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Interactions between dopaminergic and opioidergic systems have been implicated in the reinforcing properties of drugs of abuse. The
present study investigated the effects of opioid blockade, via naltrexone, on functional magnetic resonance imaging (fMRI) measures during
methamphetamine cue-reactivity to elucidate the role of endogenous opioids in the neural systems underlying drug craving. To investigate
this question, non-treatment seeking individuals with methamphetamine use disorder (N =23; 74% male, mean age =34.70 (SD =8.95))
were recruited for a randomized, placebo controlled, within-subject design and underwent a visual methamphetamine cue-reactivity task
during two blood-oxygen-level dependent (BOLD) fMRI sessions following 3 days of naltrexone (50 mg) and matched time for placebo.
fMRI analyses tested naltrexone-induced differences in BOLD activation and functional connectivity during cue processing. The results
showed that naltrexone administration reduced cue-reactivity in sensorimotor regions and related to altered functional connectivity of
dorsal striatum, ventral tegmental area, and precuneus with frontal, visual, sensory, and motor-related regions. Naltrexone also weakened
the associations between subjective craving and precuneus functional connectivity with sensorimotor regions and strengthened the
associations between subjective craving and dorsal striatum and precuneus connectivity with frontal regions. In conclusion, this study
provides the first evidence that opioidergic blockade alters neural responses to drug cues in humans with methamphetamine addiction and
suggests that naltrexone may be reducing drug cue salience by decreasing the involvement of sensorimotor regions and by engaging greater

frontal regulation over salience attribution.

INTRODUCTION

The incentive salience model posits that addiction is largely
caused by progressive neuroadaptation that results in
sensitization that follows repeated drug use. This sensitiza-
tion process is implicated to occur within the dopaminergic
pathways that subserve attribution of motivational salience
to mental representations of stimuli and actions (eg, drug
ingestion), thus rendering these stimuli highly salient and
ultimately ‘wanted’ or craved (Berridge and Robinson, 2003;
Robinson and Berridge, 2001). Following sensitization of
these pathways, the expression of incentive salience (ie,
craving) can be activated by the release of dopamine that is
initiated in response to drug cues or priming doses of the
drug itself (de Wit, 1996).

Dopaminergic function within the striatum, particularly
the dorsal striatum (Everitt and Robbins, 2005), is thought to
be critically important for the development of incentive
salience or craving for drugs (Volkow et al, 2006; Vollstadt-
Klein et al, 2010); however, functional interactions between
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the endogenous opioid and dopaminergic systems have been
implicated in the development of sensitization to various
drugs of abuse, including stimulants. For example, increased
p-opioid receptor binding in the frontal, temporal, anterior
cingulate, and amygdalar cortices, as evidenced by positron
emission tomography, is associated with increased subjec-
tive cocaine craving in cocaine-dependent men during
early withdrawal (Zubieta et al, 1996). Further, increases
in preproenkephalin mRNA expression and decreases in
p-opioid receptor levels in the dorsal and ventral striatum
were observed in sensitized wild-type mice following 7 days
of daily intraperitoneal injections (i.p.) of methamphet-
amine, while no changes were observed in p-opioid receptor
knockout mice. These latter opioidergic changes were
associated with altered dopaminergic function in the same
striatal regions (Tien et al, 2007) and highlight potential
mechanisms by which the two systems interact to result in
the experience of drug craving.

Given the role of endogenous opioids in the neurobiology
of addiction, it is crucial to establish how manipulation
of the opioid system through opioidergic blockade may
disrupt addiction-maintaining processes such as cue-induced
craving. In order to provide an efficient blockade of opioid
receptors, the present study used naltrexone, a clinically
relevant opioid receptor antagonist with greatest affinity for
the p- and k-opioid receptors in humans (Emmerson et al,
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1994; Toll et al, 1998). The efficacy of naltrexone for
substance use disorders (eg, Miranda et al, 2014; Monti et al,
1999; Ray et al, 2008; Syed and Keating, 2013), including
amphetamine (Itzhak and Ali, 2002; Jayaram-Lindstrom
et al, 2008) and methamphetamine (Anggadiredja et al, 2004;
Ray et al, 2015a) may be subserved by its attenuation of drug
craving. Naltrexone is thought to modulate reinforcement-
driven behavior via blocking dopamine release in the meso-
limbic dopamine system, primarily acting on the pathway
from the ventral tegmental area (VTA) to the ventral
striatum (ie, nucleus accumbens (NAcc)) (Benjamin et al,
1993; Lee et al, 2005); however, this theoretical pathway of
naltrexone’s effects on behavior has not been directly tested
in human models of cue-induced craving.

