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Unique and joint associations of polygenic risk for major
depression and opioid use disorder with endogenous opioid
system function
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Major depressive disorder (MDD) and opioid use disorder (OUD) are common, potentially fatal, polygenic disorders that are
moderately heritable and often co-occur. We examined the unique and shared associations of polygenic risk scores (PRS) for these
disorders with µ-opioid receptor (MOR) concentration and endogenous opioid response during a stressful stimulus. Participants
were 144 healthy European-ancestry (EA) subjects (88 females) who underwent MOR quantification scans with [11C]carfentanil and
PET and provided DNA for genotyping. MOR non-displaceable binding potential (BPND) was measured in 5 regions of interest (ROIs)
related to mood and addiction. We examined associations of PRS both at baseline and following opioid release calculated as the
ratio of baseline and stress-challenge scans, first in the entire sample and then separately by sex. MOR availability at baseline was
positively associated with MDD PRS in the amygdala and ventral pallidum. MDD and OUD PRS were significantly associated with
stress-induced opioid system activation in multiple ROIs, accounting for up to 14.5% and 5.4%, respectively, of the variance in
regional activation. The associations were most robust among females, where combined they accounted for up to 25.0% of the
variance among the ROIs. We conclude that there is a pathophysiologic link between polygenic risk for MDD and OUD and opioid
system activity, as evidenced by PRS with unique and overlapping regional associations with this neurotransmitter system. This link
could help to explain the high rate of comorbidity of MDD and OUD and suggests that opioid-modulating interventions could be
useful in treating MDD and OUD, both individually and jointly.
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INTRODUCTION
Major depressive disorder (MDD) and opioid use disorder (OUD)
are common, highly comorbid conditions that adversely affect
public health, both individually and jointly [1, 2]. In 2019, 19.3
million US adults experienced a major depressive episode and
47,000 died by suicide [3], while nearly 1.6 million suffered from
OUD and nearly 50,000 died from an opioid overdose [3].
Although the etiology of these disorders is not completely
understood, there is evidence of shared genetic liability of MDD
with opioid use and OUD [4]. Endogenous opioid system
dysregulation, which has been associated with the pathophysiol-
ogy of MDD [5, 6], MDD-associated suicide [7, 8], and the
development and maintenance of drug dependence [9], is a
potential shared neurobiological mechanism contributing to both
disorders.
MDD and OUD are polygenic traits whose estimated heritability

in genetic epidemiologic studies is 31–42% [10] and 23–54% [11],

respectively. The availability of summary statistics from large
genome-wide association studies (GWAS) of MDD [10] and OUD
[12] make it possible to calculate polygenic risk scores (PRS) in
other samples. Given the high polygenicity of many complex
traits, including psychiatric phenotypes, polygenic risk metrics
account for a fuller range of genetic effects than single nucleotide
polymorphisms (SNPs). Further, polygenic risk may be shared
across disorders with overlapping characteristics, pathophysiol-
ogy, or comorbid presentations [13] and contribute to the
comorbidity.
The µ-opioid receptor protein (MOR) is widely distributed in

both emotion- and addiction-related circuits [14] and is known to
regulate the hedonic value of natural and drug rewards [15],
mood, and stress responses [16]. The receptor is required for the
analgesic, rewarding, tolerance- and withdrawal-inducing effects
of opioid drugs [17, 18] and can impact reward-related signaling
through several other basic mechanisms, including modulation of
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the mesolimbic dopamine system [9]. An A118G base change
encoding an Asn40Asp exchange in OPRM1, which encodes MOR,
has been associated with changes in MOR non-displaceable
binding potential (BPND) measured using positron emission
tomography (PET) [19–21]. Notably, the strength of genetic
associations with molecular targets is typically greater than with
behavioral traits (e.g., depressive symptom severity, opioid dose)
or non-specific functional measures (e.g., fMRI BOLD signal or
metabolism), possibly because of the closer association of gene
products with neural signaling mechanisms than with indirect
measures [22].
We examined the association of genome-wide PRS for MDD and

