate release of TNFalpha in rat microglial cells
stimulated with lypopolysaccharide. Glia 41:161-168.

Gallily R, Breuer A, Mechoulam R (2000): 2-Arachidonylglycerol, an
endogenous cannabinoid, inhibits tumor necrosis factor-a production
in murine macrophages, and in mice. Eur J Pharmacol 406:R5-R7.
Lourbopoulos A, Grigoriadis N, Lagoudaki R, Touloumi O,
Polyzoidou E, Mavromatis |, et al. (2011): Administration of 2-
arachidonoylglycerol ameliorates both acute and chronic experi-
mental autoimmune encephalomyelitis. Brain Res 1390:126-141.

Maternal Immune Activation and Endocannabinoid System

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Biological Psychiatry m m, 2025; m:m—m www.sobp.org/journal

Rockwell CE, Snider NT, Thompson JT, Vanden Heuvel JP,
Kaminski NE (2006): Interleukin-2 suppression by 2-arachidonyl
glycerol is mediated through peroxisome proliferator-activated re-
ceptor vy independently of cannabinoid receptors 1 and 2. Mol
Pharmacol 70:101-111.

Chen C (2023): Inhibiting degradation of 2-arachidonoylglycerol as a
therapeutic strategy for neurodegenerative diseases. Pharmacol Ther
244:108394.

Panikashvili D, Shein NA, Mechoulam R, Trembovler V, Kohen R,
Alexandrovich A, Shohami E (2006): The endocannabinoid 2-AG protects
the blood-brain barrier after closed head injury and inhibits mRNA
expression of proinflammatory cytokines. Neurobiol Dis 22:257-264.
Baggelaar MP, Maccarrone M, van der Stelt M (2018): 2-
Arachidonoylglycerol: A signaling lipid with manifold actions in the
brain. Prog Lipid Res 71:1-17.

Hermanson DJ, Hartley ND, Gamble-George J, Brown N,
Shonesy BC, Kingsley PJ, et al. (2013): Substrate-selective COX-2
inhibition decreases anxiety via endocannabinoid activation. Nat
Neurosci 16:1291-1298.

Stachowicz K (2023): Deciphering the mechanisms of reciprocal
regulation or interdependence at the cannabinoid CB1 receptors and
cyclooxygenase-2 level: Effects on mood, cognitive implications, and
synaptic signaling. Neurosci Biobehav Rev 155:105439.

Muguruza C, Lehtonen M, Aaltonen N, Morentin B, Meana JJ,
Callado LF (2013): Quantification of endocannabinoids in postmor-
tem brain of schizophrenic subjects. Schizophr Res 148:145-150.
Melis M, Perra S, Muntoni AL, Pillolla G, Lutz B, Marsicano G, et al.
(2004): Prefrontal cortex stimulation induces 2-arachidonoyl-glycerol-
mediated suppression of excitation in dopamine neurons. J Neurosci
24:10707-10715.

Pryor SR (2000): Is platelet release of 2-arachidonoyl-glycerol a
mediator of cognitive deficits? An endocannabinoid theory of
schizophrenia and arousal. Med Hypotheses 55:494-501.
Muguruza C, Morentin B, Meana JJ, Alexander SPH, Callado LF
(2019): Endocannabinoid system imbalance in the postmortem pre-
frontal cortex of subjects with schizophrenia. J Psychopharmacol
33:1132-1140.

Comai S, Nunez N, Atkin T, Ghabrash MF, Zakarian R, Fielding A,
et al. (2024): Dysfunction in endocannabinoids, palmitoylethanola-
mide, and degradation of tryptophan into kynurenine in individuals
with depressive symptoms. BMC Med 22:33.

Kratz D, Sens A, Schafer SMG, Hahnefeld L, Geisslinger G,
Thomas D, Gurke R (2022): Pre-analytical challenges for the quanti-
fication of endocannabinoids in human serum. J Chromatogr B
Analyt Technol Biomed Life Sci 1190:123102.

Sens A, Thomas D, Schéfer SMG, Konig A, Pinter A, Tegeder |, et al.
(2024): Endocannabinoid analysis in GIlucoEXACT plasma: Method vali-
dation and sample handling recommendations. Talanta 278:126518.
Seillier A (2021): The endocannabinoid system as a therapeutic target
for schizophrenia: Failures and potentials. Neurosci Lett 759:136064.
Leweke FM, Mueller JK, Lange B, Rohleder C (2016): Therapeutic
potential of cannabinoids in psychosis. Biol Psychiatry 79:604-612.
Garani R, Watts JJ, Mizrahi R (2021): Endocannabinoid system in
psychotic and mood disorders, a review of human studies. Prog
Neuropsychopharmacol Biol Psychiatry 106:110096.

Kirkland AE, Fadus MC, Gruber SA, Gray KM, Wilens TE,
Squeglia LM (2022): A scoping review of the use of cannabidiol in
psychiatric disorders. Psychiatry Res 308:114347.

Dammann |, Rohleder C, Leweke FM (2024): Cannabidiol and its
potential evidence-based psychiatric benefits — A critical review.
Pharmacopsychiatry 57:115-132.

Stella N (2023): THC and CBD: Similarities and differences between
siblings. Neuron 111:302-327.

