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Abstract

Genetic variants in the opioid receptor mu 1 (OPRM1) and dopamine receptor d2 (DRD2) genes are implicated in behavioral
phenotypes related to substance use disorders (SUD). Despite associations among OPRM1 (rs179971) and DRD?2 (rs6277)
genes and structural alterations in neural reward pathways implicated in SUDs, little is known about the contribution of
risk-related gene variants to structural neurodevelopment. In a 3-year longitudinal study of initially SU-naive adolescents
(N=129; 70 females; 11-14 years old), participants underwent an MRI structural scan at baseline and provided genetic
assays for OPRM1 and DRD2 with SU behavior assessed during follow-up visits. Baseline differences in key reward-related
brain regions (i.e., bilateral caudate and cingulate cortex) were detected in those with genetic liability for SU in OPRM1
who went onto engage in SU at subsequent waves of data collection. In addition, main effects of OPRM1, DRD2, and SU
were related to variability in structure of the putamen, anterior cingulate, and nucleus accumbens, respectively. These data
provide preliminary evidence that genetic risk factors interact with future SU to confer structural variability prior to SU in
regions commonly implicated in risk for SU and the development of SUDs.
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Introduction

Despite an overall decline in rates of adolescent risky sub-
stance use (SU; e.g., binge drinking has declined approxi-
mately 13% in the past decade), adolescent drug and alco-
hol use remain relatively prevalent (Johnston et al. 2020).
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Approximately 35% of adolescents report lifetime use of
illicit substances (e.g., marijuana, cocaine, methampheta-
mines, hallucinogens) and 42% report lifetime alcohol use
(Johnston et al. 2020). These rates are concerning given
that SU during adolescence is likely to impact neurodevel-
opmental trajectories in ways that increase the propensity
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for a variety of adverse outcomes (Scott et al. 2017). For
instance, early onset SU (i.e., prior to 16 years of age) is an
established predictor of subsequent SU disorders (SUDs)
(Moss et al. 2014). Moreover, adolescent SU has been asso-
ciated with functional and structural alterations of reward-
processing regions that are implicated in the development
of SUD (Cheetham et al. 2014; Heitzeg et al. 2015) and
portends the entrenchment and persistence of SUDs (Kravitz
et al. 2015). Implementing strategies that identify adoles-
cents at heightened risk for SU, prior to SU initiation, could
offer a potential point of entry for preventative interven-
tion strategies aimed at recalibrating reward circuitry and,
in turn, sensitivity to drug-related reinforcers. One approach
to ascertaining risk is the identification of biomarkers that
are predictive of SU outcomes, such as genetic variants that
influence brain structure in regions that underlie the SUD
phenotype. By identifying those genetic variants that fore-
cast structural variability and phenotypic characteristics of
SUDs, prevention efforts could be more effectively targeted
to prevent changes in brain structure that ultimately confer
greater risk for SU/SUD.

There are many genetic variants that have been implicated
in the physiological and behavioral responses to commonly
misused substances and which predict the likelihood of SUD
(Trucco et al. 2019). Furthermore, a number of those genes
whose variants appear to confer risk of SU/SUD have well-
established roles in the structural attributes of brain regions
that are consistently implicated in SU and dependence phe-
notypes. Of particular importance may be those genetic vari-
ants that contribute to the structure and function of brain
regions that have been shown to mediate different stages
of substance use trajectories, from initiation to sustained
use to SUD (e.g., mesocorticolimbic dopamine pathway
regions). Critical variants include the dopamine transporter
(DAT1), dopamine receptor D2 (DRD2), catechol-O-meth-
yltransferase (COMT), and opioid receptor mu 1 (OPRM1)
genes (Batalla et al. 2018; Nemmi et al. 2018; Roussotte
et al. 2015). Variability in these same genes has also been
linked to the likelihood of SU behaviors in developmental
populations (Kleinjan et al. 2013; Miranda et al. 2010).

For example, the DRD2 gene is implicated in dopamine
synthesis and regulation and has been associated with stri-
atal response to reward as well as susceptibility to SU and
SUD in adolescent samples (Brody et al. 2013; Macare
et al. 2018). The rs6277 single nucleotide polymorphism
(SNP) variant of the DRD2 gene also appears to influence
structural pathways in the brain that subserve reward and
motivation processes (i.e., ventral tegmental area, caudate,
putamen, nucleus accumbens (NAcc), medial prefrontal cor-
tex, and anterior cingulate). Importantly, there are mixed
reports regarding which rs6277 allele confers greater risk
for SUD (Hill et al. 2013; Swagell et al. 2012). Specifically,
in adult samples, the minor “G” allele of this SNP appears
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to predict low availability of striatal dopamine (Hirvonen
et al. 2009) and an increased risk of substance dependence
across an array of commonly misused substances (e.g., nico-
tine, alcohol, heroin (Gao et al. 2017; Swagell et al. 2012;
Voisey et al. 2012)). In contrast, this same allele may be
protective against risk for SUD such that it predicts later
onset of alcohol use during adolescence (Brody et al. 2013),
a behavioral phenotype that is associated with a reduced
long-term risk of SUD (Behrendt et al. 2009). This suggests
that this variant may be protective against subsequent SUD.
In adolescence and emerging adults, carrying the “G” allele
of DRD2 rs6277 has also been associated with larger cau-
date and putamen volumes and better executive functioning
performance compared to those who are homozygous for the
major “A” allele (Hill et al. 2013; Markett et al. 2013), which
is implicated in SUD. The mixed findings may, in part, be
due to some studies incorporating adolescents and emerg-
ing adults (Brody et al. 2013; Hill et al. 2013; Macare et al.
2018), while others focus on adult samples with established
substance misuse or SUDs (Gao et al. 2017; Swagell et al.
2012; Voisey et al. 2012).

The OPRM1 A118G SNP (rs1799971) also seems to
contribute to heterogeneity in reward pathway regions, par-
ticularly with respect to function; an effect that may influ-
ence individuals’ risk of SU/SUD. The OPRM1 gene plays
a primary role in the regulation of opioid signaling in reward
pathways in the brain and in the reinforcing effects of a vari-
ety of commonly misused substances (Burns et al. 2019).
Relatedly, in individuals with SUDs, endogenous opioids
are downregulated in the striatum, possibly increasing the
reward value of abusable substances (for review, Burns et al.
2019). The OPRM1 A118G SNP has been shown to regulate
the opioid signaling and subsequent release of dopamine
in reward-related regions differentially among individuals
who are homozygous for the A allele compared to G-allele
carriers (Popova et al. 2019) and is thought to influence
responsivity to drugs. Adults who carry the high-risk “G”
allele (i.e., AG/GG) experience more positive acute effects
of alcohol (e.g., intoxication, positive mood) compared to
those who are homozygous for the A allele (Ray and Hutch-
ison 2004). This differential influence of the AG/GG vs.
AA allele status of OPRM1 A118G has also been noted
in adolescents who engage in alcohol use (Miranda et al.
2010). Specifically, adolescent G allele carriers are 3 times
more likely to develop an alcohol use disorder (AUD) dur-
ing adolescence compared to AA homozygotes (Miranda
et al. 2010). Thus, being a G-allele carrier for A118G may
represent a significant SUD risk factor.

While there is a dearth of evidence regarding an impact
of the OPRM1 A118G variant on structural variability,
functional magnetic resonance imaging (fMRI) findings
suggest that there is OPRM 1-dependent functional modula-
tion in reward-related brain regions in those with a SUD.
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Notably, there is a stark lack of work examining this SNP in
developmental populations, as existing literature has almost
exclusively focused on adult samples with established SUDs.
For example, the A118G SNP moderates neural responses
during cue-induced craving paradigms in adults with SUDs.
Compared to AA homozygous individuals, G allele carriers
demonstrate greater neural cue-reactivity to SU-related cues
in striatum, insula, and medial/inferior frontal gyrus (Bach
et al. 2015; Ray et al. 2014). Prior studies also suggest that
this SNP moderates the relationship between fronto-striatal
connectivity and SU severity in young adults, such that hav-
ing at least one copy of the G allele predicts stronger asso-
ciations between cue-related connectivity and SU severity.
This implies that, in those who carry this risk allele, the
extent to which the functional response to SU-related cues
predicts sensitivity to the reinforcing effects of misused sub-
stances is more pronounced (Courtney et al. 2013; Koruc-
uoglu et al. 2017). However, while functional connectivity
studies consistently implicate fronto-striatal connectivity in
the functional impacts of A118G, they are mixed in terms of
the directionality of effects (i.e., weaker vs. stronger connec-
tivity in G allele carriers (Courtney et al. 2013; Korucuoglu
etal. 2017; Ray et al. 2014)).