OUD with between- and within-subject changes in endogenous
opioid neurotransmission, measured as MOR BPND during baseline
and stress-challenge conditions [23]. We focused on 5 prototypical
brain regions involved in the regulation of emotion and mood and
the emotional, incentive, and compulsive mechanisms of OUD:
namely, the subgenual anterior cingulate, ventral pallidum,
amygdala, nucleus accumbens, and dorsal striatum (see Supple-
mentary Fig. S1). Following analyses in the overall sample of study
participants and given sex differences in risk for MDD and OUD
and sex-specific variation in their expression, clinical course,
treatment response, and MOR-mediated neurotransmission
[24, 25], we analyzed the data separately by sex. All analyses
controlled for the effects of the A118G SNP. Finally, we tested the
specificity of the findings using a PRS derived from a GWAS of
height [26], for which we expected no association.
We hypothesized that: (1) individually, the MDD and OUD PRS

would account for unique variance in stress-induced changes in
MOR-mediated neurotransmission; (2) the associations with MDD
and OUD PRS would be overlapping, given their high rate of
comorbidity and genetic correlation; and (3) the MDD and OUD
PRS would show differential effects in males and females.

MATERIALS AND METHODS
Samples
Data from 191 participants from 5 separate [11C] carfentanil PET brain
imaging studies were aggregated to form the current sample (see
Supplementary Fig. S2). All procedures used in these studies were
approved by the Institutional Review Board and the Radioactive Drug
Research Committee of the University of Michigan. Written informed
consent was obtained from all subjects prior to the performance of the
study procedures.
The protocol and sample characteristics for each of these studies are

described in detail elsewhere [20, 27–30]. In brief, at intake, each
participant was screened for DSM-IV Axis I disorders using a structured
interview administered by a psychiatrist or psychiatric nurse. All
participants were right-handed. Substance use disorders, including OUD,
and recent use of antipsychotic medication were exclusionary, as was
recreational drug use. Prior to scanning, subjects underwent urine testing
for the following drugs: amphetamine/methamphetamine, barbiturates,
benzodiazepines, cocaine, alcohol, methadone, opioids, phencyclidine,
cannabinoids, tricyclic antidepressants, and acetaminophen.

Phenotyping
A subsample of 179 participants met our inclusion and exclusion criteria
and had genome-wide genotype and [11C]carfentanil PET data available for
analysis. The participants’ genetic ancestry was estimated from the
measured genotypes as a combination of European, African, Native
American, East Asian, and South Asian populations using 1000 Genomes
Project phase 3 samples as the reference [31] (see Supplementary Figs S3
and S4). Because the PRS were derived from European-ancestry individuals
and these scores do not translate between populations in a straightfor-
ward way, we included only subjects whose proportion of European
ancestry was >0.8 (n= 144; 56 males, 88 females; age 18–58 years). These
participants (see Supplementary Table S1) included 74 healthy controls; 37
participants with a primary diagnosis of chronic non-specific back pain
(CNBP); and 33 participants with a current primary Axis I or II disorder. Six
CNBP patients also had comorbid Axis I disorders. None of the individuals

who underwent the pain-stress challenge had a diagnosis of MDD. Age
and baseline affective ratings and psychophysiological responses during
the pain challenge by sex and genotype are shown in Supplementary
Table S2. The mean (SD) age among females was 33.1 years (10.6) years
and among males 32.0 (10.8) years (p= 0.52).

Neuroimaging
Each participant underwent a resting 90-min [11C]carfentanil scan for the
measurement of MOR BPND (see Supplementary Methods for details), a 90-
min pain-stress scan that consisted of a 45-min baseline session without
intervention followed by a 45-min session that contained a pain-stress
challenge, or both (i.e., two separate scans in randomized order). Typically,
and to achieve full quantification, we utilized 2 scans–baseline and
challenge–in random order, using a subtraction method. Of the total
sample, 109 individuals underwent the pain-stress challenge, during which
they were exposed to moderate levels of muscular pain through the
computer-controlled infusion of small amounts of 5% hypertonic saline
into the relaxed masseter muscle [32]. Given that genomic studies require
large samples to yield adequate statistical power, we augmented the
available sample by including individuals who had both baseline and
challenge data obtained in a single session. In these individuals, we
calculated BPND early in the scan (control) vs. late in the scan (challenge).
The only difference in the data that come from early vs. late in a single
scan session and those that come from two separate scan sessions is the
decay of 11C, a physical constant. Otherwise, subtraction vs. ratio methods
yield nearly identical results, as would be expected, with correlations
ranging from 0.94 to 0.97 among the ROIs.
PET scans were acquired, reconstructed, and processed as described in

detail previously [30]. Details of the specific scanning procedures and
analytic methods used in this sample are provided in Supplementary
Methods.

