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A B S T R A C T   

Cannabidiol (CBD), a non-psychotomimetic constituent of Cannabis sativa, has been recently approved for 
epileptic syndromes often associated with Autism spectrum disorder (ASD). However, the putative efficacy and 
mechanism of action of CBD in patients suffering from ASD and related comorbidities remain debated, especially 
because of the complex pharmacology of CBD. We used pharmacological, immunohistochemical and biochemical 
approaches to investigate the effects and mechanisms of action of CBD in the recently validated Fmr1-Δexon 8 rat 
model of ASD, that is also a model of Fragile X Syndrome (FXS), the leading monogenic cause of autism. CBD 
rescued the cognitive deficits displayed by juvenile Fmr1-Δexon 8 animals, without inducing tolerance after 
repeated administration. Blockade of CA1 hippocampal GPR55 receptors prevented the beneficial effect of both 
CBD and the fatty acid amide hydrolase (FAAH) inhibitor URB597 in the short-term recognition memory deficits 
displayed by Fmr1-Δexon 8 rats. Thus, CBD may exert its beneficial effects through CA1 hippocampal GPR55 
receptors. Docking analysis further confirmed that the mechanism of action of CBD might involve competition for 
brain fatty acid binding proteins (FABPs) that deliver anandamide and related bioactive lipids to their catabolic 
enzyme FAAH. These findings demonstrate that CBD reduced cognitive deficits in a rat model of FXS and provide 
initial mechanistic insights into its therapeutic potential in neurodevelopmental disorders.   

Abbreviations: AEA, anandamide; ASD, Autism spectrum disorder; CB1, CB1 cannabinoid receptor; CB2, CB2 cannabinoid receptor; CBD, cannabidiol; DMSO, 
dimethyl sulfoxide; ECS, endocannabinoid system; FAAH, fatty acid amide hydrolase; FABPs, fatty acid binding proteins; FMR1, fragile X messenger ribonucleo
protein 1; FXS, Fragile X Syndrome; GPR55, G protein-coupled receptor 55; PBS, phosphate-buffered saline; qPCR, quantitative polymerase chain reaction; SERT, 
serotonin transporter; VEH, vehicle; WT, wild-type. 
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1. Introduction 

Autism spectrum disorder (ASD) is a heterogeneous group of neu
rodevelopmental disorders for which no treatment currently exists. 
Fragile X syndrome (FXS) is the leading monogenic cause of ASD. FXS 
and ASD share several behavioral characteristics, with FXS patients 
often experiencing ASD-like symptoms [25]. FXS is caused by the 
silencing of the Fragile X Messenger Ribonucleoprotein 1 (FMR1) gene. 
FMRP, the protein product of FMR1, has a key role in the development of 
synapses and in underlying learning and memory processes, as it serves 
as a key regulator in the translation of numerous RNAs crucial for syn
aptic plasticity [35]. 

Recently, there has been growing interest in the potential benefits of 
medical Cannabis to manage behavioral disturbances in children with 
ASD and co-occurring conditions, including FXS [68]. This interest ari
ses from the evidence that dysregulations in the endocannabinoid sys
tem (ECS) have been found both in ASD patients [32,4,63] and in animal 
models of ASD [10,48], thus reinforcing the idea that fine changes in 
ECS contribute to ASD-related traits and that pharmacological manip
ulation of ECS is a relevant target for ASD. Additional interest arises 
from the therapeutic potential of cannabidiol (CBD), an abundant 
non-psychotropic constituent of Cannabis, approved for two refractory 
epileptic syndromes (i.e., Dravet and Lennox-Gastaut syndromes) and 
tuberous sclerosis complex in pediatric patients at increased risk of 
developing ASD [16,69]. To support its therapeutic potential in neuro
developmental disorders, early clinical data reported that CBD may be 
beneficial in relieving some core and comorbid symptoms with favor
able benefit-risk ratio in ASD patients [24,45,5] and in FXS patients 
with ≥ 90% methylation of the FMR1 gene [43,68,7]. However, intrinsic 
limitations of these studies (e.g., lack of standardized clinical assess
ments and placebo-controlled studies, open label design, small cohort 
size, inconsistencies in CBD dosing) make the interpretation of these 
findings challenging and the use of CBD in neurodevelopmental disor
ders remains controversial [50]. Furthermore, the underlying mecha
nisms are largely unexplored, and this is relevant as CBD has multiple 
molecular targets [13,45,66,73]. 

Here, we used pharmacological, immunohistochemical and 
biochemical approaches to investigate the effects and mechanism of 
action of CBD in the Fmr1-Δexon 8 rat model of FXS, that is a valuable 
tool to study common neurobiological aspects of both FXS and ASD [14, 
22,56]. We first tested the effects of CBD in the short-term novel object 
recognition deficits displayed by Fmr1-Δexon 8 rats. As we reported that 
reduced endocannabinoid signaling in the hippocampus due to 
increased fatty acid amide hydrolase (FAAH) activity may underlie the 
short-term cognitive deficits displayed by Fmr1-Δexon 8 rats [58], we 
performed biochemical experiments in the hippocampus to detect po
tential changes in the ECS following CBD treatment. We then performed 
intracranial pharmacology experiments to explore the possibility that 
the beneficial effects of CBD in Fmr1-Δexon 8 rats may be mediated by 
increased endocannabinoid signaling on GPR55 receptors in the CA1 
region of the hippocampus as a consequence of inhibition of endo
cannabinoid hydrolysis by FAAH. Finally, we performed in silico docking 
analysis to investigate the molecular complementarity of CBD for both 
FAAH and fatty acid binding proteins (FABPs), that deliver anandamide 
and related bioactive lipids to their catabolic enzymes [28]. 

