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ABSTRACT

Dopamine receptor concentrations, primarily in the striatum, are hypothesized to contribute to a developmental
imbalance between subcortical and prefrontal control systems in emerging adulthood potentially biasing motivation
and increasing risky behaviors. Positron emission tomography studies have found significant reductions in striatal do-
pamine D2 receptors, and blunted amphetamine-induced dopamine release, in substance users compared with healthy
controls. Extant literature is limited and inconsistent concerning vulnerability associated with having a family history
of substance abuse (FH+). Some studies have reported familial liability associated with higher dopamine receptor levels,
reduced dopamine response to stimulant challenges and decreased response to oral alcohol. However, other reports
have failed to find group differences based on family history. We explored the interaction of familial liability and behav-
ioral risk with multi-modal molecular and neural imaging of the dopaminergic system. Forty-four young adult male
subjects performed monetary incentive delay tasks during both [11C]raclopride positron emission tomography and
functional magnetic resonance imaging scans. FH+ subjects were identified as low (n=24) or high risk (n=9) based
on early initiation of drunkenness. FH+ high-risk subjects exhibited heightened striatal dopamine response to mone-
tary reward but did not differ in neural activations compared with FH+ low risk subjects and controls with no familial
loading (n=11). Across all subjects, a negative relationship was found between dopamine release and age of first
drunkenness and a positive relationship with neural response to reward receipt. These results suggest that in at-risk
individuals, higher dopamine transmission associated with monetary reward may represent a particularly useful
neurobiological phenotype.
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INTRODUCTION

The transition from adolescence to adulthood is a partic-
ularly unique developmental period. During these years,
heavy substance use, bingeing and the development of
problem substance use generally reaches a peak and then
begins to taper off in most, but not in all, individuals
(Johnston et al. 1996). The significant question remains
why the majority of youth transition through this period
successfully while a subset remains vulnerable to devel-
opment of substance use disorders. Concurrent to this
period of experimentation, dopamine receptor concentra-
tions, primarily in the striatum (including the nucleus
accumbens, NAcc), reach peak levels (Seeman et al.
1987). Critically, the mesolimbic dopamine system is
hypothesized to play a role in addiction disorders, with

blunted levels of dopamine D2 receptors and dopamine
transmission associatedwith abuse of alcohol and stimulants
(Trifilieff and Martinez 2014b). However, it remains unclear
whether the dopamine system in some, potentially vulnera-
ble, individuals is different prior to use of substances or
whether this system is altered by use, or both.

A family history of alcohol use disorder (AUD) is a
known risk factor for AUD and other substance use
disorders (National Institute on Alcohol Abuse and
Alcoholism 2000) with genetic influence accounting for
40–60 percent of the variance in substance abuse risk
(Nestler 2000). Research has probed how the dopaminer-
gic system may be involved in familial risk using positron
emission tomography (PET). For example, Volkow and
colleagues found that non-alcoholic adult members of
alcoholic families had higher dopamine D2 receptor
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availability in the caudate and ventral striatum than
non-alcoholic controls, suggesting high levels of receptors
might be a protective factor against alcohol problems in
these individuals (Volkow et al. 2006). More recently,
Casey et al. (2014) enrolled young adults with a family
history of substance use disorders (FH+) who reported
occasional use of psychostimulants. These subjects had
blunted stimulant-induced dopamine release compared
with two groups of controls—no familial loading (FH�)
subjects that were drug-naïve and FH� subjects who
matched the high-risk group on personal drug use,
although the groups did not differ on baseline receptor
availability (Casey et al. 2014). Taken together, these
studies suggest that for individuals with familial risk, high
D2 receptor levels may be associated with resilience while
reduced striatal dopamine release following a stimulant
challenge might be a biomarker of vulnerability for sub-
stance use disorders (Trifilieff and Martinez 2014a).
However, an earlier stimulant challenge study of non-
alcoholic subjects found no effect of family history either
on D2 receptor levels or dopamine release (Munro et al.
2006). Furthermore, higher dopamine response in response
to oral alcohol was recently found to be associated with
higher familial loading (Setiawan et al. 2014). Given the
contradictions in the literature, additional work is required
to understand a link between striatal function and vulne-
rability.

