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mGlu5 receptor availability in youth at risk for addictions:
effects of vulnerability traits and cannabis use
Sylvia M. L. Cox1, Maria Tippler1,2, Natalia Jaworska 3,4, Kelly Smart 1,5, Natalie Castellanos-Ryan 6,7, France Durand1,
Dominique Allard1, Chawki Benkelfat1,2, Sophie Parent6, Alain Dagher 2, Frank Vitaro6,7, Michel Boivin8, Robert O. Pihl9,
Sylvana Côté7,10, Richard E. Tremblay7,11,12, Jean R. Séguin7,13 and Marco Leyton 1,2,9,14

The excitatory neurotransmitter glutamate has been implicated in experience-dependent neuroplasticity and drug-seeking
behaviors. Type 5 metabotropic glutamate (mGlu5) receptors might be particularly important. They are critically involved in
synaptic plasticity and their availability has been reported to be lower in people with alcohol, tobacco, and cocaine use disorders.
Since these reductions could reflect effects of drug use or pre-existing traits, we used positron emission tomography to measure
mGlu5 receptor availability in young adults at elevated risk for addictions. Fifty-nine participants (age 18.5 ± 0.6) were recruited
from a longitudinal study that has followed them since birth. Based on externalizing traits that predict future substance use
problems, half were at low risk, half were at high risk. Cannabis use histories varied markedly and participants were divided into
three subgroups: zero, low, and high use. Compared to low risk volunteers, those at elevated risk had lower [11C]ABP688 binding
potential (BPND) values in the striatum, amygdala, insula, and orbitofrontal cortex (OFC). Cannabis use by risk group interactions
were observed in the striatum and OFC. In these regions, low [11C]ABP688 BPND values were only seen in the high risk group that
used high quantities of cannabis. When these high risk, high cannabis use individuals were compared to all other participants, [11C]
ABP688 BPND values were lower in the striatum, OFC, and insula. Together, these results provide evidence that mGlu5 receptor
availability is low in youth at elevated risk for addictions, particularly those who frequently use cannabis.

Neuropsychopharmacology (2020) 45:1817–1825; https://doi.org/10.1038/s41386-020-0708-x

INTRODUCTION
In laboratory animals, type 5 metabotropic glutamate (mGlu5)
receptors affect synaptic plasticity [1–3] and reward-related
learning, including the acquisition and extinction of drug-
seeking behaviors [4–9]. Based on these observations, individual
differences in mGlu5 receptors have been proposed to influence
susceptibility to substance use disorders (SUDs) [10–14]. Poten-
tially worsening these effects, mGlu5 receptor expression, avail-
ability and signaling pathways can be altered following repeated
exposure to addictive drugs, including amphetamine [10, 11],
cocaine [12–15], alcohol [16] and cannabinoid receptor agonists
[17]. The direction and magnitude of these effects appear to vary
with the type of drug, extent of exposure, duration of abstinence
and brain region. When low mGlu5 receptor levels develop in
cortico-striatal-limbic regions, they might diminish the rewarding
properties of some drugs [7, 18] and decrease the ability to adapt
to changing environments [7, 18, 19]. This combination of effects
might aggravate perseverative behaviors commonly seen in
addictions [19–21].

In humans, the literature is smaller but positron emission
tomography (PET) studies have provided evidence of altered
striatal and corticolimbic mGlu5 availability in people with cocaine
[22, 23], tobacco [24], and alcohol use disorders [25, 26], as
compared to healthy volunteers. Since these differences could
reflect pre-existing vulnerability traits, the effects of substance use,
or some combination of the two, we used PET with [11C]ABP688 to
measure mGlu5 receptor availability in emerging adults at varying
risk for SUDs recruited from research participants who have been
carefully characterized and followed since birth.

