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Abstract

The non-selective opioid receptor antagonist, naltrexone is one of the most prescribed medications
for treating alcohol and opioid addiction. Despite decades of clinical use, the mechanism(s) by
which naltrexone reduces addictive behavior remains unclear. Pharmaco-fMRI studies to date have
largely focused on naltrexone’s impact on brain and behavioral responses to drug or alcohol cues
or on decision-making circuitry. We hypothesized that naltrexone’s effects on reward-associated
brain regions would associate with reduced attentional bias (AB) to non-drug, reward-conditioned
cues. Twenty-three adult males, including heavy and light drinkers, completed a two-session,
placebo-controlled, double-blind study testing the effects of acute naltrexone (50 mg) on AB to
reward-conditioned cues and neural correlates of such bias measured via fMRI during a reward-
driven AB task. While we detected significant AB to reward-conditioned cues, naltrexone did

not reduce this bias in all participants. A whole-brain analysis found that naltrexone significantly
altered activity in regions associated with visuomotor control regardless of whether a reward-
conditioned distractor was present. A region-of-interest analysis of reward-associated areas found
that acute naltrexone increased BOLD signal in the striatum and pallidum. Moreover, naltrexone
effects in the pallidum and putamen predicted individual reduction in AB to reward-conditioned
distractors. These findings suggest that naltrexone’s effects on AB primarily reflect not reward
processing per se, but rather top-down control of attention. Our results suggest that the therapeutic
actions of endogenous opioid blockade may reflect changes in basal ganglia function enabling
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resistance to distraction by attractive environmental cues, which could explain some variance in
naltrexone’s therapeutic efficacy.
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Introduction

Alcohol use disorder (AUD) is characterized by attentional bias (AB) to alcohol-related
stimuli [1], perhaps reflecting a learned response in which alcohol-related cues come to
initiate alcohol seeking behaviors. Such AB to substance-related cues is reported to correlate
with addiction severity and/or treatment outcomes across multiple substances of abuse [2—
7]. Specifically, AB positively correlates with alcohol craving, a measure that may predict
relapse risk in individuals with AUD [8]. Moreover, experimentally manipulating AB to
alcohol cues can reduce subsequent alcohol craving and consumption [9]. Despite decreased
responsiveness to non-drug rewards among individuals with SUDs [10], enhanced AB to
non-drug rewards has been associated with alcohol and other substance abuse [11-13],
perhaps reflecting a heightened susceptibility to reward conditioning.

Naltrexone, one of few pharmaceuticals approved by the U.S. Food and Drug
Administration (FDA) for the treatment of AUD, is a non-selective opioid antagonist

that is hypothesized to attenuate alcohol craving and consumption via the endogenous
opioid system’s modulation of dopamine release, reducing alcohol’s rewarding effects

[14]. Neuroimaging evidence supports this hypothesized mechanism of action, showing
that naltrexone reduces alcohol cue-induced responses in the ventral striatum [15,16].
Further, naltrexone has been found to have significant effects on reward-related behaviors,
reducing cue-induced responding to non-drug rewarded stimuli [17]. Despite these findings,
naltrexone’s efficacy in treating alcohol dependence is highly variable across individuals
[18,19], and its specific interaction with and impact upon the reward system remains ill-
defined. Better understanding naltrexone’s neurocognitive effects is crucial to improving and
personalizing AUD treatment [20].

Several lines of evidence support the idea that naltrexone’s therapeutic benefit may derive
in part from reducing AB to alcohol-conditioned cues. First, findings from animal models
demonstrate that naltrexone reduces drug-seeking behavior triggered by drug-cue exposure
[21-24]. Similarly, naltrexone reduces alcohol cue-induced craving in people with AUD
[25,26]. In addition, our prior work suggests that naltrexone reduces attention to salient
stimuli that must be ignored [27,28], consistent with other data showing that endogenous
opioid blockade affects selective allocation of attention [29,30]. Based on our previous
findings, we proposed that naltrexone may reduce AB to reward-conditioned cues due to
its putative ability to attenuate cue-induced dopamine release [27,28]. This idea, together
with our finding that acute dopamine depletion reduces AB to both alcohol and reward-
conditioned cues in heavy drinkers [13], led us to predict that naltrexone would reduce AB
to both alcohol and reward-conditioned cues and impact reward-related neural circuitry.
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We used a double-blinded, placebo-controlled crossover study design to test the
neurocognitive effects of acute naltrexone (50 mg) in light to heavy drinking adult males

on three AB tasks. Pairing the non-drug reward AB task with functional MRI, we sought to
test the hypothesis that naltrexone’s effects on reward-associated brain regions would reduce
AB to non-drug, reward-conditioned cues.

