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Abstract
Rationale When acutely administered intraperitoneally, the non-psychoactive cannabinoid cannabidiol (CBD), its acidic precur-
sor cannabidiolic acid (CBDA) and a stablemethyl ester of CBDA (HU-580) reduce lithium chloride (LiCl)–induced conditioned
gaping in male rats (a selective preclinical model of acute nausea) via activation of the serotonin 1A (5-HT1A) receptor.
Objectives To utilise these compounds to manage nausea in the clinic, we must determine if their effectiveness is maintained
when injected subcutaneously (s.c) and when repeatedly administered. First, we compared the effectiveness of each of these
compounds to reduce conditioned gaping following repeated (7-day) and acute (1-day) pretreatments and whether these anti-
nausea effects were mediated by the 5-HT1A receptor. Next, we assessed whether the effectiveness of these compounds can be
maintained when administered prior to each of 4 conditioning trials (once per week). We also evaluated the ability of repeated
CBD (7 days) to reduce LiCl-induced vomiting in Suncus murinus. Finally, we examined whether acute CBD was equally
effective in male and female rats.
Results Both acute and repeated (7 day) s.c. administrations of CBD (5 mg/kg), CBDA (1 μg/kg) and HU-580 (1 μg/kg)
similarly reduced LiCl-induced conditioned gaping, and these effects were blocked by 5HT1A receptor antagonism. When
administered over 4 weekly conditioning trials, the anti-nausea effectiveness of each of these compounds was also maintained.
Repeated CBD (5mg/kg, s.c.) maintained its anti-emetic efficacy in S. murinus. Acute CBD (5 and 20mg/kg, s.c.) administration
reduced LiCl-induced conditioned gaping similarly in male and female rats.
Conclusion When administered repeatedly (7 days), CBD, CBDA and HU-580 did not lose efficacy in reducing nausea and
continued to act via agonism of the 5-HT1A receptor. When administered across 4 weekly conditioning trials, they maintained
their effectiveness in reducing LiCl-induced nausea. Repeated CBD also reduced vomiting in shrews. Finally, CBD’s anti-nausea
effects were similar in male and female rats. This suggests that these cannabinoids may be useful anti-nausea and anti-emetic
treatments for chronic conditions, without the development of tolerance.
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Cancer patients undergoing chemotherapy treatment still ex-
perience the side effects of nausea and vomiting, despite
utilising the classic anti-emetic regimen (e.g. Chow et al.
2018; Giagnuolo et al. 2019), with up to 50% of patients still
experiencing acute nausea (e.g. Araz et al. 2019; Clemmons
et al. 2018; Navari et al. 2018; Timaeus et al. 2018). For
example, Sepúlveda-Vildósola et al. (2008) reported that treat-
ment with a classic anti-emetic (a serotonin 3 receptor antag-
onist) resulted in complete acute vomiting control in 72% of
patients, but complete acute nausea control in only 38% of
patients. Dronabinol and nabilone, synthetic formulations of
Δ9-tetrahydrocannabinol (the psychoactive component of
cannabis) , have been approved for t rea tment of
chemotherapy-induced nausea and vomiting, but these com-
pounds can be associated with more adverse effects such as
hallucination and drowsiness (see Ho and MacDougall 2019
for an excellent review). Therefore, more effective anti-nausea
and anti-emetic compounds, devoid of psychoactive effects,
are needed.

Using a unique rodent model of nausea-induced condi-
tioned gaping disgust responses (Grill and Norgren 1978),
we (see Rock and Parker 2016) have demonstrated that the
non-psychoactive cannabinoid cannabidiol (CBD, 5 mg/kg,
intraperitoneal [i.p.] and subcutaneous [s.c.]; Parker and
Mechoulam 2003; Rock et al. 2011, 2012, 2020) and
cannabidiolic acid, the acidic precursor of CBD (CBDA,
0.0005–0.01 mg/kg, i.p.; Bolognini et al. 2013; Rock and
Parker 2013; Rock et al. 2015, 2020) suppress lithium chlo-
ride (LiCl)-induced nausea. Indeed, CBDAwas approximate-
ly 1000 times more potent than CBD in reducing nausea-
induced conditioned gaping. Intuitively, this may point to
CBDA as a more favourable treatment for nausea over
CBD, but CBDA decarboxylates into CBD upon drying and
with heat. This instability of CBDA (Crombie and Crombie
1977) may limit its clinical utility. Recently, a stable analogue
of CBDA, its methyl ester (HU-580; 0.1 and 1 μg/kg, i.p.), has
also been shown to reduce LiCl-induced conditioned gaping
(Pertwee et al. 2018), perhaps making it a more appropriate
anti-nausea medication.