2. Material and methods 

2.1. Animals 

Juvenile (40-day-old; weight 150 ± 15 g) male wild-type (WT) 
(Charles River Laboratories, Italy) and Fmr1-Δexon 8 rats (Horizon Dis
covery, USA) on a Sprague-Dawley background were used. We and 
others have shown that Fmr1-Δexon 8 male rats display FXS-like 
behavioral traits [22,26,57,56], suggesting the validity of this animal 
model in mimicking the key behavioral deficits that characterize FXS 

and some of the core and comorbid features of non-syndromic ASD. Rats 
were housed in groups of three (same sex and same genotype) under 
controlled conditions (temperature 20–21◦C, 55–65% relative humidity 
and 12/12 h light cycle with lights on at 07:00 h). For each experiment, 
animals were randomized for treatment. 

Sample size (n), based on our previous experiments and power 
analysis (assuming 80% power at a significance level of 0.05, G*Power 
software), is indicated in the figure legends for each experimental group. 
Potential outliers within each data set were calculated using the ROUT 
method. Scoring of the behavioral experiments was done in blind con
ditions (i.e., the researchers who performed treatments did not test or 
score the animals and vice versa) using the Observer 3.0 software 
(Noldus, The Netherlands). The experiments were approved by the 
Italian Ministry of Health and performed in agreement with the ARRIVE 
2.0 guidelines [46], the Italian Ministry of Health Directive (D.L. 26/14; 
Project authorization n. 306/2020-PR), and the European Community 
Directive 2010/63/EU. 

2.2. Experimental design 

WT and Fmr1-Δexon 8 male rats were tested following the experi
mental design shown in Fig. 1. 

In experiment 1, CBD (or its vehicle, VEH) was administered intra
peritoneally (i.p.) 2 hours before testing in juvenile (postnatal day 
(PND) 40) Fmr1-Δexon 8 rats and WT controls tested in the novel object 
recognition task. 

In experiment 2, to evaluate whether tolerance occurred to the ef
fects of CBD after repeated treatment, different groups of animals were 
treated with CBD or VEH once daily for three weeks (PND 19–39) [17, 
66,65] and tested at PND 40 in the novel object recognition task. This 
treatment schedule for CBD administration has been chosen based on 
literature data showing its efficacy in a neurodevelopmental model of 
schizophrenia in juvenile rats [66,65] at a time point that should be 
considered as equivalent to childhood/periadolescence in humans [1]. 

In experiment 3, we collected hippocampal tissues for qPCR, western 
blotting and immunohistochemistry analysis of the main ECS compo
nents in both naïve rats and animals treated acutely or repeatedly with 
CBD or its VEH, searching for possible mechanistic targets underlying 
the behavioral effects of CBD. 

Based on the results of experiment 3 and literature data [31], in 
experiment 4 we evaluated whether the effects of CBD in juvenile 
Fmr1-Δexon 8 rats were mediated by hippocampal GPR55 receptors. CBD 
was administered 2 hours before testing while the GPR55 receptor 
antagonist CID16020046 was bilaterally infused in the dorsal hippo
campus (CA1 subregion) immediately after the training phase of the 
novel object recognition task. 

Since GPR55 receptors are also activated by anandamide (AEA) and 
other bioactive N-acylethanolamines metabolized by FAAH, in experi
ment 5 we systemically administered the FAAH inhibitor URB597 2 h 
before testing and we bilaterally infused the GPR55 antagonist 
CID16020046 in the hippocampus (CA1) immediately after the training 
phase of the novel object recognition task. This experiment aimed at 
testing whether URB597 had the same behavioral effects of CBD at 
GPR55 receptors, thus exploring the possibility that the beneficial ef
fects of CBD in Fmr1-Δexon 8 rats may be mediated by increased endo
cannabinoid signaling on GPR55 receptors in the CA1 region of the 
hippocampus as a consequence of inhibition of endocannabinoid hy
drolysis by FAAH. 

In experiment 6, docking analyses were performed to computation
ally predict binding geometries of CBD for FABPs (FABP3, FABP5 and 
FABP7) and FAAH. 

2.3. Surgery 

Rats were anesthetized with Zoletil® (50 mg kg− 1, i.p.) and Rom
pun® (7 mg kg− 1, i.p.) and placed in a stereotaxic frame (2biological 
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Instruments, Italy). Two stainless-steel 24-gauge cannulae (Cooper’s 
Needleworks, UK) were implanted bilaterally above the CA1 region of 
the dorsal hippocampus [11 mm-long cannulae; coordinates: AP, 
− 3.3 mm; ML, ±1.7 mm; DV, − 2.7 mm]. Coordinates for the brain re
gion were based on previous studies [58] and according to the atlas of 
Paxinos and Watson (2013). Stylets (Cooper’s Needleworks, UK) were 
inserted into each cannula to maintain patency. After surgery, animals 
received saline (2 mL once, s.c.) and carprofen for pain relief 
(5 mg kg− 1, 2 × daily, s.c.). The rats were individually housed and 
allowed to recover for 4 days. On the fifth day, they were re-housed in 
groups with their original cage mates. Behavioral testing began 1 week 
after surgery. 

2.4. Drugs 

Cannabidiol (2-[(1 R, 6 R)-6-Isopropenyl-3-methylcyclohex-2-en-1- 
yl]-5pentylbenzene-1,3-diol) (CBD), extracted by the Forensic Labora
tory of Biologically Active Substances, University of Chemistry and 
Technology, Prague, Czech Republic (purity (NMR) > 99%) [27] was 
dissolved in 5% Tween 80, 5% polyethylene glycol, 90% saline and 
administered i.p. at the dose of 10 mg kg− 1. Dosing was based on pre
vious findings [17,66] and pilot experiments. The GPR55 receptor 
antagonist CID16020046 (Selleck Chemicals, Italy) was dissolved in 5% 
DMSO and infused in the hippocampus (CA1, 10 ng/0.5 µL per side) 
[34]. URB597 (Sigma-Aldrich, Italy) was dissolved in 5% Tween 80, 5% 
polyethylene glycol, 90% saline and administered i.p. (0.1 mg kg− 1) 
[58]. Solutions were administered in a volume of 2 mL kg− 1. 

