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Abstract
Introduction—Low striatal dopamine 2/3 receptor (D2/3) availability and low ventrostriatal
(VST) dopamine (DA) release have been observed in alcoholism, cocaine and heroin dependence.
Less is known about the dopaminergic system in cannabis dependence. We assessed D2/3
availability and DA release in abstinent cannabis users compared to controls and explored
relationships to parameters of cannabis use history, using [11C]raclopride Positron Emission
Tomography (PET) and an amphetamine challenge paradigm.

Methods—16 recently abstinent, medically and psychiatrically healthy cannabis-using
participants (CD, 27.3 ± 6.1 years, 1 female, 15 males) and 16 matched controls (HC, 28.1 ± 6.7
years, 2 females, 14 males) completed two PET scans, before and after injection of i.v. d-
amphetamine (0.3 mg/kg). Percent change in [11C]raclopride binding after amphetamine (ΔBPND)
in subregions of the striatum was compared between groups. Correlations with clinical parameters
were examined.

Results—Cannabis dependent participants had an average consumption of 517± 465 estimated
puffs per month, indicating overall mild to moderate cannabis dependence. Neither baseline BPND
nor ΔBPND differed from controls in any ROI, including VST. In CD, earlier age of onset of use
correlated with lower [ΔBPND] in the associative striatum (AST) when controlling for current age.

Conclusions—Unlike other addictions, cannabis dependence of mild to moderate severity is not
associated with striatal DA alterations. However, earlier use, or longer duration of use, is related to
lower DA release in the AST. These observations suggest a more harmful effect of use during
adolescence; more research is needed to distinguish effects of chronicity versus onset.
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Introduction
Cannabis is the most frequently used illicit drug, with a lifetime prevalence in North
America of up to 54 % [1]. It is perceived by many users as harmless compared to other
drugs of abuse. Yet, cannabis use has been shown to induce dependence [2], anxiety and
depression in some [3, 4] but not all studies [5]. It has been linked to acute psychosis and
chronic schizophrenia, possibly as a result of gene-environment interactions [6]. Cannabis
use beginning in adolescence may have long-lasting effects on the brain by interacting with
normal maturational processes [7]. It has been associated with abnormal brain structure,
such as reduced hippocampal and amygdala volumes [8] as well as cognitive disturbances in
verbal learning and working memory, particularly in adolescents who are more adversely
affected by heavy use than adults [9]. In light of these negative effects, and the addictive
potential, it is important to understand how cannabis and its main active component,
Δ9tetrahydrocannabinol (THC), may affect normal brain functions.

One neurotransmitter system that is clearly involved in the addictive properties of drugs of
abuse in general, and may be involved in mediating THC’s effects, is dopamine (DA).
Cannabinoids, including THC [10], stimulate neuronal firing of mesolimbic DA neurons
[11, 12] and may elevate striatal DA levels, as measured with microdialysis [13–15]. The
direct psychopharmacological effects of THC are mediated by endocannabinoid (CB1)
receptors, which are predominantly localized in the basal ganglia, and at lower density in the
ventral midbrain, among other regions [16]. CB1 receptors localize to glutamate and
gamma-aminobutyric acid (GABA) terminals where their function is inhibitory, but also co-
localize with dopamine-2/3 (D2/3) receptors in the midbrain, prefrontal cortex and basal
ganglia and may have synergistic effects with D2/3 activation through augmentation of
cAMP [17]. Thus, CB1 receptor activation through cannabinoid stimulation affects multiple
neurotransmitter systems, including DA.

Four studies have examined the effect of THC on DA release in vivo, including an anecdotal
case report by Voruganti et al. [18]. A pilot study in 7 healthy participants found that THC
inhalation reduced [11C]raclopride binding in the VST and the precommissural dorsal
putamen (preDPU), compared to placebo, consistent with an increase in DA levels in these
regions [19].

A third study using the synthetic cannabinoid dronabinol compared to placebo reported no
significant difference in [11C]-raclopride binding between conditions despite an increase in
psychosis-like symptoms [20]. A closer examination of the results shows a radiotracer
displacement of 0.6 to 3% in some striatal subregions, within a similar range to that reported
by Bossong et al [19]. Finally, Barkus and colleagues compared intravenous administration
of THC compared to placebo in 11 healthy men using Single Photon Emission Computed
Tomography (SPECT) with [123I] IBZM, and found no significant change in the caudate or
putamen [21]. Unfortunately, this study was not conducted at radiotracer equilibrium
conditions, thus not allowing quantifiable information regarding the effects of the challenge.