METHODS
Participants
Fifty-nine volunteers (age 18.5 ± 0.6, range 18–20), living in the
area of Montreal and Quebec City, Canada, were recruited from (i)
the “Quebec Longitudinal Study of Child Development” (QLSCD;
572 members were born in 1996, n= 32 in current study [27];
2120 were born in 1997–1998, n= 22 in current study [28] and (ii)
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the “Quebec Newborn Twin Study” (QNTS; 662 twin pairs born
between 1995 and 1997, n= 5 in the current study [29]). Among
the twins, only one sibling per pair was tested to avoid the
confound of correlated traits. All participants in the present study
had been followed since birth.
The neuroimaging participants were selected based on diverse

adolescent externalizing (EXT) traits and behaviors (e.g., impulsiv-
ity, risk-taking and aggression) that predict future substance use
problems [30–32]. These traits were measured annually between
ages 10 and 16 years through self-report (QLSCD, n= 54) or
teacher ratings (QNTS, n= 5) using the Social Behavior Ques-
tionnaire (SBQ) [33, 34]. Mean scores were calculated for the
following SBQ subscales: hyperactivity, impulsivity, oppositional
behavior, non-aggressive behavioral problems, physical aggres-
sion, proactive aggression, indirect aggression and reactive
aggression. Composite EXT trait scores were aggregated using a
minimum of two years’ data between 10 and 16 years. Cut-off
values constituted the top and bottom 30% of EXT trait scores in
the QLSCD participants born in 1996. Using these scores, half of
the PET study participants were considered, a priori, at low risk for
SUDs (Low EXT, n= 31). The other half were considered at
elevated risk (High EXT, n= 28) (Table 1).
All participants were physically healthy and free of psychotropic

medication. Five had been treated in the past for ADHD
(methylphenidate alone or in combination with atomoxetine).
None had used these medications in the previous 2 years, and
both duration of use (mean: 5.6 ± 3.3 years, range 1–10 years) and
time since last use (4.2 ± 2.6 years, range 2–7 years) varied widely.
Four participants were in the high risk group and one was in the
low risk group. Among these, one was in the zero cannabis use
group, two were in the low cannabis use group and two were in
the high cannabis group. Two participants had received treatment
for migraines (n= 1, tricyclic antidepressant, amitriptyline, Elavil;
n= 1, hydromorphone, Dilaudid). One was in the high risk, high
cannabis use group; the other in the high risk, low cannabis use
group. For both, medication use was sporadic, taken on an as-
need basis for a brief period only (1 week and 1 month
respectively). Neither participant took the medication during the
month prior to testing. Five were current tobacco smokers, as
determined by self-reported use of at least one cigarette per week.
Among these five smokers, two were occassional social smokers
(Fagerström Test for Nicotine Dependence or FTND Score= 0, [35])
and three smoked more frequently (FTND range 2–5, 6–10
cigarettes per day). Out of 59 participants, six met criteria for a
current SUD (mild alcohol use disorder, n= 2; cannabis use
disorder, n= 3; amphetamine use disorder, n= 1) and five met
criteria for a current non-substance related disorder (dyslexia, n=
2; persistent depressive disorder, n= 1; ADHD, n= 1; ADHD and
panic disorder, n= 1) as determined by the Structured Clinical
Interview for DSM-5 [36]. Five other participants met criteria for a
past DSM-5 disorder only (Table 1, S1).
Before the PET session, participants abstained from caffeine for

at least four hours, from alcohol for at least 24 h and from nicotine
and cannabis for at least 12 h, with the exception of one
participant who smoked half a cigarette and took one puff of
cannabis 4.5 h prior to the PET scan. Urine drug screens and
pregnancy tests were obtained prior to the PET session (Express
Diagnostics, MN, USA), and participants were excluded if they
tested positive for pregnancy or any ‘recreational’ drug other than
cannabis (amphetamine, benzodiazepines, buprenorphine,
cocaine, 3,4-methylenedioxy-methamphetamine (MDMA),
methamphetamine, methadone, or opioids). The urine drug
screen sensitivity varies depending on the drug. For daily and
near daily cannabis users, positive test results can appear for up to
25 days of abstinence [37]. Females who were not using hormonal
contraceptives (n= 17 out of 36) were tested during the follicular
phase of their menstrual cycle (self-report). All participants
provided written informed consent. The study was carried out in

accordance with the Declaration of Helsinki, and approved by the
Research Ethics Board of the Montreal Neurological Institute,
McGill University, and the ethics committee of the CHU Sainte-
Justine Research Center.