Collectively, these studies suggest that the putative role
of these two variants in conferring risk for SU and SUD may
occur via their influence on the function and, in the case
of DRD?2 rs6277, structure of brain regions that mediate
reward processes and which have been consistently impli-
cated in key cognitive and behavioral phenotypes that are
related to SU and SUD outcomes. However, it remains to
be determined whether the association between these vari-
ants and brain structure occurs prior to the onset of SU.
Studying such associations in an SU-naive sample who go
onto engage in SU is a crucial step in delineating predictive
factors of SU that exist prior to onset of SU. Most studies of
adolescent SU do not include an SU-naive baseline sample,
which limits conclusions given the profound neurocognitive
effects that actual substances may have on the developing
brain (Fishbein et al. 2016). Thus, the present study aimed
to isolate neurodevelopmental factors (i.e., brain structure in
key reward regions and genetic risk factors) that are thought
to relate to the onset of SU behaviors. In the current study,
we considered how OPRMI1 and DRD2 genetic variants
corresponded with structural variability in SU-naive youth
and how these associations might vary in participants who
eventually initiated SU (i.e., across a 3-year period). Exam-
ining the interactions between genetic variants that predict
risk for SU/SUDs and structural variability in brain regions
implicated reward processing and in addiction (Koob and
Volkow 2016), prior to the onset of SU, may shed light on
mechanisms that underlie heightened risk for SUDs and
provide novel targets for SU/SUD prevention. Specifically,
based upon prior meta-analyses of SUD risk (Pando-Naude

et al. 2021), current theoretical models of addiction (Koob
and Volkow 2016), and empirical work reviewed here, we
examined structural variability in the bilateral caudate, puta-
men, globus pallidus, NAcc, amygdala, thalamus, hippocam-
pus, anterior (ACC), and middle cingulate cortices.

Materials and methods
Participants

SU naive adolescents (N=147; age, 11-13 years old) were
recruited to participate in the Adolescent Development
Study (ADS), a prospective, longitudinal study of the neural,
cognitive, and behavioral precursors and consequences of
adolescent SU in the greater Washington D.C. area. A com-
munity-based sample was recruited by targeting households
based upon rates of neighborhood crime, income, and rates
of SU, with even the lower-risk county in the catchment area
having adolescent SU rates that tended to increase with age
(see Fishbein et al. (2016) for further details). Participants
were excluded on the basis of SU prior to enrollment, previ-
ous head injury, left-handedness, neurodevelopmental dis-
orders (e.g., epilepsy, autism spectrum disorders, and motor
disorders), and other contraindications for magnetic reso-
nance (MR) imaging (e.g., MR incompatible metal foreign
bodies). RTI International and the Georgetown University
Institutional Review Boards approved the study. All caregiv-
ers and participants provided consent or assent, respectively,
prior to assessments.

In order to capture measurable traits that likely play
significant roles in SU initiation and escalation, a range
of cognitive, behavioral, brain imaging, and demographic
measures were acquired at an initial assessment (i.e., base-
line), and at 18- and 36-month follow-up visits (i.e., waves 2
and 3) (for a complete description of methods, see Fishbein
et al. (2016)). The current analyses considered relationships
between brain structure and genetic variants known to be
associated with risk for SU and/or SUD in a subsample of
adolescents for whom the following data types were avail-
able: genetics data, imaging data at baseline, and behavioral
data at baseline and subsequent waves of data collection
(see Table 1 for demographic information at baseline for the
entire sample and genetic high- and low-risk allele groups).

Procedures

Substance use

Adolescent participants completed two self-report surveys
to assess their drug use status at baseline, wave 2, and wave

3 visits: Drug Use Screening Inventory-Revised (DUSI-R;
Tater, 1990) and the Tobacco, Alcohol and Drug (TAD)
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Table 1 Demographics for full sample and by OPRM1 and DRD2 genotypes

Group Total (N) Sex (F:M) Age (M (SD); range years) Pubertal status (M (SD); range) Race/ethnic-
ity (W: H: B:
other)

Baseline sample 129 70:59 12.63 (0.76); 11-14 2.22(0.71); 14 67:7:39: 11

OPRM1

Low risk (AA) 104 59:45 12.58 (0.79); 11-14 2.21(0.73); 1-4 49:7:37: 6

High risk (AG) 25 11:14 12.82 (0.58); 11-13.9 2.27 (0.65); 1.2-3.4 18:0:2:5

DRD?2

Low risk (AA/AG) 64 36:28 12.76 (0.72); 11-13.9 2.26 (0.75); 1-3.6 51:4:3:5

High risk (GG) 65 34:31 12.50 (0.96); 11-14 2.18 (0.67); 1-4 16:3:36: 6

questionnaire (Bucholz et al. 1994). The DUSI-R consists
of 20 questions regarding a variety of abusable substances
(e.g., alcohol, marijuana, tobacco products, stimulants,
over the counter medications). The TAD assesses use
of tobacco, alcohol, and illicit substances (i.e., cocaine,
methamphetamine, opiates, marijuana, salvia, synthetic
marijuana, ecstasy, inhalants, prescription drugs not used
as prescribed). Participants who confirmed the use of any
drugs (e.g., alcohol, marijuana) on either questionnaire in
the period since their last study visit at either waves 2 or 3
were aggregated into a single “user” group. This was done,
rather than considering each wave separately, as there were
not sufficient numbers of users reporting first use at waves
2 or 3 to sufficiently power the inclusion of users by wave.
Given the age of our sample, any SU was considered prob-
lematic given that early SU (prior to age 16) is a critical
risk factor in the development of subsequent SUDs (Jordan
and Andersen 2017). In other words, we did not seek to
distinguish between genetic risk for SU and SUD since, at
this early stage, any SU is predictive of poor outcomes. It
should be noted that, as expected, wave 2 users were signifi-
cantly younger than those reporting use for the first time at
wave 3 (t(33)=5.23, p<0.001; wave 2 SU M =14.77 years,
SE=0.11; wave 3 SU M =15.76 years, SE=0.14), but both
groups were within the age range of what is considered
“early” use in prior literature (i.e., < 16 years old) (Moss
et al. 2014). Wave-related age differences in use were antici-
pated since those who initiated SU at wave 2 were expected
to be younger than those who initiated SU at wave 3 given
the longitudinal design of the study. Importantly, the age of
participants at the time of use was not related to variability
in brain structure at baseline.

MRI data acquisition
Participants underwent training in a mock scanner to prepare
for the scanning environment and tasks. Participants were

scanned using a 3 T Siemens Tim Trio MRI machine with
a 12-channel head coil. Foam padding was placed around
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participants’ heads to minimize head motion. A high-res-
olution T1-weighted anatomical scan was acquired using
a magnetization prepared rapid acquisition gradient echo
(MPRAGE) protocol with the following parameters: TR/
TE=1900 ms/TE=2.52 ms, TI=900 ms, flip angle=9°,
FOV =250 mm, 176 slices with a thickness of 1.0 mm,
effective resolution=1 mm?, scan time =4 min, 18 s.

MRI data quality control

Prior to the FreeSurfer analysis, MPRAGE images were
visually inspected for quality by at least 3 trained raters.
These structural images were scored on a scale ranging from
1 (high quality) to 5 (low quality) for ghosting and ringing.
Clipping and wrapping were scored with either a 1 (low
quality) or O (high quality). A single quality control (QC)
metric was calculated using the following computation (QC
=4*wrap + 10*clip + 2*ring + 1*ghost). Images with a QC
metric> 11 were deemed to be of poor quality and excluded
from further analysis (n=18).

