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A B S T R A C T

Fragile X Syndrome is a neurodevelopmental disorder which affects intellectual, social and physical develop-
ment due to mutation of the Fragile X mental retardation 1 (FMR1) gene. The resultant loss of Fragile X mental
retardation protein can be modelled by Fmr1 gene knockout (KO) in mice. The current study investigated the
behavioural effects of cannabidiol (CBD; a non-psychoactive phytocannabinoid) in male Fmr1 KO mice as a
preclinical model for therapeutic discovery. Vehicle or CBD (5 or 20mg/kg body weight) was administered to
adult Fmr1 KO and wild type-like (WT) mice before they were tested in behavioural tasks including: open field
(OF), elevated plus maze (EPM), spontaneous alternation, social preference, and passive avoidance tasks. Fmr1
KO mice were hyperlocomotive and hyperexplorative and habituated more slowly to a novel environment
compared to control animals. Furthermore, Fmr1 KO mice showed fewer anxiety-related behaviours across tests.
Effects of CBD were subtle and limited to the EPM, where CBD decreased the anxiety response of all mice tested.
Acute CBD had no impact on locomotion or anxiety-related parameters in the OF. Cognitive performance of Fmr1
KO mice was equivalent to controls and not affected by CBD treatment. Brain concentrations of CBD were
equivalent between genotypes, but in animals sacrificed 90min post-administration, decreased plasma CBD in
Fmr1 KO mice compared to WT suggested more rapid clearance of CBD by transgenic animals. Overall, acute
CBD at the doses chosen did not selectively normalize behavioural abnormalities in Fmr1 KO mice, but reduced
anxiety-like behaviour in both Fmr1 KO and WT mice.

1. Introduction

Fragile X Syndrome (FXS) is a neurodevelopmental disorder which
affects intellectual, social and physical development of both men (1 in
4000) and women (1 in 8000) (Turner et al., 1996). Individuals with
FXS experience intellectual disability and symptoms of autism
(Thurman et al., 2014; Rogers et al., 2001) as well as altered sensory
sensitivity (Kogan et al., 2004; Frankland et al., 2004; Van der Molen
et al., 2012), repetitive behaviours (Oakes et al., 2016), social com-
munication deficits (Marschik et al., 2014), and increased anxiety
(Thurman et al., 2014). FXS is caused by CGG repeat expansion in the 5′
untranslated region of the Fragile X mental retardation 1 gene (FMR1)
(Verkerk et al., 1991). Repeat expansion in excess of 200 copies results

in epigenetic silencing of FMR1 and loss of Fragile X mental retardation
protein (FMRP). FMRP is an RNA-binding protein (Ashley Jr. et al.,
1993) which negatively regulates protein translation and is required for
normal neural development, as it binds to transcripts of proteins in-
volved in synaptic function (Darnell et al., 2011). Other molecular
signalling pathways are also affected in FXS, such as mTOR signalling
(Sharma et al., 2010), a crucial factor for protein synthesis and cellular
growth (Laplante and Sabatini, 2012). Treatment options in FXS are
currently limited, and have until recently focused on specific domains
of symptom relief (predominantly anxiety, attention deficit, and hy-
peractivity) (Gross et al., 2015; Hagerman and Polussa, 2015). Thus,
new treatment alternatives informed by increased understanding of FXS
neurobiology are urgently required.
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As a tool for understanding FXS, a germline Fmr1 knockout (KO)
mouse model was developed (Bakker et al., 1994). This rodent model
mimics the complete loss of FMRP which occurs in individuals with the
full mutation (> 200 repeats), and can be used for evaluation of novel
therapeutic strategies. Fmr1 KO mice display a range of altered beha-
viours compared to control mice, some of which are consistent with the
clinical picture for FXS or autism (for review see (Bernardet and Crusio,
2006) and (Kazdoba et al., 2014)). Fmr1 KO mice display less pre-
ference for social novelty than wild type-like mice (Qin et al., 2015a),
consistent with social deficits in FXS (Marschik et al., 2014) and are
consistently hyperactive (Ding et al., 2014; Oddi et al., 2015; Wrenn
et al., 2015; Dolan et al., 2013; Uutela et al., 2012). Spatial working
memory abnormalities have been described (Bakker et al., 1994;
D'Hooge et al., 1997; Sinclair et al., 2017; Bilousova et al., 2009), but
not consistently (Peier et al., 2000; Leach et al., 2016). Similarly, stu-
dies on the anxiety-related phenotype of this mouse model report both
decreased (Ding et al., 2014; Dolan et al., 2013; Uutela et al., 2012;
Sinclair et al., 2017; Liu et al., 2011) as well as increased (Bilousova
et al., 2009; Sorensen et al., 2015) anxiety-like behaviours compared to
control animals. Humans with FXS often exhibit increased anxiety
(Thurman et al., 2014; Bailey et al., 2008). Fmr1 KO mouse model
phenotypes can be utilised pre-clinically to evaluate some efficacy
parameters of new treatment candidates.