Genotyping, imputation, and quality control
Genotyping was performed using the Infinium PsychArray 24v1.2
BeadChip (lllumina, San Diego, CA), with quality control performed using
SNP clustering in Illumina Genome Studio (https://www.illumina.com/
techniques/microarrays/array-data-analysis-experimentaldesign/
genomestudio.html). Details on quality control and imputation are
provided in Supplementary Methods.

Principal component analysis (PCA) and genetic ancestry
Participants’ genetic ancestry was calculated using a linear regression
model that predicted the ancestry proportions based on the top 10
principal components (PCs) from the PCA of the combined set of samples
from this study and 1000 Genomes Project (Fig. 1). Additional details on
the genetic ancestry methods are provided in Supplementary Methods
(including Supplementary Figs. S3 and S4).

Polygenic risk scores
PRS were calculated using the EUR reference panel in PRScs [33] and
genome-wide association summary statistics from the largest avail-
able GWAS meta-analyses of MDD [10] and OUD [12]. We ran the Markov
chain Monte Carlo procedure in PRScs for 1,100 iterations, burning in the
first 100 iterations. Other PRScs parameters were set to the default values.

Statistical analyses
Regressions of MOR BPND onto PRS. Linear regressions of BPND on MDD
and OUD PRS included sex (for the overall analysis), age, the A118G SNP
genotype, and the first 10 ancestry PCs as covariates. The BPND
measurements and PRS were quantile normalized to the normal
distribution to avoid outliers and disproportionately influential observa-
tions. Stress-induced changes in MOR-mediated neurotransmission were
calculated by taking the ratio of (1) the initial 45 min of the scan, prior to
the introduction of the pain challenge to (2) the last 45 min of the pain
scan. As reductions in BPND are thought to reflect increased acute
endogenous MOR activity, lower ratio values are indicative of higher
endogenous opioid system activation.
Following analyses that included the entire cohort, we examined effects

in males and females separately. We estimated models for each PRS
predicting BPND for the 5 ROIs: subgenual anterior cingulate, ventral
pallidum, amygdala, nucleus accumbens, and dorsal striatum. We report
the regression estimates for MDD and OUD PRS, along with the respective
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standard errors, t-statistics, p-values, and incremental R2 (explained
variation relative to the model with only the covariates). The effects of
the two PRS were also modeled in the same equation to identify the
additive variance in the MOR system functional measures that were
accounted for by the genetic risk metrics. Within each of three analyses
(overall, male, and female), we calculated the False Discovery Rate (FDR) to
correct for multiple testing using the Benjamini-Hochberg procedure [34]
and an FDR threshold of q < 0.05 for significance.
Because the participants were recruited from 5 different studies, we

included sensitivity analyses that included study as a dummy variable in
the models.
The analyses were conducted using R 4.0.2, with the linear regression

analysis using built-in function lm. The incremental R2 is calculated as
R2 ¼ R2f � R20

� �
= 1� R20
� �

, where R2f and R20 are the values of the explained
variation for the linear models with and without the main predictor and
with the full set of covariates. Note that incremental R2 takes values
between 0 and 1, as does the standard R2. The false discovery rate (q value)
was calculated using build-in R function p.adjust.
The association of the PRS for height [26] with receptor availability

during the pain challenge was modeled in the same way as the PRS for
OUD and MDD.

RESULTS
Table 1 shows the associations of MDD and OUD PRS with
baseline levels of MOR BPND and Table 2 shows the associations of
these PRS with the measure of stress-induced endogenous opioid
release. Both tables include estimates of the unique variance in

the MOR system functional measures accounted for by each PRS
and the additive effects of the two PRS.

Associations of baseline MOR BPND with MDD and OUD PRS
As shown in Table 1, in the full sample, the MDD PRS was
significantly associated with baseline MOR BPND only in the ventral
pallidum (R2= 4.9%) and the amygdala (R2= 5.5%). There were no
significant effects when the analyses were conducted separately
in males and females. The OUD PRS was not significantly
associated with MOR BPND in any of the ROIs. The combined
effects of the OUD and MDD PRS was not substantially greater
than the effects of the MDD PRS alone.