The interoceptive insular cortex (IIC) is a critical forebrain
region that mediates nausea. Limebeer et al. (2018) demon-
strated that administration of LiCl elevated 5-HTselectively in
the IIC, while acute systemic pretreatment of CBD (5 mg/kg,
i.p.) reduced this LiCl-induced elevation of 5-HT. CBD is
likely producing this anti-nausea effect by acting at serotonin
1A (5-HT1A) somatodendritic autoreceptors in the dorsal ra-
phe nucleus (DRN; Rock et al. 2012) to reduce the firing of 5-
HT afferent neurons, therefore preventing the LiCl-induced
elevation of 5-HT in the IIC. And indeed, when microinfused
directly into the DRN, CBD reduced LiCl-induced condi-
tioned gaping and was blocked by administration of a 5-
HT1A receptor antagonist (Rock et al. 2012). Similarly, the
anti-nausea effects of acutely administered CBDA and HU-

580 are also blocked by administration of a 5-HT1A receptor
antagonist (Bolognini et al. 2013; Pertwee et al. 2018). These
results suggest that IIC 5-HT produces the experience of nau-
sea which may be prevented by CBD (or CBDA or HU-580)
to reduce nausea-inducing 5-HT in the IIC.

Using the emetic species Suncus murinus (house musk
shrew), our group has also shown that acute pretreatment with
CBD (5 and 10 mg/kg, i.p. and/or s.c.; Parker et al. 2004;
Rock et al. 2012) or CBDA (0.1 and 0.5 mg/kg, i.p.) reduces
LiCl-induced emesis in S. murinus. This anti-emetic effect
was blocked by administration of a 5-HT1A receptor antago-
nist (Rock et al. 2012), suggesting a similar anti-emetic mech-
anism of action for CBD.

While acute administration (one injection) of CBD, CBDA
or HU-580 prior to conditioning has been shown to reduce
LiCl-induced conditioned gaping in rats and/or vomiting in
shrews, it remains unknown whether repeated administration
will similarly reduce nausea (or increase it), due to possible
desensitisation of the 5-HT1A receptor in the DRN (or via
another mechanism). Indeed, using in vivo single-unit extra-
cellular recordings of DRN 5-HT neurons, De Gregorio et al.
(2019) showed that while acute CBD administration reduced
the firing rate of DRN 5-HT neurons, repeated CBD (5 mg/kg,
s.c.) treatment over 7 days actually increased the firing rate of
DRN 5-HT neurons. They suggested that this is likely occurring
through desensitisation of 5-HT1A autoreceptors in the DRN.

Clinical data indicates that female cancer patients exhibit
more nausea and vomiting from chemotherapy treatment than
male patients (e.g. Gralla et al. 1999; Liaw et al. 2001), and
female sex continues to be a risk factor for chemotherapy-
induced nausea and vomiting, even with the recommended
anti-emetic regimen (e.g. Tsuji et al. 2019). Few preclinical
studies have focused on directly comparing the effects of CBD
in male and female rodents, but those studies that have, report
no sex differences for CBD’s effects on intraocular pressure
(Miller et al. 2018), hypothermia (Javadi-Paydar et al. 2018),
anxiety-like behaviour (Kasten et al. 2019), locomotor activity
(Javadi-Paydar et al. 2018; Kasten et al. 2019), conditioned
place preference and conditioned taste avoidance (Hempel
et al. 2018). To date, the only group to explore sex differences
with CBDAmethyl ester (HU-580) is that of Zhu et al. (2020),
who reported that repeated HU-580 (14-day) treatment pro-
duced anti-nociceptive effects in male rats, but these same
doses were ineffective in females. Although few sex differ-
ences have been reported with CBD in animal models to date,
it is not known if CBD is equally effective in reducing nausea
when comparing male and female rats.

The experiments described here aim to determine the effec-
tiveness of both acute and repeated s.c. administrations of
CBD, CBDA and HU-580 to suppress LiCl-induced nausea
and to evaluate whether the effects are 5-HT1A receptor me-
diated. In addition, we assessed whether these compounds can
maintain their effectiveness when administered prior to 4
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conditioning trials (once per week). Next, we evaluated the
effect of repeated pretreatment with CBD (5 mg/kg, s.c.) daily
for 7 days to maintain its potential to reduce LiCl-induced
vomiting in S. murinus. Finally, we sought to examine sex
differences in the effects of acute s.c. administration of CBD
to suppress LiCl-induced nausea. The results of these experi-
ments have important implications for the use of these com-
pounds in the veterinary clinic and in human clinical trials.

