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Mu-opioid receptors (MOPRs) are critically involved in the modulation of pain and analgesia, and represent a candidate mechanism for

the development of biomarkers of pain conditions and their responses to treatment. To further understand the human implications of

genetic variation within the opioid system in pain and opioid-mediated placebo responses, we investigated the association between the

functional single-nucleotide polymorphism (SNP) in the m-opioid receptor gene (OPRM1), A118G, and psychophysical responses,

personality traits, and neurotransmitter systems (dopamine (DA), opioid) related to pain and placebo analgesia. OPRM1 G carriers,

compared with AA homozygotes, showed an overall reduction of baseline m-opioid receptor availability in regions implicated in pain and

affective regulation. In response to a sustained painful stimulus, we found no effect of A118G on pain-induced endogenous opioid

release. Instead, AA homozygotes showed a blunted DA response in the nucleus accumbens (NAc) in response to the pain challenge.

After placebo administration, G carriers showed more pronounced mood disturbances and lower placebo-induced m-opioid system

activation in the anterior insula (aINS), the amygdala (AMY), the NAc, the thalamus (THA), and the brainstem, as well as lower levels of

DA D2/3 activation in the NAc. At a trait level, G carriers reported higher NEO-Neuroticism scores; a personality trait previously

associated with increased pain and lower placebo responses, which were negatively correlated with baseline m-opioid receptor availability

in the aINS and subgenual anterior cingulate cortex (sgACC). Our results demonstrate that the A118G OPRM1 polymorphism

contributes to interindividual variations in the function of neurotransmitters responsive to pain (endogenous opioid and dopamine), as

well as their regulation through cognitive-emotional influences in the context of therapeutic expectations, the so-called placebo effect.

These effects are relevant to human vulnerability to disease processes where these neurotransmitters have a role, such as persistent pain,

mood, and substance use disorders, and responses to their treatments.
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INTRODUCTION

Mu-opioid receptors (MOPRs), the primary site of action of
endogenous opioid peptides (Zadina et al, 1997), have been
consistently implicated in the neurobiology of pain and
placebo analgesic effects (Benedetti et al, 2005; Zubieta et al,
2001). Encoded by the OPRM1 gene (6q24-q25), MOPRs are
widely distributed in the brain and attain their highest levels
in the thalamus (THA) and in components of the limbic
system and basal ganglia, including the amygdala (AMY),
nucleus accumbens (NAc), and anterior cingulate cortex
(ACC) (Oroszi and Goldman, 2004). Genetic variation of the

OPRM1 has been associated with pain and analgesia, drug
addiction, and response to their treatments (Mague and
Blendy, 2010) as well as social stressors (Way et al, 2009);
however, the molecular mechanism underlying these
associations is poorly understood.
In humans, a commonly investigated single-nucleotide

polymorphism (SNP, rs1799971) occurs in exon 1 of the
OPRM1, in which an adenine to guanine substitution
(A118G) exchanges an asparagine for an aspartic acid at a
putative N-glycosylation site (N40D) (Bond et al, 1998).
Initial studies in vitro revealed that expression of the human
G118 OPRM1 variant in AV-12 cells increased the binding
affinity and function of the receptor for b-endorphin,
compared with the A118 OPRM1 (Bond et al, 1998).
However, those initial results were not replicated in
subsequent studies, which appear to point to the G118
variant as associated with loss of function. Zhang et al
(2005) reported a 1.5-fold reduction in allele-specific mRNA
expression in post-mortem brain tissue and a 10-fold
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reduction in protein levels in CHO cells expressing the G118
variant; Kroslak et al (2007) also demonstrated that cell
culture systems expressing the G118 allele had lower surface
receptor expression, decreased forskolin-induced cAMP
activation, and lower agonist-induced MOPR activation. In
a study using a knock-in mouse equivalent (A112G, N38D)
of the human SNP, A/A and G/G mice did not differ in
MOPRs binding affinity for b-endorphin, morphine, and
naloxone; however, G/G mice had reduced MOPR mRNA
brain expression, lower MOPR protein levels and reduced
antinociceptive responses to morphine compared with
A/A mice (Mague et al, 2009). A different study using
quantitative in vitro autoradiography, showed that MOPR
levels were lower in G/G compared with A/A mice, in the
cingulate and INS, AMY, periaqueductal gray (PAG), the
NAc and the ventral tegmental area (VTA) (Wang et al,
2012). In humans, neuroimaging studies using the m-opioid
agonist selective radiotracer [11C]carfentanil and positron
emission tomography (PET) showed data consistent with
loss of function for the G allele carriers. In a sample of
tobacco smokers, Ray et al (2011) reported reduced MOPR
availability in vivo in G carriers, compared with AA
homozygote, and Weerts et al (2013) described similar
findings in patients with alcohol dependence. However,
these studies have only been performed in affected samples,
and similar studies in healthy humans are lacking to clarify
the effects of this generic variant in the absence of
interactions with disease processes.
Here, we investigated the molecular mechanisms under-

lying the effects of the OPRM1 A118G on psychophysical
measures of pain and placebo responses, both of which are
known to be regulated by MOPRs and DA interactions
(Scott et al, 2008), in a sample of 50 healthy subjects. We
used in vivo receptor measures with PET and the m-opioid
and D2/3 receptor selective radiotracers [