Recently, the endocannabinoid system has become a target of pre-
clinical research into FXS (Busquets-Garcia et al., 2013; Qin et al.,
2015b) as FMRP, which is diminished in FXS, facilitates the production
of the endocannabinoid 2-arachidonoylglycerol (2-AG) (Jung et al.,
2012). In line with this, Fmr1 KO mice exhibit lower levels of 2-AG than
control mice (Jung et al., 2012) and dimished retrograde 2-AG signal-
ling in the hippocampus (Wang et al., 2018). The phosphatidylinositol-
3-kinase (PI3K)-protein kinase B (Akt)-mTOR-p70S6 kinase (p70S6K)
signalling pathway (Busquets-Garcia et al., 2011; Puighermanal et al.,
2012) is a downstream target of the endocannabinoid system and is
dysregulated in Fmr1 KO mice (Sharma et al., 2010). The non-psy-
choactive phytocannabinoid cannabidiol (CBD) may have benefits for
FXS patients based on its capacity to modulate FXS-compromised en-
docannabinoid signalling. CBD may attenuate the pathophysiology of
the disease by indirectly increasing the concentration of the two main
endocannabinoids, 2-AG and N-arachidonoylethanolamine (AEA, ana-
ndamide) (Bisogno et al., 2001; McPartland et al., 2015; Grotenhermen,
2004). In the mouse hippocampus, levels of anandamide but not 2-AG
increase after 14 day treatment with 30mg/kg CBD (Campos et al.,
2013). Furthermore, CBD has neuroprotective effects (Hampson et al.,
1998; Jones et al., 2012) and can increase adult hippocampal neuro-
genesis (Wolf et al., 2010). On a behavioural level, CBD has been found
to carry anti-anxiety and anti-psychotic-like properties (Leweke et al.,
2012; Almeida et al., 2013; Zuardi, 2008) and improve social impair-
ments (Long et al., 2012), suggesting therapeutic potential for FXS.
Indeed, CBD is a promising new therapy for Dravet and Lennox-Gastaut
syndromes, which cause seizures and developmental delay (Devinsky
et al., 2017). Importantly, the ability of CBD to reverse FXS-related
behavioural abnormalities of Fmr1 KO mice has not previously been
evaluated.

The current study assessed the ability of CBD treatment to rescue
behavioural deficits of male Fmr1 KO mice. The open field test, elevated
plus maze, passive avoidance test, the continuous Y maze, and the so-
cial preference test were performed to index locomotion, anxiety-re-
lated behaviour, social behaviours and working memory respectively,
and to evaluate the potentially therapeutic-like effects of CBD on Fmr1
KO-related deficits. Plasma and brain concentrations of CBD were also
analysed to check for potential differences in CBD pharmacokinetics
across genotypes.

2. Materials and methods

2.1. Animals

Fmr1 knockout mice (Bakker et al., 1994) were sourced from the
Jackson Laboratory [Bar Harbor, Maine, USA; strain name B6.129P2-
Fmr1tm1Cgr/J, Stock No. 003025)]. Male Fmr1 knockout mice (Fmr1 KO:
n=36) and C57BL/6 J controls (WT: n=36) were sent from The
Jackson Laboratory to the Animal BioResources (Moss Vale, Australia)
post-weaning and group-housed in independently ventilated cages
(Airlaw, Smithfield, Australia) for around two weeks of habituation. At
10weeks of age (± 1week), test and control mice were transported to
Neuroscience Research Australia (NeuRA), where they were group-
housed in Polysulfone cages (1144B: Techniplast, Rydalmere, Australia)
equipped with nesting material. Mice were kept under a 12:12 h
light:dark schedule [light phase: white light (illumination: 124 lx) –
dark phase: red light (illumination:< 2 lx)]. Food and water were
provided ad libitum. Mice were habituated to the NeuRA facilities for
three weeks before behavioural testing commenced. Adult, male A/JArc
mice from Animal Resources Centre (Canning Vale, Australia) were
used as standard opponent for the social preference test (see more in-
formation below). Research and animal care procedures were approved
by the University of New South Wales Animal Care and Ethics Com-
mittee in accordance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes.

2.2. Acute cannabidiol (CBD) treatment

2.2.1. Drug preparation and administration
Powdered cannabidiol (National Measurement Institute, NSW,

Australia) was dissolved in equal amounts of Tween 80 (Sigma-Aldrich
Co., St Louis, USA) and 100% ethanol and diluted with 0.9% sodium
chloride to the appropriate concentration to a final ratio of 1:1:18 as
published previously (Cheng et al., 2014a; Long et al., 2010). Ethanol
and Tween 80 comprised 10% of the total volume. A vehicle control
treatment was set up similarly without the addition of CBD. Fmr1 KO
and WT mice (n=12 per CBD dose) were administered either vehicle,
5 mg CBD/kg body weight, or 20mg CBD/kg body weight, one dose
before each behavioural test (see below). These doses were chosen
based on previous studies which identified benefits of acute or chronic
CBD treatment at 5 and 20mg/kg (Cheng et al., 2014a; Martin-Moreno
et al., 2011; Avraham et al., 2011; Schiavon et al., 2014; Rock et al.,
2017). Mice received intraperitoneal (i.p.) injection (injection volume
of 10ml/kg body weight) 30min prior to the start of behavioural
testing, with an inter-test interval of at least three days between tests.
For the passive avoidance task CBD was administered 30min before the
start of the training session.