This study employed a novel methamphetamine cue-
exposure paradigm for functional magnetic resonance
imaging (fMRI) and functional connectivity analyses as tools
for probing naltrexone-induced modulation of the incentive
salience system in a sample of individuals with metham-
phetamine use disorder. The primary aims of the present
study were to determine: (1) Whether naltrexone (50 mg) vs
placebo moderates blood-oxygen-level dependent (BOLD)
measures of methamphetamine cue processing (ie, cue-
reactivity) and (2) whether naltrexone’s effect on metham-
phetamine cue-reactivity is associated with differential
functional connectivity from the striatum and VTA (regions
subserving reinforcement-driven behavior) and the precu-
neus (a region reliably shown to respond to drug cues;
Courtney et al, 2014a; Engelmann et al, 2012; Schacht et al,
2013a) to other brain regions, primarily in the cortex, during
methamphetamine cue processing, as compared to placebo.
Exploratory aims were to test: (1) The effect of naltrexone
(50 mg) on cerebral blood flow (CBF) in this sample with
methamphetamine use disorder, as naltrexone-induced CBF
alterations have been observed in alcohol-dependent popu-
lations (Catafau et al, 1999) and represent a potential
confound for the analyses of the BOLD fMRI signal, and (2)
whether subjective reports of cue-induced methamphet-
amine craving are related to neural markers of methamphet-
amine cue processing. The overall goal of the study was to
elucidate the functional neural pathways by which endo-
genous opioids may be contributing to the expression of
salience to drug cues in humans with a substance use
disorder.

MATERIALS AND METHODS
Study Design

Twenty-four medically eligible non-treatment-seeking indi-
viduals with a methamphetamine use disorder completed a
within-subjects protocol that involved the completion of two,
3-day medication administrations (naltrexone/placebo; med-
ication order randomized between subjects) and an MRI
scan on the third day (at target dose of naltrexone and
matched time for placebo; see SI for further details). Partici-
pants received a 25 mg dose on day one and 50 mg doses on
days two and three in the naltrexone condition, and color-
matched placebo pills in the placebo condition, taken under
study staff supervision. Sixteen participants were scanned
prior to laboratory testing as part of a 7-day inpatient
protocol investigating the effects of naltrexone on subjective
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response to methamphetamine administration (Ray et al,
2015a) and the remaining eight participants were adminis-
tered the medication daily on an intensive outpatient basis.
Abstinence from alcohol and substances (including metham-
phetamine) during the two, 3-day study periods was required
and verified daily by a Breathalyzer test (Driger Medical
Inc., Telford, PA) and urine toxicology screen. A washout
period of at least 7 days between medication conditions was
required for both inpatients and outpatients to reduce
medication carry-over effects. There were no differences in
demographic variables across the inpatient and outpatient
subsamples used in the final analysis (independent t-tests or
Fisher’s Exact Tests ps >0.05; see Supplementary Table S1)
and all recruitment procedures and eligibility criteria were
identical across the inpatient and outpatient subsamples.

Neuroimaging Procedures

Neuroimaging data were acquired using a 3 Tesla Siemens
Trio MRI scanner at the UCLA Staglin Center for Cognitive
Neuroscience. The protocol began with initial structural
scans: T2-weighted, high resolution, matched-bandwidth
(MBW; TR, 5s; TE, 34 ms; FOV, 192 mm; matrix, 128 x
128; sagittal plane; slice thickness, 4 mm; 34 slices) and a
magnetization-prepared rapid-acquisition gradient echo scan
(MPRAGE; TR, 1.9s; TE, 2.26 ms; FOV, 250 mm; matrix,
256 x 256; sagittal plane; slice thickness, 1 mm; 176 slices).
These were followed by two runs of the Methamphetamine
Cues Task (slice thickness, 4 mm; 34 slices; TR, 2s; TE,
30 ms; flip angle, 90° matrix, 64 x 64; FOV, 192 mm; voxel
size, 3 x 3 x 4mm?, 150 functional T2*-weighted EPIs) and a
pseudo-continuous arterial spin labeling scan (ASL; slice
thickness, 5mm; TR, 4s; TE, 22.62ms; FOV, 220 mm;
matrix, 64 x 64, 30 slices).

