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Cannabis-derived compounds, such as cannabidiol (CBD) and delta-9-trans-tetrahydrocannabinol (THC), are
increasingly prescribed for a range of clinical indications. These phyto-cannabinoids have multiple biological
targets, including the body’s endocannabinoid system. There is growing scientific interest in the use of CBD, a
non-intoxicating compound, to ameliorate symptoms associated with neurodevelopmental disorders. However,
its suitability as a pharmaceutical intervention has not been reliably established in these clinical populations.

This systematic review examines the nine published randomised controlled trials (RCTs) that have probed the
safety and efficacy of CBD in individuals diagnosed with attention deficit hyperactivity disorder, autism spectrum
disorder, intellectual disability, Tourette Syndrome, and complex motor disorders. Studies were identified sys-
tematically through searching four databases: Medline, CINAHL complete, PsycINFO, and EMBASE.

Inclusion criteria were randomised controlled trials involving CBD and participants with neurodevelopmental
disorders. No publication year or language restrictions were applied. Relevant data were extracted from the
identified list of eligible articles. After extraction, data were cross-checked between the authors to ensure
consistency.

Several trials indicate potential efficacy, although this possibility is currently too inconsistent across RCTs to
confidently guide clinical usage. Study characteristics, treatment properties, and outcomes varied greatly across
the included trials. The material lack of comparable RCTs leaves CBD’s suitability as a pharmacological treat-
ment for neurodevelopmental disorders largely undetermined. A stronger evidence base is urgently required to
establish safety and efficacy profiles and guide the ever-expanding clinical uptake of cannabis-derived com-
pounds in neurodevelopmental disorders.

Prospero registration number: CRD42021267839.

1. Introduction and outcome measures for clinical trials remain underdeveloped. While

the biological substrates of these multifactorial disorders are varied and

Neurodevelopmental disorders, such as attention deficit hyperac-
tivity disorder (ADHD), autism spectrum disorder (ASD), intellectual
disability (ID), Tourette’s syndrome (TS), and complex motor disorders
(CMD), can have a profound negative impact on health and wellbeing.
These disorders are phenotypically and pathophysiologically heteroge-
neous, but also share common phenotypic subdomains. For example,
difficulties with attention, social processing, and motor skills are
broadly experienced across these disorders. Establishing pharmacolog-
ical interventions for symptomatology associated with neuro-
developmental disorders is challenging; clear biomarkers are lacking,
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largely undetermined, the endocannabinoid system (ECS) is increasingly
implicated in the pathogenesis of their common symptomology (Zou and
Kumar, 2018). Hence, pharmacological interventions that modulate the
ECS are attracting increasing attention for their potential to help in-
dividuals with neurodevelopmental disorders (Karhson et al., 2016,
2018).

1.1. The endocannabinoid system (ECS)

The ECS is a neuro-modulatory system comprised of functional
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molecules (endocannabinoids) and receptors (including cannabinoid
type 1 and type 2 receptors; CB1 and CB2) (Behl et al., 2022). The two
most studied endocannabinoids, 2-arachidonoylglycerol (2AG) and
anandamide (N-arachidonoylethanolamine, AEA), are widespread
throughout the body. Involved in emotional regulation and social
responsiveness (Zamberletti et al., 2017), the ECS has been strongly
implicated in the pathophysiology of ASD (Karhson et al., 2016), ADHD
(Centonze et al., 2009; Dawson, 2021), and TS (Miiller-Vahl et al.,
2020). The ECS has also been hypothesised to function differently in
neurodevelopmental disorders, although divergent mechanisms are yet
to be substantiated (Ibarra-Lecue et al., 2018; Kerr et al., 2013; Schultz
and Siniscalco, 2019; Zamberletti et al., 2017). Hence, pharmacological
interventions that modulate the ECS may support associated symptoms
(Karhson et al., 2016, 2018).

Cannabinoid modulation to the ECS influences numerous physio-
logical processes, including appetite, anxiety, immune response, pain,
movement, and memory (Aran et al., 2019b; Lu and Mackie, 2016; Zou
and Kumar, 2018). High concentrations of cannabinoid receptors in the
cingulate gyrus and prefrontal cortex suggest that the ECS contributes to
language, executive, and social functioning; cognitive domains central
to ASD, ADHD, and intellectual disability symptomatology (Karhson
et al., 2016; Mackie, 2005). The regulatory role of the ECS impacts skills
implicated in ASD symptomatology, including social and emotional
reactivity, and in ADHD, including learning and memory processes
(Bagherzadeh et al., 2012; Rubino et al., 2015; Schultz and Siniscalco,
2019; Trezza, 2015). Recent findings have also linked lower endo-
cannabinoid ‘tone’ to behaviors that are characteristically divergent in
ASD, such as social deficits (Aran et al., 2019b; Kerr et al., 2013).

Endogenous cannabinoid signaling has been examined in both ani-
mals and humans, and this has further elucidated the neurobiological
underpinnings of neurodevelopmental disorders (Karhson et al., 2016).
AEA is a lipid mediator that exerts a modulatory effect on the brain
reward circuitry (Ohno-Shosaku and Kano, 2014). Several animal
models of ASD with altered ECS functioning have shown improvement
in social behavior following AEA manipulation (Melancia et al., 2018;
Servadio et al., 2016; Wei et al., 2016), although further studies in
humans are needed to determine whether levels of AEA can reflect
endocannabinoid tone and indicate social dysfunction phenotype asso-
ciated with ASD and related disorders (Karhson et al., 2016, 2018).
Higher levels of cerebrospinal fluid endocannabinoids, including 2-AG
and AEA, have been measured in individuals with TS compared with
neurotypical controls (Miiller-Vahl et al., 2020).

1.2. Cannabidiol (CBD): mechanisms of action

Cannabidiol, more commonly referred to as CBD, is a phyto-
cannabinoid present in the Cannabis sativa (C. sativa) plant (VanDolah
et al., 2019). Like endocannabinoids, which are endogenous compounds
naturally produced in mammalian tissues, phyto-cannabinoids interact
with the ECS (Zamberletti et al., 2017). While closely related in chemical
structure, CBD exerts different pharmacologic outcomes to delta-9-
trans-tetrahydrocannabinol (THC), with the latter known for its intox-
icating, psychotropic effects (Stout and Cimino, 2014). Possessing a
more diverse pharmacological profile, CBD can antagonize the acute
effects of THC (Gunasekera et al., 2020) and induces a calming effect on
the central nervous system (Shannon et al., 2019).

CBD has multiple targets and mechanisms of action, most of which
are still poorly understood (Ibeas Bih et al., 2015), and interacts with
various neural receptors, including CB1, CB2, Gpr55, TrpVl1, and 5-
HT1A (Zuardi, 2017). Unlike THC, which activates cannabinoid CB1
receptors, CBD can act as an antagonist at CB1 receptors through
negative allosteric modulation (Laprairie et al., 2015). This action
causes a change in the receptor that is likely to mitigate THC’s anxio-
genic effects (Blessing et al., 2015). CBD has also been shown to increase
serum levels of AEA through inhibition of FAAH (Leweke et al., 2012),
which increases the release of oxytocin, a neuropeptide that facilitates
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social attachment (Karhson et al., 2016; Kwan Cheung et al., 2021).

In humans, CBD has been shown to modulate neurochemical activity
through several mechanisms (Gunasekera et al., 2020). The ECS is
involved in the modulation of GABAergic and glutamatergic neuro-
transmission, respectively the human brains primary inhibitory and
excitatory neurotransmitters (Zamberletti et al., 2017). CBD modulates
brain excitation-inhibition (E/I), and has therefore been extensively
researched in relation to its anti-seizure properties (Lazarini-Lopes et al.,
2021). More recently CBD has been recognised for its ameliorating ef-
fects on pervasive ASD symptomatology, including social deficits
(Kaplan et al., 2017). The compound has also been established as having
a robust safety profile in neuroatypical subgroups (Chin et al., 2020;
Heussler et al., 2019; Larsen and Shahinas, 2020) rendering it a viable
treatment option in neurodevelopmental disorders.

1.3. The role of excitatory/inhibitory systems

CBD is understood to regulate glutamate and GABA transmission,
thereby influencing the activity of excitatory and inhibitory signaling
pathways (Pretzsch et al., 2019a). Increased E/I ratios (i.e., favouring
excitation) have been implicated in social processing deficits in ASD
specifically, and this imbalance is thought to be driven primarily by
dysregulation of the GABAergic system (Canitano and Pallagrosi, 2017;
Cochran et al., 2015; Cole et al., 2019; Ford and Crewther, 2014; Gaetz
et al., 2014; Gao and Penzes, 2015; Harada et al., 2011; Marsman et al.,
2014; Pinkham et al., 2008; Tebartz van Elst et al., 2014). Aberrant E/I,
and GABA dysfunction in particular, has also been shown to influence
other cognitive processes relevant to ASD and other neuro-
developmental disorders (Canitano and Palumbi, 2021). For example,
reduced GABA in the somatosensory cortex has been associated with
tactile dysfunction in autistic children (Puts et al., 2017), and GABA
dysregulation may be relevant to ASD symptom severity (Brix et al.,
2015).

There is increasing evidence supporting the utility of GABA modu-
lation in alleviating core difficulties across neurodevelopmental disor-
ders (Han et al., 2012, 2014; Silverman et al., 2015). However, robust
findings are lacking, and many pharmacological interventions for
phenotypic subdomains, including social dysfunction, are yet to be
approved (Brondino et al., 2016; Selimbeyoglu et al., 2017). The volume
of research supporting the importance of reduced GABA transmission in
behavioral deficits warrants the commencement of larger clinical trials
of GABA-modulating medications (and devices). The potential behav-
ioral and neurophysiological effects of GABA-modulators, such as ben-
zodiazepines (Oblak et al., 2011), CBD (Aran et al., 2019a; Pretzsch
etal., 2019b), and cannabidivarin (CBDV) (Pretzsch et al., 2021) require
further exploration. In particular, the proposed effects of CBD on E/I
balance warrant continued investigation.

1.4. CBD for neurodevelopmental disorders

There are multiple therapeutic methods utilised to target symptom
domains associated with neurodevelopmental disorders, including
behavioral and pharmaceutical interventions (LeClerc and Easley,
2015), which are individually tailored to address distinct behavioral
profiles and specific areas of disability. Personalised intervention plans
can sensitively address continuums of severity within each relevant
symptom domain, regardless of the primary diagnosis. Pharmacological
treatments are often prescribed for symptoms frequently associated with
many neurodevelopmental disorders, such as anxiety, depression, rigid
behaviors, aggression, and attention deficits (Doyle and McDougle,
2012). These include selective serotonin reuptake inhibitors (SSRIs),
psychostimulants, and atypical antipsychotics (Reiersen and Handen,
2011; Sharma and Shaw, 2012). Presently, there are two Food and Drug
Administration (FDA) and Therapeutic Goods Administration (TGA)-
approved medications used to treat irritability, aggression, and emotion
dysregulation associated with ASD; risperidone and aripiprazole
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(LeClerc and Easley, 2015; Young, 2020). However, these atypical an-
tipsychotics are often accompanied by unpleasant metabolic and sleep-
related side-effects (McCracken et al., 2002; Nurmi et al., 2013; Sharma
and Shaw, 2012; Szulc et al., 2005). Methylphenidate, a psychostimu-
lant, is the most prescribed medication for cognitive and behavioral
difficulties associated with ADHD and ASD, particularly to improve
attention and induce a calming effect (Kolar et al., 2008). However, its
benefits are accompanied by significant addictive potential (Chamaka-
layil et al., 2021) and other adverse effects associated with long-term
use, such as elevated risk of psychosis and tics (Krinzinger et al.,
2019). For TS, atypical antipsychotics are also commonly prescribed, as
well as neuroleptics like haloperidol and pimozide, which are associated
with side effects including weight gain and drowsiness (Eddy et al.,
2011). Unfortunately, despite the pervasive nature of difficulties often
experienced by individuals with neurodevelopmental disorders, there
are currently no effective biomedical treatments to alleviate them. This
has downstream effects on mental health and wellbeing (Ogundele and
Morton, 2022). CBD holds promise as a viable pharmaceutical to treat
symptoms associated with neurodevelopmental disorders, such as social
and attention deficits, due to its favourable safety profile, exhibiting few
adverse side effects (D’onofrio et al., 2020).

There are several postulated mechanisms underlying CBD’s effects,
including inhibition of endocannabinoid degradation (Leweke et al.,
2012), modulation of serotoninergic activity (Russo et al., 2005), and
anti-inflammatory properties (Burstein, 2015; Vallée et al., 2021).
Reliable literature is beginning to reflect the potential for CBD to
ameliorate symptoms associated with somatic symptom disorders, as
well as psychiatric and neurodevelopmental conditions (Larsen and
Shahinas, 2020), such as ASD, ADHD (Cooper et al., 2017), ID (Efron
et al., 2021), TS (Abi-Jaoude et al., 2022), and complex motor disorders
(Fairhurst et al., 2020). The current evidence regarding its suitability for
neurodevelopmental disorder subgroups predominantly comes from
open-label studies, retrospective observational studies and anecdotal
accounts (Aran et al., 2019a; Aran et al., 2018; Heussler et al., 2022).
Amid this research, reliably designed randomised controlled trials
(RCTs) in neurodevelopmental populations are steadily emerging.

The primary objective of this systematic review was to assess current
evidence for the efficacy of CBD. Considering the widespread anecdotal
reports of CBD’s therapeutic promise for neurodevelopmental disorders,
it is critical to establish a reliable evidence base. RCTs are considered the
ideal methodology for measuring causal relationships between in-
terventions and outcomes (Hariton and Locascio, 2018). They utilise
randomisation to reduce the bias inherent with other study designs and
balance participant characteristics between groups to allow for outcome
variation to be attributed to the target intervention. True RCT assess-
ments of causality tend to require concealment of allocation, intention-
to-treat (ITT) analysis and when suitable, blinding (Hariton and Locas-
cio, 2018). Identifying multiple comparable RCTs through comprehen-
sive and explicit search methods is a crucial step in ascertaining the
current evidence for the efficacy of CBD in relevant clinical populations.
This systematic approach allows for our specific research question to be
adequately probed, and provides opportunity for common results,
strengths, and limitations of the collated RCTs to be identified.