We sought to further these investigations of risk with
an experimental method that behaviorally probes the
reward system and has been well validated during func-
tional magnetic resonance imaging (fMRI), the monetary
incentive delay task, (MID, e.g. Knutson et al. 2001).
Ventral striatal response to this task, measured by blood
oxygen level-dependent (BOLD) signal, has been shown
to be associated with substance use and risk for substance
abuse (see recent review by Balodis and Potenza 2015).
For example, work from our laboratory has shown that
NAcc anticipatory response to reward is related to drink-
ing behaviors in transitioning at-risk youth (Yau et al.
2012; Heitzeg et al. 2014). In addition, we recently dem-
onstrated that a version of the MID modified for PET
induced the activation of striatal dopamine neurotrans-
mission in healthy individuals (Weiland et al. 2014).
Specifically, we found an average 5 percent reduction in
[11C]raclopride binding potential (BPND) associated with
reward . For the current study, we probed neural and
molecular substrates of reward processing with the MID
during both PET and fMRI scanning of young adults with
familial risk and control subjects. In the FH+ sample, we
identified as high risk (HR) those subjects who had
reported drunkenness by age 15years, a behavioral predic-
tor of later dependence diagnosis (Spak et al. 1997). We
sought to explore the interaction between familial and behav-
ioral risk, withmulti-modal neuroimaging, hypothesizing that

increased NAcc BOLD response and dopamine transmission
would be related to both.

METHODS

Subjects

Forty-four right-handed, young adult male subjects were
recruited from the Michigan Longitudinal Study, an
ongoing prospective community study of families with
parental AUD (FH+, n=33) and contrast families (FH�,
n=11) (Zucker et al. 2000). Parental AUD was based
on at least one parent meeting DSM-IV AUD criteria in
their lifetime; detailed descriptions regarding the Michi-
gan Longitudinal Study can be found in Zucker et al.
(1996). Families in which the mother reported drinking
during pregnancy or in which the target child exhibited
signs of fetal alcohol syndrome were excluded. Exclusion-
ary criteria were the following: any neurological, acute,
uncorrected or chronic illness; any current or recent
(within 6months) treatment with centrally active medica-
tions including sedative hypnotics; and history of psychosis
or schizophrenia in first-degree relatives. The presence of
most axis I psychiatric or developmental disorders was
exclusionary. However, externalizing disorders, including
conduct disorder, attention deficit/hyperactivity disorder,
substance use disorders, were not exclusionary as these
may lie on a developmental spectrum with AUD risk. Diag-
noses were determined using DSM-IV criteria. Participants
were told to abstain from alcohol and other drugs (with
the exception of nicotine) for 48hours prior to their appoint-
ment and were given a multi-drug five-panel urine screen
before scanning. Because THC metabolites are detectible in
urine for more than 48hours, we relied on self-report regard-
ing abstinence in the 2days prior to the study if a participant
tested positive for marijuana. Report of marijuana use in the
prior 48hours or a positive screen for other drug use was
exclusionary. Subject characteristics are summarized in
Table 1. Protocols were approved by the Investigational
Review Board and the Radioactive Drug Research Committee
of the University of Michigan, and written informed consent
was obtained from all subjects. Urine drug screens were per-
formed immediately before both PET and fMRI sessions.

Substance use

Substance use was evaluated with the Drinking and Drug
History Questionnaire (Zucker et al. 1990), which as-
sesses onset of use, quantity, and frequency of alcohol,
marijuana and cigarette consumption; any other drug
use, and has questions regarding consequences and prob-
lems related to alcohol use. This measure was adminis-
tered yearly since age 11years and used to derive cumulative
substance use by calculating annual use and summing these
values through the current age. If dataweremissing for a year,
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annual use was calculated as an average of the adjacent years.
Abuse or dependence diagnoses were assessed using DSM-IV
criteria.

Recent substance use

The timeline follow-back questionnaire (Sobell and Sobell
1992) was used to query daily alcohol, cigarette and drug
use in the 30 days prior to PET scanning. Subjects

reported the number of days and quantity (i.e. number
of standard drink, cigarettes and joints) of use.

Experimental paradigm—PET

Each subject underwent a single 90-minute PET scan
with [11C]raclopride, a DA radiotracer with affinity for
both D2 and D3 receptors (Seeman et al. 2006), during
which they performed a modified version of the MID

Table 1 Subject characteristics.