MRI data processing

To extract cortical thickness and subcortical volume esti-
mates, cortical reconstruction and volumetric segmentation
were performed using the FreeSurfer image analysis suite
(v6.0). The complete technical details of these procedures
are described in prior publications (Fischl et al. 2002; Reu-
ter et al. 2010). Briefly, image processing included motion
correction and averaging (Reuter et al. 2010) of volumetric
T1-weighted images, removal of non-brain tissue (Ségonne
et al. 2004), automated Talairach transformation, segmenta-
tion of the subcortical white matter and gray matter struc-
tures (Fischl et al. 2002), intensity normalization (Sled
et al. 1998), tessellation of the gray matter/white matter
boundary, automated topology correction (Ségonne et al.
2007), and surface deformation following intensity gradi-
ents. To address reconstruction errors and defects that can
occur in the automated FreeSurfer pipeline, 5 trained editors
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(supervised by an expert FreeSurfer editor) manually edited
T1s. Specifically, skull-stripped images were inspected and
cleaned by the trained editors. For example, any dura or
skull included in the pial surface by FreeSurfer was manu-
ally deleted. Voxels labeled by FreeSurfer as white matter in
gray matter surfaces were manually deleted. Control points
were added to fix intensity normalization errors in white
matter. All edits were documented and FreeSurfer was re-run
to incorporate all edits.

Genotyping protocol

DNA from saliva samples was extracted using a modified
version of a previously described method (Freeman et al.
2003). Tagman SNP Genotyping Assays were performed
using an allelic discrimination assay protocol (Life Tech-
nologies, Carlsbad, CA, USA). Genotyping analyses consid-
ered in the current analysis included determination of SNPs
for OPRMI1 (rs1799971) and DRD2 (rs6277) genes. These
SNPs were selected using multiple criteria. While prior
candidate genes studies suggest that they play a role in the
development of substance use disorder via an impact on neu-
rodevelopmental pathways, this was not the only criterion
for selection. Indeed, we focused on those genes/variants
that have also been identified in genome-wide association
studies as being significantly associated with substance use
and/or substance use disorders (Lopez-Leon et al. 2021).
The OPRM1 SNP considered here met this criteria and
while the Taq1 A DRD2 SNP is more commonly identified in
genome-wide studies of substance use disorders, this variant
is in strong linkage disequilibrium with the C957T/rs6277
variant that we considered and, importantly, prior studies
suggest that it may be this latter variant that is predictive of
dopamine D2 receptor availability (Smith et al. 2017). Geno-
type frequencies, along with odds ratios for SU risk, are
reported in Table 2. As a consequence of the relatively low
minor G allele frequency for A118G, no individuals were
GG homozygotes for OPRM1 A118G in our sample. There-
fore, analysis of OPRM1 focused on homozygous non-risk
individuals (AA) vs. carriers of the risk “G” allele (AG/GG).
Prior population-based studies of this gene have reported
minor allele frequencies between 19 and 21%, which is com-
parable to what we report here (Rouvinen-Lagerstrom et al.

2013). Similarly, given the small number of participants with
an AA genotype for DRD2 rs6277, analyses focused on the
comparison of GG vs. AA/AG genotypes, which is consist-
ent with prior literature. Based upon the 1000 Genomes pro-
ject, the minor allele frequency was expected to be around
33% for this gene (Auton et al. 2015).

Data analysis

Data models were designed to determine the relative and
interactive associations between genetic risk (i.e., carrying
a single copy of the “G” allele for OPRM1 and AA/AG
for DRD2) and post-baseline SU (i.e., SU at either wave 2
or wave 3) with brain structure at baseline. We conducted
ANCOVAs (covariates discussed below) to determine rela-
tionships between genetic risk status and SU status (i.e., user
vs. non-user) at follow-up that relate to thickness or volume
of ROIs at baseline selected a priori. Analytical models
focused only on these specific regions and the impact of the
two noted variants. Models were run separately for DRD2
and OPRMI to examine their relative associations with
brain structure. ROIs selected were those that are known to
be highly relevant to SU (i.e., regions that show SU/SUD-
related functional and/or structural variability) and which
have been shown to be impacted by the genes under study,
including bilateral caudate, putamen, globus pallidus, NAcc,
amygdala, thalamus, hippocampus, anterior (ACC), and
middle cingulate cortices. For all models, significant inter-
actions were subjected to independent samples ¢ tests. The
threshold for significance was FDR corrected for multiple
comparisons in the ANCOVA models interhemispherically
for each gene, and separately by volume and thickness.
Age, sex, ethnicity/race, and pubertal status were included
in all ANCOVA models as nuisance variables. Puberty was
measured with the Pubertal Development Scale (PDS; (Car-
skadon and Acebo 1993)), which sums self-report questions
regarding gonadarche and adrenarche in boys and girls on a
4-point scale (1 =not yet started; 2 =barely started; 3 =defi-
nitely started; 4 =seems complete). There were not any sig-
nificant associations between genetic risk status for either
gene and age, sex, or pubertal status. However, the frequency
of risk carriers for OPRMI (F 5 150, =4.88, p=0.003) and
DRD2 (F 3 119)=3.83, p=0.01) was associated with race.

Table 2 Genotype frequencies

. Gene Genotype Total, n User, n (%) Non-user, n (%) Odds ratio (CI) P
and odds ratios for substance
use initiation for OPRMI and OPRMI  AA 104 31 (74%) 73 (84%) 1.14(0.93-139)  ns
DRD2 AG 25 11 26%) 14 (16%) 0.64(031-1.24)  ns
DRD2 AA 19 8 (19%) 11 (12%) 0.66 (0.29-1.53) n.s
AG 45 17 (40%) 28 (32%) 0.79 (0.49-1.28) n.s
GG 65 17 (40%) 48 (55%) 1.36 (0.90-2.06) n.s

Odds ratio results based on 4 analyses. n.s. not significant at p <0.05.
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Specifically, for OPRM1 Bonferroni-corrected post hoc tests
revealed the risk variant was more common in Caucasian/
White and “Other race” participants than Black/African
American participants (i.e., p=0.04 and p=0.02, respec-
tively). Conversely, for DRD2, Black/African American
participants were more likely to be risk variant carriers than
Caucasian/White participants (p =0.01), which is consist-
ent with prior literature (Miiller et al. 2012; Villalba et al.
2015). Therefore, it was deemed appropriate to include race
and ethnicity in all ANCOVA models as a covariate of no
interest.

Results

The final analyses included 129 participants (M
age=12.63, SD=0.76; 54% female). Of those participants,
42 participants reported SU at waves 2 or 3 (M baseline
age = 12.86 years, SD=0.10; 61% female). Here, we report
significant findings surviving FDR p value adjustment.

Main effects of genotype and SU

There were several significant main effects of gene status
in OPRM1 and DRD2 and SU on volumetric and thickness
measures that were not superseded by significant interac-
tions (Table 4). Specifically, there was a significant main
effect of OPRMI risk status on both left and right putamen
volumes whereby carriers of the risk “G” allele had sig-
nificantly larger putamen volumes compared to the non-risk
homozygous participants (left putamen: AG M=5877.03
mm?, SE=124.64, AA M=5559.11 mm?, SE=66.32;
right putamen: AG M =5929.38 mm?, SE=122.97, AA
M=5636.37 mm’, SE=65.43).

In addition, there was a main effect of DRD2 risk status
on left anterior cingulate thickness such that participants
homozygous for the high-risk “G” allele had significantly
thinner left anterior cingulate cortex (GG M =3.06 mm,
SE=0.02) compared to those carrying the non-risk “A”
allele (AA/AG M=3.13 mm, SE=0.02) (Table 3).

Table3 ANCOVA results for significant main effects of OPRMI,
DRD2, and use on volume and thickness measures

Main effects  Region df F P n

OPRMI1 L putamen (v) 1,118 5.06 0.026 0.04
OPRMI1 R putamen (v) 1,118 4.41 0.038 0.04
DRD2 L anterior cingulate (t) 1,117 6.34 0.013 0.06
Use L NAcc (v) 1,118 6.78 0.010 0.06
Use R NAcc (v) 1,118 5.61 0.020 0.05

v volume, ¢ thickness, L left, R right, NAcc nucleus accumbens.
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Table4 ANCOVA results for main effects and interactions of
OPRMI and use on volume and thickness measures

Main effects Region daf F P n

Age L caudate (v) 1,118 0.61 044 0.01

Pubertal status L caudate (v) 1,118 0.21 0.65 0.002

Sex L caudate (v) 1,118 1.59 0.21 0.01

Race L caudate (v) 1,118 9.84 0.002 0.08

OPRM1 L caudate (v) 1,118 226 0.14 0.02

Use L caudate (v) 1,118 4.13 0.04 0.04

Age R caudate (v) 1,118 0.19 0.67 0.002

Pubertal status R caudate (v) 1,118 0.003 0.95 0.00

Sex R caudate (v) 1,118 295 0.09 0.03

Race R caudate (v) 1,118 12.05 0.001 0.10

OPRM1 R caudate (v) 1,118 296 0.09 0.03

Use R caudate (v) 1,118 6.76 0.01 0.06

Age R mid anterior cingu- 1,118 0.06 0.82 0.00
late (t)

Pubertal status R mid anterior cingu- 1,118 0.05 0.83 0.00
late (t)

Sex R mid anterior cingu- 1,118 1.62 0.21 0.01
late (t)

Race R mid anterior cingu- 1,118 1.73  0.19 0.02
late (t)

OPRM1 R mid anterior cingu- 1,118 1.79 0.18 0.02
late (t)

Use R mid anterior cingu- 1,118 1.56 0.22 0.01
late (t)

Interactions

OPRMI1 xUse L caudate (v) 1,118 8.14 0.005 0.07

OPRMI1 xUse R caudate (v) 1,118 8.75 0.004 0.07

OPRMI1 xUse R mid anterior cingu- 1,118 6.00 0.016 0.05

late (t)

v volume, ¢ thickness. Bolded effects are those that survived FDR p
value adjustments.

