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Abstract
Rationale  Cannabidiol (CBD) and cannabidiolic acid (CBDA) are non-psychoactive components of the cannabis plant. CBD 
has been well characterised to have anxiolytic and anticonvulsant activity, whereas the behavioural effects of CBDA are 
less clear. Preclinical and clinical data suggests that CBD has antipsychotic properties and reduces methamphetamine self-
administration in rats. An animal model that is commonly used to mimic the neurochemical changes underlying psychosis 
and drug dependence is methamphetamine (METH) sensitisation, where repeated administration of the psychostimulant 
progressively increases the locomotor effects of METH.
Objective  The aim of this study was to determine whether CBD or CBDA attenuate METH-induced sensitisation of loco-
motor hyperactivity in rats.
Methods  Eighty-six male Sprague Dawley rats underwent METH sensitisation protocol where they were subjected to daily 
METH (1 mg/kg on days 2 and 8, 5 mg/kg on days 3–7; i.p.) injections for 7 days. After 21 days of withdrawal, rats were 
given a prior injection of CBD (0, 40 and 80 mg/kg; i.p.) or CBDA (0, 0.1, 10 and 1000 µg/kg; i.p.) and challenged with 
acute METH (1 mg/kg; i.p.). Locomotor activity was then measured for 60 min.
Results  Rats displayed robust METH sensitisation as evidenced by increased locomotor activity to METH challenge in 
METH-pretreated versus SAL-pretreated rats. CBD (40 and 80 mg/kg) reduced METH-induced sensitisation. There was no 
effect of any CBDA doses on METH sensitisation or acute METH-induced hyperactivity.
Conclusion  These results demonstrate that CBD, but not CBDA, reduces METH sensitisation of locomotor activity in rats 
at pharmacologically effective doses, thus reinforcing evidence that CBD has anti-addiction and antipsychotic properties.
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Introduction

The psychostimulant methamphetamine (METH; Ice) is a 
highly addictive illicit drug with its use producing major 
physical and mental health problems worldwide (Fulcher 
et al. 2018; Gao et al. 2018; Krizman-Matasic et al. 2019). 
Chronic METH use is associated with cognitive, neurologi-
cal and psychiatric health problems, including drug depend-
ence, drug-induced aggression and psychosis (Grant et al. 
2012; McKetin et al. 2013; Mullen et al. 2018). METH-
induced psychosis is believed to result from an excess of 
synaptic dopamine (DA) and psychotic symptoms are one 
of the most common adverse consequences among METH 
users. These symptoms include hallucinations and para-
noid delusions (Zweben et al. 2004, McKetin et al. 2006, 
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Glasner-Edwards and Mooney 2014), affecting up to 40% of 
users (Glasner-Edwards and Mooney 2014). The symptoms 
may re-occur spontaneously followed by re-exposure to a 
low dose of METH, or spontaneously after long-term ces-
sation of METH use (Akiyama et al. 2011).

To date, there are no approved pharmacological treat-
ments for METH dependence, withdrawal or its psychiat-
ric sequelae (Shoptaw et al. 2009) and existing approaches 
(e.g. dexamphetamine substitution, antidepressants) are of 
minimal efficacy and have considerable adverse side effects 
(Morley et al. 2017). Antipsychotics aimed at dopamine 
systems are also associated with a number of side effects, 
which can be severe and may contribute to non-adherence to 
the treatment (Leucht et al. 2013; Davies and Bhattacharyya 
2019). Due to the limitations of current treatments available 
for METH-induced psychoses, more research is needed to 
establish new pharmacotherapies, with a more favourable 
toxicity profile (Millan et al. 2016; Davies and Bhattacha-
ryya 2019).

A non-intoxicating component of Cannabis sativa, 
cannabidiol (CBD) reduced seizures in childhood epi-
lepsy patients in a series of phase III clinical trials 
(Thiele et al. 2018, Devinsky et al. 2018) and is now 
a registered therapeutic in the USA, Europe and Aus-
tralia. Accumulating human research also suggests that 
CBD might be useful as a neuropharmacological agent 
in the treatment of psychiatric disorders such as depres-
sion (Resstel et al. 2009), anxiety (Masataka 2019; Lin-
ares et al. 2019) and schizophrenia (Leweke et al. 2012; 
McGuire et al. 2018) (Bhattacharyya et al. 2010; Fusar-
Poli et al. 2010). Preclinical studies suggest that CBD 
may also have potential in addiction medicine to reduce 
the addictive effects of several abused drugs, with CBD 
displaying potent anti-craving effects in animal models 
of alcohol, cocaine and opioid addiction (Ren et al. 2009; 
Prud'homme et al. 2015; Gonzalez-Cuevas et al. 2018; 
Viudez-Martínez et al. 2018a, b). Moreover, our labora-
tory recently showed that treatment with CBD reduced 
the motivation to self-administer intravenous METH and 
also relapse to METH-seeking behaviour in rats (Hay 
et al. 2018).

Extending on this earlier finding, the current study 
aimed to determine whether systemic CBD treatment 
was effective in reducing behavioural sensitisation to 
repeated METH administration. Behavioural sensitisa-
tion refers to the phenomenon whereby rats given inter-
mittent METH become progressively more hyperactive 
to a fixed dose of the drug, and is thought to model 
some aspects of METH-induced addiction and psycho-
sis (Wearne et al. 2015; Berridge and Robinson 2011). 
Previous studies suggest that repeated CBD exposure 
attenuates dexamphetamine-induced hyperlocomotion in 
mice (Long et al. 2010) while intra-nucleus accumbens 

pretreatment of CBD reduced amphetamine-induced 
behavioural locomotor sensitisation in rats (Renard et al. 
2016a). On the other hand, a recent study suggests that 
CBD may actually facilitate METH sensitisation in a 
conditioned place preference model (Khanegheini et al. 
2021). The present study sought to clarify these dispa-
rate findings.

In the Cannabis sativa plant, the precursor molecule 
to CBD is cannabidiolic acid (CBDA). CBDA is biosyn-
thesised enzymatically in the plant and is then decarbox-
ylated into CBD due to exposure to heat and light. CBDA 
itself has emerging therapeutic properties with exhibits 
anti-emetic, antidepressant, anxiolytic and anticonvul-
sant activity, shown in various preclinical models (Hen-
Shoval et al. 2018; Pertwee et al. 2018; Anderson et al. 
2019a; Assareh et al. 2020). However, the knowledge 
of the pharmacological effects of CBDA remains rather 
limited. CBDA exerts its effects at much lower doses 
than CBD with very low microgram doses of CBDA 
preventing nausea-induced behaviour in rats by enhanc-
ing 5-HT1A receptor activation (Bolognini et al. 2013; 
Rock and Parker 2013, 2015). Further, CBDA reduced 
stress-induced anxiety and depression-like behaviour in 
rodent models (Hen-Shoval et al. 2018; Assareh et al. 
2020). CBDA reduced seizures in a mouse model of 
Dravet syndrome at a tenfold lower doses than CBD 
(Anderson et al. 2019a, b). Overall, these results sug-
gest that CBDA has common pharmacological activity 
to CBD, but with higher potency. We therefore aimed to 
compare the effects of CBD and CBDA on behavioural 
sensitisation to METH, to more fully characterise any 
potential antipsychotic and anti-addictive properties of 
these compounds.

