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Abstract

Cannabis use in adolescence is emerging as a risk factor for the development of psychosis. In animal studies, A9-tetrahydrocannabinol (THC), the
psychoactive component of cannabis, modulates striatal dopaminergic neurotransmission. Alterations in human striatal dopaminergic function have
also been reported both in psychosis and in stimulant use. We sought to examine whether striatal dopamine D,/D5 receptor availability was altered in
volunteers with a history of cannabis use using a database of previously acquired [*'C]-raclopride positron emission tomography (PET) scans. Ten [*'C]-
raclopride scans from volunteers with a history of cannabis use were compared to ten control scans using a functional striatal subdivision region of
interest (ROI) analysis. No significant differences in either overall striatal BPyp values or BPyp values in any functional striatal subdivision were found
between the two groups. There was also no correlation between lifetime frequency of cannabis use and BPyp values. Limbic striatal BPyp values were ten
percent lower in current nicotine cigarette smokers. These findings suggest that, unlike other drugs of abuse, a history of cannabis use is not
associated with alterations in striatal dopamine D,/Ds receptor availability.

Keywords

[*'C]-raclopride, addiction, cannabis, D,/D; receptor, dopamine, nicotine, PET, psychosis

Introduction

Cannabis (Cannabis sativa) is one of the most widely used
recreational drugs in the world (Chawla, 2006). The psycho-
active effects of cannabis are produced by A9-tetrahydrocan-
nabinol (THC), which binds at cerebral cannabinoid CB,
receptors (Ameri, 1999). Both CB, receptors and dopamine
D, receptors are co-localized in the striatum (Pickel et al.,
2006) and several studies demonstrate a modulatory effect
of cannabinoids on dopaminergic neurotransmission. For
example, in experimental animals, activation of CB; receptors
produces inhibition of D, receptor-mediated responses
(Marcellino et al., 2008) and THC administration increases
both ventral striatal dopamine release (Cheer et al., 2004) and
the firing rate of mesolimbic dopaminergic neurons (Tanda
et al., 1997), although inhibition of dopamine release has also
been reported (Sidlo et al., 2008).

In humans, the use of stimulants such as methamphet-
amine and cocaine, which increase striatal synaptic dopamine
levels, is associated with decreased striatal dopamine D,/Dj3
receptor availability (Volkow et al., 1990, 2001). This may
occur as a result of downregulation of postsynaptic D,/D3
receptors secondary to increases in synaptic dopamine levels
produced by drug exposure, or alternatively could precede
drug use, predisposing individuals to subsequent addiction
(Volkow et al., 1999). Indeed, Volkow and colleagues suggest

that high striatal dopamine D> receptor levels could protect
against subsequent recreational drug use (Volkow et al.,
2009). Furthermore, in animals, repeated exposure to CB,;
agonists such as THC leads to increases in the magnitude of
responses to other drugs of abuse (Ferrari et al., 1999;
Lamarque et al., 2001; Muschamp and Siviy, 2002), suggest-
ing that some form of neurobiological sensitization, most
likely in the dopaminergic system, occurs in response to can-
nabis exposure. However, it is currently unknown whether
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alterations in striatal dopamine D,/D; receptor availability
are associated with cannabis use.

Dopamine D,/Dj receptor availability in cannabis users is
also of relevance to psychosis. Cannabis use in early adoles-
cence is emerging as an environmental risk factor for the
development of psychosis (Moore et al., 2007) and, in patients
with schizophrenia, cannabis use may worsen the severity of
positive psychotic symptoms and increase relapse rates
(Grech et al., 2005; Linszen et al., 1994). Despite increasing
evidence of a link between cannabis use and psychosis, the
neurochemical process underlying this association is unclear.
One possible mechanism is the modulation of striatal dopa-
minergic transmission by THC (Barkus et al., 2010; Bossong
et al., 2009; Stokes et al., 2009) which may be reflected by
alterations in striatal dopamine D,/D; receptor availability.

In the present study, we examined striatal dopamine D,/
D; receptor availability in healthy volunteers with a history of
cannabis use, using a database of previously acquired [''C]-
raclopride positron emission tomography (PET) scans. We
hypothesized that a history of cannabis use would be associ-
ated with alterations in striatal dopamine D,/D; receptor
availability.