The Methamphetamine Cues Task included four blocks of
methamphetamine cue pictures and four blocks of control
cue pictures, pseudo-randomly presented. Each block con-
sisted of four pictures, presented for 5s each, for a total of
32 pictures from each condition. Following each block
of pictures, a craving question was presented on the screen
prompting participants to rate their current urge to use
methamphetamine using the four buttons on a response box
corresponding to a four-item urge scale (1 =no urge, 2 =low
urge, 3=moderate urge, 4=high urge) (see SI for more
details).

Data Analysis

One subject was excluded from all analyses due to excessive
motion (exceeding 3mm translation) during fMRI data
acquisition, leaving a final sample of 23 individuals for all
analyses. FSL 5.0 (www.fmrib.ox.ac.uk/fsl) was used for all
imaging analyses. ASL and fMRI data were motion corrected,
brain extracted, smoothed (FWHM Gaussian kernel 6 mm/
5 mm, ASL/fMRI respectively), and the fMRI data were high-
pass filtered using a 100s cutoff in the temporal domain.
Mean CBF images from the ASL data were created by
averaging the simple subtraction of label and control images,
according to a one-compartment perfusion model (delay
time 1.2's, label time 1.2's, label efficiency 0.9, blood/tissue
compartment (lambda) 0.9, T1-blood 1650 ms). CBF and
EPI images were first registered to the MBW, then to the
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MPRAGE using affine linear transformations, and then into
standard space (Montreal Neurological Institute, MNI
avgl52 template).

The Methamphetamine Cue> Control Cue contrast was
specified in the first-level models. Higher-level analyses
combined these contrast images within subjects (across
runs; fixed effects analyses) and between subjects (within
medication conditions and across medication conditions).
Z-statistic images were thresholded with cluster-based
corrections for multiple comparisons based on the theory
of Gaussian Random Fields with a cluster-forming threshold
of Z>2.3 and a cluster-probability threshold of p<0.05
(Worsley, 2001).

The four seed regions of interest (ROIs) used in the
functional connectivity analyses were the VTA, ventral and
dorsal striatum, and precuneus (see Supplementary Figure S1
for an image of the ROIs). The VTA was anatomically
defined using a midbrain probabilistic atlas developed by
Murty et al (2014). The ventral striatum was anatomically
defined using the bilateral NAcc regions from the Harvard-
Oxford probabilistic atlas. The dorsal striatum was anato-
mically defined using the bilateral caudate regions from the
Harvard-Oxford probabilistic atlas. Given the large size
of the caudate region and our intended focus on areas
specifically sensitive to drug cues, we further functionally
constrained the anatomically defined bilateral ROI by the
activation from the Methamphetamine Cue> Control Cue
contrast combined across subjects and medication condi-
tions (thresholded at Z>2.3, as described above). Similarly,
the bilateral precuneus was anatomically defined by the right
and left precuneus regions from the Harvard-Oxford
probabilistic atlas, and further functionally constrained by
the activation from the Methamphetamine Cue> Control
Cue contrast due to its large size. Functional constraint of
the dorsal striatum and precuneus resulted in slightly
asymmetric ROIs (see SI and Supplementary Figure S1).

Functional connectivity was assessed using psychophysio-
logical interaction (PPI) analysis (O'Reilly et al, 2012), which
examined coupling of the time series of the different seed
ROIs with the rest of the brain with respect to the
Methamphetamine Cue> Control Cue contrast. The first-
level PPI models included four regressors: the main ‘psycho-
logical’ regressor to model the difference in task conditions
(Methamphetamine Cues-Control Cues), a second ‘psycho-
logical’ regressor to account for the shared variance between
task conditions (Methamphetamine Cues+Control Cues),
a ‘physiological’ regressor to model the seed time course,
and a ‘psychophysiological interaction’ regressor which is the
product of the main ‘psychological’ and ‘physiological’
regressors. A whole-brain contrast image for each seed PPI
was computed from these models and submitted for higher-
level analyses as described above. A reduced cluster-forming
threshold of Z>1.96 and a cluster-probability threshold of
p<0.05 was employed as the threshold for the PPI Z-statistic
images due to the reduction in power inherent in the PPI
analyses as compared to the standard whole-brain contrasts.
Self-reported methamphetamine craving immediately fol-
lowing the presentation of methamphetamine cues during
the task, averaged across medication conditions (ie, tonic
craving), was entered as a covariate of interest in sepa-
rate higher-level analyses paralleling the models described
above.
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RESULTS