11C]carfentanil and
[11C]raclopride, at baseline and during pain- and placebo-
induced opioid and DA release. On the basis of the above
literature, compared with AA homozygotes, G carriers were
expected to show lower m-opioid receptor availability at
baseline. Because of the excitatory effects of MOR activation
on DA neuronal excitability (through GABA interneurons)
in the VTA (Johnson and North, 1992), we also hypothe-
sized lower pain and placebo-induced endogenous opioid
and DA release and MOPR and D2/3 activation, as well as
greater pain report and lower analgesic response to the
placebo. We also aimed to investigate the effects of the
OPRM1 A118G on personality traits that might explain
interindividual variability in responses to pain and placebo.
Specifically, we hypothesized a genetic effect of A118G on
Neuroticism, the tendency to experience negative emotions in
stressful situations. Neuroticism has been consistently
associated with increased negative affect and neural responses
to negative stimuli (Canli, 2004; Norris et al, 2007), as well as
pain catastrophizing, pain-related fear (Goubert et al, 2004),
and the development of chronic somatic and visceral pain
following injury (Taylor et al, 2010) or surgery (Bisgaard et al,
2001). In addition, higher Neuroticism scores have predicted
lower placebo effects and opioid release in response to
placebo treatment (Pecina et al, 2013a). On the basis of this
evidence, we hypothesized higher Neuroticism scores in G
carriers, compared with AA homozygotes, by virtue of lower
m-opioid receptor availability at baseline.

METHODS

Subjects and Genotyping

Fifty right-handed, healthy, non-smoking subjects (29F/21M,
age: (mean±1SD): 26±0.7) were recruited via advertisement.
In addition to completing physical and neurological examina-
tions, study participants were screened using the non-patient
version of the Structured Clinical Interview for DSM-IV.
Participants had no history of or current medical, neurolo-
gical, or psychiatric illnesses, including substance abuse, or
dependence, and had alcohol intake of less than five drinks
per week. Women had regular menstrual cycles of 26–32 days’
duration and had not used hormonal birth control for at least
1 year. We attempted to study women during the follicular
phase using menstrual cycle diaries at screening and confir-
matory progesterone levels at each PET scanning session
(progesterone levels B or o1ng/ml were confirmed in 23 of
the 29 women who completed a PET scan). Written informed
consent was obtained in all cases. All of the procedures used
were approved by the University of Michigan Investigational
Review Board for Human Subject Use and the Radioactive
Drug Research Committee.
Results on subjects in the current sample were part of

several previous manuscripts examining the effects of
placebo administration on m-opioid and DA neurotransmis-
sion (Scott et al, 2008), personality predictors of placebo
effects (Pecina et al, 2012a), the cognitive mechanisms
involved in placebo analgesia (Pecina et al, 2013b), the
role of opioid neurotransmission in the recall of placebo
analgesia (Pecina et al, 2012b), and the association between
placebo effects and genetic variation within the endocanna-
binoid system (Pecina et al, 2014). Main effects of placebo
in the current sample replicated those in the previous study
(Scott et al, 2008) and therefore are not reported here.

Genotyping

Genotyping was successfully performed in all the partici-
pants using the Illumina Golden Gate platform at 1536-plex
on Sentrix arrays with the Addictions Array content of
130 genes and 186 Ancestry Informative Markers (AIMs)
described elsewhere (Hodgkinson et al, 2008). Clustering
and genotype calling for each locus were manually verified
and loci with call rates o90% were excluded. AIM scores
were calculated by comparison with similarly derived geno-
type data from the CEPH Diversity panel using a minimum
of 160 markers. Genotyping accuracy was confirmed by
replicate genotyping of 10% of the total sample. Completion
rates were 493% (mean 99.4%, median 100%) and repli-
cates showed no errors at these loci.
A118G MOPR genotyped subjects were assigned to two