Zuardi AW, Morais SL, Guimardes FS, Mechoulam R (1995): Anti-
psychotic effect of cannabidiol. J Clin Psychiatry 56:485-486.
Leweke FM, Piomelli D, Pahlisch F, Muhl D, Gerth CW, Hoyer C, et al.
(2012): Cannabidiol enhances anandamide signaling and alleviates
psychotic symptoms of schizophrenia. Trans| Psychiatry 2:e94.


http://refhub.elsevier.com/S0006-3223(24)01783-9/sref95
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref95
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref96
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref96
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref96
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref97
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref97
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref97
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref97
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref97
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref98
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref98
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref99
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref99
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref99
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref100
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref100
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref100
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref100
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref100
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref101
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref101
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref101
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref101
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref101
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref101
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref101
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref102
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref102
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref102
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref102
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref102
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref102
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref103
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref103
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref103
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref104
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref104
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref104
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref104
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref105
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref105
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref105
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref105
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref106
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref106
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref106
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref106
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref106
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref107
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref107
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref107
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref107
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref107
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref108
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref108
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref108
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref108
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref109
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref109
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref109
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref110
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref110
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref110
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref111
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref111
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref111
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref112
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref112
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref112
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref112
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref113
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref113
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref113
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref113
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref113
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref114
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref114
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref114
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref115
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref115
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref115
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref115
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref116
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref116
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref116
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref117
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref117
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref117
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref117
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref118
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref118
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref118
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref118
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref119
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref119
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref119
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref120
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref120
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref120
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref120
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref121
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref121
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref121
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref122
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref122
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref122
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref122
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref123
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref123
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref123
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref123
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref124
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref124
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref124
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref124
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref125
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref125
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref125
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref126
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref126
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref127
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref127
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref128
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref128
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref128
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref129
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref129
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref129
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref130
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref130
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref130
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref131
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref131
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref132
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref132
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref133
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref133
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref133
http://www.sobp.org/journal

Maternal Immune Activation and Endocannabinoid System

134.

135.

136.

137.

138.

O’Neill A, Wilson R, Blest-Hopley G, Annibale L, Colizzi M, Brammer M,
et al. (2021): Normalization of mediotemporal and prefrontal activity, and
mediotemporal-striatal connectivity, may underlie antipsychotic effects
of cannabidiol in psychosis. Psychol Med 51:596-606.

Leweke FM, Rohleder C, Gerth CW, Hellmich M, Pukrop R, Koethe D
(2021): Cannabidiol and amisulpride improve cognition in acute
schizophrenia in an explorative, double-blind, active-controlled,
randomized clinical trial. Front Pharmacol 12:614811.

Li GL, Winter H, Arends R, Jay GW, Le V, Young T, Huggins JP
(2012): Assessment of the pharmacology and tolerability of PF-
04457845, an irreversible inhibitor of fatty acid amide hydrolase-1,
in healthy subjects. Br J Clin Pharmacol 73:706-716.

Watts JJ, Jacobson MR, Lalang N, Boileau I, Tyndale RF, Kiang M,
et al. (2020): Imaging brain fatty acid amide hydrolase in untreated
patients with psychosis. Biol Psychiatry 88:727-735.

Kentner AC, Bilbo SD, Brown AS, Hsiao EY, McAllister AK, Meyer U,
et al. (2019): Maternal immune activation: Reporting guidelines to
improve the rigor, reproducibility, and transparency of the model.
Neuropsychopharmacology 44:245-258.

139.

140.

141.

142.

143.

Biological
Psychiatry

De Felice M, Melis M, Aroni S, Muntoni AL, Fanni S, Frau R, et al.
(2019): The PPARo agonist fenofibrate attenuates disruption of
dopamine function in a maternal immune activation rat model of
schizophrenia. CNS Neurosci Ther 25:549-561.

Romero-Miguel D, Casquero-Veiga M, Fernandez J, Lamanna-
Rama N, Gémez-Rangel V, Galvez-Roblefio C, et al. (2023): Maternal
supplementation with N-acetylcysteine modulates the microbiota-
gut-brain axis in offspring of the poly I:C rat model of schizo-
phrenia. Antioxidants (Basel) 12:970.

Mostallino R, Santoni M, Sagheddu C, Serra V, Orru V, Pistis M,
Castelli MP (2023): The PPARa agonist fenofibrate reduces the
cytokine imbalance in a maternal immune activation model of
schizophrenia. Eur J Pharmacol 961:176172.

Di Forti M, Sallis H, Allegri F, Trotta A, Ferraro L, Stilo SA, et al. (2014):
Daily use, especially of high-potency cannabis, drives the earlier
onset of psychosis in cannabis users. Schizophr Bull 40:1509-1517.
Lee TTY, Hill MN, Lee FS (2016): Developmental regulation of fear
learning and anxiety behavior by endocannabinoids. Genes Brain
Behav 15:108-124.

Biological Psychiatry m m, 2025; m:m—m www.sobp.org/journal 11


http://refhub.elsevier.com/S0006-3223(24)01783-9/sref134
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref134
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref134
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref134
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref135
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref135
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref135
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref135
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref136
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref136
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref136
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref136
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref137
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref137
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref137
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref138
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref138
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref138
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref138
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref139
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref139
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref139
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref139
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref140
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref140
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref140
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref140
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref140
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref141
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref141
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref141
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref141
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref142
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref142
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref142
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref143
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref143
http://refhub.elsevier.com/S0006-3223(24)01783-9/sref143
http://www.sobp.org/journal

	Maternal Immune Activation and the Endocannabinoid System: Focus on Two-Hit Models of Schizophrenia
	eCB System
	Role of the eCB System in Neurodevelopment
	Role of the eCB System in Neurodevelopmental Disorders
	Two-Hit Models of Schizophrenia: Focus on MIA and THC
	2-AG Signaling in eCB-Mediated Synaptic Plasticity and Neuroinflammation
	Role of the eCB System as a Therapeutic Target for Schizophrenia: Focus on Clinical Studies
	Limitations
	Summary and Conclusions
	References


