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ABSTRACT
Background: Cannabis is a widely used illicit substance but may also have
medicinal properties. Cannabidiol (CBD), one of the main compounds of
interest in the cannabis plant, has been suggested to have beneficial
effects in various psychiatric disorders including anxiety and psychosis.
Drug-induced locomotor hyperactivity is a commonly used animal model
of psychosis-like behaviour and to show antipsychotic drug action.
Several genetic and developmental animal models of psychosis show
differences in locomotor hyperactivity. The aim of the present study was
to investigate the effect of pretreatment with CBD on psychosis-like
behaviour in mice.
Methods: The animals underwent 5 sessions of locomotor activity testing
each, with 3–4 days between tests to allow washout of acute drug
challenge. Groups of mice (n = 8 male mice and n = 8 female mice
combined) were pretreated with CBD (10 mg/kg) or its vehicle, followed
1 h later with either saline, the dopamine releaser, methamphetamine
(1 or 3 mg/kg), or the NMDA receptor antagonist, MK-801 (0.1 or 0.25 mg/kg).
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Results: There was no significant effect of CBD on its own on locomotor
activity. Pretreatment with CBD had no effect on the hyperlocomotion
induced by either dose of methamphetamine. There was also no effect of
CBD on MK-801 induced hyperlocomotion following the 0.25 mg/kg dose,
while 0.1 mg/kg MK-801 did not induce hyperactivity.
Conclusions: These results do not support an antipsychotic action of CBD.
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ABBREVIATIONS
ANOVA, ANALYSIS OF VARIANCE; CBD, cannabidiol; Meth,
methamphetamine; NMDA, N-methyl-D-aspartate; SEM, standard error of
the mean; THC, Δ9-tetrahydrocannabinol
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INTRODUCTION
Cannabis is the most widely used illicit substance in the world, with at
least 3.4% of people reporting use during 2016 worldwide [1]. While the
cannabis plant contains many hundreds of compounds [2], the two main
compounds of interest are Δ9-tetrahydrocannabinol (THC) and
cannabidiol (CBD). There is also growing interest in the medicinal effects
of cannabis, such as in neurological and psychitric illness. Schizophrenia
and psychosis, including drug-induced psychosis, are devastating mental
illnesses which place a huge burden on the individual, their relatives, and
society at large [3–5]. Treatment options are limited and a better
understanding of the brain mechanisms involved might lead to novel
treatments. Although THC in particular has been implicated in the
development of psychosis or schizophrenia [6,7], several recent reviews
have suggested that CBD may be beneficial in a number of psychiatric
disorders including psychosis [8–10]. However, there is substantial
variability in experimental power, methodology, dosing and
experimental protocols used, and the mechanism of any
antipsychotic-like effect of CBD remains unclear. A systematic review
showed that in fact only few studies report reduction of psychotic
symptoms in patients with schizophrenia where the effect could not be
explained simply by CBD counteracting the psychotic effects of cannabis
or THC [11]. Therefore, it is clear that further studies are needed to clarify
the antipsychotic potential of CBD [12].
In animal model studies of antipsychotic drug action, psychotropic
drug-induced increases in locomotor activity have been used widely as a
model of psychosis-like behaviour [13,14]. Typically, rats or mice are
tested in an open field or automated locomotor photocells and, after an
initial habituation period, injected with a dopamine releasing drug, such
as
amphetamine
or
methamphetamine,
or
a
glutamate
N-methyl-D-aspartate (NMDA) receptor antagonist, such as phencyclidine
or MK-801 [13,15]. The ensuing locomotor hyperactivity is quantified and
animals can be tested on multiple occasions if sufficient drug wash-out is
allowed for, thus enabling them to serve as their own controls. Subtle
differences in responding can be found in animals which have been
genetically-modified for relevant gene function, have received
developmental pretreatments, or are pretreated acutely with
experimental compounds [13,15]. We have previously used this approach
for all of these scenarios [16–20].
Previous locomotor hyperactivity studies in rats and mice have shown
variable effects of CBD, with some showing an effect of lower but not
higher doses, others only higher doses, while some have looked at acute
doses and others following repeated administration [8,12] (see also
Discussion). In the present study we used our standard protocols and
investigated the effect of acute administration of a moderate dose of CBD
to antagonize the locomotor hyperactivity induced by treatment with
methamphetamine or MK-801.
