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Highlights

e Autism spectrum disorder has a multifactorial and complex etiology

e Changes in the endocannabinoid system are found in autistic patients
o Neuroinflammation is detected in autistic patients

e The endocannabinoid system has a key role in neuroinflammation

e Future therapies exploiting cannabinoid drugs

Abstract

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder with a multifactorial
etiology. Latest researches are raising the hypothesis of a link between the onset of the main
behavioral symptoms of ASD and the chronic neuroinflammatory condition of the autistic brain;
increasing evidence of this connection is shedding light on new possible players in the
pathogenesis of ASD. The endocannabinoid system (ECS) has a key role in neurodevelopment as
well as in normal inflammatory responses and it is not surprising that many preclinical and
clinical studies account for alterations of the endocannabinoid signaling in ASD.

These findings lay the foundation for a better understanding of the neurochemical mechanisms
underlying ASD and for new therapeutic attempts aimed at exploiting the renowned anti-
inflammatory properties of cannabinoids to treat pathologies encompassed in the autistic
spectrum.

This review discusses the current preclinical and clinical evidence supporting a key role of the
ECS in the neuroinflammatory state that characterizes ASD, providing hints to identify new

biomarkers in ASD and promising therapies for the future.
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1. Introduction

The 5™ Edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) defines
autism spectrum disorder (ASD) as a neurodevelopmental disorder characterized by persistent
deficits in social communication and interaction and restricted-repetitive patterns of behavior,
interests or activities. These symptoms typically occur at early childhood and produce clinically
significant developmental impairment (American Psychiatric Association, 2013). Although it is
among the most severe chronic childhood disorders, no effective treatment for ASD is yet
available and its complex etiology is still being investigated. For instance, multiple factors are
thought to be involved in the pathogenesis of the disease (i.e. both genetic and environmental
factors and their interaction) thus explaining the heterogeneity of symptoms displayed by autistic
patients (Jeste and Geschwind, 2014).

In recent years, clinical and preclinical studies have pointed to a strong inflammatory state
associated with ASD (Prata et al., 2019; Rossignol and Frye, 2012; Siniscalco et al., 2018) which
correlates with immune system dysfunctions (Estes and McAllister, 2015; Onore et al., 2012). For
instance, increasing evidence about ASD as a non-classical immune-mediated disorder has been
accumulating (Cristiano et al., 2018; Jiang et al., 2018; Siniscalco et al., 2018): by regulating
innate and adaptive immunity, the immune system impacts neural development, cognitive
functions and behavioral traits contributing to ASD pathogenesis (Dipasquale et al., 2017; Estes
and McAllister, 2015; Filiano et al., 2015; Mead and Ashwood, 2015; Pardo and Eberhart, 2007).
From fetal development to adulthood, the immune system reciprocally interacts with the central
nervous system (CNS), influencing both peripheral and local CNS immune function (Meltzer and
Van de Water, 2017). In ASD patients, an excessive neuroinflammation has been reported leading
to brain underconnectivity (Rodriguez and Kern, 2011) as indicated, among others, by an
augmentation of activated microglia and astrocytes (Koyama and lkegaya, 2015; Patel et al.,
2016; Vargas et al., 2005) and proinflammatory cytokines (Li et al., 2009; Tsilioni et al., 2019;

Zimmerman et al., 2005) in autistic patients. Interestingly, the recent demonstration that
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microglia, the resident immune cells of the CNS, contribute not only to inflammatory events but
also to neural development (Delpech et al., 2015; Lenz and Nelson, 2018; Schafer and Stevens,
2015), has raised new hypotheses regarding a microglial role in the etiology of ASD.

Besides human evidence, research performed in animal models also suggests that
neuroinflammation plays a fundamental role in the pathogenesis of ASD. Notably, animal studies
highlighted that deficits in microglia activity during brain development negatively influence the
formation of mature synapses, leading to an increase of immature synapses that could account for
cognitive and ASD-like behavioral deficits (Paolicelli et al., 2011; Zhan et al., 2014). Therefore,
in addition to genetic risk factors for inflammation, environmental factors leading to
neuroinflammation, such as perturbation in microglial activity, are receiving scrutiny in the
etiology of autism.

The endocannabinoid system (ECS) plays a key role in this scenario: it is a unique
neuromodulatory system in mammalian physiology and it consists of cannabinoid receptors (CB1,
discovered as a neuronal target of the psychoactive compound of the plant Cannabis sativa, A9-
tetrahydrocannabinol (THC), and CB2), their endogenous lipid ligands i.e. the endocannabinoids
(eCBs), including anandamide (AEA) and 2-arachidonoylglycerol (2-AG), and the enzymes for
ligand synthesis and degradation (Di Marzo et al., 2004; Piomelli, 2003). Notably, the ECS
represents a link between the immune system and the CNS (Cabral et al., 2015). CB2 receptors
are primarily located on immune system cells and serve as immune system modulators (Cabral
and Griffin-Thomas, 2009), while CB1 receptors are located in the CNS (particularly in the
hippocampus, cerebral cortex, basal ganglia, and cerebellum), peripheral nervous system (PNS)
and peripheral organs (Zou and Kumar, 2018). Interestingly, cannabidiol (CBD), an abundant
bioactive but non-psychotomimetic constituent of the plant Cannabis sativa, has emerged as a
promising strategy to treat inflammation induced by microglial hyperactivation (Martin-Moreno
et al., 2011; Mechoulam et al., 2007; Saito et al., 2012) and to attenuate oxidative and nitrosative

stress in different animal models of neuroinflammatory diseases (Booz, 2011; Cassol et al., 2010;
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Ligresti et al., 2016; Mukhopadhyay et al., 2011; Ruiz-Valdepenas et al., 2011), thus opening a
novel window of opportunity to treat inflammatory and autoimmune disorders with cannabinoids.
Recently, highly purified CBD (approved in 2018 as Epidiolex® in the United States and more
recently also by the European Medicines Agency) has demonstrated efficacy with an acceptable
safety profile in patients with two epilepsy syndromes associated with ASD, i.e. Dravet Syndrome
and Lennox-Gastaut Syndrome (Devinsky et al., 2019; Lattanzi et al.,, 2018). Moreover,
cannabidivarin (CBDV), another non-psychoactive phytocannabinoid, is under clinical trial with a
primary aim of studying its therapeutic effects in children with ASD. This evidence highlights the
increasing interest in cannabinoids as a treatment for the core symptoms and co-morbidities of
ASD. However, our understanding of the role of the ECS in ASD and the possible mechanisms
involved, especially in relation to neuroinflammation, is still far from complete and the use of
cannabinoids for children and adolescents suffering from ASD still remains controversial.

In this review, we will focus on the immunological hypotheses for ASD pathogenesis and provide
a comprehensive study of the current scientific evidence about the interaction between

neuroinflammation, cannabinoids and ASD.



2. Diagnosis of ASD
2.1 The DSM-5 Criteria of ASD diagnosis

ASD is a complex neurodevelopmental disorder that affects communication and behavior,
particularly in the social domain. Symptoms generally appear in the first two years of life and are
characterized by a wide variation in clinical presentation and severity. The DSM-5 presented an
important innovation compared to the 4" Edition (DSM 1V): a singular ASD diagnostic category
replaced the previously distinct categories such as the autistic disorder, the Asperger syndrome,
the pervasive developmental disorder-not otherwise specified (PDD-NOS), and the childhood
disintegrative disorder. Revisiting diagnostic criteria for ASD has represented an important step
forward in health advice and support especially because it is now clear that a timely and correct
diagnosis together with early and individualized treatment, can help children with ASD to learn
new skills, to make the most of their strengths and to improve their own and parent’s quality of
life.

Overall, the DSM-5 Autism Diagnostic Criteria include social/communicative deficits (criterion
A) and restricted, repetitive patterns of behaviors, interests, or activities (criterion B). These
symptoms are present since early childhood (criterion C) and limit or impair everyday life
(criterion D) (American Psychiatric Association, 2013). Specifically, persistent deficits in social
communication and social interaction vary across multiple contexts (criterion A): these deficits
include social-emotional reciprocity, ranging from abnormal social approach and failure of
normal back-and-forth conversation to reduced sharing of interests, emotions, or affect and failure
to initiate or respond to social interactions. Moreover, people with ASD show deficits in
nonverbal social communicative behaviors, including abnormalities in eye contact and body
language or deficits in understanding and use of gestures related to nonverbal communication.
Deficits in developing, maintaining and understanding relationships can manifest in the absence

of interest in peers.