Materials and methods

Animals

All procedures complied with the Animals for Research
Act of Ontario and the guidelines of the Canadian
Council on Animal Care. All procedures were approved
by the Institutional Animal Care Committee at the
University of Guelph, which is accredited by the
Canadian Council on Animal Care. The rat colony room
was maintained at an ambient temperature of 21 °C and a
12-h/12-h reverse light–dark schedule (lights off at 07:00
hours). All rat experimental manipulations occurred during
the dark phase cycle. Male (N = 145) and female (N = 24)
Sprague Dawley rats (Charles River Laboratories, Saint-
Constant, QC, Canada) were maintained on ad libitum
chow and water. In experiment 1, the rats were 55 days
old and ranged from 256 to 356 g on the first day of con-
ditioning. In experiments 2 and 3, the rats were 52 days old
and ranged from 235 to 330 g on the first day of condition-
ing. In experiment 4, the male and female rats were 52 days
old, with males ranging from 256 to 302 g and females
ranging from 170 to 220 g on the first day of conditioning.
They were individually housed in opaque plastic cages
(48 cm × 26 cm × 20 cm), containing bed-o-cob bedding
from Harlan Laboratories, Inc. (Mississauga, ON, Canada),
a brown paper towel and Crink-l’Nest™ from The
Andersons, Inc. (Maumee, OH, USA). They were also pro-
vided a soft white paper cup (14 cm long and 12 cm in
diameter).

The shrews were bred and raised in the University of
Guelph colony and ranged from 141 to 261 days old at the
time of testing. Male (n = 16) S. murinus (house musk shrews)
were individually housed in clear mouse cages in the colony
room at an ambient temperature of 21 °C on a 10-h/14-h light–
dark schedule (lights off at 19:00 hours). Shrews were tested
in their light cycle. Theywere providedwith a soft white paper
cup containing Crink-l’Nest™ from The Andersons, Inc.
(Maumee, OH, USA), maintained on Medical/Royal Canine
Feline Maintenance mixed with Harlan Ferret dry chow and
had ad libitum access to water. All shrews were weaned at 25–
30 days of age.

Drugs

LiCl (Sigma-Aldrich), prepared in a 0.15 M solution with
sterile water, was administered intraperitoneally (i.p.) to rats
at a volume of 20 ml/kg (127.2 mg/kg) and to shrews at a
volume of 60 ml/kg (381.6 mg/kg). CBD (Toronto
Biochemicals), CBDA (provided by Raphael Mechoulam)
and its methyl ester (HU-580; provided by Raphael
Mechoulam) were dissolved in a glass graduated cylinder in
ethanol with Tween 80 added to the solution, and the ethanol
was evaporated off with a nitrogen stream, after which saline
(SAL) was added (final Tween 80:SAL ratio = 1:9). CBD was
mixed at a concentration of 5 mg/ml or 20 mg/ml (experiment
4) and administered subcutaneously (s.c.) at 1 ml/kg (5 and 20
mg/kg). CBDA and HU-580 were mixed at a concentration of
1 μg/ml and administered s.c. at a volume of 1 ml/kg (1
μg/kg). The selective 5-HT1A receptor antagonist
WAY100635 (0.1 mg/kg; Sigma-Aldrich) was also mixed as
above to a final vehicle (VEH) solution consisting of 1:9
Tween 80:SAL and administered i.p. at a volume of 1 ml/kg.
Doses of the antagonist were selected because these doses had
no effect on LiCl-induced conditioned gaping on their own
(Bolognini et al. 2013; Pertwee et al. 2018; Rock et al. 2012,
2013, 2015, 2017).

Apparatus

The taste reactivity (TR) chambers made of clear Plexiglas
(22.5 cm × 26 cm × 20 cm) were placed on a clear glass top
table with a mirror positioned under the chamber (at a 45°
angle) to allow video recording (Sony video camera,
Handycam; Henry’s Camera, Waterloo, ON, Canada) of the
ventral surface of the rat to quantify orofacial responses. The
videos were later scored using ‘The Observer’ event-
recording software (Noldus Information Technology, Inc.,
Leesburg, VA, USA).

The observation chambers for shrew vomiting in experi-
ment 3 were made of clear Plexiglas (10 cm × 19 cm × 19 cm)
and placed on a table with a clear glass top. A mirror (at a 45°
angle) beneath the chamber facilitated viewing of the ventral
surface of each shrew.

Procedures

Experiment 1: acute and repeated pretreatments with CBD,
CBDA or HU-580 in male rats

Rats were implanted with an intraoral cannula under
isoflurane anaesthesia as described by Limebeer et al.
(2010). Following recovery from surgery (3 days), the rats
were repeatedly pretreated for 7 days with s.c. injections of
VEH, CBD (5 mg/kg), CBDA (1 μg/kg) or HU-580 (1 μg/kg)
once a day. On the 4th day of injections, the rats also received
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an adaptation trial during which they were placed in the TR
chamber and their cannula was attached to a fluid infusion
pump (model KDS100; KD Scientific, Holliston, MA,
USA). Water was infused into their intraoral cannulae for
2 min at a rate of 1 ml/min.