2.3. Behavioural phenotyping

Starting at 5months of age (± 1week; after 3 weeks of habituation
to the facilities), mice were tested in a battery of behavioural tests. All
tests were conducted during the first 5 h of the light phase to minimise
effects of the circadian rhythm on the performance of test mice. The test
order was as follows: open field, elevated plus maze, spontaneous al-
ternation in the Y maze, social preference, and passive avoidance tasks.
Equipment and apparatus were cleaned between trials using 70%
ethanol except where specified (i.e. open field testing).

2.3.1. Open field (OF)
The OF mimics the natural conflict in mice between the tendency to

explore a novel environment and to avoid an exposed open area
(DeFries et al., 1966; Denenberg, 1969). Mice were placed into an in-
frared photobeam controlled open field activity test chamber (MED
Associates Inc., USA, Vermont) for 30min. The arena
(43.2 cm×43.2 cm) was divided into a central and a peripheral zone
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(MED Associates Inc. software coordinates for central zone: 3/3, 3/13,
13/3, 13/13). The animal's horizontal activity (i.e. distance travelled),
vertical activity (i.e. rearing), small motor movements (i.e. movements
below the ambulation threshold, e.g. grooming), and resting behaviour
(no infrared photobeam-detectable movements), were recorded auto-
matically for the different zones (software settings for ambulation
threshold: box size: 3; ambulatory trigger: 2; resting delay: 1000ms;
resolution: 100ms). The ratio of central to total distance travelled and
time spent in the central zone were taken as measures of anxiety (Karl
et al., 2007). Equipment was cleaned between experiments using de-
tergent.

2.3.2. Elevated plus maze (EPM)
The EPM assesses the natural conflict between the tendency of mice

to explore a novel environment and avoidance of a brightly lit, elevated
and open area (Montgomery and Monkman, 1955). The grey plus maze
was “+” shaped [for details of apparatus see (Karl et al., 2008). Mice
were placed at the centre of the + (faced towards an enclosed arm) and
were allowed to explore the maze for 5min. The percentage time spent
in the open arms and total distance travelled in the open arms were
recorded as anxiety measures using Any-Maze™ (Stoelting, Wood Dale,
USA) tracking software.

2.3.3. Continuous spontaneous alternation in the Y-maze (SA)
The Y-maze SA test measures the willingness of mice to explore

novel environments. Rodents typically prefer to investigate a new arm
of a maze rather than returning to one that was previously visited
(Hughes, 2004). The Y-maze used in our laboratory consisted of three
grey acrylic arms (10 cm×30 cm×17 cm) placed at 120° with respect
to each other. Around the arms were distal cues. Animals were placed
into the centre of the Y-maze and allowed to freely explore the en-
vironment for 10min. Order of entries into the three different arms (A,
B, or C) was recorded and successful arm entry triplets (i.e. ABC, ACB,
BCA, BAC, CAB, CBA) calculated (maximal number of correct tri-
plets= total number of arm entries – 2) (Long et al., 2010). Percentage
of correct arm entries was calculated. AnyMaze™ software was used to
track the animal's movement in the maze: an arm entry was scored
whenever an animal entered the 2nd half of the arm with>60% of its
body length.

2.3.4. Passive avoidance
In this basic hippocampus-dependent learning test, the avoidance of

a naturally less aversive dark compartment after it is paired with an
electrical foot shock indicates the retention of this memory (Bovet et al.,
1969). In the training session, CBD was administered then 30min later
mice were placed in an illuminated compartment (illumination: 25 lx;
25×15×25 cm; model H10-11R-TC, Coulbourn Instruments, USA).
After 10 s, the door to a dark chamber was opened and the latency to
enter was measured manually. Once the mouse had entered the dark
chamber (illumination: 1 lx; 25× 12×25 cm), the door was closed
and a single foot shock (0.4mA for 2 s) was delivered. Mice were kept
in the dark chamber for another 60 s to facilitate the formation of an
association between the dark chamber and the foot shock. In the re-
tention session 24 h later, mice were placed in the light compartment
and the latency to enter the dark chamber was measured manually (cut-
off time: 300 s) as published previously from our laboratory (Duffy
et al., 2010). Latency was compared between training and test sessions-
increased entry latency on the second day indicates memory of the
aversive stimulus.

2.3.5. Social preference test (SPT)
The SPT was used to assess sociability and social recognition

memory (Moy et al., 2004) and performed as described in our earlier
studies (Cheng et al., 2013; Cheng et al., 2014b). Test animals were
isolated for an hour prior to the start of testing. During the habituation
trial, mice were allowed to explore a three-chamber apparatus,

consisting of a centre chamber (9×18 cm; height: 20 cm) and two
outer chambers (16×18 cm; height: 20 cm), freely for 5min. For the
following sociability test an unfamiliar (male A/J) mouse was placed in a
small enclosure in one of the outer chambers, which allowed nose
contact between A/J and test mice. The test mouse was returned to the
apparatus and allowed to explore all three chambers and the animal
enclosures for 10min. Following the sociability test, test mice were
observed in the social recognition test. For this, a second, unfamiliar A/J
standard mouse was placed in the previously empty chamber so that the
test mouse had the choice to explore either the familiar mouse (from
the previous trial) or the novel, unfamiliar mouse in the following
10min. The inter-trial interval (ITI) was 5min. The chambers and en-
closures were cleaned with 70% ethanol in-between trials and fresh
corn cob bedding was added to the chambers prior to each test trial.
AnyMaze™ software was used to determine the time spent in the dif-
ferent chambers, number of entries and distance travelled by the test
mice in each trial. Primary measures of interest were the time spent
with a mouse (i.e. in the sociability trial) or a novel mouse (i.e. in the
social recognition trial) as a percentage of total time in both chambers.