Overall, these studies suggest a small effect of acute THC on DA release in the human
striatum. Since dependence on drugs is associated with long term blunting of DA release
[22], we examined the long-term effects of chronic use of cannabis on DA parameters. We
hypothesized that similarly to users of other DA enhancing drugs of abuse [23–25], cannabis
abusing and dependent participants will have a reduction in D2/3 binding and a blunted DA
release with largest magnitude in the VST. We also hypothesized that the severity of these
changes would be associated with earlier use during adolescence.
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Methods
Study population

The study was approved by the Institutional Review Board of the New York State
Psychiatric Institute. All participants provided written informed consent. Inclusion criteria
for cannabis users (CD) were: age 21–55 years; regular cannabis use of at least 5 times per
week or meeting DSM-IV criteria for cannabis dependence, but no other current or past Axis
I disorder (including current nicotine dependence), no or minimal exposure to other drugs of
abuse, willingness to detoxify from cannabis and documentation of a negative urine drug
screen on study day. For inclusion in the study, current cannabis users were required to
abstain until their urine toxicology screen became negative, confirmed by bi-weekly
observed urine toxicology and negative urine toxicology on the day of the scan. As urine
toxicology in regular users can remain positive for cannabis metabolites (cannabinoids, main
metabolite 11-nor-D9-carboxy-THC) for over 1 month [26], abstinence was confirmed by a
decrease in urine cannabinoid levels between two individual samples (negative result: < 50
ng/ml). Cannabis users with a negative drug screen at the time of screening were included if
the Psychiatric Research Interview for Substance and Mental Disorders for DSM-IV
(PRISM-IV) [27] confirmed current cannabis dependence. Participants were recruited
through advertisements, word of mouth, and referrals from other researchers.

Assessments
Psychiatric diagnoses were ascertained with the PRISM, individual and parental
socioeconomic status (SES) was scored for all participants using the Hollingshead scale
[28]. Because of the effects of catechol-O-methyl-transferase (COMT) on dopamine
transmission, blood samples for COMT genotyping were obtained and groups were matched
for COMT genotype.

CD participants were further evaluated with a series of instruments including the Alcohol
Time Line Follow-Back (TLFB) [29], modified for cannabis.

Participants reported their cannabis use in number of their preferred units of smoking (pipe,
joint, blunt, bong or bowl). The number of "puffs" was estimated as in Gray et al. [30],
where 1 pipe equals 5 puffs, 1 "joint" equals 10 puffs, 1 "bong" or "bowl" equals 12 puffs,
and 1 "blunt" (very large joint, cannabis “cigar”) equals 20 puffs. Use during the last 30 days
was based on the TLFB. Use during the last 12 months was extrapolated from the TLFB and
the pattern of use/periods of abstinence reported in the PRISM.

PET Data Acquisition
The study consisted of two [11C]raclopride PET scans on the same day. [11C]raclopride was
administered as a bolus plus constant infusion (Kbol of 105 min). Twenty min into the
constant infusion, participants were positioned in the scanner (ECAT EXACT HR+,
Siemens Medical Systems, Knoxville, TN, USA) and a 10 min transmission scan was
acquired. Emission data were collected as eight frames of 5 min each obtained over 40 min,
beginning 40 min after the bolus injection. The second [11C]raclopride injection was
initiated 2 min following the amphetamine injection (0.3 mg/kg iv), and participants were
monitored for cardiovascular changes. During each scan, five venous samples (collected at
40, 50, 60, 70 and 80 min) were obtained to measure the plasma concentration and non-
protein bound fraction (fp) of [11C]raclopride. During the second scan, three additional
blood samples were obtained at 10, 20 and 40 min for measuring amphetamine levels.

Both in CD and HC, the behavioral effects of amphetamine were rated with PANSS [31] at
baseline (immediately prior to amphetamine injection), 10 min post-injection, and after
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completion of the scan. Self report of participants’ experience of happiness, restlessness,
energy, and anxiety was rated with the Amphetamine Interview Rating Scale (AIRS) [32], at
baseline and 5, 10, 20, 30 and 45 min after amphetamine injection.