FH+ low versus high risk

Measure FH� control FH+ low risk FH+ high risk t Sig

N 11 24 9
Age at scan (years) 20.6 (2.7) 22.0 (2.8) 24.2 (2.9) �1.92 0.064
Family expression AUD 0.02 (.03) 0.68 (0.37) 0.56 (0.42) 0.62 0.543
IQa 108 106 (12) 112 (12) �1.23 0.228
Past month substance use

Alcohol (standard drinks) 12.4 (18.4) 5.7 (9.3) 50.9 (97.0) �2.32 0.027
Cigarettes (#) 23.1 (76.6) 15.7 (44.4) 42.8 (122.4) �0.95 0.350
Marijuana (# of joints) 2.90 (7.00) 1.46 (6.11) 21.11 (48.85) �1.98 0.056

Cumulative substance use
Cumulative drink volume 713 (1103) 882 (1403) 3967 (3721) �3.52 0.001
# binge drinking days 61 (134) 82 (160) 304 (233) �3.13 0.004
# days of cigarette smoking 203 (329) 209 (423) 631 (977) �1.76 0.089
# days of marijuana use 174 (556) 34 (112) 520 (589) �3.95 <0.001
# alcohol related problems 2.8 (4.3) 3.0 (3.8) 9.8 (5.2) �4.16 <0.000
# drug related problems 0.18 (0.60) 0.13 (0.45) 1.22 (1.72) �2.94 0.006

Impulsivityb 1.72 (1.42) 2.58 (2.48) 2.56 (2.50) 0.03 0.977
Sensation-seekingb 6.09 (2.12) 6.13 (2.97) 8.67 (2.18) �2.33 0.026
Resiliencyc 6.41 (1.02) 6.42 (0.96) 6.28 (0.92) 0.37 0.714
Reactive controlc 5.28 (0.86) 5.06 (0.91) 4.64 (1.05) 1.15 0.260
Negative emotionalityc 3.62 (1.17) 3.54 (0.97) 3.72 (1.04) �0.48 0.636
Age of initial

First drink 16.2 (1.5) 15.8 (3.4) 11.9 (1.8) 3.23 0.003
First drunk 17.8 (1.1) 18.1 (2.0) 13.9 (1.2) 5.50 <0.001
First marijuana use 15.7 (1.1) 17.0 (3.3) 15.4 (3.5) 0.99 0.339
First cigarette use 16.6 (0.7) 16.6 (1.3) 17.2 (3.0) �0.53 0.607
First illicit drug use other than marijuana 18.7 (4.1) 16.6 (3.8) 17.1 (2.6) �0.22 0.833

Diagnosesd

Alcohol abuse 0 1 2 ns
Alcohol dependence 0 0 0 ns
Marijuana abuse 1 0 1 ns
Marijuana dependence 0 0 1 ns
Nicotine dependence 0 0 0 ns
Other substance abusee 0 0 0 ns
Other substance dependencee 0 0 0 ns
Major depression disorder 0 2 3 ns
Anxiety disorder 0 0 0 ns
Externalizing behavior 4 7 4 ns
Attention deficit disorder 2 5 2 ns
Conduct disorder 1 1 0 ns

Data presented as mean (standard deviation) where applicable. Significant values in bold at α =0.05. aWechsler Intelligence Scale for Children – 3rd edition or
Revised WISC. These data were collected when participants were between the ages of 12 and 14 years as part of the ongoing Michigan Longitudinal Study.
bZuckerman Impulsivity and Sensation Seeking Scale (Zuckerman 1972). cQ-Sort Eisenberg temperament scale (Eisenberg et al. 1997). dAnnual assessments using
Drinking and Drug History Form (DDHx) since age 11 years through scan age; abuse and dependence diagnoses based on Diagnostic Interview Schedule for
DSM-IV Child Version, assessed for 5 years prior to scan ;data presented as number of individuals per group meeting diagnoses. eIncludes any of the following:
amphetamines, cocaine, sedatives/hypnotics or opiates. AUD, alcohol use disorder; FH+, family history of substance abuse; FH�, no familial loading.
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reward task divided into two conditions, reward and con-
trol (Schott et al. 2008). Trials included an incentive cue,
indicating the possibility of reward or the absence of a
reward, followed by an anticipation delay. A target then
appeared for a variable length of time during which the
subject used a mouse press response in an attempt to gain
or avoid losing money; a schematic of the task is pre-
sented in Fig. 1. In the reward condition, cues varied in
amount (from $0.00 to $5.00) and valence (win or lose)
and a feedback message then informed subjects of the
trial outcome. To increase attention and reduce adapta-
tion to the reward in the reward condition over time dur-
ing the scan, the feedback included increasing positive
sounds (i.e. applause and cash register) due to an increas-
ing reward rate over the task. As a control condition, we
utilized a control task involving no incentives, where sub-
jects were instructed to respond to a neutral target and
feedback was replaced with a message to continue to
the next trial without indication of performance. In both
conditions, duration of the response target was calculated
based on the individual subject’s reaction time during a
practice session prior to scanning and dynamically adjusted
to a mean hit rate of approximately 66percent. Each pre-
sentation lasted for approximately 30minutes without
interruption with the control condition presented first,
beginning at 5minutes after tracer injection, followed by
the reward condition, beginning at 45minutes post-
injection. Participants were paid a fixed rate to participate

in the study and additionally received any money they
won during the reward condition.