Materials and methods

Participants

Twenty-four healthy males aged 22-39 years (mean=25.7) were recruited for this study from
the community surrounding the University of North Carolina at Chapel Hill. Only males
were included due to sample size limitations and known sex-dependent effects of naltrexone
[31-33]. Participants were excluded for any self-reported neurological or psychiatric
disorders (excluding AUD), motor or visual impairments that would affect task performance,
or current psychoactive drug use, including medication. To be included in the study,
participants were required to be between 22 and 40 years of age, native English speakers,
right-handed, and must have completed high-school or received their GED. Additionally,
participants were excluded based on any contraindications to MRI or naltrexone. We
screened for psychiatric illness using the Mini-International Neuropsychiatric Interview
[34]; for individuals enrolled as binge drinkers (see below), current or past AUD was not
exclusionary. To ensure a broad distribution of alcohol intake for use as a continuous
measure, we recruited participants into two groups that were guided by the National
Institute on Alcohol Abuse and Alcoholism’s (NIAAA) definitions of binge drinking (>5
drinks/2 hrs) [35]. Participants who reported binge drinking at least once a month over the
past year were recruited into the binge drinker group (= = 9), while participants with no
binges in the past year were recruited into the light/moderate drinker group (» = 15). All
participants reported lifetime alcohol use and displayed a wide range of recent drinking
behaviors (Table 1). Of the 24 participants who consented to participate, one participant

in the binge drinking group withdrew from the study due to drug side effects. Two were
excluded from neuroimaging analyses due to excessive head motion during MRI scanning
and two additional participants were excluded due to incomplete behavioral data from

the neuroimaging task. Therefore, the final sample for neuroimaging analyses was 19
participants, and the sample for the fMRI task behavioral analyses was 22 participants,

each measured on both placebo and naltrexone. There were two out-of-scanner tasks, and
complete data for both placebo and naltrexone visits were available for 22 and 23 subjects
on those tasks. Participants gave written, informed consent, as approved by the UNC Office
of Human Research Ethics.

Procedure

This study employed a double-blind, placebo-controlled crossover design, with two separate
sessions of ~5 hrs each; visits were separated by at least five days. Participants were
screened for acute alcohol intoxication or recent illicit drug use at the beginning of study
session via a breathalyzer test (FC-10, Lifeloc Inc., Wheat Ridge, CO) and a urine drug

test (Biotechnostix, Inc., Markham, ON), respectively. After providing informed consent and
completing all screening procedures, participants were administered either a naltrexone (50
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mg) pill or identical lactose placebo pill. A reward conditioning task and two out-of-scanner
alcohol AB tasks commenced three hours after pill ingestion, following published methods
[27,28,36], with participants completing a battery of psychometric questionnaires in the
interim. Upon completion of behavioral tasks, participants completed the testing phase of
the reward task during functional magnetic resonance imaging (fMRI) at the Biomedical
Research Imaging Center at UNC, Chapel Hill. Before departure, participants were asked to
report any side effects and their best guess as to which pill they had received in the session.

Psychometric and substance use questionnaires

All subjects completed a battery of questionnaires to assess personality, psychiatric
symptoms, and substance use measures. These included the Alcohol Use Disorders
Identification Test (AUDIT) [37], the Barratt Impulsivity Scale (BIS) [38], the Drug

Use Screening inventory (DUSI) — Domain 1 (Substance Use) [39], the Family Tree
Questionnaire (FTQ) [40] for a calculation of family history density [41], Rotter’s Locus
of Control Scale (LOC) [42], Conners Adult ADHD Rating Scales-Self Report (CAARS-
SR) [43], Depression Anxiety Stress Scales (DASS) [44], Drinking Motives Questionnaire-
Revised (DMQR) [45], and the Carolina Alcohol Use Pattern Questionnaire [13] to assess
current and past binge drinking, which includes questions 10-12 of the Alcohol Use
Questionnaire [46], for the calculation of a “binge score” [47].