A T1-weighted anatomical MRI was acquired for each participant on a GE 1.5-T Signa
Advantage system on a separate day (GE Healthcare, Waukesha, Wisconsin).

PET Data Analysis
Regions of interest (ROIs) were drawn on each individual’s MRI and applied to the co-
registered PET images. Image analysis was performed in MEDx (Sensor Systems, Sterling,
Virginia) as described previously [33]. The striatum as a whole (STR) was divided into five
anatomical ROIs [34] including pre-commissural caudate and putamen (preDCA, preDPU),
post-commissural caudate and putamen (postCA, postPU) and ventral striatum (VST).
Based on their cortical and subcortical connections, the ROIs were classified as belonging to
the associative striatum (AST = preDCA, preDPU, postCA), the VST, or the sensorimotor
striatum (SMST = postPU). Activities from left and right were averaged [33, 34].
Cerebellum (CER) was used as a reference region to measure free and non-specifically
bound [11C]raclopride activity. Equilibrium analysis was used to derive the specific to non-
displaceable equilibrium partition coefficient BPND (unitless) as ROI activity/CER activity
− 1 during steady-state. [23]. Cerebellar activity was assumed to be equal to free plus
nonspecifically bound activity because the concentration of D2 receptors in the cerebellum
is negligible.

The primary outcome measure was the percent change in BPND between conditions
(ΔBPND), calculated as:

This expresses the relative reduction in DA D2/3 receptor availability for [11C]raclopride
binding after amphetamine-induced DA release.

Statistical Analysis
Comparisons between scan conditions were performed with paired t tests; comparisons
between groups were performed with two-group t tests at the ROI level. A linear mixed
model across all striatal subregions with regional ΔBPND as repeated measure was
performed to test for a global effect of diagnosis (CD vs. HC) on ΔBPND. Relationships
between the PET data and the clinical characteristics and response to amphetamine were
analyzed with Pearson-Product-Moment correlation coefficients or Spearman’s rho in the
case of non-normality or potential outliers. A two-tailed probability value of p < 0.05 was
chosen as statistically significant. We also performed an omnibus linear mixed model for
overall effect of age of onset and a post-hoc analysis for individual ROI.

We performed a multiple regression analysis of ΔBPND in all ROIs with amphetamine blood
levels as a covariate.

Baseline assessments were made 0 min (AIRS) and −5 and 0 min (cardiovascular
parameters; baseline calculated as the average) prior to amphetamine. Total changes in
cardiovascular parameters according to Martinez et al [24] and AIRS scores were calculated
as the area under the curve (AUC), adjusted to baseline. AUC (score*minutes) relative to
baseline was computed as the trapezoidal sum of the difference between assessments and
baseline, starting from the time of amphetamine administration.
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Results
Participant

Thirty-one participants with cannabis dependence and one with cannabis abuse, but similar
amount and chronicity of use to the dependent participants, were initially enrolled in the
study. Seven participants were lost to follow-up or withdrew consent, one participant was
disqualified for cerebral vascular malformation, and 7 participants were disqualified due to
their inability to abstain from cannabis use (no decrease in urine cannabinoid levels over a
period of at least 3 weeks). 17 participants with cannabis dependence (n = 16) or abuse (n =
1) were scanned with [11C]raclopride. One participant was found to have a systolic blood
pressure above 140 mm Hg on the day of the scan and received only the baseline scan. One
participant’s PET data was excluded due to motion. Thus, we included n=16 cannabis users
(n=15 dependent, n=1 abusing) in the analysis of baseline D2/3 binding (BPND), and n=15
(n=14 dependent, n=1 abusing) in the analysis of [11C]raclopride displacement (ΔBPND)
after amphetamine administration. Cannabis users (n=16) were matched to 16 healthy
controls for age, sex, socioeconomic status, ethnicity and COMT genotype. One CD and HC
participants received their respective baseline and challenge scans on separate days due to
technical problems on the initial scan day. See Table 1 for demographics and history of
cannabis use. Two CD participants reported stopping cigarette smoking during the
enrollment period (10 cigarettes/day, stopped within one month of scan). While they were
not considered nicotine dependent at the time of the scan, one HC with a similar pattern of
smoking was included for better matching. These participants are listed as “smokers” in
table 1. There was minimal exposure to other drugs of abuse (only in 4 participants and no
more than 10 times during lifetime for any of the participants).