Substance use & personality measures
Drug and alcohol use data were collected prospectively during
annual interviews throughout adolescence (age 11–16). These data
were augmented by information collected during the index
interview (see above). This included administration of the Alcohol
Use Disorder Identification Test (AUDIT) [38] and a time-line follow
back interview [39] for lifetime use of alcohol, cannabis,
amphetamine, MDMA, cocaine, psilocybin, lysergic acid diethyla-
mide, ketamine, and opiates. For alcohol use frequency, we
collected information on lifetime number of alcohol use occasions
and occasions of binge drinking. Binge drinking refers to occasions
where participants ingested more than four (women) or five (men)
drinks. Since substance use for drugs other than cannabis was low
and only present in a small subset of individuals (Table 1), we
calculated the sum of lifetime frequencies for all illicit substances
other than cannabis for each participant. Cannabis use was highly
variable and exhibited a trimodal distribution (Fig. 1). We therefore
divided participants into three groups: (1) zero lifetime cannabis
use (n= 18); (2) low cannabis use, indicating between one and 40
lifetime uses (n= 30); and (3) high cannabis use, reflecting more
than 90 lifetime uses (n= 11). Tobacco smoking status included
two levels, defined as those who are currently smoking (group 1) or
not (group 2). Group 1 included both occassional (FTND= 0) and
more frequent (FTND ≥ 2) smokers.
Participants also completed the Substance Use Risk Profile Scale

(SURPS) [40], Barratt Impulsiveness Scale (BIS-11) [41], and
Sensitivity to Punishment (SP) and Sensitivity to Reward (SR)
Questionnaire (SPSRQ) [42]. The scales have demonstrated validity
in adolescents and young adults and have acceptable test-retest
reliability [42–46].

PET image acquisition
PET scans were acquired using a Siemens ECAT high-resolution
research tomograph (with a spatial resolution range between
2.3–3.4 mm full width at half maximum). All scans started between
11:00am and 1:00 pm, with the exception of one scan that started
at 3:00 pm. There were no risk group (p > 0.4) or subgroup (p > 0.5)
differences in scan start times. A 6-minute 137Cs transmission scan
was acquired for attenuation correction, followed by an average
bolus injection of 367 ± 30MBq [11C]ABP688, which corresponds to
an average radiation exposure of 1.4 mSv. The average injected
mass and specific activity were 10.1 ± 6.3 µg and 26.4 ± 34.3GBq/
μmol. A significant difference was observed in injected mass (low
risk: 7.0 ± 6.2 µg; high risk: 12.4 ± 5.9 µg) and specific activity (low
risk: 37.9 ± 40.4; high risk: 13.7 ± 19.7 GBq/μmol) between high
and low risk individuals. Additional analyses were conducted with
injected mass and specific activity as covariates. Following the
[11C]ABP688 scan, the same participants underwent a 90-min [18F]
fallypride scan. These results are presented elsewhere [47].
Dynamic data were collected and reconstructed as previously
described [23]. In brief, data were acquired over 60-min in list
mode in 26 timeframes of progressively increasing duration (frame
duration: 6 × 30 s, 4 × 60 s, 8 × 120 s, 3 × 240 s, 5 × 300 s) and
reconstructed using an ordered subset maximization algorithm.
Reconstruction included correction for motion, random events,
attenuation, scatter, decay and intensity normalization. No task
was administered and participants were instructed to remain
awake and rest quietly.

Magnetic resonance imaging
High-resolution (1 mm isotropic voxel) T1-weighted magnetic
resonance imaging (MRI) scans were acquired on each participant
for anatomical co-registration using a 3T Siemens Trio TIM scanner
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Table 1. Participant characteristics.