2.5. Histological confirmation of injection sites 

Injection sites were verified as previously described [58]. After 
testing, animals were sacrificed by carbon dioxide inhalation and 
microinjected with 0.5 μL of black ink over 60 s through the guide 
cannulae. Animals were immediately decapitated, and their brains 
removed. Slices (30 μm thick) were collected throughout the forebrain 
and analyzed under a dissecting microscope for the location of the 
infusion sites according to the atlas of Paxinos and Watson (2013). Only 
pairs in which both animals had bilateral needle tracks terminating in 
the CA1 subregion of the hippocampus and no damage to the target 
tissues were included in the final analysis (Fig. 5E). 

2.6. Behavioral tests 

Scoring of the behavioral experiments was done in blind conditions 
using the Observer 3.0 software (Noldus, The Netherlands). The 
behavioral experiments were conducted between 10:00 a.m. and 2:30 p. 
m. 

2.6.1. Novel object recognition test 
The task procedure consisted of three phases. In the habituation 

phase, each rat was allowed to freely explore the open-field arena 
(45 × 45 cm) in the absence of objects for 5 min. Immediately after, the 
animal was individually placed in the arena containing two identical 
objects (A1 and A2), equidistant from each other, and allowed to explore 
the objects for 5 min (training). Thirty min later, one copy of the familiar 

Fig. 1. Timeline of the experiments.  
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object (A3) and a new object (B) were placed in the same location as 
during training. Each rat was placed in the apparatus for 5 minutes, and 
the time spent exploring each object was recorded [9]. The discrimi
nation index was calculated as the difference in time exploring the novel 
and the familiar objects, expressed as percentage ratio of the total time 
spent exploring both objects. 

2.6.2. Locomotor activity 
Locomotor activity was assessed during the 5-min habituation phase 

(i.e., in the absence of objects) of the novel object recognition test and 
scored as follows: a grid, dividing the arena into equally sized squares, 
was projected over the recordings, and the number of line crossings 
made by the animal (i.e., the frequency of the animal’s passage from one 
section of the grid to another) was manually scored using the Observer 
3.0 software (Noldus Information Technology, NL). The crossing was 
counted at the time when the animal passed from one section to another 
with all four paws. 

2.7. Biochemical analysis 

2.7.1. Brain samples collection 
Rats were decapitated and their brains were rapidly removed from 

the skull on a cold plate. Based on our recent evidence indicating brain 
region-specific changes in the main ECS components in Fmr1-Δexon 8 
rats [58], experiments were performed in the hippocampus. 

2.7.2. Quantitative PCR (qPCR) analysis 
The experiments were performed as previously described [58]. Total 

RNA isolation was performed using Total RNA purification Kit (Nor
gen-Biotek Corp., Canada). RNA was retrotranscribed into complemen
tary DNA (cDNA) using Oligo(dt) primer and SuperScript II Reverse 
Transcriptase system (Invitrogen, Thermo Fisher Scientific, USA). cDNA 
was amplified using SYBR Green Supermix (Bio-Rad, USA) in AriaMx 
RTPCR system (Agilent, USA), for 2 min at 95 ◦C, followed by 40 cycles 
(15 s at 95◦C and 30 s at 60◦C). Primer sequences used for gene 
expression analysis are provided in Table S1. β-actin was used as 
reference gene. Data were analyzed using the 2− ΔΔCt method [59] and 
results are expressed as fold changes relative to the correspondent WT 
group. 

2.7.3. Western blotting 
We performed western blot experiments to evaluate FAAH protein 

levels in the hippocampus of Fmr1-Δexon 8 rats compared to WT control 
animals following acute systemic administration of CBD. Specifically, 
2 h after treatment, tissue samples were collected and stored at − 80◦C. 
Dorsal hippocampus was sonicated in ice-cold RIPA buffer supple
mented with protease (Roche, cat. 05,892,791,001) and phosphatase 
(Roche, cat. 4906,845,001) inhibitors, centrifuged at 13.000 rpm for 
15 min and supernatants were collected. Protein content was quantified 
by using the colorimetric Breadford assay and 30 μg of proteins for each 
sample were loaded and resolved through SDS-PAGE electrophoresis at 
120 V. Subsequently, proteins were transferred on a nitrocellulose 
membrane by Turbo-blot system (2.5 V, 25 mA, 3 min), and a Ponceau 
staining was performed to verify the quality of transfer. Membrane was 
then blocked in 5% milk blocking buffer for 1 h and incubated with the 
primary antibody anti-FAAH (1:2000, Santa Cruz, cat. sc-100739) in 
TBS with 2% milk + 0.1% Tween-20 overnight at + 4 ◦C. After washings, 
membranes were incubated with secondary antibody anti-mouse IgG 
HRP-linked antibody (1:10.000, Cell Signaling Technology, cat. 7076) 
for 1 hour at RT. Bands were visualized by Clarity ECL (Bio-Rad, cat. 
1705,060) and the densitometry analysis performed by ImageLab Soft
ware (Version 6.1, Bio-Rad). Densitometric values were normalized to 
Ponceau staining [54] and the relative expression of FAAH in 
Fmr1-Δexon 8 rats was reported as fold change on WT controls. We 
analyzed the total amount of proteins by Ponceau stain as it represents a 
viable methodological alternative for normalization in immunoblotting, 

offering several advantages compared to housekeeping proteins [38]. 
Blots are shown in Fig. S2. In this experiment only, to compare the FAAH 
protein expression between the two genotypes (WT vs Fmr1-Δexon 8) 
following the two treatments (VEH vs CBD) on the same nitrocellulose 
membrane (gel/blot), we used less than 5 animals per group. 