Associations of endogenous opioid system activation with
MDD and OUD PRS
In the full sample, the MDD PRS was significantly associated with
stress-induced endogenous opioid system activation in all 5 ROIs:
the subgenual anterior cingulate (R2= 12.0%), ventral pallidum
(R2= 11.4%), amygdala (R2= 14.5%), nucleus accumbens (R2=
6.0%), and dorsal striatum (12.8%) (Table 2). Among females, the
MDD PRS was significantly associated with opioid release in the
ventral pallidum (R2= 18.5%), amygdala (R2= 13.4%), nucleus
accumbens (R2= 7.1%), and the dorsal striatum (R2= 10.6%). The
association in the subgenual anterior cingulate was not significant
(q= 0.075). Among males, there were no significant associations
of the MDD PRS with endogenous opioid release.

Fig. 1 Relationship between stress-induced MOR activation and MDD PRS, OUD PRS, and both MDD and OUD PRS. Illustration of multiple
regression analyses of PRS and stress-induced endogenous opioid release controlling for age and 10 ancestry principal components. Mask
generated by combining all 5 regions of interest.
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In the full sample, the OUD PRS was significantly positively
associated with stress-induced endogenous opioid activation in
four of the ROIs: subgenual anterior cingulate (R2= 4.7%), ventral
pallidum (R2= 5.4%), amygdala (R2= 4.8%), and dorsal striatum
(R2= 5.4%). Clear sex differences were also evident here. Among
females, associations with the OUD PRS accounted for significant
and substantial variance in 4 ROIs: ventral pallidum (R2= 16.6%),
amygdala (R2= 9.5%), nucleus accumbens (R2= 10.7%), and
dorsal striatum (R2= 13.0%). Among females, the association in
the subgenual anterior cingulate was not significant (q= 0.075).
The variance in opioid activation accounted for when we

include both PRS in the model (see Table 2, far right column)
exceeds the variance accounted for by each of the PRS
individually. Thus, in addition to independent associations of the
PRS with opioid activation, there is evidence of shared associa-
tions between the PRS. For example, among females, the variance
accounted for individually in the ventral pallidum was 18.5% and
16.6% for the MDD and OUD PRS, respectively, and 25.0% for the
two PRS when modeled together. Thus, of the total variance
accounted for when the two individual estimates are summed
(35.1%), approximately 10.1% is shared by the two PRS.
Sensitivity analyses that included study as a dummy variable

showed results similar to those presented above, though some of
the associations reported above were rendered non-significant.
The findings are shown in Supplementary Tables S3 and S4.
As shown in Supplementary Table S5, a similar analysis of the

association of a PRS for height with endogenous opioid release
during the pain condition yielded no significant associations,
supporting the specificity of the findings for the MDD and
OUD PRS.

DISCUSSION
We found a significant association between the MDD PRS and
baseline MOR BPND in two regions: the ventral pallidum and
amygdala, where it accounted for ~5% of the variance in MOR
in vivo availability. This association’s directionality is the same as
that reported in post-mortem studies of depression-linked suicide
[7]. There were no significant associations between the OUD PRS
and MOR BPND at baseline. We observed significant associations
between both MDD and OUD PRS and the endogenous opioid
system responses to an experimental stressor. In the overall
sample, the association with MDD PRS accounted for up to 14.5%
and the OUD PRS for up to 5.3% of the variance in the opioid
response in ROIs implicated in reward, motivation, and affect,
processes involved in the development of both mood and
substance use disorders. For example, opioid mechanisms in the
nucleus accumbens and ventral pallidum are thought to play a
critical role in encoding hedonic and incentive value [35] and
governing drug-seeking behavior and, in the case of the dorsal
striatum, compulsive, habitual behaviors [36, 37]. Further, sub-
genual anterior cingulate MOR activity has been associated with
the processing of emotional and social stimuli [38, 39] and
implicated in the pathophysiology of MDD, including the response
to the administration of antidepressants and MDD-associated
suicide [5–8] and addictions [40, 41]. The findings reported here
are in line with previous reports that greater MOR system drive,
reflected by greater stress-induced endogenous opioid release,
contributes to risk-taking traits linked to affective dysregulation,
MDD [6], and problematic drug use [42].
Analyses conducted separately by sex revealed that associations

involving both MDD and OUD PRS were driven largely by effects
in females, where they accounted for up to 18.5% and 16.6%,
respectively, of the variance in opioid system activation. These
findings are consistent with well-described sex differences in the
clinical presentation and prevalence of the disorders [43] and in
endogenous opioid system functioning [24, 25]. While the