2.4. Analysis of CBD concentrations in plasma and brain

At least one week after the completion of the behavioural testing
(see Section 2.3), mice were treated one more time with vehicle or CBD
(5mg or 20mg i.p.) and blood and brain tissue were collected. One half
of the cohort was sacrificed 30min post CBD administration (N=6 per
genotype and dose) and the other half, 90min post CBD administration.
Analysis and quantification of plasma and brain concentrations of CBD
were conducted by XenoBiotic Laboratories, Inc. (New York, USA)
using liquid chromatography tandem mass spectrometry (LC-MS/MS)
with positive electrospray ionization – multiple reaction monitoring
mode to quantify CBD. For plasma sample preparation, 50 μl of plasma
sample was mixed with internal standard working solution and water,
then loaded to a preconditioned solid phase extraction plate. After
washing with water and a mixture of water and methanol, CBD and
internal standard were eluted with acetonitrile and reconstituted. For
brain sample preparation, each sample was individually weighed and
the volume of control mouse plasma was adjusted for each sample to
achieve 1:4 ratio of brain:plasma (i.e., 200mg of brain tissue mixed
with 800 μl of plasma). This mixture was then homogenized. Next, 50 μl
of the processed mouse brain sample was used for the extraction pro-
cedure and extracted the same as mouse plasma samples.

2.5. Statistical analysis

Two-way analysis of variance (ANOVA) was performed to in-
vestigate main effects of ‘genotype’ and ‘CBD dose’ and possible inter-
actions. Repeated measures (RM) three-way ANOVAs were used to in-
vestigate total distance travelled across time, i.e. ‘5-min block’ (OF),
‘latency’ (training session vs test session; PA), and ‘chamber’ (SPT) and
‘time’ (CBD concentrations) as published previously (Cheng et al.,
2014b). In line with Rothman and Perneger (Perneger, 1998; Rothman,
1990), the data were not adjusted for multiple comparisons and were
interpreted as such in the discussion. Paired t-tests were performed to
investigate the preference of mice in the SPT test against chance levels
(i.e. 50%). Finally, for analysis of CBD levels, missing values (i.e.
samples below the limit of detection of 0.5 ng/ml) were assigned a
value of 0.49. Three-way ANOVAs were then employed to determine
relationships between ‘genotype’, ‘CBD dose’ and ‘time’ (between CBD
administration and sample collection) and Pearson's correlations to
determine the linear relation between plasma and brain concentrations
of CBD. Differences were regarded as significant if p < .05. F-values
and degrees of freedom are presented for ANOVAs. Data are shown as
means ± standard error of means (SEM). Analyses were conducted
using SPSS 20.0 for Windows.
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3. Results

3.1. Locomotion and exploration

Fmr1 KO mice exhibited a hyperlocomotive and hyperexplorative
phenotype in the 30min OF test (Fig. 1A–B). Fmr1 KO mice travelled
further throughout the test [main effect of ‘genotype’ on total distance
travelled: F(1,66)= 14.9, p < .0001] (Fig. 1) and exhibited increased
vertical activity [F(1,66)= 28.1, p < .0001] (Table 1) compared to
WT mice. These parameters were not influenced by CBD treatment
(‘genotype’× ‘CBD’ interactions: p's > .05). Mice of both genotypes
habituated to the novel OF environment [main effect of ‘5 min block’ on
distance travelled: F(5, 330)= 240.1, p < .0001] (Fig. 1B). However,
knockout mice displayed a slower locomoter habituation to the novel
environment than control mice, as evidenced by interaction of ‘geno-
type’ and ‘5-min block’ [F(5,330)= 3.1, p= .009; Fig. 1B]. This was
not affected by CBD treatment (no ‘CBD’× ‘genotype’× ‘5-min block’
interaction; p > .05).

3.2. Anxiety

The time spent in the central zone of the OF was greater in Fmr1 KO
mice than control mice [F(1,66)= 58.3, p < .0001] (Fig. 2A). Simi-
larly, the percentage distance travelled in the central zone of the OF
was increased in Fmr1 KO mice [F(1,66)= 30.7, p < .0001] (Fig. 2B).
Acute CBD treatment had no impact on anxiety-related parameters of
the OF test (no ‘CBD’ main effects and no ‘genotype’ by ‘CBD’ interac-
tions, all p's > .05).