2.7.4. Immunohistochemistry 
Brains were fixed in 4% PFA for 72 hours, washed in phosphate- 

buffered saline (PBS), embedded in paraffin and coronally cut into 
2.5 µm thick sections [21]. Sections were mounted on slides, dewaxed, 
rehydrated and stained with hematoxylin/eosin to confirm the presence 
of the hippocampus. Sections were incubated with 3% hydrogen 
peroxide for 10 min at RT to inactivate endogenous peroxidases, 
blocked with 5% bovine serum albumin for 1 h at RT and incubated with 
anti-CB1 (1:200, Abcam, Cat# ab3558), anti-CB2 (1:100, Abcam, Cat# 
ab3561), anti-GPR55 (1:100, Biorbyt, Cat# orb101191), and anti-FAAH 
(1:50, Abcam, Cat# ab54615) antibodies at 4◦C over-night. Secondary 
biotinylated antibody (K8024, Dako, Carpinteria, USA) and the peroxi
dase DAB kit (Dako, Carpinteria, USA) were used to reveal the primary 
antibodies. Slices were counterstained with hematoxylin, dehydrated 
with ascending alcohol concentrations, followed by three changes of 
Diasolv and mounted with Diamount (Diapath). Sections were acquired 
by Nanozoomer-S60 (Hamamatsu) and original 40x magnifications of 
the CA1 hippocampus were collected for each staining by using NDP. 
view 2 software (Hamamatsu). The DAB intensity was measured by 
Fiji-Image-J2 software. 

2.8. Molecular docking 

AlphaFold 2 is a deep learning-based algorithm that predicts the 
three-dimensional structure of proteins from their amino acid sequence. 
AlphaFold-predicted structural models of the rat proteins FABP3 (Uni
prot ID: P07483), FABP5 (Uniprot ID: P55053) and FABP7 (Uniprot ID: 
P55051) were downloaded from Uniprot database (https://www.uni 
prot.org/); the FAAH crystal structure (PDB ID: 3QJ8) [37] was down
loaded from Protein Data Bank (https://www.rcsb.org/); ligands were 
downloaded from ZINC database (https://zinc.docking.org/) and indi
vidually docked with the selected target (i.e., FABPs and FAAH), as 
separate docking runs. Docking analysis was performed using the 
AutoDock Vina (version 1.1.2) and AutoDock Tools software [39,72]. 
The grid box dimension was set as 40 × 40 × 40 Å having the following 
center at: − 0.815 × 1.765 × 0.053 Å for FABP3; 0.175 × 2.987 ×
2.045 Å for FABP5; − 4.507 × 2.03 × 2.883 Å for FABP7; − 10.27 × − 4.5 
× 1.807 Å for FAAH. Grid spacing was set to 1 Å per grid unit with the 
“exhaustiveness” set to 8. The docking simulations performed are rigid, 
i.e., only the flexibility of the ligand is considered. Rotatable torsions 
were released during docking. The predicted CBD and AEA complexes 
with FABPs (i.e., FABP3, FABP5 and FABP7) and FAAH are shown in 
Figs. 6 and S3, respectively. The predicted binding affinity values are 
shown in Table S2. 

2.9. Data and statistical analysis 

The data and statistical analyses comply with the recommendations 
on experimental design and analysis in pharmacology [11]. All studies 
were designed to generate groups of equal size using randomization and 
blinded analysis. The minimum number of animals and sample sizes 
required to achieve statistical significance were determined by power 
analysis and prior experience, assuming 80% power at a significance 
level of 0.05. Data are expressed as mean ± SEM. To assess the effects of 
CBD in WT and Fmr1-Δexon 8 rats, data were analyzed by two-way 
ANOVA, with genotype and treatments as factors. For the immunohis
tochemical experiments, differences in the level of DAB intensity dis
tributions for each staining between WT and Fmr1-Δexon 8 rats were 
analyzed with non-parametric Mann–Whitney rank-sum test. To assess 
the ability of CID16020046 to counteract or mitigate the effects of CBD 
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and URB597 in WT and Fmr1-Δexon 8 rats, data were analyzed by 
three-way ANOVA, with genotype, intracranial and systemic treatments 
as factors. The accepted value for significance was set at p<0.05. The 
Tukey’s post hoc test was used for individual group comparisons. Post hoc 
tests were only conducted when F in ANOVA achieved p<0.05 and there 
was no significant inhomogeneity of variance. Data were analyzed using 
GraphPad Prism Software (Version 8.0.2). The individual data points 
presented in this study are available from the corresponding author 
upon request. 

3. Results 

3.1. CBD restored cognitive performance in Fmr1-Δexon 8 rats 

Acute administration of CBD rescued the altered discrimination 
index of juvenile Fmr1-Δexon 8 rats in the novel object recognition task 
(F(genotype) 1,29 = 4.22, p < 0.05; F(treatment) 1,29 = 3.92, p =n.s.; F(genotype 

x treatment) 1,29 = 7.57, p < 0.05, Fig. 2A), without altering the total time 
spent in object exploration (Fig. S1A). 

The beneficial effects of CBD in Fmr1-Δexon 8 rats were not subject to 
tolerance, as repeated CBD treatment rescued the altered object recog
nition abilities of Fmr1-Δexon 8 rats (F(genotype) 1,36 = 0.22, p = n.s; 
F(treatment) 1,36 = 1.63, p = n.s.; F(genotype x treatment) 1,36 = 13.61, p < 0.05, 
Fig. 2C), without altering the total time spent in object exploration 
(Fig. S1B). CBD did not affect locomotor activity either after acute 
administration (number of crossings: [F(genotype) 1,36 = 8.63, p < 0.05; 
F(treatment) 1,36 = 1.51, p = n.s.; F (genotype x treatment) 1,36 = 0.21, p = n.s.], 
Fig. 2B) or after repeated administration (number of crossings: F(genotype) 

1,36 = 5.80, p < 0.05; F(treatment)1,36 = 0.97, p = n.s.; F (genotype x treatment) 

1,36 = 1.09, p = n.s., Fig. 2D). Although we did find a significant effect of 
genotype, the effect of CBD treatment and the interaction between ge
notype and treatment on the number of crossings were not significant. 