The restricted, repetitive patterns of behaviors and activities result in functional limitations in
effective communication, social participation, social relationships, academic achievement, or
occupational performance, individually or in combination (criterion B). The onset of ASD
symptoms is in the early developmental period (criterion C), but deficits may not become fully
manifest until social communication demands exceed limited capacities.

At this period, diagnosis is often a two-stage process that varies from a first general
developmental screening during well-child checkups to an additional evaluation on the general
cognitive level. For instance, thinking skills, language and age-adaptive abilities (i.e. those needed
to complete daily activities independently, such as eating, dressing, and toileting) represent a first
screening to be carefully evaluated by physicians. However, ASD is a complex disorder that
frequently include persistent comorbid conditions; therefore, the comprehensive evaluation may
not be simple and require additional medical outcomes including blood and hearing tests.

Despite the onset of ASD symptoms is usually in the early development, diagnosis may also occur
later in life: thus, in older children and adolescents, ASD diagnosis is often made during the
scholar period when subtle communication problems (i.e., understanding tone of voice, facial
expression, body language, etc.) become evident together with troubles forming friendship with
peers. Finally, diagnosing ASD in adults is often more difficult than diagnosing ASD in children.
In adults, some ASD symptoms can overlap with symptoms of other mental health disorders, such
as anxiety, psychosis or attention-deficit/hyperactivity disorder (ADHD), making it difficult to

find the optimal therapeutic strategy (Lau-Zhu et al., 2019).

2.2 Inflammation in ASD: a biomarker analysis for a proper diagnosis
Two of the prominent clinical features of ASD are inflammation and neuroimmune system
dysregulation (Onore et al., 2012; Siniscalco et al., 2013a; Xu et al., 2015) (detailed in chapter 4 -
“Neuroinflammation in ASD”). Interestingly, enhanced inflammatory activity in ASD children

has been demonstrated through pro-inflammatory biomarkers analysis (Brocker et al., 2010). For
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instance, in the population-based case-control Childhood Autism Risks from Genetics and
Environment (CHARGE) study, an over-production of pro-inflammatory cytokines was found in
the plasma of 2-5 year-old autistic children compared with age-matched typically developing
(TD) children and children with other developmental disorders (Ashwood et al., 2011). These
results were supported by in vitro studies utilizing cultured and stimulated peripheral blood
monocytes from ASD children which revealed an elevation of pro-inflammatory cytokines
(Enstrom et al., 2010). Increased pro-inflammatory Th-2 cytokines were also found in peripheral
blood mononuclear cells (PBMC) of 3-10 year-old children suffering from ASD compared to
age-matched normally developing children (Molloy et al., 2006). However, it should be taken into
account that part of the autistic children enrolled in these studies was prescribed psychotropic
drugs (e.g., lithium, benzodiazepines, and the atypical antipsychotic clozapine) for controlling
their ASD-related symptoms. Since these drugs can increase cytokine levels, this should be
considered as a limitation of the causal-effect relationship.

Nevertheless, an emerging human diagnostic marker for ASD is represented by the detection of
increased interleukin (IL)-6 concentrations in the umbilical cord plasma, as well as elevations in
several other cytokines (Madsen-Bouterse et al., 2010). Indeed, most recently, elevated plasma
levels of many pro-inflammatory cytokines and chemokines such as IL-1p, IL-6, IL-17, IL-12p40
and IL-12p70 and tumor necrosis factor-a (TNF-a) were found in 3-9 year-old children with a
clinical diagnosis of ASD as compared to age-matched normally developing children (Inga
Jacome et al., 2016; Xie et al., 2017). Interestingly, plasma cytokine profiles were correlated with
severity of ASD symptoms (according to the Childhood Autism Rating Scale (CARS) test) and
consequently, predictive of different ASD phenotypes: thus, higher levels of 1L-12p40 were found
in patients with mild disease severity and higher levels of TNF-a in patients with moderate
severity (Inga Jacome et al., 2016; Xie et al., 2017), overall pointing to cytokines as important
biomarkers in ASD. Moreover, TNF-a, IL-6 and IL-17 were significantly up-regulated in male

but not female ASD patients compared to age- and sex-matched healthy controls, whereas IL-2
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expression was down-regulated (Eftekharian et al., 2018). This sex-dependent evidence represents
a very promising field of investigation especially for making a differential diagnosis, since boys
are four times more likely to be diagnosed with autism than girls (Prata et al., 2017).

The inflammatory state associated with ASD is also reflected in the CNS as brain inflammation
(Cristiano et al., 2018; Theoharides et al., 2013): human post-mortem samples, as well as animal
models, suggest an over-production and subsequent increased levels of IL-6 in the autistic brain,
where this cytokine may mediate neuro-anatomical abnormalities (Wei et al., 2013), especially by
participating to both excitatory and inhibitory synaptic formation (Wei et al., 2012). Additionally,
aberrant expression of many pro-inflammatory cytokines and chemokines, such as IL-1, IL-6, IL-
8 and IL-12, as well as macrophage migration inhibitory factor (MIF) and platelet derived growth
factor (PDGF) has been demonstrated in peripheral blood, cerebrospinal fluid (CSF) or brain
tissues of ASD patients (Dipasquale et al., 2017; Pardo et al., 2017). Therefore,
neuroinflammation, driven by increased production of pro-inflammatory cytokines, could be
targeted as an important mechanism in the pathophysiology of ASD (Alabdali et al., 2014; EI-
Ansary and Al-Ayadhi, 2012; Prata et al., 2017) and the use of cytokine biomarkers could be
useful to identify children at risk for ASD or ASD-associated comorbid conditions, thus helping

to predict the developmental course of the disorder.

2.3 Implication of the maternal immune system during pregnancy in ASD
Several hypotheses have been proposed to explain ASD-related inflammation; among them, the
dysregulation of the maternal immune system during pregnancy has raised attention as an
important factor participating in the development of ASD (Croen et al., 2008). During fetal
development, the activation of the maternal immune system may lead to changes in neural
development representing an important risk factor for ASD (Jiang et al., 2016; Knuesel et al.,
2014): thus, 1gG antibodies derived from the mother enter the fetal compartment by freely

crossing the placenta due to an incomplete fetal blood-brain barrier (BBB); these antibodies
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recognize self-proteins and interfere with fetal development (Braunschweig and Van de Water,
2012; Brimberg et al., 2013; Croen et al., 2008). Interestingly, 1gG reactivity against fetal brain
proteins was found in plasma from some mothers whose children received a diagnosis of ASD
later in life, but not in mothers of normally developing children (Braunschweig et al., 2008).
Based on this evidence and on the fact that children with the presence of autoantibodies showed
cognitive deficits and increased aberrant behaviors (e.g. irritability, social withdrawal, stereotypic
behavior, hyperactivity/noncompliance and inappropriate speech) (Goines et al., 2011), it has
been proposed that maternal autoantibodies could be used as useful markers for ASD diagnosis
(Braunschweig et al., 2013), at least for specific ASD behavioral endophenotypes (Abou-Donia et
al., 2019). However, additional studies targeting multiple sample populations are needed to
determine the predictive ability of the maternal autoantibodies for determining ASD risk.

Since the early ’70s, it was discovered that viral infections during pregnancy (Chess, 1971;
Deykin and MacMahon, 1979; Ghaziuddin et al., 1992; Yamashita et al., 2003; Zerbo et al., 2015)
can create an inflammatory immune environment and trigger the production of maternal cytokines
and chemokines, which can exert aberrant effects on fetus development by crossing the placenta
and entering in the fetal compartment (Dipasquale et al., 2017; Meltzer and Van de Water, 2017).
Studies in laboratory animals corroborated this evidence demonstrating that environmental factors
triggering maternal immune system activation (MIA) can induce phenotypes that resemble ASD
or co-morbid conditions (Bauman et al., 2014; Careaga et al., 2017; Malkova et al., 2012; Weber-
Stadlbauer et al., 2017).

Despite this evidence, understanding the mechanisms by which MIA and the subsequent
neuroinflammatory response contribute to impaired brain development and to the onset of ASD

still deserves further investigations.