groups: individuals homozygous for the major A118 allele
(AA genotype: n¼ 36) and individuals carrying one or two
copies of the variant G118 allele (AG: n¼ 12 or GG
genotype: n¼ 2). A118G OPRM1 genotype distribution
was in Hardy–Weinberg equilibrium (H-W eq., w2¼ 0.57,
p¼ 0.44), and there were no significant differences with
respect to sex (F/M) (G carriers: 9/5; AA: 20/16; w2¼ 0.31,
p¼ 0.75), the European AIM scores (mean±SD, G carriers:
0.7±0.4; AA: 0.7±0.4; t¼ 0.13, p¼ 0.9) or age (G carriers:
25±5; AA: 26±5; t¼ � 0.75, p¼ 0.4) among the two
genotype groups.
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To test for population stratification, we performed
Spearman correlations between the European AIM scores
(since the sample was predominantly Caucasian) and the
neuroimaging data, the psychophysical measures and the
NEO-PI scores. No confounding was present due to ethnic
differences.

Experimental Design

As previously described (Scott et al, 2008), participants
completed a total of four 90min PET scanning sessions
(Siemens HRþ , Knoxville, Tennessee), two with [11C]car-
fentanil (n¼ 50) and two with [11C]raclopride (n¼ 49,
PET data were missing for one of the conditions), during a
pain challenge with and without placebo administration.
Each scanning session, with and without placebo adminis-
tration, consisted of a control condition (baseline: 0.9%
isotonic saline, 5–25min after start of scanning infused in
the right masseter muscle) and a painful condition (5%
hypertonic saline, 45–65min after start of scanning),
infused in the left masseter muscle (see Supplementary
Figure 1).
Subjects were placed in the scanner gantry with needles

placed in both masseter muscles and two intravenous
(antecubital) lines B30min before radiotracer admini-
stration. In the pain condition, a steady state of moderate
muscle pain was maintained for 20min by a computer-
controlled delivery system through the infusion of
medication-grade hypertonic saline solution (5%) into the
left masseter muscle. In this model of sustained deep
somatic pain, the intensity of the painful stimulus is
standardized across subjects (Stohler and Kowalski, 1999;
Zhang et al, 1993) (see Supplementary Methods). The same
individual infusion profiles generated during the pain
challenges were used for the studies with placebo admin-
istration (Scott et al, 2008), maintaining the algesic input
the same across both, the pain and the painþ placebo
condition.
During the placebo condition, subjects were given the

following instructions before its administration: ‘We are
studying the effect of a potential pain relief medication.
This medication is thought to have analgesic effects through
the activation of natural brain systems that suppress
pain.’ The placebo condition consisted of the introduc-
tion of 1ml of 0.9% isotonic saline into one of the
intravenous ports every 4min, with the volunteer being
made aware by a computer-generated human voice record-
ing, starting 2min before the pain challenges, and lasting
for 15 s each time.
The primary end point for the assessment of placebo

responses was a 0–100 visual analog scale (VAS) of
momentary pain intensity rating acquired every 15 s during
the pain challenge in the absence and presence of placebo,
and the McGill Pain Questionnaire (MPQ) (Melzack and
Torgerson, 1971), administered immediately after the pain
and the painþ placebo challenges. The internal affective
state of the volunteers was rated with the Positive and
Negative Affectivity Scale (PANAS) (Watson et al, 1988) and
the Profile of Mood States (POMS) before and after the
scanning session. The composite POMS Total Mood
Disturbance score was used to evaluate transient elevations
in negative mood (POMS-TMD) (McNair et al, 1992).

Neuroimaging Methods

After image reconstruction (see Supplementary Methods),
three receptor-related measures were calculated for each
radiotracer: (1) baseline m-opioid and DA D2/3 BPND during
the control condition; (2) m-opioid and DA D2/3 BPND during
the pain challenge, and (3) m-opioid and DA D2/3 BPND
during the painþ placebo challenge. Activation of the
m-opioid and DA D2/3 systems during pain and placebo
administration was assessed by calculating the difference
between the control and pain conditions and between pain
and painþ placebo conditions, respectively. Reductions in
the in vivo availability of m-opioid and DA receptors after an
acute challenge are thought to reflect opioid and DA release
and competition between radiotracer and endogenous ligand
for the receptor sites (Narendran and Martinez, 2008).