Characteristic Low Risk (n= 31) High Risk (n= 28) Statistics

N M SD N M SD Test p value

Age 18.4 0.6 18.6 0.6 t-test 0.23

Sex 20 f
11 m

16 f
12m

Chi-square 0.56

Ethnicity 31 Caucasian 26 Caucasian, 1 Haitian, 1 Caucasian-Hispanic

Years of education 12.1 0.6 11.7 1.3 t-test 0.13

Externalizing traits 0.5 0.3 2.4* 0.6 t-test <0.001

AUDIT 4 2.6 5.9* 4.2 t-test 0.036

Alcohol age on onset 31 15.2 2.0 28 14.1 2.7 t-test 0.059

Alcohol, lifetime occasions 31 77 84 28 121 149 t-test 0.18

Alcohol, lifetime bingesa 27 16 26 26 56* 89 t-test 0.03

Chi-square 0.465

Cigarette smokers 2b 3c Chi-square 0.56

Cannabis, lifetime occasions used 19 54 180 22 380* 580 t-test 0.016

Chi-square 0.15

Cannabis, age of onset 19 16.2 1.2 22 15.5 1.5 t-test 0.093

Cannabis use within the past month 0 8* Chi-square 0.001

Positive THC screen 0 5* Chi-square 0.014

Amphetamine, lifetime occasions used 0 6* 65.8 112 t-test 0.19

Chi-square 0.007

Cocaine, lifetime occasions used 2 4 4.2 8* 17.4 36.5 t-test 0.23

Chi-square 0.024

MDMA, lifetime occasions used 2 6.5 4.9 9* 18.1* 37.1 t-test 0.014

Chi-square 0.011

Psilocybin, lifetime occasion used 3 3.3 2.5 8 1.8 0.9 t-test 0.53

Chi-square 0.063

LSD, lifetime occasions used 1 1 1 2 t-test 0.61

Chi-square 0.94

Ketamine, lifetime occasions used 1 1 3 4 1 t-test 0.12

Chi-square 0.25

GHB, lifetime occasions used 0 3 1.7 1.2 t-test 0.13

Chi-square 0.06

Opiates, lifetime occasions used 0 1 2 t-test 0.33

Chi-square 0.29

Drug Use (excluding cannabis), lifetime occasions 4 8.3 10.9 11* 66.6 131.4 t-test 0.14

Chi-square 0.02

Current SUD 0 6d* Chi-square 0.014

Current DSM-5 disorder other than SUD 0 5e* Chi-square 0.007

Current or past DSM-5 disorder 1f 14g* Chi-square <0.001

SURPS Impulsivity 31 9.0 2.6 26 11.5* 2.9 t-test 0.001

SURPS Hopelessness 31 11.4 2.7 26 12.7 3.9 t-test 0.14

SURPS Anxiety sensitivity 31 9.5 3.1 26 10.2 2.3 t-test 0.31

SURPS Sensation Seeking 31 16.3 4.2 26 16.8 3.6 t-test 0.7

BIS Attention 31 14.1 3.4 26 16.4* 3.0 t-test 0.01

BIS Motor 31 18.3 3.1 26 21.6* 4.0 t-test 0.001

BIS Non-planning 31 22.0 4.2 26 25.2* 3.9 t-test 0.005

BIS total 31 54.5 7.8 26 63.2* 8.0 t-test <0.001

SPSRQ Reward sensitivity 30 8.5 3.0 27 10.8* 4.5 t-test 0.03

SPSRQ Punishment sensitivity 30 9.6 4.8 27 11.9 5.0 t-test 0.08

AUDIT Alcohol Use Disorder Identification Test, THC tetrahydrocannabinol, MDMA 3,4-methyl enedioxy methamphetamine, LSD lysergic acid diethylamide, GHB
gamma-hydroxybutyrate, SUD Substance Use Disorder, FTND Fagerström Test for Nicotine Dependence, ADHD Attention Deficit Hyperactivity Disorder, SURPS
Substance Use Risk Profile Scale, BIS Barratt Impulsiveness Scale, SPSRQ Sensitivity to Punishment Sensitivity to Reward Questionnaire.
*significantly different from the low risk group using independent t-test with equal or unequal variance as appropriate or Chi-square, p < 0.05.
t-tests were run to test for differences in lifetime occasions including all participants. Chi-square was used to test for differences in proportion of individuals
who ever used the substance.
aFour or more drinks for women, five or more for men.
bTwo regular smokers (FTND > 2).
cOne regular, two occasional social (FTND= 0) and two past smokers.
dMild alcohol use disorder, n= 2; cannabis use disorder, n= 3; amphetamine use disorder, n= 1.
eADHD, n= 1; ADHD and panic disorder, n= 1; dyslexia, n= 2; persistent depressive disorder, n= 1.
fPast major depressive disorder (MDD).
gCurrent and past ADHD, n= 1; dyslexia and past ADHD, n= 2; current persistent depressive disorder, n= 1; current mild alcohol use disorder (AUD), n= 1;
current mild AUD and past mild binge eating disorder, n= 1; current mild cannabis use disorder, n= 1; current moderate cannabis use and past conduct
disorder, n= 1; current cannabis use disorder, current panic disorder, current and past ADHD, past MDD and past AUD, n= 1; current moderate amphetamine
use disorder and past moderate cannabis use disorder, n= 1; past MDD, n= 1; past ADHD, n= 1; past adjustment disorder with depressed mood, n= 1; past
MDD, past adjustment disorder and past panic disorder, n= 1.
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(MPRAGE sequence, repetition time= 2300ms, echo time= 3.42
ms, flip angle= 9°, field of view= 256mm and matrix= 256 ×
256).