Behavioral tasks

Reward-driven attentional capture task—We probed AB to monetary reward using
a reward-driven attentional bias (RDAB) task, described previously [11,13]. In brief, the
task procedure consists of two phases. In the first phase, the participants search a visual
array of colored circles for a target circle colored red or green and indicate by button press
the orientation (horizontal or vertical) of a bar within the target circle (Fig. 1A). Correct
responses yield a probabilistic monetary reward. One of the two target colors yields “high”
reward value (20 ¢) upon correct response in 80% of trials and 2 ¢ in the remaining 20%,
while the other yields “low” reward value (2 ¢) upon correct response in 80% of trials

and 20 ¢ in the remaining 20%. Incorrect or omitted responses yield no reward (0 ¢). The
assignment of target colors to high or low reward is counterbalanced across the sample.
The second, testing, phase occurred during fMRI scanning. In this phase participants are
instructed to disregard shape color and search for the odd shape in the presented array, again
indicating by button press the bar orientation within the target. No feedback is provided.
Half of the trials include non-target red or green shapes, serving as reward-conditioned
distractors. We quantified AB via accuracy and reaction time (RT) differences between trial
types (e.g., presence of previously high or low-reward distractor, no distractor present) with
slower RTs and/or lower accuracy reflecting greater AB.

Alcohol ab behavioral tasks—Participants also completed two tasks designed to
measure AB toward alcohol-related cues. These tasks were completed on a laptop computer
in a testing room within the imaging facility.

We quantified extended attentional hold with a previously described modified attentional
blink task [13]. The task consists of four blocks of 48 trials each, and each trial begins
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with an 18 pt white fixation cross followed by a series of 17 greyscale photograph images
(11.1° x 9.0°) displayed for 100 ms each with a 0 ms inter-stimulus-interval. Images in each
stream were neutral, upright landscape or house photographs, excluding a distractor and a
target image. Half of distractor images were neutral (kitchen-related) while the other half
were alcohol-related images. Alcohol-related stimuli were randomly drawn from a set of
59 images. Target images were house images that were rotated 90° to the left or right.

The target image appeared in the stream either two (lag2) or eight (lag8) images after the
distractor image. At the end of the stimuli presentation stream, a response screen prompted
participants to indicate the direction of the target image rotation (left or right) via keypress.
AB was assessed via mean accuracy in reporting the correct target image rotation for each
task condition (alcohol or neutral distractor).

We quantified selective attention capture by alcohol-related cues with a previously described
dot-probe task [13,48,49]. The task procedure consisted of 56 total trials, and each trial
began with a white fixation cross followed by the presentation of two greyscale images on
the left and right-hand sides of the cross. Images were presented for 150 ms, followed by a
50 ms inter-stimulus-interval, and the presentation of the target (a 36 pt white asterisk) for
200 ms in one of the image locations. Participants were instructed to respond to the target’s
location via keypress. Each trial contained an image depicting alcohol-related content and
an image depicting neutral, kitchen-related content drawn from sets of 20, and images were
matched with regard to basic visual properties. Stimuli were not repeated within the task,
but were among the same set as used for the attentional blink task. Left/right positioning of
the alcohol-related image was pseudorandomly ordered with a ratio of 1:1. Congruent trials
were defined as those in which the alcohol image was presented on the same side of the
screen as the consequent target, while incongruent trials were those in which the target was
presented on the opposite side as the alcohol image had been prior. AB was assessed via
mean RTs collected on the different task conditions (target congruent or incongruent with
the location of the alcohol-related cue).

Magnetic resonance imaging (MRI) data acquisition—We acquired fMRI data
during the Reward Task test phase as T2*-weighted echo-planar images (EPI) on a Siemens
3T Prisma MRI scanner with a 32-channel head coil (TR =2 s, TE = 25 ms, flip angle = 50°,
FOV =192 x 192 mm, VoXel size =3 x 3 x 4 mm with a 0.5 mm gap, matrix = 64 x 64, 35 slices
acquired at a 30° angle from the horizontal plane, 243 frames) to detect blood oxygen level-
dependent (BOLD) contrast. T1-weighted high-resolution magnetization-prepared rapid
gradient-echo (MPRAGE) structural images were also acquired for alignment and tissue
segmentation. The following parameters were used: TR=2530 ms TE=2.27, flip angle = 9°,
matrix = 176 x 512, 512 slices, final resolution=1x0.5 x0.5 mm?>.

MRI data preprocessing—fMRI data were preprocessed using Analysis of Functional
Neuroimages (AFNI, version 16.0.1 software [50]. Preprocessing steps included slice time
correction, reorienting of oblique slices to the axial plane, image realignment to correct for
head maotion, editing of outlier time points (3dDespike), nuisance variable regression (white
matter and cerebral spinal fluid signals as well as six motion covariates), linear detrending,
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spatial smoothing with a 5 mm full-width half-maximum Gaussian kernel, and scaling to
percent signal change.