2. Materials and methods
2.1. Search strategy

Studies were identified systematically through searching four data-
bases: Medline, CINAHL complete, and PsycINFO on July 22nd, 2021,
and EMBASE on July 26th, 2021. All searches were updated on October
26th, 2022, with one new article identified. No publication year or
language restrictions were applied. All search terms were combined with
Boolean operators and limited to title and abstract (please see
Appendix A and B for the specific search syntax terms used).

Following the initial search of databases and removal of duplicates,
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titles, and abstracts were independently screened by three authors (NFP,
PB, ISB). Due to the high volume of studies yielded from the initial
search for title and abstract screening, the primary researcher (NFP)
independently screened 100 % of the articles (n = 3510), and two au-
thors (PB, ISB) independently screened 50 % of the articles each (A-K, n
= 1755; L-Z, n = 1755). After title and abstract double screening, 100 %
agreement was achieved between authors and twenty-seven articles
remained for full-text screening. Following full-text screening, 100 %
agreement was achieved between three authors (NFP, PGE, TCF) and a
total of eight articles remained for inclusion in the review. Following the
secondary search, two additional papers were identified for full-text
screening and one met eligibility requirements. See Table 1 for eligi-
bility criteria.

2.2. Data extraction

Relevant data were extracted from the identified final list of eligible
articles. After extraction, data were cross-checked between the authors
to ensure consistency. All qualitative information (i.e., clinical trial type,
investigational product/treatment, administration duration, route of
administration, and participant characteristics) was then extracted by
the primary researcher (NFP).

3. Results
3.1. Included and excluded studies

The literature search is depicted in the PRISMA flowchart below (see
Fig. 1) (Moher et al., 2009). The initial database searches yielded 6674
results and secondary searches yielded 699 results. Following removal of
duplicates (n = 3415) and screening of titles and abstracts, twenty-nine
articles were selected for full-text screening, two of which were acquired
from the secondary searches. Full text screening resulted in a final list of
nine eligible articles.

3.2. Study characteristics

Study characteristics are reported in Table 2. Five randomised
placebo-controlled parallel trials and four randomised placebo-
controlled crossover trials were included. All studies were published
within the last five years. The studies were conducted in Canada (n = 1),
Israel (n = 2), the United Kingdom (n = 6), and Australia (n = 1). Sample
sizes ranged from 8 (Efron et al., 2021) to 150 (Aran et al., 2021) (M =
36.5, SD = 44.2). Three trials included predominantly child participants
(Aran et al., 2021; Efron et al., 2021; Fairhurst et al., 2020), while the
remaining employed adult cohorts (Abi-Jaoude et al., 2022; Pretzsch

Table 1
Eligibility criteria.

Inclusion Exclusion

Review articles
Case reports

Randomised controlled trials
(parallel/crossover assignment
with placebo control)
Single/double blinding

Trial design

Participants Children (<18 years) or adults Non-human subjects
(>18 years) Participants without
Diagnoses of any of the following:  neurodevelopmental disorder
ADHD, ASD, TS, ID, syndromic diagnosis
disabilities, CMD

Intervention Acute or chronic administrationof ~ Administration of THC-only
CBD / CBD and THC / CBDV product

Outcomes Psychometric measures
Neurophysiological measures

Comparison Placebo control No comparison group
Neurotypical control group

Publication Full articles in peer-review Abstracts, case studies/series

type journals Non-English language articles

Written in English
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Fig. 1. PRISMA flow diagram of literature search.

et al., 2019a; Pretzsch et al., 2019b; Pretzsch et al., 2019c; Pretzsch
et al., 2021). Pretzsch and colleagues included only adults with normal
cognitive function (IQ > 70) in their investigation, comprised of four
published RCTs (Pretzsch et al., 2021; Pretzsch et al., 2019a; Pretzsch
et al., 2019c; Pretzsch et al., 2019b).

Participants taking stable concomitant medications were included in
eight of the nine studies (Abi-Jaoude et al., 2022; Aran et al., 2021; Efron
et al., 2021; Fairhurst et al., 2020; Pretzsch et al., 2019a; Pretzsch et al.,
2019c; Pretzsch et al., 2019b; Pretzsch et al., 2021). Abi-Jaoude et al.
(2022) accepted the continuation of a broad range of concomitant
medications throughout their trial. Medication types included stimu-
lants, antipsychotics, atypical antidepressants, benzodiazepines, anti-
cholinergics, calcium channel blockers, selective serotonin reuptake
inhibitors, serotonin and norepinephrine reuptake inhibitors, anticon-
vulsant, corticosteroids, and antacid elixir medications (Abi-Jaoude
et al., 2022). Similarly, Aran et al. (2021) did not exclude any medica-
tion types from their trial. Efron et al. (2021) excluded children if they
had taken anti-epileptic medications which interact with CBD (e.g.,
clobazam, topiramate, zonisamide), but did not exclude participants
taking other concomitant medications. Fairhurst et al. (2020), report
that their participants were often taking multiple medications due to
their medical complexity, however, excluded those undergoing treat-
ment with botulinum neurotoxin A in the previous 12 weeks or expected
need for concomitant use during the trial. All four studies within the
Pretszch et al. investigation (Pretzsch et al., 2021; Pretzsch et al., 2019a;
Pretzsch et al., 2019c¢; Pretzsch et al., 2019b) excluded participants who
were taking regular medication known to affect glutamate and GABA
neurotransmitter systems, such as benzodiazepines, but those taking

other medications were included. In contrast to the eight studies just
mentioned, Cooper et al. (2017) excluded participants taking long-
acting medications and asked participants to stop their stimulant
medication for 1 week before their baseline assessments and for the
duration of the study.

3.3. Treatment characteristics

Treatment characteristics are reported in Table 2. CBD formulation
varied across trials. A CBD:THC ratio of 1:1 was administered by Fair-
hurst et al. (2020) and Cooper et al. (2017), while Aran et al. (2021)
administered a 20:1 ratio. Efron et al. reported their active treatment as
98 % CBD (Efron et al., 2021), 100 mg/ml in grapeseed oil, and Abi-
Jaoude et al. (2022) administered two CBD treatments: THC/CBD (9
%/9 %), and CBD 13 %. Finally, Pretzsch et al. (2021, 2019a, 2019c,
2019b), administered single doses of 600 mg of CBDV or CBD, with no
reported THC content. All nine studies included a control treatment
(placebo). There was also variability in the CBD administration method.
Oromusocal spray was used in two trials (Cooper et al., 2017; Fairhurst
et al., 2020), six trials administered liquid oral doses of CBD/CBDV
(Aran et al., 2021; Efron et al., 2021; Pretzsch et al., 2021; Pretzsch
et al., 2019a; Pretzsch et al., 2019¢; Pretzsch et al., 2019b), while Abi-
Jaoude et al. (2022) administered via vaporizers. Treatment duration
was also extremely variable, ranging from acute (single session)
administration to chronic administration over 12 weeks.
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Table 2
Study characteristics.
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Authors Year Trial location N of Diagnosis Age Treatment/s Study Design / Primary outcome measure
participants range Administration
(years)

(Abi-Jaoude 2022  Toronto, 9 Tourette Syndrome 22-54 Vaporized products: Randomised placebo- Modified Rush Video-Based
et al., Canada controlled Crossover Tic Rating Scale (MRVTRS)
2022) Mean - THC 10 % Trial

age 12.3 - THC/CBD (9 %/9 %)
- CBD13 % Single dose
- Placebo (<0.3 % THC,  administration: 2-
<0.3 % CBD) week intervals
Vaporiser

(Fairhurst 2020  London, UK 72 Cerebral Palsy or 8-18 Whole-plant cannabis Randomised placebo- Spasticity Rating on a 0-10
et al., Tel Aviv, traumatic, non- extract ‘Nabiximols’ controlled Trial Numerical Rating Scale
2020) Israel progressive CNS Mean (Sativex, THC:CBD, 1:1) 2:1 ratio (Nabiximols:

Prague, Czech injury age 12.3 placebo)

Republic Oromucosal Spray
Chronic
administration: 12
weeks

(Cooper 2017  London, UK 30 Attention Deficit 18-55 Whole-plant cannabis Randomised placebo- QbTest of Cognitive
et al., Hyperactivity extract ‘Nabiximols’ controlled Trial Performance
2017) Disorder Mean (Sativex, THC:CBD, 1:1) 1:1 ratio

age 36.9
Oromucosal Spray Chronic
administration:

(Efron et al., 2020 Melbourne, 8 Intellectual 8-16 98 % CBD 100 mg/ml in Randomised placebo- Aberrant Behavior
2021) Australia Disability grapeseed oil controlled Trial Checklist — 2 (ABC-2)

Mean 1:1 ratio
age 13.5  Oral
(Aran et al., 2021 Jerusalem, 150 Autism Spectrum 5-21 Whole-plant cannabis Randomised placebo- Home Situation
2019a) Israel Disorder extract (CBD:THC, 20:1 controlled Trial Questionnaire — Autism
Mean ratio) Spectrum Disorder (HSQ-
age 11.8 Chronic ASD)
Pure CBD and pure THC ~ administration:
(20:1) 12-week treatment, 4
week washout, 12
week treatment

(Pretzsch 2021  London, UK 13 Autism Spectrum 20-50 600 mg Cannabidivarin Randomised placebo- Striatal Functional
et al., Disorder (CBDV) controlled Trial Connectivity
2021) Mean (pseudo-randomised

age 30.6 allocation)

(Pretzsch 2019  London, UK 17 Autism Spectrum 20-50 600 mg Cannabidivarin Randomised placebo- Magnetic resonance
et al., Disorder (CBDV) controlled Trial spectroscopy (MRS)
2019¢) Mean (pseudo-randomised measures of glutamate and

age 31.2 allocation) GABA levels

(Pretzsch 2019  London, UK 17 Autism Spectrum 20-50 600 mg Cannabidiol Randomised placebo- Magnetic resonance
et al., Disorder (CBD) controlled Trial spectroscopy (MRS)
2019a) Mean (pseudo-randomised measures of glutamate and

age 31.2 allocation) GABA levels in the DLPFC

(Pretzsch 2019  London, UK 13 Autism Spectrum 20-50 600 mg Cannabidiol Randomised placebo- Fractional amplitude of
et al., Disorder (CBD) controlled Trial low-frequency fluctuations
2019b) Mean (pseudo-randomised (fALFF)

age 30.8 allocation)

3.4. Efficacy and safety outcomes

3.4.1. CBD; effects in tics associated with Tourette Syndrome

A recent crossover RCT examined the efficacy of single doses of three
vaporized medical cannabis products and placebo for tics in twelve
adults with TS (Abi-Jaoude et al., 2022). Nine participants completed
the trial. Participants received single doses (0.25 g) of three distinct
medicinal cannabis products: THC 10 %, CBD 9 %/9 %, CBD 13 %, and
placebo, administered at 2-week intervals. The primary outcome was the
Modified Rush Video-Based Tic Rating Scale (MRVTRS), taken at base-
line and at 0.5, 1, 2, 3, and 5 h following product administration. Sec-
ondary measures included the Premonitory Urge for Tics Scale (PUTS),
Subjective Units of Distress Scale (SUDS), and Clinical Global Impres-
sion-Improvement (CGI—I). No product resulted in a statistically sig-
nificant effect on the MRVTRS. Compared with placebo, significant
effects of THC 10 %, and to a lesser extent THC/CBD 9 %9 % where
identified on the PUTS, SUDS, and CGI—I. Significant correlations were

also recognised between the MRVTRS, PUTS, and SUDS measures and
plasma levels of THC and its metabolites.

To address treatment safety and tolerability, participants answered
questions regarding adverse events (AEs). The THC 10 % product
resulted in the most AEs, and more AEs were reported following all
cannabis products relative to placebo, and more AEs following THC 10
% relative to other products. Reported AEs following THC 10 % product
administration included: sedation, psychomotor effects, dizziness,
cough, throat burning, dry mouth, feeling cold, and feeling high. All
three cannabis products resulted in reports of throat burning and dry
mouth while sedation, psychomotor effects, and dizziness were more
common in the THC 10 % product. A 5 s syncopal episode and seizure
following THC/CBD 9 %/9 % product administration was experienced
by one participant who subsequently made full recovery.
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3.4.2. CBD; effects in spasticity associated with neurodevelopmental
conditions

Fairhurst et al. (2020) conducted an RCT to explore the efficacy,
safety, and tolerability of a specific cannabis extract (Nabiximols: THC:
CBD ratio of 1:1) in seventy-two children presenting with spasticity
secondary to cerebral palsy or traumatic central nervous system injury
(Fairhurst et al., 2020). Enrolled children had reported inadequate ef-
ficacy or (unspecified) unacceptable side effects to their existing treat-
ment regime. The researchers acquired subjective (self-reported and
caregiver-reported) and objective (observer-rated) primary outcomes,
using a 0 to 10 Numerical Rating Scale probing change from baseline in
level of spasticity. Secondary endpoint outcomes enquired regarding
changes in sleep quality, pain, health-related quality of life, comfort,
depression, and safety (Fairhurst et al., 2020). After the 12-week treat-
ment duration, no significant difference in the spasticity NRS between
Nabiximols and placebo groups were reported, and likewise for sec-
ondary outcomes.

Safety was monitored by AE reporting throughout the trial. Reported
serious adverse events (SAEs) were lower in the Nabiximols group than
the placebo group, with four Nabiximols group participants experi-
encing SAEs. These included changes in two seizure profiles, food
aversion and retching, and a viral upper respiratory tract infection. Two
participants experienced AEs in the Nabiximols arm; retching for one
participant and oropharyngeal pain, stomatitis, and lower respiratory
tract infection for another. One participant, with no history of psychi-
atric disorder, experienced a mild and non-serious hallucination after 6
weeks of Nabiximols. 51 % of the group had an antecedent history of
epilepsy. While this indication was not formally measured during the
trial, rates of frequency and duration of seizure events reduced or dis-
appeared altogether for several patients in the Nabiximols arm.