PET imaging

Positron emission tomography scans were acquired with
a Siemens (Knoxville, TN, USA) HR+ scanner in 3-D
mode (reconstructed full-width at half maximum resolu-
tion, ~5.5mm in-plane and 5.0mm axially). Radiotracer
synthesis and image acquisition, co-registration and
reconstruction protocols were identical to those used pre-
viously (Weiland et al. 2014). Briefly, images were recon-
structed, attenuation andmotion corrected, and co-registered
to each other (Minoshima et al. 1993). Time points were then
decay-corrected during data reconstruction. Approximately
15mCi was administered for each scan (<40μg total cold
mass for raclopride). Fifty percent of the radiotracer dose was
administered as a boluswith the remainder delivered as a con-
tinuous infusion that allows for more rapid equilibration
across compartments and is achieved within 5minutes of
radiotracer administration (Watabe et al. 2000). Twenty-
eight image frames were acquired over 90minutes with an
increasing duration (30seconds up to 10minutes).

PET image processing

Dynamic images were transformed, on a voxel-by-voxel
basis, into two co-registered sets of parametric maps: a
tracer transport measure (K1 ratio) and a receptor-related

Figure 1 (a) Schematic of reward condition of PET paradigm: trials followed the same timing as the fMRI paradigm presented in a single run of
30minutes with reward and loss cues. Novel changes to cues and feedback were added over time including color and sound to maintain subject
interest. A control condition presenting a neutral cue and target with no feedback was presented during a separate single 30minute run. (b)
Schematic of fMRI paradigm: a single trial of 6 seconds consisted of 2000milliseconds each for cue, anticipation and target plus feedback. Subjects
complete two runs of 5 minutes each. Reward, loss and neutral cues were counterbalanced and presented pseudorandomly throughout each
run. PET, positron emission tomography; fMRI, functional magnetic resonance imaging. [Colour figure can be viewed at wileyonlinelibrary.com]
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measure at equilibrium BPND (Innis et al. 2007), yielding
condition level images obtained from 35 to 45minutes
(control) and 60 to 80minutes (reward) after tracer admin-
istration, using full equilibrium data, with the cerebellumas
the non-displaceable reference region. Under these experi-
mental conditions, reductions in in vivo DA D2/D3 receptor
availability (BPND) are thought to reflect DA release and
neurotransmitter-receptor interactions as [11C]raclopride
binds to D2/D3 receptors in the striatum and is sensitive
to endogenous striatal DA release (Zald et al. 2004). With
a priori interest in the NAcc (Heitzeg et al. 2014) and given
the poor spatial discrimination of PET images (Yoder et al.
2007), 10-mm spherical masks were created centered on
the area of peak ventral striatal radioligand displacement,
BPND, from the 35–45minute map for each individual
(Schott et al. 2008) using the MarsBaR region of interest
(ROI) toolbox. For all individuals, the peak BPND lay within
10mm masks previously used as ventral striatum (10, 13,
–8; 11, 13, –8; Weiland et al. 2014). Data from individual
control and reward maps were extracted for quantifica-
tion of regional BPND and calculation of percent change,
ΔBPND, for use in statistical analyses. Reductions in ΔBPND
from control to active conditions reflect activation of
DA D2/D3 neurotransmission (Carson et al. 1997).
Hereafter, we refer to this as incentive-associated/reward-
associated DA release, although we note that the reward
condition included loss trials and, due to the temporal
resolution of PET, combines all events (i.e. cue presentation,
anticipation and outcome) into a single metric.