Data Analysis

A mixed-effects analysis of variance was applied on a voxel-
by-voxel basis for m-opioid and D2/3 receptor maps, including
four within-subject conditions (pain and painþ placebo
condition and their corresponding baseline conditions) and
A118G OPRM1 as the between-subject factor. A priori hypo-
thesized regions involved in MOPR regulation of pain and
during placebo analgesia (ACC, DLPFC and orbitofrontal
(OFC) cortices, insula (INS), NAc, AMY, medial THA, and
PAG) (Scott et al, 2008) were deemed significant at
po0.0001, and an extent threshold (K) of410 voxels. For
other regions, significant differences were detected using a
po0.05 FWE or FDR-corrected (Friston et al, 1994).
The regional data were extracted for quantification of

regional changes in BPND, graphing, and determination of
correlation coefficients (Pearson/Spearman correlations at
Po0.05 for normal and non-normally distributed data,
respectively). Imaging and behavioral statistical analyses
were controlled for pain intensity (average VAS rated by the
volunteers every 15 s for the duration of the challenges), as
variables of no interest.

Trait Measures (NEO-PI-R)

We assessed the effects of A118G on the Neuroticism
domain of the NEO-PI-R (Costa and McCrae, 1992), defined
as the tendency to experience negative emotions, particu-
larly in stressful situations (Costa and McCrae, 1980) and
previously associated with the risk for developing chronic
pain (Taylor et al, 2010) and to experience lower placebo
analgesic effects (Pecina et al, 2013a). We further investi-
gated the effect of A118G OPRM1 on each of the
components of the Neuroticism domain (Anxiety, Hostility,
Depression, Self-Consciousness, Impulsiveness, and Vulner-
ability to Stress).

RESULTS

State Measures: OPRM1 A118G Effects on Baseline
Affect and Pain- and Placebo-Induced Changes in Affect
and Pain Ratings

We found no effect of A118G either in the reported pain
experience (measured with the MPQ, average VAS scores,
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the volume of hypertonic saline to achieve average target
pain ratings, or the ratio between VAS ratings and the volume
infused to achieve the target ratings) or in the positive or
negative affect scales (PANAS) or mood disturbance
(POMS) at baseline or in their change after the pain
challenge.
Instead, we identified a significant effect of OPRM1

A118G (AA4AG/GG) on changes in mood disturbance after
placebo administration, as measured with the POMS-TMD,
but not with the PANAS. Compared with G carriers, AA
homozygotes showed greater reductions in POMS-TMD
scores after placebo (POMS-TMD (mean diff.±SD), AA:
� 0.8±1.4; G carriers: 2.8±0.9; F¼ 5.9, p¼ 0.02).

OPRM1 A118G Effects on l-Opioid and D2/3 BPND at
Baseline

Analyses of the molecular imaging data showed an OPRM1
A118G genotype effect on m-opioid receptor BPND at
baseline, but no effect on D2/3 BPND. We observed a signifi-
cant effect of OPRM1 A118G (AA4 G carriers) on baseline
m-opioid receptor BPND extensively throughout the brain
(Figure 1; Table 1) in regions that included cortically the
DLPFC, the dorso/ventromedial (DM/VM) PFC, the OFC,
the inferior frontal gyrus (IFG), the rostral, subgenual and
dorsal (r/sg/d) ACC, the mid- and posterior cingulate cortex
(MCC and PCC), the anterior and posterior INS, the AMY
and parahippocampal (paraHipp) gyrus and hippocampus
(Hipp). Subcortically, effects in the same direction were
observed in the NAc/ventral pallidum (vPAL), the caudate
(CAU), and the THA. No significant effect was observed for
the contrast OPRM1 G carriers4 AA homozygotes.
Lower m-opioid receptor concentrations in the PCC,

subgenual anterior cingulate cortex (sgACC), and vmPFC
were negatively correlated with higher pain reports (PCC
(MPQ: r¼ � 0.3, p¼ 0.03; MPQ sensory: r¼ � 0.34,
p¼ 0.01)) and POMS-TMD ratings (sgACC: r¼ � 0.3,
p¼ 0.03; vmPFC: r¼ � 0.3, p¼ 0.03), although, these
correlations were uncorrected for multiple comparisons.
m-Opioid receptor BPND was not associated with reductions
in pain ratings after placebo administration.

OPRM1 A118G Effects on Pain and Placebo Induced
Changes in l-Opioid and D2/3 BPND

No significant gene effect was observed on pain-induced
endogenous opioid release. Conversely, compared with G
carriers, AA homozygotes showed an overall effect of DA
deactivation in the NAc in response to the pain challenge
(Table 2, Figure 2). However, changes in pain-induced DA
release in the NAc were not correlated with changes in
affective state or subjective pain reports.
Conversely, we observed a significant effect of OPRM1

