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Abstract

Rationale The interactions between A’-tetrahydrocannabi-
nol (THC) and cannabidiol (CBD) during chronic treat-
ment, and at equivalent doses, are not well characterised in
animal models.

Objectives The aim of this study is to examine whether the
behavioural effects of THC, and blood and brain THC levels
are affected by pre-treatment with equivalent CBD doses.
Methods Adolescent rats were treated with ascending daily
THC doses over 21 days (1 then 3 then 10 mg/kg). Some
rats were given equivalent CBD doses 20 min prior to each
THC injection to allow examination of possible antagonis-
tic effects of CBD. During dosing, rats were assessed for
THC and CBD/THC effects on anxiety-like behaviour,
social interaction and place conditioning. At the end of
dosing, blood and brain levels of THC, and CB; and 5-
HT; A receptor binding were assessed.
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Results CBD potentiated an inhibition of body weight gain
caused by chronic THC, and mildly augmented the anxiogenic
effects, locomotor suppressant effects and decreased social
interaction seen with THC. A trend towards place preference
was observed in adolescent rats given CBD/THC but not those
given THC alone. With both acute and chronic administration,
CBD pre-treatment potentiated blood and brain THC levels,
and lowered levels of THC metabolites (THC-COOH and
11-OH-THC). CBD co-administration did not alter the
THC-induced decreases in CB; receptor binding and no drug
effects on 5-HT 4 receptor binding were observed.
Conclusions CBD can potentiate the psychoactive and
physiological effects of THC in rats, most likely by delaying
the metabolism and elimination of THC through an action on
the CYP450 enzymes that metabolise both drugs.
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Introduction

Cannabis sativa has been used as a medicine, for religious
ceremonies and recreational purposes for many thousands
of years (Mechoulam 1986). At least 80 compounds
deriving from the cannabis plant are recognised as
cannabinoids, although the psychotropic effects of the plant
are thought to be largely due to A°’-tetrahydrocannabinol
(THC) activating cannabinoid (CB,;) receptors in the
brain. As well as being the world’s most popular illicit
recreational drug, THC has been used clinically since the
1980s for suppression of nausea and vomiting during
chemotherapy and stimulation of appetite in AIDS patients
(Robson 2005; Pertwee and Thomas 2007).
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Another important cannabis constituent, cannabidiol
(CBD), lacks significant psychoactive effects and has low
affinity for CB; receptors. However, CBD has complex
actions at other cannabinoid-related targets: it is an inverse
agonist at cannabinoid CB, receptors, an antagonist at the
putative cannabinoid receptor GPR55 and also inhibits
the inactivation of the endocannabinoid anandamide
(Pertwee 2008; Izzo et al. 2009). Recent work indicates
that antidepressant, anxiolytic and neuroprotective effects
of CBD can be blocked by the 5-HT 5 receptor antagonist
WAY 100635 (Mishima et al. 2005; Hayakawa et al. 2007;
Campos and Guimaraes 2008; Resstel et al. 2009; Alves et
al. 2010; Zanelati et al. 2010).

As well as having therapeutic potential in its own right
(Pertwee and Thomas 2007), CBD can modulate the
functional effects of THC with a general consensus that
CBD antagonises THC actions when given at appropriate
doses (Thomas et al. 2007; Pertwee 2008; Izzo et al. 2009).
Such antagonistic effects are evident in rodent models; thus,
CBD attenuated the effects of THC on operant behaviour
(Zuardi et al. 1981), conditioned place aversion (Vann et al.
2008) and social interaction (Malone et al. 2009), and
produced anxiolytic effects when given alone (Guimaraes et
al. 1990; Moreira et al. 2006; Long et al. 2010). CBD also
reduced THC-induced anxiety in humans (Karniol et al.
1974; Zuardi et al. 1982), enhanced its pleasurable effects
(Karniol et al. 1974) and attenuated the induction of
psychotic-like symptoms by THC (Bhattacharyya et al.
2010). C. sativa plants can vary enormously in their relative
CBD/THC content with high potency varieties generally
showing high THC and low, or negligible, CBD content
(Potter et al. 2008; Morgan et al. 2010a). Interestingly,
individuals showing only THC in their hair (rather than
THC in combination with CBD) showed higher levels of
positive schizophrenia-like symptoms (Morgan and Curran
2008) and those smoking varieties with higher CBD
content appear to show less cognitive impairment when
intoxicated (Morgan et al. 2010b). Such results suggest that
CBD can reduce adverse THC-induced events and perhaps
augment its clinical efficacy (Pertwee 2004; Russo and Guy
2006). It is notable that Sativex® (GW Pharmaceuticals,
UK), a cannabis-based therapeutic approved for the
treatment of pain and spasticity (Kmietowicz 2010), is
specifically formulated to contain equivalent concentrations
of CBD and THC.

However, studies examining the interactions between
THC and CBD do not always show antagonism. In rats, an
augmented depression of motility as well as an intensified
short-term decrease in food and water intake and body
temperature was seen when CBD was added to THC
(Fernandes et al. 1974). In other more recent studies, CBD
either had few effects on THC actions in rodents (Varvel et
al. 2006) or dose-dependently exacerbated THC effects on
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locomotor activity, rectal temperature and spatial memory
(Reid and Bornheim 2001; Hayakawa et al. 2008).
Prolongation and enhancement of THC psychological and
cardiovascular effects by CBD was also reported in one
human study (Hollister and Gillespie 1975), while similar-
ity of THC and Sativex® (CBD/THC) cardiovascular and
subjective effects were reported in a recent human study
(Karschner et al. 2011a, b).

Part of this ambiguity may reflect widely disparate dose
ratios of THC/CBD used in different studies, dose ordering
effects, differences in chronicity of treatment (e.g. acute
versus repeated administration) as well as the specific
behavioural or physiological endpoints of interest (Karniol
and Carlini 1973; Reid and Bornheim 2001). CBD may
inhibit hepatic microsomal drug metabolism (Fernandes et
al. 1973; Bornheim and Correia 1989), and this may lead to
increased circulating THC levels in the blood of rodents
(Jones and Pertwee 1972; Bornheim et al. 1995; Reid and
Bornheim 2001; Varvel et al. 2006) and humans (Nadulski
et al. 2005). This provides a mechanism for the possible
exacerbation of THC effects by CBD.