On the 7th injection day, the rats received a single condi-
tioning trial, with VEH, CBD pretreatment (experiment 1a),
CBDA pretreatment (experiment 1b) or HU-580 pretreatment
(experiment 1c). For experiment 1a, the rats were randomly
assigned to one of the following groups: repeated VEH (n =
8), acute CBD (n = 7) and repeated CBD (n = 7). As well to
determine the mechanism of action, an additional three groups
were pretreated with the 5-HT1A receptor antagonist
WAY100635 (WAY) (0.1 mg/kg, i.p.), 15 min prior to the
pretreatment; these are designated as repeated VEH + WAY
(n = 7), acute CBD +WAY (n = 7) and repeated CBD +WAY
(n = 7). For experiment 1b, the rats were randomly assigned to
one of the following groups: repeated VEH (n = 7), acute
CBDA (n = 8), repeated CBDA (n = 8), acute CBDA +
WAY (n = 8) and repeated CBDA + WAY (n = 8). For exper-
iment 1c, rats were assigned to one of the following groups:
repeated VEH (n = 7), acute HU-580 (n = 8), repeated HU-
580 (n = 8), acute HU-580 + WAY (n = 8) and repeated HU-
580 + WAY (n = 8).

Thirty minutes following the pretreatment injection of
VEH, CBD, CBDA or HU-580, the rats were each placed
in the TR chamber and intraorally infused with 0.1% sac-
charin for 2 min at a rate of 1 ml/min. During this time, the
orofacial responses were recorded from the mirror beneath
the chamber. After the saccharin infusion, each rat was
injected i.p. with 20 ml/kg of 0.15 M LiCl and returned to
its home cage.

Seventy-two hours later, the rats were tested drug free and
the test trial was video recorded. Rats were again placed in the
TR chamber and infused with the 0.1% saccharin solution for
2 min (1 ml/min). The videos were scored by an observer
blind to the experimental conditions using The Observer for
the behaviour of gaping (large openings of the mouth
and jaw, with the lower incisors exposed).

To assess whether any of the pretreatments interfered with
learning per se, conditioned taste avoidance (CTA) was
assessed in a single bottle test. Rats were water restricted at
15:00 hours following their test session. The next morning, a
bottle containing 0.1% saccharin solution was placed on the
cage at 08:00 hours for 2 h and the amount of saccharin con-
sumed was measured.

Experiment 2: pretreatment with CBD, CBDA or HU-580 prior
to multiple conditioning trials in male rats

Following surgery (as in experiment 1), rats were randomly
assigned to a pretreatment group: VEH (n = 9), CBD (5
mg/kg, s.c.; n = 9), CBDA (1 μg/kg, s.c.; n = 8) and HU-

580 (1 μg/kg, s.c.; n = 9). On each of four conditioning trials
(1 week apart), the rats were pretreated with VEH, CBD,
CBDA or HU-580 30 min prior to being placed in the TR
chamber and conditioned as in experiment 1. Seventy-two
hours following the fourth and final conditioning trial, the rats
were tested as in experiment 1.

Experiment 3: repeated vs acute pretreatment with CBD
on vomiting in S. murinus

Male shrews (n = 4) were repeatedly (designated as re-
peated CBD group) pretreated for 7 days with CBD (5
mg/kg, s.c.). Each day, shrews were transferred from their
home cage to an empty cage in the experimental room
that contained four meal worms. After 15 min, they were
injected with CBD and returned to their home cage. This
repeated group was then compared with shrews not
pretreated with CBD prior to the injection of the emetic
drug LiCl on the test trial.

On the test day (day 7), the potential of CBD following
repeated pretreatment was compared with acute treatment to
reduce vomiting produced by the emetic drug LiCl. All shrews
(n = 16) were placed in an empty cage containing four meal
worms in the experimental room and, 15 min later, were
injected with VEH (n = 6) or 5 mg/kg (s.c.) CBD (n = 6, acute
group; n = 4, repeated group). After 30min, theywere injected
with LiCl (381.6 mg/kg, i. p.) and placed in an observation
chamber for 45 min and the frequency of vomiting episodes
was counted by an observer blind to the experimental
conditions.

Experiment 4: acute pretreatment with CBD in male
and female rats

Male and female rats were implanted with an intraoral
cannula under isoflurane anaesthesia as described by
Limebeer et al. (2010). Following recovery from surgery
(3 days), the rats received an adaptation trial (as in exper-
iment 1). On the next day, the rats received a conditioning
trial in which they were administered a pretreatment in-
jection of VEH or CBD (5 and 20 mg/kg, s.c.). Thirty
minutes later, the rats were individually placed in the
TR chamber and conditioned as in experiment 1. The
groups were as follows: VEH (males; n = 8), VEH (fe-
males; n = 8), CBD 5 mg/kg (males; n = 8), CBD 5 mg/kg
(females; n = 8), CBD 20 mg/kg (males; n = 8) and CBD
20 mg/kg (females; n = 8). Seventy-two hours later, a
drug-free test was conducted as in experiment 1.