3.2. CBD-induced changes in the ECS in the hippocampus of Fmr1-Δexon 
8 rats 

To gain insights into the molecular effects of CBD treatment, we first 
performed qPCR experiments to evaluate the transcriptional expression 
of the main ECS components in hippocampal lysates of WT and 

Fmr1-Δexon 8 rats repeatedly treated with either CBD or its VEH. The 
expression levels of CB1 (F(genotype) 1,16 = 0.0009, p =n.s.; F(treatment) 1,16 
= 0.013, p = n.s.; F(genotype x treatment) 1,16 = 1.775, p = n.s., Fig. 3A), CB2 
(F(genotype) 1,16 = 0.0027, p = n.s; F(treatment) 1,16 = 0.319, p = n.s.; 
F(genotype x treatment) 1,16 = 0.427, p = n.s., Fig. 3B) and GPR55 receptors 
(F(genotype) 1,16 = 0.725, p = n.s; F(treatment) 1,16 = 0.497, p = n.s.; F(ge

notype x treatment) 1,16 = 0.071, p = n.s., Fig. 3C) were spared across ge
notypes and treatment. FAAH mRNA expression (F(genotype) 1,15 =

0.0183, p = n.s; F(treatment) 1,15 = 7.126, p < 0.05; F(genotype x treatment) 1,15 
= 6.400, p < 0.05, Fig. 3D) was reduced in CBD-treated WT rats, in line 
with the evidence that CBD inhibits FAAH expression in rodents [33,8]. 
However, FAAH transcriptional expression was unaffected in 
CBD-treated Fmr1-Δexon 8 rats. In line with qPCR results, Western blot 
analysis showed that CBD changed FAAH protein expression in the 
hippocampus of WT but not Fmr1-Δexon 8 rats (F(genotype) 1,10 = 10.18, p 
< 0.01; F(treatment) 1,10 = 4.087, p = n.s.; F(genotype x treatment) 1,10 = 6.927, 
p < 0.05, Fig. 3E). This may be due to a floor effect as FAAH expression 
was reduced in the hippocampus of Fmr1-Δexon 8 rats compared to WT 
controls (p<0.05 vs WT-VEH). 

Given the critical role of the CA1 hippocampus in object recognition 
[6] and in the cognitive deficits observed in FXS [55], we focused on this 
subregion to assess region-specific alterations in the main ECS compo
nents. While the qPCR analysis performed on the whole hippocampus 
did not reveal significant differences between Fmr1-Δexon 8 rats and WT 
controls treated with VEH, immunohistochemistry showed that CB1 
receptor expression in CA1 was increased in Fmr1-Δexon 8 rats compared 
to WT controls (p < 0.05; Fig. 4B). CA1 immunohistochemistry also 
revealed higher CB2 receptor expression in naïve Fmr1-Δexon 8 rats 
compared to WT controls (p < 0.05; Fig. 4C) and reduced CA1 expres
sion of GPR55 receptors in Fmr1-Δexon 8 rats (p < 0.05; Fig. 4D). In line 
with western blot analyses, FAAH expression in CA1 was reduced in 
naïve Fmr1-Δexon 8 rats compared to WT animals (p < 0.05; Fig. 4E). 

3.3. The effects of CBD and of the FAAH inhibitor URB597 on novel 
object discrimination in Fmr1-Δexon 8 rats depend on CA1 hippocampal 
GPR55 receptors 

The GPR55 selective antagonist CID16020046 (CID), infused in CA1, 
counteracted the beneficial effects of systemic CBD on novel object 

Fig. 2. Systemic administration of CBD rescued the short-term cognitive deficits displayed by Fmr1-Δexon 8 rats. Acute administration of CBD (10 mg kg− 1, 2 h prior 
testing) rescued the altered discrimination index displayed by Fmr1-Δexon 8 rats in the novel object recognition test (A) (WT-VEH = 8, WT-CBD = 9, Fmr1-Δexon 8- 
VEH = 9, Fmr1-Δexon 8-CBD = 7 animals per group). Repeated administration of CBD (10 mg kg− 1, i.p.) from PND 19 to PND 39 rescued the altered discrimination 
index of Fmr1-Δexon 8 rats in the novel object recognition test (C) (WT-VEH = 10, WT-CBD = 10, Fmr1-Δexon 8-VEH = 10, Fmr1-Δexon 8-CBD = 10 animals per 
group). No differences in locomotor activity (i.e., the number of crossings) were found following acute (B) (WT-VEH = 10, WT-CBD = 10, Fmr1-Δexon 8-VEH = 10, 
Fmr1-Δexon 8-CBD = 10 animals per group) and repeated (D) (WT-VEH = 10, WT-CBD = 10, Fmr1-Δexon 8-VEH = 10, Fmr1-Δexon 8-CBD = 10 animals per group) 
administration of CBD. Data represent mean ± SEM, *p < 0.05 vs WT-VEH group, £p < 0.05 vs Fmr1-Δexon 8-VEH group (two-way ANOVA with Tukey’s post 
hoc test). 
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discrimination in Fmr1-Δexon 8 rats (F(genotype) 1,61 = 51.10, p < 0.05; 
F(intracranic) 1,61 = 13.59, p < 0.05; F(systemic) 1,61 = 11.21, p < 0.05; F(gen x 

intra) 1,61 = 1.673, p = n.s; F(gen x syst) 1,61 = 0.78, p = n.s.; F(intra x syst) 1,61 
= 8.11, p < 0.05; F(intra x syst x gen) 1,61 = 13.52, p < 0.05; Fig. 5A), 
without altering the total time spent in object exploration (F(genotype) 1,61 
= 2.48, p = n.s; F(intracranic) 1,61 = 0.07, p = n.s; F(systemic) 1,61 = 3.14, p =
n.s;: F(gen x intrac) 1,61 = 1.89, p = n.s; F(gen x system) 1,61 = 0.14, p = n.s; 
F(intrac x system) 1,61 = 0.49, p = n.s; F(gen x intrac x system) 1,61 = 0.50, p = n.s; 
Fig. 5B). Locomotor activity was unaffected (number of crossings: F(ge

notype) 1,61 = 17.92, p < 0.001; F(intracranic) 1,61 = 0.76, p = n.s.; F(systemic) 