To further investigate this issue, the current study treated
male adolescent rats chronically with increasing doses of
THC, with or without equivalent CBD pre-treatment
20 min before the THC. Over the 21-day drug administra-
tion period, anxiety-like behaviours were examined using
the emergence test and elevated plus maze (EPM), social
behaviours using the social interaction test and drug
reward/aversion using a place conditioning paradigm.
Pharmacokinetic interactions were probed by assessing
brain and blood cannabinoid concentrations after acute
and chronic treatment. CB; and 5-HT; s receptor binding
were also assessed to determine whether neuroadaptations
in these receptors resulting from chronic THC treatment
(Breivogel et al. 1999; Zavitsanou et al. 2010) were
modulated by CBD. We believe this may be the first study
in which THC has been given chronically with or without
CBD in rats, and this may provide some improved insight
into real-life situations such as heavy cannabis use in
juveniles or chronic medicinal treatment with cannabis
extracts such as Sativex®.

Materials and methods
Subjects

A total of 48 experimentally naive male Australian Albino
Wistar (AAW) rats (Animal Resource Centre, Perth, Australia)
were given chronic adolescent cannabinoid treatment. At the
start of the experiment, the rats were postnatal day (PND) 33
to 39 with a weight range from 130 to 200 g. This age range
corresponds to early adolescence in the rat (Spear 2000).
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A further 16 male AAW rats (Animal Resource Centre)
were used to assess the effects of acute CBD pre-treatment on
blood THC levels. On testing day, they were aged 54—60 days
and weighed between 270 and 360 g, matching the age at
which half of the 48 chronically treated rats above were
sacrificed for blood and brain THC determination after
chronic THC or CBD/THC treatment.

All rats were group-housed with eight rats per cage in a
temperature- and humidity-controlled colony room and
maintained on a reverse 12-h light/12-h dark cycle.
Experimental sessions took place during the dark cycle.
Rats had ad libitum access to water and rodent lab chow.
All procedures were approved by the University of Sydney
Animal Ethics Committee in accordance with the Australian
Code of Practice for the Care and Use of Animals for
Scientific Purposes.

Drug preparation and administration

A°-Tetrahydrocannabinol and cannabidiol (THC Pharm
GmbH, Frankfurt/Main, Germany) were dissolved in
absolute ethanol before being added to an equal amount
of Tween 80 and diluted in 0.9% saline to give a final stock
of ethanol/Tween 80/saline (1:1:18). THC and CBD were
administered intraperitoneally (i.p.) at doses of 1, 3 and
10 mg/kg. All drugs were freshly prepared before being
used at an injection volume of 1 ml/kg.

The adolescent rats were treated daily with vehicle+vehicle
(VEH group, n=16), vehicle+THC (THC group, n=16) or
CBD+THC (CBD/THC group, n=16) for 21 consecutive
days. The starting dose of both drugs was 1 mg/kg, which was
increased to 3 mg/kg after 7 days and to 10 mg/kg after a
further 7 days (see Table 1). A 20-min interval separated the
injections of CBD and THC to better assess possible
antagonistic effects of CBD.

The separate cohort of adult rats used to examine acute
cannabinoid treatment received either VEH (n=8) or CBD
(3 mg/kg, n=38) followed 20 min later by THC (3 mg/kg).

Experimental procedures

The behavioural testing sequence is shown in Table 1 and
used procedures derived from our previous study of chronic
THC effects in adolescent rats (Quinn et al. 2008). Rats
were tested for anxiety-like behaviours during week 1
(daily 1 mg/kg dosing) and week 2 (daily 3 mg/kg dosing)
using the emergence, elevated plus maze (EPM) and social
interaction tests. Place conditioning was undertaken in
week 3 during which rats received daily 10 mg/kg doses.
All behavioural testing took place during the dark cycle
between the hours of 10.00 and 16.00 h.

On each day, rats were given two injections, the first one
either CBD or VEH, and the second one either THC or

VEH, which was given 20 min later. Rats usually
underwent behavioural testing 20 min after the second
injection, except during the place conditioning phase
when rats were either injected prior to testing or
afterwards (see detailed description below). Body
weights of the rats were recorded daily throughout the
drug administration period.

After 21 days of dosing and a further 24-h washout
period, 24 of the 48 chronically treated rats were decapi-
tated and trunk blood was collected. The remaining 24
chronically treated rats were maintained in their home cages
for a further 21 weeks to assess possible residual effects of
chronic cannabinoid treatment on body weight.

The acutely dosed adult rats (n=16) were given a single
injection of either CBD or VEH followed by a second
injection of THC 20 min later. After a further 30 min, these
rats were decapitated and their trunk blood collected.

Behavioural testing

Emergence test On their first (1 mg/kg) and eighth (3 mg/kg)
day of treatment, rats were tested in the emergence test
(see Table 1) 20 min after THC or VEH treatment
(corresponding to 40 min after CBD or VEH pre-
treatment). The emergence test involved a 120x120x
60 cm wooden arena with three white melamine walls and
one black wall. A wooden hide box (40x24 %17 cm), with
a hinged red Perspex lid and an opening in the front, was
placed centrally against the black wall. Two spotlights
with 150-W PAR-78 globes illuminated the open field.
Each trial was recorded using a video camera mounted
above the arena. Behaviour was automatically tracked
and scored using TRACKMATE version 1.0 software
(MotMen Ltd, Cooks Hill, NSW, Australia). Scored
behaviours included time spent in the open field, time
spent in the hide box, risk assessment (defined as front
paws, head and back protruding from the hide box) and
distance travelled. The trials spanned 5 min, with the rat
placed in the hide box at the onset of testing. The open
field and hide box were wiped between trials with 30%
ethanol.

Elevated plus maze On their second (1 mg/kg) and ninth
(3 mg/kg) treatment day, rats were placed in the EPM for
5 min (see Table 1), again 20 min after THC or VEH
treatment. The apparatus consisted of two open and two
closed 50x11 cm arms arranged in a cross-elevated
position, 60 cm off the ground. All arms were constructed
from red Perspex with black plywood floor. The closed
arms had 41-cm-high red Perspex walls on three sides. The
test was performed in a dark room illuminated by infrared
light emitting diodes (LEDs). A video camera mounted
above the apparatus was connected to a computer for
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Table 1 Behavioural testing sequence

Treatment day 1 2 3 4 5 6 7 8

(Dose)

10 mg/kg

Emergence N Y
Elevated plus maze v

Social interaction VoA
Injections only v v
CPP baseline®

CPP conditioning (drug)

CPP conditioning (no drug)®

CPP test”

\/

#On these days, rats (n=48; 16 per group) were injected 1 h after being run in the CPP boxes. On all other days, rats received their two injections

at 40 and 20 min prior to testing

automatic scoring by TRACKMATE software. Scored behav-
iours included percentage of time spent in the open arms, total
number of entries into the open arm, risk assessment (defined
as when the head of the rat protruded into the open arm area
while the body of the rat remained in the closed arm) and the
time spent engaged in activity (time active). The arms and
walls were wiped down between trials with 30% ethanol.