A118G (AA4AG/GG) during placebo-induced m-opioid
system activation in the anterior insula (aINS), AMY,
NAc, THA, and the brainstem/PAG region (Table 2; Figure 3).
Placebo-induced activation of m-opioid neurotransmission
in the NAc was positively correlated with reductions in the
sensory/affective/total dimensions of pain (MPQ sensory,
r¼ 0.3, p¼ 0.03; MPQ affect: r¼ 0.37, p¼ 0.01; MPQ total:
r¼ 0.3, p¼ 0.02) and in POMS-TMD scores of the
volunteers (r¼ 0.30, p¼ 0.03). POMS-TMD scores were also
associated with the magnitude of placebo-induced endo-
genous opioid release in the THA (r¼ 0.29, p¼ 0.04). In the
same direction, AA homozygotes, compared with G carriers,
showed greater placebo-induced activation of DA D2/3

neurotransmission in the NAc (Table 2; Figure 3) that were
not correlated with changes in the affective state or
subjective pain reports after placebo administration.
In addition, changes in m-opioid and D2/3 DA neuro-

transmission during the pain and the placebo challenges
were significantly correlated with m-opioid BPND at baseline.
While opioid BPND at baseline was positively associated
with placebo-induced opioid release in the aINS, AMY,
NAc, THA, and brainstem and DA release in the NAc, it was
negatively correlated with pain-induced DA release in the
NAc (Table 1).

Trait Measures: OPRM1 A118G Effects on the
NEO-Neuroticism Domain (Vulnerability and
Depression Facets)

A significant effect of A118G (G carriers4AA) was
observed for the Neuroticism domain of the NEO Person-
ality Inventory (Costa and McCrae, 1992) (AA: 75±4.4; G
carriers: 93.6±7.3, F¼ 4.7, p¼ 0.035). Then, we tested for
an effect of A118G OPRM1 on each of the components of the
Neuroticism domain (Anxiety, Hostility, Depression, Self-
Consciousness, Impulsiveness and Vulnerability to Stress).
In the same direction, we found a significant effect of A118G
on the Vulnerability to Stress (AA: 8.4±0.7; G carriers:
12.6±1.2, F¼ 8.8, p¼ 0.005) and as a trend, the Depression
scores (AA: 11.0±1.0; G carriers: 15.5±1.8, F¼ 3.8,
p¼ 0.056), where G carriers showed higher scores compared
with AA homozygotes.
Although uncorrected for multiple comparison, higher

NEO-Neuroticism scores were negatively correlated with
baseline m-opioid receptor BPND in regions involved in
affect and stress regulation (sgACC: r¼ � 0.25; p¼ 0.05,
aINS: r¼ � 0.28; p¼ 0.03), as were its facets NEO-Vulner-
ability (sgACC: r¼ � 0.28; p¼ 0.03, aINS: r¼ � 0.33;
p¼ 0.01, Hipp: r¼ � 0.33; p¼ .01) and NEO-Depression
(sgACC: r¼ � 0.28; p¼ 0.03, aINS: r¼ � 0.27; p¼ 0.04).
Placebo-induced opioid release in the brainstem was

dACC

NAC
THA

rACC5

sgACC
Z

2

Figure 1 OPRM1 A118G effect on m-opioid receptor availability at
baseline (AA4G carriers). AA homozygotes, compared with G carriers,
showed greater m-opioid receptor binding in regions that included the
anterior cingulate cortex (subgenual, rostral, and dorsal ACC), the ventral
striatum (NAc: nucleus accumbens) and the thalamus (THA) among others
(see Table 1).
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negatively correlated with NEO-vulnerability (r¼ � 0.30;
p¼ 0.04). No significant associations were obtained between
these trait measures and pain-induced DA activation.

DISCUSSION

The OPRM1 A118G SNP has been implicated in the
pathophysiology of a range of disorders, such as pain and
analgesia, drug addiction, and responses to their treatments
(Mague and Blendy, 2010). In this manuscript, we provide
initial evidence for some of the molecular mechanisms that
appear to underlie these associations in healthy humans.

We identified a vulnerability phenotype in G carriers,
defined by an overall reduction in m-opioid receptor BPND,
lower responses of endogenous opioid and DA systems
to placebo during expectation of analgesia, and higher
NEO-Neuroticism scores (driven by Vulnerability to
Stress and Depression facets). AA homozygotes, compared
with G carriers, showed a blunted DA response in the
NAc in response to the sustained pain challenge that suggest
a reduction in NAc DA responses to an emotionally
negatively salient stimulus (Scott et al, 2007).
OPRM1 118G carriers, compared with AA homozygotes,

showed an overall reduction of MOR BPND in multiple
regions implicated in pain, stress, and emotion regulation