Behavioral analyses
High versus low risk groups were compared on behavioral and
demographic measures using independent t-tests or Chi-Square
tests (Table 1). Multivariate ANOVAs were conducted to assess
group differences on the SURPS, BIS-11 and SPSRQ.

Image analysis
[11C]ABP688 non-displaceable binding potential (BPND) values
were computed relative to nonspecific binding in cerebellar gray
matter using the simplified reference tissue model (SRTM) [48],
which shows high correspondence (R2= 0.94) with values derived
from 2-tissue compartment modeling methods using arterial
sampling [49].

ROI analysis
Each MRI was pre-processed with the CIVET pipeline version 2.0.0
(wiki.bic.mni.mcgill.ca/ServicesSoftware/CIVET), which included
correction for image intensity and non-uniformity, and a non-
linear and linear transformation to standardized stereotaxic space
using the ICBM template [50]. The normalized images were then
classified into white matter, gray matter and cerebral spinal fluid,
and automatically segmented using a probabilistic atlas based
approach (Automatic Nonlinear Image Matching and Anatomical
Labeling or ANIMAL) [51]. Regions of interest (ROIs) including the
prefrontal cortex (medial orbitofrontal cortex, mOFC; lateral
orbitofrontal cortex, lOFC; medial frontal cortex, mPFC), insula
and subcortical limbic regions (amygdala, hippocampus) were
defined using this segmentation. The ROIs in the striatum were
also defined on each individual’s MRI in stereotaxic space. They
were based on the functional segmentation proposed by Mawlawi
et al. [52], and included the ventral limbic striatum (VS), associative
striatum (AST) and somatosensory striatum (SMST). ROI masks
were applied to each summed radioactivity PET image using
nonlinear registration. Time-activity curves were extracted from

each ROI in native PET space using tools developed by the Turku
PET Centre (http://www.turkupetcentre.net/). For each ROI, BPND
values were calculated using SRTM.

Voxel-wise analysis
Voxel-wise BPND maps were created in native space, then co-
registered in MNI space and smoothed using a 5.7 mm full width
half maximum Gaussian filter.

Statistical analysis
ROI analysis. Analysis of covariance (ANCOVA) was used to test
for the effects of risk and cannabis use on BPND values in different
ROIs using SPSS version 24. A repeated measures ANCOVA was
conducted with all ROIs (VS, AST, SMST, mOFC, lOFC, mPFC,
amygdala, hippocampus and insula) as within subject factors, and
EXT risk group and cannabis use group as between-subject
factors. Follow-up univariate ANCOVAs and least significant
difference post hoc tests were performed for each individual ROI
when a main effect of group or a group by region interaction was
found. For all ANCOVAs and t-tests, sex, isomer ratio, AUDIT scores,
tobacco smoking status and drug use (other than cannabis) were
included as covariates. Each of these factors is associated with
differences in [11C]ABP688 BPND [22–24, 26, 53, 54]. Greenhouse-
Geisser corrections were applied when the assumption of
sphericity was violated (p < 0.05).
Independent t-tests were performed to compare BPND values in

heavy cannabis users in the high EXT group (n= 9) vs. all low EXT
individuals (n= 31). All tests used marginal means controlled for
individual differences in sex, isomer ratio, AUDIT scores, smoking
status and drug use (other than cannabis).

Voxel-wise whole brain analysis. Whole brain voxel-wise analyses
were conducted using SPM12. T-maps were generated to compare
BPND values in high risk/high cannabis users vs. all other
individuals, controlling for individual differences in sex, isomer
ratio, AUDIT scores, tobacco smoking status, and drug use (other
than cannabis). Significant differences are reported at p < 0.05,
family-wise error (FWE) corrected for the whole brain (peak or
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Fig. 1 The trimodal distribution of lifetime cannabis use occasions. Distribution of number of participants and cannabis use frequency
(mean ± SD) for the three cannabis use groups: 1) zero lifetime cannabis use; 2) low cannabis use, between 1 and 40 lifetime uses; and 3) high
cannabis use or > 90 lifetime uses.
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cluster level; cluster-level analyses were based on a primary voxel-
level threshold of p < 0.001).