Social interaction On days 5-6 (1 mg/kg) and 12-13
(3 mg/kg) of treatment, rats were assessed in the social
interaction test (Table 1). The experimental chamber was a
120x120%60 cm arena with four black walls. The testing
room was illuminated by a 40-W red lamp. A video camera
was mounted above the apparatus and connected to a
computer for automatic scoring of social behaviour by
TRACKMATE SOCIAL software (MotMen Ltd). The
program automatically scored a variety of social behaviours
including following, adjacent lying, anogenital sniffing and
head-to-head interactions. These separate components were
accumulated to produce an overall social interaction score.
The program also produces a measure of distance travelled
that reflected the average distance travelled by the two rats.
Each rat was tested for 10 min with a treatment-matched novel
conspecific, of approximately the same body weight, but from
a different home cage. There were eight pairs for each
treatment condition, and each rat was run on two consecutive
days for each dose (with a different conspecific), to give 16
data points per treatment condition for each dose. Between
trials, the arena was wiped with 30% ethanol.

Place conditioning The place conditioning paradigm involved
equipment as previously described (Quinn et al. 2008), which
consisted of four identical chambers (Med Associates, St
Albans, VT, USA), each with two side compartments
(28%x21%x21 cm) and a centre compartment (12x21x
21 cm). Guillotine doors were placed at both entries to
the centre to restrict access when required. The two side
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compartments differed texturally and visually. The left
compartment had black and white striped walls, a grid
mesh floor and had additionally 0.5 ml of white vinegar
(No Frills, Australia) in the waste pan below the floor.
The right side had black walls and a metal rod floor but
no olfactory cue. Two infrared-sensitive miniature video
cameras with infrared illuminating LEDs (Jaycar Ltd,
Australia, model QC3468) were suspended above the left
and right sides of each box. Cameras were connected via a
quad splitter to a PC running TRACKMATE software, which
recorded time spent in each chamber as well as distance
travelled during the experimental session.

All testing was performed in a dark room illuminated by
a 60-W red light. The experiment had three phases: baseline
(day 1), conditioning (days 2—7) and test (day 8). For
baseline, rats were allowed to freely explore all compart-
ments of the chamber for 20 min, with time spent in each
compartment recorded. On that day, the rats were not
injected with drugs until the baseline session was completed.
Half of the rats in each treatment condition were randomly
allocated to the striped compartment for drug conditioning
and the other half in the black compartment.

During the conditioning phase, rats were first injected
and placed into the designated drug-associated compart-
ment after 20 min on days 2, 4 and 6 (‘drug days’). On
days 3, 5 and 7 (‘no drug days’), rats were placed in the
non-drug-associated compartment and were injected 60 and
80 min after (rather than 40 and 20 min before) the
conditioning session. During the conditioning sessions, the
connecting doors were closed and rats could not move to
the other compartments. Between trials, the waste pans
were washed with hot water and each time the olfactory cue
was re-applied onto the waste pans of the striped compart-
ment. On test day, rats were allowed to freely move inside the
apparatus for 20 min, with time spent in each compartment
recorded. They did not receive drug injections that day until
the test session was completed.
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Euthanasia and tissue collection

At 24 h following the final drug dosing, half (n=24) of the
chronically treated rats were decapitated via guillotine. The
remaining rats (n=24) were monitored for recovery from
body weight loss for a further 21 weeks. For the 16 acutely
treated rats, decapitation took place 30 min following their
second (THC) injection.

Immediately after decapitation, trunk blood was collected in
ice-chilled EDTA coated vacutainer tubes and stored at —20°C
for later analysis. Brains were rapidly removed, placed in plastic
jars and snap frozen in liquid nitrogen before being stored in a
—80°C freezer prior to sectioning for autoradiography.

Detection and quantification of THC and THC-COOH
in whole blood and brain samples

The methods used for determining blood and plasma THC,
THC-COOH, 11-OH-THC and CBD were as described
previously with slight modifications (Nadulski et al. 2005;
Quinn et al. 2008; Gunasekaran et al. 2009; Karschner et al.
2011a). A total of 50 ul of (deuterated) D3-CBD/D3-THC/
D3-11-OH-THC/D3-THC-COOH (0.25:0.25:0.5:0.5 mg/L)
internal standard solution was added to each 0.5 ml sample
of whole blood or brain homogenate. Calibration standards
were prepared by spiking drug-free sheep blood or drug-free
brain homogenates for blood and brain analyses, respectively,
at concentrations of 2.5—100 ng/ml for CBD and THC and 5-
200 ng/ml for 11-OH-THC and THC-COOH. The standards
were vortexed and treated identically to other samples.

For brain analyses, half brains were homogenised in 0.9%
saline at a 1:2 ratio (w/v). Brain cannabinoids were extracted
using 0.2 M sodium hydroxide (pH 13) and acetonitrile. All
samples were then placed on a blood roller for 20 min and
centrifuged at 3,000 rpm for 5 min. Brain samples were dried
under nitrogen stream for 90 min. Following this, brain and
blood samples were treated identically, where blood and brain
cannabinoids were extracted using 0.1M pH 4.0 Acetate
buffer and 1-chlorobutane, placed on a blood roller for 20
minutes, then centrifuged at 3,000 rpm for 2 min and dried
under a nitrogen gas stream. The samples underwent
derivatisation of the polar functional groups (COOH, OH)
with bis(trimethylsilyl)trifluroacetamide (BSTFA). Quantifi-
cation (2.5 ng/ml limit of quantification) of the derivatised
extract was performed by gas chromatography—mass spec-
trometry (GC—MS) (Shimadzu 2010Plus system) using
electron impact ionisation in selective ion mode.