Table 1 OPRM1 A118G Effect on BPND During the Control Condition

Baseline
l-opioid
BPND

Ha G carriers
(mean±SE)b

AA
(mean±SE)b

x, y, z,
(mm)c

Cluster
sized

Ze Opioid release during
placebof

DA release during pain
(left) and placebo (right)f

aINS AMY NAc THA BS NAc NAc

DLPFC L 0.5±0.04 0.7±0.02 � 52 12 36 5596 4.55 0.27 0.20 0.25 0.26 0.13 � 0.37 0.44**

R 0.5±0.05 0.6±0.03 27 � 5 71 749 4.27 0.24 0.15 0.24 0.22 0.15 � 0.54 0.47**

dmPFC L 0.3±0.05 0.6±0.03 � 6 4 73 3002 5.12 0.23 0.38** 0.25 0.14 0.09 � 0.47** 0.32*

R 0.7±0.03 0.9±0.02 5 � 9 62 376 3.86 0.21 0.28* 0.18 0.22 0.06 � 0.24 0.34*

vmPFC R 1±0.06 1.2±0.04 1 55 � 6 87 3.21 0.20 0.24 0.27 0.20 0.08 � 0.22 0.26

OFC L 0.9±0.05 1.1±0.03 � 29 57 4 261 3.36 0.18 0.28 0.17 0.24 0.03 � 0.39** 0.38**

R 0.8±0.05 1±0.03 33 53 16 153 3.30 0.27 0.25 0.29* 0.33* 0.03 � 0.41** 0.37**

IFG L 0.7±0.05 0.9±0.03 � 45 44 0 1888 3.70 0.26 0.29* 0.22 0.27 0.10 � 0.47** 0.43**

R 0.8±0.05 1±0.03 44 43 6 1371 3.70 0.29* 0.28* 0.31* 0.25 0.11 � 0.38** 0.39**

rACC L 1.1±0.05 1.3±0.03 � 8 47 21 119 3.24 0.24 0.30* 0.32* 0.26 0.03 � 0.28 0.23

sgACC L 0.9±0.05 1.1±0.03 � 12 20 � 13 983 3.76 0.29* 0.28 0.23 0.14 0.16 � 0.32* 0.38**

dACC L 1±0.05 1.2±0.03 � 6 24 41 231 3.32 0.28* 0.28* 0.26 0.25 0.05 � 0.33* 0.32*

MCC L 0.9±0.04 1±0.03 � 8 7 48 542 3.62 0.27 0.31* 0.32* 0.20 0.08 � 0.34* 0.37**

R 0.2±0.03 0.3±0.02 16 � 22 55 341 4.04 0.25 0.26 0.28* 0.15 0.08 � 0.20 0.39**

PCC L 0.4±0.03 0.6±0.02 � 11 � 62 41 447 3.99 0.15 0.13 0.20 0.26 0.09 � 0.24 0.34*

aINS L 0.9±0.04 1.1±0.02 � 36 14 � 15 5603 4.22 0.28 0.25 0.20 0.26 0.03 � 0.32* 0.36*

R 0.7±0.04 0.9±0.03 28 18 12 218 3.34 0.15 0.31* 0.31* 0.12 0.19 � 0.32* 0.45**

pINS L 0.4±0.05 0.6±0.03 � 65 � 30 15 2306 3.86 0.27 0.19 0.31* 0.28* 0.12 � 0.12 0.21

R 0.6±0.04 0.8±0.03 59 � 34 19 1476 3.92 0.22 0.28* 0.25 0.26 0.13 � 0.20 0.29*

AMY R 0.5±0.03 0.7±0.02 38 � 6 � 20 1532 3.93 0.24 0.28* 0.25 0.12 0.06 � 0.41** 0.36*

Hipp R 0.5±0.03 0.7±0.02 33 � 24 � 20 98 3.34 0.15 0.29* 0.27 � 0.02 0.06 � 0.28 0.37**

Phipp L 0.4±0.02 0.5±0.02 � 21 � 31 � 8 77 3.28 0.29* 0.33* 0.37** 0.29* 0.22 � 0.29 0.27

NAc/vPAL L 1±0.06 1.3±0.04 � 11 � 1 � 6 174 3.48 0.39** 0.34* 0.41** 0.33* 0.34* � 0.37** 0.46**