Material and methods

Animals

Eighty-six male Sprague Dawley rats (weighing an aver-
age of 330 g upon arrival) were obtained from the Animal 
Resource Centre (Perth, Australia). Rats were housed in 
groups of four per cage (cage size: 64 × 20 × 40 cm), and 
food and water were available ad libitum in the home cages 
but not during experimental procedures. Lighting was kept 
on a 12-h light/dark cycle (lights on 06:00), with all experi-
ments conducted during the light cycle. The housing room 
temperature was maintained at 21 °C (± 1 °C). Prior to the 
start of experimentation, rats were acclimatised to the facil-
ity for 7 days and were handled daily for a further 7 days. 
All experimental procedures were conducted in accordance 
with the Australian Code of Practice for the Care and Use 
of Animals for Scientific Purposes (8th edition, 2013) and 
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were approved by the Macquarie University Animal Ethics 
Committee.

Drug treatment

Methamphetamine hydrochloride (METH) was purchased 
from the Australian Government Analytical Laboratories 
(Pymble, NSW, Australia) and was dissolved in saline 
(SAL; 0.9%) for administration via intraperitoneal (i.p.) 
injection at doses of either 1 or 5 mg/kg. METH and SAL 
i.p. injections were given at a volume of 1 ml/kg. For 
experiment 1, CBD was purchased (THC Pharm GmbH, 
Germany) and suspended in a vehicle (VEH; 1:1:18 mix-
ture of DMSO:Tween-80:SAL) and was given at doses of 
either 40 or 80 mg/kg at a volume of 2 ml/kg, based on 
our previous study (Hay et al. 2018). For experiment 2, 
CBDA (purity > 99%; extracted from plant material by the 
Lambert Initiative for Cannabinoid Therapeutics) was also 
prepared in DMSO:Tween-80:saline (1:1:18 ratio) and was 
administered (i.p.) at a dose of either 0.1, 10, or 1000 µg/
kg based on dosing in previous studies (Rock et al. 2015, 
2018) at a volume of 1 ml/kg. The VEH solutions (2 ml/
kg for CBD and 1 ml/kg for CBDA) were administered 
as control treatments to compare with the effects of both 
CBD (experiment 1) and CBDA (experiment 2).

Locomotor activity

In order to confirm the development of behavioural sen-
sitisation and to verify the effects of CBD and CBDA, 
locomotor activity was recorded on days 1, 2, 8, 30, 31, 
and on the challenge days (Fig. 1). Locomotor activity was 
measured in actimeter infrared chambers (L 36 × W 24 × H 
19 cm; Imetronic Pessac, France). Each chamber consisted 
of a removable plastic box with mesh wire top and floor-
ing. Within each chamber were four parallel horizontal 
infrared sensors which recorded photocell beam breaks in 
three dimensions. Prior to all testing sessions, rats were 
placed in the test chamber for 15 min to reduce novelty-
induced increases in activity before locomotor activity was 
recorded (60 min). Each chamber was cleaned with F10 
veterinary disinfectant solution (Chemical Essentials Pty/
Ltd) between trials.

Experimental procedure

Two experiments were conducted for each treatment—
experiment 1: CBD, n = 38 and experiment 2: CBDA, 
n = 48. Rats received either chronic SAL or METH injec-
tions during the sensitisation protocol, and then received 
challenge injections of either SAL or METH on test days. 

Day 3-7
METH (5mg/kg) or

SAL (1mg/kg)

Day 8
Loco test

METH (1mg/kg) or
SAL (1mg/kg)

Day 9-29
Withdrawal
Home cage

Day 1 
Loco test

Day 2
Loco test

Day 3
Loco test

Day 1 
Loco test

Day 2
Loco test

Day 3
Loco test

Day 4
Loco test

Day 30
Loco test

SAL (1mg/kg)

Day 1
Loco test

Habituation
SAL (1mg/kg)

Day 2
Loco test

METH (1mg/kg) or
SAL (1mg/kg)

Challenges

SS

MS

SM

MM

SAL (1mg/kg)

SAL (1mg/kg)

METH (1mg/kg)

METH (1mg/kg)

SS

MS

SM

MM

SAL (1mg/kg)

SAL (1mg/kg)

METH (1mg/kg)

METH (1mg/kg)

Challenges

Fig. 1   Schematic of experimental procedure and timeline for METH 
sensitisation protocol. Experiment 1 tested CBD treatment; experi-
ment 2 tested CBDA treatment. Abbreviations: METH, methamphet-

amine; SAL, saline; VEH, vehicle; CBD, cannabidiol; CBDA, canna-
bidiolic acid; Loco, locomotor activity
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Within each experiment, the animals were allocated 
between a total of 4 groups (n = 9–10 rats per group for 
experiment 1 and n = 12 rats per group for experiment 
2): SAL-pretreated rats + SAL challenge injection (SS), 
SAL-pretreated rats + METH challenge injection (SM), 
METH-pretreated rats + SAL challenge injection (MS) 
and METH-pretreated rats + METH challenge injection 
(MM).

Animals underwent a standard protocol for producing 
the expression of behavioural sensitisation to repeated 
METH as previously described (Wearne et  al. 2015). 
Briefly, according with the timeline (Fig. 1), on day 1 
(habituation) all animals were first acclimated to the 
locomotor boxes for 15 min, removed and injected with 
SAL (0.9%, 1 ml/kg i.p.) and replaced into the chamber 
for locomotor behaviour measures for a further 60 min. 
On days 2 and 8, rats received an i.p. injection of SAL 
or METH (1 mg/kg) followed by a locomotor activity 
test (60 min). On days 3–7, rats from the METH group 
received once daily i.p. injections of METH (5 mg/kg), 
while control rats received SAL in their home cage. Rats 
then underwent a 21-day withdrawal period in their home 
cages until the challenge tests. On day 30, all rats were 
injected SAL and placed to the locomotor apparatus for 
testing conditioned baseline response before challenge 
tests which began the next day and were each separated 
by at least 48 h (experiments 1 and 2). All treatment con-
ditions of both CBD and CBDA were counterbalanced 
across the challenge test days using an adapted (CBD, 
3 doses) or full (CBDA, 4 doses) Latin square design 
(within-subjects design), so all rats were tested on all 
doses of CBD or CBDA.

Experiment 1—CBD treatment

Rats from all 4 treatment groups received each of the three 
CBD treatment conditions (0  mg/kg (VEH), 40  mg/kg 
(CBD40) and 80 mg/kg (CBD80); i.p.) 30 min prior to the 
challenge dose injection of SAL or METH (1 mg/kg; i.p.) 
according to each treatment group assigned and were then 
placed into the locomotor apparatus for a total of 60 min on 
3 different test days.

Experiment 2—CBDA treatment

All rats received all four CBDA treatment conditions (0 μg/
kg (VEH), 0.1 μg/kg (CBDA0.1), 10 μg/kg (CBDA10), 
1000 μg/kg (CBDA 1000); i.p.) 5 min prior to the challenge 
dose injection of SAL or METH (1 mg/kg), to ensure that the 
effects of the challenge dose coincided with the short Tmax of 
CBDA (Anderson et al. 2019a). Rats were then placed into 
the testing chambers and locomotor activity was recorded 
for a total of 60 min, on 4 different test days.