Twenty-three individuals (74% male, mean age=34.70
(SD=8.95)) completed the within-subjects scanning proto-
col and provided useable data for analysis (Supplementary
Table S1). All 23 individuals met DSM-IV and DSM-5
criteria for a current (ie, past month) methamphetamine use
disorder (DSM-IV dependence/abuse: 20/3; DSM-5 severity:
1 mild, 6 moderate, 16 severe). All participants reported
extensive experience smoking methamphetamine.

Effects of Opioid Blockade on CBF

Mean global gray matter CBF estimates were not found to
significantly differ between placebo (M =51.348) and naltrex-
one (M=52.564) conditions (#(22)=-0.825, p=0.418), and
voxel-wise comparison of whole-brain global gray matter
CBF estimates did not reveal significant differences, even at
a very low uncorrected threshold of Z>1.96. Thus, CBF esti-
mates were not included as covariates in BOLD analyses.

Cue-Induced Craving

Repeated measures ANOVAs revealed a significant effect of
cue type on subjective methamphetamine craving reported
during presentation of both methamphetamine and control
cues while participants performed the fMRI Methampheta-
mine Cues Task (F(1,22)=35.96, p<0.001). No significant
effects for medication condition or for the interaction of
medication condition and cue type were observed (ps>0.8).
Planned follow-up tests on cue type across scanning blocks
revealed that methamphetamine cues were associated with
higher self-reported craving ratings than control cues across
the entire scan (ps <0.01; Supplementary Figure S2).

BOLD Measures of Methamphetamine Cue-Reactivity

The main contrast of interest, Methamphetamine Cue>
Control Cue, on the 23 individuals averaged across medica-
tions (ie, main effect of task) was associated with the
activation of a broad set of regions including mesocortico-
limbic areas such as the ventral and dorsal striatum and
inferior frontal gyrus. Additional areas of activation were
found in the frontal lobe (dorsolateral prefrontal cortex
(dIPFC), superior frontal gyrus), parietal lobe (precuneus),
thalamus, hippocampus, and occipital areas (Supplementary
Table S2A; Figure 1). Similar activation patterns were
observed in the analysis of the placebo condition alone
(Supplementary Table S2B).

Analyses examining the correlation between self-reported
methamphetamine craving and activation within the
Methamphetamine Cue>Control Cue contrast, averaged
across medication conditions, revealed significant positive
correlations between craving and activation of the precuneus
and occipital regions (lingual gyrus, intracalcarine cortex)
during methamphetamine cue processing (Supplementary
Table S3, Supplementary Figure S3).

Effects of Opioid Blockade on Cue Processing

Contrasting the placebo and naltrexone conditions within
the Methamphetamine Cue > Control Cue contrasts revealed
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Figure |

Methamphetamine (MA) Cue > Control Cue activation averaged across medication conditions (see Supplementary Table S2 for list of regions).

Z-statistic maps are whole-brain cluster-corrected, Z>2.3, p =0.05. Coordinates are in MNI space, and the brain is displayed in radiological convention

(left =right).

significantly less activation associated with the naltrexone
condition in sensorimotor areas (bilateral precentral and
postcentral gyri), and occipital regions (left superior lateral
occipital cortex) in the standard whole-brain analysis
(Figure 2; Supplementary Table S4).

Functional connectivity within each seed region analysis,
with the exception of the ventral striatum (NAcc), was found
to differ between medication conditions at a cluster-forming
threshold of Z>1.96. Specifically, naltrexone was associated
with weaker connectivity between the precuneus and fronto-
parietal regions including the precentral and postcentral gyri
(Table 1A, Supplementary Figure S4), stronger connectivity
between the VTA and prefrontal, temporal, and parietal
regions (Table 1B, Supplementary Figure S5), and stronger

connectivity between the caudate and prefronto-occipital
regions (Table 1C, Supplementary Figure S6). Effect size
maps (in Cohen’s d) for the PPI effects are also presented
in the supplementary materials (Supplementary Figures
S7-59).