RESULTS
Participant characteristics
The high vs. low risk groups were well matched for age, sex and
years of education, and by design, differed on EXT trait scores (t=
16.02, p < 0.001). They also differed on EXT related features as
measured by the SURPS (Wilk’s lambda: F(4, 52)= 3.11, p= 0.023),
BIS-11 (Wilk’s lambda: F(3,53)= 5.72, p= 0.002) and SPSRQ (Wilk’s
lambda: F(2,54)= 3.63, p= 0.033). Compared to low risk partici-
pants, the high risk group scored higher on levels of impulsivity
(BIS-11: F(1, 55)= 17.43, p < 0.000; SURPS: F(1,55)=12.1, p= 0.001)
and reward sensitivity (SPSRQ reward: F(1, 55)= 5.22, p= 0.029).
As expected, the high risk individuals reported more lifetime

occasions of binge drinking (t= 2.28, p= 0.03) and alcohol-related
problems (t= 2.15, p= 0.036), had used more cannabis (t= 2.54, p=
0.016) and MDMA (t= 2.56, p= 0.014), and were more likely to have
tried various stimulant drugs (amphetamine: Chi= 7.4, (df= 1,59),
p= 0.007; cocaine: Chi= 5.1, (df= 1,59), p= 0.024; MDMA: Chi= 6.4,
(df= 1,59), p= 0.01) (see Table 1). On the day of the PET scan, more
individuals in the high risk than low risk group had used cannabis
within the past month (Chi= 10.3, (df= 1,59), p= 0.001), and tested
positive for delta-9-tetrahydrocannabinol (THC) (Chi= 6.1, (df= 1,59),
p= 0.014) on the urine toxicology screen. All five participants with a
positive THC screen were in the high risk, high cannabis using group.
Out of eight participants who had used cannabis within the past
month, seven were in the high risk, high cannabis using group.
Significantly more individuals in the high risk group met criteria for a
current SUD (Chi= 7.4, (df= 1,59), p= 0.007) and for neuropsychia-
tric disorders other than SUDs (Chi= 6.05, (df= 1,59), p= 0.014)
when compared to the low risk group.

Region of interest analyses
The omnibus rmANCOVA for [11C]ABP688 BPND values yielded a
significant main effect of risk group (F(1,48)= 4.65, p= 0.036,
η2= 0.088) and two-way risk group x cannabis use (F(2,48)=
3.38, p= 0.042, η2= 0.124) and risk group x ROI interactions (F
(4.14, 199)= 4.40, p= 0.002, partial η2= 0.084) but not a three-
way risk group x cannabis use x ROI interaction (F(8.27,199)=
1.73, p= 0.091, η2= 0.067).
Follow-up univariate ANCOVAs for each ROI yielded main

effects of risk group reflecting significantly lower BPND values in
the high compared to the low risk group in all subregions of the
striatum (VS: (F(1,48)= 7.0, p= 0.011, η2= 0.127; AST: F(1,48)=
6.69, p= 0.013, η2= 0.122; SMST: F(1,48)= 5.50, p= 0.023, η2=
0.103), the lateral (F(1,48)= 4.48, p= 0.039, η2= 0.085) and medial
OFC (F(1,48)= 4.25, p= 0.045, η2= 0.081), the amygdala
(F(1,48)= 5.24, p= 0.027, η2= 0.098) and the insula (F(1,48)=
4.68, p= 0.035, η2= 0.089).
Significant risk group x cannabis use interactions were observed

in all subregions of the striatum (VS: F(2,48)= 3.82, p= 0.029, η2=
0.137; AST: F(2,48)= 5.15, p= 0.009, η2= 0.177; SMST: F(2,48)=
4.37, p= 0.018, η2= 0.154) and the lOFC (F(2, 48)=3.64), p= 0.034,
η2= 0.132) and approached significance in the mOFC (F(1,48)=
3.01, p= 0.059, η2= 0.112). In all regions, the interactions reflected
significantly lower BPND values in the high risk, high cannabis users
(Fig. 2 and Table S2). The same pattern of effects was seen in the
other ROIs (Fig. 2 and Table S2). When the high risk, high cannabis
use individuals (n= 9) were compared to all low risk participants
(n= 31), [11C]ABP688 binding values were significantly lower in the
striatum (all subregions p < 0.02), OFC (all subregions, p < 0.05),
amygdala (p < 0.02) and insula (p < 0.05).