In the EPM, Fmr1 KO mice spent more time in the open arms [F
(1,63)= 42.3, p < .0001] (Fig. 2C) and also travelled further in the
open arms compared to control mice [i.e. as a percentage of total

distance: F(1,63)= 23.9, p < .0001] (Fig. 2D). CBD increased time in
the open arms regardless of genotype [main effect: F(2,63)= 4.3,
p < .05, no ‘genotype’ by ‘CBD’ interaction, p > .05] (Fig. 2C). Col-
lapsed across genotype, animals treated with 20mg/kg CBD spent
longer in the open arm than those treated with vehicle or 5mg/kg
(p < .005 and p < .05 respectively, Fig. 2C). There was also a strong
trend for CBD treatment to increase the percentage of total distance
travelled on open arms in all mice [F(2,63)= 2.9, p= .06, no ‘geno-
type’ by ‘CBD’ interaction, p > .05] (Fig. 2D). Collapsed across geno-
type, animals treated with 20mg/kg CBD performed a greater percen-
tage of their locomotion in the open arm than those treated with vehicle
or 5mg/kg (both p < .05, Fig. 2D).

3.3. Spatial memory

There was no difference between Fmr1 KO and WT mice in spon-
taneous alternation (% correct entries) in the Y maze [(F(1,66)= 2.7,
p > .05], nor an effect of CBD [(F(2,66)= 0.1, p > .05] (Table 2).
Paired t-tests showed that only control mice treated with 20mg CBD
displayed levels of spontaneous alternation significantly above the
chance level of 50% (Table 2). In the passive avoidance task, there were
no baseline differences in the latency to enter the dark compartment
during training between genotypes [F(1,66)= 0.8, p > .05] nor be-
tween CBD treatment groups [F(2,66)= 1.6, p > .05]. Latency to
enter the dark compartment increased between training and testing in
all mice equally [three-way RM ANOVA for ‘latency’: F(1,66)= 18.5,
p < .0001; no interaction of ‘latency’ with ‘genotype’ or ‘CBD’ was
detected; both p > .05], suggesting that all mice had learned equally
the association between the foot shock and the dark compartment and
CBD treatment did not alter this association (Fig. 3).

3.4. Social behaviours

Mice across all experimental groups demonstrated a significant
preference for exploring a mouse over an empty chamber [three-way
RM ANOVA for ‘chamber’: F(1,66)= 13.8, p= .0004]. There was no
difference in sociability (i.e. preference for mouse chamber) between
Fmr1 KO and WT mice (‘chamber’× ‘genotype’ interaction: p > .05)
and CBD did not influence sociability (‘chamber’× ‘CBD’ interaction:
p > .05). Paired t-test against chance level mouse chamber exploration
showed that all groups except control mice treated with CBD developed
a trend or significant preference for the chamber containing the mouse
(Table 2).

There was also a significant effect of ‘chamber’ across experimental
groups for the social recognition session (i.e. exploring novel and fa-
miliar mice) [‘chamber’: F(1,66)= 6.2, p < .05]. This phenomenon
was not affected by genotype (‘chamber’× ‘genotype’ interaction

Fig. 1. A–B Overall locomotion and habituation of locomotive response to novelty in the open field (OF): A) Total distance travelled [cm] and B) distance travelled
[cm] across 5-min blocks. Data for control (WT) and Fmr1 knockout mice (Fmr1 KO) after acute treatment with vehicle (VEH), 5mg/kg bodyweight of CBD (CBD5) or
20mg/kg of CBD (CBD20) are shown as means+ SEM. There was a significant main effect of ‘genotype’ for total distance travelled (p= .0003; Fig. 1A) and a
significant ‘5 min block’× ‘genotype’ interaction (p= .009; Fig. 1B). ***p < .0005.

Table 1
Open field (OF) behaviours of wild type-like control (WT) and Fmr1 knockout
mice (Fmr1) after acute treatment with vehicle (VEH), 5mg/kg bodyweight of
CBD (CBD5) or 20mg/kg of CBD (CBD20). N=12 for each dose and genotype.
Data are shown as means± SEM. There was a main effect of ‘genotype’ on
vertical activity (rearing; p < .0001).

OF
Vertical activity [n]

OF
Small motor movements [n]

WT VEH 283.7 ± 16.5 2283.5 ± 52.8
Fmr1 VEH 364.8 ± 29.5 2295.9 ± 34.5
WT CBD5 226.8 ± 24.0 2168.4 ± 57.4
Fmr1 CBD5 380.4 ± 27.9 2320.9 ± 45.7
WT CBD20 249.0 ± 21.3 2277.5 ± 62.9
Fmr1 CBD20 326.5 ± 22.8 2226.0 ± 31.5
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p > .05) nor CBD treatment (‘chamber’× ‘CBD’ interaction p > .05).
However, detailed paired t-test analyses revealed that only Fmr1 KO
mice treated with 5mg of CBD showed a strong trend for an aversion of
the novel mouse (Table 2).