Detection and quantification of CB; and 5-HT; 4 receptor
density

Coronal sections (20 um) of the forebrain were cut at —16°C on
a Microm cryostat and mounted onto polysine-coated slides

(LabServ, Australia) which were then stored at —80°C.
Cannabinoid CB; receptor binding was performed as previ-
ously described (South and Huang 2008). Briefly, slides were
air-dried, then pre-incubated for 30 min in 50 mM Tris—HCI
buffer (pH 7.4) containing 5% bovine serum albumin (BSA) at
room temperature. Sections were incubated for 120 min with
10 nM [H?]CP-55940 (168 Ci/mmol; Perkin Elmer, Boston,
MA, USA) in 50 mM Tris—HCI buffer (pH 7.4) containing 5%
BSA to determine total binding, and non-specific binding was
determined by incubating subsequent sections in 10 nM [H?]
CP-55940 in the presence of 10 uM CP-55940. Sections were
washed in 50 mM Tris—HCI buffer (pH 7.4) containing 1%
BSA at 4°C for 60 min, repeated in fresh buffer for a further
180 min. Sections were then washed in 50 mM Tris—HCl
buffer for 5 min at 4°C, dipped in cold milliQ H,O to remove
buffer salts and gently dried in a stream of cool air.

5-HT; 4 receptor binding was performed based on that
described previously (Han et al. 2009). Brain sections were
warmed to room temperature and pre-incubated in 50 mM
[H*]WAY-100635 (specific activity 83.0 Ci/mmol; Amer-
sham Biosciences UK Limited) at room temperature for
2.5 h in 50 mM Tris—HCI (pH 7.4) containing 10 uM
pargyline (Sigma). Non-specific binding was determined by
incubating consecutive sections exposed to 10 pM 5-HT.
All sections were washed for 2 min and then 3 min in ice-
cold 50 mM Tris—HCI buffer. After a brief rinse in ice-cold
distilled water, the slides were rapidly dried under a stream
of cold air. The slides were exposed to Kodak BioMax MR
films, which were then developed and quantified using
standard procedures. All films were analysed using a
computer-assisted image analysis system, ‘Multi-Analysis’,
connected to a GS-690 imaging Densitometer (Bio-Rad, USA).

Statistical analysis

A mixed-model ANOVA was used for analysis of body
weights over the 21 drug treatment days with treatment as
the between-subjects factor and day as the within-subjects
factor. Body weight on individual days, test data obtained
from anxiety, social interaction and place conditioning tests
and receptor density were analysed by one-way ANOVA
with treatment as the between-subjects factor. When a
significant overall effect of treatment was observed,
pairwise comparisons using Bonferroni tests directly com-
pared the treatment groups, either alone or combined,
against the VEH group. For analysis of locomotor activity
during the conditioning phase of the place conditioning
paradigm, a two-way repeated measures ANOVA was used,
with treatment and day as the between-subjects factors. An
unpaired ¢ test was used to compare THC and THC-COOH
concentrations in blood and THC and 11-OH-THC in
brains between the THC and CBD/THC treatment groups.
For autoradiography, binding density in each delineated
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brain area was analysed using a one-way ANOVA followed
by post hoc Bonferroni tests where applicable. All analysis
was conducted using SPSS 14.0 for Windows with the level
of significance set at 0.05.

Results
Body weight

The body weight data are shown in Fig. 1. ANOVA
revealed an overall treatment by time effect on body weight
over the 21-day drug administration period [F(2,42)=14.98,
p<0.001]. Pairwise comparison of groups 24 h following
the final drug injection (day 22) revealed that both the
CBD/THC and THC-treated rats weighed less than controls
on this day (Fig. 1). Pairwise comparisons also showed that
body weight loss relative to controls became significant on
day 10 of treatment in the CBD/THC condition (p<0.05)
and day 14 of treatment (p<0.05) in the THC condition.

For the 24 chronically treated rats given a washout of
21 weeks after drug treatment, pairwise comparisons
showed that CBD/THC-treated rats still weighed signifi-
cantly less than VEH rats at the end of this washout (p<
0.05). CBD/THC-treated rats also showed a non-significant
trend towards reduced body weight compared to THC only
treated rats (»p=0.09) (Fig. 1, insert).

Emergence test

The effects of THC and CBD/THC treatment in the emergence
test are shown in Fig. 2. ANOVA revealed an overall effect of

Fig. 1 Main graph (a) body
weight (g=SEM) of the treat-
ment groups (n=16 per condi-
tion) across the 21 days of drug
administration days plus

24-h washout. On the washout
day, both the CBD/THC and
THC groups showed signifi-
cantly lower body weight than
the VEH group. Insert graph (b)
final body weight (g=SEM) of
the treatment groups (n=8 per
group) after 21 weeks of
washout: at this stage, only the
CBD/THC group had
significantly lower body weight
than the VEH group. *p<0.05,
**%p<0.001 relative to VEH

group

a b

350

Body Weight (g)

300

250

Body Weight (g)

200

150 =y

650

g

g

g

&

treatment on hide time at both 1 mgkg [F(2,45)=3.40,
p<0.05] and 3 mg/kg doses [F(2,45)=4.64, p<0.05]. Both
doses of CBD/THC significantly prolonged the time rats
stayed in the hide box (1 mg/kg, p<0.05; 3 mg/kg, p<0.05)
compared to VEH rats, but not compared to THC rats.

The 1 mg/kg drug treatments had no overall effect on
risk assessment [F(2,45)=1.79; p=0.178] or open field time
[F(2,45)=2.41; p=0.10]. However, the 3 mg/kg treatments
had a significant overall effect on risk assessment [F(2,45)=
6.50; p<0.01] and open field time [F(2,45)=4.40, p<0.05].
Bonferroni tests showed that an effect on risk assessment
was apparent in both treatment groups at 3 mg/kg [THC
(»<0.01) and CBD/THC (p<0.05)] relative to VEH treat-
ment, but only CBD-pre-treated rats spent significant less
time in the open field (p<0.05).

An overall effect of both doses was observed in travelled
activity [1 mg/kg—F(2,45)=3.55, p<0.05; 3 mg/kg—F
(2,45)=4.18, p<0.05], with pairwise comparisons showing
only rats from the CBD/THC group travelling less distance
than VEH rats (1 mg/kg—p<0.05; 3 mg/kg—p<0.05).

Elevated plus maze

The EPM results are shown in Fig. 3. A one-way ANOVA
showed an overall treatment effect on percent open arm
time for both 1 mg/kg [F(2,45)=3.26, p<0.05] and 3 mg/kg
doses [F(2,45)=7.42, p<0.01]. At the 1 mg/kg dose,
Bonferroni tests revealed a trend towards a difference
between CBD/THC group and VEH rats (p=0.052). At the
3 mg/kg dose, both THC-treated (p<0.05) and CBD/THC-
treated (p<0.01) rats spent significantly less time on the
open arm compared to VEH controls.