Brain wide voxelwise analyses
Voxelwise analyses (also controlling for the use of tobacco,
alcohol, all other drugs, sex, and [11C]ABP688 E-isomer percent)

were consistent with the ROI findings. BPND values were
significantly lower in high risk, high cannabis use individuals
(n= 9) compared to all other 50 participants in the mOFC, ventral
striatum and insula (cluster-level ps<0.05, FWE corrected, cluster
size > 1500 voxels, Fig. 3a). These group differences were larger
without the inclusion of other substance use covariates (Fig. 3b),
with particularly robust effects in the bilateral ventral striatum
(peak-level p= 0.003, FWE corrected), medial OFC (peak-level p=
0.024, FWE corrected), left lateral OFC (peak-level p= 0.018, FWE
corrected) and insula (peak-level p= 0.003, FWE corrected).
The pattern of results remained unchanged when the measures

of alcohol use frequency were included as covariates instead of
AUDIT scores and when excluding the participant who smoked
cannabis 4.5 h prior to the scan, the person whose scan started
late (3pm vs. 11am-1pm) or the two participants who had
previously taken medication sporadically for the relief of
migraines. Adding injected mass and specific activity of the tracer
or past ADHD medication as an additional covariate to the model
did not change the results. Injected mass did not differ between
the three high risk subgroups (p > 0.4), despite the fact that low
mGlu5 receptor availability was seen in the high-risk, high
cannabis using subgroup only.

DISCUSSION
The present study identified two novel contributors to low mGlu5
receptor availability: high EXT risk traits for SUDs and heavy
cannabis use. Since high EXT youth are more likely to use large
quantitites of cannabis, these features are intertwined. And yet
there was some evidence that the factors make separable
contributions. BPND values were not altered in high EXT
participants who did not use large quantities of cannabis, nor
was there a main effect of cannabis use. Instead, BPND values were
lowest in participants with both high EXT traits and high
cannabis use.
The low mGlu5 receptor availabilities were seen within cortical-

subcortical limbic regions. These circuits have also dominated
results in studies of people with current SUDs [22–26]. Although
smaller differences might be observed elsewhere, it is noteworthy
that the most prominent differences in mGlu5 receptor availability
occur within circuits that regulate approach-avoidance behaviors
and learning about emotionally relevant events [21, 55]. By
diminishing reward-related learning, low mGlu5 transmission
might narrow behavioral repertoires, aggravating the develop-
ment of problematic substance use [7, 18–21].
The decreases in mGlu5 receptor availability might be caused,

at least in part, by the pharmacological effects of cannabis use. In
laboratory animals, extensive CB1 activation during adolescence
can decrease mGlu5 protein levels in the adult [17]. These effects
are reciprocal. Lowered mGlu5 receptor levels decrease synthesis
of the endogenous CB1 agonist, 2-arachnidonoylglycerol [17].
Together, these results suggest that extensive adolescent
cannabis exposure could cause long-term reductions in mGlu5
transmission, leading to reduced synaptic plasticity, both directly
and indirectly, through functional interactions between mGlu5
and endocannabinoid signaling [1, 2].
The above possibility noted, the present study did not identify a

main effect of cannabis use alone. Instead, there were main effects
of risk (striatum, amygdala, insula, OFC) and risk x cannabis use
interactions (striatum, OFC). Even in the regions without a
statistically significant risk x cannabis use interaction, visual
inspection of the data indicated that values were especially low
in the high risk, high cannabis users. These observations raise the
possibility that low mGlu5 availability could be a pre-existing trait
that is aggravated by cannabis use or a trait that is best identified
by the combination of cannabis use plus EXT features. Of potential
relevance for both interpretations, variants of the gene that
encodes for mGlu5 affect risk for SUDs [56], and we have recently
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observed preliminary evidence that elevated mGlu5 levels might
protect people from drug-induced behavioral sensitization [11].
Previous studies have identified evidence of altered mGlu5