3.5. CBD concentrations

In both Fmr1 KO and WT mice, CBD concentrations in the brain and
plasma were highly correlated (Fmr1 KO: r=0.985, p < .001; WT:

r=0.980, p < .001). In brain, CBD levels did not differ between
genotypes [F(1,60)= 1.9, p > .05], regardless of CBD dose (vehicle,
5 mg or 20mg) or time (collection of tissue 30min or 90min post CBD
administration) (interactions- all p's > .05, Table 3). Across genotypes,
CBD levels differed significantly according to CBD dose [F
(2,60)= 105.2, p < .001] and in brains collected 30min post CBD
administration compared to those collected 90min post administration
[‘time’: F(2,60)= 17.0, p < .001]. Across genotypes there was also a

Fig. 2. A–D Anxiety-related behaviours in the open field test (OF) and the elevated plus maze (EPM): A) time spent in the central zone of the OF [s], B) ratio of total
distance travelled in the central zone of the OF, C) time spent on open arms [s], and D) percentage distance travelled on open arms [%]. Data for control (WT) and
Fmr1 knockout mice (Fmr1 KO) after acute treatment with vehicle (VEH), 5mg/kg bodyweight of CBD (CBD5) or 20mg/kg of CBD (CBD20) are shown as
means+ SEM. There were significant main effects of ‘genotype’ for OF centre time and centre distance ratio (both p < .0001). In the EPM, time spent as well as
distance ratio on open arms was influenced by both ‘genotype’ (both p < .0001) and ‘CBD’ (p < .05 and p= .06, respectively). ***p < .0005.

Table 2
Y maze (YM), and social preference test (SPT) behaviours of wild type-like
control (WT) and Fmr1 knockout mice (Fmr1 KO). Data are shown as
means ± SEM for WT and Fmr1 KO mice after acute treatment with vehicle
(VEH), 5mg/kg bodyweight of CBD (CBD5) or 20mg/kg of CBD (CBD20).
N=12 per genotype and dose. For Y maze and SPT testing, paired sample t-test
results against chance levels (i.e. 50%) are shown.

YM
Correct entries [%]

SPT Time in
mouse chamber [%]

SPT Time with
novel mouse [%]

WT VEH 55.7 ± 3.5 57.4 ± 3.5
p= .06

44.8 ± 4.3

Fmr1 VEH 55.5 ± 2.6
p= .07

56.7 ± 3.4
p= .07

49.8 ± 2.7

WT CBD5 54.8 ± 3.2 52.7 ± 3.7 45.3 ± 6.2
Fmr1 CBD5 53.7 ± 2.2 58.1 ± 2.2

p= .004
40.2 ± 4.4
p= .05

WT CBD20 57.0 ± 2.2
p= .01

49.4 ± 5.2 45.4 ± 5.2

Fmr1 CBD20 51.8 ± 3.4 53.6 ± 1.9
p= .08

47.0 ± 3.2

Fig. 3. Fear-associated memory in the passive avoidance test (PA): Latency [s]
to enter a dark compartment on training day and again, 24 h later on test day.
Data for control (WT) and Fmr1 knockout mice (Fmr1 KO) after acute treatment
with vehicle (VEH), 5mg/kg bodyweight of CBD (CBD5) or 20mg/kg of CBD
(CBD20) are shown as means+ SEM. *** p < .0005.
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significant ‘CBD’× ‘time’ interaction (p < .001), with CBD levels de-
creasing more acutely between 30 and 90min for the 20mg CBD dose
than the 5mg dose (Table 3).

In plasma, CBD levels did differ subtly between genotypes [F
(1,60)= 4.7, p= .03]. Interestingly, this effect was driven by differ-
ences at 20mg CBD in brains collected 90min post administration
(three-way ‘genotype’× ‘CBD’× ‘time’ interaction, p < .005) where
CBD levels were lower in Fmr1 KO mice than WT mice (Table 3). As in
brain, CBD levels differed significantly according to CBD dose [F
(2,60)= 109.5, p < .001] and time of blood collection [F
(2,60)= 18.0, p < .001] for both genotypes, with a significant
‘CBD’× ‘time’ interaction (p < .001; Table 3). Collapsed across geno-
types, a strong correlation between plasma and brain concentrations of
CBD was observed for both 5mg CBD (r=0.870, p < .001) and 20mg
CBD (r=0.956, p < .001).

4. Discussion

Here we present the effects of acute CBD treatment on an estab-
lished genetic mouse model for FXS. The Fmr1 KO mice in our study
displayed a phenotype which was broadly consistent with the literature.
Compared to WT mice, Fmr1 KO mice were hyperactive, hyper-
explorative and displayed fewer anxiety-like behaviours. This is con-
sistent with the majority of studies using these tests (Ding et al., 2014;
Oddi et al., 2015; Wrenn et al., 2015; Sinclair et al., 2017; Liu et al.,
2011). As in this study, other studies have failed to observe social be-
haviour deficits (Liu et al., 2011; Hebert et al., 2014) or spatial memory
deficits (Peier et al., 2000; Leach et al., 2016). However it is important
to note that the Fmr1 KO behavioural phenotype is variable. There have
been differing findings from those reported here for tasks which assess
locomotor activity (Sinclair et al., 2017; Veeraragavan et al., 2011a),
anxiety (Bilousova et al., 2009; Sorensen et al., 2015), social behaviour
(Oddi et al., 2015; Sinclair et al., 2017; Hebert et al., 2014; Gantois
et al., 2013) and spatial memory (Bakker et al., 1994; Oddi et al., 2015;
D'Hooge et al., 1997; Sinclair et al., 2017; Bilousova et al., 2009). This
includes work by a subset of the current authors in a different facility
(Sinclair et al., 2017).