2.4 The role of the Gut-Brain axis
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The gut-brain axis is a complex path of communication that connects the sensory signals from the
gastrointestinal tract to those of the CNS by involving the microbiota (Dinan and Cryan, 2017,
Sherwin et al., 2019). This bidirectional communication between the brain and the gastrointestinal
tract is based on a complex system, which includes the vagus nerve, but also the enteric and
immune systems, or the direct effects of some microbiota metabolites. Research focusing on the
interaction between microbiota and brain development has revealed that intestinal microbial
colonization influences the brain development of mammals, since early life, by modulating
essential behavioral and functional outcomes (Wang et al., 2018b). Therefore, it is possible that
genetic and environmental factors could alter the composition of the normal intestinal microbiota,
predisposing children to both acute and chronic inflammation up to the onset of neuropsychiatric
disorders, including ASD (Ristori et al., 2019).

The hypothesis of an alteration of the microbiota composition in ASD is supported by clinical
evidence reporting that half of the autistic patients present gastrointestinal problems with altered
permeability of the intestinal barrier (Fowlie et al., 2018) and gut microbiota dysbiosis (Doenyas,
2018). Interestingly, it has been observed that ASD children are characterized by a strong food
selectivity (they are called “picky eaters”) that consequently influences the nutritional quality of
their diet and, as a consequence, their gut microbiota composition. For instance, intestinal barrier
defects predispose ASD patients to be sensitized by environmental antigens (Navarro et al., 2015)
and ASD-associated gastrointestinal symptoms could be a manifestation of an underlying
inflammatory process (de Magistris et al., 2010; Navarro et al., 2016). In this context, it has been
reported that the abnormal immune system in autistic subjects could be due to gluten/casein
derived molecules that, once moved to a damaged intestinal barrier, are able to trigger pro-
inflammatory processes including increased pro-inflammatory cytokines and monocytes (de
Magistris et al., 2013). These pro-inflammatory mediators reach higher brain centers through the
bloodstream and trigger brain neuroinflammation events (Fiorentino et al., 2016). Moreover,

aggressive forms of Candida spp. have been identified in the fecal samples of ASD children
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(lovene et al., 2017) and different fecal flora has been observed in regressive ASD patients
(Finegold et al., 2002) compared to their age-matched healthy controls.

The evidence of microbiota dysfunction and chronic gastrointestinal symptoms experienced by
some ASD patients led to a recently proposed strategy aimed at restoring the intestinal bacterial
flora of ASD patients. A study carried out on 18 children suffering from ASD and gastrointestinal
problems showed significant improvements in both ASD- and gastrointestinal-related symptoms
after a Microbiota Transfer Therapy (MTT), with prolonged beneficial effects up to 8 weeks after
treatment (Kang et al., 2017). Surprisingly, a follow-up study on the same population showed
beneficial effects of MTT even two years after treatment (Kang et al., 2019). Despite further
studies are needed to support these findings, these results suggest the validity of MTT and lay the
foundation for promising future therapies based on this approach.

Besides human evidence, animal studies are investigating the potential role of intestinal
microbiota in ASD (Hughes et al., 2018; Nithianantharajah et al., 2017) trying to understand the
possible mechanisms involved in microbial influence on brain and behavior. In germ-free (GF)
mice, the architecture of the immune system is compromised and disorganized, and this makes
them more susceptible to infections than mice kept in conventional facilities (Hughes et al., 2018).
Interestingly, GF animals exhibit decreased sociability with unfamiliar partners (Clarke et al.,
2013), which can be corrected by intestinal colonization with diverse commensal bacteria. To
strengthen this evidence, it has been shown that the gut bacterium Lactobacillus reuteri (L.
reuteri) reversed ASD-like symptoms in mice (Buffington et al., 2016), suggesting a new wave of

interest in the relationship between gut microbiome and ASD.

3. Role of the endocannabinoid system in ASD: focus on CBD
The ECS represents a major neuromodulatory system involved in the regulation of emotional
responses and cognitive states (Marco and Laviola, 2012) and there is increasing interest in

cannabinoids, especially CBD, an abundant bioactive but non-psychotomimetic constituent of
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Cannabis sativa, as a treatment for the core symptoms and co-morbidities of ASD (Aran et al.,
2019; Barchel et al., 2018; Poleg et al., 2019; Pretzsch et al., 2019a; Salgado and Castellanos,
2018). From a general perspective, the ECS consists of cannabinoid receptors (CB1, discovered as
a neuronal target of the psychoactive compound of the plant Cannabis sativa, A9-
tetrahydrocannabinol (THC), and CB2, mainly expressed in the immune system, but recently
found in the CNS as well), their endogenous lipid ligands (eCBs, including AEA and 2-
arachidonoylglycerol; 2-AG), and the enzymes for ligand synthesis and degradation (Di Marzo et
al., 2004; Piomelli, 2003). Evidence for the involvement of the ECS in ASD comes from both
human and animal studies: reduced CBL1 receptor expression was found in postmortem brains of
autistic patients (Purcell et al., 2001), whereas up-regulation of CB2 but not CB1 gene expression
was detected in PBMC of ASD individuals compared to healthy controls (Siniscalco et al.,
2013b). More recently, lower circulating endocannabinoid levels (including AEA but not 2-AG)
have been detected in children with ASD (Aran et al., 2019; Karhson et al., 2018) and
heterozygous rare variants in diacylglycerol lipase oo (DAGL-a), the major enzyme involved in 2-
AG biosynthesis, have been found to be significantly associated with ASD (Smith et al., 2017).
Interestingly, the non-psychotomimetic phytocannabinoid CBD (Epidiolex®) has been FDA- and
EMA-approved for two epilepsy syndromes associated with ASD: Dravet Syndrome and Lennox-
Gastaut Syndrome (Devinsky et al., 2017; Devinsky et al., 2016; Devinsky et al., 2018; Thiele et
al., 2018). Another non-psychoactive phytocannabinoid, CBDV, is under clinical trial to assess its
efficacy in people suffering from ASD (ClinicalTrials.gov Identifier: NCT03849456;
NCT03202303). Related to this, it has been discovered that a single oral dose of CBDV modulates
glutamatergic but not y-aminobutyric acid (GABA) neurotransmission in adult male patients,
although the biological response may differ between autistic individuals (Pretzsch et al., 2019b).
This evidence suggests that cannabinoids may represent a promising pharmacological tool for
ASD. Animal studies support these clinical findings showing that the ECS is involved in the

modulation of many of the cellular functions, molecular pathways and behaviors that are altered
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in ASD (Zamberletti et al., 2017). They also highlighted that CBD has beneficial effects on the
seizures and social deficits observed in a mouse model of Dravet Syndrome (Kaplan et al., 2017)
and improves the social and cognitive dysfunctions observed in a rat model of schizophrenia
(Osborne et al., 2017). Moreover, preclinical evidence exists that CBDV improves behavioral and
functional deficits in a mouse model of Rett syndrome (i.e., the early symptomatic Mecp2 mutant
mice) (Vigli et al., 2018; Zamberletti et al., 2019a) and in an environmental rat model of ASD
based on prenatal exposure to the antiepileptic valproic acid (VPA) (Zamberletti et al., 2019b).
Despite these promising results, our understanding of the role of the ECS in ASD is still far from
complete and the use of cannabinoids in general, and CBD in particular, for children and
adolescents suffering from ASD still remains controversial (Bou Khalil, 2012; Poleg et al., 2019).
CBD displays a plethora of therapeutic properties (Friedman et al., 2019; Premoli et al., 2019) and
it is well tolerated by humans (Devinsky et al., 2014). Leweke and colleagues showed that CBD
increases the serum levels of AEA in schizophrenic subjects (Leweke et al., 2012), by inhibiting
the action of the enzyme fatty acid amide hydrolase (FAAH), responsible for AEA degradation.
This evidence, together with retrospective studies showing positive effects in ASD children using
CBD (Aran et al., 2019; Bar-Lev Schleider et al., 2019; Tartaglia et al., 2019), led researchers to
theorize that CBD may have beneficial effects in ASD by inhibiting the action of FAAH and
thereby normalizing the depletion of AEA tone observed in these patients (Aran et al., 2019;
Karhson et al., 2018). In our opinion, this is a very appealing field of research which deserves
further investigation. The assumption that an increase in endocannabinoid tone could ameliorate
ASD symptoms has been explored by our and other groups. For instance, it has been
demonstrated that URB597, a compound that increases AEA levels by inhibiting the enzyme
FAAH, has therapeutic potential in rats prenatally exposed to VPA (i.e., environmentally-
triggered ASD model) (Melancia et al., 2018; Servadio et al., 2016; Wu et al., 2020), by exerting
its positive effects on socioemotional behavior (Bara et al., 2018; Manduca et al., 2016b; Trezza