1,61 = 0.15, p = 0.15; F(gen x intra) 1,61 = 0.014, p = n.s; F(gen x syst) 1,61 =

0.79, p = n.s.; F(intra x syst) 1,61 = 0.10, p = n.s.; F(intra x syst x gen) 1,61 =

1.02, p = n.s., data not shown). 
Intra-CA1 administration of CID also counteracted the beneficial 

effects of the FAAH inhibitor URB597 on novel object discrimination in 
Fmr1-Δexon 8 rats (F(genotype) 1,47 = 34.40, p < 0.05; F(intracranic) 1,47 =

3.92, p = 0.054; F(systemic) 1,47 = 1.92, p = n.s.; F(gen x intra) 1,47 = 4.38, p 
< 0.05; F(gen x syst) 1,47 = 1.37, p = n.s.; F(intra x syst) 1,47 = 13.25, p < 0.05; 
F(intra x syst x gen) 1,47 = 14.30, p < 0.05 Fig. 5C), without affecting the 
total object exploration time (F(genotype) 1,47 = 3.60, p = n.s.; F(intracranic) 

1,47 = 0.89, p = n.s.; F(systemic) 1,47 = 0.10, p = n.s.; F(gen x intra) 1,47 =

0.25, p = n.s.; F(gen x syst) 1,47 = 0.31, p = n.s.; F(intra x syst) 1,47 = 2.31, p =
n.s.; F(intra x syst x gen) 1,47 = 0.61, p = n.s. Fig. 5D). Thus, increased 
endocannabinoid signaling at CA1 hippocampal GPR55 receptors, 
possibly as a consequence of FAAH inhibition, mediates the short-term 
object recognition deficits observed in this genetic rat model of ASD. 

3.4. Molecular docking 

CBD is a FAAH inhibitor in rodents [8] but it also inhibits the cellular 
uptake and catabolism of endocannabinoids by targeting FABPs [19], 
that mediate transport of bioactive N-acylethanolamines to their cata
bolic enzyme FAAH. To explore the molecular complementarity of CBD 
with rat FAAH and FABPs, we performed in silico docking analysis of 
CBD binding to rat FABPs (FABP3, FABP5 and FABP7, mainly expressed 
in the brain) and FAAH. 

The analysis of the best docking pose allows the following consid
erations (Fig. 6):  

1. CBD-FABP3 binding is stabilized by hydrophobic interactions with 
residues Tyr20, Leu24, Pro39, Phe58, Lys59, Thr61, Ala76 and 
Leu105 (Fig. 6A; best binding affinity: − 7.8 kcal mol− 1).  

2. CBD-FABP5 binding is stabilized by hydrophobic interactions with 
Tyr22, Leu26, Ala39, Pro41, Lys61, Thr63 and Ile107 (Fig. 6B; best 
binding affinity: − 7.7 kcal mol− 1).  

3. CBD-FABP7 binding is stabilized by a hydrogen bond with Arg127 
and by hydrophobic interactions with Pro39, Val41, Thr54, Ile76, 
Val116 and Leu118 (Fig. 6C; best binding affinity: − 7.2 kcal mol− 1).  

4. CBD-FAAH binding is stabilized through hydrophobic interactions 
with Ile407, Leu429, Phe432, Leu433, Ile530, Trp531 (Fig. 6D; best 
binding affinity: − 6.5 kcal mol− 1). 

Overall, CBD showed overlapped conformations for FABPs and 

Fig. 3. qPCR and Western Blot analysis of the main ECS components in the hippocampus of juvenile Fmr1-Δexon 8 rats. Relative mRNA expression levels of CB1 (A), 
CB2 (B), GPR55 (C) receptors and FAAH (D) obtained by qPCR (WT-VEH = 5, WT-CBD = 5, Fmr1-Δexon 8-VEH = 5, Fmr1-Δexon 8-CBD = 5 animals per group for CB1, 
CB2 and GPR55 receptors; WT-VEH = 5, WT-CBD = 4, Fmr1-Δexon 8-VEH = 5, Fmr1-Δexon 8-CBD = 5 animals per group for FAAH), together with FAAH protein 
expression obtained by Western Blot analysis (E) (WT-VEH = 3, WT-CBD = 4, Fmr1-Δexon 8-VEH = 3, Fmr1-Δexon 8-CBD = 4 animals per group) in the hippocampus 
of Fmr1-Δexon 8 rats and WT controls. Data represent mean ± SEM, *p < 0.05 Fmr1-Δexon 8-VEH vs WT-VEH group, £p < 0.05 WT-CBD vs WT-VEH group (two-way 
ANOVA with Tukey’s post hoc test). Abbreviations: CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; GPR55, G protein-coupled receptor 55; FAAH, fatty 
acid amide hydrolase. 
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FAAH, as reported in literature [15,19]. 
The binding affinity of AEA to both FABPs and FAAH is shown in 

Fig. S3. 
The relative similarity in binding affinity between CBD and AEA for 

FABPs and FAAH suggests that competition for these binding sites may 
exist (Table S2). 

4. Discussion 

Our results show that CBD rescued the aberrant performance of 
Fmr1-Δexon 8 rats in the novel object recognition task, without inducing 
tolerance after repeated administration. Immunohistochemical analysis 
revealed CA1 hippocampal changes in different components of the ECS 
(i.e., CB1, CB2 and GPR55 receptors, and FAAH) in juvenile Fmr1-Δexon 
8 rats compared to their WT controls. Moreover, qPCR and western blot 
analysis in the hippocampus revealed a decrease in FAAH expression 
following CBD treatment in WT but not Fmr1-Δexon 8 rats. Interestingly, 
intra-hippocampal (CA1) blockade of GPR55 receptors counteracted the 
beneficial effect of systemic administration of either CBD or the FAAH 
inhibitor URB597 in the short-term recognition memory deficits dis
played by Fmr1-Δexon 8 rats. Thus, CBD may exert its beneficial effects 
via endocannabinoid signaling through CA1 hippocampal GPR55 
receptors. 