Lastly, there were two significant main effects of subse-
quent SU status on left and right NAcc volumes whereby
adolescents who initiated SU had larger left and right NAcc
volumes compared to adolescents who did not initiate SU
(left NAcc: users M =531.73 mm?, SE=19.25, non-users
M=470.17 mm?, SE=13.23; right NAcc users M =692.73
mm?, SE=16.91, non-users M =643.54 mm>, SE=11.62)
(Table 3).

Genotype x SU interactions

After controlling for effects of participant age, pubertal
status, race, and sex, we uncovered interactions between
OPRM1 and subsequent SU on left and right caudate vol-
ume (Table 4). In both the left and right caudate, follow-up
independent samples # test analyses revealed that in those
carrying the risk G allele (AG), adolescents who went
on to initiate SU had larger caudate volumes compared
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to those who did not initiate (left caudate: #(23) =3.38,
p=0.003, users M=4477.81 mm>, SE =124.24, non-users
M=3932.71 mm>, SE=102.53; right caudate: #(23)=3.29,
p=0.003, users M=4681.67 mm?>, SE=165.20, non-users
M=4052.02 mm>, SE=111 .36). Conversely, in homozy-
gous non-risk individuals (AA), whether they did or did
not initiate SU did not relate to caudate volumes at base-
line (left caudate: #(102)=0.51, p=0.61, users M =3948.98
mm?, SE=106.71, non-users M =4008.96 mm?>, SE =60.45;
right caudate: #(102)=0.25, p=0.81, users M =4089.17
mm?, SE=97.54, non-users M =4118.58 mm”, SE = 64.80).
Results are shown in Fig. 1.

In addition, a significant interaction between OPRM1
and use on right middle anterior cingulate cortex thickness
was found (Table 4). Follow-up independent samples ¢ test
analyses revealed that in those carrying the risk G allele
(AG), adolescents who initiated SU had thinner right middle
anterior cingulate cortices than those who did not initiate

OPRM1 Risk (AG)

SU (1(23)=2.64, p=0.02, users M=3.03 mm, SE=0.02,
non-users M =3.15 mm, SE=0.04). In contrast, no signifi-
cant differences in cortical thickness were found between
those who were homozygous non-risk individuals (AA)
(#(102)=1.43, p=0.16; users M =3.07 mm, SE=0.03, non-
users M =3.02 mm, SE=0.02). Results are shown in Fig. 2.
No interactions between DRD2 and use were uncovered.

Discussion

This study considered the association between genetic
variants known to confer genetic liability for SU and SUD
(i.e., OPRM1 A118G and DRD2 rs6277), subsequent SU
behavior, and brain structure in regions previously impli-
cated in the development of SU and SUD. These associa-
tions were considered at baseline in a sample of initially
SU-naive adolescents who did or did not subsequently

OPRM1 Non-Risk (AA)

a) *%
—~ 5000 —
*%*
£ —
o 4500+
X
g
‘@ 40004 - -
£ g
2
g 3500
c
©
(]
= 3000-
Left Caudate Right Caudate
Il Users [ Non-Users

b)
&~ 5000~
£
£
< 4500-
X
5)
= I
@ 4000 —r— =
£
=
>° 3500
c
[}
Q
= 3000-
Left Caudate Right Caudate
Il Users X Non-Users

Fig. 1 Interaction effects between OPRMI risk status and subse-
quent use (user vs. non-user) on left and right caudate volumes. a In
participants carrying the risk G allele for OPRM1, those who went
onto initiate SU had larger left and right caudate volumes at baseline
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compared to adolescents who did not initiate SU. b Conversely, in the
non-risk homozygous individuals, there were no differences in cau-
date volumes at baseline between those who did or did not initiate SU
in subsequent waves of data collection. **p < 0.01
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Fig.2 Interaction effects between OPRMI risk status and subse-
quent use (user vs. non-user) on right middle anterior cingulate cor-
tex (ACC). a In participants carrying the risk G allele for OPRMI,
those who went onto initiate SU had thinner right ACC at baseline

compared to adolescents who did not initiate SU. b In contrast, in the
non-risk homozygous individuals, there were no differences in right
ACC thickness at baseline between those who did or did not initiate
SU in subsequent waves of data collection. *p <0.05
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initiate SU. This is one of the first studies to establish
relationships between these variants, subsequent SU dur-
ing adolescence, and brain structure in SU-naive ado-
lescents. Prior work has largely focused on correspond-
ence between genetic liability for SU and brain function
in reward pathway regions predominantly in adults with
heavy SU or SUD (Bach et al. 2015; Courtney et al. 2013;
Ray and Hutchison 2004), with only one study focusing
on adolescent users (Korucuoglu et al. 2017). Of note,
this is the first study of its kind to include an SU-naive
baseline sample, as the only other adolescent study we
could locate included participants with 3—4 years of prior
SU experience (Korucuoglu et al. 2017). Thus, the present
study contributes to the literature by establishing relative
and interactive associations between genes and subse-
quent adolescent SU that relate to preceding alterations in
reward-related brain structures, above and beyond devel-
opmental effects of age and pubertal status.

Two sets of key findings reported herein include (1) inter-
active effects of OPRM1 and subsequent SU relating to the
structure of brain regions key in reward processing prior to
SU onset and (2) associations between OPRM1 and DRD2
genotype, and later SU associated with patterns of cortical
thickness and volume in reward-related regions prior to the
onset of SU. In the first set of findings, we found a consist-
ent pattern of effects of OPRM!1 such that in those carrying
the A118G risk G allele (i.e., AG individuals), subsequent
users had greater bilateral caudate volumes and thinner mid-
dle ACC at baseline compared to adolescents who did not
initiate SU. Conversely, in those who were homozygous
for the non-risk A allele, there were no differences in brain
structure at baseline between users and non-users. As part
of the dorsal striatum, the caudate has consistently been
implicated in responsiveness to rewards, craving substances,
and is key in the shift from voluntary to compulsive SU
(Vollstddt-Klein et al. 2010). Similarly, the ACC is involved
in craving or anticipation of rewards. As noted previously,
there is a paucity of literature examining whether ACC and/
or caudate structure is associated with OPRM1 status. In
so far as functional and structural findings can inform one
another, functional findings have shown increased negative
functional connectivity between the caudate and frontal cir-
cuitry in dependent individuals carrying the risky “G” allele
of OPRM1 when receiving alcohol taste cues compared to
water (Ray et al. 2014). In an alcohol-taste cue paradigm
in adolescent drinkers, OPRMI risky “G” allele carriers’
decreased connectivity between the caudate and frontal
regions correlated with greater pleasantness and urge rat-
ings compared to those who were homozygous for the “A”
allele (Korucuoglu et al. 2017). The present study adds to
this by elucidating that even prior to SU, there are struc-
tural alterations to the caudate and ACC that interact with
OPRMI status. In this way, our findings suggest that these
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structural modifications may precede alterations induced by
actual SU, as those found by Ray and colleagues (2014).
However, this hypothesis will need to be explicitly evaluated
in future work.