Statistical analysis

Statistical analyses were performed using SigmaPlot 12.0 
to test our a priori hypotheses that either CBD or CBDA 
treatment would reduce METH sensitised behaviours greater 
than when compared to acute METH challenge, or to that 
of VEH-treated controls. Two-way ANOVA followed by 
post hoc Tukey test was used to compare the locomotor 
activity in the METH sensitised rats and the different CBD/
CBDA doses. Two-way ANOVA repeated measures (RM) 
followed by post hoc Tukey was used to compare the loco-
motor activity between the groups and the different days. 
Two-way ANOVA repeated measures followed by post hoc 
Tukey was used to compare the effects of the different doses 
of CBD/CBDA over the session time within the SM and 
MM groups. p < 0.05 was considered statistically significant. 
Data were reported as mean ± standard error of the mean 
(SEM). Where interactions did not reach significance in time 
course data, post hoc Tukey tests were conducted to test our 
hypotheses.

Results

Sensitisation to METH

Both experiments reproduced METH sensitisation behav-
iour as shown in Fig. 2a and b. Figure 2a shows that there 
was a main group effect [F(1,30) = 19.35, p < 0.0001], where 
MM group showed higher locomotion than the SM control 
group in the first METH challenge (p < 0.001) and day 8 
(p = 0.001). A two-way RM ANOVA also revealed a day 
effect [F(2,30) = 53.41, p < 0.001], where both MM and SM 
had a significant locomotor response increase on challenge 
day when compared to their locomotor response on days 
2 and 8 (p < 0.001). In Fig. 2b, a two-way RM ANOVA 
also revealed a significant effect of group [F(1,36) = 29.37, 
p < 0.001] and effect of day [F(2,36) = 13.08, p < 0.001], 
where the post hoc test showed that MM had higher locomo-
tion than the SM after the first METH challenge (p < 0.001) 
and on day 8 (p = 0.043). In addition, a planned contrast test 
revealed that within MM rats on challenge day the locomo-
tor activity was higher than on day 8 and day 2 (p < 0.001). 
Challenge day is defined as the day the rats received a chal-
lenge of METH 30 min after treatment with VEH.

Effect of CBD on locomotor activity

Treatment with CBD significantly decreased the total loco-
motor activity in METH sensitised rats (Fig. 3a). Two-way 
ANOVA RM showed that there was a main effect of group 
[F(3,64) = 26.35, p < 0.001], CBD dose [F(2,64) = 11.53, 
p < 0.001] and an interaction between group and CBD dose 
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[F(6,64) = 4.73, p < 0.001]. The post hoc test revealed a 
significant reduction of ambulation at both doses (CBD40 
and 80) (p < 0.001) compared to the control group (VEH) 
within MM rats. However, there was no statistically signifi-
cant difference between these doses (p = 0.710). Within the 
SM group, the figure displays that only the CBD40 dose was 
able to decrease locomotor activity when compared to VEH 
treatment (p = 0.026).

Analysing the time-course of locomotor activity, two-
way ANOVA RM revealed that there was only an effect of 
time [F(5,80) = 6.26, p < 0.001] (Fig. 3b and c). Post hoc 
test showed that CBD40 significantly decreased locomotor 
activity in SM rats at 11–20 min time bins of the locomo-
tor test compared to VEH and CBD80 (p < 0.05; Fig. 3b). 
In Fig. 3c, two-way ANOVA RM revealed that there was 
only a time effect [F(5,90) = 11.83, p < 0.001]. Post hoc 
tests showed that the treatment with CBD80 significantly 
decreased locomotor activity in MM rats at 20 min of the 
locomotor test compared to VEH (p = 0.05). The graph also 
shows that at 51–60 min time bins in both doses of CBD 
locomotor activity was decreased relative to VEH (p < 0.05). 
Within CBD40 and CBD80 there was a strong time effect, 
where at the 51–60 min time bins the locomotor activity was 
lower than at 0–10, 11–20, 21–30 min time bins (p < 0.05), 
that was not shown in VEH-treated controls.

Effect of CBDA on locomotor activity

In Fig. 4, two-way ANOVA RM showed that there was 
only a main effect of group [F(3,111) = 59.03, p < 0.001] 
and there was no effect of CBDA dose [F(3,111) = 0.470, 
p = 0.704] and no interaction between group and CBDA 
dose [F(9,111) = 0.602, p = 0.793]. Post hoc test showed 
only that VEH from the MM group had a higher locomotor 

activity when compared to its counterpart from the SM 
group (p < 0.001), indicating the sensitised locomotor effect 
in MM. In Fig. 4b and c, two-way ANOVA RM did not show 
a significant effect of CBDA on beam break activity over 
the 60-min test session in both SM and MM groups (SM) 
[F(3,165) = 0.601, p = 0.619]; (MM) [F(3,150) = 0.980, 
p = 0.415]; but showed a general effect of time (SM) 
[F(5,165) = 8.935, p < 0.001]; (MM) [F(5,150) = 8.613, 
p < 0.001] and an interaction between CBDA treatment and 
time in the SM group [F(15,165) = 1.804, p = 0.038].

Discussion

The current study investigated the effect of CBD or CBDA 
treatment on the expression of behavioural sensitisation to 
METH, which is thought to model some aspects of METH-
induced addiction and psychosis. The major findings of this 
study were that, in rats which underwent METH sensiti-
sation, CBD at 40 and 80 mg/kg decreased this sensitised 
response. Treatment with the 40 mg/kg dose of CBD also 
significantly reduced the locomotor effect of METH admin-
istration in non-sensitised animals. There were no effects of 
treatment with CBDA on any treatment group.

The behavioural sensitisation to METH observed here 
is in accordance with the literature (Pierce and Kalivas 
1997; Ago et al. 2012) and our previous studies (Wearne 
et al. 2015; Wearne et al. 2017), where repeated exposure to 
METH produces an enhanced locomotor response after an 
extended withdrawal period compared to an acute METH 
challenge (Robinson and Becker 1986; Vanderschuren and 
Kalivas 2000). This hyperlocomotion resulting from the 
METH sensitisation paradigm is thought to be a model of 
some aspects of the emergence of psychotic symptoms and 

Fig. 2   Locomotor sensitisation to repeated METH administration. 
Both figures represent comparisons between saline-pretreated rats 
(SM) and METH-pretreated rats (MM) after a METH challenge 
injection. a Experiment 1 (CBD): #p < 0.001 when comparing MM 
with SM group on challenge day and day 8; *p < 0.001 when com-
paring the challenge day with both day 2 and day 8 in both groups. 

b Experiment 2 (CBDA): ##p < 0.001 comparing MM rats with SM 
on challenge day, and #p = 0.043 on day 8; *p < 0.001 when compar-
ing the challenge day with both day 2 and day 8 within the MM rats. 
(Challenge day, i.e. METH challenge 30  min after treatment with 
VEH)

1597



Psychopharmacology (2022) 239:1593–1603	

1 3

METH addiction in humans that occur with repeated METH 
use. The ability of antipsychotics to reverse such sensiti-
sation gives some indication of predictive validity (Jones 
et al. 2011; Akiyama et al. 2011). Our results also show that 
CBD itself did not decrease locomotion in the rats treated 
only with saline (SS), suggesting that its inhibitory effect 
on hyperlocomotion is not due to motor impairment and is 
consistent with numerous prior studies highlighting showing 
CBD does not inhibit locomotor activity in rodents (ElBatsh 

et al. 2012, Todd and Arnold 2016). These results agree 
with previous preclinical studies demonstrating that CBD 
reduces hyperlocomotion induced by amphetamine and keta-
mine (Moreira and Guimarães 2005), thus suggesting that 
CBD has antipsychotic-like effects without the detrimental 
motor side effects.