3.4.3. CBD; behavioral effects in attention-deficit hyperactivity disorder

Cooper et al. (2017) conducted a pilot RCT to explore behavioral
effects of cannabinoids in ADHD. This trial of thirty participants using
Sativex (THC:CBD, 1:1) reported no statistically significant reduction of
ADHD symptoms. Cognitive performance and activity level (head
movements) measured using the Quantitative Behavioral Test (QbTest
(Iberstadt, 2012)) served as the primary outcome measure, while ADHD
and emotional lability (EL) symptoms were monitored with secondary
measures. Participants underwent random assignment to either the
active treatment or the placebo group. Although the active group
attained observably better scores than the placebo group, there was no
significant difference in QbTest scores between groups. Sativex was
associated with improvement in hyperactivity/impulsivity (p = 0.03)
and response inhibition (computerised go/no-go task; p = 0.05), and a
tendency towards improvement for inattention (p = 0.10) and EL (p =
0.11). However, no outcomes reached significance following adjustment
for multiple comparisons. It is therefore yet to be elucidated whether, in
a controlled manner, other combinations of cannabinoids, including
CBD, are effective for alleviating ADHD-associated symptoms.

Safety monitoring took place at days 4, 8, 12, 14 and 28, whereby
participants completed a standard side-effect rating scale and were
given an opportunity to share any AEs they were experiencing. In the
Sativex group, there was one SAE (muscular seizures/spasms) and three
reports of mild AEs (light headedness and diarrhea). A SAE (a cardio-
vascular problem) also occurred for one participant in the placebo
group.

3.4.4. CBD; behavioral effects in ASD

Aran et al. (2021) conducted a placebo-controlled, double-blind,
cross-over design with two types of cannabinoid extracts in one hundred
and fifty children and young adults with ASD (Aran et al., 2021). Fifty
participants received a whole-plant cannabis extract of CBD + THC
(BOL-DP-0-01-W), and fifty received purified CBD + THC (BOL-DP-O-
01); both extracts with the same 20:1 ratio of CBD to THC. The
remaining fifty participants received a placebo. Compounds were
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administered daily during two treatment periods of 12 weeks, separated
by a 4-week washout period.

Outcome measures included the Home Situation Questionnaire-ASD,
the Clinical Global Impression-Improvement scale (CGI—I), the Social
Responsiveness Scale (SRS-2), and Autism Parenting Stress Index. No
effects were observed following the purified treatment, while disruptive
behaviors, indicated by the CGI-I scale, were significantly reduced in
participants who received the whole-plant extract CBD compared with
placebo (p = 0.005). SRS-2 scores indicated significant improvement in
the core ASD symptom domain of social functioning following whole-
plant extract CBD treatment compared with placebo (p = 0.009). This
investigation contained a sample group with a broad range of cognitive
abilities, however, resulting in inapplicable questionnaire items for
some participants (Aran et al., 2021).

Caregivers completed a structured questionnaire regarding AEs
every 4 weeks. They rated new AEs as mild, moderate, or severe. There
were no treatment-related severe AEs or SAEs. Reported AEs that were
more common during cannabinoid treatment included somnolence,
decreased appetite, weight loss, tiredness, euphoria, and anxiety. Mild
AEs were not significantly more frequent during cannabinoid treatment
relative to placebo, while moderate AEs were reported for forty-four
whole-plant extract participants, forty-five pure cannabinoids partici-
pants, and for twenty-sex placebo participants.

Efron et al. (2021) conducted a randomised, double-blind, placebo-
controlled, two-armed, parallel-design trial of CBD in children with in-
tellectual disability (ID) alongside severe behavioral problems (SBP)
(Efron et al., 2021). Participants were randomised to receive either 98 %
CBD in oil (Tilray, Canada) or a placebo oil orally for 8 weeks. The dose
was up-titrated over 9 days to 20 mg/kg/day in 2 divided doses per day.
A total of eight children participated, with four receiving active treat-
ment, all of whom had received a diagnosis of ASD. Results from three
participants in the CBD group were obtained. Inferential statistics
indicated a significant reduction in the primary outcome measure, the
Aberrant Behavior Checklist — Irritability subscale (ABC-I) score, at the
end of treatment compared to baseline (mean reduction of 12 points).

Safety outcomes were collected pre-treatment and at day 66 from
parents using the Monitoring of Side Effects Scale (MOSES). There were
no reported SAEs during or following the trial. For the CBD group, there
was one report of each of the following treatment emergent symptoms:
rolled up eyes, tics/grimace, ear ringing, drooling/pooling, abdominal
pain, decreased appetite, increased appetite, constipation, decreased
weight, increased weight, restlessness/pacing/can’t sit still, jitter/
jumpiness/nervousness, acne, urination, incontinence/nocturnal
enuresis, crying/feelings of sadness, drowsiness/lethargy/sedation,
excessive sleep, and insomnia. For the placebo group, there were three
reports of increased weight and one report of each of the following:
increased appetite, headache, and nose congestion/running nose.

3.4.5. CBD; neurophysiological effects in the autistic brain

CBD is postulated to influence E/I signaling pathways by regulating
glutamate and GABA transmission (Pretzsch et al., 2019a). This action
has potential implications for aberrant E/I circuits in neuro-
developmental conditions like ASD. As part of a large investigation into
the role of phyto-cannabinoids in ASD, Pretzsch et al. (2021, 2019a,
2019c, 2019b) provided four separate reports of the acute effects of CBD
and CBDV (a homolog of CBD) in adult males with and without ASD
using fMRI and Proton Magnetic Resonance Spectroscopy (*H-MRS).
Two studies investigated the acute effects of 600 mg CBD (Pretzsch et al.,
2019a; Pretzsch et al.,, 2019b) and the other two of 600 mg CBDV
(Pretzsch et al., 2021; Pretzsch et al., 2019¢) in thirty-four males,
seventeen of which had ASD.

Pretzsch et al. (2019b) first published the RCT that used fMRI to
investigate how the acute administration of a 600 mg dose of pure CBD
influences fractional amplitude of low-frequency fluctuations (fALFF) in
participants with and without ASD (Pretzsch et al., 2019b). Reflecting a
different aspect of the BOLD signal, fALFF is a method used to quantify
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brain activity differences across regions during resting state (Zou et al.,
2008). In the ASD group, CBD significantly increased regional fALFF and
FC within and between the cerebellar vermis and the right fusiform
gyrus, which are regions implicated in ASD pathophysiology (Pretzsch
et al., 2019b).

Using 'H-MRS, Pretzsch and colleagues conducted two RCTs inves-
tigating Glx and GABA concentrations in the basal ganglia (BG) and
dorsomedial pre-frontal cortex (DMPFC), one following acute adminis-
tration of 600 mg CBD (Pretzsch et al., 2019a) and the other 600 mg
CBDV (Pretzsch et al., 2019¢). They observed the impacts of the two
phyto-cannabinoids on Glx (a composite of glutamate + glutamine) and
GABA concentrations in the basal ganglia (BG) and dorsomedial pre-
frontal cortex (DMPFC). These regions have been associated with ASD
symptoms and are thought to be strongly modulated by CBD due to the
presence of 5-HT1A and GPR55 receptors, which are activated by CBD
(Bilge and Ekici, 2021; Castillo et al., 2012). Findings demonstrated that
the acute dose of CBD significantly increased levels of Glx in the BG, and
decreased Glx in the DMPFC for both groups. Following CBD, GABA
levels were increased in the neurotypical group, but decreased GABA
levels in the ASD group, with this effect being most pronounced in the
DMPEFC (Pretzsch et al., 2019a). In contrast, the CBDV trial revealed
significantly increased levels of Glx in the BG but not in the DMPFC for
both participant groups. The shift in Glx levels in the BG was negatively
correlated with baseline Glx concentrations for the ASD group, however
this effect was not observed in the neurotypical group. CBDV did not
impact GABA levels in either region in either group (Pretzsch et al.,
2019c¢).

The second CBDV study utilised fMRI to measure change in striatal
functional connectivity (FC) following CBDV administration (Pretzsch
et al., 2021). At baseline, the right inferior ventral striatum and the left
putamen were hyperconnected in ASD participants compared with
neurotypical controls. The single dose of CBDV significantly reduced
strong striatal FC for the ASD group but had no significant effects for the
control group. FC between the right ventral rostral striatum and the
right posterior superior temporal gyrus was also increased in ASD par-
ticipants at baseline and was significantly reduced following CBDV
administration. CBDV also increased FC between these regions for the
neurotypical group.

Safety aspects within each of the above studies were monitored via
the same method: three brief health checks at time of dosage adminis-
tration, following dosage, and following the scans. Across the studies, no
participants experienced any subjective or objective ill-effects/harm
following administration of the study drugs.

4. Discussion

The purpose of this systematic review was to summarise and evaluate
the published RCTs that administered CBD to participants with neuro-
developmental disorders. We examined the characteristics and out-
comes of nine published RCTs. Despite implementing strict inclusion
criteria, this small selection of literature was found to be highly varied in
terms of both participant characteristics and study design. Across all
included RCTs, ages ranged widely (children to adult participants) and
cognitive profiles were widespread, with one study focusing specifically
on participants with ID (Efron et al., 2021). Further, four studies did not
exclude participants taking concomitant medications known to interact
with GABAergic systems (Abi-Jaoude et al., 2022; Aran et al., 2021;
Efron et al., 2021; Fairhurst et al., 2020). Treatment characteristics (i.e.,
dose, administration route/method, and phyto-cannabinoid ratios) were
highly variable across the included trials.

The material disparity in treatment characteristics across the
included RCTs is problematic. It is well-recognised that the pharma-
cology of both THC and CBD is multifarious - both phyto-cannabinoids
exert effects via multiple pathways (Almeida and Devi, 2020; Samarut
et al., 2019). The inclusion of studies that have used a combination of
THC and CBD impedes the designation of outcomes to CBD-related
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effects alone, as identified effects in these studies could instead be driven
by THC or a combination of both compounds. Furthermore, THC and
CBD have been postulated to have synergistic (Samarut et al., 2019) and
antagonistic effects on one another (Ishak et al., 2018).

Dosage regimens also varied considerably across trials. While indi-
vidually allocated (i.e., weight-based) CBD dosage is accepted, it poses
challenges in reaching comparable clinical outcomes across participants
and population groups. The anxiolytic effects of CBD can draw a bell-
shaped dose-response curve, suggesting that dosage, as well as admin-
istration method/route are a complex yet critical factors for clinical
trials involving this compound (Blessing et al., 2015; Linares et al.,
2019). The selected primary and secondary outcome measures were also
inconsistent across the nine trials, as were reporting standards, with
some reporting subscale outcomes as opposed to total scores (Efron
et al., 2021). This inconsistency prevents comparison of identical
outcome measures across trials.

Broad age ranges (Abi-Jaoude et al., 2022; Cooper et al., 2017;
Pretzsch et al., 2021; Pretzsch et al., 2019a; Pretzsch et al., 2019c;
Pretzsch et al., 2019b) and functional levels within participant groups
was also evident in the majority of evaluated trials. Examining chronic
CBD administration in ASD children without concomitant ID may assist
in isolating subgroups that share responses to the treatment. Further,
five of the included studies did not involve neurotypical control groups.
Neurotypical population comparisons may valuably highlight di-
vergences in etiopathology between diagnostic categories. Only one
published RCT has responded to recent clinical interest in CBD for pain
and spasticity reduction in patients with demyelinating diseases, such as
multiple sclerosis. Given the limited extant research, uncertainty
regarding the efficacy of CBD in alleviating dystonia or spasticity in
CMDs remains.

The multipart investigation by Pretzsch and colleagues has contrib-
uted important preliminary data regarding the effects of acute admin-
istration of CBD and CBDV on levels of GABA and Glx. This research
identified differences in CBD responsivity between individuals with and
without ASD. Their outcomes suggest that CBD may exert differential
neurobiological effects in ASD compared to neurotypical individuals
(Pretzsch et al., 2019b). Given reduced GABA concentrations have been
identified in several cortical areas of the ASD brain (Gaetz et al., 2014;
Harada et al., 2011; Puts et al., 2017; Rojas et al., 2014), this finding
prompts the need for further inquiry into CBD’s effects in ASD. However,
these studies did not explore extended CBD administration on brain
function or behavior, and therefore, it is unknown whether acute brain
changes predict longer-term neurophysiological responses. Further, the
investigation employed very small sample sizes. Such underpowered
investigations are unlikely to adequately account for the high degree of
heterogeneity known to be present in ASD (Masi et al., 2017). Other
investigations probing long-term effects of CBD in ASD have not incor-
porated functional neuroimaging techniques to comprehensively
examine brain-behavior relationships (Aran et al., 2021; Bar-Lev
Schleider et al., 2019). Future work combining imaging and/or neuro-
analytic methods with clinical and behavioral measures is likely to be
critical for gaining a deeper understanding of the effects of CBD in
neurodevelopmental disorders.

This review has highlighted that the benefit of whole-plant extracts
compared to isolates of cannabis remains uncertain. Aran et al. (2021)
explored two phyto-cannabinoids, a whole-plant cannabis extract with a
20:1 CBD:THC ratio and a purified treatment with the same CBD:THC
ratio, but lacking the additional terpenes, flavonoids, and minor can-
nabinoids. Terpenes have been postulated to contribute to the overall
effect of cannabinoids (Ferber et al.,, 2020). Aran et al. (2021)
acknowledged that while whole-plant cannabis extracts, but not pure
cannabinoids, were able to decrease ASD-related disruptive behaviors
(CGI-I) and autism symptom severity (SRS-2), relative to placebo, their
findings were not sufficient to affirm an optimal ‘entourage’ effect across
cannabis strains with the same CBD:THC ratio.
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4.1. Observational studies

Observational and retrospective reports have also attempted to
elucidate the efficacy and safety profile of CBD in neurodevelopmental
disorders. They may serve to inform more reliable research methods like
RCT assessments. Not meeting inclusion criteria for this review, Libzon
et al. (2018) conducted a pilot study in children with complex motor
disorders. They administered an CBD-enriched 5 % oil formulation
(CBD:THC of 6:1 and 20:1), measuring severity of dystonia and spas-
ticity, motor function ability, and quality of life. All participants
demonstrated mood and appetite improvement, and participants
receiving their 20:1 product demonstrated improved constipation,
whereas subjects treated with their THC:CBD (6:1) product demon-
strated sleep improvement (Libzon et al., 2018).