Amphetamine blood levels
Amphetamine blood levels (AL) did not differ between groups at 10 and 20 min post
injection (CD n=15; HC n=13; AL10 min: CD = 31.8 ± 7.8 ng/ml, HC = 35.8 ± 7.2 ng/ml; p =
0.15; AL20 min min: CD = 34.7 ± 9 ng/ml, HC = 38.7 ± 7.5 ng/ml; p = 0.24). There was a
significant difference at AL40 min (CD n=15, HC n=15; CD: 34.6 ± 8 ng/ml, HC: 44.0 ± 6.8
ng/ml, p=0.004). This difference, however, was not associated with the main outcome
measure ΔBPND; Pearson-Product-Moment correlations between ΔBPND and any AL
parameter (10, 20, 40 min concentrations or AUC) failed to reach statistical significance in
any ROI.

Behavioral and physiological effects of amphetamine
Both groups showed an increase in systolic (area under the curve - HC: 50.8 ± 13.9; CD:
25.2 ± 9.3; p=0.44), and diastolic blood pressure (HC: 13.3 ± 10.6; CD: 10.7 ± 7.3; p=0.46)
and heart rate (HC: 27.5 ± 12.4; CD: 5.6 ± 7.1; p = 0.46) in response to amphetamine, but
there were no significant differences between groups.

Cannabis users (n=15) and HC (n=15, one participant without AIRS rating) did not differ
significantly in ratings for any of the categories of subjective experience measured with
AIRS. Both HC and CD reported subjective experience of amphetamine as described
previously in healthy controls [35]. Ratings for increase in “energy” were significantly
correlated with increased DA release in AST (r = 0.380, p = 0.04) and STR (r = 0.375, p =
0.04) for the group as a whole.

PANSS scores were compared between baseline and the score representing the largest
change from baseline for each individual item, whether this occurred at 10 min post
amphetamine or at the end of the second scan (90 min post amphetamine).
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PANSS scores at baseline differed significantly between groups in the “negative symptoms”
subscore, but not other subscores or total score, with lower baseline ratings in CD.

Post-amphetamine, HC had significantly higher scores in all symptom domains, and change
in symptoms was significant only for HC, but not CD (Table 2). Group differences were
largely caused by higher scores in HC for “excitement” (P4), “difficulty in abstract
thinking” (N5), “anxiety” (G2), and “tension” (G4).

Evaluation of symptoms according to the 5-factor model of the positive and negative
syndrome scale [36] which removes P4 from the positive and N5 from the negative
symptom subscores, showed that only the factor “excitement” remained significantly larger
in HC, compared to CD.

There was no correlation between peak change in positive or negative symptom subscores
and ΔBPND in any ROI (standard PANSS and 5-factor analysis; Spearman’s rho) for either
group.

PET analysis
The average ROI volumes, injected activities, specific activities, injected mass and plasma
free fraction (fp) of [11C]raclopride did not differ between conditions or groups (Table 3).
Non-specific distribution volume (VND) differed between conditions but not between groups
(Table 3).

Main outcome measures—There were no group differences in baseline D2/3 binding
(BPND) or in ΔBPND in any ROI (Table 4). The results for the main outcome measures were
unchanged when excluding the participant with a diagnosis of cannabis abuse, so he was
included in the final analysis. Linear mixed modeling across all striatal subregions with
regional ΔBPND as repeated measure found no significant effect of diagnosis.

Severity of use and abstinence—Neither BPND nor ΔBPND correlated significantly
with severity of use. There was no correlation between either BPND nor ΔBPND and duration
of abstinence (time since last use, on average 4.1 ± 2.1 weeks).

Age of onset—Omnibus linear mixed model for overall effect of age of onset on ΔBPND
was significant for “age of onset” alone with all participants (F(1,13) = 6.68, p = 0.023) and
when including current age as covariate (F(1,12) = 4.926, p = 0.046). It remained significant
when excluding one participant with diagnosis of cannabis abuse. Post hoc analysis by
region revealed a significant correlation between age of onset of cannabis use and the
absolute value of ΔBPND (n=15) in preDPU (r=0.528, p=0.04), preDCA (r=0.556, p = 0.03),
and AST as a whole (r =0.567, p=0.03, Fig. 1), and at trend level for STR (p=0.07). When
controlling for age, the correlation between AOO and ΔBPND remained significant in the
AST (r=0.549, p=0.042), and preDCA (r=0.537, p=0.048) and survived at trend level in
preDPU (r=0.508, p=0.063), and STR (r=0.469, p=0.091).