In this context, acute CBD had no impact on locomotion or anxiety-
related parameters of the OF. However, in the EPM test, 20mg/kg CBD
(but not 5mg/kg CBD) decreased the anxiety response of all mice
tested. CBD treatment did not affect cognitive performance of animals
in the spontaneous alternation task and the passive avoidance task.

To assess pharmacokinetics we administered CBD (5 or 20mg/kg)
to Fmr1 KO and WT mice, then sacrificed them 30 or 90min post-ad-
ministration and measured CBD in brain and plasma of each animal.
Although CBD levels in brain were equivalent in both genotypes at both
timepoints, and in plasma were equivalent at 30min post-administra-
tion, CBD levels were lower in plasma in Fmr1 KO mice at 90min post-
administration. This suggests that Fmr1 KO mice may clear CBD more
rapidly than WT mice. However, there was no evidence from our be-
havioural tests that CBD had differential pharmacodynamic effects in
Fmr1 KO and WT mice (all genotype×CBD interactions were non-

significant).
Male mice only were used for initial characterisation of effects of

CBD, because males with FXS typicaly have greater severity of symp-
toms and male Fmr1 KO mice have been more exhaustively char-
acterised in the literature. However, use of homozygous female Fmr1
KO mice in future experiments would be beneficial.

Individuals affected by FXS have been found to be hyperactive
(Sullivan et al., 2006; Bagni et al., 2012). Similarly, Fmr1 KO tested in
our study exhibited a hyper-locomotive and hyper-explorative pheno-
type in the OF, consistent with previous studies (Ding et al., 2014; Oddi
et al., 2015; Wrenn et al., 2015). This OF phenotype was evident in both
the vehicle-treated as well as the CBD-treated cohorts. The lack of lo-
comotor effects of CBD in the current study are consistent with previous
data from our lab indicating that neither acute nor chronic CBD treat-
ment (ranging from 1 to 50mg/kg bodyweight) induces sedative-like
effects in male C57BL/6J mice (Long et al., 2010) or reverses the hy-
peractive phenotype of an established genetic mouse model for schi-
zophrenia (Long et al., 2012). However, it is important to note the
discrepant findings in this research area, as CBD has been shown to be
effective in ameliorating the ‘psychotic-like’ stimulating effect of acute
amphetamine on locomotion (Long et al., 2010). Furthermore, some
human studies have observed that high dose CBD can produce sedative-
like effects [e.g. at 600mg: (Zuardi, 2008)].

Analysis of anxiety-related open field and the elevated plus maze
behaviours in Fmr1 deficient mice revealed a pronounced and con-
sistent (i.e. task-independent) decrease in anxiety-like phenotypes in
the Fmr1 KO mice. Previous studies using this Fmr1 mouse model re-
vealed varying anxiety phenotypes for Fmr1 KO mice. While some find
no genotype effect (Veeraragavan et al., 2011a; Veeraragavan et al.,
2011b) others report fewer anxiety-related behaviours (Ding et al.,
2014; Dolan et al., 2013; Uutela et al., 2012) in Fmr1 knockout models
as seen in our study. These inconsistencies across research studies ap-
pear to be independent of the genetic background of the mouse model
in question [reviewed in (Bernardet and Crusio, 2006)] and could be
related to the nature of the test protocol (e.g. nature of apparatus, time
and duration of testing, level of illumination), housing conditions or
other factors. We found that acute CBD (in particular at the dose of
20mg/kg) decreased the anxiety-like responses of all mice in the EPM.
The task-specific characteristics of the anxiolytic-like effect of CBD
treatment have been found in other studies including humans
(Bergamaschi et al., 2011) as well as mice [e.g. (Long et al., 2010)]. The
effect of acute CBD treatment was similar for all mice and the genotype
differences were not affected by the treatment, suggesting that FMRP is
not required for anxiolytic-like effects of acute CBD. Pharmacological
blockade of the cannabinoid receptor 2 (CB2) (but not the CB1 receptor)
has been effective in normalizing the anxiety behaviour of Fmr1-defi-
cient mice (Busquets-Garcia et al., 2013). However, since CBD has low
affinity and/or weak indirect action at CB1 and CB2 receptors
(McPartland et al., 2015) it is more likely that CBD decreases anxiety
via another mechanism, such as binding to the 5-HT1A receptor (Rock
et al., 2017; Campos and Guimaraes, 2008; Gomes et al., 2011). Given
that individuals with FXS experience increased anxiety (Bailey et al.,

Table 3
Concentration of CBD [ng/ml] in blood plasma and brain of WT and Fmr1 KO mice, 30min and 90min after an acute injection with vehicle, 5 mg of CBD or 20mg of
CBD. N=6 per timepoint, for each dose and genotype. Data are shown as means± SEM. WT=wild type-like, KO=knockout, CBD= cannabidiol, n.d.= not
detectable.