FINAL BODY WEIGHT
(n=24; after 21 weeks washout)

-

—e— THC
—— CBD/THC
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Fig. 2 Results from the a Travelled Distance (mm) b Hide Time (s)
emergence test (mean+SEM), N *
showing for each treatment 12000 [ VEH 3007 ;
group (n=16): a travelled 10000 Hm THC T
distance, b time spent in hide CBD/THC
. . 8000 200
box, ¢ time spent in open field *
and d time spent in risk 6000
assessment. The 1 mg/kg test 4000 1004
was conducted on day 1 of the .
experiment while the 3 mg/kg 2000 1
test was conducted on day 8. 0 % 0
*p<0.05 relative to VEH group 1 mg/kg 3 mg/kg 1 mg/kg 3 mg/kg
C Open Field Time (s) d Risk Assessment Time (s)
401 259
30- 204
154
204
10 4
104 . 5 o,
0 %) 7z . i 2

1 mg/kg

An overall treatment effect was seen with the higher
(3 mg/kg) doses in time spent in risk assessment [F(2,45)=
12.94, p<0.001] as well as in number of open arm entries
[F(2,45)=11.38, p<0.001]. Rats of both treatment groups
significantly differed from the VEH group in time they
spent in risk assessment (THC, p<0.01; CBD/THC, p<
0.001) and in number of open arm entries (THC, p<0.01;
CBD/THC, p<0.001), with generally more pronounced
effects in CBD/THC rats. The 1 mg/kg dose did not affect
risk assessment overall [F(2,45)=2.13; p=0.13] or the

Fig. 3 Results from the elevated

3 mg/kg 1 mg/kg 3 mg/kg

number of open arm entries [F(2,45)=2.529, p=0.091].
An overall effect on time active was only observed at
3 mg/kg [F(2,45)=5.40, p<0.01], with both CBD/THC
(»<0.05) and THC rats (p<0.05) spent less time active
than controls.

Social interaction test

Results from the social interaction test are presented in
Fig. 4. The 3 mg/kg [F(2,45)=12.73, p<0.001] but not the
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Fig. 4 Results from the social interaction test (mean+=SEM), showing
for each treatment group (n=16): a time spent in total social
interaction and b distance travelled. +p<0.05, THC compared to
CBD/THC group, ***p<0.001, THC and CBD/THC compared to

1 mg/kg [F(2,45)=0.665, p=0.52] dose had an overall
effect on social interaction. Pairwise comparisons revealed
a significant reduction in social interaction in the CBD/THC
group (p<0.001), but only a trend towards this effect in THC-
treated rats (p=0.057) at 3 mg/kg. There was also an overall
effect of treatment on distance travelled in the drug-treated
rats at 3 mg/kg [F(2,45)=22.55, p<0.001], with both THC
(»<0.001) and CBD/THC (p<0.001) reducing the travelled
activity during social interaction compared to controls.

Place conditioning

The results from the place conditioning paradigm are
shown in Fig. 5. On the ‘drug days’ during conditioning
(days 2, 4 and 6—when drug was given before the rats
were confined to the drug-paired compartment), there was
an overall effect of treatment [F(2,45)=10.05, p<0.001]
and day [F(2,45)=10.71, p<0.0001] on distance travelled.
Pairwise comparisons revealed significantly reduced trav-
elled distance in both the CBD/THC (p<0.001; p<0.001)
and THC-treated groups (p<0.01, p<0.05) on days 2 and 4,
but not day 6 (Fig. 5a).

On the ‘no drug’ days during conditioning (days 3, 5 and
7—when drug was given after the conditioning session),
ANOVA showed an overall effect of treatment [F(2,45)=
5.73, p<0.01] and day [F(2,45)=19.05, p<0.0001] on
distance travelled (Fig. 5b). Pairwise comparisons revealed
that CBD/THC but not THC-treated rats displayed decreased
travelled distance on days 3, 5 and 7 (p<0.01, p<0.05,
p<0.01), 24 h after drug treatment.

On the place conditioning test day (Fig. 5d), only a trend
was evident towards increased preference for the drug
paired side in CBD/THC-treated rats relative to THC-
treated rats (p=0.07, unpaired ¢ test) with no significant
overall treatment effect. There was an overall effect of
treatment on locomotor activity on the test day [F(2,45)=
3.38, p<0.05) with CBD/THC, but not THC, rats showing
a trend towards decreased travelled activity (p=0.056).
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VEH group. Data represent two social interaction tests for each rat
(with a different conspecific) on two consecutive days for each dose
(1 mg/kg tested on days 5—6 and 3 mg/kg tested on days 12—13)

Cannabinoid levels in blood and brain

Results from the GC—MS analysis of bloods taken from
acutely and chronically dosed rats are presented in Table 2.
Rats acutely treated with CBD (3 mg/kg) prior to acute
THC (3 mg/kg) showed higher blood THC [#(1,12)=2.46,
»<0.05] and lower THC-COOH levels [#(1,13)=3.80, p<
0.01] than those treated with vehicle prior to THC. There
was also a strong trend towards higher brain THC [#(1,13)=
2.01, p=0.065] and significantly lower 11-OH-THC levels
[#(1,13)=3.33, p<0.01] in those pre-treated with CBD
rather than with vehicle.

In the chronically treated adolescent rats, 24 h after
the final dose, there was a strong trend towards higher
THC [#(1,14)=1.98, p=0.068] and significantly lower
THC-COOH [#(1,14)=2.41, p<0.05] blood levels in the
CBD/THC group relative to the THC group. The CBD/THC
rats also showed higher brain THC levels [#(1,11)=2.48, p<
0.05] compared to the THC group. There was no difference
in 11-OH-THC levels between the two chronic treatments.