Systemic injections of either 40 or 80 mg/kg CBD prior 
to the METH challenge in sensitised rats significantly 
decreased the hyperlocomotor effects to a similar extent. 

Fig. 3   Mean (± SEM) of locomotor activity after CBD or vehicle 
administration on METH challenge days and number of photocell 
beam breaks per each 10-min bins following CBD or vehicle pretreat-
ment. a **p < 0.001 when compared to rats treated with VEH in the 
METH-pretreated (MM) group, #p < 0.001 when compared within 
VEH treatment of METH-pretreated rats (MM) to saline control (SM) 
on challenge day, *p = 0.02 when compared to rats treated with VEH 
in the saline control (SM) group. b Time-course of locomotor activity 

within saline-pretreated rats after METH challenge injections (SM). 
*p < 0.05, significant difference between CBD40 and VEH/CBD80. c 
Time-course of locomotor activity within METH-pretreated rats after 
METH challenge injections.*p = 0.05, significant difference between 
CBD80 and VEH at 11–20 min time bins; **p < 0.05, significant dif-
ference of CBD40 and CBD80 from VEH at 51–60  min time bins; 
#p < 0.05, significant difference between 51–60 time bins and 0–10, 
11–20 and 21–30 min time bins within CBD40 and CBD80
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This suggests limited dose-dependency of the effect of CBD 
in METH sensitised animals, somewhat in contrast to our 
prior study of METH self-administration and relapse, where 
only the highest dose of CBD (80 mg/kg i.p.) was effective 
in reducing addiction-related behaviours (Hay et al. 2018). 
Further, in the acute METH challenged animals in the pre-
sent study (group SM), only the 40 mg/kg and not the 80 mg/
kg dose of CBD effectively reduced locomotor hyperactivity. 
This was clearly illustrated in the time course data, where 
only 40 mg/kg significantly reduced the acute locomotor 
effect of METH at 10–20 min post challenge. The reason 
for this is not readily apparent. The behavioural effects of 
cannabinoids do sometimes follow a bell-shaped curve (for 
review see Blessing et al. 2015) and this may reflect the 
recruitment of different receptor and enzymatic targets with 
ascending doses of CBD.

The diverse actions of CBD on multiple receptor types 
(Seeman 2016; Morales et al. 2017) may also explain the 
differential effects of CBD in sensitised and non-sensitised 
animals. For example, chronic METH administration alters 
5-HT1A receptors, vanilloid receptor 1 (TRPV1), peroxisome 
proliferator-activated receptor γ (PPARγ) and dopamine D2 
receptors (Ago et al. 2006; Maeda et al. 2007; Tian et al. 
2010; Granado et al. 2011), providing possible avenues for 
CBD to have enhanced effects in sensitised animals com-
pared to controls (Seeman 2016; Morales et al. 2017). The 

ability for CBD to reduce acute stimulant effects appears 
inconsistent, with some studies showing effective reductions 
after acute doses (30 and 60 mg/kg; Moreira and Guimarães 
2005), and others reporting that only repeated doses of CBD 
are able to reduce the acute hyperactive effects of ampheta-
mine (Long et al. 2010). On the other hand, some reported 
no significant effect of CBD administration on acute psy-
chostimulant-induced behaviours (Valvassori et al. 2011). 
Further studies are required to determine the optimum treat-
ment regimen and mechanism of action of CBD, following 
either acute or chronic treatment with METH.

The mechanisms through which CBD exerts its antipsy-
chotic effects are still under investigation as are the brain 
regions involved. The dopamine-rich region of the nucleus 
accumbens is relevant to antipsychotic effectiveness on the 
positive symptoms of schizophrenia, while effects in the 
dorsal striatum are related to motoric side effects (Seeman 
2002; Strange 2001). Several clinical and preclinical studies 
have revealed that CBD can strongly modulate the mesolim-
bic dopamine system (Bhattacharyya et al. 2010; Valvassori 
et al. 2011; Renard et al. 2016a). Consistent with this, direct 
infusion of CBD into the shell region of the nucleus accum-
bens reduced behavioural sensitisation to amphetamine and 
amphetamine-induced sensorimotor gating deficits in rats 
(Renard et al. 2016a). In humans, CBD normalised abnormal 
activity in brain structures linked to triggering psychosis in 

Fig. 4   Mean (± SEM) of 
locomotor activity after CBDA 
or vehicle administration on 
METH challenge days and 
number of photocell beam 
breaks per each 5-min bins 
following pretreatment with 
VEH, CBDA0.1, CBDA10 
and CBDA1000 for METH-
pretreated group (MM) and 
its control (SM). a #p < 0.001 
when compared the VEH from 
METH-pretreated rats (MM) 
to saline control (SM) on chal-
lenge day. b and c revealed no 
significant effect of CBDA on 
beam break activity over the 
60-min test session in both SM 
(p =0.619) and MM (p =0.415) 
groups
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patients at high risk of psychosis (Davies and Bhattacha-
ryya 2019; Allen et al. 2016; Bhattacharyya et al. 2018). 
Notably, Seeman (2016) showed CBD is a partial agonist 
at dopamine D2 receptors, behaving in a similar manner to 
the antipsychotic drug aripiprazole. Thus, this pharmaco-
logical property of CBD might subserve its ability to reduce 
METH-induced behavioural sensitisation (Seeman 2016).

In contrast to CBD, CBDA treatment did not reduce 
the hyperlocomotion caused by METH sensitisation in the 
present study. Our prediction that CBDA might inhibit the 
development of sensitisation to METH was partly based on 
the strong 5-HT1A receptor agonist effects of this cannabi-
noid (Bolognini et al. 2013; Rock and Parker 2013, 2015), 
given that 5-HT1A receptor agonists are known to inhibit 
the expression of METH sensitisation (Ago et al. 2006). 
Surprisingly, however, this hypothesis was not supported 
by the current findings where CBDA failed to modulate 
METH-induced behavioural sensitisation. This lack of effect 
of CBDA could be due to other differences in the pharma-
cological targets of CBD and CBDA. Moreover, the dose 
range employed here was much lower for CBDA than CBD, 
although the doses chosen were based on CBDA’s potent 
anti-emetic and anxiolytic effects in rats and mice (Pertwee 
et al. 2018; Rock and Parker 2013, 2015, Rock et al. 2015; 
Assareh et al. 2020). Future studies might examine higher 
doses, given that CBDA was anticonvulsant at ≥10 mg/kg 
in a mouse model of childhood epilepsy (equivalent to a 5 
mg/kg dose in rats) (Anderson et al. 2019a). In our experi-
ments, CBDA did not affect baseline activity levels at any 
dose tested. This is consistent with a previously published 
report showing that CBDA does not suppress spontaneous 
locomotor activity at doses ≤ 1 mg/kg (Rock et al. 2014).