Brain
(30min)

Brain
(90min)

Plasma
(30min)

Plasma
(90min)

WT VEH n.d. n.d. n.d. n.d.
Fmr1 VEH n.d. n.d. n.d. n.d.
WT CBD5 229.3 ± 56.3 95.7 ± 24.6 123.3 ± 22.9 75.5 ± 18.2
Fmr1 CBD5 201.8 ± 47.5 198.2 ± 41.6 114.4 ± 26.3 100.7 ± 16.5
WT CBD20 1580.0 ± 79.4 820.8 ± 122.3 1000.3 ± 64.6 550.5 ± 101.6
Fmr1 CBD20 1209.0 ± 305.2 588.2 ± 147.2 737.4 ± 179.7 301.9 ± 68.3
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2008; Cordeiro et al., 2011) but we (and others) find decreased anxiety
in Fmr1 KO mice, the therapeutic value of CBD's anti-anxiolytic effect in
FXS requires clarification in future studies.

Most people with FXS are affected by mild to severe intellectual
impairments (Bailey et al., 2008). We did not identify a deficit of fear-
associated memory (i.e. passive avoidance) in Fmr1 KO mice in this
study- all mice displayed increased latencies to enter the dark chamber
after receiving a foot shock. We also did not observe a difference be-
tween Fmr1 KO mice and controls in spatial working memory (i.e.
spontaneous alternation). This result should be interpreted with caution
since only WT mice treated with 20mg/kg CBD showed levels of al-
ternation significantly above chance (50%). Similar to the anxiety
phenotype, the literature provides an inconsistent picture of the cog-
nitive phenotype of Fmr1 KO mice (reviewed in (Kazdoba et al., 2014))
although knockout mice can show impaired spatial memory when
tested in the passive avoidance (Bakker et al., 1994; Ding et al., 2014;
Qin et al., 2015b; Veeraragavan et al., 2011a; Veeraragavan et al.,
2011b), T maze (Oddi et al., 2015; Sinclair et al., 2017) and Y maze
(Bilousova et al., 2009) paradigms. In our study, CBD had no impact on
spatial working memory (spontaneous alternation) and fear-associated
spatial memory (passive avoidance). Other studies in our laboratory
have found beneficial effects of CBD in cognitive domains, as deficits in
recognition memory of a transgenic mouse model for Alzheimer's dis-
ease were rescued and prevented after chronic CBD treatment (Cheng
et al., 2014a; Cheng et al., 2014b). In line with the latter finding, two
studies explored the effects of modulating the endocannabinoid system
on passive avoidance behaviour in Fmr1 KO mice. Blocking the CB1 (but
not the CB2) receptor pharmacologically (acutely as well as chronically)
using rimonabant ameliorated impairments in recognition memory
(Busquets-Garcia et al., 2013). In another study, increasing the en-
docannabinoid tone using propofol or URB-597, both inhibitors of fatty
acid amide hydrolase activity (FAAH: catabolic enzyme for en-
docannabinoids), post training resulted in an improved passive avoid-
ance performance of Fmr1 KO mice without any effect on control ani-
mals (Qin et al., 2015b). However, the experimental protocol of Qin
et al. (2015a, b) was substantially different from our study, as they used
habituation trials, two training days, and a post-training administration
regime.

Although all mice (regardless of genotype and treatment) developed
the preference to explore a mouse over an empty chamber, a significant
preference for social novelty was absent in these mice. This lack of
social novelty preference in control mice in the vehicle condition was
unexpected, as previous studies suggest the test protocol is valid in
other mouse models (Cheng et al., 2013). FXS patients are often diag-
nosed with social withdrawal or social phobias (Bailey et al., 2008),
suggesting that Fmr1-deficient animals would demonstrate similar re-
ductions in the social preference test. However, findings regarding the
social behaviour of Fmr1-deficient mice are inconsistent across previous
studies with some studies reporting intact preference for social novelty
or even increased social interaction in free-running social tests whereas
others report deficient social preference (reviewed in (Kazdoba et al.,
2014)). Furthermore, studies have found that testing mice in the 3-
chamber preference test can result in different results dependent on
which parameters have been evaluated (Qin et al., 2015b). CBD did not
substantially impact the social behaviours of test mice in this 2-test trial
paradigm despite having been found to improve social preference and
interaction deficits in mouse models for schizophrenia (Long et al.,
2012) and Alzheimer's disease (Cheng et al., 2014a; Cheng et al., 2013).
Interestingly, by post-hoc analysis Fmr1 KO mice displayed significant
preference for the familiar mouse when treated with 5mg/kg CBD but
not under other conditions. This may suggest that CBD may have
benefit for increasing social affiliation and/or decreasing social anxiety
in the context of repeated exposures but future research will have to
clarify this in more detail.

The current study investigated the effects of acute CBD across
multiple behavioural domains in Fmr1 KO mice as a preclinical model

for therapeutic discovery. Data indicate that Fmr1-deficient male mice
displayed behaviours consistent with increased activity, reduced an-
xiety, and preserved social and cognitive performance. CBD adminis-
tration resulted in a further reduction in anxiety-like behaviour in both
Fmr1-deficient and WT mice, without concomitant effects on locomotor
activity, social or cognitive performance. Data suggest that CBD may
have anxiolytic effects, which are not dependent on Fmr1, and thus may
be considered for use in individuals with FXS. Future studies could
evaluate the chronic effects of CBD on FXS-related mouse phenotypes.
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