To assess whether any of the pretreatments interfered with
learning per se, CTAwas assessed in a single bottle test (as in
experiment 1).
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Data analysis

Data were analysed using SPSS (IBM, version 26). Statistical
significance was set as a p value < 0.05. For experiment 1 (a–
c), separate single-factor analysis of variance (ANOVA) were
conducted on the number of gapes at test for each group, with
subsequent Bonferroni post hoc comparisons of significant
effects. For experiment 2, a mixed factors ANOVA with the
between-group factor of group (4) and the within-group factor
of trial (5) was conducted on the number of gapes, and single-
factor ANOVAs were conducted for each trial, with subse-
quent Bonferroni post hoc comparisons of significant group
effects. In addition, for experiments 1 and 2, the amount of
saccharin consumed (ml) during the 2-h CTA test for each
group was entered into separate single-factor ANOVAs, with
Bonferroni post hoc comparisons. For experiment 3, a single-
factor ANOVA was conducted on the number of vomiting
episodes at test for each group, with subsequent Bonferroni
post hoc comparisons of significant effects. For experiment 4,
a 2 (sex) × 3 (group; VEH, 5 and 20 mg/kg) ANOVA was
conducted on the number of gapes at test for each group, with
LSD post hoc comparisons. In addition, for experiment 4, the
amount (ml) of saccharin consumed during the CTA test was
entered into a 2 (sex) × 3 (group; VEH, 5 and 20 mg/kg)
ANOVA.

Results

Experiment 1: acute and repeated pretreatments with
CBD, CBDA or HU-580 in male rats

Acute administration of CBD, CBDA or HU-580 reduced
LiCl-induced conditioned gaping, and these compounds
maintained their effectiveness when administered repeatedly
for 7 days prior to the conditioning trial. The anti-nausea ef-
fects of both acute and repeated administrations of each treat-
ment were prevented by antagonism of the 5-HT1A receptor.

Figure 1 a presents the mean (± SEM) number of gapes
displayed by rats pretreated with CBD. The one-way ANOVA
revealed a significant group effect (F(5, 37) = 9.3; p < 0.001);
Bonferroni post hoc tests revealed that groups acute CBD and
repeated CBD displayed significantly fewer gapes than all
other groups (p values ≤ 0.01).

Figure 1 b presents the mean (± SEM) number of gapes
displayed by rats pretreated with CBDA. The one-way
ANOVA revealed a significant group effect (F(4, 34) = 14.1;
p < 0.001). Bonferroni post hoc comparisons revealed that
groups acute CBDA and repeated CBDA displayed fewer
gapes than all other groups (p values < 0.01). Figure 1 c
presents the mean (± SEM) number of gapes displayed by rats
pretreated with HU-580. The one-way ANOVA revealed a
significant group effect (F(4, 34) = 9.5; p < 0.001);

Bonferroni post hoc comparisons revealed that groups acute
HU-580 and repeated HU-580 displayed fewer gapes than all
other groups (p values < 0.01).

None of the treatments modified the strength of the LiCl-
induced CTA. As seen in Fig. 1 d–f, none of the groups dif-
fered in their saccharin intake. These results indicate that no
pretreatment interfered with CTA learning; therefore, admin-
istration of these compounds did not interfere with learning
per se.

Experiment 2: pretreatment with CBD, CBDA or HU-
580 prior to multiple conditioning trials in male rats

Over multiple conditioning trials, CBD, CBDA or HU-580
effectively reduced LiCl-induced conditioned gaping.
Figure 2 a presents the mean (± SEM) number of gapes
displayed by rats in each group over the four conditioning
trials and drug-free test trial. The 4 × 5 mixed factors
ANOVA revealed a significant main effect of group (F(3,
31) = 25.6; p < 0.001), a significant main effect of trial (F(4,
124) = 90.2; p < 0.001) and a significant group × trial inter-
action (F(12, 124) = 9.0; p < 0.001). To analyse the interac-
tion, subsequent single-factor ANOVAS for trials 2, 3 and 4
and test revealed significant effects (p values < 0.001).
Bonferroni post hoc comparison tests revealed that on these
trials, those rats pretreated with CBD, CBDA or HU-580
gaped significantly less than VEH controls. No other groups
differed.

Figure 2 b presents the mean (± SEM) amount of saccharin
(ml) consumed. None of the treatments modified the strength
of the LiCl-induced CTA. None of the groups differed in their
saccharin intake.

Experiment 3: repeated vs acute pretreatment with
CBD on vomiting in S. murinus

Both repeated and acute CBD reduced LiCl-induced emesis.
Figure 3 presents the mean (± SEM) number of vomiting
episodes displayed by shrews pretreated with CBD or VEH.
The one-way ANOVA revealed a significant effect of group
(F(2, 13) = 19.5; p < 0.001); Bonferroni post hoc tests re-
vealed that acute CBD (p < 0.001) or repeated CBD (p <
0.01)–pretreated shrews vomited less frequently than those
pretreated with acute VEH.