Anecdotal reports suggest that individuals with ADHD experience
fewer cognitive impairments following cannabis use than other sub-
groups, alongside symptom reduction (Cooper et al., 2017; D’Souza
et al., 2008; Harty et al., 2015). These reports are unsubstantiated and
complex due to the likely variability in cannabinoid ratios (including
THC and CBD) by self-reporting participants (Harty et al., 2015). While
findings from the pilot RCT conducted by Cooper et al. (2017) support
the potential benefits of cannabis self-medication in ADHD (Stueber and
Cuttler, 2022), their findings highlight the pressing demand for further
CBD and ECS research for this population. In contrast to the results from
the RCT by Cooper et al. (2017), Strohbeck-Kuehner et al. (2008) pro-
vide an uncontrolled collection of clinical reports from 30 treatment-
resistant ADHD patients reporting that medicinal cannabis is an effec-
tive and well-tolerated treatment (Strohbeck-Kuehner et al., 2008).

Heussler et al. (2022) conducted a notable open-label assessment of
transdermal CBD gel (ZYN002) in 20 children and adolescents with a
diagnosis of Fragile X Syndrome. The gel was administered twice daily
and titrated from 50 mg to 250 mg across the 12-week duration of the
trial. The Anxiety, Depression, and Mood Scale (ADAMS) served as the
primary outcome measure and was administered at initial screening and
again at week 12. The Aberrant Behavior Checklist - Community for FXS
(ABC-C FXS), Pediatric Anxiety Rating Scale (PARS-R), Pediatric Quality
of Life Inventory (PedsQLTM), three Visual Analogue Scales (VAS), and
the Clinical Global Impression Scale - Severity (CGI—S) and Improve-
ment (CGI—I) served as secondary outcomes. At week 12, a statistically
significant reduction was recorded in all ADAMS subscales except
depressed mood, all ABC-C FXS subscale scores, PARS-R total severity
score, and PedsQL total score (Heussler et al., 2022).

4.2. Current randomised controlled trials

Thirteen RCTs involving chronic administration of CBD in partici-
pants with diagnosed neurodevelopmental disorders are currently un-
derway (ANZCTR.org.au, ClinicalTrials.gov). They are summarised in
Table 3. While study designs do differ, with treatment durations ranging
from 6 to 34 weeks, uniformity is becoming more apparent, with the
implementation of similar psychometric measures, particularly
observed within TS and ASD studies.

4.3. Considerations for future trials

At present, this literature review indicates that we clearly lack a
rigorous evidence base to support the clinical use of CBD in neuro-
developmental disorders. Research into CBD for neurodevelopmental
disorders will benefit from large multi-site clinical RCTs with analogous
experimental design, methodology, and treatment characteristics.
Establishing targeted pharmaceutical interventions for specific domains
of functioning and disorders is challenging, however, as symptom-
atology arises from varied etiological pathways. Heterogeneity across
symptom profiles also complicates the process of establishing reliable
biological markers that directly reflect behavioral improvements, and
unanimous outcome measures used across clinical trials are yet to be

Pharmacology, Biochemistry and Behavior 230 (2023) 173607

established (Brugha et al., 2015). Future trials should endeavour to
standardise aspects related to the treatment drug. For instance, estab-
lishing consistent administration duration (i.e., acute or chronic),
dosage regimens, route of administration (e.g., oral capsule, oil, vapour
inhalation), and trial duration will be important. Further to this,
consensus regarding CBD:THC ratio, and whether to administer whole-
plant extract or an isolate will also assist in reducing the tremendous
variability across trials.

Long-term effects of prolonged medical cannabinoid usage on the
developing brain remains uncertain. Exposure to THC during adoles-
cence can detrimentally impact neural connectivity and functions
related to alertness, self-awareness, learning, memory, and executive
function (Smiarowska et al., 2022; Volkow et al., 2014). Daily THC use
has been linked to an increased risk of psychotic disorders (Di Forti et al.,
2019; Marconi et al., 2016) and nonpsychotic bipolar disorder (Jefsen
etal., 2023). However, attributing risk of these disorders to cannabis use
is challenging as establishing direct causality in such studies is not
possible (Volkow et al., 2014). CBD is generally well-tolerated and does
not engender the same risk profile as THC (Devinsky et al., 2016; Iffland
and Grotenhermen, 2017). Adverse effects associated with CBD
including sleepiness, fatigue, diarrhea, and liver harm are uncommon
(Bergamaschi et al., 2011a). Considering their divergent safety profiles,
it is necessary to differentiate between CBD and THC when studying
their potential long-term effects including psychosis risk.

Neurobiological theories that explain phenotypic subdomains asso-
ciated with neurodevelopmental disorders are receiving increasing
attention, such as the E/I hypothesis (Sohal and Rubenstein, 2019) and
ECS dysregulation (Aran et al., 2019b; Schultz and Siniscalco, 2019).
The E/I imbalance theory of ASD suggests hyper-glutamatergic or hypo-
GABAergic signaling occurs across brain regions and networks that are
involved in language, social interaction, and multisensory perception
(Harada et al., 2011; Rubenstein, 2010). Thus, a symptom-specific
approach may be of particular benefit to neurodevelopmental disorder
subgroups. Given the shared prevalence of certain phenotypic profiles
across neurodevelopmental disorders, it may allow related findings (i.e.,
comparable symptom-specific measures) to be linked across diagnostic
categories. This approach may be more sensitive in informing targeted
treatment options for specific behavioral challenges, rather than for
general diagnostic constructs.

A symptom-specific approach can also be employed to probe
neurobiological effects following CBD treatment. Phenotypic sub-
domains like social processing difficulties, common to both ASD and
ADHD profiles, have been hypothesised to arise from similar neural
circuitry irrespective of diagnosis (Di Martino et al., 2013; Gellner et al.,
2021). Associations between altered E/I circuitry in the posterior su-
perior temporal sulcus (pSTS), temporoparietal junction (TPJ), amyg-
dala, and prefrontal cortex (PFC) (Cochran et al., 2015; Ford et al., 2017;
Tebartz van Elst et al., 2014) and social difficulties (Ford et al., 2017;
Guo et al., 2019) suggest that CBD may alter GABAergic signaling in
these brain regions, while also ameliorating social difficulties (Berga-
maschi et al., 2011b; Kaplan et al., 2017). Employing concurrent mea-
sures of brain function and behavior may improve the current
understanding of neurobiological mechanisms underlying key symp-
toms associated with neurodevelopmental disorders.

While lacking in scientific control and reproducibility compared with
RCTs, naturalistic observational studies may also be a suitable avenue
for exploring CBD in neurodevelopmental disorders. Their flexibility
and external validity may be of particular value when exploring under-
researched pharmaceuticals that are increasingly prescribed. Consistent
selection of standardised psychometric measures, alongside similar
reporting styles, will also greatly support broad evaluation of CBD effi-
cacy. There is also scope for research involving chronic CBD adminis-
tration to clarify whether neurophysiological, neuroimaging, or neuro-
analytic methods can detect neurochemical responses to longer-term
intervention (Sagar et al., 2021). Finally, long-term tolerability of CBD
in children lacks sufficient inquiry (Aran et al., 2021).
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Table 3
Current trials.
Trial ID Recruitment Trial location Enrollment Clinical Age Treatment/s Treatment Study phase Primary
status / estimated indication range duration and design outcome
enrollment (years)
NCT05219370 Recruiting Be’er Ya’aqov, 244 Attention- >18 - CBD rich oil 1 month Phase 2, Test of Variables
Israel deficit - CBG rich oil randomised, of Attention
hyperactivity - CBD and parallel (TOVA)
disorder CBG rich oil assignment
NCT03087201 Completed - Aachen, 98 Tourette >18 Sativex, THC: 13 weeks Phase 3, Yale Global Tic
Germany Syndrome CBD, 1:1 randomised, Severity Scale
- Cologne, (‘Nabiximols’) parallel (YGTSS)
Germany assignment
- Freiburg,
Germany
- Hannover,
Germany
- Luebeck,
Germany
- Munich,
Germany
ACTRN12618000545268 Completed Queensland, 22 Tourette 18-70 Oral THC: 6 weeks Phase 2, YGTSS
Australia Syndrome CBD, 1:1 randomised,
crossover
assignment
NCT05184478 Recruiting Victoria, 10 Tourette 12-18 Oral THC:CBD 10 weeks Phase 1/2, - Study
Australia Syndrome 10:15 randomised, medication
crossover tolerance
assignment - Parental
questionnaires
- Self-report
questionnaires
NCT05212493 Active, not Zerifin, Israel 128 Autism 5-25 - Seach CBD: 6 months Phase 3, - Metabolite
recruiting Spectrum THC 10:1 randomised, blood levels
Disorder oil parallel - Conners
- Candoc assignment Questionnaire
CBD:THC
20:1 oil
NCT04520685 Recruiting Colorado, United 70 Autism 5-17 Oral CBD 27 weeks Phase 2, Aberrant
States Spectrum (100 mg/ml) randomised, Behavior
Disorder crossover Checklist — 2nd
assignment Edition (ABC-2)
NCT05015439 Not yet Maryland, United 40 Autism >18 Oral CBD 14 weeks Phase 1, ABC-2
recruiting States Spectrum randomised,
Disorder parallel
assignment
NCT04745026 Recruiting - London, United 160 Autism 6-17 CBD oil 12 weeks Phase 2, - ABC-2
Kingdom Spectrum (Epidiolex) randomised, - Vineland
- Glasgow, Disorder parallel Adaptive
United assignment Behavior
Kingdom Scales-3
- Sabadell, Spain (VABS-3)
- Barcelona, Scores
Spain - Clinical Global
- Ontario, Impression
Canada Improvement
- Ontario, (CGI—D)
Canada Scores
- Brisbane, - Clinical Global
Australia Impression
- Washington, Severity
United States (CGI—S)
- Texas, United Scores
States
- Ohio, United
States
- New York,
United States
- Massachusetts,

United States

Florida, United

States

California,

United States

- Arizona,
United States

(continued on next page)
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Table 3 (continued)

Trial ID Recruitment Trial location Enrollment Clinical Age Treatment/s Treatment Study phase Primary
status / estimated indication range duration and design outcome
enrollment (years)
ACTRN12622000437763 Recruiting Victoria, 34 Autism 5-12 Oral CBD:THC 12 weeks Phase 2, Social
Australia Spectrum 20:1 randomised, Responsiveness
Disorder (Medigrowth crossover Scale — 2
CBD100) assignment
NCT04821856 Recruiting - Victoria, 140 Intellectual 6-18 Oral CBD 10 weeks Phase 2, ABC-2
Australia Disability and randomised,
- New South Severe parallel
Wales, Behavioral assignment
Australia Problems
NCT04977986 Recruiting - California, 204 Fragile X 3-17 Transdermal 18 weeks Phase 3, Aberrant
United States Syndrome CBD gel randomised, Behavior
- Florida, United (ZYN002) parallel Checklist-
States assignment Community
- Georgia, Fragile X Factor
United States Structure (ABC-
- Illinois, United C FXS)
States
- Maryland,
United States
- Massachusetts,
United States
- Minnesota,
United States
- Mississippi,

United States
New Jersey,
United States
- New York,
United States
North Carolina,
United States
Ohio, United
States
Oklahoma,
United States
Pennsylvania,
United States
- South Carolina,
United States
Texas, United
States
Utah, United
States
Washington,
United States
New South
Wales, Straliaia
- Queensland,

Australia
- Victoria,
Australia
Dublin, Ireland
Leicester,
United
Kingdom
London, United
Kingdom

- Manchester,
United
Kingdom

NCT03614663 Completed - Arizona, 202 Fragile X 3-17 Transdermal 12 weeks Phase 3, ABC-C FXS
United States Syndrome CBD gel randomised,
California, (ZYN002) parallel
United States assignment
Colorado,
United States
Georgia,
United States
- Illinois, United
States
Maryland,
United States
Massachusetts,
United States

(continued on next page)
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Table 3 (continued)
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Enrollment
/ estimated
enrollment

Trial ID Recruitment Trial location

status

Clinical
indication

Treatment
duration

Age Treatment/s
range

(years)

Study phase
and design

Primary
outcome

New Jersey,
United States
New York,
United States
North Carolina,
United States
Ohio, United
States
- Oklahoma,
United States
Pennsylvania,
United States
South Carolina,
United States
Washington,
United States
- New South
Wales, Straliaia
- Queensland,
Australia
Victoria,
Australia
Wellington,
New Zealand
California,
United States
Colorado,
United States
- Georgia,
United States
Towa, United
States
Kansas, United
States
Maryland,
United States
Massachusetts,
United States
- New York,
United States
Ohio, United
States
Pennsylvania,
United States
Tennessee,
United States
- Texas, United
States
- Utah, United
States
Washington,
United States

NCT05098509 Active, not 220

recruiting

Prader-Willi
Syndrome

8-65 Oral CBD

(RADO11)

34 weeks Phase 2/3,
randomised,
parallel

assignment

Hyperplagia
(HQ-CT)
Questionnaire

5. Conclusion

This systematic review provides a timely critical examination of the
published RCTs investigating CBD as a therapeutic intervention for
neurodevelopmental disorder subgroups. We have highlighted encour-
aging, preliminary evidence for the compound’s potential in improving
specific difficulties associated with these populations, although indi-
vidual outcomes were not comparable across the small and varied
collection of published trials. We identify that the lack of rigorous
testing (i.e., comprehensive RCTs) leaves some uncertainty regarding
the reality of CBD as a viable therapeutic option for neurodevelopmental
disorders. While the extant literature highlights several promising
findings, the suitability of CBD in ameliorating core symptom domains
across neurodevelopmental disorders is far from resolute, with scope for
improvement in establishing more consistent research methodology and
larger sample sizes. Participant profiles, study designs, outcome mea-
sures, and active treatment properties differ substantially across the