Craving Related Effects of Opioid Blockade on
Functional Connectivity

The effects of medication on dorsal striatum (caudate) and
precuneus functional connectivity was found to correlate
with average self-reported craving during cue processing
(Methamphetamine Cue> Control Cue; Z>1.96). Specifi-
cally, naltrexone was associated with stronger positive
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2.30 I 4.48

Figure 2 Methamphetamine (MA) Cue> Control Cue activation that is moderated by medication (placebo (PLAC)>naltrexone (NTX); see
Supplementary Table S3 for list of regions). Z-statistic maps are whole-brain cluster-corrected, Z> 2.3, p =0.05. Coordinates are in MNI space, and the brain is

displayed in radiological convention (left =right).

correlations between subjective craving and functional
connectivity of the caudate with prefrontal regions during
methamphetamine cue processing (Table 2, Supplementary
Figure S10). Naltrexone was also associated with weaker
positive correlations between self-reported craving and
functional connectivity of the precuneus with parietal
regions and stronger positive correlations between self-
reported craving and functional connectivity of the pre-
cuneus with frontal regions during methamphetamine cue
processing, as compared to placebo (Table 3, Supplemen-
tary Figure S11). In other words, as compared to placebo,
naltrexone administration enhanced caudate and precuneus
functional connectivity to frontal regions and diminished
precuneus connectivity to parietal regions in subjects who
endorsed heightened tonic craving. No correlations with
craving were observed for the medication effects on VTA
functional connectivity.

DISCUSSION

This study investigated the neural correlates of endogenous
opioid blockade, via naltrexone, on methamphetamine cue-
reactivity in a sample of non-treatment-seeking individuals
with a methamphetamine use disorder. fMRI cue-reactivity
paradigms represent an ideal platform to probe the involve-
ment of neurobiological pathways subserving the incentive
salience system in addiction (Courtney et al, 2016; Ray et al,
in press). Given that BOLD measures of drug cue-reactivity
have been shown to predict relapse propensity in treatment
seeking patients (eg, Beck et al, 2012; Kosten et al, 2006;
Schacht et al, 2013b), the investigation of neurochemical
systems that alter BOLD measures of cue-reactivity has
the potential to improve real-world clinical outcomes in
addiction.

BOLD Measures of Methamphetamine Cue-Reactivity

We developed a novel pictorial methamphetamine cue-
reactivity paradigm that was designed to elicit methamphet-
amine craving in individuals with methamphetamine use
disorders. The increases in self-reported, subjective metham-
phetamine craving during the presentation of methamphet-
amine as compared to control cues highlight the initial
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efficacy of the task in eliciting cue-induced craving. The
primary BOLD results depicted greater methamphetamine
(vs control) cue-elicited activation in regions that are
commonly seen to be cue-reactive for other substances in
dependent populations (eg, middle frontal gyrus, ACC,
posterior cingulate cortex (PCC)/precuneus, thalamus, in-
sula, inferior occipital cortex, and brain stem) (Engelmann
et al, 2012; Schacht et al, 2013a), and in commonly described
‘reward’- or ‘reinforcement’-related regions (eg, left ventral
striatum (NAcc), bilateral dorsal striatum (caudate, puta-
men), VTA, hippocampus, and amygdala). These latter
regions primarily rely on dopamine, GABA, opioid, and
glutamate signaling and are implicated in the development
of incentive salience (Kalivas and Volkow, 2005). Further, we
found that greater tonic subjective methamphetamine
craving was associated with greater activation of the
precuneus, a region highlighted by multiple meta-analyses
to be reliably involved in cue-reactivity for various sub-
stances of abuse (Engelmann et al, 2012; Schacht et al,
2013a). Taken together, these results suggest that this novel
paradigm is an effective probe of methamphetamine cue-
induced craving in individuals with methamphetamine use
disorders.

Effects of Opioid Blockade on Cue Processing

Naltrexone was found to modulate cue-reactivity such that
naltrexone treatment was associated with attenuated activa-
tion in sensorimotor (ie, precentral and postcentral gyri) and
visual regions during methamphetamine-cue processing,
as compared to placebo. Of the two studies that have
directly compared naltrexone to placebo effects on whole-
brain BOLD measures of drug cue-reactivity in alcohol- and
nicotine-dependent samples, both reported naltrexone-
induced changes in the precentral and postcentral gyri
(Lukas et al, 2013; Ray et al, 2015b), suggestive of the
reliability of the naltrexone findings in cue-reactivity para-
digms across substances of abuse. Importantly, these
observed naltrexone-induced effects were independent of
global changes to CBF, which had not been ascertained in
previous studies, ruling out the possibility that our BOLD
effects were confounded by medication-induced changes
in CBF.
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Table | Locations Showing a Moderation Effect of Medication (Placebo (PLAC), Naltrexone (NTX)) on (A) Precuneus, (B) Ventral
Tegmental Area (VTA), and (C) Caudate Functional Connectivity within the Methamphetamine Cue > Control Cue Contrast