Brain analysis of CB; and 5-HT; 4 receptor density

Table 3 presents the results for CB; autoradiography
including results from hippocampus, substantia nigra
(SN), caudate putamen (CPU) and cingulate gyrus (CG).
One-way ANOVAs revealed an overall treatment effect on
CB; receptor binding in hippocampus [F(2,16)=45.85, p<
0.0001], SN [F(2,18)=6.13, p<0.01], CPU [F(2,20)=9.92,
»<0.001] and CG [F(2,20)=29.01, p<0.0001] with pair-
wise comparisons showing significantly decreased amounts
of CB; receptors per square millimetre in brains of THC-
treated rats compared to the VEH group (hippocampus, p<
0.0001; SN, p<0.05; CPU, p<0.01; CG, p<0.0001), and
also in the CBD/THC group when compared to VEH-treated
rats (hippocampus, p<0.0001; SN, p<0.05; CPU, p<0.01;
CG, p<0.0001). There were no significant differences
between the CBD/THC and THC groups in any region.
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Fig. 5 Results from the place conditioning test (mean+SEM),
showing for each treatment group (n=16): a distance travelled on
conditioning days (2, 4 and 6) when drug injections (10 mg/kg THC
or CBD/THC) were given prior to conditioning, b distance travelled
on conditioning days (3, 5 and 7) when drug injections were given 1 h
after conditioning (‘no-drug’ days), ¢ distance travelled on test day

In Table 4, the results from the analysis of the 5-HT;
receptor binding study in hippocampus, lateral septal
nucleus intermediate (LSI), lateral septal nucleus dorsal
(LSD) and cingulated gyrus (CG) are summarised. No
changes in receptor binding were observed in hippocam-
pus, LSI and CG. There was a trend towards a treatment
effect on 5-HT,, receptor density in the LSD [F(2,19)=
2.93, p=0.078].

Table 2 Blood and brain cannabinoid levels (ng/ml)

b Travelled Distance: No Drug (mm)
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(drug given after test) and d change in the time spent on the
conditioned side from baseline to test day: a positive value represents a
preference for the conditioned side and a negative value an aversion. #p<
0.05, overall drug treatment effect with combined CBD/THC and THC
groups compared to VEH group; *p<0.05, **p<0.01, ***»<0.001,
THC or CBD/THC relative to VEH group

Discussion

The present study was designed to address some perceived
ambiguity in the literature with respect to behavioural and
pharmacokinetic interactions between CBD and THC and
to examine how these interactions were manifested in rats
exposed to chronic, incremental CBD/THC treatment. The
interactions between THC and CBD are relevant given

Single treatment

21-Day treatment

THC CBD/THC THC CBD/THC

Blood THC 12.13 (0.94)* 24.77 (5.54) 8.61 (2.61) 16.52 (4.15)
THC-COOH 9.79 (1.57)** 2.6 (0.97) 24.13 (9.36)* 6.92 (3.36)
CBD - n/a - 9.04 (0.86)

Brain THC 19.56 (1.84) 29.16 (4.67) 8.9 (2.21)* 23.19 (4.95)
11-OH-THC 29.79 (2.86)%* 15.45 (3.25) 5.49 (1.25) 9.28 (3.99)
CBD - 20.42 (3.71) - 1.79 (0.51)

Data represent means (SEM)

Single treatment rats (n=8 per group) acutely dosed with THC or CBD/THC (30 min before brain removal and blood collection), 2/-Day
treatment rats (n=8 per group) given 21 days of THC or CBD/THC treatment and 24-h washout, n/a not available

*p<0.05, **p<0.01, THC compared to CBD/THC group
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Table 3 CB; receptor binding (OD/mm?) in specific brain regions

Condition CB, receptor density (OD/mmz)

VEH THC CBD/THC
Hippocampus 31.89 (0.34) 26.92 (0.37)*** 26.97 (0.58)***
Substantia nigra 103.51 (1.6) 93.13 (1.67)* 90.31 (4.7)*
Caudate putamen 31.13 (0.45) 28.29 (0.29)** 28.78 (0.61)**
Cingulate gyrus 28.08 (0.25) 24.96 (0.3)*** 24.98 (0.43)***

Data represent means (SEM) for eight rats per condition chronically treated with VEH, THC or CBD/THC

OD optical density
*p<0.05, ¥**p<0.01, ***p<0.001, relative to VEH group

current concerns that widespread use of high potency
hydroponic varieties of cannabis with high THC and
negligible CBD (Potter et al. 2008) pose greater health risks
to users than traditional varieties of cannabis that contain
lower THC and substantial levels of CBD (McLaren et al.
2008; Morgan and Curran 2008; Di Forti et al. 2009;
Bhattacharyya et al. 2010; Morgan et al. 2010b). Moreover,
the clinical use of cannabis extracts that contain 1:1 CBD
and THC ratios (Sativex®) for pain and spasticity are partly
predicated on the maximal therapeutic benefits and minimal
adverse psychological effects that such mixtures produce
(Russo and Guy 2006). Somewhat surprisingly then, the
current results suggest that pre-treatment with equivalent
CBD 20 min prior to THC treatment leads to increased
blood and brain THC levels and intensification of THC
behavioural effects. This was seen with both acute and
chronic administration of THC and CBD to rats, with
moderate augmentation of THC effects by CBD evident in
a range of behavioural measures as well as on body weight.

Our observations that chronic THC exposure inhibits body
weight gain in adolescent rats is in accord with various reports
that cannabinoid receptor agonists can inhibit consumption of
moderate palatability foods (e.g. lab chow) and lead to body
weight loss in rats (Sjoden et al. 1973; McGregor et al. 1996).
Of interest here is the observation that pre-treatment with

Table 4 5-HT) , receptor binding (OD/mm?) in specific brain regions

Condition 5-HT 5 receptor density (OD/mm?)

VEH THC CBD/THC
Hippocampus 34.32 (0.76) 33.53 (0.83) 33.16 (0.47)
LS (intermediate) 32.17 (0.74) 33.29 (0.58) 33.65 (0.6)
LS (dorsal) 34.88 (0.72) 37.10 (0.5) 36.73 (0.77)
Cingulate gyrus 26.30 (0.3) 26.96 (0.31) 26.57 (0.33)

Data represent means (SEM) of eight rats per condition chronically
treated with VEH, THC or CBD/THC

OD optical density, LS lateral septal nucleus

@ Springer

CBD potentiates the reduction in body weight seen with THC.
The body weight loss with THC was far more evident during
weeks 2 and 3 when higher THC doses were administered
(3 and 10 mg/kg, respectively) so exacerbation of body
weight loss by CBD may be a result of the higher and longer
lasting functional amounts of THC produced in blood as a
result of CBD pre-treatment. Such effects recapitulate the
augmentation by CBD of THC appetite suppression in rats
originally reported by Fernandes et al. (1974). Human
cannabis smokers of high CBD content varieties showed
reduced attentional bias to food stimuli when intoxicated
relative to smokers of low CBD content cannabis, suggesting
that CBD may also modulate the characteristic appetite-
stimulatory effects of THC independently of pharmacokinetic
factors (Morgan et al. 2010a). In addition, very recent
preclinical research indicates that chronic daily treatment with
CBD (2.5-5 mg/kg) alone inhibits body weight gain in Wistar
rats via an action on CB, receptors (Ignatowska-Jankowska et
al. 2011), suggesting that the effects reported here might
reflect an independent action of CBD above and beyond the
anorexic action of THC.