11

trials explicated in this review. It is a distinctly critical moment for re-
searchers investigating CBD as a viable pharmacological intervention for
symptoms associated with neurodevelopmental disorders. To fully un-
derstand the therapeutic potential of CBD there will need to be consid-
erable movement on the current state of evidence. The urgent need for
large multi-site RCTs is uncontroversial. This approach would allow for
specific symptom domains to be rigorously probed. To improve options
for individuals facing complex neurodevelopmental challenges, the
existing anecdotal and observational evidence must be empirically
validated by RCTs with standardised treatment characteristics and
methodology.
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Appendix A

Search syntax for meta-analysis (Medline, PsycInfo, CINAHL
complete)

TI “Neurodevelopmental disorder” OR TI “Neurodevelopment*” OR
TI “autism*” OR TI “autism spectrum disorder*” OR TI “autism spectrum
condition*” OR TI “autistic disorder” OR TI “Asperg*” OR TI “ASD” OR
TI “attention deficit hyperactivity disorder” OR TI “attention-deficit/
hyperactivity disorder” OR TI “attention deficit disorder with hyperac-
tivity” OR TI “attention deficit hyperactivity” OR TI “ADHD” OR TI
“Attention Deficit Disorder with Hyperactivity” OR TI “ADDH” OR TI
“ADD” OR TI “ADHS” OR TI “Hyperkinesis” OR TI “hyperactivity” OR TI
“inattention” OR TI “Tourette’s syndrome” OR TI “Tourette syndrome”
OR TI “Tourette*” OR TI “Tic disorder” OR TI “Tic*”” OR TI “TS” OR TI
“complex motor disorders” OR TI “dyspraxia” OR TI “learning disorders”
OR TI “learning disability” OR TI “intellectual disability” OR TI
“Developmental Language Disorder” OR TI “DLD” OR TI “Specific Lan-
guage Impairment” OR TI “SLI” OR TI “Dyslexia” OR TI “Dyscalculia”
OR TI “Developmental coordination disorder” OR TI “Developmental co-
ordination disorder” OR TI “DCD” OR TI “Stereotypic movement dis-
orders” OR TI “Apraxia of speech” OR TI “Dyspraxia of speech” OR TI
“Fragile-X syndrome” OR TI “Down syndrome” OR TI “DS” OR TI “Rett
syndrome” OR TI “Down*” OR TI “Rett*” OR TI “Hypogonadotropic
hypogonadism” OR TI “Cerebral palsy” OR TI “CP” OR TI “Fetal alcohol
syndrome” OR TI “FAS” OR TI “Minamata disease” OR TI “Conduct
disorder”

AND

TI “cannabidiol” OR TI “CBD” OR TI “cannabidivarin” OR TI “CBDV”
OR TI “medical marijuana” OR TI “medicinal marijuana” OR TI “medical
cannabis” OR TI “medicinal cannabis” OR TI “cannabinoid” OR TI
“exocannabinoid*” OR TI “phytocannabinoid*” OR TI “phyto-
cannabinoid*”.

Appendix B

Search syntax used for EMBASE

“Neurodevelopmental disorder”:ti,ab OR “Neurodevelopment*”:ti,
ab OR “autism*”:ti,ab OR “autism spectrum disorder*”:ti,ab OR “autism
spectrum condition*”:ti,ab OR“autistic disorder”:ti,ab OR “Asperg*”:ti,
ab OR “autism”:ti,ab OR “attention deficit hyperactivity disorder”:ti,ab
OR “attention-deficit/hyperactivity disorder:ti,ab OR “attention deficit
disorder with hyperactivity”:ti,ab OR “attention deficit hyperactivity”:
ti,ab OR “ADHD:ti,ab OR “Attention Deficit Disorder with Hyperac-
tivity:ti,ab OR “ADDH™:ti,ab OR “ADD”:ti,ab OR “ADHS:ti,ab OR
“Hyperkinesis™:ti,ab OR “hyperactivity”:ti,ab OR “inattention”:ti,ab OR
“Tourettes syndrome™:ti,ab OR “Tourette syndrome”:ti,ab OR
“Tourette*”:ti,ab OR “Tic disorder”:ti,ab OR “Tic*”:ti,ab OR “TS”:ti,ab
OR “complex motor disorders™:ti,ab OR “dyspraxia™:ti,ab OR “learning
disorders™:tiab OR “learning disability”:ti,ab OR “intellectual
disability:ti,ab OR “Developmental Language Disorder™:ti,ab OR
“DLD:ti,ab OR “Specific Language Impairment”:ti,ab OR “SLI":ti,ab OR
“Dyslexia™:ti,ab OR “Dyscalculia™:ti,ab OR “Developmental coordina-
tion disorder”:ti,ab OR “Developmental co-ordination disorder”:ti,ab OR
“DCD”:ti,ab OR “Stereotypic movement disorders”:ti,ab OR “Apraxia of
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speech”:ti,ab OR “Dyspraxia of speech”:ti,ab OR “Fragile-X syndrome”:
ti,ab OR “Down syndrome”:ti,ab OR “DS”:ti,ab OR “Rett syndrome”:ti,ab
OR “Down*”:ti,ab OR “Rett*”:ti,ab OR “Hypogonadotropic hypo-
gonadism”:ti,ab OR “Cerebral palsy”:ti,ab OR “CP:ti,ab OR “Fetal
alcohol syndrome™:ti,ab OR “FAS™:ti,ab OR “Minamata disease”:ti,ab OR
“Conduct disorder”:ti,ab

AND

“Cannabidiol”:ti,ab OR “CBD”:ti,ab OR “cannabidivarin”:ti,ab OR
“CBDV”:ti,ab OR “medical marijuana”:ti,ab OR “medicinal marijuana”:
ti,ab OR “medical cannabis”:ti,ab OR “medicinal cannabis”:ti,ab OR
“cannabinoid”:ti,ab OR “exocannabinoid*”:ti,ab OR
“phytocannabinoid*”:ti,ab OR “phyto-cannabinoid*”:ti,ab.

References

Abi-Jaoude, E., Bhikram, T., Parveen, F., Levenbach, J., Lafreniere-Roula, M., Sandor, P.,
2022. A double-blind, randomised, controlled crossover trial of cannabis in adults
with tourette syndrome. Cannabis Cannabinoid Res. https://doi.org/10.1089/
can.2022.0091 cmedm.

Almeida, D.L., Devi, L.A., 2020. Diversity of molecular targets and signaling pathways for
CBD. Pharmacol. Res. Perspect. 8 (6) https://doi.org/10.1002/prp2.682.

Aran, A., Cassuto, H., Lubotzky, A., 2018. Cannabidiol based medical cannabis in
children with autism-a retrospective feasibility study (P3.318). Neurology 90.

Aran, A., Cassuto, H., Lubotzky, A., Wattad, N., Hazan, E., 2019a. Brief report:
cannabidiol-rich cannabis in children with autism spectrum disorder and severe
behavioral problems—a retrospective feasibility study. J. Autism Dev. Disord. 49 (3),
1284-1288. https://doi.org/10.1007/510803-018-3808-2.

Aran, A., Eylon, M., Harel, M., Polianski, L., Nemirovski, A., Tepper, S., Schnapp, A.,
Cassuto, H., Wattad, N., Tam, J., 2019b. Lower circulating endocannabinoid levels in
children with autism spectrum disorder. Mol. Autism 10 (1), 2. https://doi.org/
10.1186/513229-019-0256-6.

Aran, A., Harel, M., Cassuto, H., Polyansky, L., Schnapp, A., Wattad, N., Shmueli, D.,
Golan, D., Castellanos, F.X., 2021. Cannabinoid treatment for autism: a proof-of-
concept randomised trial. Mol. Autism 12 (1), 6. https://doi.org/10.1186/513229-
021-00420-2.

Bagherzadeh, Y., Nami, M.T., Chegini, H., 2012. The relationship between
endocannabinoid system and cognitive problems in autism. Iran. J. Psychiatry 7 (4),
44-45.

Bar-Lev Schleider, L., Mechoulam, R., Saban, N., Meiri, G., Novack, V., 2019. Real life
experience of medical cannabis treatment in autism: analysis of safety and efficacy.
Sci. Rep. 9 (1), 200. https://doi.org/10.1038/541598-018-37570-y.

Behl, T., Makkar, R., Sehgal, A., Singh, S., Makeen, H.A., Albratty, M., Alhazmi, H.A.,
Meraya, A.M., Bungau, S., 2022. Exploration of multiverse activities of
endocannabinoids in biological systems. Int. J. Mol. Sci. 23 (10), 5734. https://doi.
org/10.3390/ijms23105734.

Bergamaschi, M., Helena Costa Queiroz, R., Waldo Zuardi, A., Alexandre, S., Crippa, J.,
2011a. Safety and side effects of cannabidiol, a Cannabis sativa constituent. Curr.
Drug Saf. 6 (4), 237-249. https://doi.org/10.2174/157488611798280924.

Bergamaschi, M.M., Queiroz, R.H.C., Chagas, M.H.N., de Oliveira, D.C.G., De Martinis, B.
S., Kapczinski, F., Quevedo, J., Roesler, R., Schroder, N., Nardi, A.E., Martin-
Santos, R., Hallak, J.E.C., Zuardi, A.W., Crippa, J.A.S., 2011b. Cannabidiol reduces
the anxiety induced by simulated public speaking in treatment-naive social phobia
patients. Neuropsychopharmacology 36 (6), 1219-1226. https://doi.org/10.1038/
npp.2011.6.

Bilge, S., Ekici, B., 2021. CBD-enriched cannabis for autism spectrum disorder: an
experience of a single center in Turkey and reviews of the literature. J. Cannabis Res.
3 (1), 53. https://doi.org/10.1186/542238-021-00108-7.

Blessing, E.M., Steenkamp, M.M., Manzanares, J., Marmar, C.R., 2015. Cannabidiol as a
potential treatment for anxiety disorders. Neurotherapeutics 12 (4), 825-836.
https://doi.org/10.1007/s13311-015-0387-1.

Brix, M.K., Ersland, L., Hugdahl, K., Griiner, R., Posserud, M.-B., Hammar, A., Craven, A.
R., Noeske, R., Evans, C.J., Walker, H.B., Midtvedt, T., Beyer, M.K., 2015. Brain MR
spectroscopy in autism spectrum disorder—the GABA excitatory/inhibitory
imbalance theory revisited. Front. Hum. Neurosci. 9 https://doi.org/10.3389/
fnhum.2015.00365.

Brondino, N., Fusar-Poli, L., Panisi, C., Damiani, S., Barale, F., Politi, P., 2016.
Pharmacological modulation of GABA function in autism spectrum disorders: a
systematic review of human studies. J. Autism Dev. Disord. 46 (3), 825-839. https://
doi.org/10.1007/5s10803-015-2619-y.

Brugha, T.S., Doos, L., Tempier, A., Einfeld, S., Howlin, P., 2015. Outcome measures in
intervention trials for adults with autism spectrum disorders; a systematic review of
assessments of core autism features and associated emotional and behavioral
problems: outcome measures for adult autism trials. Int. J. Methods Psychiatr. Res.
24 (2), 99-115. https://doi.org/10.1002/mpr.1466.

Burstein, S., 2015. Cannabidiol (CBD) and its analogs: a review of their effects on
inflammation. Bioorg. Med. Chem. 23 (7), 1377-1385. https://doi.org/10.1016/j.
bmec.2015.01.059.

Canitano, R., Pallagrosi, M., 2017. Autism spectrum disorders and schizophrenia
spectrum disorders: excitation/inhibition imbalance and developmental trajectories.
Front. Psychiatry 8, 69. https://doi.org/10.3389/fpsyt.2017.00069.


https://doi.org/10.1089/can.2022.0091
https://doi.org/10.1089/can.2022.0091
https://doi.org/10.1002/prp2.682
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0020
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0020
https://doi.org/10.1007/s10803-018-3808-2
https://doi.org/10.1186/s13229-019-0256-6
https://doi.org/10.1186/s13229-019-0256-6
https://doi.org/10.1186/s13229-021-00420-2
https://doi.org/10.1186/s13229-021-00420-2
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0040
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0040
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0040
https://doi.org/10.1038/s41598-018-37570-y
https://doi.org/10.3390/ijms23105734
https://doi.org/10.3390/ijms23105734
https://doi.org/10.2174/157488611798280924
https://doi.org/10.1038/npp.2011.6
https://doi.org/10.1038/npp.2011.6
https://doi.org/10.1186/s42238-021-00108-7
https://doi.org/10.1007/s13311-015-0387-1
https://doi.org/10.3389/fnhum.2015.00365
https://doi.org/10.3389/fnhum.2015.00365
https://doi.org/10.1007/s10803-015-2619-y
https://doi.org/10.1007/s10803-015-2619-y
https://doi.org/10.1002/mpr.1466
https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.3389/fpsyt.2017.00069

N.-F. Parrella et al.

Canitano, R., Palumbi, R., 2021. Excitation/inhibition modulators in autism spectrum
disorder: current clinical research. Front. Neurosci. 15 (753), 274. https://doi.org/
10.3389/fnins.2021.753274.

Castillo, P.E., Younts, T.J., Chavez, A.E., Hashimotodani, Y., 2012. Endocannabinoid
signaling and synaptic function. Neuron 76 (1), 70-81. https://doi.org/10.1016/j.
neuron.2012.09.020.

Centonze, D., Bari, M., Di Michele, B., Rossi, S., Gasperi, V., Pasini, A., Battista, N.,
Bernardi, G., Curatolo, P., Maccarrone, M., 2009. Altered anandamide degradation
in attention-deficit/hyperactivity disorder. Neurology 72 (17), 1526-1527. https://
doi.org/10.1212/WNL.0b013e3181a2e8f6.

Chamakalayil, S., Strasser, J., Vogel, M., Brand, S., Walter, M., Diirsteler, K.M., 2021.
Methylphenidate for attention-deficit and hyperactivity disorder in adult patients
with substance use disorders: good clinical practice. Front. Psychiatry 11 (540), 837.
https://doi.org/10.3389/fpsyt.2020.540837.

Chin, R., Gil-Nagel, A., Mitchell, W., Patel, A.D., Perry, M.S., Weinstock, A.,

Checketts, D., Dunayevich, E., 2020. Long-term safety and efficacy of Cannabidiol
(CBD) treatment in Lennox Gastaut syndrome: Results overall and for patients
completing 1-3 years of an open-label extension (GWPCARES). Eur. J. Neurol. 27,
24.