Methods
Participants and power analysis

Ten [''C]-raclopride scans from volunteers with a history of
cannabis use, defined as a lifetime history of using cannabis at
least 50 times, were compared to ten scans from a control
group consisting of volunteers who either had never used
cannabis or whose past use was minimal (less than five
times over their lifetime). The [!'C]-raclopride scans were
obtained from four previous studies: three drug/cognitive
challenge studies (Egerton et al., 2010; Lappin et al., 2009;
Stokes et al., 2009) and one test-retest reliability study
(Stokes et al., 2010). For the drug/cognitive challenge studies
the placebo/resting state [''CJ-raclopride scan was included in
the analysis and for the test—retest reliability the first scan of
each pair was included. In total 6 resting state scans and
14 placebo scans were included in the analysis; five volunteers
had previously undergone a THC challenge scan. The group
size of ten volunteers was powered to detect a 9.5% change in
overall [''C]-raclopride binding, using a between-volunteer
standard deviation (SD) of 7.2% for overall striatal [''C]-
raclopride binding previously reported by us (Stokes et al.,
2009) and a power of 0.8 (power calculation generated using
PS — http://biostat.mc.vanderbilt.edu/Power SampleSize).
Total lifetime cannabis, alcohol, nicotine and use of other
substances were assessed for each volunteer either by the use
of the cannabis experiences questionnaire (CEQ3) (Barkus
et al., 2006) (35% of volunteers) or, if this was not available,
by using volunteer self-reports of their use of alcohol, nico-
tine, cannabis and other substances provided as part of a
screening questionnaire prior to imaging. All volunteers had
been previously assessed by a psychiatrist to exclude current
or previous significant mental health disorders and alcohol or
recreational drug dependency as defined by the Diagnostic
and Statistical Manual of Mental Disorders, fourth edition
(DSM-1V), serious physical illness, past neurological

disorders or previous use of psychotropic medications. All vol-
unteers had previously given written informed consent for the
study, which was approved by both the Hammersmith
Research Ethics Committee and the Administration of
Radioactive Substances Advisory Committee, UK.

Image acquisition and processing

On the day of imaging, all volunteers underwent urine drug
screen analysis for THC, cocaine, methamphetamine,
amphetamine, opiates and benzodiazepines. Any volunteer
who produced a positive urine drug screen on the scan day
was excluded from the study. Volunteers were also asked to
abstain from alcohol for 24 hours prior to the scan day. All
PET scans were acquired using an ECAT HR+ 962 scanner
(CTI/Seimens) with an axial field of view of 15.5 cm. [''C]-
raclopride was administered as an initial intravenous bolus
followed by constant infusion, with an infusion length of
70 minutes for scans from the Lappin et al. (2009) study (1
scan), 85 minutes for scans from the Stokes et al. (2009) (9
scans) and Egerton et al. (2010) (5 scans) studies, and
100 minutes for scans from the Stokes et al. (2010) study (5
scans). The bolus infusion approach mitigates blood flow
changes affecting binding potential (BPnp) values by estab-
lishing a state of constant equilibrium (Carson et al., 1997). A
ten minute transmission scan was performed prior to each
emission scan to measure and correct for tissue attenuation.
Dynamic emission scans were acquired in three-dimensional
mode using a standard acquisition protocol (22 time frames
over 70 minutes for the Lappin et al. (2009) study, 28 time
frames over 85minutes for the Stokes et al. (2009) and
Egerton et al. (2010) studies, and 38 frames over 100 minutes
for the Stokes et al. (2010) study).

Image analysis

All dynamic scans were corrected for head movement using
frame-by-frame (FBF) realignment (Montgomery et al.,
2006). This procedure was applied to all frames to generate
a FBF corrected dynamic image, which was then analysed
using an automated region of interest (ROI) analysis.
Striatal and cerebellar ROIs were defined using an atlas com-
prised of the three functional subdivisions of the striatum
(limbic, associative and sensorimotor striatum) along with
the cerebellum. These striatal subdivisions are anatomically
analogous to the ventral striatum (limbic striatum), pre-com-
missural dorsal putamen, pre-commissural dorsal caudate
and post-commissural dorsal caudate (associative striatum)
and post-commissural putamen (sensorimotor striatum)
(Martinez et al., 2003). An [''Cl-raclopride template was spa-
tially transformed to the individual PET space of each FBF-
corrected add image within SPMS5 (www.fil.ion.ucl.ac.uk/
spm) and the resulting deformation matrix was then applied
to the atlas. A weighted steady-state average add image was
then generated from each FBF-corrected dynamic
image using in-house software written in Matlab (version 5;
The MathWorks, Inc., Natick, Massachusetts, USA). The
deformed striatal atlas was used to sample counts from the
add image using Analyze 8.0 software (www.analyzedirect.
com). BPnp values, the ratio of specifically bound radioligand
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Table 1. Volunteer demographics, alcohol, nicotine and cannabis use, and use of other substances