Whole-brain analysis—A whole-brain, voxel-wise analysis sought to identify brain
regions that were activated in response to the presence of reward-conditioned distractors,

as well as regions that were significantly altered by acute naltrexone administration. Using
a combination of SPM12 and MAT-LAB, we created a multiple regression design matrix
that modeled event type by distractor value (high reward, low reward, no reward), shape
(circle or diamond), and response (correct, incorrect, missed). Missed trials were defined as
those in which no response was recorded. Event types were time-locked to onset of the task
frame and convolved with a canonical hemodynamic response function. In addition, to test
for differences in BOLD signal between conditions that are independent of RT differences,
the design matrix included a parametric modulation regressor of trial-specific RT for each
experimental condition [51]. Six head-movement parameters derived from realignment in
preprocessing were also included, as well as a variable number of motion-regressors based
upon excessive motion (trials in which there was a frame-wise displacement of > 0.3 mm
from the previous time point). A total of 25 event types were modeled (3 reward values x 2
shapes x 2 (accurate and inaccurate) x 2 (each event type with and without RT modulation))
and missed trials, which varied based upon individual accuracy and performance. We

next averaged beta images from our first-level analysis across distractor shape to create
average images for each reward value and pill condition in accurate trials only. Therefore,
we calculated six average beta images for each participant: high reward naltrexone, low
reward naltrexone, no reward naltrexone, high reward placebo, low reward placebo, no
reward placebo. These parameter estimates were entered into a pill (2) x reward (3)
within-subject ANOVA at the second (group) level using the flexible factorial function of
SPM12. Session order and subject means were included as additional factors in the model
and contrasts investigating the main effect of pill (Naltrexone > Placebo), main effect of
reward (high and low reward trials >no reward trials), and interaction between pill and
reward were conducted. A voxel-wise family-wise-error (FWE) correction with « = 0.05
using Gaussian random field theory implemented in SPM was applied. To eliminate spurious
voxel activations, we applied an additional spatial extent threshold of 5 voxels.

Region of interest (ROI) analysis—To more explicitly test the hypothesis that
naltrexone alters brain reward processing, we also carried out analyses within a pre-defined
reward network including regions known to be involved in reward-related processes [52].
Anatomical ROIs for reward-related structures (Fig. 3) included bilateral amygdala, caudate,
putamen, pallidum, frontal medial orbitofrontal cortex (OFC; defined from the Automated
Anatomical Labeling (AAL) atlas [53]), the ventral tegmental area (VTA) [54], and the
nucleus accumbens (NAcc) [55]. For the NAcc ROI, 8 mm spheres were built around the
MNI coordinates x = 9,y = 6,z = —4 (left NAcc)andx = -9,y = 6,z = —4mm
(right NAcc) and were treated as a single bilateral ROI. For each ROI, mean parameter
estimates (beta values) for each trial distractor type (high reward, low reward, none) were
extracted for both naltrexone and placebo conditions. These estimates were entered into

a Multivariate Analysis of Variance (MANOVA) using the MIXED procedure in SAS
Software to test for effects of pill and distractor type on the activation of the reward network.
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Behavioral analysis—The primary behavioral measure of interest in the reward
conditioning task was RT difference between trials with a previously-rewarded distractor
present or absent. To this end, mean RTs were calculated across the different reward
conditions, defined as trials in which either a high-value (RT,,), low-value (RT,,), or no
distractor (RT,...) was present. We excluded the first trial, incorrect trials, and trials with
RTs that were <200 ms or >3 standard deviations away from the participant’s mean RT. We
entered RTs into a2 x 3 repeated measures (RM) ANOVA to test for pill x reward level
interactions.

For the modified attentional blink task, mean accuracy of response to targets was calculated
for each task condition (lag 2 or 8; kitchen or alcohol-related distractor). Lower accuracy
at lag 2 represents greater AB or extended attentional hold by the critical distractor. Trials
in which the RT was <200 ms were excluded from mean calculations. Mean accuracy was
entered into a2 x 2 x 2 RM ANOVA to test for effects of pill (haltrexone/placebo), lag
(8/2), and distractor (alcohol/neutral), and their interactions on task accuracy.

In the spatial cuing (dot-probe) task, mean RT was calculated across task conditions (target
spatially congruent/incongruent to alcohol cue). Faster RT in trials in which the cue and the
target are congruent represents AB toward the cue. RTs from incorrect trials, trials in which
the RT was <200 ms, or >2 standard deviations away from the individual’s mean RT were
excluded from analyses. RTs were entered into a2 x 2 RM ANOVA to assess the effects of
pill and congruency on task RTs.