prevalence of virtually all substance use disorders, including
OUD, is higher in males than females, the antecedents and clinical
manifestations of opioid misuse and OUD appear to be sex
specific. For example, the risk factors for prescription opioid use
differ by sex [44], with childhood trauma having a greater impact
on the likelihood of developing OUD among females than males
[45]. Further, among individuals with a history of opioid misuse or
OUD, females are more likely to report a history of depression and
anxiety [44–47]. Although the most robust predictors of opioid
misuse once opioid use has been initiated—a history of substance
abuse and of legal problems—may be predictive of opioid misuse
only among males [44], females are more likely to experience
severe adverse consequences, to proceed from initiation to
chronic use more rapidly, and to exhibit higher addiction severity
when initiating treatment [48, 49].
In all ROIs, the sum of the variance accounted for by the two

PRS exceeded the variance accounted for when both PRS were
included in the model. As can be seen in Table 2, the variance in
endogenous opioid system activation shared by the two PRS in
the overall sample ranges from 1.2% to 3.2%, while among
females it ranges from 6.0% to 10.1%. The overlapping variance
accounted for by the two PRS may underlie both the high rate of
comorbidity of the two disorders seen in epidemiologic and
genetic studies and the greater likelihood of the co-occurrence of
these disorders in females [2, 4].
Whereas the study sample was comprised of subjects from

5 smaller studies, which provided greater statistical power for the
PRS analyses, we conducted sensitivity analyses that controlled for
study. These analyses showed a modest reduction overall in the
observed associations with the MDD and OUD PRS and some
statistically significant findings were rendered non-significant.
However, in most cases, the variance in MOR BPND accounted for
by the MDD and OUD PRS remained large, supporting the
demonstrated associations between these PRS and MOR avail-
ability at baseline and endogenous opioid release during a
stressful stimulus.
The genetic overlap accords with a recent mendelian randomi-

zation study of prescription opioid use and MDD, in which the
genetic liability for prescription opioid use was associated with
increased risk of MDD [4]. Stress-induced endogenous opioid
release has been linked to both emotion dysregulation and trait
impulsiveness [42, 50] and reflects one of the most consistently
recognized stress-regulatory mechanisms across species [51]. The
associations between MDD and OUD PRS and the opioid response
to a pain stressor remained evident after controlling for the A118G
SNP in OPRM1. Thus, the predominant genetic effects of the PRS
appear to be independent of this widely studied functional
polymorphism.
The more robust associations for both PRS among females is

likely due, at least in part, to the greater proportion of females
(58.7%) in the target sample. Thus, associations with these PRS
might be evident in a larger male target sample. The GWAS input
sample for the OUD PRS was predominantly (89.8%) male [12],
which contrasts with a nearly equal sex distribution (51.2% female)
in the MDD GWAS input sample [10]. The future availability of an
OUD input sample with a more equal sex distribution might yield
a PRS that accounts for more variance than the one used here.
There are study limitations that need to be considered. First, the

sample was comprised exclusively of EAs, as the number of non-
EA individuals for whom scan data were available was too small to
permit analysis. Similar analyses in other population groups would
require large, diverse samples of individuals who have undergone
MOR imaging and genome-wide genotyping. They would also
require the availability of summary statistics from GWAS
conducted in large, diverse samples to provide input for
the calculation of PRS in the target samples. To obtain a large
enough sample for the analyses that we performed, we combined
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data from multiple studies comprising healthy subjects and those
with chronic pain or Axis I or Axis II psychiatric disorders. We did
not stratify the analyses by diagnostic group, as they were too
small to permit such analyses. Finally, because participants with a
history of substance use disorders, including OUD, were excluded,
and stress-induced endogenous opioid release data were available
in few MDD-diagnosed volunteers, the findings cannot be
generalized to either OUD- or MDD-affected populations, where
they could be used to address risk directly. Because the exclusion
of more than a few affected subjects could have biased the
findings, larger studies are needed in subjects with MDD and OUD
to draw meaningful conclusions.
Despite these limitations, the aggregation of samples in a

secondary analysis of data acquired across studies yielded a large
study sample, enabling us to conduct analyses that would otherwise
not be possible due to the high cost and limited availability of PET.
Notably, molecular measurements such as those utilized here are
typically more closely associated with gene function than more
global, metabolically-driven measurements [22]. Future studies are
needed to examine how these genetic effects on opioid
neurotransmission are manifested in individuals with established
MDD and OUD, which are common, disabling disorders.
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