et al., 2012). Of note, enhancing AEA signaling through systemic administration of another
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FAAH inhibitor PF3845 similarly attenuated the deficit in social behavior observed in VPA
exposed male animals (Kerr et al., 2016), supporting a role of FAAH in the regulation of social
behavioral deficits. Interestingly, these findings have been also extended to the genetic animal
model of Fragile X syndrome (FXS), the most common form of inherited mental retardation and
the leading genetic cause of ASD: thus, administration of URB597 improved aversive memory
and anxiety-like behavior (Qin et al., 2015) and reversed the social impairment (Wei et al., 2016a)
in mice with a knockout mutation for Fragile X mental retardation 1 (FMR1) gene, confirming
that increasing AEA activity at CB1 receptors might offer an interesting therapeutic strategy for
treating some of the clinical manifestations of FXS. It should be noted, however, that blockade of
CB1 receptor has also been reported to ameliorate FXS-like symptoms in FMR1 knock-out mice
(Busquets-Garcia et al., 2013; Gomis-Gonzalez et al., 2016), suggesting that other approaches
targeting the ECS (i.e. modulation of CBL1 receptors) may also show beneficial effects in FXS
models. Besides AEA, evidence also supports a role of 2-AG in social behavior (Manduca et al.,
2016a; Wei et al., 2015; Wei et al., 2016b), highlighting the different contributions of the two
main eCBs in the modulation of emotionality (Manduca et al., 2015) and their involvement in
neurobehavioral processes (e.g. social behavior and anxiety) highly compromised in ASD (Jung et
al., 2012).

Interestingly, it has been found that gene expression for CB2 but not CB1 receptor was up-
regulated in PBMC of ASD individuals compared to healthy controls (Siniscalco et al., 2013b),
whereas gene expression for NAPE-hydrolyzing phospholipase D (NAPE-PLD), one of the
enzymes responsible for the synthesis of AEA, was found significantly lower in individuals with
ASD. One can argue that the decreased AEA tone observed in ASD (i.e. resulting from a decrease
in AEA synthesis by NAPE-PLD enzyme) may have caused a compensatory increase in CB2
receptors and a decrease in plasma pro-inflammatory cytokines, thereby supporting the efficacy of
CBD in the treatment for ASD. This represents a very promising field of investigation because

cannabinoids showed great potential as anti-inflammatory agents and specific targeting of CB2
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receptors holds promise for mediating immunosuppressive effects without exerting psychotropic
side effects (Nagarkatti et al., 2009).

However, the exact mechanism of action of CBD in patients suffering from ASD and related
comorbidities remains unclear, especially because of CBD polypharmacy. Due to the low affinity
of CBD for both CB1 and CB2 receptors (Martinez-Pinilla et al., 2017; McPartland et al., 2015;
Pertwee, 2008), few studies aimed at characterizing CB1- and CB2-independent modes of action
for this phytocannabinoid in neuropsychiatric disorders. The non-endocannabinoid mediated
mechanisms of action of CBD possibly involve the regulation of glutamatergic and GABAergic
neurotransmission (Pretzsch et al., 2019a) or other receptors including the G protein-coupled
receptor GPR55 (Kaplan et al., 2017), the 5-HT1a receptor, the a3 and al glycine receptors, and
the transient receptor potential of ankyrin type 1 channel (Devinsky et al., 2014). To complicate
this picture, it should be considered that CBD may also indirectly act through neuropeptides such
as oxytocin (Wei et al., 2015) and vasopressin (Caldwell and Albers, 2016), which are involved in
modulating social reward, that is compromised in individuals with ASD.

Another interesting hypothesis regarding the therapeutic potential of CBD in ASD is that CBD
may alleviate many conditions co-occurring with autism, such as seizures (Khan et al., 2018),
gastrointestinal problems (Couch et al., 2017), anxiety and depression (Lee et al., 2017; Sales et
al., 2019; Silote et al., 2019), ADHD (Cooper et al., 2017), and sleep disturbances (Babson et al.,
2017). Again, this evidence leads to the hypothesis that targeting the ECS may contribute to
normalize different behavioral patterns compromised in ASD, such as social reward
responsiveness, neuronal development, circadian rhythms, and anxiety-related symptoms
(Chakrabarti et al., 2015). Despite this increasing scientific effort, our knowledge is still limited

and the effects of CBD in individuals with ASD need to be further explored.

4. Neuroinflammation in ASD
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During the last decade, the scientific community agreed on the involvement of neuroinflammatory
processes in the pathogenesis of ASD and this is confirmed by the growing amount of literature
available on this topic.

Neuroinflammation is a well-orchestrated process by various groups of glial cells, particularly
microglial cells, which are exclusively present in the CNS and have a myeloid origin. They
belong to the mononuclear phagocyte series of cells and constitute the first defense mechanism of
the CNS. During development, there is a major migration of primitive myeloid precursor cells
from the yolk sac into the CNS, resulting in microglial colonization of the fetal brain. This event
starts in the late 1% trimester in humans and around embryonic day 9 in rodents (Chan et al., 2007;
Matta et al., 2019).

At first, the migration seems to reach through the bloodstream some specific brain areas only,
such as the hippocampus and corpus callosum, from where the colonization then continues,
spreading in the whole brain. There is preclinical and clinical evidence of the continuous
proliferation activity of microglia also during the first postnatal weeks (Bilbo et al., 2018).
Astrocytes, instead, are glial cells derived from the neuroectoderm and populate the brain
parenchyma later than microglia during neurodevelopment (Matta et al., 2019). Together with
microglia, they are fundamental in maintaining homeostasis within the CNS. Indeed, microglia
and astroglia are of primary importance since they play a key role in synapse formation and
function, as well as in synaptic pruning and they are connected with neurons through a complex
signaling network from early stages of development (Petrelli et al., 2016).

These two glial cell types are strictly involved in neuroinflammation and they act in concert as a
surveillance system in the CNS, ensuring efficient inflammatory processes against pathogens
without disrupting homeostasis under physiological conditions, especially in the developing brain.
For instance, microglia in the CNS usually remain in a non-reactive state, known as “resting”,
which contributes to immune homeostasis, clearing debris, cytokines and growth factors secretion

and communication with surrounding neurons (Chan et al., 2007; Ransohoff and Perry, 2009).
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Since during this phase microglial cells are constantly checking the local environment through the
extension of their branching processes (Napoli and Neumann, 2009), they are the first glial cell
types to respond to pathological changes in the brain, carrying out diverse functions which can be
either effective or harmful (Chan et al., 2007; Ransohoff and Perry, 2009).When signs of infection
or tissue damage are detected, microglia can proliferate, migrate directly to the lesion sites
(Adams and Gallo, 2018) and release inflammatory mediators like cytokines and prostaglandins,
in order to recruit astrocytes during inflammation (Ransohoff and Perry, 2009).

Once the astrocytes are triggered, they undergo reactive gliosis, characterized by upregulation of
the astrocyte intermediate filament protein or, most notably, glial fibrillary acidic protein (GFAP)
(Pekny et al., 2014), which constitutes another important marker of neuroinflammation (Matta et
al., 2019).

Both microglia and astrocytes modify their morphology to rapidly adapt to brain changes,
influencing each other with a series of stimulatory signals, like cytokines, chemokines and ATP,
to mount an immune response (Matta et al., 2019; Zhang et al., 2010).Together, reactive microglia
and astrocytes form a glial scar at the site of injury to provide a structural barrier to prevent
further damage and promote tissue repair (Adams and Gallo, 2018).

These mechanisms are critical for normal development and even a slight imbalance during early
stages od development, because of the intense microglial proliferation and activity during the
prenatal period, could lead to a loss of homeostasis, with subsequent impairment in synaptic
functions and general chronic neuroinflammation, in which the aberrant and detrimental
production of pro-inflammatory agents is considered to have a key role in the pathogenesis of
ASD (Bilbo et al., 2018; Kalkman and Feuerbach, 2017; Petrelli et al., 2016).