Comparisons of activity across the 60-min time course 
also revealed differences in activity of CBD and CBDA 
treatment on METH-pretreated rats. While CBD 40 and 
80 mg/kg were able to significantly decrease locomotor 
activity, especially at the 50–60 min part of the test when 
compared to VEH, all doses of CBDA failed to significantly 
change behaviour throughout the entire session. It is known 
that the levels of CBD in the rat brain have a Tmax of 120 min 
following intraperitoneal administration according to Deiana 
et al. (2012). In line with this, our results show that 90 min 
after the injection there was still a strong effect of both CBD 
doses in suppressing locomotor activity in the latter part of 
the 1-h session when compared to the 0–30-min bin.

This work further underlines the promising therapeutic 
potential of CBD on METH-induced addiction and psy-
chosis. One limitation of the current data is the use of a 
within-subject design for challenge testing where rats were 
exposed to all examined doses of CBD. While the effects 
of CBD were controlled for by counterbalancing doses and 
allowing at least 48 h between tests, the repeated exposure 
to METH in the acute METH group may have initiated some 

sensitisation. However, when examining the data, it is clear 
that the acute METH effects were significantly lower than 
the sensitised group, providing confidence in our data. Fur-
ther studies should explore the effect of chronic administra-
tion of CBD on METH sensitisation, given that a recent 
study showed an effect of chronic CBD administration to 
prevent the development of cocaine sensitisation in a con-
ditioned place preference (CPP) paradigm (Chesworth and 
Karl, 2020). However, others report an effect of chronic 
CBD administration to reduce CPP, but not behavioural 
sensitisation to cocaine (Luján et al. 2018). Furthermore, 
considering that sex differences exist between males and 
females for the expression of cocaine sensitisation (Hu and 
Becker 2003), it is relevant for future studies to test the effect 
of CBD or CBDA treatment on METH sensitised responses 
in female rats. It is also important to acknowledge that the 
sensitisation protocol presents some advantages and disad-
vantages for modelling addiction and psychosis that should 
be considered. On the one hand, the protocol uses simple 
sub-chronic drug delivery to produce enduring effects on 
reward circuity, however the face validity is impacted by 
experimenter delivered drug of limited amount, and does 
not model the social constructs surrounding human drug use 
(Kuhn et al 2019). Despite these considerations, the model 
provides important basic knowledge to further medications 
discovery.

In summary, the present study showed a sensitised loco-
motor response to METH in male rats pretreated and that 
CBD, but not CBDA treatment, was able to attenuate hyper-
locomotion characteristic of METH sensitisation, at phar-
macologically effective doses. Future studies should explore 
the neuropharmacological mechanisms and associated brain 
circuitry involved in these effects of CBD. The data further 
reinforce the view that CBD might serve as a novel phar-
macotherapy for METH-induced addiction and psychosis.

Acknowledgements  The authors are grateful to the animal welfare staff 
at Macquarie University for their care and assistance. The following 
author contributions were made: LSU and PAC contributed equally to 
the experimental work and writing as joint first authors. JLC conceived 
the research. LSU, PAC, EAM, MS, NAE, AJT & JLC collected the 
data. LSU, PAC and JLC interpreted the data. LSU and PAC drafted the 
original document. JLC, SJB, JCA & ISM provided critical revision of 
the manuscript. All authors critically reviewed content and approved 
the final version of the manuscript for publication.

Funding  Open Access funding enabled and organized by CAUL and its 
Member Institutions This work was supported by funding from Mac-
quarie University and received philanthropic funding from Lambert 
Initiative for Cannabinoid Therapeutics at the University of Sydney.

Declarations 

Conflict of interest  The authors declare no competing interests.

1600



Psychopharmacology (2022) 239:1593–1603

1 3

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Ago Y, Nakamura S, Uda M et al (2006) Attenuation by the 5-HT1A 
receptor agonist osemozotan of the behavioral effects of single 
and repeated methamphetamine in mice. Neuropharmacology 
51(4):914–922

Ago Y, Tanaka T, Kita Y, Tokumoto H, Takuma K, Matsuda T (2012) 
Lithium attenuates methamphetamine-induced hyper-locomotion 
and behavioral sensitization via modulation of prefrontal mono-
amine release. Neuropharmacology 62:1634–1639

Akiyama K, Saito A, Shimoda K (2011) Chronic methamphetamine 
psychosis after long-term abstinence in Japanese incarcerated 
patients. Am J Addict 20:240–249

Allen P, Chaddock CA, Egerton A et al (2016) Resting hyperperfusion 
of the hippocampus, midbrain, and basal ganglia in people at high 
risk for psychosis. Am J Psychiatry 173:392–399

Anderson LL, Low IK, Banister SD, McGregor IS, Arnold JC (2019a) 
Pharmacokinetics of phytocannabinoid acids and anticonvulsant 
effect of cannabidiolic acid in a mouse model of Dravet syndrome. 
J Nat Prod 22;82(11):3047–3055

Anderson LL, Absalom NL, Abelev SV, Low IK, Doohan PT, Mar-
tin LJ, Chebib M, McGregor IS, Arnold JC (2019b) Coadmin-
istered cannabidiol and clobazam: Preclinical evidence for both 
pharmacodynamic and pharmacokinetic interactions. Epilepsia 
60(11):2224–2234

Assareh N, Gururajan A, Zhou C, Luo JL, Kevin RC, Arnold JC (2020) 
Cannabidiol disrupts conditioned fear expression and cannabidi-
olic acid reduces trauma-induced anxiety-related behaviour in 
mice. Behav Pharmacol 31(6):591–596

Bhattacharyya S, Morrison PD, Fusar-Poli P, Martin-Santos R, Borg-
wardt S, Winton- Brown T et al (2010) Opposite effects of delta-
9-tetrahydrocannabinol and cannabidiol on human brain function 
and psychopathology. Neuropsychopharmacology 35:764–774

Bhattacharyya S, Wilson R, Appiah-Kusi E et al (2018) Effect of can-
nabidiol on medial temporal, midbrain, and striatal dysfunction 
in people at clinical high risk of psychosis: a randomized clinical 
trial. JAMA Psychiat 75:1107–1117

Bisogno T, De Petrocellis L, Mechoulam R et al (2001) Molecular tar-
gets for cannabidiol and its synthetic analogues: effect on vanilloid 
VR1 receptors and on the cellular uptake and enzymatic hydroly-
sis of anandamide. Br J Pharmacol 134:845–852

Blessing EM, Steenkamp MM, Manzanares J, Marmar CR (2015) Can-
nabidiol as a potential treatment for anxiety disorders. Neurothera-
peutics 12(4):825–836

Bolognini D, Rock EM, Cluny NL, Cascio MG, Limebeer CL, Dun-
can M et al (2013) Cannabidiolic acid prevents vomiting in Sun-
cus murinus and nausea-induced behaviour in rats by enhancing 
5-HT1A receptor activation. Br J Pharmacol 168:1456–1470

Campos AC, Moreira FA, Gomes FV, Del Bel EA, Guimaraes FS 
(2012) Multiple mechanisms involved in the large-spectrum 
therapeutic potential of cannabidiol in psychiatric disorders. 