Volunteers with a history of

Control

Variable cannabis use - mean (SD) volunteers - mean (SD) p-value
Age in years 32.6 (7.7) 36.5 (4.5) 0.19
Gender - % male 60 90 0.13
Alcohol consumption (units per week) 5.7 (4.6) 8.9 (5.9) 0.19
Current nicotine cigarette smokers (%) 30 20 0.61
Age of first cannabis use (years) 19.4 (3.5) N/A

Years of cannabis use (years) 11.8 (6.9) N/A

Total lifetime cannabis use (spliffs consumed) 2032 (3650) 0.1 (0.3) 0.001
Frequency of cannabis use per lifetime year (spliffs consumed) 52.3 (82.4) N/A

Last cannabis use (months) 17.8 (14.9) N/A

Total lifetime MDMA use (number of drug use sessions) 12.3 (35) 0 0.01
Total lifetime cocaine use (number of drug use sessions) 2.4 (3.3) 0 0.03
Total lifetime amphetamine use (number of drug use sessions) 7 (16.5) 0 0.03
Total lifetime opiate use (number of drug use sessions) 0 0

to that of the non-displaceable ligand in the cerebellar reference
tissue (Innis et al., 2007), were calculated for each striatal region
as the ratio of striatal counts to cerebellar counts, minus 1, over
the steady-state time period. The steady-state time period was
defined as commencing at 39 minutes post-injection and con-
tinuing until the end of the scan, based on Watabe and col-
league’s estimates (Watabe et al., 2000) of the optimal timing
for the establishment of the steady state. Thus the steady-state
period duration was 31 minutes for the Lappin et al. (2009)
study scan, 46minutes for the Stokes et al. (2009) and
Egerton et al. (2010) study scans, and 61 minutes for the
Stokes et al. (2010) study scans. Accounting for decay, all stud-
ies used the same bolus to infusion ratio. We previously
reported [''Cl-raclopride equilibrium stability of + 0.06% per
minute over the equilibrium period using this bolus infusion
protocol (Stokes et al., 2009)

Statistical analysis

All data were checked for normality of distribution. Group
differences in regional BPyp values were assessed using a
multivariate analysis of variance (MANOVA) for normally
distributed variables and Mann-Whitney U-tests for non-nor-
mally distributed variables. Correlations between continuous
data were assessed using Pearson’s product moment correla-
tion coefficient and discontinuous data with Spearman’s rank
correlation coefficient. All statistical comparisons were per-
formed using SPSS 17.0 (SPSS, Chicago, Illinois, USA), all
values are expressed as mean (SD) and the threshold for two-
tailed statistical significance was defined as p < 0.05.

Results
Volunteer demographics and substance use

Volunteer demographics, alcohol, nicotine and cannabis use
and use of other substances are shown in Table 1. Volunteers
who were current tobacco cigarette smokers last smoked at
least three hours before imaging.

There was no significant difference in age, gender, current
alcohol consumption or percentage of current nicotine ciga-
rette smokers between volunteers with a history of cannabis
use and controls (all p-values > 0.05). One volunteer from the
control group used cannabis once at the age of 16 and none of
the control group had ever used any other substances.

Volunteers with a history of cannabis use first used
cannabis at the age of 19 (3.5) years (min. 16 years, max.
28 years). They had used cannabis an average of 2032 (3650)
times over a period of 11.8 (6.9) years, with a mean frequency
of cannabis cigarettes consumed per lifetime year of 52 (82).
Volunteers with a history of cannabis use had last used
cannabis on average 17.8 (14.9) months before imaging. They
also had significantly higher total mean lifetime usage of
cocaine (2.4 (3.3) times), amphetamine (7 (16.5) times) and
MDMA (12.3 (35) times) than the control group (see Table 1).

Radiochemistry

There was no significant difference in the radioactivity dose
injected or the amount of unlabelled raclopride co-injected
between the two groups (p-values > 0.05).

Striatal D,/D; receptor availability

Association with demographic, radiochemical and scan
variables. Increasing age was significantly associated with
reductions in total striatal BPyp values (F; 5=4.6, p=0.05)
and BPnp values in the associative (Fy;5=4.5, p=0.05) and
sensorimotor (F; 5= 4.3, p=0.05) subdivisions, but not the
limbic subdivision (F, ;5= 1.4, p=0.26).