Other key physiological functions carried out by microglia are neuronal plasticity and synaptic
pruning (Salter and Stevens, 2017). An interesting hypothesis that supports the involvement of
microglia abnormalities in the onset of ASD comes from some studies investigating their role in

synaptic pruning; indeed, preclinical research showed how the dysregulation of specific immune
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pathways that directly control microglial functions has a negative impact on synaptic connectivity
(Lehrman et al., 2018). Related to this, it is interesting that structural synaptic changes also occur
in a mouse model with autistic-like traits and with a knock-in mutation in the PTEN gene, whose
dysregulation seems to have a role in pathologic microglial activation and, as a consequence, in
aberrant synaptic pruning (Sarn et al., 2020). Although these results suggest that synaptic pruning
dysregulation may contribute to abnormal synaptic functions in ASD, the direct cause-and-effect
relationship between microglial-dependent synaptopathies and ASD remains to be elucidated.
Thus, if on one hand microglia exert primary tasks in the CNS and have the main function to
remove cellular debris by phagocytosis under neuroinflammatory conditions, as well as
macrophages do in the periphery, on the other hand, their unnecessary or prolonged activity in the
absence of immune challenge leads to overcome their neuroprotective effects, resulting in
neurotoxicity that occurs in multiple CNS diseases, including ASD (Bilbo et al., 2018; Matta et
al., 2019).

Another harmful consequence of a prolonged neuroinflammatory condition is the release of pro-
inflammatory molecules, as well as reactive oxygen species (ROS) and reactive nitrogen species
(RNS), which can induce structural damage to tissues and vascular-endothelial dysfunctions
(Mittal et al., 2014). These pro-inflammatory molecules act increasing permeability at the BBB
through several different mechanisms, including altering expression and inducing reorganization
of the cytoskeletal and tight junction proteins forming the BBB (Kealy et al., 2020). When this
activity lasts typically beyond a period of weeks or months, it is considered a pathological
hallmark of chronic neuroinflammation, leading to disease states.

Although ASD is not defined as a classical immune-mediated disorder, some of the complex
neurological and behavioral abnormalities characterizing ASD can relate to dysfunctions found in
the immune system and inflammation during development. There is an increasing number of data
in literature suggesting specific immune profiles and markers for individuals with ASD, especially

the pro-inflammatory markers, significantly different from healthy individuals or those without
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ASD (Thom et al., 2019). Different studies reported an altered interplay between innate and
adaptive immunity and CNS in ASD, leading to chronic low-grade neuroinflammation

(Dipasquale et al., 2017).

4.1 Insights from clinical studies
Today, an increasing number of scientific papers are exploring the link between ASD and changes
observed in the immune system. These seem to have a fundamental role in the pathogenesis of
this disorder and their comprehension would thus not only contribute to a better understanding of
the pathology itself, but also to the identification of new potential treatments (Lai et al., 2014).
A pivotal study by Vargas and colleagues investigated whether immune-mediated mechanisms are
involved in the pathogenesis of ASD, through the analysis of the brain and CSF of autistic
patients compared to healthy controls. Interestingly, they found out a marked neuroglia activation
mainly correlated with innate immune response, involving both microglia and astrocytes, also
displaying morphological and histological changes consistent with chronic and sustained
neuroinflammation. These alterations are thought to be relevant to synaptic dysfunctions in
autism, giving rise to the hypothesis of chronic neuroinflammation as a disturbing event during
early brain development stages, causing subsequent behavioral and cognitive impairments. CSF
analysis confirmed a prominent inflammatory cytokine profile specific to autistic patients (Vargas
et al., 2005).
A more recent work, investigating the link between immunity and severity of ASD symptoms,
supports previous findings considering ASD as a result of neurotoxicity and dysregulated immune
response during neurodevelopment. Remarkably, it demonstrated the consistency of the
hypothesis of chronic neuroinflammation by showing specific and atypical patterns of brain
activity in ASD obtained by electroencephalogram (EEG) recordings (Inga Jacome et al., 2016).
Other studies further investigated the correlation between the BBB loss of function during

neuroinflammation and the neurobehavioral changes observed in ASD. There is evidence, based
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on molecular biomarkers such as S100B protein, GFAP and TNF-a, of the increased permeability
and thus damage at the BBB. Indeed, a significantly higher level of these markers has been found
in children with ASD (Esnafoglu et al., 2017; Guloksuz et al., 2017). A study by Fiorentino and
colleagues provided proof of concrete injuries of the BBB through post-mortem analysis of brain
tissues of autistic patients. They pointed out to a greater expression of proteins such as the
translocator protein (TSPO), strongly implicated in immunomodulation and also considered a
marker of neuroinflammation, and some components of tight junctions like claudins with the main
function of sealing the BBB structure, indicating a possible compensatory mechanism to repair a
compromised BBB (Fiorentino et al., 2016).

Another work, investigating new possible blood biomarkers for ASD, reported a higher
concentration of autoantibodies against neuronal and glial proteins in the serum of children with
ASD and their mothers, than in healthy controls. These data suggest a unique peripheral
autoantibodies profile in ASD patients and thus provide new insights about the involvement of
maternal immune system in the onset of autism, since MIA during pregnancy may produce
molecules like IgG autoantibodies and cytokines able to cross the placenta and the developing
fetal BBB, with subsequent consequences for early stages of neurodevelopment (Abou-Donia et
al., 2019; Solek et al., 2018).

There is a number of studies providing evidence of an increased density and interactivity of
reactive microglia (Morgan et al., 2012; Morgan et al., 2010) or microglial morphological changes
typical of an altered activity (Tetreault et al., 2012) within the cerebral cortex of autistic patients,
also according to results obtained from RNA sequencing, indicating a close relationship between
ASD and genes related to glial activation (Voineagu et al., 2011). Likewise, other studies provide
more details on microglial activation in the different brain regions in young adults with ASD,
thanks to neuroimaging techniques as positron emission tomography (PET) (Suzuki et al., 2013;

Thom et al., 2019).
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These findings generally highlight the role of neuroinflammation in early developmental stages as

one of the main mechanisms in the pathophysiology of ASD (Siniscalco et al., 2018).

4.1.1 Impact of neuroinflammation on brain and glia structural changes in ASD
Given the heterogeneous nature of ASD, it is hard to detect morphological changes and
anatomical alterations universally valid. This field of investigation faces the challenge that the
few brain samples available for direct investigation are usually restricted to post-mortem analysis
and mainly in adult cohorts of patients.
Despite that, among the studies which tried to outline some specific features in the neuroanatomy
of ASD, there is evidence of modifications in size and functionality of brain areas such as the
hippocampus, amygdala, frontal cortex and cerebellum (Donovan and Basson, 2017; Schumann et
al., 2004), four critical structures for emotional processing and cognition.
The use of magnetic resonance imaging (MRI) provided evidence of structural abnormalities of
the hippocampus and amygdala of autistic patients. Despite there is no difference in terms of total
cerebral volume, these two regions appear larger in patients with ASD than in TD controls, raising
the hypothesis of a morpho-functional link (Schumann et al., 2004). The prefrontal cortex of
autistic patients seems to undergo abnormal growth patterns, and alterations of cortical thickness
and general disorganization among neurons in the cortical layers have been observed, potentially
impacting on the connectivity with other brain regions (Donovan and Basson, 2017).
Concerning the cerebellum, some of the most consistent neuroanatomical alterations reported are
reduced size, volume and number of Purkinje cells (Fatemi et al., 2012; Wegiel et al., 2014a;
Wegiel et al., 2014b), which could contribute to some of the behavioral and cognitive deficits
displayed by ASD patients. Interestingly, Whiting and colleagues described the case of a boy with
a history of a complete prenatal cerebellar stroke, then diagnosed with the typical core symptoms
of ASD, thus suggesting a link between cerebellum dysfunction and the onset of autism (Whiting

et al., 2019). These findings could be also interpreted from another point of view, i.e., considering
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the cerebellum damage as a consequence of the strong neuroinflammation evoked by the
infarction during the prenatal period, the most sensitive for neurodevelopment. A review by
Jayaraj et al. (2019) discusses the importance of the full understanding of neuroinflammatory
mechanisms in order to potentiate therapeutic neuroprotective strategies for post-stroke
inflammation and it is noteworthy that the chronicity of the same inflammatory processes during
early developmental stages seems to be involved in ASD.

As reported in many studies, the altered spatial organization of glia and neuroinflammation-
induced modifications in ASD could be at the origin of greater rearrangements in neurons and
brain regions morphology (Morgan et al., 2012; Morgan et al., 2010; Tetreault et al., 2012; Vargas
et al., 2005).