Cochran, D.M., Sikoglu, E.M., Hodge, S.M., Edden, R.A.E., Foley, A., Kennedy, D.N.,
Moore, C.M., Frazier, J.A., 2015. Relationship among Glutamine, y-aminobutyric
acid, and social cognition in autism spectrum disorders. J. Child Adolesc.
Psychopharmacol. 25 (4), 314-322. https://doi.org/10.1089/cap.2014.0112.

Cole, E.J., Barraclough, N.E., Andrews, T.J., 2019. Reduced connectivity between
mentalizing and mirror systems in autism spectrum condition. Neuropsychologia
122, 88-97. https://doi.org/10.1016/j.neuropsychologia.2018.11.008.

Cooper, R.E., Williams, E., Seegobin, S., Tye, C., Kuntsi, J., Asherson, P., 2017.
Cannabinoids in attention-deficit/hyperactivity disorder: a randomised-controlled
trial. Eur. Neuropsychopharmacol. 27 (8), 795-808. https://doi.org/10.1016/j.
euroneuro.2017.05.005.

Dawson, D.A., 2021. Targeting the Endocannabinoid System in the Treatment of ADHD,
p. 7. https://doi.org/10.33425/2689-1077.1006.

Devinsky, O., Marsh, E., Friedman, D., Thiele, E., Laux, L., Sullivan, J., Miller, L.,
Flamini, R., Wilfong, A., Filloux, F., Wong, M., Tilton, N., Bruno, P., Bluvstein, J.,
Hedlund, J., Kamens, R., Maclean, J., Nangia, S., Singhal, N.S., Cilio, M.R., 2016.
Cannabidiol in patients with treatment-resistant epilepsy: an open-label
interventional trial. Lancet Neurol. 15 (3), 270-278. https://doi.org/10.1016/
S1474-4422(15)00379-8.

Di Forti, M., Quattrone, D., Freeman, T.P., Tripoli, G., Gayer-Anderson, C., Quigley, H.,
Rodriguez, V., Jongsma, H.E., Ferraro, L., La Cascia, C., La Barbera, D., Tarricone, I.,
Berardi, D., Szoke, A., Arango, C., Tortelli, A., Velthorst, E., Bernardo, M., Del-
Ben, C.M., Van Der Ven, E., 2019. The contribution of cannabis use to variation in
the incidence of psychotic disorder across Europe (EU-GEI): a multicentre case-
control study. Lancet Psychiatry 6 (5), 427-436. https://doi.org/10.1016/52215-
0366(19)30048-3.

Di Martino, A., Zuo, X.-N., Kelly, C., Grzadzinski, R., Mennes, M., Schvarcz, A.,
Rodman, J., Lord, C., Castellanos, F.X., Milham, M.P., 2013. Shared and distinct
intrinsic functional network centrality in autism and attention-deficit/hyperactivity
disorder. Biol. Psychiatry 74 (8), 623-632. https://doi.org/10.1016/j.
biopsych.2013.02.011.

D’Onofrio, G., Kuchenbuch, M., Hachon-Le Camus, C., Desnous, B., Staath, V., Napuri, S.,
Ville, D., Pedespan, J.M, Lépine, A., Cances, C., de Saint-Martin, A., Teng, T.,
Chemaly, N., Milh, M., Villeneuve, N., Nabbout, R., 2020. Slow titration of
cannabidiol add-on in drug-resistant epilepsies can improve safety with maintained
efficacy in an open-label study. Front. Neurol. 11, 829. https://doi.org/10.3389/
fneur.2020.00829.

Doyle, C.A., McDougle, C.J., 2012. Pharmacologic treatments for the behavioral
symptoms associated with autism spectrum disorders across the lifespan. Dialogues
Clin. Neurosci. 14 (3), 263-279. https://doi.org/10.31887/DCNS.2012.14.3/cdoyle.

D’Souza, D.C, Ranganathan, M., Braley, G., Gueorguieva, R., Zimolo, Z., Cooper, T.,
Perry, E., Krystal, J., 2008. Blunted psychotomimetic and amnestic effects of delta-9-
tetrahydrocannabinol in frequent users of cannabis. Neuropsychopharmacology 33
(10), 2505-2516. https://doi.org/10.1038/sj.npp.1301643.

Eddy, C.M., Rickards, H.E., Cavanna, A.E., 2011. Treatment strategies for tics in Tourette
syndrome. Ther. Adv. Neurol. Disord. 4 (1), 25-45. https://doi.org/10.1177/
1756285610390261.

Efron, D., Freeman, J.L, Cranswick, N., Payne, J.M., Mulraney, M., Prakash, C., Lee, K.J,
Taylor, K., Williams, K., 2021. A pilot randomised placebo-controlled trial of
cannabidiol to reduce severe behavioural problems in children and adolescents with
intellectual disability. Br. J. Clin. Pharmacol. 87 (2), 436-446. https://doi.org/
10.1111/bcp.14399.

Fairhurst, C., Kumar, R., Checketts, D., Tayo, B., Turner, S., 2020. Efficacy and safety of
nabiximols cannabinoid medicine for paediatric spasticity in cerebral palsy or
traumatic brain injury: A randomized controlled trial. Dev. Med. Child Neurol. 62
(9), 1031-1039. https://doi.org/10.1111/dmen.14548.

Ferber, S.G., Namdar, D., Hen-Shoval, D., Eger, G., Koltai, H., Shoval, G., Shbiro, L.,
Weller, A., 2020. The “ entourage effect”: terpenes coupled with cannabinoids for the
treatment of mood disorders and anxiety disorders. Curr. Neuropharmacol. 18 (2),
87-96. https://doi.org/10.2174/1570159X17666190903103923.

Ford, T.C., Crewther, D.P., 2014. Factor analysis demonstrates a common schizoidal
phenotype within autistic and schizotypal tendency: implications for neuroscientific
studies. Front. Psychiatry 5. https://doi.org/10.3389/fpsyt.2014.00117.

Ford, T.C., Nibbs, R., Crewther, D.P., 2017. Increased glutamate/GABA+ ratio in a
shared autistic and schizotypal trait phenotype termed social disorganisation.
Neurolmage Clin. 16, 125-131. https://doi.org/10.1016/j.nicl.2017.07.009.

13

Pharmacology, Biochemistry and Behavior 230 (2023) 173607

Gaetz, W., Bloy, L., Wang, D.J., Port, R.G., Blaskey, L., Levy, S.E., Roberts, T.P.L., 2014.
GABA estimation in the brains of children on the autism spectrum: measurement
precision and regional cortical variation. NeuroImage 86, 1-9. https://doi.org/
10.1016/j.neuroimage.2013.05.068.

Gao, R., Penzes, P., 2015. Common mechanisms of excitatory and inhibitory imbalance
in schizophrenia and autism spectrum disorders. Curr. Mol. Med. 15 (2), 146-167.
https://doi.org/10.2174/1566524015666150303003028.

Gellner, A.K., Voelter, J., Schmidt, U., Beins, E.C., Stein, V., Philipsen, A., Hurlemann, R.,
2021. Molecular and neurocircuitry mechanisms of social avoidance. Cell. Mol. Life
Sci. 78 (4), 1163-1189. https://doi.org/10.1007/s00018-020-03649-x.

Gunasekera, B., Davies, C., Martin-Santos, R., Bhattacharyya, S., 2020. The Yin and Yang
of cannabis: a systematic review of human neuroimaging evidence of the differential
effects of A9-tetrahydrocannabinol and cannabidiol. Biol. Psychiatry: Cogn.
Neurosci. Neuroimaging. https://doi.org/10.1016/j.bpsc.2020.10.007.
$2451902220303116.

Guo, X., He, C., Duan, X., Han, S., Xiao, J., Chen, H., 2019. Aberrant functional
connectivity dynamics of superior temporal sulcus and its associations with GABA
genes expression in autism. In: Proceedings of the Third International Conference on
Medical and Health Informatics 2019 - ICMHI 2019, pp. 21-25. https://doi.org/
10.1145/3340037.3340049.

Han, S., Tai, C., Westenbroek, R.E., Yu, F.H., Cheah, C.S., Potter, G.B., Rubenstein, J.L.,
Scheuer, T., de la Iglesia, H.O., Catterall, W.A., 2012. Autistic-like behavior in Scnla
+/— mice and rescue by enhanced GABA-mediated neurotransmission. Nature 489
(7416), 385-390. https://doi.org/10.1038/naturel1356.

Han, S., Tai, C., Jones, C.J., Scheuer, T., Catterall, W.A., 2014. Enhancement of
inhibitory neurotransmission by GABA A receptors having o 2,3 -subunits
ameliorates behavioral deficits in a mouse model of autism. Neuron 81 (6),
1282-1289. https://doi.org/10.1016/j.neuron.2014.01.016.

Harada, M., Taki, M.M., Nose, A., Kubo, H., Mori, K., Nishitani, H., Matsuda, T., 2011.
Non-invasive evaluation of the GABAergic/glutamatergic system in autistic patients
observed by MEGA-editing proton MR spectroscopy using a clinical 3 Tesla
instrument. J. Autism Dev. Disord. 41 (4), 447-454. https://doi.org/10.1007/
$10803-010-1065-0.

Hariton, E., Locascio, J.J., 2018. Randomised controlled trials - the gold standard for
effectiveness research: Study design: randomised controlled trials. BJOG Int. J.
Obstet. Gynaecol. 125 (13), 1716. https://doi.org/10.1111/1471-0528.15199.

Harty, S.C., Pedersen, S.L., Gnagy, E.M., Pelham, W.E., Molina, B.S.G., 2015. ADHD and
marijuana-use expectancies in young adulthood. Subst. Use Misuse 50 (11),
1470-1478. https://doi.org/10.3109/10826084.2015.1018545.

Heussler, H., Cohen, J., Silove, N., Tich, N., Bonn-Miller, M.O., Du, W., O’Neill, C.,
Sebree, T., 2019. A phase 1/2, open-label assessment of the safety, tolerability, and
efficacy of transdermal cannabidiol (ZYN002) for the treatment of pediatric fragile X
syndrome. J. Neurodev. Disord. 11 (1), 16. https://doi.org/10.1186/s11689-019-
9277-x.

Heussler, H., Cohen, J., Buchanan, C., O’Neill, C., Sebree, T., O’Quinn, S., 2022. An open-
label, tolerability and efficacy study of ZYN0O2 (cannabidiol) administered as a
transdermal gel to children and adolescents with 22Q11.2 deletion syndrome
(INSPIRE). J. Intellect. Disabil. Res. 66 (8-9), 672. Embase. https://doi.org/
10.1111/jir.12962.

Ibarra-Lecue, 1., Pilar-Cuéllar, F., Muguruza, C., Florensa-Zanuy, E., Diaz, A., Urigtien, L.,
Castro, E., Pazos, A., Callado, L.F., 2018. The endocannabinoid system in mental
disorders: evidence from human brain studies. Biochem. Pharmacol. 157, 97-107.
https://doi.org/10.1016/j.bcp.2018.07.009.

Ibeas Bih, C., Chen, T., Nunn, A.V.W., Bazelot, M., Dallas, M., Whalley, B.J., 2015.
Molecular targets of cannabidiol in neurological disorders. Neurotherapeutics 12 (4),
699-730. https://doi.org/10.1007/513311-015-0377-3.

Iberstadt, F., 2012. Qb Test Technical Manual. Qbtech AB, Stockholm, Sweden.

Iffland, K., Grotenhermen, F., 2017. An update on safety and side effects of cannabidiol: a
review of clinical data and relevant animal studies. Cannabis Cannabinoid Res. 2 (1),
139-154. https://doi.org/10.1089/can.2016.0034.

Ishak, W.W., Dang, J., Clevenger, S., Cohen, S., Kagan, M., 2018. Potential Cannabis
Antagonists for Marijuana Intoxication, p. 9. https://doi.org/10.47739/2578-3777/
1120.

Jefsen, O.H., Erlangsen, A., Nordentoft, M., Hjorthgj, C., 2023. Cannabis use disorder and
subsequent risk of psychotic and nonpsychotic unipolar depression and bipolar
disorder. JAMA Psychiatry. https://doi.org/10.1001/jamapsychiatry.2023.1256.

Kaplan, J.S., Stella, N., Catterall, W.A., Westenbroek, R.E., 2017. Cannabidiol attenuates
seizures and social deficits in a mouse model of Dravet syndrome. Proc. Natl. Acad.
Sci. 114 (42), 11,229-11,234. https://doi.org/10.1073/pnas.1711351114.

Karhson, D.S., Hardan, A.Y., Parker, K.J., 2016. Endocannabinoid signaling in social
functioning: An RDoC perspective. Transl. Psychiatry 6 (9), e905. https://doi.org/
10.1038/tp.2016.169.

Karhson, D.S., Krasinska, K.M., Dallaire, J.A., Libove, R.A., Phillips, J.M., Chien, A.S.,
Garner, J.P., Hardan, A.Y., Parker, K.J., 2018. Plasma anandamide concentrations
are lower in children with autism spectrum disorder. Mol. Autism 9, 18.

Kerr, D.M., Downey, L., Conboy, M., Finn, D.P., Roche, M., 2013. Alterations in the
endocannabinoid system in the rat valproic acid model of autism. Behav. Brain Res.
249, 124-132. https://doi.org/10.1016/j.bbr.2013.04.043.

Kolar, D., Keller, A., Golfinopoulos, M., Cumyn, L., Syer, C., Hechtman, L., 2008.
Treatment of adults with attention-deficit/hyperactivity disorder. Neuropsychiatr.
Dis. Treat. 4 (2), 389-403. https://doi.org/10.2147/ndt.s6985.