Experimental paradigm - fMRI

Brain response during anticipation and feedback of in-
centive stimuli was probed in an fMRI experiment using
a version of the MID task similar to that performed in
the PET scan (Fig. 1). Each session involved 72 6-second
trials consisting of four events. First, subjects were pre-
sented with an incentive cue (2000milliseconds) of five
possible values (gain of $0.20 and $5.00; loss of $0.20
and $5.00; or no change $0). This was followed by a
2000-millisecond anticipation delay. Next, a target ap-
peared for a variable length of time (200–300milliseconds
) during which subjects made a button press response in
an attempt to gain or avoid losing the money. Subjects were
instructed to respond to neutral targets despite the lack of
incentive value. A feedback message then informed them
of the trial outcome. The incentive trials were presented in
a pseudorandom order. The duration of the response target
was calculated based on the individual subject’s reaction
time during a practice session prior to scanning and dynam-
ically adjusted during the task such that overall success rate
was approximately 60percent (Yau et al. 2012). Partici-
pants were paid fixed participation rates plus additional
money won during the task.

fMRI imaging

Whole-brain BOLD functional images were acquired on a
3.0 Tesla GE Signa scanner (Milwaukee, WI, USA) using
T2*-weighted single-shot combined spiral in/out se-
quences (Glover and Law 2001), parameters: repetition
time=2000milliseconds, echo time=30milliseconds, flip
angle=90°; field-of-view=200mm; matrix size=64×64;
slice thickness=4mm, 29 slices. High-resolution anatomi-
cal T1 scans were obtained for spatial normalization.
Motion was minimized with foam pads and emphasis on im-
portance of keeping still.

fMRI image processing

Functional images were reconstructed using an iterative
algorithm and motion corrected using statistical para-
metric mapping (SPM8, Wellcome Institute of Cognitive
Neurology, Oxford, UK). All runs for all subjects met the
motion inclusion criteria of less than 2mm translation
or 2° rotation. Images were spatially normalized to
Montreal Neurological Institute space and spatially
smoothed with a 6mm isotropic kernel. A general linear
model (GLM) using SPM’s canonical hemodynamic re-
sponse function modeled all events (cues: win $0.20,
win $5.0, lose $0.20, lose $5.0 and neutral $0; antici-
pation delay for each cue type; positive outcome for each
cue type; negative outcome for each cue type). In addi-
tion, regressors for six motion parameters and white
matter signal intensity were included to reduce residual
motion artifacts and capture non-task-related noise.
Contrasts for anticipation of monetary gain trials
($0.20 and $5.00 combined) versus neutral trials and
feedback of positive monetary gain trials versus of
negative monetary gain trials were calculated for each
individual. These contrasts, referred to as ‘reward an-
ticipation’ and ‘reward feedback’ for the remainder of
the text, were used in second-level one-sample t-test
and correlation analyses. Loss contrasts were not fur-
ther analyzed for this study. Again, with a priori inter-
est in the ventral striatum, left and right NAcc ROI
effect sizes were calculated from parameter estimates
using the MarsBaR toolbox using anatomical masks
as described in previous work (Bjork et al. 2008; Yau
et al. 2012).

Statistical analyses

All data were analyzed using the Statistical Package of
Social Sciences-22 IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY: IBM Corp. Group differences
in scan age were assessed using a generalized linear
model with three levels for group (FH� control, FH+
low risk, FH+ high risk). There was an effect of group
(F2,43 = 4.11, p=0.024), which was driven by an older
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mean age in the FH+ high-risk group versus the FH�
controls (24.2±2.9years>20.6±2.7years, t=0.2.875,
p=0.01); therefore, scan age was used as a covariate in
the remainder of statistical analyses. Data distribution
was assessed using the Kolmogorov–Smirnov Z-test; drug
use variables did not meet the assumption of normality
and were log transformed (after first adding one to each
value). Due to high collinearity of reported use of alcohol,
tobacco and marijuana, principal component analysis of
lifetime cumulative use was performed, resulting in a one-
factor solution explaining 66.4percent of the variance
(factor loadings: cumulative drink volume=0.887, cumu-
lative cigarette smoking days=0.720, and cumulative
marijuana smoking days=0.828). This factor was used
as a covariate when assessing group differences in PET
and fMRI measures. GLMs were used to assess group differ-
ences modeling two levels of the within-subject factor
hemisphere (left and right) and three levels of the
between-subject factor, group (FH� control, FH+ low risk
and FH+ high risk). With concern that non-specific effects
were part of the structure of influence when including
the general consumption factor, these analyses were re-
peated excluding this factor. However, statistics for GLMs
with and without the consumption factor were essentially
the same so the latter are not reported in results. Finally,
as exploratory analyses, partial correlations, controlling
for scan age and the cumulative substance use factor were
used to assess relationships between PET and fMRI data
and substance use measures.