Glial activation is mainly determined by alternative states of microglia: in absence of external
insults, microglia maintain the ‘resting state’ or MO phase, characterized by a highly ramified
shape able to constantly survey the local environment (Napoli and Neumann, 2009); when
potential risk factors are detected, microglia undergo the ‘classical activation state’ or M1 phase,
driven by factors such as lipopolysaccharide (LPS), interferon (IFN-) gamma and TNF-a, where
the soma attains an amoeboid morphology and retracts its processes. The M1 state is the first line
of defense in the CNS and it is involved in removing pathogens or infected cells, also increasing
the antigen-presenting activity and upregulating genes related to enzymes for ROS or RNS
production (Tanaka et al., 2020). After the classical activation, a resolution of the inflammatory
state is required and it is represented by the ‘alternative activation’ or M2 phase of microglia; at
this stage, microglia can undergo two different alternative states, triggered by different sets of
cytokine expression and receptor profiles: the M2a state, promoted by cytokines like IL-4 and IL-
13 (Tanaka et al., 2020), has an important role in resolving the inflammation and removing cell
debris, while the M2c subtype, fostered by factors such as IL-10, transforming growth factor beta
(TGF-B) and glucocorticoids (Franco and Fernandez-Suarez, 2015), constitutes the deactivating

phenotype, aimed at restoring the original microenvironment (Mecha et al., 2016) [Figure 1].
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Interestingly, it has been demonstrated that the two microglial phenotypes can simultaneously
coexist within the local environment of the brain, thus suggesting a rate of inflammatory response
dependent on the ratio between the different subtypes (Martinez and Gordon, 2014).

Microglia has a crucial regulatory role in neurodevelopment and neuroinflammation, as
underlined by consequences of MIA in autism (Careaga et al., 2017).

Nowadays, evidence of microglia involvement in the onset of ASD is provided by many studies
evaluating, for instance, microglial activation through PET-imaging (Suzuki et al., 2013) or large-
scale transcriptomic analysis, confirming an up-regulated microglial signature in ASD (Gandal et
al., 2018). This is likely to be responsible for the regulation of synaptic connectivity, also
according to previous observation by Voineagu (Voineagu et al., 2011).

Overall, these findings suggest that spatial and morphological alterations of microglia and
astrocytes in ASD, as well as their increased interactivity, lead to overtake the original
neuroprotective threshold with subsequent impairment of healthy neurons (Matta et al., 2019) and,
thus, contributing to the onset of the core symptoms of autism. Indeed, many of the autistic
features as repetitive behaviors, impairments in verbal and nonverbal communication and social
interactions, seem to have different severity levels also depending on changes in immune
responses, confirming the intimate bond between neurodevelopment and immune processes
(Careaga and Ashwood, 2012).

Certainly, further investigations about the role of neuroinflammation in ASD, and eventually its
pharmacological modulation, are needed both from a genetic and immunological point of view.

In this context, animal models are of the utmost importance, as outlined in the following section.

4.2 Insights from preclinical studies
Despite the research performed in the last 10 years increased our understanding of the
pathogenesis of ASD, several aspects of its etiology remain still controversial, with genetic,

environmental (Karimi et al.,, 2017; Kim and Leventhal, 2015) and immunological factors
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(Jyonouchi et al., 2005) being involved. In this scenario, animal models are essential to dissociate
the role of each of these factors, and their eventual overlap, in the pathogenesis of ASD.

Given the great phenotypic variation within each core symptom domain, the best option to study
neurobiological aspects of ASD is to focus on animal behaviors that mimic the core diagnostic
features of ASD (Crawley, 2012; Servadio et al., 2015).

The contribution of new sequencing technologies to genetics allowed researchers to investigate
ASD at a higher level, confirming that its etiology is generally multigenic and heterogeneous,
while just few ASD-related diseases have monogenic causes, such as Rett syndrome, FXS,
tuberous sclerosis and Schuurs — Hoeijmakers syndrome (Artuso et al., 2011; Stern et al., 2017;
Woodbury-Smith and Scherer, 2018).

In addition to genetic factors, several prenatal and perinatal risk factors have been identified,
including maternal treatment with drugs such as VPA and thalidomide, exposure to toxic agents
as organophosphate, insecticides and heavy metals or intrauterine exposure to infections (Chaste
and Leboyer, 2012).

In the last few years, there has been growing interest in neurodevelopmental disorders related to
immune activation and several studies provided evidence of its involvement in the development of
ASD, as suggested by the consequences reported in the population after many epidemics since the
second half of the 20" century (Solek et al., 2018) and by the chronic CNS inflammation observed
in ASD patients (Onore et al., 2012).

There are striking parallels between the clinical observations and the findings obtained in rodent
models of ASD. For instance, FXS is the most common genetic cause of ASD and FXS patients
frequently show an increased susceptibility to infections and gastrointestinal symptoms
(Hagerman and Hagerman, 2002), together with atypical cytokine and chemokine profiles
compared to healthy subjects (Ashwood et al., 2010), suggesting a possible role for immune
dysfunctions in FXS. Accordingly, Fmr1-KO rodents not only display many of the typical

autistic-like features at the behavioral (Asiminas et al., 2019; Connor et al., 2011; Melancia and
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Trezza, 2018; Zamberletti et al., 2017), cellular (Berzhanskaya et al., 2017a; Berzhanskaya et al.,
2017b; Dolen et al., 2007; Grossman et al., 2010; Ruby et al., 2015) and neurochemical
(Busquets-Garcia et al., 2013; Maccarrone et al., 2010; Pietropaolo et al., 2020; Till et al., 2015;
Zamberletti et al., 2017) level, but they also show immune dysfunction. Yuskaitis and colleagues
reported a lower inhibitory serine-phosphorylation of glycogen synthase kinase 3 (GSK3) in
Fmrl-KO mice, indicative of increased GSK3 activity, which is meaningful to alterations in the
immune system since one of the functions of this protein is to trigger inflammation both in the
periphery and in glia, a mechanism confirmed by the neuroprotective effect of GSK3 inhibitors,
such as lithium (Beurel et al., 2015). They also demonstrated a neuroinflammatory condition in
the CNS of Fmr1-KO mice through the astrogliosis marker GFAP, which significantly increased
in the striatum, hippocampus and cerebral cortex. Interestingly, both the altered behaviors and
inflammation displayed by Fmr1-KO mice ameliorated after lithium administration (Yuskaitis et
al., 2010).

Another common animal model used in autism research is based on prenatal exposure to VPA in
rodents (Tartaglione et al., 2019).

To date, VPA is considered one of the most teratogenic anti-epileptic drugs (Andrade, 2018) and
several retrospective studies have shown that prenatal exposure to this drug is linked to an
increased risk of ASD (Chomiak et al., 2013).

In addition to the altered behavioral, cellular and neurochemical features displayed by VPA-
exposed rodents (Gogolla et al., 2009; Graciarena et al., 2018; Kataoka et al., 2013; Kerr et al.,
2013; Mahmood et al., 2018; Nicolini and Fahnestock, 2018; Roullet et al., 2010; Servadio et al.,
2018; Servadio et al., 2016; Wang et al., 2018a), there is evidence of immunological alterations
(Nicolini and Fahnestock, 2018) and reactive microglia and astrocytes (Codagnone et al., 2015)
induced by prenatal VPA exposure. Interestingly, the changes and activation of glia appear
regions- and age-dependent, mainly occurring at young ages when all neuroglial cells are critical

to correct brain development (Bronzuoli et al., 2018).
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Collectively, these findings are in line with post-mortem analyses of human samples, highlighting
a primary role for neuroinflammatory processes in the onset of ASD symptoms, even after the

insult caused by an environmental agent such as VPA.