Brain-Behavior correlations

We sought to investigate to what degree reward-related brain activation within the reward
network was associated with reward-related behavior in the task. To this end, we carried out
a multivariate multiple regression using a mixed model in SAS. The effect of naltrexone

on reward-related activation (Reward Activationyrx.pso) TOr €ach region of the reward network
were entered as dependent variables while age, session order, and RT Reward Biasyrx.pso WeEre
entered as explanatory variables.

To explore brain-behavior correlations among individual ROIs within the reward network,
a single measure capturing the effect of naltrexone on reward activation was calculated
according to the following equation:

Reward Activationyry s pgo

_ [(ACtiuationh[gh reward, NTX T ACHVAION 6 reward, NTX)

2

— Activation,, reward, NTX]

_ [( Activationyigh reward, B0 + ACtiVALIONoy reward, PBO
2

— Activation,, reward, 8ol

A similar behavioral measure was defined and calculated as:
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RT Reward Biasyrxs ppo
_ [( RThigh reward, NTX + RTIow reward, NTX)

2

- RTm; reward, NTX]

_ [( RThigh reward, pro + RT 1010 reward, PBO
2

- RTnn reward, PBO]

These measures were correlated using a partial correlation in SPSS that controlled for
session order and age.

Demographic and psychometric data

Our sample consisted of healthy, young adult males reporting a wide range of alcohol use.
Binge scores ranged from 1 to 86 with a mean of 17, while drinks per week ranged from 0 to
40 with a mean of 7.0. Additional psychometric and substance abuse measures are reported
in Table 1.

Behavioral task analyses

A repeated-measures ANOVA of RTs in the reward task with the factors of pill and
distractor reward value revealed a significant main effect of reward (£, ., = 20.61, p<0.001;
Fig. 1B), supporting the effectiveness of the task in eliciting reward-related attentional bias.
However, there was not a main effect of pill (F, ., =0.03, p=0.87) nor a pill-by-reward
interaction (F 4 =0.23, p=0.80). To explore whether these effects may be influenced

by drinking level, we added drinking group as a between-subjects factor. There were no
interactions of drinking group with reward (F, s, = 0.75, p=0.48), pill (F,..» = 0.21, p=
0.65), or the pill-by-reward interaction (F s = 0.55, p=0.58).

A repeated-measures ANOVA of accuracy in the attentional blink task with the factors

of pill, lag, and distractor type revealed a significant main effect of lag (F, ., = 16.95,
p<0.001), as well as an interaction between lag and distractor type (i.e., lag 8 versus lag

2 for alcohol versus neutral) (AH1,22)=5.81, p=0.025), consistent with the ability of this
task to capture alcohol AB. There was no main effect of pill (F, ., = 0.28, p=0.60),

and there was no interaction of pill with lag (F, ., = 1.01, p=0.33), or distractor type
(Fux = 3.62, p=0.63), or an interaction between the three factors (F, ,, = 3.62, p=0.07).
However, a post-hoc examination of this nonsignificant trend for the interaction of pill, lag,
and distractor type indicated a tendency for naltrexone to reduce the alcohol blink bias with
a large effect size (2, = 0.14). Exploratory analyses of drinking level effects did not find
significant interactions of drinking group with lag (A1,21)=0.08, p= 0.78), distractor type
(A1,21)=0.60, p= 0.45), pill (A1,21)=0.72, p= 0.40), the lag-by-distractor type interaction
(A1,21)=0.11, p=0.75), or the full interaction between all factors (H1,21)=0.68, p= 0.42),

A repeated-measures ANOVA of RTs in the spatial cuing task with the factors of pill and
target congruency revealed a significant main effect of congruency (F ., = 9.81, p=0.005),
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indicating significant AB towards alcohol cues. However, there was no main effect of pill
(Fuoy = 0.02, p=0.90) or a pill-by-congruency interaction (F ., = 1.51, p=0.23). A
post-hoc examination of this nonsignificant trend for the interaction of pill and congruency
indicated a tendency for naltrexone to reduce the RT bias towards alcohol cues with a
medium effect size (n2, = 0.07). Again, exploratory analyses of drinking level effects did not
find significant interactions of drinking group with congruency (A1,20)=0.48, p= 0.50), pill
(A1,20)=0.02, p=0.89), or their interaction (A1,20)=0.60, p= 0.45).