In the second set of findings, we report associations
between indices of brain structure at baseline and OPRM1
and DRD2, and subsequent SU. Findings revealed that car-
riers of the OPRM1 risky “G” allele had increased bilateral
putamen volume compared to those who were homozygous
for the non-risk “A” allele. The putamen plays an important
role in the initiation of addictive behaviors through a shift
from voluntary to habitual responses (Everitt and Robbins
2013). OPRM1 A118G-related structural variability in this
region prior to the onset of SU may be an important aspect
of developmental pathways that lead to SU. Though evi-
dence is scant regarding how variability in the volume of the
putamen contributes specifically to SU, a study of biologi-
cal siblings found that those with SUD had larger putamen
volumes, supporting the notion that greater putamen volume
may serve as an endophenotypic biomarker for risk of SU
and SUD (Ersche et al. 2012). While structural variability
cannot be simply interpreted as a mapping directly to brain
function (Batista-Garcia-Ramoé and Fernandez-Verdecia
2018), our results are consistent with prior work examining
functional responsivity in the putamen and SU. For exam-
ple, elevated responsivity to monetary rewards in the puta-
men is predictive of subsequent onset of SU in adolescence
(Stice et al. 2013). Moreover, risk “G” allele carriers show
disrupted processing (i.e., greater neural response to SU-
related taste cues) in reward regions, including the puta-
men (Bach et al. 2015; Ray and Hutchison 2004). Thus, the
existing literature suggests that carrying the “G” allele of
OPRM1 A118G confers neurocognitive risk for SU/SUD via
functional modulation of reward-related brain regions. Our
results expand upon this to imply that such endophenotypic
effects extend to brain structure in these same regions. That
these effects occur prior to SU suggests that OPRM1 A118G
genotype may be an important biomarker to be considered in
the development of preventative interventions.

For DRD2, compared to those carrying the non-risk allele
(i.e., AA/AG), those who were homozygous for the risk
“G” allele for DRD2 evinced decreased thickness in the left
ACC. These results are consistent with a prior meta-analysis
that identified consistently decreased gray matter in the right
ACC in those with SUD (Ersche et al. 2013). Moreover,
previous work showing a similar reduction in left ACC as
reported here noted that this structural variability was pre-
dictive of later alcohol misuse in adolescents (Cheetham
et al. 2014). Though not specific to cingulate thickness,
our results support other work showing patterns of brain
structure differences in G homozygotes specific to reward-
related regions, which may put them at disproportionate risk
of SU and SUD. Reductions in ACC and posterior cingulate



Psychopharmacology (2022) 239:141-152

149

thickness may point to potential alterations in affective and
cognitive processes that are highly relevant to the risk of SU
and the development of the SUD phenotype (e.g., response
inhibition, working memory (Cheetham et al. 2014)).
Indeed, our findings support prior research suggesting that
being homozygous for the G allele of DRD2 may coincide
with structural alterations in the cingulate, which may be an
identifiable precursor to adolescent SU and SUD.

Finally, subsequent SU was associated with baseline
bilateral NAcc volumes. Extant literature largely supports
the notion that alterations in the NAcc (both functionally
and structurally) are related to and may precede adolescent
SU (Cope et al. 2019; Morales et al. 2019; Weissman et al.
2015). Of relevance to the current study, previous work has
noted that larger NAcc volume relates to future SU, par-
ticularly in adolescent females (Morales et al. 2019). In
those with a positive family history of SUDs, females tend
to have larger left NAcc volume (Cservenka et al. 2015). In
addition, college binge drinkers have greater NAcc volume
compared to abstinent controls (Sousa et al. 2020), sug-
gesting that alterations to the NAcc are evident prior to and
following SU initiation. In contrast to the current findings,
prior work has found that adolescents with smaller left NAcc
were more likely to have initiated SU at follow-up (Urose-
vic et al. 2014). This finding is not consistent with other
studies, including the present study, which may be due to
methodological differences. For example, the current study
evaluated a younger (11-13 years old) group of adolescents
across 3 time points, while Urosevic and colleagues’ (2014)
sample included older adolescents (15—18 years old) who
were evaluated across 2 time points. It may be that the age of
the current sample provided opportunity to observe a higher
risk group, as SU initiation before 15 is typically referred to
as early use (Moss et al. 2014). Taken together, our findings
add to a growing literature demonstrating that there are both
functional and, in the present study, structural alterations
in key reward-related regions that relate to subsequent SU
and predate SU initiation. This indicates that regions impli-
cated in the initiation and instantiation of SU and SUDs
(e.g., craving, reinforcing effects of substances) are likely
vulnerable even before adolescents initiate SU.

Limitations

There are limitations of the current study that temper defini-
tive conclusions. First, although the study is adequately
powered to investigate neural effects and larger effects of
genetic risk variants on brain structure, it is likely not suf-
ficiently powered to examine more nuanced genetic effects.
In other words, results reported here should be interpreted
with caution until larger, adequately powered cohort studies
are conducted and replicate the current findings. However,
while many other studies have considered the contribution

of genetic risk variants to variability in brain structure and
function in substance-dependent adults, there are few other
studies that have investigated genetic liability in conjunction
with indices of neural structure in SU-naive adolescents.
Thus, despite potential concerns regarding overall power,
this study presents novel findings in regions that are highly
relevant to the development of SU and SUD and, as such,
represents a promising avenue for future research examining
biological risk factors of adolescent SU and SUD. Moreover,
it is notable that prior imaging genetics studies investigating
similar topics have comparable (Hill et al. 2013) or even
smaller sample sizes compared to the current study (Markett
et al. 2017).

The potential power issue in our study is further com-
pounded by the relatively low frequency of the minor allele
for both the genes. Indeed, we were restricted to compari-
sons of AA and AG individuals for the OPRM1 A118G
SNP since we did not have any GG individuals. For the
DRD2 SNP, we had fewer AA individuals (i.e., 19), and
thus decided to combine AA and AG individuals, which is
consistent with the prior literature and allowed us to maxi-
mize our power. More adequately powered studies able to
recruit a greater number of individuals who are homozygous
for the minor allele for these types of variants will be better
positioned to disentangle the relative contributions of carry-
ing one or more copies of the risk or non-risk allele. It may
be the case that having two copies of a risk allele confers
greater associations between SU severity and variability in
SU-relevant brain structures compared to having a single
copy by exerting additive or synergistic effects.

Relatedly, although we were able to uncover gene X SU
interactions that predicted variability in brain structure, we
did not detect significantly increased odds of subsequent SU
based upon genotype alone. It is also notable that only initia-
tion of SU was considered and participants did not develop
SUD during the study period. In other words, subsequent
work investigating similar questions within a longer follow-
up period may yield different patterns than those observed
here. Future work will need to examine longitudinal interac-
tions between SU and genetic liability on patterns of brain
structure development and how these patterns relate to the
development of SUD.

Finally, it is possible that complementary measures of
SU that were not examined here may aid in uncovering
genetic impacts on the likelihood of use as well as the influ-
ence of genetic variability on brain structure in SU/SUD-
relevant regions. Here, we used a multi-measure approach
which effectively captured use of myriad substances across
an 18-month period, including establishing the SU-naive
cohort at baseline. However, future studies may benefit from
evaluating different dimensions of adolescent SU (e.g., SU
severity, different SU patterns, polysubstance use) or SU
measured over a different time scale (e.g., past week or past
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month use rather than use over longer periods, as was the
case here) that may allow for more nuanced predictive abil-
ity of variability in brain structure.

Implications and conclusions

The current study provides preliminary evidence for interac-
tions between OPRM1 and subsequent SU related to bilat-
eral caudate volume and right middle ACC thickness in a
sample of SU-naive adolescents. Moreover, specific effects
of OPRM1 and DRD?2 risk status, as well as subsequent
SU were associated with the structure of key reward-related
regions (e.g., putamen, NAcc, ACC). These are brain regions
whose structure and function have been consistently impli-
cated in reward-related processes and that subserve cogni-
tive and behavioral processes that typify various stages in
the cycle of addiction (Koob and Volkow 2016). Our data
provide initial evidence that gene-related structural variabil-
ity relates to subsequent SU, even prior to SU in regions
implicated in SU risk and the development of SUDs. In other
words, in our substance-use naive sample, consistent pat-
terns of alterations in brain structure (i.e., greater subcortical
volumes) were apparent in those carrying genetic risk vari-
ants who subsequently went on to engage in SU.