Krinzinger, H., Hall, C.L., Groom, M.J., Ansari, M.T., Banaschewski, T., Buitelaar, J.K.,
Carucci, S., Coghill, D., Danckaerts, M., Dittmann, R.W., Falissard, B., Garas, P.,
Inglis, S.K., Kovshoff, H., Kochhar, P., McCarthy, S., Nagy, P., Neubert, A.,
Roberts, S., Liddle, E.B., 2019. Neurological and psychiatric adverse effects of long-


https://doi.org/10.3389/fnins.2021.753274
https://doi.org/10.3389/fnins.2021.753274
https://doi.org/10.1016/j.neuron.2012.09.020
https://doi.org/10.1016/j.neuron.2012.09.020
https://doi.org/10.1212/WNL.0b013e3181a2e8f6
https://doi.org/10.1212/WNL.0b013e3181a2e8f6
https://doi.org/10.3389/fpsyt.2020.540837
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0120
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0120
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0120
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0120
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0120
https://doi.org/10.1089/cap.2014.0112
https://doi.org/10.1016/j.neuropsychologia.2018.11.008
https://doi.org/10.1016/j.euroneuro.2017.05.005
https://doi.org/10.1016/j.euroneuro.2017.05.005
https://doi.org/10.33425/2689-1077.1006
https://doi.org/10.1016/S1474-4422(15)00379-8
https://doi.org/10.1016/S1474-4422(15)00379-8
https://doi.org/10.1016/S2215-0366(19)30048-3
https://doi.org/10.1016/S2215-0366(19)30048-3
https://doi.org/10.1016/j.biopsych.2013.02.011
https://doi.org/10.1016/j.biopsych.2013.02.011
https://doi.org/10.3389/fneur.2020.00829
https://doi.org/10.3389/fneur.2020.00829
https://doi.org/10.31887/DCNS.2012.14.3/cdoyle
https://doi.org/10.1038/sj.npp.1301643
https://doi.org/10.1177/1756285610390261
https://doi.org/10.1177/1756285610390261
https://doi.org/10.1111/bcp.14399
https://doi.org/10.1111/bcp.14399
https://doi.org/10.1111/dmcn.14548
https://doi.org/10.2174/1570159X17666190903103923
https://doi.org/10.3389/fpsyt.2014.00117
https://doi.org/10.1016/j.nicl.2017.07.009
https://doi.org/10.1016/j.neuroimage.2013.05.068
https://doi.org/10.1016/j.neuroimage.2013.05.068
https://doi.org/10.2174/1566524015666150303003028
https://doi.org/10.1007/s00018-020-03649-x
https://doi.org/10.1016/j.bpsc.2020.10.007
https://doi.org/10.1145/3340037.3340049
https://doi.org/10.1145/3340037.3340049
https://doi.org/10.1038/nature11356
https://doi.org/10.1016/j.neuron.2014.01.016
https://doi.org/10.1007/s10803-010-1065-0
https://doi.org/10.1007/s10803-010-1065-0
https://doi.org/10.1111/1471-0528.15199
https://doi.org/10.3109/10826084.2015.1018545
https://doi.org/10.1186/s11689-019-9277-x
https://doi.org/10.1186/s11689-019-9277-x
https://doi.org/10.1111/jir.12962
https://doi.org/10.1111/jir.12962
https://doi.org/10.1016/j.bcp.2018.07.009
https://doi.org/10.1007/s13311-015-0377-3
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0280
https://doi.org/10.1089/can.2016.0034
https://doi.org/10.47739/2578-3777/1120
https://doi.org/10.47739/2578-3777/1120
https://doi.org/10.1001/jamapsychiatry.2023.1256
https://doi.org/10.1073/pnas.1711351114
https://doi.org/10.1038/tp.2016.169
https://doi.org/10.1038/tp.2016.169
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0315
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0315
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0315
https://doi.org/10.1016/j.bbr.2013.04.043
https://doi.org/10.2147/ndt.s6985

N.-F. Parrella et al.

term methylphenidate treatment in ADHD: A map of the current evidence. Neurosci.
Biobehav. Rev. 107, 945-968. https://doi.org/10.1016/j.neubiorev.2019.09.023.

Kwan Cheung, K.A., Mitchell, M.D., Heussler, H.S., 2021. Cannabidiol and
neurodevelopmental disorders in children. Front. Psychiatry 12, 643442. https://
doi.org/10.3389/fpsyt.2021.643442.

Laprairie, R.B., Bagher, A.M., Kelly, M.E.M., Denovan-Wright, E.M., 2015. Cannabidiol is
a negative allosteric modulator of the cannabinoid CB ; receptor: Negative allosteric
modulation of CB ; by cannabidiol. Br. J. Pharmacol. 172 (20), 4790-4805. https://
doi.org/10.1111/bph.13250.

Larsen, C., Shahinas, J., 2020. Dosage, efficacy and safety of cannabidiol administration
in adults: a systematic review of human trials. J. Clin. Med. Res. 12 (3), 129-141.
https://doi.org/10.14740/jocmr4090.

Lazarini-Lopes, W., Do Val-da Silva, R.A., da Silva-Janior, R.M.P., Silva-Cardoso, G.K.,
Leite-Panissi, C.R.A., Leite, J.P., Garcia-Cairasco, N., 2021. Chronic cannabidiol
(CBD) administration induces anticonvulsant and antiepileptogenic effects in a
genetic model of epilepsy. Epilepsy Behav. 119, 107962 https://doi.org/10.1016/j.
yebeh.2021.107962.

LeClerc, S., Easley, D., 2015. Pharmacological therapies for autism spectrum disorder: A
review. P & T 40 (6), 389-397.

Leweke, F.M., Piomelli, D., Pahlisch, F., Muhl, D., Gerth, C.W., Hoyer, C.,
Klosterkotter, J., Hellmich, M., Koethe, D., 2012. Cannabidiol enhances anandamide
signaling and alleviates psychotic symptoms of schizophrenia. Transl. Psychiatry 2
(3), e94. https://doi.org/10.1038/tp.2012.15.

Libzon, S., Schleider, L.B.-L., Saban, N., Levit, L., Tamari, Y., Linder, L., Lerman-Sagie, T.,
Blumkin, L., 2018. Medical cannabis for pediatric moderate to severe complex motor
disorders. J. Child Neurol. 33 (9), 565-571.

Linares, .M., Zuardi, A.W., Pereira, L.C., Queiroz, R.H., Mechoulam, R., Guimaraes, F.S.,
Crippa, J.A., 2019. Cannabidiol presents an inverted U-shaped dose-response curve
in a simulated public speaking test. Braz. J. Psychiatry 41 (1), 9-14. https://doi.org/
10.1590/1516-4446-2017-0015.

Lu, H.-C., Mackie, K., 2016. An introduction to the endogenous cannabinoid system. Biol.
Psychiatry 79 (7), 516-525. https://doi.org/10.1016/j.biopsych.2015.07.028.

Mackie, K., 2005. Distribution of cannabinoid receptors in the central and peripheral
nervous system. In: Pertwee, R.G. (Ed.), Cannabinoids, 168. Springer-Verlag,
pp. 299-325. https://doi.org/10.1007/3-540-26,573-2_10.

Marconi, A., Di Forti, M., Lewis, C.M., Murray, R.M., Vassos, E., 2016. Meta-analysis of
the association between the level of cannabis use and risk of psychosis. Schizophr.
Bull. 42 (5), 1262-1269. https://doi.org/10.1093/schbul/sbw003.

Marsman, A., Mandl, R.C.W., Klomp, D.W.J., Bohlken, M.M., Boer, V.O.,
Andreychenko, A., Cahn, W., Kahn, R.S., Luijten, P.R., Hulshoff Pol, H.E., 2014.
GABA and glutamate in schizophrenia: a 7 T 1H-MRS study. NeuroImage Clin. 6,
398-407. https://doi.org/10.1016/j.nicl.2014.10.005.

Masi, A., DeMayo, M.M., Glozier, N., Guastella, A.J., 2017. An overview of autism
spectrum disorder, heterogeneity and treatment options. Neurosci. Bull. 33 (2),
183-193. https://doi.org/10.1007/512264-017-0100-y.

McCracken, J.T., McGough, J., Shah, B., Cronin, P., Hong, D., Aman, M.G., Arnold, L.E.,
Lindsay, R., Nash, P., Hollway, J., McDougle, C.J., Posey, D., Swiezy, N., Kohn, A.,
Scahill, L., Martin, A., Koenig, K., Volkmar, F., Carroll, D., Lancor, A., Research Units
on Pediatric Psychopharmacology Autism Network, 2002. Risperidone in children
with autism and serious behavioral problems. N. Engl. J. Med. 347 (5), 314-321.
https://doi.org/10.1056/NEJMoa013171.

Melancia, F., Schiavi, S., Servadio, M., Cartocci, V., Campolongo, P., Palmery, M.,
Pallottini, V., Trezza, V., 2018. Sex-specific autistic endophenotypes induced by
prenatal exposure to valproic acid involve anandamide signaling. Br. J. Pharmacol.
175 (18), 3699-3712.

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., PRISMA Group, 2009. Preferred
reporting items for systematic reviews and meta-analyses: The PRISMA statement.
PLoS Med. 6 (7), e1000097. https://doi.org/10.1371/journal.pmed.1000097.

Miiller-Vahl, K.R., Bindila, L., Lutz, B., Musshoff, F., Skripuletz, T., Baumgaertel, C.,
Siihs, K.-W., 2020. Cerebrospinal fluid endocannabinoid levels in Gilles de la
Tourette syndrome. Neuropsychopharmacology 45 (8), 1323-1329. https://doi.org/
10.1038/541386-020-0671-6.

Nurmi, E.L., Spilman, S.L., Whelan, F., Scahill, L.L., Aman, M.G., McDougle, C.J.,
Arnold, L.E., Handen, B., Johnson, C., Sukhodolsky, D.G., Posey, D.J., Lecavalier, L.,
Stigler, K.A.,, Ritz, L., Tierney, E., Vitiello, B., McCracken, J.T., Research Units on
Pediatric Psychopharmacology Autism Network, 2013. Moderation of antipsychotic-
induced weight gain by energy balance gene variants in the RUPP autism network
risperidone studies. Transl. Psychiatry 3( (6), e274. https://doi.org/10.1038/
tp.2013.26.

Oblak, A.L., Gibbs, T.T., Blatt, G.J., 2011. Reduced GABAA receptors and benzodiazepine
binding sites in the posterior cingulate cortex and fusiform gyrus in autism. Brain
Res. 1380, 218-228. https://doi.org/10.1016/j.brainres.2010.09.021.

Ogundele, M.O., Morton, M., 2022. Classification, prevalence and integrated care for
neurodevelopmental and child mental health disorders: a brief overview for
paediatricians. World J. Clin. Pediatr. 11 (2), 120-135. https://doi.org/10.5409/
wjep.v11.i2.120.

Ohno-Shosaku, T., Kano, M., 2014. Endocannabinoid-mediated retrograde modulation of
synaptic transmission. Curr. Opin. Neurobiol. 29, 1-8. https://doi.org/10.1016/j.
conb.2014.03.017.

Pinkham, A.E., Hopfinger, J.B., Pelphrey, K.A,, Piven, J., Penn, D.L., 2008. Neural bases
for impaired social cognition in schizophrenia and autism spectrum disorders.
Schizophr. Res. 99 (1-3), 164-175. https://doi.org/10.1016/j.schres.2007.10.024.

Pretzsch, C.M., Voinescu, B., Lythgoe, D., Horder, J., Mendez, M.A., Wichers, R.,
Ajram, L., Ivin, G., Heasman, M., Edden, R.A.E., Williams, S., Murphy, D.G.M.,
Daly, E., McAlonan, G.M., 2019a. Effects of cannabidivarin (CBDV) on brain
excitation and inhibition systems in adults with and without Autism Spectrum

14

Pharmacology, Biochemistry and Behavior 230 (2023) 173607

Disorder (ASD): a single dose trial during magnetic resonance spectroscopy. Transl.
Psychiatry 9 (1), 313. https://doi.org/10.1038/s41398-019-0654-8.

Pretzsch, C.M., Voinescu, B., Mendez, M.A., Wichers, R., Ajram, L., Ivin, G.,

Heasman, M., Williams, S., Murphy, D.G., Daly, E., McAlonan, G.M., 2019b. The
effect of cannabidiol (CBD) on low-frequency activity and functional connectivity in
the brain of adults with and without autism spectrum disorder (ASD).

J. Psychopharmacol. 33 (9), 1141-1148. https://doi.org/10.1177/
0269881119858306.

Pretzsch, C.M., Freyberg, J., Voinescu, B., Lythgoe, D., Horder, J., Mendez, M.A.,
Wichers, R., Ajram, L., Ivin, G., Heasman, M., Edden, R.A.E., Williams, S.,
Murphy, D.G.M., Daly, E., McAlonan, G.M., 2019c. Effects of cannabidiol on brain
excitation and inhibition systems; a randomised placebo-controlled single dose trial
during magnetic resonance spectroscopy in adults with and without autism spectrum
disorder. Neuropsychopharmacology 44 (8), 1398-1405. https://doi.org/10.1038/
s41386-019-0333-8.

Pretzsch, C.M., Floris, D.L., Voinescu, B., Elsahib, M., Mendez, M.A., Wichers, R.,
Ajram, L., Ivin, G., Heasman, M., Pretzsch, E., Williams, S., Murphy, D.G.M., Daly, E.,
McAlonan, G.M., 2021. Modulation of striatal functional connectivity differences in
adults with and without autism spectrum disorder in a single-dose randomised trial
of cannabidivarin. Mol. Autism 12 (1), 49. https://doi.org/10.1186/5s13229-021-
00454-6.

Puts, N.A.J., Wodka, E.L., Harris, A.D., Crocetti, D., Tommerdahl, M., Mostofsky, S.H.,
Edden, R.A.E., 2017. Reduced GABA and altered somatosensory function in children
with autism spectrum disorder: Abnormal GABA and touch in ASD. Autism Res. 10
(4), 608-619. https://doi.org/10.1002/aur.1691.

Reiersen, A.M., Handen, B., 2011. Commentary on ‘Selective serotonin reuptake
inhibitors (SSRIs) for autism spectrum disorders (ASD)’. Evid Based Child Health 6
(4), 1082-1085. https://doi.org/10.1002/ebch.786.

Rojas, D.C., Singel, D., Steinmetz, S., Hepburn, S., Brown, M.S., 2014. Decreased left
perisylvian GABA concentration in children with autism and unaffected siblings.
Neurolmage 86, 28-34. https://doi.org/10.1016/j.neuroimage.2013.01.045.