CAU R 0.9±0.05 1.1±0.04 15 0 16 485 3.43 0.21 0.33* 0.21 0.18 0.14 � 0.26 0.47**

THA L 1.4±0.06 1.7±0.04 � 7 � 16 7 666 3.60 0.25 0.27 0.43** 0.29* 0.18 � 0.03 0.22

Abbreviations: aINS and pINS, anterior and posterior insula; AMY, amygdala; BS, Brainstem; CAU, caudate; DLPFC, dorsolateral prefrontal cortex; dMPFC and vMPFC,
dorsal and ventro medial prefrontal cortex; Hipp, hippocampus; IFG, Inferior frontal gyrus; MCC and PCC, middle and posterior cingulate cortex; NAc, nucleus
accumbens; OFC, orbitofrontal cortex; PHipp, parahippocampus; sgACC, rACC, dACC, subgenual, rostral and dorsal anterior cingulate cortex; THA, thalamus; vPAL,
ventral pallidum.
aH: hemisphere.
bm-opioid BPND during the control condition.
cMontreal Neurological Institute (MNI) coordinates of peak voxel.
dCluster size in mm3.
eTwo-sided voxel-level Z score at peak voxel, for all regions po0.05 FDR corrected.
fCorrelations between m-opioid BPND and opioid and DA release: *po0.05, **po0.01, ***po0.001.
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(Zubieta et al, 2001). These results are consistent with
previous human postmortem (Zhang et al, 2005) and
neuroimaging studies in alcohol dependence (Weerts et al,
2013), tobacco smokers (Ray et al, 2011), and the role of
m-opioid receptors in the suppression of stress, pain and
negative emotional states (Prossin et al, 2010; Zubieta et al,
2003b; Zubieta et al, 2001). Similar reductions (NAc,
AMY, and dorsal ACC) have also been observed in patients
with fibromyalgia (Harris et al, 2007), a persistent pain
syndrome frequently comorbid with mood disturbances.
Consistently with our results, Harris et al (2007) showed
that reductions in m-opioid availability in vivo in limbic
regions were associated with greater clinical pain ratings,
and in particular the affective quality of pain (Zubieta et al,
2001). In the present study, we observed that OPRM1 118G
carriers, compared with AA homozygotes, reported higher
Neuroticism scores, specifically Vulnerability to Stress
and Depression facets, that were correlated reductions in

m-opioid receptor availability in the sgACC and aINS
(although these correlations were uncorrected for multiple
comparisons). Importantly, Neuroticism has been consis-
tently associated with increased negative effect, anxiety, and
autonomic and neural responses to negative stimuli (Canli,
2004; Norris et al, 2007), the development of chronic pain
after injury (Taylor et al, 2010) or surgery (Bisgaard et al,
2001), and lower m-opioid mediated response to placebo
(Pecina et al, 2013a).
Surprisingly, we did not observe an effect of the OPRM1

A118G on the subjective pain experience or changes in
opioid neurotransmission during the sustained pain chal-
lenge. In previous work, this polymorphism has been linked
to altered pain thresholds and analgesic responses to opioid
administration. In particular, the G118 allele has been
associated with greater pain ratings after cesarean surgery
(Sia et al, 2008; Tan et al, 2009), as well as reduced
responses to opioid drugs after surgery (Chou et al, 2006a,

Table 2 OPRM1 A118G Effect on Stress and Placebo-Induced Changes in m-Opioid and D2/3 BPND

G carriers (mean±SE)a AA (mean±SE)a x, y, z, (mm)b Cluster sizec Zd

Pain-induced DA release (G carriers4 AA)

NAC 0.02±0.05 � 0.2±0.03 14 9 � 9 90 3.4

Placebo-induced opioid release (AA4G carriers)

aINS � 0.15±0.04 0±0.02 29 27 14 157 4.24

AMY � 0.2±0.07 0.1±0.04 15 � 7 � 19 403 4.54

NAC � 0.1±0.07 0.1±0.04 9 14 � 12 262 4.04

THA � 0.2±0.06 0±0.04 � 14 � 9 � 2 38 3.38

BS � 0.1±0.05 0.1±0.04 � 4 � 25 � 19 67 3.49

Placebo-induced DA release (AA4G carriers)