Cluster/Region Hemi Cluster voxels z x y z
(A) Precuneus PPI—PLAC > NTX
Cluster I: Frontoparietal regions 1226
Superior parietal lobule L 337 -22 —46 48
Postcentral gyrus L 326 -24 —28 64
Precentral gyrus L 2.84 - 10 -26 46
(B) VTA PPI—NTX>PLAC
Cluster |: Prefrontal cortex 1679
Ventromedial prefrontal cortex/caudate (R) L 321 -8 54 -6
Paracingulate gyrus L 3.18 —12 28 26
Ventrolateral prefrontal cortex L 313 —24 48 2
Anterior cingulate cortex R 294 8 24 22
Cluster 2: Temporoparietal regions [T
Central opercular cortex/angular gyrus R 327 42 - 14 18
Planum temporale R 326 42 -28 16
Parietal operculum cortex R 297 52 -34 26
Posterior supramarginal gyrus R 2.85 62 -40 26
(O Caudate PPI—NTX > PLAC
Cluster |: Occipital cortex 2195
Occipital pole R 352 8 -92 12
Supracalcarine cortex R 3.04 2 -78 18
Cerebellum L 303 - 14 —66 —24
Cluster 2: Prefrontal cortex 1051
Anterior cingulate cortex L 358 -8 34 18
Ventromedial prefrontal cortex R 303 10 60 0
Paracingulate gyrus R/L 2.80/2.81 10/ =2 32/46 28/16

Results are from the psychophysiological interaction (PPI) analysis for each seed region (see Methods).

Analyses were whole-brain cluster-corrected at Z> 1.96, p <0.05.

Note: X, Y, and Z MNI coordinates indicate the location of peak voxel activation (or local maxima for subregions) within each cluster. R, right, L, left.

Table 2 Locations of Dorsal Striatal Functional Connectivity
(Caudate) that Exhibited Stronger Relationships with Subjective
Craving under Naltrexone vs Placebo (NTX>PLAC)

Region Hemi Cluster voxels Z X y z

Caudate PPl and MA Craving—NTX > PLAC

Cluster |: Prefrontal regions 1053
Precentral gyrus 349 -34 8 30
Middle frontal gyrus 342 —46 14 32
Inferior frontal gyrus 328 —38 14 26

Results are from the psychophysiological interaction (PPI) analysis showing
functional connectivity during methamphetamine cues processing
(Methamphetamine Cue > Control Cue contrast), using the caudate as a
functionally constrained, anatomically defined region of interest (see Methods).
Analyses were whole-brain cluster-corrected at Z> .96, p <0.05.

Note: X, Y, and Z MNI coordinates indicate the location of peak voxel activation
(or local maxima for subregions) within each cluster. R, right, L, left.

Effects of Opioid Blockade on Functional Connectivity

Naltrexone-induced differences in functional connectivity
during methamphetamine cue-processing were observed
with a number of the a priori seed regions (ie, VTA, pre-
cuneus, and caudate, but not NAcc). Specifically, naltrexone
was associated with stronger VTA functional connectivity to
prefrontal, dorsal striatal and occipitoparietal regions,
stronger caudate functional connectivity to prefrontal and
occipital regions, and weaker precuneus functional connec-
tivity to sensorimotor regions, as compared to placebo
(see Figure 3 for a schematic of the functional connectivity
results).