Age of onset was significantly correlated with duration of use (r=0.526, p=0.04), but not
current age. When partial correlation analysis for the relationship of age of onset to BPND or
ΔBPND was performed with duration of use as a co-variate, no relationship between age of
onset and BPND or ΔBPND survived as significant in any ROI. The correlation of age of
onset with baseline BPND was not significant for any ROI.
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Discussion
This is the first report to evaluate both D2/3 receptor availability and striatal DA release
capacity in chronic cannabis dependent participants compared to matched controls. Unlike
other addictions, such as to alcohol, heroin, cocaine, and methamphetamine [22], chronic
cannabis abuse or dependence is not associated with alterations in either of these indices.
We therefore confirm the absence of alterations in D2/3 receptors previously reported [37]
in a larger cohort and show for the first time that amphetamine-induced DA release is not
affected either. Our study used similar methodology to the above-cited studies in other
addictions. Participants were imaged within a similar time frame of abstinence, within a few
weeks of last use, as confirmed by urine toxicology.

Using the results of Bossong et al. [19] of 3.4% ΔBPND in VST after THC, we can estimate
the level of the fractional increase in VST DA induced by THC administration using the
simplifying assumptions that the interaction between DA and [11C]raclopride at the D2/3
receptor is purely competitive, that the dissociation constant for DA to D2/3 receptors does
not change between conditions, and that receptor-bound DA during the placebo condition is
comparable with baseline values. Using the baseline occupancy of D2/3 receptors by DA in
healthy volunteers as calculated by Laruelle et al. [38] (10%) and in vivo estimates of the
fraction of D2/3 receptors in a high-affinity state for agonists (80%) [39], we estimate that
the THC challenge increased extracellular DA levels by 45%. This is lower than the effect
of alcohol, estimated to induce an increase in DA release of 138 % (in men) [40],
comparable to the effect of low dose amphetamine [35].

The absence of a detectable effect on striatal DA transmission in this sample and overall low
effect of acute THC on DA release suggests that striatal DA transmission may not be altered
in cannabis dependence, or may not play a major role in mediating the behavioral effects,
which would be primarily mediated by the endocannabinoid system. Alternatively, this lack
of alteration may be related to the low severity of dependence in our group, with an
estimated average of 517 puffs per month (1–2 puffs daily, 5 times per week, for most
participants; up to 4 blunts daily in one participant only). We should note here that we did
not collect information on the strength of cannabis used by individual participants, but only
frequency and amount of use. It is well known that cannabis preparations may vary in
potency depending on plant strains, -parts, and preparation [41]. Most of the participants
who underwent PET scanning had no difficulty in remaining abstinent on an outpatient basis
and without any further therapeutic interventions. The majority of those able to detoxify
within less than three months did not relapse into marijuana use after enrollment (11 of 17
participants originally scanned), and only one participant relapsed several times, requiring
more than twice as long as the group average of 4.1 weeks to detoxify from cannabis. This
time frame corresponds to the average time cannabis metabolites remain detectable after
cessation in regular users [26]. However, 21 % of the initially enrolled participants were
disqualified from the study due to their inability to abstain from cannabis use at all. These
cases presented with more severe use (2628 estimated puffs per month on average, between
4 and 10 blunts per day and generally daily use) and likely more severe dependence than the
participants we scanned. Severe cannabis dependence has a similarly high relapse rate and
significant withdrawal symptoms comparable to other drugs of abuse [2, 42]. It is possible
that more severe use could be associated with alterations in the DA system similar to what is
seen in other addictions. Stimulant dependent participants with lower dopamine D2/3
receptor availability and lower dopamine transmission are more likely to relapse into drug
use than those with higher dopamine activity [43, 44], and in our study we may have
excluded the former, possibly accounting for the absence of a group difference. A study of
heavier users is warranted to confirm absence of dopaminergic alterations in the more severe
stages of cannabis dependence.
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Another possible explanation for our negative results is that differences in striatal DA
transmission may have resolved by the time we performed the study in the recent abstinence
phase. A reversal or normalization within a few weeks of abstinence was recently reported
for the CB1 receptor in cannabis users, using the novel CB1 receptor-selective radioligand
[18F]FMPEP-d2. Chronic heavy users showed reduction of CB1 receptor binding in most
brain regions that began to reverse after 4 weeks of abstinence [45]. Also cognitive
impairment found in users immediately after cannabis cessation resolved and showed no
difference compared to healthy controls after 28 days of monitored abstinence [46],
suggesting that the impact of THC on DA might have attenuated as well. However, the
absence of a relationship between release and duration of abstinence is not in support of this
explanation.