NAC � 0.1±0.06 0.1±0.04 10 7 � 9 194 3.59

Abbreviations: aINS, anterior insula; AMY, amygdala; BS, Brain Stem; NAC, Nucleus Accumbens; THA, thalamus.
aD BPND after the placebo and the pain conditions.
bMontreal Neurological Institute (MNI) coordinates of peak voxel.
cCluster size in mm3.
dTwo-sided voxel-level Z score at peak voxel, for all regions po0.001 uncorrected for multiple comparisons.
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2006b; Oertel et al, 2006; Sia et al, 2008; Tan et al, 2009) or
during experimental pain (Oertel et al, 2006). The results
presented here suggest that these associations are probably
related to the lower receptor availability of m-opioid
receptors in G-allele carriers, as described above, but not
to effects on presynaptic endogenous opioid function, since
A118G showed no association with pain-induced activation
of opioid neurotransmission. Alternatively, the effects of
A118G on pain thresholds and analgesic responses could
also be explained by indirect effects of A118G on DA
neurotransmission. OPRM1 AA homozygotes, compared
with 118G carriers, showed a blunted DA response in the
NAc in responses to the pain challenge. The NAc is thought
to have a broad role in responding to and modulating
salient stimuli with both rewarding and non-rewarding
valences (Berridge and Robinson, 1998; Pruessner et al,
2004; Scott et al, 2007; Zald et al, 2004). Studies on the
neurobiology of pain have shown that both DA and opioid
peptides regulate responses to painful stimuli in the NAc
(Gear et al, 1999; Horvitz, 2000; Zubieta et al, 2003a), and
therefore could explain the relationship between this
polymorphism and altered pain thresholds described
previously (Sia et al, 2008; Tan et al, 2009). However, this
blunted DA response in OPRM1 AA homozygotes in the
NAc was not associated with the subjective pain experience
of the participants, supporting the hypothesis that the
effects of A118G on pain thresholds are mediated by the
reductions in m-opioid receptor availability.

Paradoxically, given the above results, we observed an
effect of A118G on placebo-induced endogenous opioid
system activation. OPRM1 G carriers, compared with AA
homozygotes, showed greater mood disturbance after
placebo administration as measured with the POMS-TMD,
and reduced endogenous opioid release in the aINS, AMY,
NAc, THA and brainstem/PAG, and DA release in the NAc.
Previous studies have described the regulatory role of
m-receptors and MOPR-mediated neurotransmission in
clinical and experimental pain (Harris et al, 2007; Zubieta
et al, 2001) and placebo-induced analgesic responses
(Zubieta et al, 2005). In these studies, placebo-induced
endogenous opioid release in similar regions was associated
with the suppression of both the sensory and affective
qualities of pain, and the negative affective state induced by
sustained experimental pain. Here, we observed a selective
effect of the OPRM1 A118G polymorphism on placebo-
induced, but not pain-induced endogenous opioid release.
Albeit this was an unexpected result, it is likely to reflect the
involvement of this neurotransmitter system in cognitive
and emotional processes that take place during social
interactions and environmental cues (Hsu et al, 2013;
Panksepp and Beatty, 1980), beyond its role in responses to
stress. These social and environmental cues are thought to
form an essential part of the therapeutic millieu linked to
the formation of placebo effects in humans (Benedetti, 2013;
Kelley et al, 2009). During the administration of the
placebo, AA homozygotes, compared with G carriers, in
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addition to showing greater MOPR-mediated neurotrans-
mission in a number of reward-related regions, showed an
increased DA response to the positive valence challenge
(placebo administration) in the NAc. It is worth high-
lighting that the findings on the effects of OPRM1 A118G
gene on DA neurotransmission in response to placebo
administration robustly map onto the neurobiology of
opioid and DA interactions in reward processing. DA
neurons in the VTA that project to the NAc are part of a
well-defined pathway involved in reward responses and
encoding (Nestler, 2005). GABAergic interneurons in the
VTA maintain a tonic inhibition over DA neurons. Agonist-
induced activation of MOPRs on these interneurons reduces
their activity, resulting in disinhibition of the DA neurons
and elevations of DA release in the NAc (Shoji et al, 1999).
Moreover, the results presented here point to a valence-
specific effect of OPRM1 A118G on DA neurotransmission in
the NAc, where G carriers showed greater DA release in the
NAc in response to the pain challenge but reductions in DA
release in the same regions in responses to the placebo
challenge. Our results also suggest that these effects might be
under the regulation of the opioid system, as suggested by
the relationship between DA release in responses to both
challenges and m-opioid receptor availability across multiple
brain regions.
In this manuscript, we provide a mechanistic explanation

of the effect of the OPRM1 A118G on the regulation of pain,
placebo analgesia and stress-related personality traits. These
findings point to a potentially significant role of OPRM1
A118G in illnesses where vulnerability to physical and
emotional stressors represents a core feature, which include
persistent pain conditions, the addictions and the mood
disorders, as well as their comorbidities. This genotype may
therefore serve as a potential biomarker of vulnerability for
those conditions and inter-individual variations in responses
to their treatments. These data also add to an emerging
literature on genetic influences on the formation of placebo
analgesic effects (Hall et al, 2012; Pecina et al, 2014). If
confirmed in larger samples, then genetic tests could be used
as biomarkers that allow the prediction of placebo responses
in clinical trials, helping decisions regarding patient strati-
fication and the contribution of trait factors to the separation
of drug and placebo treatment effects.
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