Also of interest in the present study is the observation
that CBD/THC pre-exposure during adolescence produced
rats that were significantly lower in body weight well into
adulthood, 21 weeks later. This indicates a notable long-
lasting residual effect of chronic adolescent CBD/THC
exposure on growth and development. We have preliminary
data (Gunasekaran et al., unpublished observations), in
agreement with in vitro studies (Deveaux et al. 2009;
Teixeira et al. 2010), that weight loss in rats given THC is
accompanied by fundamental changes in the number and
morphology of adipocytes and macrophage infiltration, and
this may be a primary mechanism underlying the lasting
body weight loss reported here.

With respect to behaviour, pre-treatment with CBD tended
to increase THC-induced anxiety-like behaviours in both the
emergence test and EPM, although in many cases the CBD/
THC and THC groups did not differ significantly when
directly compared. However, in the emergence test, only rats
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pre-treated with CBD prior to THC showed significantly
increased hide time (both 1 and 3 mg/kg doses) and
decreased open field time (3 mg/kg dose only) relative to
the VEH group. Some augmentation of THC effects by
CBD was seen on the very first day of drug treatment
(1 mg/kg emergence test) indicating that this augmenta-
tion does not require prolonged exposure to the drug
combination, or neuroadaptations emerging during chronic
treatment.

On the EPM, THC was anxiogenic both with and
without CBD pre-treatment, but overall the effects on open
arm time and risk assessment were numerically, if not
statistically, greater when CBD was also given. The
observed anxiogenic effects of THC in the emergence test
and EPM are in accordance with a number of previous
studies with THC (Onaivi et al. 1990; Quinn et al. 2008) or
with other cannabinoid agonists such as CP 55,940 (Genn
et al. 2004) and HU-210 (Guilani et al. 2000). The present
results provide a notable contrast to studies in rodents and
humans, where CBD itself had anxiolytic properties
(Guimaraes et al. 1990; Moreira et al. 2006; Long et al.
2010) or where it reduced the anxiety associated with THC
(Karniol et al. 1974; Zuardi et al. 1982).

Significant exacerbation of THC effects by CBD pre-
treatment was evident in the social interaction test where
significantly greater decreases in social interaction were
obtained with THC (3 mg/kg) when CBD was given 20 min
earlier. The observed reduction in social interaction by THC
agrees with previous studies (Genn et al. 2004; Quinn et al.
2008; Malone et al. 2009), although the augmenting effect
of CBD is opposite to the antagonistic effect reported with
Malone et al (2009), albeit with much higher CBD/THC
ratios (20:1). A modest reduction in distance travelled was
also apparent in rats treated with THC (3 mg/kg) in the
social interaction test. Such locomotor hypoactivity was
also seen in the emergence and EPM tests in which CBD
pre-treated rats exhibited markedly greater locomotor
suppressant effects of THC. This agrees with some previous
findings in rodents (e.g. Hayakawa et al. 2007) but
differs from some previous investigations in which no
effect of CBD on THC-induced hypolocomotion was
evident (e.g. Varvel et al. 2000).

Since no obvious signs of catalepsy were evident in
the rats tested on these models, it is unlikely that the
observed results on anxiety and social behaviour models
were confounded by gross motor impairment, although a
confounding role of the modest hypolocomotor effects of
THC on anxiety measures cannot be completely ruled
out. It is also important to note that although there was
no CBD only control group in the current study, other
investigations suggest that it has little or no effect on its
own on social interaction in rats (Malone et al. 2009), or
on locomotor activity in mice (Varvel et al. 2006;

Hayakawa et al. 2008; Long et al. 2010) despite clear
hypolocomotor effects of THC in these studies.

Cannabinoid agonists are often found to be aversive to
adult rats, as shown by the formation of a conditioned place
aversion (McGregor et al. 1996; Mallet and Beninger 1998;
Quinn et al. 2008). However, the current work confirms our
previous findings that repeated THC causes little by way of
place aversion in adolescent rats (Quinn et al. 2008).
Interestingly, there was a trend towards CBD pre-treatment
shifting rats towards a place preference with THC, but
further work will be required to conclusively demonstrate
that such an effect reliably exists in rats. This might mimic
effects reported in adult mice where CBD was capable of
reversing THC-induced place aversion (Vann et al. 2008). It
is also worth noting that CBD given alone, in other
studies, appears to have little effect on place conditioning
(Parker et al. 2004; Vann et al. 2008).

At the high 10 mg/kg dose used in place conditioning,
THC and CBD/THC affected the motility of the rats.
Impaired locomotor activity was clearly stronger on days
when the rats were injected prior to conditioning, but was
still notably present in the CBD/THC treated rats on ‘drug-
free’ days, when they were tested approximately 24 h after
their previous 10 mg/kg dose of THC. Thus, CBD
potentiated the THC reduction in locomotor activity both
acutely, but also 24 h later. The reason for this is evident
from Table 2, which shows that rats given CBD/THC
combinations produced higher THC levels in both blood
and brain after a 24-h washout than rats given THC alone.
Indeed, blood levels 24 h after 10 mg/kg CBD/THC were
similar to those seen 30 min after a single 3 mg/kg acute
dose of THC to drug-naive rats. The longevity of THC in
blood following chronic administration is evident in our
previous studies with rats (Gunasekaran et al. 2009), and
reflects the high lipophilicity of the drug and its slow
release from fat stores back into the circulation. The fact
that THC was still present in substantial amounts on the
‘no-drug’ conditioning days may therefore have affected
our ability to produce place preference or aversion: in effect
rats were being asked whether they prefer an environment
paired with high or low blood levels of THC. Similarly, the
reduced locomotor activity seen in THC and CBD/THC rats
on the final place conditioning test day may reflect
substantial blood THC levels on this day and could have
interfered with the expression of a place avoidance or
preference on this day.

To confirm that CBD potentiates THC effects through a
pharmacokinetic interaction, we acutely injected 16 rats with
either THC or CBD/THC and analysed levels of THC and its
major metabolites in blood and brain using GC—MS. The
results clearly indicate that pre-treatment with CBD poten-
tiates THC-induced effects in rats by delaying THC metabo-
lism, as previously shown in mice (Reid and Bornheim 2001).
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Rats acutely pre-treated with CBD (3 mg/kg) prior to THC
(3 mg/kg) had higher blood THC levels and lower levels of
THC-COOH than those pre-treated with vehicle. Augment-
ing effects of CBD pre-treatment on brain THC levels fell
just short of statistical significance, but brain 11-OH-THC
levels were significantly lower in the CBD/THC group.
Overall, our acute results agree with the increased brain
levels of THC reported in mice with CBD pre-treatment
(Reid and Bornheim 2001).