receptor availablity in people with current cocaine [22, 23], alcohol
[25, 26] and tobacco use disorders when compared with healthy
volunteers [24]. The reductions in [11C]ABP688 binding seen in
tobacco smokers [24] return to normal levels following a period of
extended abstinence [57], suggesting that, in this population, low
mGlu5 levels are not a pre-existing trait. In comparison, recently
abstinent heavy cocaine users exhibit low [11C]ABP688 binding
values [22, 23] and these decrements appear to become larger
over a two-week period without cocaine [23]. In this latter study
[23], we also found that we could disentangle the influence of
tobacco use but not cannabis. The effects in people with an
alcohol use disorder have been more variable, with evidence of
both increased [25] and decreased [26] mGlu5 receptor availability
reported. The authors of the former study specifically recruited
participants who did not use either tobacco or cannabis [25]. If
cannabis use was more prominent in the latter study [26], one
speculative interpretation is that tobacco and cannabis decrease
mGlu5 receptor levels while alcohol use alone increases mGlu5
receptor availability [16]. This will require further study.

Limitations
The observations reported here should be considered in light of
the following. The primary a priori hypothesis was that mGlu5
receptor levels would be lower in people at risk for substance use
problems. This was seen, particularly within the striatum,

amygdala, OFC, and insula. The interaction between risk and
cannabis use was followed up based on the striking trimodal
distribution of cannabis use. However, the result is compelling.
The interaction effect was seen in four ROIs, CB1 stimulation
decreases mGlu5 levels in laboratory animals [17], and, in the
present study, lower [11C]ABP688 binding was consistently
observed in high risk individuals who were using largest amounts
of cannabis. Second, the overall sample size is large for a PET
study (n= 59), but the subgroups are smaller. This noted, the main
effect of group was seen when comparing sample sizes of 28 vs.
31 while the low BPND values in high risk heavy cannabis users was
evident when comparing 9 vs. 31 and 9 vs. 50. Third, the high vs.
low risk participants exhibited different patterns of cannabis use.
The potential influence of these features will require further study.
Fourth, injected tracer mass differed between high and low risk
individuals, however adding this as a covariate to our model did
not change the result and injected mass did not differ between
the three high risk subgroups (p > 0.4) despite the fact that low
[11C]ABP688 binding values were seen in the high-risk, high
cannabis using subgroup only. Fifth, [11C]ABP688 binding
potential in humans can exhibit high levels of variability, and
the use of a cerebellar reference region instead of arterial blood
sampling may have contributed to this. However, this variability
would have decreased rather than increased the probability of
observing group differences. More importantly, the use of the
cerebellum as a reference region has been validated based on a
high correspondance between BPND values and k3/k4 kinetic
constants ratio estimates (R2 > 0.93) derived with the arterial input
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Fig. 2 Lower [11C]ABP688 BPND in high EXT risk, high cannabis users: ROI analysis. [11C]ABP688 BPND values in cortical and subcortical
limbic regions in high and low EXT risk individuals with zero (low EXT risk n= 12; high EXT risk n= 6), low (low EXT risk n= 17; high EXT risk
n= 13) and high (low EXT risk n= 2; high EXT risk n= 9) frequencies of lifetime cannabis use occasions. Mean values are adjusted for sex,
isomer ratio, AUDIT scores, tobacco smoking status and drug use other than cannabis. VS ventral striatum, AST associative striatum, SMST
somatosensory striatum, mOFC medial orbitofrontal cortex, lOFC lateral orbitofrontal cortex. *significantly different from all low EXT risk
groups, p < 0.05.
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function [49]. Indeed, despite the presence of mGlu5 receptors in
the cerebellum, only a negligible fraction specifically binds to the
radiotracer [58], minimizing the likelihood of a bias or difference in
cerebellar uptake between our groups. Instead, we recently
documented that much of the variability in [11C]ABP688 BPND
[59] reflects effects of time of day [60], (Z)-isomer content in the
synthesized batch of tracer [53], and sex [54]. All three factors
were controlled for in the present study. Sixth, group differences
in [11C]ABP688 binding values were larger when other substance
use was not included as a covariate. This suggests that mGlu5
receptor availability is especially low in people at elevated risk for
addictions with the effect propelled by the influence of multiple
substances. The exact contribution of these multiple substances is
likely to be complex. When trying to address this statistically,
covariates can increase statistical power by removing noise in the
data and reduce statistical power by decreasing degrees of
freedom. Because of these effects, it is recommended that
covariates should be included only when there are a priori
reasons to do so [61]. This approach was used here. Finally, the
substance use and other behavioral history features were
obtained by self-report. However, the participants have been
followed since birth providing greater confidence than is possible
from retrospective reports about the distant past.
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