The pharmacological mechanisms subserving the observed
functional alterations between the VTA and caudate systems
under opioid blockade remain unknown; however, it is
plausible that naltrexone may be operating within these
regions to increase dopaminergic input to the PFC through
the mesocortical pathway (Carr and Sesack, 2000), via
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Table 3 Locations of Precuneus Functional Connectivity that
Exhibited Stronger Relationships with Subjective Craving under (A)
Placebo vs Naltrexone (PLAC>NTX) and (B) Naltrexone vs
Placebo (NTX>PLAC)

Cluster/region Hemi  Cluster z X y z

voxels

(A) Precuneus PPl and MA Craving: MA Cue > Control Cue—PLAC>NTX

Cluster |: Parietal cortex 991
Superior parietal lobule R 378 36 40 66
Postcentral gyrus R 332 48 -32 58

(B) Precuneus PPl and MA Craving: MA Cue > Control Cue—NTX>PLAC

Cluster |: Frontal cortex 1617
Paracingulate gyrus/ R 351 2 30 44
superior frontal gyrus
Precentral gyrus R 344 40 6 30
Middle frontal gyrus R 291 32 8 46
Paracingulate gyrus L 289 -4 20 48

Results are from the psychophysiological interaction (PPI) analysis showing
functional connectivity during methamphetamine cues processing
(Methamphetamine Cue> Control Cue contrast), using the precuneus as a
functionally constrained, anatomically defined region of interest (see Methods).
Analyses were whole-brain cluster-corrected at Z>1.96, p <0.05.

Note: X, Y, and Z MNI coordinates indicate the location of peak voxel activation
(or local maxima for subregions) within each cluster. R, right, L, left.

interaction with VTA x-opioid receptors (Margolis et al,
2006), and by decreasing inhibition of excitatory output from
the PFC to the dorsal striatum, which would, in turn, appear
as enhanced functional connectivity between the VTA, PFC,
and dorsal striatum. Given that inputs from the PFC to the
dorsal striatum regulate the expression of reward-driven
decision-making (Delgado et al, 2004; Haber et al, 2006),
and that increased fronto-striatal connectivity is associated
with greater frontal regulation over subcortical signals
reflecting heightened reward sensitivity (Heatherton and
Wagner, 2011), these results suggest greater frontal regula-
tion of salience attribution was occurring during metham-
phetamine cue processing under opioid blockade (Goldstein
and Volkow, 2011; Hare et al, 2009). Further, naltrexone may
be modulating the visual corticostriatal loop, which includes
connections from the ventromedial occipital cortex to the
caudate specifically (Seger, 2013), and in turn may represent
altered visual information processing of the methamphet-
amine cues during opioid blockade.

Importantly, naltrexone-moderated caudate functional
connectivity during methamphetamine cues processing
was found to correlate with self-reported tonic craving.
Specifically, naltrexone was associated with stronger positive
correlations between self-reported craving and caudate
connectivity to prefrontal regions, as compared to placebo,
potentially indicating greater recruitment of frontal involve-
ment with dorsal striatal functioning during the experience
of heightened subjective craving while under opioid
blockade.

Naltrexone treatment was also associated with weaker
precuneus functional connectivity to sensorimotor regions
including the precentral and postcentral gyri during
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PLAC > NTX ==
NTX > PLAC

Figure 3 Schematic of the functional connectivity results. Yellow-orange
blotches represent the areas where the naltrexone (NTX) condition was
associated with reduced activation compared to the placebo (PLAC)
condition (PLAC>NTX) within the Methamphetamine Cue > Control Cue
contrast. Solid lines depict greater regional functional connectivity in the
NTX>PLAC contrast, and dashed lines greater regional functional
connectivity in the PLAC>NTX contrast. No directionality of the
connections is implied. A full color version of this figure is available at the
Neuropsychopharmacology journal online.

methamphetamine cue processing. Interestingly, the pre-
central and postcentral gyri were also observed to be
differentially affected by naltrexone in the main effect medi-
cation contrast, although the peak activation coordinates in
the main effects analysis slightly differ from the connectivity
results. The precuneus has strong, presumably GABAergic
and glutamatergic cortical interconnections to the PFC, as
well as connections to the PCC, superior parietal lobule, the
dorsal premotor area, the supplementary motor area, and the
ACC (for a review see Cavanna and Trimble, 2006).
Functionally, the precuneus is putatively involved in self-
centered, mental imagery strategies and successful episodic
memory retrieval (Cavanna and Trimble, 2006), both of
which are likely to have a role in the phenomenology of
craving. Thus, reduced functional connectivity between
the precuneus and sensorimotor network during opioid
blockade may reflect a reduced capacity for the integration
of drug-cue information (Engelmann et al, 2012). Further,
the opioid blockade appears to be facilitating greater frontal
involvement with the precuneus as subjective craving
increases, possibly reflecting the engagement of frontal
regulatory mechanisms over mental imagery processing
during the presentation of methamphetamine cues.