Similar effects of CBD pre-treatment on THC levels
were evident in the chronically treated rats and although the
effect on THC in blood fell just short of significance, the
effect on THC-COOH was significant. In the brain, rats
repeatedly dosed with THC had significantly higher THC
levels when pre-treated with CBD. Low residual levels of
CBD were also detected in the brains of these chronically
treated rats while no group differences in 11-OH-THC
levels were detected. As the primary THC metabolite with a
relatively short half-life, the 11-OH-THC was most likely
already further metabolised to THC-COOH after 24 h in
these rats. The fact that CBD augmentation persists even
after a 24-h washout in chronically treated rats indicates a
cumulative long-lasting effect of CBD on THC metabolism,
rather than a temporary spike in blood and brain THC
immediately after CBD injection. Presumably this reflects a
long-lasting effect of CBD (or its metabolites) on hepatic
enzymes responsible for THC metabolism.

CBD is known to impair hepatic microsomal drug
metabolism in rodents in vitro via inactivation of specific
cytochrome P450s (CYP) belonging to the CYP2C and
CYP3A subfamilies (Bornheim and Correia 1990, 1991).
These enzymes are responsible for phase I metabolism of
cannabinoids, in which THC undergoes hydroxylation to its
primary metabolite, 11-OH-THC (which retains THC-like
pharmacological activity), before being further oxidised to
non-psychoactive THC-COOH. Clearly, interpretation of
the present results would have been improved by including
groups where CBD and THC were given simultaneously,
although this was not possible due to limited supplies of
both drugs and our wish to use an unambiguous ‘antago-
nist’ methodology in which the proposed antagonist was
administered prior to the agonist. At least one previous
study has indicated that interposing a delay (15—60 min)
between CBD and subsequent THC administration leads to
greater intensification of THC levels than simultaneous
administration (Reid and Bornheim 2001). This perhaps
indicates that it is a metabolite of CBD, rather than CBD
itself, that is responsible for the pharmacokinetic interaction
that inhibits THC metabolism. Identification of this
metabolite would clearly be a worthy aim for future studies.

To our knowledge, the present study is the first
experiment to link enhancement of THC behavioural effects
to elevated blood and brain THC levels after CBD pre-
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treatment in rats. Although we propose a hepatic, pharma-
cokinetic explanation for this phenomenon, we cannot
exclude the involvement of other interactions. Hayakawa
et al. (2008) report an exacerbation of THC-behavioural
effects by CBD in mice and an enhancement of CB;
receptor expression in the hippocampus and hypothalamus
in rats given acute CBD/THC combinations. These authors
suggested that CBD also potentiated pharmacological
effects of THC via a CB; receptor-dependent mechanism.
Several autoradiographic binding studies found a dose-
dependent downregulation of CB; receptors after chronic
and even after acute treatment with cannabinoids such as
THC, WIN 55212-2, CP-55,940 and HU210 (Oviedo et al.
1993; Breivogel et al. 1999; Dalton et al. 2005). This effect
is replicated here with repeated, incremental doses of THC.
Interestingly, Oviedo et al. (1993) reported no effect of
repeated daily treatment with 10 mg/kg CBD on CB;
receptor binding, which is consistent with our present
finding of no significant difference between THC and
CBD/THC-treated rats in the extent of decreased CB;
receptor binding. The fact that the chronically treated rats
still had substantial THC levels in their brains at the time of
sacrifice necessarily clouds the interpretation of CB;
receptor binding results, given that the THC might compete
with [H?] CP-55,940 for CB; receptor occupancy. This
issue could be definitively addressed in future studies by
the use of B,.x measures in a receptor binding assay, rather
than by autoradiography (Oviedo et al. 1993).

While a recent study (Zavitsanou et al. 2010) noted
region-specific upregulation of 5-HT;, receptor binding
after chronic cannabinoid treatment in rats, the current study
failed to detect any such effect. This may reflect our use of
adolescent rats, which appear to have higher basal 5-HT 5
receptor density and may be resistant to chronic cannabinoid
effects on this receptor (Zavitsanou et al. 2010). Given recent
indications that CBD can have potent interactions with the
5-HT;a receptor (Mishima et al. 2005; Hayakawa et al.
2007; Campos and Guimaraes 2008; Resstel et al. 2009;
Zanelati et al. 2010; Gomes et al. 2011), we predicted some
modulation of this receptor in CBD/THC-treated rats, but
this did not eventuate.

Very recent work in human participants (Karschner et al.
2011a, b) indicates few differences between orally admin-
istered THC and buccal Sativex® (CBD/THC) in terms of
subjective effects, cardiovascular effects or THC pharma-
cokinetics observed during acute administration of these
drugs. This casts some doubt on the relevance of CBD as a
modulator of THC effects with respect to Sativex®. However, it
is worth bearing in mind that these studies involved relatively
small numbers of participants and only oral and/or buccal
administration. Future studies might usefully study whether the
very different kinetics observed with smoked cannabis, or
injections of THC and CBD, lend themselves to more



Psychopharmacology (2011) 218:443-457

455

antagonistic effects, and whether chronic administration,
or delays between CBD and THC administration, are
relevant to such interactions. Clearly, the emerging
clinical literature suggests differences in mental health
and cognitive outcomes in smokers of high CBD versus
low CBD cannabis (Di Forti et al. 2009; Morgan et al.
2010a, b), and this makes further pharmacokinetic inves-
tigations of great relevance.

Overall, then, it is clear that the existing literature on
CBD and THC is complex and requires further clarification.
The present results in some ways add to that complexity by
reinforcing earlier findings that CBD is not always a
functional antagonist of THC, and can modestly potentiate
the psychoactive and physiological effects of THC in rats.
This potentiation most likely reflects CBD augmenting
brain THC levels through a pharmacokinetic interaction
involving common CYP450 metabolic pathways. Modula-
tion by CBD of the transport systems for THC into the
brain, liver or adipose tissue may be other avenues for
CBD-THC interactions (Reid and Bornheim 2001). Further
studies will hopefully further illuminate the range of
mechanisms through which CBD modulates THC effects
and their exact relevance to human use of cannabis and
cannabis-based therapeutics such as Sativex®.
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