Association with age of onset of cannabis use
Despite the absence of measurable overall differences in parameters of DA transmission, we
found a moderate positive association between DA release following amphetamine
administration and age of onset of drug use: the earlier participants started smoking
marijuana, the lower their DA release. This was most noticeable in subregions of the
associative striatum (AST).

Since age is associated with a decrease in DA transmission [35], we controlled for age, and
found that the relationship weakened, but survived at the level of the AST. However, it was
not possible to separate age of onset from duration of cannabis use: earlier use, or longer
duration of use, may both be associated with similar effects as in other addictions, i.e,
blunting of DA release. While it has been demonstrated that for example decreased frontal
glucose metabolism in chronic cocaine users correlates with the duration of drug use [47],
further studies are needed to disentangle these two factors. The effect of cannabis use during
adolescence is of great interest to public health as experimentation with marijuana generally
starts during adolescence. By 12th grade, more than 50% of youths have tried marijuana and
more than 6% report daily use [48]. Studies in adolescent users regularly find more
pronounced detrimental effects on neurocognitive functioning than in adults [9]. Recent
functional imaging research suggests that heavy long-term use, particularly with adolescent
onset, may also lead to abnormalities in brain structure [8].

The association with age of onset in AST rather than VST is unexpected. The AST serves to
integrate inputs from orbito-frontal and dorsolateral prefrontal cortex [49]. We could
speculate that alterations of DA in this area, presumably involving THC-induced DA release
acutely and chronic blunting, may partly explain the psychopathological effects reported
with cannabis use, encompassing emotional and cognitive domains.

Conclusion
Chronic cannabis abuse or dependence, of mild severity, is not associated with the same
magnitude of DA alterations observed in other addictions. Adolescent onset of cannabis use
and duration of use, however, may have an impact on the dopaminergic system especially in
the AST, an area that has emerged as the main area of dopaminergic dysregulation in
psychosis, and a younger age of onset of cannabis use is associated with a higher risk for
developing schizophrenia. Studies focusing on use in adolescence are needed to further
clarify the effects of cannabis use during adolescence on brain structure, function and
behavior.
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Figure 1.
Association between age of onset of cannabis use and DA release in the associative striatum
(AST). The younger the age of onset, the smaller the participants’ DA release (absolute
value of ΔBPND).
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Table 1

Demographics.

Demographics HC CD

Characteristic (n=16) (n=16)

Age (years)* 28.1 ± 6.9 27.3 ± 6.1

Sex 2F, 14M 1F, 15M

Ethnicity 7C, 5AA, 4H 7C, 5AA, 4H

Smoking status 1 smoker 2 smokers

SES (individual)* 31.9 ± 16.0 29.0 ± 14.4

SES (parental)* 39.7 ± 14.9 42.4 ± 12.0

COMT (Val/val, val/met, met/met) 3,7,3 3,8,2

Age of onset of cannabis use (years) --- 17.9 ± 2.0

Duration of use (years) --- 9.1 ± 6.7

Days used (past 30 days) --- 19.8 ± 9

Severity (estimated no. of puffs, 30 days) --- 517.1 ± 465

Severity (estimated no. of puffs, past 12 mnths) --- 7816.4 ± 6953

Abstinence before scan (weeks) --- 4.1 ± 2.1

Relapse during detoxification period --- 6 yes/10 no

Demographic parameters for healthy controls and cannabis users. There was no significant difference in age or individual or parental
socioeconomic status (SES, [28]), (*). Groups were well-matched for sex, ethnicity, smoking status and COMT genotype. Val = valine, met =
methionine. Also shown are clinical parameters of cannabis use. “Relapse during detoxification” refers to participants with initial decrease in
cannabinoid levels who presented with one or more intermittent increases in cannabinoid levels after enrollment (based on serial urine screening),
but were able to eventually to fully abstain (< 3 months).
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