Study Strengths and Limitations

A major study strength is the within-subjects, placebo-
controlled design that allowed for participants to serve as
their own controls, addressing issues related to the
comparison of medication effects across participants that
may have differential structural brain changes due to varying
histories of methamphetamine use (Berman et al, 2008).
Another strength is the investigation of medication-induced
alterations in CBF. Few fMRI studies effectively test
medication-related CBF changes despite evidence of an
interaction between basal physiologic and metabolic states



and task-induced BOLD changes (Wang et al, 2011). The
well-ascertained and clinically representative sample of
individuals with methamphetamine use disorder also repre-
sents a strength, as it is often difficult to recruit individuals
with severe drug addiction for clinical neuroscience research,
yet these are precisely the individuals with which addiction
science aims to help.

A limitation of the study is the relatively short duration of
naltrexone treatment. It is possible that the 3-day dosing
duration was not long enough for naltrexone to establish
its full opioid blockade effect; thus the duration of dosing
could potentially explain the absence of naltrexone-induced
modulations of ventral striatum activation (and VTA
activation at the whole-brain level of analysis) and measures
of self-reported craving in the present study. However, the
absence of naltrexone-related reductions in self-reported
craving may also be related to the craving assessment
procedure used (ie, phasic measurement of craving with a
single item during scanning) as other studies have observed a
benefit of using expanded item and response sets for the
detection of drug craving correlations with neural measures
of cue-reactivity (Courtney and Ray, 2014b). Further,
previous studies have demonstrated complete hydro-
morphone blockade following a single dose of naltrexone
(25 or 100 mg; Preston and Bigelow, 1993; Schuh et al, 1999)
and others have observed reductions in alcohol and drug
craving following 3-day dosing of naltrexone (Ray and
Hutchison, 2007), suggesting that the measurement limita-
tion theory may be a more viable explanation for the lack of
naltrexone-related tonic craving reductions observed in the
present study. Lastly, an analytic limitation of the present
study is the use of atlas-based approaches to defining
common ROIs used for all subjects. Greater sensitivity may
have been achieved by segmenting the seed ROIs for each
subject individually, which may be particularly relevant for
detecting effects in smaller regions such as the NAcc.

CONCLUSIONS

The culmination of results from the present study suggests
that the blockade of endogenous opioids may function to
reduce the expression of drug cue salience by reducing
sensorimotor processing and integration, and by engaging
greater frontal regulation of salience attribution via pathways
linking the dorsal striatum, VTA, and precuneus to frontal,
striatal, and sensorimotor regions during cue processing.
This is consistent with a previous report of naltrexone
enhancing frontal engagement during a temporal discount-
ing task in alcohol-dependent and control subjects (Boettiger
et al, 2009), presumably reflecting greater fronto-striatal
control over impulsive behavior (Courtney et al, 2013; Feil
et al, 2010). Further, the development of pharmacotherapies
that target and rescue deficient processes underlying the drug
craving state, such as prefrontal cortical function, has been
advanced as a promising strategy in treatment development
(Sinha, 2013).

Importantly, at least some of these naltrexone-modulated
frontal and sensorimotor functional pathways appear to
subserve the experience of subjective methamphetamine
craving. Successful self-regulation of craving is thought to
represent a balance of bidirectional influence between
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prefrontal and subcortical regions involved in reward and
reinforcement, such that self-regulatory failures occur
whenever the balance tips in favor of subcortical areas
(Heatherton and Wagner, 2011). To that end, naltrexone
appears to be balancing prefrontal, subcortical, and parietal
systems during methamphetamine cue processing, possibly
via reductions of salience attribution in sensorimotor and
reinforcement systems and by the enhancement of frontal
control mechanisms.

In conclusion, these results provide the first evidence
of changes in BOLD measures of methamphetamine cue-
induced craving via blockade of endogenous opioids
and suggest that naltrexone may be dampening the salience
of the methamphetamine cues by reducing sensorimotor
processing and integration, and by engaging greater frontal
regulation of salience attribution during methamphetamine
cue processing. These findings advance multiple neural
mechanisms by which methamphetamine cue-induced crav-
ing may be instated, the knowledge of which may prove
useful in the prediction of clinical outcomes and aid in the
development of medications such as naltrexone for the
treatment of various substance use disorders.
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