The extensively characterized Fmr1-KO mouse model of FXS has 
been shown to display motor alterations and hyperactivity [18,64,74], 
although normal locomotor activity has also been reported in rat models 
of FXS [26,70]. These differences could depend on the animal strain, the 
behavioral task, and/or the experimental protocols used. In line with our 
previous study [14] and with studies in the mouse models of FXS [18,64, 
74], we found a significant effect of the genotype on locomotion; how
ever, the effect of CBD treatment and the interaction between genotype 
and treatment on locomotion were not significant, indicating that the 
effects of CBD on object recognition were not secondary to changes in 
locomotor activity. 

Since 2018, when it was approved by FDA for refractory pediatric 
epilepsies, CBD raised growing interest as potential treatment for neu
rodevelopmental disorders. Clinical studies and anecdotes from families 
turning toward CBD-related products to treat their children with ASD 
and comorbidities, including FXS, reported that prolonged CBD treat
ment is associated with reduced ASD-related behavioral symptoms, with 
no major adverse events [3,24,62,68]. Furthermore, CBD was well 
tolerated in FXS patients and demonstrated efficacy in patients with
≥ 90% methylation of the FMR1 gene, in whom the disease is most 
severe [7]. Despite this evidence, public health professionals have 
expressed concerns about the increasing acceptance of CBD as a treat
ment for neurodevelopmental disorders, especially for the paucity of 
data on CBD interactions with other drugs, the selection of patients who 
could benefit from its use and the underlying mechanisms. 

Studies in well-validated animal models of neuropsychiatric disor
ders are crucial to probe CBD efficacy and mechanism of action: thus, 
CBD improved social and cognitive dysfunctions in neurodevelopmental 
rat models of schizophrenia [17,42,66,65] and corrected repetitive and 
anxiety-like behaviors observed in a Shank3 mouse model of ASD [49]. 
Furthermore, CBD increased seizure resistance, mitigated social dys
functions and hyperactivity in a mouse model of epileptic encephalop
athy [60], and it improved social deficits in BTBR and SERT knock-out 
mice [20]. Interestingly, CBD mitigated seizures and social deficits in a 
mouse model of Dravet Syndrome [2,44] acting via GPR55 receptors 
[31]. In line with this finding, we found that pharmacological blockade 
of GPR55 receptors in the CA1 hippocampus mediates the ability of CBD 
to counteract the short-term memory deficit displayed by Fmr1-Δexon 8 
rats. We recently suggested that impairment in hippocampal AEA 
signaling, possibly as a consequence of an increased FAAH activity, 
mediates the short-term novel object and social discrimination deficits 
displayed by juvenile Fmr1-Δexon 8 rats [58]. Given that CBD acts as a 
FAAH inhibitor in rodents [8], it is plausible that it could exert, at least 
in part, its action through FAAH inhibition and subsequent increase in 
endocannabinoid tone. In support of this hypothesis, the FAAH inhibitor 

Fig. 4. Immunohistochemical analysis of the main components of the ECS in the CA1 hippocampal sections of juvenile Fmr1-Δexon 8 rats. (A) Immunohistochemical 
staining of WT and Fmr1-Δexon 8 naïve rats for different ECS components. The inserts show higher magnification of the same picture. Nuclei were counterstained with 
hematoxylin. Original magnification: 40x. Scale bar: 50 µm. (B-E) Relative frequencies of DAB staining distribution of CB1 (B), CB2 (C), GPR55 (D) receptors and 
FAAH (E). Grey vertical lines are the median values of WT controls, while black vertical lines are the median values of Fmr1-Δexon 8 rats. Cells assessed: n > 200 (WT 
= 6 and Fmr1-Δexon 8 = 6 animals per group). *p < 0.05 vs WT group (Mann–Whitney rank-sum test). 
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URB597 also improved the short-term cognitive deficits displayed by 
Fmr1-Δexon 8 animals, and intra-hippocampal (CA1) blockade of GPR55 
receptors counteracted its beneficial effects, highlighting that CBD and 
URB597 had the same behavioral effects at GPR55 receptors. Moreover, 
CBD reduced FAAH hippocampal expression in WT but not in 
Fmr1-Δexon 8 rats, probably due to a floor effect, as FAAH expression 
was reduced in the dorsal hippocampus of Fmr1-Δexon 8 rats compared 
to WT controls, as we consistently showed by western blot and immu
nohistochemistry. As CBD does not inhibit human FAAH [19], the 
competition of CBD for FABPs, intracellular carriers that transport AEA 
and related N-acylethanolamines to FAAH for hydrolysis [15], has been 
considered as a potential mechanism underlying the increased circu
lating levels of AEA reported after consumption of CBD. We therefore 
used in silico molecular docking to investigate the molecular comple
mentarity of CBD for both FAAH and FABPs, that are expressed in three 
subtypes in the mammalian brain (FABP3, FABP5, FABP7) [29,30], in 
order to clarify whether CBD could exert its action in a combined 
manner through binding to both FABPs and FAAH, or its target is either 
the hydrolysis or transport process. In line with previous results [19], we 
found that CBD binds to both rat FABPs and FAAH. Therefore, a partial 
mechanism of action underlying the effects of CBD may involve 
competition for brain FABPs and FAAH, with subsequent increase of 
N-acylethanolamines signaling: the relative similarity in binding affinity 
between CBD and AEA for FABPs and FAAH suggests that competition 
for these binding sites may indeed exist. Although the docking experi
ments helped us to confirm a drug target rather than a mechanism, they 
allow us to provide further evidence for the dual action of CBD both in 
AEA transport and metabolism, thus strengthening the hypothesis of a 
key role of AEA signaling in the autism-like traits observed in this 

genetic model of autism based on deletion of FMR1 in rats. 
Notably, as only males were used in the present study, our findings 

might not be replicated in female Fmr1-Δexon 8 rats. Since sex-dependent 
differences in preclinical models of ASD have been documented [40] and 
the loss of FMRP can produce different effects in male and female rodent 
models [41], we will consider the inclusion of both male and female 
animals in a follow-up study by characterizing the behavioral phenotype 
of Fmr1-Δexon 8 female rats across development and evaluating the 
(possible) sex-dependent effects of CBD. 