RESULTS

Subject characteristics

Forty-four subjects (age: range, mean± standard devia-
tion: 18.0–26.7, 22.91±3.0 years) were recruited into
the study comprising three groups: FH� control subjects
and two FH+ groups differentiated as low or high risk with
the latter having initiated drunkenness by age 15 years.
Subject characteristics are presented in Table 1. There
were no significant differences in demographic, personality
or substance use measures between the FH� control and

FH+ low-risk groups (p’s>0.153). The FH+ groups dif-
fered on sensation-seeking and all cumulative substance
use measures (with the exception of number of cigarette
smoking days). For past month use, the FH+ high-risk
group reported more alcohol but not cigarette or mari-
juana use. With the exception of a single subject from
the FH+ low-risk group reporting use of vicodin, no sub-
jects reported recent use of other illicit substances.

MID task during PET

BPND for the control condition, somewhat a proxy for base-
line D2/D3 receptor availability, did not differ between
groups for the NAcc ROIs (p’s>0.795), although there
was an effect of age significant in the left but not right NAcc
(L/R: F1,43=4.763, p=0.035; F2,43=2.861, p=0.099).
Across all subjects, the NAcc ROIs demonstrated modest,
non-significant behavioral reward-induced reductions in
the receptor availability measure, BPND, consistent with
the activation of DAD2/D3 neurotransmission (paired t-tests,
L/R: t=�1.277, p=0.104; t=�1.343, p=0.093, one-
tailed). However, for the FH+ high-risk group, the effect
was significant (L/R: t=�3.013, p=0.009; t=�3.198;
p=0.007), suggestive of positive DA release in response to
the task. The GLM analysis of ΔBPND, indicative of dopamine
response/release, identified an effect of group in theNAccROIs
(L/R: F2,43=6.278, p=0.004; F2,43=3.157, p=0.054)
(Fig. 2). See Supporting Information Table 1 for BPND values
for ROIs for each task condition.

To insure that alcohol or marijuana dependence was
not driving this finding, we repeated this analysis exclud-
ing the individuals (FH� control, n=1; FH+ high risk,
n=1) who had met diagnoses, still finding a group effect
in both the left (F2,41 =7.783, p=0.008) and right NAcc
(F2,41 =6.506, p=0.015)

MID task during fMRI

The GLM analyses of neural task activation did not identify
an effect of group in the NAcc ROIs for reward anticipation
(p’s>0.326) or reward feedback (p’s>0.769) (Fig. 2).

Figure 2 (a) Location of NAcc regions of interest. Group comparisons of (b) dopamine release (effect of group: *p= 0.004, †p= 0.054), (c)
neural activation in response to reward anticipation and (d) reward feedback. [Colour figure can be viewed at wileyonlinelibrary.com]
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Correlation of PET and fMRI data

Across all subjects, NAcc DA release was not related to
BOLD activation during reward anticipation (p’s>0.242)
but was positively correlated with activation during
reward feedback (L/R: r=0.418, p=0.006; r=0.393,
p=0.010). Thus, a negative striatal ΔBPND, or positive
dopamine response/release during the PET version of the
MID task, correlated with increased striatal activation
during the positive notification of reward receipt during
the fMRI version of the MID task (Fig. 3).

Correlation of PET and fMRI data with substance use

No associations were found with ventral striatal DA
release, anticipatory response or feedback response with
the cumulative substance use measure. For all subjects,
DA release was negatively associated with age of first
drunk in the left NAcc (t=�0.455, p=0.017) showing
a trend in the right NAcc (t=�0.363, p=0.063), see
Fig. 4, such that subjects that experienced drunkenness
at a younger age had higher ventral striatal release

during the MID task in the PET study. Age of first drink
was negatively associated with NAcc reward feedback
neural activation during the MID task in the fMRI study
(L/R: r=�0.378, p=0.030; r=�0.467, p=0.006).