Experiment 4: acute pretreatment with CBD in male
and female rats

Acute administration of CBD in male and female rats similar-
ly reduced LiCl-induced conditioned gaping, and the strength
of LiCl-induced conditioned gaping did not differ in male and
female rats. Figure 4 a presents the mean (± SEM) number of
gapes displayed bymale and female rats pretreated with CBD.
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The 2 (sex) × 3 (group) ANOVA revealed only a significant
effect of group (F(2, 42) = 39.7; p < 0.001). LSD post hoc tests

revealed that groups 5 and 20 CBD gaped significantly less
than VEH controls (p values < 0.001) and group 5 CBD gaped

Fig. 1 The effect of acute or repeated (7 days) administration of VEH,
CBD (5 mg/kg, s.c.) (a), CBDA (1 μg/kg, s.c.) (b) or HU-580 (1 μg/kg,
s.c.) (c) on LiCl-induced conditioned gaping. Additional groups also
evaluated the potential of a 5-HT1A receptor antagonist (WAY) to prevent

the anti-nausea effect of each compound. Inserts d–f represent the subse-
quent CTA test. Each circle represents a single rat’s score within each
group. Asterisks indicate a significant difference from the repeated VEH
group (**p ≤ 0.01)
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significantly less than group 20 CBD (p < 0.05), showing a
biphasic effect.

Figure 4 b presents the mean (± SEM) amount of saccharin
(ml) consumed. The 2 (sex) × 3 (group) ANOVA revealed a
significant effect of sex (F(1, 42) = 5.7; p < 0.05), a non-
significant effect of group (F(2, 42) = 0.1; p > 0.05) and a
non-significant sex × group interaction (F(2, 42) = 0.4; p >
0.05). The females drank significantly less saccharin than
males.

Discussion

Here, we demonstrate that CBD, CBDA and HU-580 each
maintain their effectiveness to reduce nausea when they are

repeatedly administered s.c. and when they are administered
s.c. prior to several conditioning trials (approximating several
chemotherapy treatments). We also show that s.c. CBD main-
tains its effectiveness to reduce vomiting when repeatedly
administered. Finally, we show that acute s.c. CBD reduces
LiCl-induced gaping similarly in male and female rats, with a
dose of 5 mg/kg being more effective than 20 mg/kg, as we
have previously reported (Rock et al. 2020), with male and
female VEH controls showing similar conditioned gaping re-
sponses to LiCl. There are many reports of CBD treatment
producing dose-dependent, biphasic effects such that low/
moderate doses are effective, but higher doses become inef-
fective. For example, in rodent models of anxiety, low to
moderate doses of CBD reduced anxiety but higher doses
were ineffective (e.g. Long et al. 2010; Guimarães et al.

Fig. 3 The effect of acute or
repeated (7-day) administration of
VEH or CBD (5 mg/kg, s.c.) on
LiCl-induced vomiting. Each cir-
cle represents a single rat’s score
within each group. Asterisks in-
dicate a significant difference
from acute VEH (***p < 0.001,
**p < 0.01)

Fig. 2 The effect of pretreatment
with VEH, CBD (5 mg/kg, s.c.),
CBDA (1 μg/kg, s.c.) or HU-580
(1 μg/kg, s.c.) on LiCl-induced
conditioned gaping over 4 condi-
tioning trials (C1–C4) and during
a drug-free test (a) and the CTA
test (b). Each circle represents a
single rat’s score within each
group. Asterisks indicate a sig-
nificant difference from VEH
(***p < 0.001)
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1990). In mice, CBD (1 mg/kg) reduced paclitaxel-induced
mechanical sensitivity, while higher doses of 1.25, 2.5 and 5
mg/kg were ineffective (King et al. 2017). It is possible that
the dose-dependent effects of CBD are due to different mech-
anisms of action or off-target effects.

These current findings are important for translation to the
clinic for either veterinary treatment or, eventually, human
clinical trials, as most chemotherapy regimens are not single
treatments but are instead given in cycles (ranging from 2 to 6
weeks) with a number of chemotherapy treatment doses ad-
ministered during that time. Despite repeated administration,
the anti-nausea effectiveness of each of these treatments was
shown to be 5-HT1A receptor mediated. In addition, we have
replicated our previous findings (but now using the s.c. route
of administration rather than the i.p. route of administration)
that acute treatment with CBD (Parker and Mechoulam 2003;
Rock et al. 2011, 2012), CBDA (Bolognini et al. 2013; Rock
and Parker 2013; Rock et al. 2015) and HU-580 (Pertwee et al.
2018) reduced LiCl-induced conditioned gaping, by a 5-HT1A

receptor–mediated action (Bolognini et al. 2013; Pertwee et al.
2018; Rock and Parker 2013; Rock et al. 2011, 2012, 2015).