Philosophical Transactions of the Royal Society b: Biological 
Sciences 367:3364–3378

Carlini EA, Cunha JM (1981) Hypnotic and antiepileptic effects of 
cannabidiol. J Clin Pharmacol 21:417S-427S

Chesworth R, Karl T (2020) Cannabidiol (CBD) reduces cocaine-envi-
ronment memory in mice. Pharmacol Biochem Behav 199:173065

Citti C, Pacchetti B, Vandelli MA, Forni F, Cannazza G (2018) Analy-
sis of cannabinoids in commercial hemp seed oil and decarboxy-
lation kinetics studies of cannabidiolic acid (CBDA). J Pharm 
Biomed Anal 149:532–540

Davies C, Bhattacharyya S (2019) Cannabidiol as a potential treatment 
for psychosis. Adv Psychopharmacol 9:2045125319881916

Deiana S, Watanabe A, Yamasaki Y, Amada N, Arthur M, Fleming S, 
Woodcock H, Dorward P, Pigliacampo B, Close S, Platt B, Riedel 
G (2012) Plasma and brain pharmacokinetic profile of cannabid-
iol (CBD), cannabidivarine (CBDV), Δ9-tetrahydrocannabivarin 
(THCV) and cannabigerol (CBG) in rats and mice following oral 
and intraperitoneal administration and CBD action on obsessive-
compulsive behaviour. Psychopharmacology 219(3):859–873

Devinsky O, Patel AD, Cross JH, Villanueva V, Wirrell EC, Privitera 
M, Greenwood SM, Roberts C, Checketts D, VanLandingham KE, 
Zuberi SM; GWPCARE3 Study Group (2018) Effect of canna-
bidiol on drop seizures in the Lennox-Gastaut syndrome. N Engl 
J Med 378(20):1888–1897

Diana MA, Marty A (2004) Endocannabinoid-mediated short-term 
synaptic plasticity: depolarization-induced suppression of inhi-
bition (DSI) and depolarization-induced suppression of excitation 
(DSE). Br J Pharmacol 142(1):9–19

ElBatsh MM, Assareh N, Marsden CA, Kendall DA (2012) Anxio-
genic-like effects of chronic cannabidiol administration in rats. 
Psychopharmacology (Berl) 221(2):239–47

Fogaça MV, Reis FM, Campos AC, Guimarães FS (2014) Effects of 
intra-prelimbic prefrontal cortex injection of cannabidiol on anx-
iety-like behavior: involvement of 5HT1A receptors and previous 
stressful experience. Eur Neuropsychopharmacol 24(3):410–419

Fulcher JA, Hussain SK, Cook R, Li F, Tobin NH, Ragsdale A, Shop-
taw S, Gorbach PM, Aldrovandi GM (2018) Effects of substance 
use and sex practices on the intestinal microbiome during HIV-1 
infection. J Infect Dis 218:1560–1570

Fusar-Poli P, Allen P, Bhattacharyya S, Crippa JA, Mechelli A, Borg-
wardt S et al (2010) Modulation of effective connectivity during 
emotional processing by delta 9-tetrahydrocannabinol and can-
nabidiol. Int J Neuropsychopharmacol 13:421–432

Gao J, Xu Z, Li X, O’Brien JW, Culshaw PN, Thomas KV, Tscharke 
BJ, Mueller JF, Thai PK (2018) Enantiomeric profiling of amphet-
amine and methamphetamine in wastewater: a 7-year study in 
regional and urban Queensland, Australia. Sci Total Environ 
643:827–834

Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR (2001) Phar-
macological studies of prepulse inhibition models of sensorimotor 
gating deficits in schizophrenia: a decade in review. Psychophar-
macology 156:117–154

Glasner-Edwards S, Mooney LJ (2014) Methamphetamine psychosis: 
epidemiology and management. CNS Drugs 28:1115–1126

Gonzalez-Cuevas G, Martin-Fardon R, Kerr TM et al (2018) Unique 
treatment potential of cannabidiol for the prevention of relapse to 
drug use: preclinical proof of principle. Neuropsychopharmacol-
ogy 43(10):2036–2045

Granado N, Ares-Santos S, Oliva I, O’Shea E, Martin ED, Colado MI, 
Moratalla R (2011) Dopamine D2-receptor knockout mice are 
protected against dopaminergic neurotoxicity induced by meth-
amphetamine or MDMA. Neurobiol Dis 42(3):391–403

Grant KM, LeVan TD, Wells SM, Li M, Stoltenberg SF, Gendelman 
HE, Carlo G, Bevins RA (2012) Methamphetamine-associated 
psychosis. J Neuroimmune Pharmacol 7(1):113–139

1601

http://creativecommons.org/licenses/by/4.0/


Psychopharmacology (2022) 239:1593–1603	

1 3

Gururajan A, Malone DT (2016) Does cannabidiol have a role in the 
treatment of schizophrenia? Schizophr Res 176:281–290

Gururajan A, Taylor DA, Malone DT (2012) Cannabidiol and clo-
zapine reverse MK-801-induced deficits in social interaction 
and hyperactivity in Sprague-Dawley rats. J Psychopharmacol 
26:1317–1332

Hay GL, Baracz SJ, Everett NA, Roberts J, Costa PA, Arnold 
JC, McGregor IS, Cornish JL (2018) Cannabidiol treatment 
reduces the motivation to self-administer methamphetamine and 
methamphetamine-primed relapse in rats. J Psychopharmacol 
32(12):1369–1378

Hen-Shoval D, Amar S, Shbiro L, Smoum R, Haj CG, Mechoulam 
R, Shoval G (2018) Acute oral cannabidiolic acid methyl ester 
reduces depression-like behavior in two genetic animal models 
of depression. Behav Brain Res 351:1–3

Herrera AS, Casanova JP, Gatica RI, Escobar F, Fuentealba JA (2013) 
Clozapine pre-treatment has a protracted hypolocomotor effect on 
the induction and expression of amphetamine sensitization. Prog 
Neuropsychopharmacol Biol Psychiatry 47:1–6

Hu M, Becker JB (2003) Effects of sex and estrogen on behavioral 
sensitization to cocaine in rats. J Neurosci 23(2):693–699

Iuvone T, Esposito G, De Filippis D, Scuderi C, Steardo L (2009) Can-
nabidiol: a promising drug for neurodegenerative disorders? CNS 
Neurosci Ther 15:65–75

Jones C, Watson D, Fone K (2011) Animal models of schizophrenia. 
Br J Pharmacol 164:1162–1194

Kantrowitz J, Javitt DC (2012) Glutamatergic transmission in schizo-
phrenia: from basic research to clinical practice. Curr Opin Psy-
chiatry 25(2):96–102

Katsidoni V, Anagnostou I, Panagis G (2013) Cannabidiol inhibits the 
reward-facilitating effect of morphine: involvement of 5-HT1A 
receptors in the dorsal raphe nucleus. Addict Biol 2:286–296

Khanegheini A, Khani M, Zarrabian S, Yousefzadeh-Chabok S, 
Taleghani BK, Haghparast A (2021) Cannabidiol enhanced the 
development of sensitization to the expression of methamphet-
amine-induced conditioned place preference in male rats. J Psy-
chiatr Res 137:260–265

Kittirattanapaiboon P, Mahatnirunkul S, Booncharoen H, Thumma-
womg P, Dumrongchai U, Chutha W (2010) Long-term outcomes 
in methamphetamine psychosis patients after first hospitalisation. 
Drug Alcohol Rev 29(4):456–461

Krizman-Matasic I, Senta I, Kostanjevecki P, Ahel M, Terzic S (2019) 
Long-term monitoring of drug consumption patterns in a large-
sized European city using wastewater-based epidemiology: com-
parison of two sampling schemes for the assessment of multian-
nual trends. Sci Total Environ 647:474–485