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MATERIALS AND METHODS
Animals
C57BL/6 mice were purchased from WEHI and transferred to the La
Trobe Animal Research and Teaching Facility (LARTF). A total of 32 male
and female mice were used for experiments (n = 16/group, 8 male + 8
female). All mice were housed in groups of 4 during the experimental
period in individually ventilated cages (Techniplast, Buguggiate, Italy)
with food and water available ad libitum. Ambient temperature of
housing and testing rooms was 21 ± 2 °C and mice were housed under a
12-h light-dark cycle, lights on at 07:00 h, with all behavioural testing
conducted between 08:00 and 16:00 h. All experimentation was approved
by the La Trobe University Animal Ethics Committee and was conducted
in accordance with the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes set out by the National Health and
Medical Research Council of Australia. Project ID was AEC17-55 (approval
date 18 September 2017).
Drugs
Cannabidiol (CBD) was first dissolved in 100% ethanol then diluted to
a concentration of 2 mg/mL in Tween 80 and 0.9% sterile saline at a ratio
of 1:1:18 (Tween 80:ethanol:saline). CBD was administered at a dose
volume of 5 mL/kg to give a final dose of 10 mg/kg. This dose was based
on previous studies [21,22]. (+)-MK-801 hydrogen maleate (MK-801; 0.1
and 0.25 mg/kg) and methamphetamine (Meth; 1 and 3 mg/kg) were
dissolved in 0.9% sterile saline and also given at a dose volume of 5 mL/kg.
These doses were based on previous work in our lab showing reliable
hyperactivity [16–20].
CBD and methamphetamine were supplied by the National
Measurement Institute (Pymble, NSW, Australia). MK-801 and Tween 80
were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
Experimental Procedure
Mice underwent five sessions of locomotor activity testing each, with
3–4 days between tests to allow washout of acute challenge drug. Mice
were first administered CBD or its vehicle before being placed into
automated photocell arenas (Med Associates, Fairfax, VT, USA). These
arenas were 27 × 27 cm with walls 40 cm high, with a 16 × 16 array of
photobeam sensors for detecting movement.
Mice were allocated to either the CBD group or saline group and thus
received the same pretreatment prior to each locomotor activity session.
During each of five sessions, mice were first pretreated, then placed in
the arena for 1 h to habituate, after which they were removed briefly and
injected with the challenge drug, and then placed back into the arena for
a further 2 h [16–20]. During the first session all mice received saline as
the challenge. In the second session mice received either 1 mg/kg
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methamphetamine or 0.1 mg/kg MK-801 and in the third session they
received 3 mg/kg or 0.25 mg/kg, respectively, of the same drug. In
Sessions 4 and 5 mice received the opposite drug to Sessions 2 and 3, with
the lower dose again given first. Distance travelled was automatically
calculated in 5-min time bins.
Analysis
Data was expressed as the mean ± standard error of the mean (SEM)
and differences between groups were analysed with analysis of variance
(ANOVA) with repeated measures where appropriate using IBM SPSS
Statistics 23 (Armonk, NY, USA). For all data between-group statistical
factors were CBD treatment and sex. Within-group repeated-measures
factors were time and acute methamphetamine or MK-801 treatment.
One mouse from each treatment group was excluded from
methamphetamine analysis due to low activity indicating ineffective
injection of methamphetamine. One additional mouse was also excluded
from all analyses due to very high activity during the saline baseline
session. Although there was a significant main effect of sex for all
analyses, as females are generally more active than males, there were no
interactions of sex of the animals with CBD or challenge drug treatments;
therefore all data are presented in the results as sexes combined.
Differences between groups were considered significant at p < 0.05. All
data are expressed as mean ± standard error of the mean (SEM).
RESULTS
Effect of CBD on Baseline Locomotor Activity
To assess effects of acute CBD and vehicle treatment in the first hour
following injection, the average locomotor activity was calculated for
during the habituation period of all five sessions (Figure 1A). There was
no difference in activity during this time (main effect CBD, p = 0.48),
however there was a difference in the time course of activity (time × drug
interaction, p < 0.05). Inspection of the graph suggested that this result is
likely due to slightly higher activity in the mice allocated to the CBD
treatment although this occurred mainly in the first 10 min, when the
drug would not be expected to be active.
To further assess the acute effects of CBD and vehicle treatment on
baseline locomotor activity, we assessed the effect of saline injection
during the first session (Figure 1B). Again there were no differences in
activity between CBD and vehicle-treated mice following saline injection
given 1 h after pretreatment (main effect CBD, p = 0.73, time × drug
interaction, p = 0.66).
Taken together, these results show that there were no effects of CBD
pretreatment on baseline locomotor activity which could have masked
any possible interactions with either methamphetamine or MK-801.
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Figure 1. (A) Locomotor activity during the 1st hour immediately following CBD or vehicle injection.
Average value of all five sessions was calculated for each mouse. (B) Locomotor activity following saline
control injection given 1 hour after CBD or vehicle injection.