Rock et al. (2012) demonstrated that when microinfused
directly into the DRN, CBD reduced LiCl-induced condi-
tioned gaping, and this effect was blocked by WAY100635.
Activation of these somatodendritic 5-HT1A autoreceptors in
the DRN results in a reduction in the firing rate of 5-HT
afferents to terminal forebrain regions (Sotelo et al. 1990;
Verge et al. 1985), and indeed, in vivo single-unit extracellular
recordings of DRN 5-HT neurons show that acute CBD ad-
ministration reduced the firing rate of DRN 5-HT neurons and
this effect was blocked by WAY100635 (De Gregorio et al.
2019). The reduced firing rate of DRN 5-HT neurons by acute
CBD administration was also blocked by a transient receptor
potential cation channel subfamily V member 1 (TRPV1)

antagonist (De Gregorio et al. 2019). This suggests that 5-
HT1A receptors and/or TRPV1 may bemediating CBD’s acute
effects on DRN 5-HT neuron firing. Furthermore, we
(Limebeer et al. 2018) have recently demonstrated that CBD
reduces a LiCl-induced elevation of 5-HT selectively in the
IIC. Together, these findings suggest that acute administration
of CBD, CBDA and HU-580 is likely exerting its anti-nausea
effect by activation of somatodendritic 5-HT1A autoreceptors,
reducing the firing of 5-HT neurons in the DRN, presumably
leading to reduced 5-HT release in forebrain regions such as
the IIC.

Interestingly, after repeated exposure (7 days) of CBD (5
mg/kg, s.c.), CBDA (1 μg/kg, s.c.) and HU-580 (1 μg/kg,
s.c.), each remained effective in suppressing LiCl-induced
gaping (without the development of tolerance) and the effects
of each were also reversed by pretreatment with the 5-HT1A

receptor antagonist WAY100635. These results may be sur-
prising, given that De Gregorio et al. (2019) reported that after
7 days of treatment, CBD increased the firing rate of DRN 5-
HT neurons. Furthermore, they also found that this repeated
(7-day) CBD treatment reduced the sensitivity of 5-HT neu-
rons to the suppressive effect of lysergic acid diethylamide,
and they suggest this is likely through desensitisation of 5-
HT1A autoreceptors in the DRN. However, the effect of a 5-
HT1A receptor agonist on the firing rate of the DRN neurons
following repeated CBD treatment was not assessed. The
DRN projects extensively throughout regions of the midbrain
and forebrain, with one projection region being the IIC (e.g.
Peyron et al. 1998; Vertes 1991). Although the firing rate of a
subset of 5-HT neurons in the DRN was measured by De
Gregorio et al. (2019), the projection targets of these particular
neurons are unknown. It is possible that the neurons showing
increased firing after CBD administration are not those that
project to the forebrain regions that mediate nausea (such as

Fig. 4 The effect of acute
administration of VEH or CBD
(5, 20 mg/kg, s.c.) on LiCl-
induced gaping in male and fe-
male rats (a) and the CTA test (b).
Each circle represents a single
rat’s score within each group.
Asterisks indicate a significant
difference from VEH (***p <
0.001), and number sign indicates
a significant difference from
group 20 CBD (#p < 0.05)
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the IIC). To fully understand this relationship, these 5-HT
DRN neurons would need to be examined by using an anter-
ograde anatomical tracer.

Finally, when administered once a week for 4 weeks (to
more closely mimic the potential clinical application of these
compounds), CBD (5 mg/kg, s.c.), CBDA (1 μg/kg, s.c.) and
HU-580 (1 μg/kg, s.c.) also reduced LiCl-induced condi-
tioned gaping. It should be noted that each compound was
similarly effective in its anti-nausea efficacy, despite the dif-
ference in doses of these compounds (which were chosen
because they are the most effective anti-nausea doses tested
to date). That is, CBD (5 mg/kg, s.c.), CBDA (1 μg/kg, s.c.)
and HU-580 (1 μg/kg, s.c.) all reduced LiCl-induced condi-
tioned gaping with similar efficacy in each experiment, again
providing further evidence for greater anti-nausea potency of
CBDA and HU-580 over that of CBD. Together, our findings
suggest long-term anti-nausea efficacy of these compounds,
without the development of tolerance.