Whole brain analysis

To test for the effects of a reward-conditioned distractor and pill on brain activation,

we used a2 x 3 ANOVA [pill x distractor (no, low reward, high reward)], comparing
parameter estimates from trials of each reward level in the naltrexone and placebo sessions.
The contrast of the main effect of pill carried out across all voxels revealed significant
clusters after family-wise error correction (p<0.05 corrected, k = 5) in ten brain regions,
summarized in Table 2 and visualized in Fig. 2. These clusters comprise regions implicated
in aspects of visuomotor control, which is an essential component of the visual search task
employed here. No clusters survived the family-wise error correction for the contrast of the
main effect of reward, nor for the interaction of pill x reward.

ROI analysis

To test the effects of pill and reward level on 12 components of the reward network,
parameter estimates from each of the pre-defined ROI (Fig. 3) were entered into a
MANOVA model. There was a significant main effect of pill on the overall reward network
(F2, 1068)=7-33, p<0.0001). However, we did not detect a significant main effect of reward
(F(24, 1068)=1.31, p=0.15), nor a pill-by-reward interaction (F4 1068)=0.81, p=0.72).
We further tested which ROIs within the reward network contributed to the main effect

of pill. Six ROI within the network revealed significant main effects of pill after a False
Discovery Rate (FDR) correction for multiple comparisons [56] including the caudate,
putamen, nucleus accumbens, and pallidum (Fig. 4).

Exploratory tests of the effects of drinking group on these relationships indicated no

effect of group on reward (F24, 108)=0.44, p=0.99) or the pill-by-reward interaction

(F(24, 108)=0.60, p= 0.93). There was a significant interaction effect of drinking group and
pill on the overall reward network activation (F24, 1068)=3.00, p<0.001). However, none
of the post-hoc tests of individual ROIs survived a multiple comparison correction. The
activation estimates of each ROI by pill and group are displayed in Supplemental Figure 1.

Brain-behavior correlations

Although behavioral and fMRI analyses did not suggest significant influences of naltrexone
on AB to conditioned rewards (i.e., pill-by-reward interactions), it is possible that there
were individual differences in naltrexone effects on the brain that account for individual
differences in behavioral effects. To evaluate this possibility, we tested the relationship
between reward network activation and AB to reward cues. Based upon a multivariate
analysis including all sessions and subjects, we did not find a statistically significant
relationship between reward network activation, which tests all ROIls simultaneously, and
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reward distractor effects on RTs (A4, 12) = 1.47, p=0.38; Wilk’s Lambda = 0.185).
Although the multivariate analysis was not significant, suggesting naltrexone does not
modify reward-associated brain regions involved in attentional bias for reward-conditioned
cues, we sought to further rule out this possibility in an alternative approach. To further
explore the effects of naltrexone on individual ROIs and AB behavior, we conducted partial
correlations between the effect of naltrexone on reward activation (Reward Activationyrxspso)
for each ROI and the effect of naltrexone on AB to reward cues (RT Reward Biasyrxsrso),
controlling for session order and age. Here, we detected significant correlations between
behavioral effects and brain responses to reward in two ROIs after FDR correction for
multiple tests (Table 3): left pallidum (» = - 0.68, p = 0.031; Fig. 5a) and right putamen
(r = —0.63, p = 0.041; Fig. 5b). Each of these ROIs showed the same pattern of greater
BOLD response when a reward-conditioned distractor was present in the naltrexone session
being associated with reduced attentional bias towards the reward-conditioned cue.

Discussion

Identifying the functional effects of naltrexone, which may contribute to its efficacy as

a treatment for AUD, is essential not only for better predicting who may benefit from

the drug, but even more critically for directing future research into novel therapeutic
treatments. Here, a whole-brain analysis in healthy young males found that naltrexone
increases BOLD activations within the caudate, right thalamus, right cerebellum and several
regions implicated in visuomotor control. A focused analysis of naltrexone’s effects within
a pre-defined reward-related network showed increased BOLD signal within several key
reward regions: the pallidum, caudate, putamen, and nucleus accumbens. Despite large drug
effect sizes (Table 2), naltrexone’s effects on BOLD activation were not influenced by the
presence of reward distractor stimuli. Overall, this finding indicates that although naltrexone
targets brain reward regions, drug-related effects in these regions did not consistently
influence reward-driven AB in this sample, consistent with the behavioral findings of null
effects of naltrexone on AB. Notably, although AB to alcohol cues may reflect a variable
combination of the subjective rewarding or aversive properties of alcohol stimuli, naltrexone
was similarly ineffective in reducing alcohol AB in this sample.