4.2.1 Maternal immune activation in rodents as preclinical model of ASD
The prenatal immune environment seems to have a key role in the onset of neurodevelopmental
disorders (Estes and McAllister, 2015; Patterson, 2011) and its delicate equilibrium can be
disrupted by perturbations in the maternal immune system (Abou-Donia et al., 2019).
The external insults involved range from infectious agents to maternal stress and include many
other environmental and genetic factors that affect the inflammatory or immune pathways,
potentially leading to alterations and dysfunctions in the developing brain (Bilbo et al., 2018).
This is the reason why, according to a large-scale study performed in the United States, there is no
evidence of a direct correlation between a given infectious agent and the onset of ASD, but there
is probably increased odd of developing the pathology for maternal infections associated to fever
and mainly acquired during the second trimester of pregnancy (Croen et al., 2019), suggesting that
the impact of such infections is highly dependent on the severity of the maternal immune response
and on the time of pregnancy.
These findings are consistent with the results of large cohort studies (Atladottir et al., 2012;
Brucato et al., 2017; Hornig et al., 2018) and with the hypothesis of a direct relationship between
the severity of the maternal immune response and the relative consequences for brain and
behavioral development of children (Careaga et al., 2017).
To shed light on the mechanisms potentially involved in the development of ASD following MIA,
different animal models have been developed. To date, the most widely investigated animal
models of MIA in rodents are based on prenatal exposure to LPS, mimicking the consequences of
a bacterial infection, or on prenatal exposure to polycytidylic acid (Poly(l:C)), mimicking instead

a viral infection.
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LPS is a bacterial endotoxin and a component of gram-negative bacteria wall. By binding to toll-
like receptor (TLR) 4, it triggers antibacterial-like innate immune responses (Patterson, 2011),
with the release of a pro-inflammatory cascade of cytokines such as IL-1pB, IL-6 and TNF-a
(Ronovsky et al., 2016). Conversely, poly(l:C) is a synthetic double-stranded viral RNA binding
to TLR 3 and inducing an antiviral-like immune reaction with the production of antiviral
interferons and inflammatory cytokines (Reisinger et al., 2015).

Timing plays an essential role in MIA induction. Organogenesis occurs during the first phase of
pregnancy and more exactly in the late 1% trimester in humans, while the same event in rodents
occurs around gestational days 8-10, when both neuronal proliferation and differentiation together
with synaptic maturation are actively taking place (Chan et al., 2007).

In agreement with several studies, the administration of LPS, or poly(l:C) in rodents at this
moment interferes with correct neurodevelopment, eliciting autistic-like symptoms in the
offspring (Boksa, 2010; Kirsten et al., 2012; Solek et al., 2018).

Another key event in rodents brain development is marked by gestational day 12.5, when the
closure of the neural tube occurs. Therefore, other studies were performed administering
poly(I:C), LPS or inflammatory cytokines in pregnant rodents at this time point (Lammert and
Lukens, 2019; Servadio et al., 2015; Smith et al., 2007; Xuan and Hampson, 2014).

There is evidence of several alterations in both mouse and rat models of prenatal exposure to LPS
or poly(l:C), depending on the time and dose of injection (Solek et al., 2018), thus underlying
different mechanisms involved in both CNS and immune system development.

Overall, among the studies modeling MIA in rodents with LPS, many reported increased anxiety
in tasks such as the open field and elevated plus-maze (Depino, 2015; Hsueh et al., 2017; Lin et
al., 2012), increased depressive-like behavior (Depino, 2015), communicative deficits with shorter
ultrasonic vocalizations (USVs), sociability impairments, increased stereotypies (Fernandez de
Cossio et al., 2017; Kirsten and Bernardi, 2017; Kirsten et al., 2015; Xuan and Hampson, 2014)

and impaired learning and memory (Baharnoori et al., 2012; Golan et al., 2005).
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Progressive decreased social interactions (Hao et al., 2010), reduced juvenile social play behavior
(Taylor et al., 2012), impaired spatial discrimination (Kentner et al., 2016), as well as changes in
locomotor activity (Straley et al., 2017), have also been found in MIA-exposed rodents.

These deficits in the behavioral domain are associated with altered microglial state and
inflammatory biomarkers, which generally mirror the results obtained in human ASD studies
(Solek et al., 2018).

A higher number of inducible nitric oxide synthase (iNOS) and IL-1 expressing cells
(Cunningham et al., 2013) as well as increased levels of IL-1p (Kirsten et al., 2013) found in
MIA-exposed rodents supports the augmented production of reactive species during
neuroinflammation, having detrimental consequences on neurodevelopmental processes.
Interestingly, a study also detected lower mRNA levels of CX3CRL1 in microglia (Fernandez de
Cossio et al., 2017). CX3CR1 is a chemokine receptor with a role in synaptic pruning and anti-
inflammatory responses (Paolicelli et al., 2011).

Furthermore, some studies reported increased levels of S100B, IL-6, TNF-a and CCL2
chemokine (de Souza et al., 2015; Dowling et al., 2012), and a greater expression of IL-1f and IL-
6 mMRNA in the cerebellum, hippocampus, prefrontal cortex and brainstem of the MIA offspring
(Zhou, 2015).

Prenatal poly(I:C) injection also induces autism-like symptoms in rodents. At the behavioral level,
rodent models of poly(l:C)-induced MIA show early social communication deficits with a
reduction in USVs emission, increased stereotyped behaviors (Malkova et al., 2012), a general
decrease in social interest (Malkova et al., 2012; Onore et al., 2014), impaired memory in the
novel object recognition test (Luchicchi et al., 2016), increased anxiety and deficits in reversal
learning (Meyer et al., 2006), as well as impaired prepulse inhibition (PPI) (Meyer et al., 2008).
Again, the behavioral findings positively correlate with immunohistochemical analyses, which
revealed increased production of inflammatory agents such as IL-6, IL-17a, TNF-a, IFN-B, IL-1

in rodents prenatally exposed to poly(l:C) (Choi et al., 2016).
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In conclusion, the inflammatory dysregulations found in the offspring prenatally exposed to either
LPS or poly(I:C) are in line with those observed in the brain of autistic patients (Jonakait, 2007;
Patterson, 2009).Taken together, these findings highlight the link between the core symptoms of
ASD and the LPS- or poly(l:C)-induced MIA, making these preclinical models widely used in

autism research (Servadio et al., 2015).

5 The endocannabinoid system as anti-inflammatory mediator
As previously discussed, ASD is characterized by both ECS alterations and neuroinflammatory
states, which seem to play a key role in the onset of the typical symptoms when affecting the CNS
at the early stages of neurodevelopment.
On this basis, a new hypothesis is acquiring more consent in the last years, coming from the
evidence that, as for macrophage-like cells, microglia have a complete and functional
endocannabinoid signaling system (eCBSS), thus suggesting a regulatory role of eCBs for
patterns of microglial maturation, differentiation and activation (Stella, 2009). This kind of
regulation may also involve the control of neuroinflammation through an autocrine/paracrine
signaling (Mecha et al., 2016).
For this reason, recently there has been growing interest in the interplay between the ECS and
microglial alternative states, strictly connected to the pathways triggered by CB2 receptor
activation (Araujo et al., 2019; Bisogno and Di Marzo, 2010; Brigida et al., 2017; Lunn et al.,
2006).
The possible mechanism for the microglia eCBSS, proposed in some studies, is mainly based on
the expression levels of the eCBs and cannabinoid receptors in microglia, depending on their
activation state.
CB1 receptors are the most abundant G-protein coupled receptors in the CNS and they are
generally expressed in neurons at the presynaptic terminals, where their activation modulates

neurotransmission for cognition, motor functions, emotions, analgesia and memory; CB2
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receptors, instead, are highly expressed in immune cells in the PNS and mainly in microglia at the
CNS level, controlling immunomodulatory functions (Tanaka et al., 2020).

The activation of the canonical two cannabinoid receptors initiates different responses mainly
depending on which receptor has been activated by a specific ligand at a given time (Atwood and
Mackie, 2010; Zou and Kumar, 2018).

Although the full mechanisms through which the eCBSS drives the acquisition of alternative
microglia phenotypes remains still unclear and needs further investigation, Mecha and colleagues
provided strong evidence of the immunomodulatory and neuroprotective effects of the ECS on
microglia.

To date, the proposed pathway for M2 alternative state acquisition sounds intriguing: first,
microglia in the MO state synthesize the eCBs under basal conditions; the stimulation by
inflammatory agents induces the polarization to the M1 phenotype (primed microglia) with the
subsequent immune response, where a general down-regulation of either the cannabinoid
receptors and the biosynthetic and hydrolyzing enzymes has been observed; when switching to the
M2a state, promoted by cytokines like 1L-4 and IL-13, microglia display a significant up-
regulation of both CB2 receptors and DAGL-a, the synthesizing enzyme for 2-AG, while showing
a down-regulation of FAAH and monoacylglycerol lipase (MAGL), the eCBs degrading enzymes,
resulting in a boosting of the eCBSS; last, when undergoing the M2c state (the deactivating
phenotype), microglia show either a strong up-regulation of the CB1 and CB2 receptors and of the
NAPE-PLD enzyme, that synthesizes AEA, a series of changes likely related to the restoration of
the MO phenotype (Mecha et al., 2015) [Figure 2].