Effect of CBD on Methamphetamine-Induced Locomotor
Hyperactivity
Analysis of locomotor activity following 1 and 3 mg/kg
methamphetamine compared to saline control (Figure 2A) showed a
significant main effect of an acute methamphetamine challenge (p < 0.001)
and a methamphetamine × CBD × time interaction (p = 0.001). Additional
ANOVAs were therefore done to compare the effect of each dose of acute
methamphetamine with saline treatment to further explore this
relationship. Following acute injection with 1 mg/kg methamphetamine,
there was a significant main effect of treatment compared to saline
injection (p = 0.023). However there was no interaction with CBD (meth ×
CBD, p = 0.69) or over time (meth × CBD × time, p = 0.69), indicating that,
although methamphetamine increased activity compared to saline
injection, pretreatment with CBD had no effect on methamphetamine
response at this dose.
Following acute injection with 3 mg/kg methamphetamine, analysis
again showed a significant main effect of treatment compared to saline
injection (p < 0.001). Again, there was no interaction with CBD
pretreatment (meth × CBD, p = 0.85), however there was a difference in
the time course of activity (meth × CBD × time, p = 0.007). Investigation of
the graph suggests that this was due to slightly higher activity in
CBD-pretreated mice during the first hour, but slightly lower activity
during the 2nd hour post-methamphetamine injection, when activity
plateaus at a low level. However, further analysis of distance moved
during the first or second hour post-methamphetamine separately
showed that while there was a significant main effect of
methamphetamine (1st hour: p < 0.001, 2nd hour: p < 0.01), there was no
interaction with CBD (meth × CBD interaction 1st hour: p = 0.43, 2nd hour:
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p = 0.88). Total distance travelled in the first hour was 2799 ± 576 and
2381 ± 318 cm following acute saline injection and 13404 ± 2133 and
16759 ± 2246 cm following acute methamphetamine injection in vehicle
and CBD-pretreated mice, respectively. Total distance travelled in the
second hour was 1024 ± 268 and 1113 ± 220 cm following saline and
8644 ± 1159 and 6407 ± 828 cm following methamphetamine in vehicle
and CBD-pretreated mice, respectively. Post-hoc analysis at each
individual time point also did not reveal any significant difference
between saline controls and CBD-pretreated mice (data not shown).

Figure 2. Locomotor activity following saline control vs. methamphetamine (Meth) 1 mg/kg (A) or 3 mg/kg
(B) injection, or MK-801 (MK) 0.1 mg/kg (C) or 0.25 mg/kg (D) injection given 1 h after CBD or vehicle
injection. Note saline data are the same in all panels and included for comparison.
Effect of CBD on MK-801-Induced Locomotor Hyperactivity
Analysis of locomotor activity following 0.1 and 0.25 mg/kg MK-801
compared to saline control (Figure 2B) showed a significant main effect of
the acute MK-801 challenge (p < 0.001). Further ANOVAs were therefore
done to compare the effect of each dose of acute MK-801 vs. saline to
further explore this relationship.
Following acute injection with 0.1 mg/kg MK-801, there was no
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significant effect of treatment compared to saline injection (p = 0.22),
indicating this dose did not have an effect on locomotor activity.
Following acute injection with 0.25 mg/kg MK-801, there was a significant
main effect of treatment compared to saline injection (p < 0.001).
However there was no interaction with CBD (MK-801 × CBD, p = 0.91) or
over time (MK-801 × CBD × time, p = 0.81), indicating pretreatment with
CBD had no effect on the MK-801 response at either dose.
DISCUSSION
This study showed that there was no significant effect of 10 mg/kg CBD
on its own on locomotor activity, either during the first hour prior to any
subsequent drug challenges, or for the 2 h following a saline control
injection at 1 h post-CBD. This suggests that any possible effects of CBD we
may have seen on responses to methamphetamine or MK-801 would
likely have been due to a specific interaction between CBD and the
challenge drug, and not just a sedating effect of CBD. Previous studies
have shown that the same 10 mg/kg dose we used decreased locomotor
activity in mice in a light dark test but not in an open field [23] and also
decreased prepulse inhibition [PPI] in untreated rats [21], while both
higher and lower doses have shown no effect on baseline locomotor
activity in mice [23–25] and 1 but not 3 mg/kg CBD decreased locomotor
activity in untreated rats [26].