Moreover, this study offers many opportunities for further investi
gation: (1) to test the effects of CBD in other behavioral tasks to assess, 
for instance, its impact on the socioemotional domain in Fmr1-Δexon 8 
rats; (2) to measure the levels of bioactive N-acylethanolamines 
following CBD treatment in Fmr1-Δexon 8 rats and to examine the 
behavioral effects of FABPs inhibitors, together with the contribution of 
other enzymes involved in AEA catabolism including NAPE-PLD; (3) as 
CBD appears to function as an antagonist at GPR55 receptors [53], it 
would be interesting to test whether higher doses of CBD could exert 
different effects at this receptor; (4) another hypothesis to be explored is 
whether the GPR55 antagonist CID counteracted the beneficial effects of 
CBD by competing for the same binding site at the GPR55 receptor. For 
instance, biased antagonism at GPR55 receptors has been reported for 
CBD [61]. 

5. Conclusions 

We have taken three important steps in this study: first, we found 
that CBD reduced the short-term object recognition deficits of 
Fmr1-Δexon 8 rats and that intra-hippocampal (CA1) blockade of GPR55 

Fig. 5. Blockade of GPR55 receptors in the CA1 region of the hippocampus counteracted the beneficial effects of systemic treatment with either CBD or the FAAH 
inhibitor URB597. Bilateral infusion of the GPR55 selective antagonist CID16020046 in the CA1 region of the hippocampus of Fmr1-Δexon 8 rats (10 ng/0.5 µl) 
counteracted the beneficial effects of systemic treatment with either CBD (10 mg kg− 1; i.p.) (A) or URB597 (0.1 mg kg− 1; i.p.) (C) in the cognitive deficit displayed by 
Fmr1-Δexon 8 in the novel object recognition test, without altering the total time spent in object exploration (B, D) (CBD experiment: WT-VEH/VEH = 8, WT-VEH/ 
CID = 10, WT-CBD/VEH = 7, WT-CBD/CID = 10, Fmr1-Δexon 8-VEH/VEH = 8, Fmr1-Δexon 8-VEH/CID = 9, Fmr1-Δexon 8-CBD/VEH = 7, Fmr1-Δexon 8-CBD/CID =
10 animals per group; URB597 experiment: WT-VEH/VEH = 8, WT-VEH/CID = 8, WT-URB/VEH = 7, WT-URB/CID = 4, Fmr1-Δexon 8-VEH/VEH = 8, Fmr1-Δexon 8- 
VEH/CID = 6, Fmr1-Δexon 8-URB/VEH = 6, Fmr1-Δexon 8-URB/CID = 8 animals per group). Data represent mean ± SEM, *p < 0.05 vs WT-VEH/VEH group, £p <
0.05 vs Fmr1-Δexon 8-VEH/VEH group; $p < 0.05 vs Fmr1-Δexon 8-CBD/VEH and Fmr1-Δexon 8-URB597/VEH group (three-way ANOVA with Tukey’s post hoc test). 
(E) Diagrams of rat brain sections showing representative microinjection sites (filled circles) in the CA1 hippocampus. 
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receptors counteracted its positive effects; second, we confirmed the role 
of endocannabinoid signaling via GPR55 receptors in the short-term 
memory deficits observed in this model of ASD; third, we strengthen 
our hypothesis of brain region-(and behaviorally) specific effects of 
cannabinoid compounds in Fmr1-Δexon 8 rats. These findings clarify the 
molecular mechanisms of CBD in ASD-related cognitive impairment, but 
also indicate that its (poly)pharmacology should be considered. 

This study also presents the following limitations: 1. only male ani
mals were used; 2. as GPR55 and FAAH mRNAs do not appear to be 
prominent targets of FMRP in brain regions such as the hippocampus 
[12,36,55,71], investigating endocannabinoid downstream pathways 
should be considered to understand the effects of cannabinoid drugs 
(including CBD) in animal models of FXS, especially in this new devel
oped rat model of FXS; 3. because FMRP is thought to be expressed in all 
cells in the brain [52,51,75], a key question is whether it binds mRNAs 
with cell-type specificity. In this study, we were unable to precisely 
identify the specific cell types involved in the observed behavioral ef
fects due to the absence of cytological analyses. Based on pioneering 
studies on mRNA targets of FMRP in rodent brain regions including the 
hippocampus [36,55] and on the pivotal role of hippocampal pyramidal 
neurons in memory and learning processes [23,67], we could hypothe
size the possible involvement of this cell type in mediating the behav
ioral findings reported in this study; 4. more data should be included to 
firmly confirm the ability of the GPR55 antagonist CID16020046 to 
counteract the effects of CBD. 
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Fig. 6. Schematic representation of predicted CBD complexes with FABPs and FAAH. The CBD-FABP3 predicted binding affinity value is − 7.8 kcal mol− 1(A). 
Docking simulations between CBD and FABP5 predicted a binding affinity value of − 7.7 kcal mol− 1 (B). The CBD-FABP7 predicted binding affinity value is 
− 7.2 kcal mol− 1 (C). Finally, the CBD-FAAH best pose is characterized by a predicted binding affinity value of − 6.5 kcal mol− 1(D). The pictures were drawn with the 
UCSF-Chimera 1.16 software [47]. 
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