DISCUSSION

Given the key role for the NAcc in reward processing and
reinforcement, D2/D3 receptor availability and dopamine
neurotransmission in this structure has been suggested
as a potential biomarker for vulnerability for substance
use disorders, particularly in individuals with familial
loading (Trifilieff and Martinez 2014a). The present study
used multi-modal imaging to evaluate reward responsivity
in at-risk individuals using both PET and fMRI. We report
that FH+ subjects who report early drunkenness have
heightened striatal dopamine response tomonetary reward
than either FH+ or FH� control subjects. Further, for all
subjects, higher ventral striatal dopamine release was asso-
ciated with earlier age of first drunkenness. In addition, we
found no group differences, by family history or early risk,

Figure 3 Scatter plots of monetary incentive delay task response captured by positron emission tomography and functional magnetic reso-
nance imaging: NAcc blood oxygen level-dependent (BOLD) response during reward anticipation and feedback versus dopamine release for
the left and right nucleus accumbens by group. Correlations between dopamine release and BOLD response during reward anticipation were
not significant (p’s> 0.242) but were for feedback (L/R: p= 0.006/0.010). [Colour figure can be viewed at wileyonlinelibrary.com]
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in neural reactivity to monetary reward anticipation or
feedback, but we report across all subjects a positive rela-
tionship between dopaminergic release and neural re-
sponse to reward receipt. These results suggest that in FH
+ individuals, greater dopamine release associated with
monetary reward may represent a particularly useful neu-
robiological phenotype. Further, a behaviorally induced
method to interrogate dopamine function may be both
practical and, in some cases, preferable to probing this sys-
tem pharmacologically.

Much of the previous work evaluating the responsivity
of the dopamine reward system has used stimulant chal-
lenges. Some early, important PET studies of substance
use reported negative relationships between D2 receptor
availability and self-reported pleasurable response to
methylphenidate (Volkow et al. 1999). These studies were
followed with reports finding attenuated response to
amphetamine administration in both alcohol-dependent
(Martinez et al. 2005; Volkow et al. 2007) and cocaine-
dependent (Volkow et al. 1997; Martinez et al. 2007)
individuals. Moving the focus from substance-abusing
populations to those at-risk, similar attenuated response
to amphetamine was reported in FH+ subjects that en-
gaged in recreational use of psychostimulants compared
with FH� subjects that were drug-naïve as well as those
with matched drug use (Casey et al. 2014). While a
conflicting study reported no differences in striatal
amphetamine response associated with familial loading
(Munro et al. 2006), the level of risk in the latter study
was lower both in terms of loading (fewer affected relatives)
and behavior (less substance use).

Other work has evaluated striatal dopamine response
following alcohol consumption. In healthy individuals,
increased striatal response followed oral consumption in
some studies (Boileau et al. 2003; Urban et al. 2010),
but not all (Yoder et al. 2005), with responses potentially

dependent on spatial determination of striatal release (Yoder
et al. 2007) or genetic polymorphisms (Ramchandani et al.
2011). With respect to risk, Setiawan and colleagues found
that subjects designated high-risk based on subjective sensi-
tivity to alcohol had increased dopamine transmission
following an oral challenge, and higher familial loading,
than subjects with lower sensitivity (Setiawan et al. 2014).

Given the heterogeneous results of both stimulant and
alcohol induction of dopamine response, as well as a con-
cern of using drug challenges in at-risk populations, the
use of the MID task in PET studies represents a feasible
method of discriminating risk. Our results suggest that
high-risk subjects, indexed by their early intoxication,
have increased response to monetary reward. The cur-
rent levels of alcohol consumption (~12 drinks/week)
are similar to those of the high-risk group in the alcohol
challenge study (~13 drinks/week) by Setiawan et al.
(2014). In fact, both the present study and that study
lend support to a recent neurodevelopmental model of
vulnerability to addiction presented by Leyton and Vezina
(2014). This model hypothesizes that vulnerable individ-
uals may have heightened responsivity to a variety of
salient stimuli that may translate into risk-taking behav-
iors, including experimentation with drugs. If substance
use is initiated and continued, this use would become
associated with cues through conditioning and sensitiza-
tion, eventually leading to accentuated response to drug
cues and attenuated response to non-drug rewards (Leyton
and Vezina 2014). In support of this model, Casey et al. has
shown that current substance users had low dopamine
release associated with amphetamine challenges that had
no drug cues present (Casey et al. 2014) in contrast to
the increased dopamine release associated with an alcohol
challenge, which involves multiple sensory cues associated
with oral consumption (Setiawan et al. 2014). Given that
none of our high-risk subjects have reached a diagnosis of

Figure 4 Scatter plots of NAcc dopamine release versus age of first drunkenness by group. [Colour figure can be viewed at wileyonlinelibrary.com]
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alcohol dependence and analysis without the single subject
with a marijuana dependence diagnosis had no effect on
our findings, we would suggest that these subjects are still
in the ‘early’ vulnerability stage where the reward system
has not become conditioned to focus on drug cues. Contin-
ued longitudinal scans, which are ongoing in our sample,
may potentially identify a transition in cue responding in
those subjects who reach diagnosis in the future. In addi-
tion, our lack of group differences, either by family history
or risk level, in binding levels during the control condition,
while not the conventional method of measurement, may
suggest that pre-existing receptor levels are not contribut-
ing to risk.