Gender had no effect on either total striatal BPyp values
or values in any striatal subdivision (all p values > 0.05). [''C]-
raclopride bolus-infusion duration length, number of PET
scan acquisition frames, whether the scan was acquired
after placebo administration, or whether the volunteer had
previously undergone a THC challenge scan had no signifi-
cant effect on either total striatal BPnp values or BPyp values
in any functional subdivision (p-values > 0.05).
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Table 2. Total striatal and functional striatal [**C]-raclopride BPyp
values in volunteers with a history of cannabis use and control volunteers

Volunteers with

a history of Control
Striatal cannabis use volunteers
area BPyp (SD) BPnp (SD) F statistic ~ p-value
Total 2.53 (0.19) 2.45 (0.22)  0.86 0.37
Limbic 2.32 (0.29) 2.28 (0.20)  0.10 0.76
Associative 2.44 (0.18) 2.33(0.24) 1.4 0.25
Sensorimotor  2.85 (0.25) 2.80 (0.23) 0.2 0.65

Association with alcohol use, nicotine use and sub-
stance use. Current alcohol consumption had no effect on
either total striatal BPyp values or BPyp values from any
functional subdivision (all p-values>0.05). Limbic striatal
BPnp values were significantly lower in current nicotine smo-
kers (Fy s = 4.34, p=0.05) with five current nicotine users
having 10% lower BPnp values than the 15 volunteers imaged
who did not currently smoke nicotine cigarettes (current nic-
otine smokers limbic BPyp: 2.12 (0.22), non-nicotine smokers
limbic BPnp: 2.36 (0.22)). Age did not significantly differ
between current nicotine smokers and non-smokers (age of
current nicotine smokers: 36.0 (6.7), age of non smokers: 34.1
(6.6), p=0.57). There was no significant association between
current nicotine use and either total striatal BPnp values or
BPnp values in any other functional subdivision (p-
values > 0.05). A history of any previous stimulant (amphet-
amine or cocaine) use or any previous MDMA use had no
significant effect on either total striatal BPyp values or BPyp
values in any other functional subdivision (p-values > 0.05)

Association with a history of cannabis use. There was
no significant difference in [''C]-raclopride BPnp values
between volunteers with a history of cannabis use and con-
trols for either the total striatum or any of the three func-
tional striatal subdivisions (all p-values >0.05) (Table 2).
These results did not change if volunteer age or current nic-
otine cigarette smoking status were included as covariates in
the analysis. Total striatal [''C]-raclopride BPnp values for
volunteers with a history of cannabis use compared to con-
trols are shown in Figure 1.

There was no correlation between the frequency of lifetime
cannabis use, years of cannabis use, age of first use or
duration since last cannabis use and BPnp values in either
the total striatum or any functional subdivision (all p-values
> 0.05).

Discussion

We found that a history of cannabis use was not associated
with alterations in dopamine D,/Dj receptor availability
either in the whole striatum or any of the striatal functional
subdivisions. We also found no correlation between the fre-
quency of lifetime cannabis use and D,/D; receptor availabil-
ity, even though volunteers with a history of cannabis use had
used cannabis on average over two thousand times over their
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Figure 1. Total striatal [*'C]-raelopride BPyp values for volunteers with
a history of cannabis use compared to control volunteers. (Bar indicates
mean group value, filled circles indicate current tobacco smokers).

lifetime. These results are consistent with experimental animal
studies which report no alterations in striatal dopamine D,
receptors after repeated cannabinoid exposure (Dalton and
Zavitsanou, 2010; Higuera-Matas et al., 2010) and no alter-
ations in striatal D, receptor expression in transgenic mice
deficient in CB; receptors (Gerald et al., 2006). They also
concur with a human pilot study where no differences in
striatal D,/D3 receptor availability were found in a cohort
of six cannabis dependent volunteers in early remission
(Sevy et al., 2008).

Our findings indicate that cannabis use is not associated
with alterations in human striatal D,/D5 receptor availability.
Therefore, if cannabis use is associated with an increased risk
for further recreational use of other drugs, there is no indica-
tion from our results that this is mediated by changes in
striatal D,/D3 receptor availability. We would suggest that
if these associations are correct then they may be mediated
by other neurochemical mechanisms such alterations in CB;
receptors or dopamine D; receptor availability. These results
also do not support theories that decreased striatal D,/Dj3
receptor availability predisposes volunteers to use cannabis
or that cannabis use could lead to downregulation of the
striatal dopaminergic system as a consequence of dopamine
release. Indeed, recent human neurochemical imaging studies
provide inconclusive evidence that THC modulates striatal
dopamine release. Stokes et al. (2009) found no striatal dopa-
mine release after an oral THC challenge. In a smaller cohort
of volunteers, Bossong and colleagues found a modest
decrease in striatal [''C]-raclopride binding which fell within
test re-test imaging reliability after an inhaled THC challenge
(Bossong et al., 2009) and Barkus and colleagues found no
striatal dopamine release after an intravenous THC challenge,
despite inducing psychotic symptoms in volunteers (Barkus
et al., 2010).