CBD’s neuroprotective, anti-depressant, anxiolytic and
anti-allodynic effects are also mediated by 5-HT1A receptors
(e.g. Campos et al. 2016; Hind et al. 2016; Jesus et al. 2019;
Rock et al. 2017), but few groups have looked at the effect of
repeated CBD administration. Campos et al. (2013) have
shown that repeated CBD (5mg/kg, i.p. for 21 days) decreases
escape responses in the elevated T-maze, (suggesting a
panicolytic effect) which is mediated by activation of 5-
HT1A receptors located in the dorsal periaqueductal gray (a
brain region mediating panic), but this repeated CBD treat-
ment did not change 5-HT1A receptor messenger RNA
(mRNA) expression nor did it modify levels of 5-HT in the
dorsal periaqueductal gray. This suggests that repeated CBD
reduces panic effects by action at 5-HT1A receptors in the
dorsal periaqueductal gray, independent of a change in 5-HT
levels or 5-HT1A mRNA expression. In streptozotocin-
induced diabetic rats, Jesus et al. (2019) have shown that re-
peated treatment with CBD (0.3 or 3 mg/kg, i.p., for 14 days)
reduced mechanical allodynia (likely through a 5-HT1A

receptor–mediated effect) and CBD normalised the lower spi-
nal cord levels of 5-HT found in the diabetic rats. This sug-
gests that CBD may effectively treat diabetic neuropathy
through activation of the 5-HT system. Finally, using the ol-
factory bulbectomy mouse model of depression, Linge et al.
(2016) have shown that repeated CBD (50 mg/kg, i.p., for 3
days + 10 mg/kg until day 14) has anti-depressant-like effects
(likely through a 5-HT1A receptor–mediated effect) and CBD
enhanced serotonin levels in the ventromedial prefrontal cor-
tex, suggesting that CBD is enhancing 5-HT signalling. Taken
together, these results suggest an interaction between repeated
CBD administration, activation of 5-HT1A receptors (and in
some cases, changes in expression of these receptors) and
alterations in 5-HT levels in some associated brain regions.
Although Limebeer et al. (2018) have shown that acute CBD
reduces a LiCl-induced elevation of 5-HT selectively in the

IIC, we do not know whether the acute effect is 5-HT1A re-
ceptor mediated, nor dowe knowwhat would happen to levels
of 5-HT in this region with repeated CBD administration.

When repeatedly administered for 7 days, CBD (5 mg/kg,
s.c.) maintained its anti-emetic effect, suggesting a lack of
tolerance in the shrews. In rats, De Gregorio et al. (2019)
showed that repeated CBD (5 mg/kg, s.c.) reduced the firing
rate of DRN neurons (a seemingly pro-nausea/vomiting ef-
fect). This inconsistency in CBD’s effects may be due to spe-
cies differences. We also do not know whether the anti-emetic
effects of repeated CBD are mediated by the 5-HT1A receptor,
as CBD’s acute anti-emetic effects have been shown to be
(Rock et al. 2012).

The suppression of conditioned gaping appears to be ex-
clusive to nausea-induced conditioned gaping and not learn-
ing per se, because none of these compounds interfered with
the strength of learning of the LiCl-paired saccharin in the
CTA test (see Parker 2014 for review). This finding is consis-
tent with other CTA tests involving administration of other
cannabinoids (e.g. Bolognini et al. 2013; Rock and Parker
2013; Rock et al. 2011, 2013, 2015). In experiment 4, female
rats consumed less saccharin than males, regardless of pre-
treatment group. This reduced consumption for females in
comparison to males may simply be a function of the females
having a smaller body weight.

Recently, Anderson et al. (2019) demonstrated that i.p.
CBDA administration in a Tween-based vehicle (similar to
the vehicle used in these studies) improves brain penetration
of CBDA (brain–plasma ratio of 1.9 in Tween-based vehicle
versus 0.04 in vegetable oil) in mice. Improved brain penetra-
tion of CBDA by the use of a Tween-based vehicle may be
therapeutically beneficial, because this suggests that more
CBDA reaches the brain (as many therapeutic agents for cen-
tral nervous system diseases are limited by their inability to
cross the blood–brain barrier), resulting in the low-dose anti-
nausea effect that we see with CBDA when delivered in a
Tween-based vehicle. Unfortunately, in this study, we did
not measure brain or plasma levels to assess whether repeated
treatment might modify this brain penetration.

Taken together, our results suggest that CBD (5 mg/kg,
s.c.), CBDA (1 μg/kg, s.c.) or HU-580 (1 μg/kg, s.c.) effec-
tively reduce nausea in male rats when administered acutely,
repeatedly (7 days) and once/week for 4 weeks. The anti-
nausea effects seem to be mediated by the 5-HT1A receptor.
In addition, CBD (5 mg/kg, s.c.) also reduced LiCl-induced
vomiting in shrews when administered acutely and repeatedly
(7 days). Importantly, tolerance to the anti-nausea and anti-
vomiting effects was not observed. Finally, acute CBD (5
and 20 mg/kg, s.c.) reduced nausea in male and female rats
in a similar manner; however, we cannot be certain that
CBDA and HU-580 are equally effective in combatting nau-
sea in both sexes, especially based on the report by Zhu et al.
(2020) that HU-580 is more effective in treating pain in male
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rats than in female rats. Clinical trials utilising these com-
pounds as adjunct treatments with existing anti-emetic regi-
mens are needed to combat chemotherapy-induced nausea and
vomiting.
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