Kuhn BN, Kalivas PW, Bobadilla AC (2019) Understanding addiction 
using animal models. Front Behav Neurosci 13:262

Leucht S, Cipriani A, Spineli L et al (2013) Comparative efficacy and 
tolerability of 15 antipsychotic drugs in schizophrenia: a multiple 
treatments meta-analysis. Lancet 382:951–962

Leweke FM, Piomelli D, Pahlisch F, Muhl D, Gerth CW, Hoyer C, 
Klosterkotter J et al (2012) Cannabidiol enhances anandamide 
signaling and alleviates psychotic symptoms of schizophrenia. 
Transl Psychiatry 2:e94

Linares IM, Zuardi AW, Pereira LC, Queiroz RH, Mechoulam R, Gui-
marães FS, Crippa JA (2019) Cannabidiol presents an inverted 
U-shaped dose-response curve in a simulated public speaking test. 
Braz J Psychiatry 41(1):9–14

Lodge DJ, Grace AA (2007) Aberrant hippocampal activity underlies 
the dopamine dysregulation in an animal model of schizophrenia. 
Jneurosci 27:11424–11430

Lodge DJ, Grace AA (2011) Hippocampal dysregulation of dopamine 
system function and the pathophysiology of schizophrenia. Trends 
Pharmacol Sci 32:507–513

Long LE, Malone DT, Taylor DA (2006) Cannabidiol reverses MK-
801-induced disruption of prepulse inhibition in mice. Neuropsy-
chopharmacology 31:795–803

Long LE, Chesworth R, Huang XF, McGregor IS, Arnold JC, Karl T 
(2010) A behavioural comparison of acute and chronic delta9-
tetrahydrocannabinol and cannabidiol in C57BL/6JArc mice. Int 
J Neuropsychopharmacol 13(7):861–876

Luján MÁ, Castro-Zavala A, Alegre-Zurano L, Valverde O (2018) 
Repeated cannabidiol treatment reduces cocaine intake and mod-
ulates neural proliferation and CB1R expression in the mouse 
hippocampus. Neuropharmacology 143:163–175

Maeda T, Kiguchi N, Fukazawa Y, Yamamoto A, Ozaki M, Kishioka S 
(2007) Peroxisome proliferator-activated receptor gamma activa-
tion relieves expression of behavioral sensitization to metham-
phetamine in mice. Neuropsychopharmacology 32:1133–1140

Marin O (2012) Interneuron dysfunction in psychiatric disorders. Nat 
Rev Neurosci 13:107–120

Masataka N (2019) Anxiolytic effects of repeated cannabidiol treat-
ment in teenagers with social anxiety disorders. Front Psychol 
10:2466

McGuire P, Robson P, Cubala WJ, Vasile D, Morrison PD, Barron R, 
Taylor A, Wright S (2018) Cannabidiol (CBD) as an adjunctive 
therapy in schizophrenia: a multicenter randomized controlled 
trial. Am J Psychiatry 1;175(3):225–231

McKetin R, McLaren J, Lubman DI, Hides L (2006) The prevalence of 
psychotic symptoms among methamphetamine users. Addiction 
101:1473–1478

McKetin R, Lubman DI, Baker AL, Dawe S, Ali RL (2013) Dose-
related psychotic symptoms in chronic methamphetamine users: 
evidence from a prospective longitudinal study. JAMA Psychiat 
70:319–324

Mechoulam R (1973) Cannabinoid chemistry. In: Mechoulam R (ed) 
Marijuana chemistry, metabolism, pharmacology and clinical 
effects. Academic Press, New York, pp 1–99

Meng ZH, Feldpaush DL, Merchant KM (1998) Clozapine and halop-
eridol block the induction of behavioral sensitization to ampheta-
mine and associated genomic responses in rats. Brain Res Mol 
Brain Res 61(1–2):39–50

Millan MJ, Andrieux A, Bartzokis G et al (2016) Altering the course 
of schizophrenia: progress and perspectives. Nat Rev Drug Discov 
15:485–515

Morales P, Hurst DP, Reggio PH (2017) Molecular targets of the phy-
tocannabinoids: a complex picture. Prog Chem Org Nat Prod 
103:103–131

Moreira FA, Guimarães FS (2005) Cannabidiol inhibits the hyperlo-
comotion induced by psychotomimetic drugs in mice. Eur J Phar-
macol 512:199–205

Morley KC, Cornish JL, Faingold A, Wood K, Haber PS (2017) Phar-
macotherapeutic agents in the treatment of methamphetamine 
dependence. Expert Opin Investig Drugs 26(5):563–578

Mullen JM; Richards JR; Crawford AT (2018) Amphetamine related 
psychiatric disorders, StatPearls, Treasure Island, FL

Norris C, Loureiro M, Kramar C, Zunder J, Renard J, Rushlow W, Lavi-
olette SR (2016) Cannabidiol modulates fear memory formation 
through interactions with serotonergic transmission in the mes-
olimbic system. Neuropsychopharmacology 41(12):2839–2850

O’Neill MF, Shaw G (1999) Comparison of dopamine receptor antag-
onists on hyperlocomotion induced by cocaine, amphetamine, 
MK-801 and the dopamine D1 agonist C-APB in mice. Psychop-
harmacology 145:237–250

Pertwee RG (2008) The diverse CB 1 and CB 2 receptor pharmacology 
of three plant cannabinoids: Δ9-tetrahydrocannabinol, cannabidiol 
and Δ9-tetrahydrocannabivarin. Br J Pharmacol 153:199–215

Pertwee RG, Rock EM, Guenther K, Limebeer CL, Stevenson LA, Haj 
C, Smoum R, Parker LA, Mechoulam R (2018) Cannabidiolic acid 
methyl ester, a stable synthetic analogue of cannabidiolic acid, can 

1602



Psychopharmacology (2022) 239:1593–1603

1 3

produce 5-HT1A receptor-mediated suppression of nausea and 
anxiety in rats. Br J Pharmacol 175(1):100–112

Pierce RC, Kalivas PW (1997) A circuitry model of the expression of 
behavioral sensitization to amphetamine-like psychostimulants. 
Brain Res Brain Res Rev 25(2):192–216

Pisanti S, Malfitano AM, Ciaglia E, Lamberti A, Ranieri R, Cuomo 
G, Abate M, Faggiana G, Proto MC, Fiore D, Laezza C, Bifulco 
M (2017) Cannabidiol: state of the art and new challenges for 
therapeutic applications. Pharmacol Ther 175:133–150

Potter DJ, Clark P, Brown MB (2008) Potency of D9-THC and other 
cannabinoids in cannabis in England in 2005: implications for 
psychoactivity and pharmacology. J Forensic Sci 53:90–94

Prud’homme M, Cata R, Jutras-Aswad D (2015) Cannabidiol as an 
intervention for addictive behaviors: a systematic review of the 
evidence. Subst Abuse 9:33–38

Ren Y, Whittard J, Higuera-Matas A, Morris CV, Hurd YL (2009) 
Cannabidiol, a nonpsychotropic component of cannabis, inhibits 
cue-induced heroin seeking and normalizes discrete mesolimbic 
neuronal disturbances. J Neurosci 29(47):14764–14769

Renard J, Norris C, Rushlow W, Laviolette SR (2016) Neuronal and 
molecular effects of cannabidiol on the mesolimbic dopamine sys-
tem: implications for novel schizophrenia treatments. Neurosci 
Biobehav 75:157–165

Renard J, Loureiro M, Rosen LG, Zunder J, de Oliveira C, Schmid 
S, Rushlow WJ, Laviolette SR (2016a) Cannabidiol counteracts 
amphetamine-induced neuronal and behavioral sensitization of 
the mesolimbic dopamine pathway through a novel mTOR/p70S6 
kinase signaling pathway. J Neurosci 4;36(18):5160–9.