A caveat to the interpretation of our results is that we
cannot exclude the possibility that, with abstinence, the stria-
tal D,/Ds3 receptor system may have recovered from the
effects of cannabis use. Nader and colleagues found in a pri-
mate study that the D,/D; receptor system can recover over a
period of a year after chronic cocaine use in some, but by no
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means all, individuals (Nader et al., 2006). In our study, vol-
unteers with a history of cannabis use were imaged on average
18 months after their last use of cannabis. However, we found
no correlation between duration of last cannabis use and
BPnp values in either the overall striatum or any functional
striatal subdivision. Moreover the Sevy et al. (2008) study
also found no alterations in striatal D,/D; receptor availabil-
ity in a cohort of volunteers who had last used cannabis an
average of fifteen weeks before imaging.

In addition to determining whether a history of cannabis
use was associated with alterations in striatal D,/Dj; receptor
availability, we also found that volunteers who were current
nicotine cigarette smokers had significantly decreased limbic
D,/Dj5 receptor availability. Although the 10% reduction in
limbic D,/Dj3 receptor availability found in current nicotine
cigarette users is a preliminary finding from a small cohort of
volunteers (n=15), this result concurs with previous studies
demonstrating reductions in limbic striatal D,/D; receptor
availability after a nicotine smoking session indicative of
dopamine release (Brody et al., 2004, 2009). It is also in agree-
ment with a study of current nicotine cigarette smokers which
reported reductions in striatal D,/D; receptor availability;
although in this study the reductions were found in the puta-
men rather than the limbic striatum (Fehr et al., 2008). As
alterations in limbic striatal dopaminergic function have been
postulated to be critical to the underlying neurobiology of
nicotine addiction (Pierce and Kumaresan, 2006), we would
suggest that this potentially important finding is further
explored in a larger cohort of current nicotine cigarette
smokers.

There are a number of potential limitations to this study.
First, we based our analysis on volunteer self-reports of their
lifetime use of cannabis and other substances. As these
reports are based on subjective recall, the possibility remains
that volunteers may have either over- or underestimated their
use of recreational drugs, which could have potentially
affected our results. Second, it is possible that volunteers
with a history of cannabis use who were imaged in this
study may not have used cannabis heavily enough to affect
the striatal dopaminergic system. Although the definition of
‘heavy’ cannabis use is necessarily arbitrary, Solowij and col-
leagues used criteria of heavy chronic cannabis use, which
included regular use more than once a week, for more than
three years (Solowij et al., 2002). As 7 out of 10 volunteers
with a history of cannabis use included in this study would
have fulfilled these criteria, we would contend that our study
reflected striatal D,/D3 receptor availability in volunteers
with a history of cannabis use in the medium to heavy end
of the cannabis-use spectrum. Third, although we did not find
a placebo effect on [''Cl-raclopride binding, it may still be
possible that the placebo condition affected binding. Several
studies have reported alterations in [''C]-raclopride binding
after receiving a placebo associated with the expectation of a
reward, such as an improvement in symptoms in Parkinson’s
disease or relief from pain (de la Fuente-Fernandez et al.,
2001; Lidstone et al.,, 2010; Zubicta and Stohler, 2009).
Finally, we cannot exclude the possibility that small differ-
ences in D,/Dj3 receptor availability may exist between volun-
teers with a history of cannabis use and controls. Our study
was powered to reliably detect a 9.5% difference in overall

[''C]-raclopride binding which is adequately powered to
detect, for example, a 15% decrease in overall [''C]-raclopride
binding previously reported in chronic cocaine users
(Martinez et al., 2004). However, to reliably detect smaller
group differences of five percent or less would require a con-
siderably larger study including at least 35 volunteers per
group.

In summary, we have shown that a history of cannabis use
is not associated with alterations in striatal D,/D; receptor
availability. Our findings add to the literature questioning the
effects of cannabis use on the human striatal dopamine D,/D3
receptor system. We would suggest that further studies of the
neurochemical effects of cannabis use focus on other neuror-
eceptor systems such as the cannabinoid CB1 receptor or the
dopamine D, receptor.
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