A range of preclinical studies have investigated the effects of CBD on
animal models of psychosis-like behaviour with variable results. Studies
using MK-801-induced disruption of PPI as a model of psychosis-related
behaviour have shown that an acute dose of 5, but not 1 or 15 mg/kg CBD
was able to reverse the effects of MK-801 in mice [22], while doses of 3, 10
and 30 mg/kg had no effect in rats [21]. Further studies have shown CBD
30 and 60, but not 15 mg/kg, also attenuated the disruptive effect of
amphetamine on PPI in mice [27]. The effect of chronic treatment with
CBD has also been investigated in mice also treated chronically with
MK-801 and showed that CBD 30 and 60 but not 15 mg/kg attenuated the
MK-801 induced disruption of PPI, however a single dose of CBD at any
dose had no effect [28].
Studies using acute administration of CBD prior to a stimulant have
shown that both 1 and 3 mg/kg were able to inhibit MK-801 induced
hyperactivity in rats [26], while 30 and 60, but not 15 mg/kg, reversed
D-amphetamine-induced hyperactivity and 30, but not 15 or 60 mg/kg,
attenuated ketamine-induced activity increases in mice [25]. Following
chronic treatment with CBD for 21 days in mice, a 50 mg/kg dose, but not
1 or 5 mg/kg, was able to attenuate D-amphetamine-induced
hyperlocomotion, however an acute dose was not effective [23]. These
previous studies illustrate the highly variable effect of CBD in previous
studies on rodent models of psychosis-like behaviour. We aimed to
re-evaluate the effect of a moderate dose of CBD using protocols which in
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our previous studies have shown clear differences between mouse
groups with different genotypes or pretreatments [16–20].
Our results show that pretreatment with 10 mg/kg CBD did not
attenuate the hyperlocomotion induced by either 1 or 3 mg/kg
methamphetamine, although it did appear to slightly alter the time
course of the response to the 3 mg/kg dose. This is somewhat similar to a
previous study which showed that an acute dose of 1 or 50 mg/kg CBD
given 45 min before a D-amphetamine challenge also did not alter
locomotor hyperactivity, while CBD 50 mg/kg, but not 1, 5 or 10 mg/kg,
given daily for 21 days was only able to attenuate the effect of
D-amphetamine at 35–45 min post-challenge [23]. Both results are in
contrast to another study which showed that 30 and 60, but not 15 mg/kg,
CBD given 20 min before D-amphetamine was able to significantly
reverse the effects of this challenge in Swiss mice [25]. It is possible that
these differences can be explained by the different strains of mice used,
as Pedrazzi et al. [27] also showed the same doses of CBD given 30 min
before amphetamine were able to attenuate the PPI disrupting effects of
amphetamine in Swiss mice.
We also showed no effect of CBD on MK-801-induced hyperlocomotion
following the 0.25 mg/kg dose. This is in contrast to Gururajan et al. [26]
who showed that lower doses of 1 and 3 mg/kg CBD were able to inhibit
the locomotor hyperactivity induced by 0.3 mg/kg MK-801 given 20 min
later. While this study was conducted in a different species and with
different doses on CBD, it is also worth noting that the time period
between CBD and MK-801 administration was shorter than the 1 hour
period used in the current study and could contribute to the lack of
effects seen in our study. Additional studies have also used a similar
20-min time period between CBD and MK-801 administration in PPI
experiments, and showed that 5 mg/kg CBD was able to reverse the PPI
disrupting effect of 1 mg/kg MK-801 [22] in mice, however using the same
protocol 3, 10 and 30 mg/kg CBD had no effect on the disruption of PPI
induced by MK-801 in rats [21].
Limitations of this study include the lack of a positive control to verify
that the CBD was effective in some conditions while having no effect of
psychosis-like behaviour in the mice. Further studies could also be done
with shorter time-intervals between CBD and methamphetamine/MK-801
injection. It is unlikely that the lack of effect of CBD in our study is caused
by lack of statistical power. The numbers of animals per group used here
are comparable to several of our previous studies where highly
significant changes in psychosis-like behaviour could be found (see above
for references). Moreover, other than a slight change in the time-course
of behaviour there were no clear trends that could have reflected
possible significant drug effects if more animals had been tested.
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CONCLUSIONS
We were unable to show an effect of 10 mg/kg CBD, given one hour
prior, on the hyperlocomotion induced either by methamphetamine or
MK-801 in mice, widely-used experimental indices of psychosis-like
behaviour [13]. Experimental variables such as the dose and dosing
protocol used, the strain of animal used, or the time period between CBD
and subsequent stimulant drug, may play a role in these negative
findings. Our study adds to the literature by failing to show a possible
antipsychotic effects of CBD. Additional studies have shown promising
effects of CBD when given to genetic animal models of psychosis-like
behaviour including Nrg1 Het mice [24] and spontaneously hypertensive
rats [29]. This suggests future studies may benefit from including genetic
and developmental models of psychosis-like behaviour to further
elucidate a possible role of CBD in the treatment of psychosis and
schizophrenia.
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