Although we identified naltrexone-related changes to a brain reward network, the direction
of those changes apparently contrasts with previous work. Here, we found naltrexone to

be associated with higher activity in the nucleus accumbens, while many previous imaging
studies have shown naltrexone to reduce activations within the ventral striatum in response
to alcohol-related cue presentation [15,57-60]. However, the paradigms used to provoke cue
reactivity from these studies may not be directly comparable to our task activations, as the
goal in the current task required diverting attention away from the reward-related cues. A
somewhat surprising result is the lack of a main effect of reward on brain activity; however
it’s important to note that Anderson et al. [61] demonstrated that this task primarily elicits
activation in the caudate tail and visual brain regions, highlighting the differences between
this task and tasks of cue-related reactivity that target nucleus accumbens. These results
suggest that the RDAB task used here may invoke reward responding and processing distinct
from that characterized by the previously mentioned imaging studies, although it is also
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possible that this lack of reward effect reflects a lack of statistical power. We would expect
that imaging during the training phase of this task would indeed demonstrate a main effect
of reward, as the reward cue is only present at the location of the target. By measuring brain
activity during the testing phase of the task, the reward cue is only present as a distractor, so
contrasting reward-cue present/absent also contrasts distractor present/absent. Correlations
between greater task activation of particular regions of the reward network with reduced
reward-related AB further supports the notion that naltrexone-related activation reported
here is related to the unique demands of the RDAB task.

Despite the absence of naltrexone-by-reward interactions in our group-level fMRI analyses,
there was individual variation in naltrexone effects on task performance, which might
correspond with the known variation in naltrexone’s effectiveness. Exploiting this individual
variation, brain-behavior correlations showed that naltrexone-related increases in reward-
specific activations in the pallidum and putamen were associated with greater reduction

in RT bias to previously rewarded distractors. These correlations indicate that increased
activity in these areas, specific to naltrexone administration and the presence of rewarded
distractors, may underlie behavioral changes in AB to reward-conditioned cues. Recent
work by de Laat and colleagues (2019) observed higher baseline kappa-opioid receptor
(KOR) availability in the pallidum and striatum to be correlated with smaller reductions

in drinking during naltrexone treatment, indicating that KORs in these regions may play

a significant role in mediating naltrexone’s KOR antagonist effects [62]. Notably, de Laat
and colleagues’ sample consisted of non-treatment seeking, alcohol-dependent individuals,
who have lower KOR availability than healthy controls in areas including the pallidum
[63]. Individuals in our sample encompassed a wide range of drinking behaviors, but were
not exclusively alcohol-dependent, raising the possibility that our sample had differences
in KOR availability as compared to an alcohol-dependent cohort, potentially affecting

the impact of naltrexone on both the brain and behavior. This distinction is also relevant

to the fMRI studies described above that reported reduced cue-induced activation in the
ventral striatum on naltrexone, as these were also conducted in alcohol-dependent samples
[57,58,60]. While the mu-opioid receptor has long been the focus of naltrexone studies,
our findings lend support to the idea that naltrexone may exert its therapeutic effects
through KORs as well [28]. Given the potentially divergent effects of mu- and kappa-opioid
systems on reward circuitry [64], and findings of increased mu-receptor availability in
alcohol-dependent individuals as compared to healthy controls in areas such as the ventral
striatum, caudate, putamen, and thalamus [65], the interplay between these two systems
must be investigated in future research into naltrexone’s effects.

Our behavioral analyses showed significant RT slowing in the presence of reward-
conditioned distractors for both placebo and naltrexone sessions, demonstrating that the
RDAC task elicited the expected AB behavior [66]. Yet, in contrast to previous findings that
naltrexone decreases cue-reactivity to general reward stimuli [17], we found that naltrexone
did not reduce AB to general rewards. One explanation for this discrepancy is the differing
contexts in which the reward cues are presented in these studies: passive exposure versus
irrelevant distractor. While we did find that naltrexone acutely modulated activity in the
nucleus accumbens, caudate, and pallidum, activity changes in the pallidum and putamen
predicted the reduction of AB to reward-conditioned cues. These modulations suggest
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that naltrexone’s effects on AB primarily reflect not reward processing per se, but rather
top-down control of attention [27,28]. That interpretation is also consistent with the findings
from our whole-brain analysis that naltrexone acutely altered activity in areas associated
with visuomotor control.