More work is needed to disentangle associations between
these genetic variants and their role in the developmental
course of these brain structures pertinent to SUD, as well
as their concomitant effects on SU-relevant behaviors. Our
results constitute a critical step in delineating correspond-
ence between genetic and neural risk factors of adolescent
SU. The SU-naive baseline sample is a crucially informative
aspect of the current study, as it helps to illuminate pre-
cursors for potential substance misuse, apart from effects
that SU are known to have on the developing brain. Iden-
tifying those developing brain structures that may serve as
endophenotypes (i.e., intermediate phenotypes) for genetic
discovery in the context of adolescent SU is important to
the premise that there are brain-mediated factors influencing
SU initiation and SUD risk. Moreover, the identification of
endophenotypic biomarkers that may mechanistically con-
tribute to an elevated risk for SU and eventual SUD has
significant implications for the development of preventative
intervention strategies for adolescent SU aimed at recalibrat-
ing reward circuitry and sensitivity in at-risk adolescents.
Identifying such endophenotypes provides an opportunity
to develop targeted interventions designed to bolster neu-
rocognitive skills supported by brain regions highlighted
in the current study; such interventions could be optimized
to enable acquisition of specific neurocognitive skills (e.g.,
behavioral and emotional regulation) that may help to delay
SU initiation and diminish long-term consequences of ado-
lescent SU.

@ Springer

Funding This research was supported by the following grants by the
NIH/NIAAA 1R01AA019983-01, 3RO1AA019983-02S1, and the NIH/
NICHD 5U54HD090257-04. The content is solely the responsibility
of the authors and does not necessarily represent the official views of
the National Institutes of Health.

Declarations

Conflict of interest The authors declare no competing interests.

References

Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM, Korbel JO,
Marchini JL, McCarthy S, McVean GA, Abecasis GR, Consor-
tium GP (2015) A global reference for human genetic variation.
Nature, 526(7571), 68-74. https://doi.org/10.1038/nature15393

Bach P, Vollsta Dt-Klein S, Kirsch M, Hoffmann S, Jorde A, Frank J,
Charlet K, Beck A, Heinz A, Walter H, Sommer WH, Spanagel
R, Rietschel M, Kiefer F (2015) Increased mesolimbic cue-reac-
tivity in carriers of the mu-opioid-receptor gene OPRM1 A118G
polymorphism predicts drinking outcome: a functional imaging
study in alcohol dependent subjects. Eur Neuropsychopharmacol
25(8):1128-1135. https://doi.org/10.1016/j.euroneuro.2015.04.
013

Batalla A, Lorenzetti V, Chye Y, Yiicel M, Soriano-Mas C, Bhattachar-
yya S, Torrens M, Crippa JAS, Martin-Santos R (2018) The influ-
ence of DAT1, COMT, and BDNF genetic polymorphisms on
total and subregional hippocampal volumes in early onset heavy
cannabis users. Cannabis Cannabinoid Res 3(1):1-10. https://doi.
org/10.1089/can.2017.0021

Batista-Garcia-Ramo K, Fernandez-Verdecia CI (2018) What we know
about the brain structure-function relationship. Behav Sci 8(4):39.
https://doi.org/10.3390/bs8040039

Behrendt S, Wittchen HU, Hofler M, Lieb R, Beesdo K (2009) Transi-
tions from first substance use to substance use disorders in ado-
lescence: is early onset associated with a rapid escalation? Drug
Alcohol Depend 99(1-3):68-78. https://doi.org/10.1016/j.druga
lcdep.2008.06.014

Brody GH, Chen YF, Beach SR (2013) Differential susceptibility to
prevention: GABAergic, dopaminergic, and multilocus effects. J
Child Psychol Psychiatry 54(8):863-871. https://doi.org/10.1111/
jepp.12042

Burns JA, Kroll DS, Feldman DE, Kure Liu C, Manza P, Wiers CE,
Volkow ND, Wang GJ (2019) Molecular imaging of opioid and
dopamine systems: insights into the pharmacogenetics of opioid
use disorders. Front Psych 10:626. https://doi.org/10.3389/fpsyt.
2019.00626

Carskadon MA, Acebo C (1993) A self-administered rating scale for
pubertal development. J Adolesc Health 14(3):190-195. https://
doi.org/10.1016/1054-139x(93)90004-9

Cheetham A, Allen NB, Whittle S, Simmons J, Yiicel M, Lubman
DI (2014) Volumetric differences in the anterior cingulate cortex
prospectively predict alcohol-related problems in adolescence.
Psychopharmacology 231(8):1731-1742. https://doi.org/10.1007/
s00213-014-3483-8

Cope LM, Martz ME, Hardee JE, Zucker RA, Heitzeg MM (2019)
Reward activation in childhood predicts adolescent substance use
initiation in a high-risk sample. Drug Alcohol Depend 194:318-
325. https://doi.org/10.1016/j.drugalcdep.2018.11.003

Courtney KE, Ghahremani DG, Ray LA (2013) Fronto-striatal func-
tional connectivity during response inhibition in alcohol depend-
ence. Addict Biol 18(3):593-604. https://doi.org/10.1111/adb.
12013


https://doi.org/10.1038/nature15393
https://doi.org/10.1016/j.euroneuro.2015.04.013
https://doi.org/10.1016/j.euroneuro.2015.04.013
https://doi.org/10.1089/can.2017.0021
https://doi.org/10.1089/can.2017.0021
https://doi.org/10.3390/bs8040039
https://doi.org/10.1016/j.drugalcdep.2008.06.014
https://doi.org/10.1016/j.drugalcdep.2008.06.014
https://doi.org/10.1111/jcpp.12042
https://doi.org/10.1111/jcpp.12042
https://doi.org/10.3389/fpsyt.2019.00626
https://doi.org/10.3389/fpsyt.2019.00626
https://doi.org/10.1016/1054-139x(93)90004-9
https://doi.org/10.1016/1054-139x(93)90004-9
https://doi.org/10.1007/s00213-014-3483-8
https://doi.org/10.1007/s00213-014-3483-8
https://doi.org/10.1016/j.drugalcdep.2018.11.003
https://doi.org/10.1111/adb.12013
https://doi.org/10.1111/adb.12013

Psychopharmacology (2022) 239:141-152

151

Cservenka, A., Gillespie, A. J., Michael, P. G., & Nagel, B. J. (2015).
Family history density of alcoholism relates to left nucleus accum-
bens volume in adolescent girls. J Stud Alcohol Drugs, 76(1),
47-56. https://doi.org/10.15288/jsad.2015.76.47

Ersche KD, Jones PS, Williams GB, Turton AJ, Robbins TW, Bullmore
ET (2012) Abnormal brain structure implicated in stimulant drug
addiction. Science 335(6068):601-604. https://doi.org/10.1126/
science.1214463

Ersche KD, Williams GB, Robbins TW, Bullmore ET (2013) Meta-
analysis of structural brain abnormalities associated with stimu-
lant drug dependence and neuroimaging of addiction vulnerability
and resilience. Curr Opin Neurobiol 23(4):615-624. https://doi.
org/10.1016/j.conb.2013.02.017

Everitt, B. J., & Robbins, T. W. (2013). From the ventral to the dorsal
striatum: devolving views of their roles in drug addiction. Neuro-
science & Biobehavioral Reviews, 37(9 Pt A), 1946-1954. https://
doi.org/10.1016/j.neubiorev.2013.02.010

Faul F, Erdfelder E, Lang AG, Buchner A (2007) G*Power 3: a flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behav Res Methods 39(2):175-191. https://
doi.org/10.3758/bf03193146

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van
der Kouwe A, Killiany R, Kennedy D, Klaveness S, Montillo A,
Makris N, Rosen B, Dale AM (2002) Whole brain segmentation:
automated labeling of neuroanatomical structures in the human
brain. Neuron 33(3):341-355. https://doi.org/10.1016/s0896-
6273(02)00569-x

Fishbein DH, Rose EJ, Darcey VL, Belcher AM, VanMeter JW (2016)
Neurodevelopmental precursors and consequences of substance
use during adolescence: promises and pitfalls of longitudinal neu-
roimaging strategies. Front Hum Neurosci 10(296):1-16. https://
doi.org/10.3389/fnhum.2016.00296

Freeman B, Smith N, Curtis C, Huckett L, Mill J, Craig IW (2003)
DNA from buccal swabs recruited by mail: evaluation of storage
effects on long-term stability and suitability for multiplex poly-
merase chain reaction genotyping. Behav Genet 33(1):67-72.
https://doi.org/10.1023/a:1021055617738

Gao, X., Wang, Y., Lang, M., Yuan, L., Reece, A. S., & Wang, W.
(2017). Contribution of genetic polymorphisms and haplotypes
in DRD2, BDNF, and opioid receptors to heroin dependence and
endophenotypes among the Han Chinese. OMICS: A Journal of
Integrative Biology, 21(7), 404—412. https://doi.org/10.1089/omi.
2017.0057