Rubenstein, J.L., 2010. Three hypotheses for developmental defects that may underlie
some forms of autism spectrum disorder. Curr. Opin. Neurol. 23 (2), 118-123.
https://doi.org/10.1097/WCO.0b013e328336eb13.

Rubino, T., Zamberletti, E., Parolaro, D., 2015. Endocannabinoids and mental disorders.
Handb. Exp. Pharmacol. 231, 261-283. https://doi.org/10.1007/978-3-319-20825-
10.

Russo, E.B., Burnett, A., Hall, B., Parker, K.K., 2005. Agonistic properties of cannabidiol
at 5-HT1a receptors. Neurochem. Res. 30 (8), 1037-1043. https://doi.org/10.1007/
511064-005-6978-1.

Sagar, K.A., Dahlgren, M.K., Lambros, A.M., Smith, R.T., El-Abboud, C., Gruber, S.A.,
2021. An observational, longitudinal study of cognition in medical cannabis patients
over the course of 12 months of treatment: preliminary results. J. Int. Neuropsychol.
Soc. 27 (6), 648-660. https://doi.org/10.1017/51355617721000114.

Samarut, E., Nixon, J., Kundap, U.P., Drapeau, P., Ellis, L.D., 2019. Single and synergistic
effects of cannabidiol and A-9-tetrahydrocannabinol on zebrafish models of neuro-
hyperactivity. Front. Pharmacol. 10, 226. https://doi.org/10.3389/
fphar.2019.00226.

Schultz, S., Siniscalco, D., 2019. Endocannabinoid system involvement in autism
spectrum disorder: An overview with potential therapeutic applications. AIMS Mol.
Sci. 6 (1), 27-37. https://doi.org/10.3934/molsci.2019.1.27.

Selimbeyoglu, A., Kim, C.K., Inoue, M., Lee, S.Y., Hong, A.S.O., Kauvar, 1.,
Ramakrishnan, C., Fenno, L.E., Davidson, T.J., Wright, M., Deisseroth, K., 2017.
Modulation of prefrontal cortex excitation/inhibition balance rescues social
behavior in CNTNAP2 -deficient mice. Sci. Transl. Med. 9 (401), eaah6733. https://
doi.org/10.1126/scitranslmed.aah6733.

Servadio, M., Melancia, F., Manduca, A., di Masi, A., Schiavi, S., Cartocci, V.,
Pallottini, V., Campolongo, P., Ascenzi, P., Trezza, V., 2016. Targeting anandamide
metabolism rescues core and associated autistic-like symptoms in rats prenatally
exposed to valproic acid. Transl. Psychiatry 6 (9), e902. https://doi.org/10.1038/
tp.2016.182.

Shannon, S., Lewis, N., Lee, H., Hughes, S., 2019. Cannabidiol in anxiety and sleep: A
large case series. Perm. J. 23, 18-041 https://doi.org/10.7812/TPP/18-041.

Sharma, A., Shaw, S.R., 2012. Efficacy of risperidone in managing maladaptive behaviors
for children with autistic spectrum disorder: a meta-analysis. J. Pediatr. Health Care
26 (4), 291-299. https://doi.org/10.1016/j.pedhc.2011.02.008.

Silverman, J.L., Pride, M.C., Hayes, J.E., Puhger, K.R., Butler-Struben, H.M., Baker, S.,
Crawley, J.N., 2015. GABAB receptor agonist R-baclofen reverses social deficits and
reduces repetitive behavior in two mouse models of autism.
Neuropsychopharmacology 40 (9), 2228-2239. https://doi.org/10.1038/
npp.2015.66.

Smiarowska, M., Biatecka, M., Machoy-Mokrzynska, A., 2022. Cannabis and
cannabinoids: pharmacology and therapeutic potential. Neurol. Neurochir. Pol. 56
(1), 4-13. https://doi.org/10.5603/PJNNS.a2022.0015.

Sohal, V.S., Rubenstein, J.L.R., 2019. Excitation-inhibition balance as a framework for
investigating mechanisms in neuropsychiatric disorders. Mol. Psychiatry 24 (9),
1248-1257. https://doi.org/10.1038/541380-019-0426-0.

Stout, S.M., Cimino, N.M., 2014. Exogenous cannabinoids as substrates, inhibitors, and
inducers of human drug metabolizing enzymes: a systematic review. Drug Metab.
Rev. 46 (1), 86-95. https://doi.org/10.3109/03602532.2013.849268.

Strohbeck-Kuehner, P., Skopp, G., Mattern, R., 2008. Cannabis improves symptoms of
ADHD. Cannabinoids 3 (1), 1-3.

Stueber, A., Cuttler, C., 2022. Self-reported effects of cannabis on ADHD Symptoms,
ADHD medication side effects, and ADHD-related executive dysfunction. J. Atten.
Disord. 26 (6), 942-955. https://doi.org/10.1177/10870547211050949.


https://doi.org/10.1016/j.neubiorev.2019.09.023
https://doi.org/10.3389/fpsyt.2021.643442
https://doi.org/10.3389/fpsyt.2021.643442
https://doi.org/10.1111/bph.13250
https://doi.org/10.1111/bph.13250
https://doi.org/10.14740/jocmr4090
https://doi.org/10.1016/j.yebeh.2021.107962
https://doi.org/10.1016/j.yebeh.2021.107962
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0350
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0350
https://doi.org/10.1038/tp.2012.15
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0360
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0360
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0360
https://doi.org/10.1590/1516-4446-2017-0015
https://doi.org/10.1590/1516-4446-2017-0015
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1007/3&ndash;540-26,573-2_10
https://doi.org/10.1093/schbul/sbw003
https://doi.org/10.1016/j.nicl.2014.10.005
https://doi.org/10.1007/s12264-017-0100-y
https://doi.org/10.1056/NEJMoa013171
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0400
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0400
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0400
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0400
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1038/s41386-020-0671-6
https://doi.org/10.1038/s41386-020-0671-6
https://doi.org/10.1038/tp.2013.26
https://doi.org/10.1038/tp.2013.26
https://doi.org/10.1016/j.brainres.2010.09.021
https://doi.org/10.5409/wjcp.v11.i2.120
https://doi.org/10.5409/wjcp.v11.i2.120
https://doi.org/10.1016/j.conb.2014.03.017
https://doi.org/10.1016/j.conb.2014.03.017
https://doi.org/10.1016/j.schres.2007.10.024
https://doi.org/10.1038/s41398-019-0654-8
https://doi.org/10.1177/0269881119858306
https://doi.org/10.1177/0269881119858306
https://doi.org/10.1038/s41386-019-0333-8
https://doi.org/10.1038/s41386-019-0333-8
https://doi.org/10.1186/s13229-021-00454-6
https://doi.org/10.1186/s13229-021-00454-6
https://doi.org/10.1002/aur.1691
https://doi.org/10.1002/ebch.786
https://doi.org/10.1016/j.neuroimage.2013.01.045
https://doi.org/10.1097/WCO.0b013e328336eb13
https://doi.org/10.1007/978-3-319-20825-1_9
https://doi.org/10.1007/978-3-319-20825-1_9
https://doi.org/10.1007/s11064-005-6978-1
https://doi.org/10.1007/s11064-005-6978-1
https://doi.org/10.1017/S1355617721000114
https://doi.org/10.3389/fphar.2019.00226
https://doi.org/10.3389/fphar.2019.00226
https://doi.org/10.3934/molsci.2019.1.27
https://doi.org/10.1126/scitranslmed.aah6733
https://doi.org/10.1126/scitranslmed.aah6733
https://doi.org/10.1038/tp.2016.182
https://doi.org/10.1038/tp.2016.182
https://doi.org/10.7812/TPP/18-041
https://doi.org/10.1016/j.pedhc.2011.02.008
https://doi.org/10.1038/npp.2015.66
https://doi.org/10.1038/npp.2015.66
https://doi.org/10.5603/PJNNS.a2022.0015
https://doi.org/10.1038/s41380-019-0426-0
https://doi.org/10.3109/03602532.2013.849268
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf202308082153259968
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf202308082153259968
https://doi.org/10.1177/10870547211050949

N.-F. Parrella et al.

Szulc, A., Galinska, B., Tarasow, E., Dzienis, W., Kubas, B., Konarzewska, B., Walecki, J.,
Alathiaki, A.S., Czernikiewicz, A., 2005. The effect of risperidone on metabolite
measures in the frontal lobe, temporal lobe, and thalamus in schizophrenic patients.
a proton magnetic resonance spectroscopy (*H MRS) study. Pharmacopsychiatry 38
(5), 214-219. https://doi.org/10.1055/5-2005-873,156.

Tebartz van Elst, L., Maier, S., Fangmeier, T., Endres, D., Mueller, G.T., Nickel, K.,
Ebert, D., Lange, T., Hennig, J., Biscaldi, M., Riedel, A., Perlov, E., 2014. Disturbed
cingulate glutamate metabolism in adults with high-functioning autism spectrum
disorder: evidence in support of the excitatory/inhibitory imbalance hypothesis.
Mol. Psychiatry 19 (12), 1314-1325. https://doi.org/10.1038/mp.2014.62.

Trezza, V., 2015. Social play in adolescence: how its observation may help us understand
developmental disorders. Eur. Neuropsychopharmacol. 25, $27-S28.

Vallée, A., Vallée, J.-N., Lecarpentier, Y., 2021. Potential role of cannabidiol in
Parkinson’s disease by targeting the WNT/f-catenin pathway, oxidative stress and
inflammation. Aging 13 (7), 10,796-10,813.

VanDolah, H.J., Bauer, B.A., Mauck, K.F., 2019. Clinicians’ guide to cannabidiol and
hemp oils. Mayo Clin. Proc. 94 (9), 1840-1851. https://doi.org/10.1016/j.
mayocp.2019.01.003.

Volkow, N.D., Baler, R.D., Compton, W.M., Weiss, S.R.B., 2014. Adverse health effects of
marijuana use. N. Engl. J. Med. 370 (23), 2219-2227. https://doi.org/10.1056/
NEJMra1402309.

Wei, D., Dinh, D., Lee, D., Li, D., Anguren, A., Moreno-Sanz, G., Gall, C.M., Piomelli, D.,
2016. Enhancement of anandamide-mediated endocannabinoid signaling corrects

15

Pharmacology, Biochemistry and Behavior 230 (2023) 173607

autism-related social impairment. Cannabis Cannabinoid Res. 1 (1), 81-89. https://
doi.org/10.1089/can.2015.0008.

Young, S., Hollingdale, J., Absoud, M., Bolton, P., Branney, P., Colley, W., Craze, E.,
Dave, M., Deeley, Q., Farrag, E., Gudjonsson, G., Hill, P., Liang, H.L., Murphy, C.,
Mackintosh, P., Murin, M., O’'Regan, F., Ougrin, D., Rios, P., Stover, N.,
Woodhouse, E., 2020. Guidance for identification and treatment of individuals with
attention deficit/hyperactivity disorder and autism spectrum disorder based upon
expert consensus. BMC Med. 18 (1), 146. https://doi.org/10.1186/512916-020-
01585-y.

Zamberletti, E., Gabaglio, M., Parolaro, D., 2017. The endocannabinoid system and
autism spectrum disorders: insights from animal models. Int. J. Mol. Sci. 18 (9),
1916. https://doi.org/10.3390/ijms18091916.

Zou, S., Kumar, U., 2018. Cannabinoid receptors and the endocannabinoid system:
signaling and function in the central nervous system. Int. J. Mol. Sci. 19 (3), 833.
https://doi.org/10.3390/ijms19030833.

Zou, Q.-H., Zhu, C.-Z., Yang, Y., Zuo, X.-N., Long, X.-Y., Cao, Q.-J., Wang, Y.-F., Zang, Y.-
F., 2008. An improved approach to detection of amplitude of low-frequency
fluctuation (ALFF) for resting-state fMRI: fractional ALFF. J. Neurosci. Methods 172
(1), 137-141. https://doi.org/10.1016/j.jneumeth.2008.04.012.

Zuardi, A.W., 2017. The anxiolytic effects of cannabidiol (CBD). In: Biology,
Pharmacology, Diagnosis, and Treatment, pp. e131-e139. https://doi.org/10.1016/
B978-0-12-800,756-3.00097-1.


https://doi.org/10.1055/s-2005-873,156
https://doi.org/10.1038/mp.2014.62
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0565
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0565
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0570
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0570
http://refhub.elsevier.com/S0091-3057(23)00094-1/rf0570
https://doi.org/10.1016/j.mayocp.2019.01.003
https://doi.org/10.1016/j.mayocp.2019.01.003
https://doi.org/10.1056/NEJMra1402309
https://doi.org/10.1056/NEJMra1402309
https://doi.org/10.1089/can.2015.0008
https://doi.org/10.1089/can.2015.0008
https://doi.org/10.1186/s12916-020-01585-y
https://doi.org/10.1186/s12916-020-01585-y
https://doi.org/10.3390/ijms18091916
https://doi.org/10.3390/ijms19030833
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1016/B978-0-12-800,756-3.00097-1
https://doi.org/10.1016/B978-0-12-800,756-3.00097-1

	A systematic review of cannabidiol trials in neurodevelopmental disorders
	1 Introduction
	1.1 The endocannabinoid system (ECS)
	1.2 Cannabidiol (CBD): mechanisms of action
	1.3 The role of excitatory/inhibitory systems
	1.4 CBD for neurodevelopmental disorders

	2 Materials and methods
	2.1 Search strategy
	2.2 Data extraction

	3 Results
	3.1 Included and excluded studies
	3.2 Study characteristics
	3.3 Treatment characteristics
	3.4 Efficacy and safety outcomes
	3.4.1 CBD; effects in tics associated with Tourette Syndrome
	3.4.2 CBD; effects in spasticity associated with neurodevelopmental conditions
	3.4.3 CBD; behavioral effects in attention-deficit hyperactivity disorder
	3.4.4 CBD; behavioral effects in ASD
	3.4.5 CBD; neurophysiological effects in the autistic brain


	4 Discussion
	4.1 Observational studies
	4.2 Current randomised controlled trials
	4.3 Considerations for future trials

	5 Conclusion
	Funding sources
	Declaration of competing interest
	Data availability
	Appendix A Data availability
	Appendix B Data availability
	References