Although the effects of naltrexone on ROI associated with reward processing were highly
robust, the null findings we reported should be interpreted with consideration of the small
sample size. Importantly, we did not consider genetic variables in the current analysis, which
have the potential to impact both drinking behaviors and neurobiological characteristics
(e.g., receptor levels), with previous studies finding genetic variation to underlie individual
differences in the effects of naltrexone on reward bias [67]. Another limitation was the

use of a single-sex sample, introducing the possibility that our results may not generalize

to females. Furthermore, this sample encompassed a spectrum of drinking behavior, and

the inclusion of non-hazardous drinkers may have contributed to the null findings of the
effects of naltrexone on AB. However, exploratory analyses did not suggest that naltrexone
effects were larger in individuals reporting heavier binge drinking. Nonetheless, our results
may not fully translate to individuals with AUD. Moreover, while naltrexone may be used
therapeutically on an “as needed” basis [68,69], more typical therapeutic use entails daily
dosing over a longer period of time. Finally, the lack of clinical outcome measures limits
our ability to translate observed alterations in brain activity or laboratory behavior to
naltrexone’s therapeutic effects. Incorporating such measures into a clinic trial of naltrexone
would enable a full examination of these relationships.

Conclusions

Here we demonstrate effects of naltrexone on brain activation during a task in which
participants are instructed to ignore reward-conditioned distractors. Across the sample,
naltrexone altered activity in visuomotor control circuitry as well as regions associated with
reward processing, but did not reduce AB or brain activation indices of AB. However,
brain-behavior relationships indicated that naltrexone-induced increases in activation of the
putamen and pallidum predicted reductions in AB across individuals. These results support
the existing literature suggesting that naltrexone targets brain regions involved in reward
processing and cognitive control, and that its effect on behavior varies substantially across
individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Data availability

Data will be made available on request.
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Fig. 1. Attentional bias measured by reward-driven attentional bias (RDAB) task.
A) In the training phase, participants searched a visual array of colored circles for a target

circle colored red or green and indicated by button press the orientation (horizontal or
vertical) of a bar within the target circle. Correct responses yielded a probabilistic monetary
reward. Incorrect or omitted responses yielded no reward (0¢). The testing phase occurred
during fMRI scanning. In this phase, participants were instructed to disregard shape color
and search for the odd shape in the presented array, again indicated by button press the

bar orientation within the target. No feedback was provided. Half of the trials included
non-target red or green shapes, serving as reward-conditioned distractors. B) Mean reaction
time (seconds) are shown for testing trials in which no, low, or high reward distractors were
present and for placebo versus naltrexone visits. Visit type (placebo versus naltrexone) is
indicated by line type.
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Fig. 2. Contrast of the main effect of naltrexone carried out across all voxels.
Results for the main effect of pill type (naltrexone versus placebo) from the whole-brain

ANOVA analysis are shown. Significant clusters (after family-wise error correction of
p<0.05, k& = 5) were identified in ten highlighted brain regions. Information regarding the
peaks can be found in Table 2.
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Fig. 3. Anatomical regions of interest included in reward network.
Anatomical reward-related structures included in the network analysis are shown: bilateral

amygdala (yellow), caudate (red), putamen (green), pallidum (blue), frontal medial
orbitofrontocortex (magenta), ventral tegmental area (orange), and nucleus accumbens
(cyan).
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Fig. 4. Effect of naltrexone on reward-related structure BOLD activation.
BOLD activation means for naltrexone and placebo visits are shown for each of the

12 reward-related structures included in the reward network. Bar shading indicates visit
type. Error bars represent standard errors of the mean. Asterisks (*) denote a significant
effect of naltrexone on BOLD activation as determined by univariate ANOVAs carried out
independently for each region of interest.
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Fig. 5.

Pagrtial correlations between behavioral effects and brain responses to reward within

the reward network. Scatter plots of behavioral effects and brain responses to reward.
Statistically significant relationships are displayed for A) right pallidum, B) left pallidum,
C) right putamen, D) left putamen. Results from partial correlations controlling for age and
session order are listed on each panel (r); results in the remaining 8 reward-related ROIs
were insignificant and are shown in Table 3.
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Partial correlations between reward bias behavior and brain responses to reward.

Region r

P

*

p
L Medial OFC 0.30 0.24 0.326
R Medial OFC 0.31 0.23 0.326
L Amygdala -0.34 018 0.317
R Amygdala -043 0.088 0.212
L Caudate -0.12 0.65 0.675
R Caudate -0.34 018 0317
L Pallidum -0.68 0.003 0.031
R Pallidum -0.49 0.046 0.139
L Putamen -0.58 0.014 0.058
R Putamen -0.63 0.007 0.041
Nucleus Accumbens  -0.21  0.43  0.515
VTA 011 068 0.675

* P-values corrected for false discovery rate using the Benjamini and Hochberg method.
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