Resstel LB, Tavares RF, Lisboa SF, Joca SR, Correa FM, Guimaraes 
FS (2009) 5-HT1A receptors are involved in the cannabidiol-
induced attenuation of behavioural and cardiovascular responses 
to acute restraint stress in rats. Br J Pharmacol 156:181–188

Robinson TE, Becker JB (1986) Enduring changes in brain and behav-
ior produced by chronic amphetamine administration: a review 
and evaluation of animal models of amphetamine psychosis. Brain 
Res 396(2):157–198

Rock EM, Parker LA (2013) Effect of low doses of cannabidiolic 
acid and ondansetron on LiCl-induced conditioned gaping (a 
model of nausea-induced behaviour) in rats. Br J Pharmacol 
169(3):685–692

Rock EM, Parker LA (2015) Synergy between cannabidiol, canna-
bidiolic acid, and Δ9-tetrahydrocannabinol in the regulation of 
emesis in the Suncus murinus (house musk shrew). Behav Neu-
rosci 129(3):368–370

Rock EM, Limebeer CL, Navaratnam R, Sticht MA, Bonner N, Enge-
land K, Downey R, Morris H, Jackson M, Parker LA (2014) A 
comparison of cannabidiolic acid with other treatments for antici-
patory nausea using a rat model of contextually elicited condi-
tioned gaping. Psychopharmacology 231(16):3207–3215

Rock EM, Limebeer CL, Parker LA (2015) Effect of combined doses 
of Δ(9)-tetrahydrocannabinol (THC) and cannabidiolic acid 
(CBDA) on acute and anticipatory nausea using rat (Sprague-
Dawley) models of conditioned gaping. Psychopharmacology 
232(24):4445–4454

Rock EM, Limebeer CL, Parker LA (2018) Effect of cannabidiolic acid 
and (9)-tetrahydrocannabinol on carrageenan-induced hyperalge-
sia and edema in a rodent model of inflammatory pain. Psychop-
harmacology 235:3259–3271

Russo EB, Burnett A, Hall B et al (2005) Agonistic properties of can-
nabidiol at 5-HT1a receptors. Neurochem Res 30:1037–1043

Seeman P (2002) Atypical antipsychotic drugs: mechanisms of action. 
Can J Psychiatry 47:27–38

Seeman P (2016) Cannabidiol is a partial agonist at dopamine D2High 
receptors, predicting its antipsychotic clinical dose. Transl Psy-
chiatry 6(10):e920

Shoptaw SJ, Kao U, Heinzerling K, Ling W (2009) Treatment for 
amphetamine withdrawal. Cochrane Database Syst Rev https://​
www.​cochr​aneli​brary.​com/​cdsr/​doi/https://​doi.​org/​10.​1002/​14651​
858.​CD003​021.​pub2/​full.

Strange PG (2001) Antipsychotic drugs: importance of dopamine 
receptors for mechanisms of therapeutic actions and side effects. 
Pharmacol Rev 53:119–133

Thiele EA, Marsh ED, French JA, Mazurkiewicz-Beldzinska M, Ben-
badis SR, Joshi C, Lyons PD, Taylor A, Roberts C, Sommerville 
K; GWPCARE4 Study Group (2018) Cannabidiol in patients 
with seizures associated with Lennox- Gastaut syndrome (GWP-
CARE4): a randomised, double-blind, placebo-controlled phase 
3 trial. Lancet 391(10125):1085–1096

Tian YH, Lee SY, Kim HC, Jang CG (2010) Repeated methampheta-
mine treatment increases expression of TRPV1 mRNA in the 
frontal cortex but not in the striatum or hippocampus of mice. 
Neurosci Lett 472(1):61–64

Todd SM, Arnold JC (2016) Neural correlates of interactions between 
cannabidiol and Δ(9) -tetrahydrocannabinol  in mice: implications 
for medical cannabis. Br J Pharmacol 173(1):53–65

Valvassori SS, Elias G, de Souza B, Petronilho F, Dal-Pizzol F, Kapcz-
inski F, Trzesniak C, Tumas V, Dursun S, Chagas MH, Hallak JE, 
Zuardi AW, Quevedo J, Crippa JA (2011) Effects of cannabidiol 
on amphetamine-induced oxidative stress generation in an animal 
model of mania. J Psychopharmacol 25(2):274–280

Vanderschuren LJ, Kalivas PW (2000) Alterations in dopaminergic 
and glutamatergic transmission in the induction and expression 
of behavioral sensitization: a critical review of preclinical studies. 
Psychopharmacology 151(2–3):99–120

Viudez-Martínez A, García-Gutiérrez MS, Fraguas-Sánchez AI, Tor-
res-Suárez AI, Manzanares J (2018a) Effects of cannabidiol plus 
naltrexone on motivation and ethanol consumption. Brit J Phar-
macol 175:3369–3378

Viudez-Martínez A, García-Gutiérrez MS, Navarrón CM, Morales-
Calero MI, Navarrete F, Torres-Suárez AI, Manzanares J (2018b) 
Cannabidiol reduces ethanol consumption, motivation and relapse 
in mice. Addict Biol 23(1):154–164

Wearne TA, Mirzaei M, Franklin JL, Goodchild AK, Haynes PA, Cor-
nish JL (2015) Methamphetamine-induced sensitization is asso-
ciated with alterations to the proteome of the prefrontal cortex: 
implications for the maintenance of psychotic disorders. J Pro-
teome Res 14(1):397–410

Wearne TA, Parker LM, Franklin JL, Goodchild AK, Cornish JL (2017) 
Behavioral sensitization to methamphetamine induces specific 
interneuronal mRNA pathology across the prelimbic and orbito-
frontal cortices. Prog Neuropsychopharmacol Biol Psychiatry 
77:42–48

Zuardi A, Crippa J, Hallak J et al (2012) A critical review of the antip-
sychotic effects of cannabidiol: 30 years of a translational inves-
tigation. Curr Pharm Des 18:5131–5140

Zweben JE, Cohen JB, Christian D, Galloway GP, Salinardi M, Par-
ent D, Iguchi M (2004) Methamphetamine treatment project. 
Psychiatric symptoms in methamphetamine users. Am J Addict 
13:181–190

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1603

https://www.cochranelibrary.com/cdsr/doi/
https://www.cochranelibrary.com/cdsr/doi/
https://doi.org/10.1002/14651858.CD003021.pub2/full
https://doi.org/10.1002/14651858.CD003021.pub2/full

	Cannabidiol but not cannabidiolic acid reduces behavioural sensitisation to methamphetamine in rats, at pharmacologically effective doses
	Abstract
	Rationale 
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Animals
	Drug treatment
	Locomotor activity
	Experimental procedure
	Experiment 1—CBD treatment
	Experiment 2—CBDA treatment

	Statistical analysis

	Results
	Sensitisation to METH
	Effect of CBD on locomotor activity
	Effect of CBDA on locomotor activity

	Discussion
	Acknowledgements 
	References