Overall, although the proposed mechanism needs to be further examined, this hypothesis suggests
the close correlation between the ECS and microglial functions, thus shedding some light on the
concurrent dysfunctions of the ECS and the immune system in ASD.

It is interesting to consider this hypothesis on the light of the different properties of the two eCBs,

with AEA acting as a high-affinity partial agonist of the CB1 receptor and being almost inactive
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at the CB2 receptor, while 2-AG reveals to be a full agonist at both cannabinoid receptors (Zou
and Kumar, 2018).

In the same way, it is important to keep in mind the effects of CB2 receptor activation, primary in
the control of inflammatory conditions and in the restoration of homeostasis, two functions
consistent with the up-regulation described in microglia alternative states aimed at restoring
physiological conditions. Indeed, CB2 receptors can promote essential neuroprotective functions:
their activation triggers some specific pathways such as the activation of phospholipase C with
subsequent calcium release, the activation of phosphatidylinositol 3-kinase (P13K), the induction
of apoptosis and suppression of cell proliferation, the increase of anti-inflammatory cytokine
production and the inhibition of pro-inflammatory agents production, or the modulation of
microglial cell migration (Kelly et al., 2020).

As previously reported, many studies identified immune dysfunction in ASD and in particular
there is evidence of chronic neuroinflammation, involving the altered spatial organization and
morphological changes of microglia. These changes would impact on the normal functionality of
the CNS immune system, with the loss of homeostasis and alterations in synaptic plasticity,
leading to core ASD traits (Matta et al., 2019).

Neuroinflammation in ASD could be thus based on an imbalance of primed M1 microglia and M2
alternative states, with anti-inflammatory functions (Nakagawa and Chiba, 2016).

Furthermore, the ECS dysfunctions found at the clinical and preclinical levels strengthen the
hypothesis on the link between the cannabinoid immunomodulation and the chronic
neuroinflammatory condition in ASD.

This is the reason why non-canonical and canonical cannabinoid receptors, mainly CB2,
constitute a promising therapeutic target for ASD, as for many other pathologies induced by
inflammatory pathways. Indeed, the administration of cannabinoid compounds, either acting
through stimulation of CB2 receptors or through pharmacological inhibition of eCB hydrolysis,

improves the eCBSS, thus becoming a valid solution to exert a restorative anti-inflammatory
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effect in the CNS (Nagarkatti et al., 2009) and potentially solve some behavioral and cognitive

impairments typical of ASD.

6 Conclusions
Autism research has tremendously improved over the last 20 years, but yet we cannot provide
definitive medical treatment. Recently, the use of Cannabis sativa and its non-psychotomimetic
component CBD in children with autism has received increasing attention and a growing number
of families with autistic children are considering these products to relieve severe behavioral
symptoms, seizures and other challenging autism-related conditions.
Unfortunately, the limited scientific data currently available appear to have resulted in a growing
body of anecdotal evidence reporting the benefits of cannabinoids and CBD for children with
ASD. In this context, autism research is more important than ever, not only for individuals
currently affected with ASD but as well as to support families in managing this disorder.
As emerged along this review, cannabinoids might represent a promising pharmacological tool in
treating ASD neuroinflammation and in particular CBD, which is devoid of both the psychotropic
side effects induced by direct cannabinoid agonists and the mood alterations induced by first-
generation cannabinoid antagonists/inverse agonists.
Increasing our understanding of the neurobiology of ASD, including its neuroinflammatory
component, is essential for the development of new effective and safe medications including

cannabinoids in the treatment of this neurodevelopmental disorder.
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8 Appendix

Abbreviations:

2-AG
ADHD
AEA
ASD
BBB
CARS
CBD
CBDV
CHARGE
CNS
CSF
DAGL- o
DSM IV
DSM-5
eCBs
eCBSS
ECS
EEG
EMA
FAAH
FDA
FMR1
Fmrl1-KO
FXS
GABA
GF
GFAP
GSK3
IFN-

IL-

iINOS

L. reuteri
LPS
MAGL
MIA
MIF

MRI
MTT
NAPE-PLD
NF-xB
PBMC
PDD-NOS
PDGF
PET
PI3K
PNS
Poly(I:C)

(2-arachidonoylglycerol)
(attention-deficit/hyperactivity disorder)
(anandamide)

(autism spectrum disorder)

(blood-brain barrier)

(Childhood Autism Rating Scale)
(cannabidiol)

(cannabidivarin)

(Childhood Autism Risks from Genetics and Environment)
(central nervous system)

(cerebrospinal fluid)

(diacylglycerol lipase o)

(4th edition of the Diagnostic and Statistical Manual of Mental Disorders)
(5th edition of the Diagnostic and Statistical Manual of Mental Disorders)

(endocannabinoids)

(endocannabinoid signaling system)
(endocannabinoid system)
(electroencephalogram)

(European Medicines Agency)

(fatty acid amide hydrolase)

(Food and Drug Administration)
(Fragile X mental retardation 1)
(inactivation of the FMR1 gene)
(Fragile X syndrome)

(y-aminobutyric acid)

(germ-free)

(glial fibrillary acidic protein)
(glycogen synthase kinase 3)
(interferon)

(interleukin)

(inducible nitric oxide synthase)
(Lactobacillus reuteri)
(lipopolysaccharide)
(monoacylglycerol lipase)

(maternal immune system activation)
(macrophage migration inhibitory factor)
(magnetic resonance imaging)
(Microbiota Transfer Therapy)
(NAPE-hydrolyzing phospholipase D)
(nuclear factor kappa-light-chain-enhancer of activated B cells)
(peripheral blood mononuclear cells)
(pervasive developmental disorder-not otherwise specified)
(platelet derived growth factor)
(positron emission tomography)
(phosphatidylinositol 3-kinase)
(peripheral nervous system)
(polycytidylic acid)
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PPI (prepulse inhibition)

RNS (reactive nitrogen species)

ROS (reactive oxygen species)

TD (typically developing)

TGF-p (transforming growth factor beta)
THC (A9-tetrahydrocannabinol)

TLR (toll-like receptor)

TNF-a (tumor necrosis factor-a)

TSPO (translocator protein)

USVs (ultrasonic vocalizations)

VPA (valproic acid)
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Figure 1. Schematic representation of alternative states of microglia.

The ‘resting state’ or MO phase is characterized by a small soma with highly ramified processes,

which constantly survey the local environment. After the detection of abnormalities, like

infections or tissue damage (e.g. IFN-y, TNF-o and LPS), microglia adopt an amoeboid

morphology and retract its processes, assuming the ‘classical activation state’ or M1 phase.

Microglia can also adopt an ‘alternative activated state’ or M2 phase, which is characterized

by two different alternative states: M2a (induced by the cytokines IL-4 and IL-13) and M2c

(induced by TGF-B, IL-10, and glucocorticoids in vitro). IFN-y: interferon gamma; TNF-a:

Tumor Necrosis Factor alpha; LPS: lipopolysaccharide; IL-4: interleukin 4; IL-13: interleukin 13;

TGF-pB: Transforming Growth Factor beta; IL-10: Interleukin 10.
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Figure 2. Proposed endocannabinoid regulatory pathway for microglia alternative states
acquisition.

In the MO phase (resting state), microglia synthesize 2-AG and AEA. Following stimulation
by inflammatory agents, microglia polarize toward the M1 phase (activated state), with a down-
regulation of CB1 and CB2 receptors. Finally, when assuming the M2a or the M2c phenotype,
microglia show an increase of the expression of CB2 receptors or an increase of both CB2 and
CB1 receptors, respectively. Furthermore, the M2a state is characterized by an increased synthesis

of 2-AG, while the M2c state shows, instead, an increase of AEA synthesis.
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2-AG: 2-arachidonoylglycerol; AEA: N-arachidonoylethanolamine (anandamide); CB1:
Cannabinoid receptor type 1; CB2: Cannabinoid receptor type 2; IFN-y: interferon gamma; TNF-
a: Tumor Necrosis Factor alpha; LPS: lipopolysaccharide; IL-4: interleukin 4; IL-13: interleukin

13; TGF-B: Transforming Growth Factor beta; IL-10: Interleukin 10.
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