Heitzeg MM, Cope LM, Martz ME, Hardee JE (2015) Neuroimaging
risk markers for substance abuse: recent findings on inhibitory
control and reward system functioning. Curr Addict Rep 2(2):91—
103. https://doi.org/10.1007/s40429-015-0048-9

Hill SY, Lichenstein S, Wang S, Carter H, McDermott M (2013) Cau-
date volume in offspring at ultra high risk for alcohol dependence:
COMT Vall58Met, DRD2, externalizing disorders, and working
memory. Adv Mol Imaging 3(4):43-54. https://doi.org/10.4236/
ami.2013.34007

Hirvonen MM, Laakso A, Néagren K, Rinne JO, Pohjalainen T, Hietala
J (2009) C957T polymorphism of dopamine D2 receptor gene
affects striatal DRD2 in vivo availability by changing the recep-
tor affinity. Synapse 63(10):907-912. https://doi.org/10.1002/syn.
20672

Johnston LD, Miech RA, O’Malley PM, Bachman JG, Schulenberg JE,
Patrick ME (2020) Monitoring the future national survey results
on drug use 1975-2019: overview, key findings on adolescent drug
use. Ann Arbor Michigan: Institute for Social Research, Univer-
sity of Michigan

Jordan CJ, Andersen SL (2017) Sensitive periods of substance abuse:
early risk for the transition to dependence. Dev Cogn Neurosci
25:29-44. https://doi.org/10.1016/j.dcn.2016.10.004

Kleinjan M, Poelen EA, Engels RC, Verhagen M (2013) Dual growth
of adolescent smoking and drinking: evidence for an interaction
between the mu-opioid receptor (OPRM1) A118G polymorphism
and sex. Addict Biol 18(6):1003-1012. https://doi.org/10.1111/j.
1369-1600.2011.00422.x

Koob GF, Volkow ND (2016) Neurobiology of addiction: a neurocir-
cuitry analysis. Lancet Psychiatry 3(8):760-773. https://doi.org/
10.1016/S2215-0366(16)00104-8

Korucuoglu O, Gladwin TE, Baas F, Mocking RJT, Ruhé HG, Groot
PFC, Wiers RW (2017) Neural response to alcohol taste cues in
youth: effects of the OPRM1 gene. Addict Biol 22(6):1562-1575.
https://doi.org/10.1111/adb.12440

Kravitz AV, Tomasi D, LeBlanc KH, Baler R, Volkow ND, Bonci A,
Ferré S (2015) Cortico-striatal circuits: novel therapeutic targets
for substance use disorders. Brain Res 1628(Pt A):186-198.
https://doi.org/10.1016/j.brainres.2015.03.048

Lopez-Leon S, Gonzalez-Giraldo Y, Wegman-Ostrosky T, Forero DA
(2021) Molecular genetics of substance use disorders: an umbrella
review. Neurosci Biobehav Rev 124(1):359-369. https://doi.org/
10.1016/j.neubiorev.2021.01.019

Macare C, Ducci F, Zhang Y, Ruggeri B, Jia T, Kaakinen M et al
(2018) A neurobiological pathway to smoking in adolescence:
TTC12-ANKK1-DRD?2 variants and reward response. Eur Neu-
ropsychopharmacol 28(10):1103—1114. https://doi.org/10.1016/j.
euroneuro.2018.07.101

Markett S, Reuter M, Montag C, Weber B (2013) The dopamine D2
receptor gene DRD2 and the nicotinic acetylcholine receptor gene
CHRNAA4 interact on striatal gray matter volume: evidence from
a genetic imaging study. Neuroimage 64:167—172. https://doi.org/
10.1016/j.neuroimage.2012.08.059

Markett S, de Reus MA, Reuter M, Montag C, Weber B, Schoene-Bake
JC, van den Heuvel MP (2017) Variation on the dopamine D2
receptor gene (DRD2) is associated with basal ganglia-to-frontal
structural connectivity. Neuroimage 155:473—479. https://doi.org/
10.1016/j.neuroimage.2017.04.005

Miranda R, Ray L, Justus A, Meyerson LA, Knopik VS, McGeary
J, Monti PM (2010) Initial evidence of an association between
OPRMI and adolescent alcohol misuse. Alcohol Clin Exp Res
34(1):112-122. https://doi.org/10.1111/1.1530-0277.2009.01073.x

Morales AM, Boyd SJ, Mackiewicz Seghete KL, Johnson AJ, De Bel-
lis MD, Nagel BJ (2019). Sex differences in the effect of nucleus
accumbens volume on adolescent drinking: the mediating role of
sensation seeking in the NCANDA sample. J Stud Alcohol Drugs,
80(6), 594-601. https://doi.org/10.15288/jsad.2019.80.594

Moss HB, Chen CM, Yi HY (2014) Early adolescent patterns of alco-
hol, cigarettes, and marijuana polysubstance use and young adult
substance use outcomes in a nationally representative sample.
Drug Alcohol Depend 136:51-62. https://doi.org/10.1016/j.druga
ledep.2013.12.011

Miiller DJ, Zai CC, Sicard M, Remington E, Souza RP, Tiwari AK,
Hwang R, Likhodi O, Shaikh S, Freeman N, Arenovich T, Heinz
A, Meltzer HY, Lieberman JA, Kennedy JL (2012) Systematic
analysis of dopamine receptor genes (DRD1-DRDS) in antipsy-
chotic-induced weight gain. Pharmacogenomics J 12(2):156-164.
https://doi.org/10.1038/tpj.2010.65

Nemmi F, Nymberg C, Darki F, Banaschewski T, Bokde ALW, Biichel
C et al (2018) Interaction between striatal volume and DAT1 poly-
morphism predicts working memory development during adoles-
cence. Dev Cogn Neurosci 30:191-199. https://doi.org/10.1016/j.
dcn.2018.03.006

Pando-Naude V, Toxto S, Fernandez-Lozano S, Parsons CE, Alcauter
S, Garza Villarreal EA (2021) Gray and white matter morphology
in substance use disorders: a neuroimaging systematic review and
meta-analysis. Transl Psychiatry 11:1-18. https://doi.org/10.1038/
$41398-020-01128-2

@ Springer


https://doi.org/10.15288/jsad.2015.76.47
https://doi.org/10.1126/science.1214463
https://doi.org/10.1126/science.1214463
https://doi.org/10.1016/j.conb.2013.02.017
https://doi.org/10.1016/j.conb.2013.02.017
https://doi.org/10.1016/j.neubiorev.2013.02.010
https://doi.org/10.1016/j.neubiorev.2013.02.010
https://doi.org/10.3758/bf03193146
https://doi.org/10.3758/bf03193146
https://doi.org/10.1016/s0896-6273(02)00569-x
https://doi.org/10.1016/s0896-6273(02)00569-x
https://doi.org/10.3389/fnhum.2016.00296
https://doi.org/10.3389/fnhum.2016.00296
https://doi.org/10.1023/a:1021055617738
https://doi.org/10.1089/omi.2017.0057
https://doi.org/10.1089/omi.2017.0057
https://doi.org/10.1007/s40429-015-0048-9
https://doi.org/10.4236/ami.2013.34007
https://doi.org/10.4236/ami.2013.34007
https://doi.org/10.1002/syn.20672
https://doi.org/10.1002/syn.20672
https://doi.org/10.1016/j.dcn.2016.10.004
https://doi.org/10.1111/j.1369-1600.2011.00422.x
https://doi.org/10.1111/j.1369-1600.2011.00422.x
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1111/adb.12440
https://doi.org/10.1016/j.brainres.2015.03.048
https://doi.org/10.1016/j.neubiorev.2021.01.019
https://doi.org/10.1016/j.neubiorev.2021.01.019
https://doi.org/10.1016/j.euroneuro.2018.07.101
https://doi.org/10.1016/j.euroneuro.2018.07.101
https://doi.org/10.1016/j.neuroimage.2012.08.059
https://doi.org/10.1016/j.neuroimage.2012.08.059
https://doi.org/10.1016/j.neuroimage.2017.04.005
https://doi.org/10.1016/j.neuroimage.2017.04.005
https://doi.org/10.1111/j.1530-0277.2009.01073.x
https://doi.org/10.15288/jsad.2019.80.594
https://doi.org/10.1016/j.drugalcdep.2013.12.011
https://doi.org/10.1016/j.drugalcdep.2013.12.011
https://doi.org/10.1038/tpj.2010.65
https://doi.org/10.1016/j.dcn.2018.03.006
https://doi.org/10.1016/j.dcn.2018.03.006
https://doi.org/10.1038/s41398-020-01128-2
https://doi.org/10.1038/s41398-020-01128-2