In addition to dopamine BPND and release, neural
reward responsivity has also been investigated as a poten-
tial biomarker of risk. For example, our prior work
reported blunted activation to reward anticipation in FH
+ young adults with low levels of alcohol use compared
with FH� young adults (Yau et al. 2012). However, FH
+ young adults who were risky drinkers did not differ
from FH� young adults matched on drinking, which sug-
gests that blunted activation may be a resilience mecha-
nisms in FH+. In a follow-up repeated measures analysis
with a larger sample (n=175; scans=473), across a
larger age range (8–27years), we did not find an effect of
family history but reported a quadratic association with
age where adolescents displayed amplified striatal response,
which was related to later problem alcohol use (Heitzeg
et al. 2014). Indeed, the literature has been heterogeneous
in establishing a familial effect, with some studies reporting
differences based on family loading (i.e. Andrews et al.
2011; Yau et al. 2012) while others—notably in younger
samples—have not (i.e. Bjork et al. 2008; Müller et al.
2014). This heterogeneity may be related not only to devel-
opment but also to variations in task design and analysis
methods (Balodis and Potenza; Hommer et al. 2011). The
lack of a family history effect is in agreement with our more
recent work (Heitzeg et al. 2014) but may also be partly
attributable to the relatively small sample size of the cur-
rent study as an fMRI experiment.

Of particular interest, we report a positive relationship
between striatal dopamine release associated with mone-
tary reward and neural activation associated with posi-
tive reward feedback across all subjects. Other work
using the MID in both PET and fMRI has reported a rela-
tionship between ventral striatal dopamine release and
anticipatory accumbens activation with the suggestion
that either local dopamine release may trigger local blood
oxygenation level-dependent signal or, conversely, be the
consequence of increased neural activation (Schott et al.
2008). Given the larger sample size in this study (n=44)
compared with Schott et al. (n=14), it is interesting that
we did not duplicate their finding. That study performed a re-
gression between NAcc dopamine release and anticipatory

response but not feedback response. Dependent on study
design, there is often considerable collinearity and potential
confound between the anticipatory and feedback responses.
Other fMRI studies have demonstrated that feedback of perfor-
mance activates the ventral striatum (Aron et al. 2004; Lutz
et al. 2012), and, in fact, as opposed to the dorsal striatum, its
activation is increased by feedback when a monetary incen-
tive in present (Lutz et al. 2012). Removal of a monetary
incentive leads to a significant drop in activation (Murayama
et al. 2010), suggesting that feedback itself may serve as a
task-intrinsic reward (Lutz and Widmer 2014). As dopamine
release during a video game has been shown to positively cor-
relate with task performance (Koepp et al. 1998), our study
importantly links ventral striatal dopamine release with neu-
ral response to feedback. This may be a step in understanding
the mechanisms of intrinsically motivated behaviors.

It is important to acknowledge that, in contrast to our
original study of the MID task to induce dopamine release
(Weiland et al. 2014), we did not see a strong effect of
task in this study. To reduce experimental complexity,
the former study was limited to female subjects. However,
the current study enrolled only male subjects to increase
rates of high-risk behavior in the sample. For several
methodological reasons—including age range, familial li-
ability and different versions of the fMRI task—these
groups are not easily compared. We note, however, that
other work has demonstrated greater dopamine release
in many regions of the brain (with the exception of the
dorsal striatum) in women (Riccardi et al. 2006). The fact
that the task effect was highly significant in the high-risk
group may support the use of behaviorally induced dopa-
mine release as a potential biomarker, particularly in
male subjects. Given demonstrated sex differences in
dopamine response (Riccardi et al. 2006; Urban et al.
2010), further work is needed to examine the relation-
ships between behavioral and pharmacological response
to reward in both sexes.

In summary, we find that behavioral induction of do-
pamine release may be a phenotypic marker of risk for
substance use. Subjects with familial liability for risk that
have also engaged in early drunkenness displayed higher
ventral striatal dopamine response during a monetary
task despite no differences in initial receptor levels. Given
the challenges associated with pharmacological interro-
gation of reward systems, behavioral induction of dopa-
mine response may lead to a better understanding of
molecular mechanisms underlying risk.
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