152

Psychopharmacology (2022) 239:141-152

Popova D, Desai N, Blendy JA, Pang ZP (2019) Synaptic regula-
tion by OPRM1 variants in reward neurocircuitry. J Neurosci
39(29):5685-5696. https://doi.org/10.1523/INEUROSCI.2317-
18.2019

Ray LA, Hutchison KE (2004) A polymorphism of the mu-opioid
receptor gene (OPRM1) and sensitivity to the effects of alcohol
in humans. Alcohol Clin Exp Res 28(12):1789-1795. https://doi.
org/10.1097/01.alc.0000148114.34000.b9

Ray LA, Courtney KE, Hutchison KE, Mackillop J, Galvan A, Ghah-
remani DG (2014) Initial evidence that OPRM1 genotype mod-
erates ventral and dorsal striatum functional connectivity during
alcohol cues. Alcohol Clin Exp Res 38(1):78-89. https://doi.org/
10.1111/acer.12136

Reuter M, Rosas HD, Fischl B (2010) Highly accurate inverse consist-
ent registration: a robust approach. Neuroimage 53(4):1181-1196.
https://doi.org/10.1016/j.neuroimage.2010.07.020

Roussotte FF, Jahanshad N, Hibar DP, Thompson PM, (ADNI) A. s.
D. N. 1. (2015). Altered regional brain volumes in elderly carriers
of arisk variant for drug abuse in the dopamine D2 receptor gene
(DRD2). Brain Imaging Behav, 9(2), 213-222. https://doi.org/10.
1007/s11682-014-9298-8

Rouvinen-Lagerstrom N, Lahti J, Alho H, Kovanen L, Aalto M, Par-
tonen T et al (2013) p-Opioid receptor gene (OPRM1) polymor-
phism A118G: Lack of association in Finnish populations with
alcohol dependence or alcohol consumption. Alcohol Alcohol
48(5):519-525. https://doi.org/10.1093/alcalc/agt050

Scott JC, Wolf DH, Calkins ME, Bach EC, Weidner J, Ruparel K et al
(2017) Cognitive functioning of adolescent and young adult can-
nabis users in the Philadelphia Neurodevelopmental Cohort. Psy-
chol Addict Behav 31(4):423-434. https://doi.org/10.1037/adb00
00268

Ségonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, Fischl
B (2004) A hybrid approach to the skull stripping problem in
MRI. Neuroimage 22(3):1060-1075. https://doi.org/10.1016/j.
neuroimage.2004.03.032

Ségonne F, Pacheco J, Fischl B (2007) Geometrically accurate topol-
ogy-correction of cortical surfaces using nonseparating loops.
IEEE Trans Med Imaging 26(4):518-529. https://doi.org/10.1109/
TMI.2006.887364

Sled JG, Zijdenbos AP, Evans AC (1998) A nonparametric method
for automatic correction of intensity nonuniformity in MRI data.
IEEE Trans Med Imaging 17(1):87-97. https://doi.org/10.1109/
42.668698

Smith CT, Dang LC, Buckholtz JW, Tetreault AM, Cowan RL, Kes-
sler RM, Zald DH (2017) The impact of common dopamine D2

@ Springer

receptor gene polymorphisms on D2/3 receptor availability:
C957T as a key determinant in putamen and ventral striatum.
Transl Psychiatry 7(4):e1091-e1091. https://doi.org/10.1038/tp.
2017.45

Sousa SS, Sampaio A, Lopez-Caneda E, Bec C, Gongalves ()F, Crego
A (2020) Increased nucleus accumbens volume in college binge
drinkers-preliminary evidence from manually segmented MRI
analysis. Front Psych 10(1005):1-9. https://doi.org/10.3389/fpsyt.
2019.01005

Stice E, Yokum S, Burger KS (2013) Elevated reward region respon-
sivity predicts future substance use onset but not overweight/obe-
sity onset. Biol Psychiat 73(9):869-876. https://doi.org/10.1016/j.
biopsych.2012.11.019

Swagell CD, Lawford BR, Hughes IP, Voisey J, Feeney GF, van Daal
A, Connor JP, Noble EP, Morris CP, Young RM (2012) DRD2
CI957T and TagIA genotyping reveals gender effects and unique
low-risk and high-risk genotypes in alcohol dependence. Alcohol
Alcohol 47(4):397-403. https://doi.org/10.1093/alcalc/ags047

Trucco EM, Madan B, Villar M (2019) The impact of genes on ado-
lescent substance use: a developmental perspective. Curr Addict
Rep 6(4):522-531. https://doi.org/10.1007/s40429-019-00273-z

Villalba K, Devieux JG, Rosenberg R, Cadet JL (2015) DRD2 and
DRD4 genes related to cognitive deficits in HIV-infected adults
who abuse alcohol. Behav Brain Funct 11:25. https://doi.org/10.
1186/512993-015-0072-x

Voisey J, Swagell CD, Hughes IP, van Daal A, Noble EP, Lawford BR,
Young RM, Morris CP (2012) A DRD2 and ANKK1 haplotype
is associated with nicotine dependence. Psychiatry Res 196(2—
3):285-289. https://doi.org/10.1016/j.psychres.2011.09.024

Vollstadt-Klein, S., Wichert, S., Rabinstein, J., Biihler, M., Klein, O.,
Ende, G., ... & Mann, K. (2010). Initial, habitual and compulsive
alcohol use is characterized by a shift of cue processing from
ventral to dorsal striatum. Addiction, 105(10), 1741-1749. https://
doi.org/10.1111/5.1360-0443.2010.03022.x

Weissman DG, Schriber RA, Fassbender C, Atherton O, Krafft C, Rob-
ins RW, ... & Guyer AE (2015) Earlier adolescent substance use
onset predicts stronger connectivity between reward and cognitive
control brain networks. Dev Cogn Neurosci, 16:121-129. https://
doi.org/10.1016/j.den.2015.07.002

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1523/JNEUROSCI.2317-18.2019
https://doi.org/10.1523/JNEUROSCI.2317-18.2019
https://doi.org/10.1097/01.alc.0000148114.34000.b9
https://doi.org/10.1097/01.alc.0000148114.34000.b9
https://doi.org/10.1111/acer.12136
https://doi.org/10.1111/acer.12136
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1007/s11682-014-9298-8
https://doi.org/10.1007/s11682-014-9298-8
https://doi.org/10.1093/alcalc/agt050
https://doi.org/10.1037/adb0000268
https://doi.org/10.1037/adb0000268
https://doi.org/10.1016/j.neuroimage.2004.03.032
https://doi.org/10.1016/j.neuroimage.2004.03.032
https://doi.org/10.1109/TMI.2006.887364
https://doi.org/10.1109/TMI.2006.887364
https://doi.org/10.1109/42.668698
https://doi.org/10.1109/42.668698
https://doi.org/10.1038/tp.2017.45
https://doi.org/10.1038/tp.2017.45
https://doi.org/10.3389/fpsyt.2019.01005
https://doi.org/10.3389/fpsyt.2019.01005
https://doi.org/10.1016/j.biopsych.2012.11.019
https://doi.org/10.1016/j.biopsych.2012.11.019
https://doi.org/10.1093/alcalc/ags047
https://doi.org/10.1007/s40429-019-00273-z
https://doi.org/10.1186/s12993-015-0072-x
https://doi.org/10.1186/s12993-015-0072-x
https://doi.org/10.1016/j.psychres.2011.09.024
https://doi.org/10.1111/j.1360-0443.2010.03022.x
https://doi.org/10.1111/j.1360-0443.2010.03022.x
https://doi.org/10.1016/j.dcn.2015.07.002
https://doi.org/10.1016/j.dcn.2015.07.002

	Effects of OPRM1 and DRD2 on brain structure in drug-naïve adolescents: Genetic and neural vulnerabilities to substance use
	Abstract
	Introduction
	Materials and methods
	Participants
	Procedures
	Substance use
	MRI data acquisition
	MRI data quality control
	MRI data processing
	Genotyping protocol
	Data analysis


	Results
	Main effects of genotype and SU
	Genotype × SU interactions

	Discussion
	Limitations
	Implications and conclusions

	References


