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Abstract

Background—In a community sample of low-income African American adolescents, we tested
the interactive effects of variation in the mu 1 opioid receptor (OPRM1) gene and the occurrence
of stressful life events on symptoms of depression.

Method—Interactive effects of 24 OPRM1 simple nucleotide polymorphisms (SNP) and
adolescent report of stressful life events on depression were tested using multilevel regressions.
SNPs were dummy coded to test both additive and dominate forms of coding.
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Results—Five OPRM1 SNPs showed significant evidence of interaction with stressful life
events to alter depression risk (or symptoms) after adjusting for multiple testing and the correlated
nature of the SNPs. Follow-up analyses showed significant differences based on OPRM1 genotype
at both lower and higher frequencies of stressful life events, suggesting that participants with a
copy of the minor allele on OPRM1 SNPs rs524731, rs9478503, rs3778157, rs10485057, and
rs511420 have fewer symptoms in low stress conditions but more symptoms in high stress
conditions compared to major allele homozygotes.

Limitations—The genetic variants associated with depression in African American adolescents
may not translate to other ethnic groups. This study is also limited in that only one gene that
functions within a complex biological system is addressed.

Conclusions—This current study is the first to find an interaction between OPRM1 and life
stress that is associated with depression. It also addressed an understudied population within the
behavioral genetics literature. Further research should test additional genes involved in the opioid
system and expand the current findings to more diverse samples.

Keywords

Molecular genetics; Adolescence; Stress; Psychopathology; Depression; Gene X environment
interactions

Genetic factors play a significant role in the etiology and temporal stability of depression
across childhood and adolescence (Franic, Middeldorp, Dolan, Ligthart, & Boomsma,
2010). Both availability of mu-opioid receptors (Kennedy, Koeppe, Young, & Zubieta,
2006), which activate in response to stressful stimuli (Ide et al., 2010; Wang, Charboneau,
Barke, Loh, & Roy, 2002), and variation in the mu-opioid receptor (OPRM1) gene (Kertes
et al., 2011) have been linked to depression. The accumulation of life stressors is a known
risk factor previously shown to interact with genetic susceptibilities in the prediction of
depression (El Hage, Powell, & Surguladze, 2009). The current study examines whether
variation in OPRM1 interacts with stressful life events to predict depression.

The adolescent period can be a significant time of change when it comes to depressive
symptoms (Conley & Rudolph, 2009; Cyranowski, Frank, Young, & Shear, 2000; Ge,
Lorenz, Conger, Elder, & Simons, 1994). Depressive symptoms increase during this period,
especially for girls. Increases in stressful life events have also been found to predict
increases in depressive symptoms throughout this period (Charbonneau, Mezulis, & Hyde,
2009; Ge, Conger, & Elder, 2001; Johnson, Whisman, Corley, Hewitt, & Rhege, 2012). In
order to fully understand the association between stress and depression, it is important to
consider the potential genetic and biological mechanisms involved in that association.

Stress on the Genetic and Biological System

Twin research on depression and stressful life events has shown higher heritability estimates
for depression among adolescents and preadolescents experiencing more stressful life
occurrences (Boardman, Alexander, & Stallings, 2011; Silberg et al., 1999), and provide
additional evidence of shared genetic liability among stressful life events and depression,
suggesting gene-environment correlation. Within these studies researchers limited their
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definition of stressful life events to those that the child could be partially responsible for
(e.g., “losing a friend through arguments”) in order to focus on life stress that could be most
affected by genotype (as opposed to stressful events out of one’s control such as the death of
a loved one). The findings from this study support a biological, specifically genetic, role in
the occurrence of stressful life events.

Stressful life experiences can also impact our biology. Two biological systems that have
been linked to depression and that are influenced by the OPRM1 gene are the hypothalamic-
pituitary-adrenal (HPA) axis and the opioid system (Pariante & Lightman, 2008; Tremblay
et al., 2005). One of the primary hormones released by the HPA axis and used to measure
physiological reactions to stress is cortisol. A history of adverse life events has been found
to be associated with a blunted cortisol reaction to a stressor in adults (Elzinga et al., 2008).
Cortisol, in turn, is also a predictor of future depression in adolescents (Adam et al., 2010).
The opioid system plays an important role in blunting both physical and emotional pain
(Drolet et al., 2001). The latter effect is especially crucial to a person’s capacity to cope with
stressful events and explains why a gene involved in the opioid system, like OPRM1, might
be important for understanding why stress leads to depression in some and not others.

OPRML1, Stress, and Depression

Variability in OPRM1 polymorphisms have been linked to greater activity in the
mesocorticolimbic areas of the brain (Filbey et al., 2008). Researchers studied the A118G
SNP on OPRM1 and found that having one or more copies of the G allele predicted
increased blood flow to the mesocorticolimbic areas. Mesocorticolimbic pathways are an
integral part of the brain’s reward system, transporting dopamine to the limbic system and
frontal cortex where it regulates motivation and feelings of pleasure. In addition to
impacting brain activity, differences in OPRM1 polymorphisms are associated with changes
in the HPA axis in both humans and rhesus monkeys (Chong et al., 2006; Pratt & Davidson,
2009; Schwandt et al., 2011; Wand et al., 2002). For both humans and monkeys, high levels
of stress and OPRM1 risk variants interact to predict a blunted response from the stress-
sensitive hormone cortisol. Variation in OPRM1, specifically within the A118G SNP, is
related to expression differences up to 1.5-fold in OPRM1 mRNA and 10-fold in OPRM1
protein for the A118 allele compared to the G118 (Zhang, Wang, Johnson, Papp, & Sadee,
2005). The biological impact of differences in OPRM1 polymorphisms, from the molecular
to the brain and HPA axis, presents pathways through which variation on OPRM1 SNPs
may influence clinical outcomes, such as depression.

The association between OPRM1 variants and stress is not well documented. As alluded to
earlier, OPRM1 genotype predicts a blunted cortisol response to stressful events such as the
Trier Social Stress Test, a laboratory based stressor in which participants give a speech in
front of confederate judges (Chong et al., 2006). The A118G SNP has also been associated
with decreased symptoms of post-traumatic stress disorder in people living with HIV
(Nugent, Lally, Brown, Knopik, & McGeary, 2012). Beyond those two studies, questions
still exist about how OPRM1 variants alter the impact of stress, especially broader measures
of stress, and their association with psychopathology.
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Research has found connections between OPRM1 and depression that hold promise for
further exploration. In a study of over 100 candidate genes in a sample of adults with alcohol
disorders, four SNPs from the OPRM1 gene were associated with symptoms of major
depressive disorder (MDD) (Kertes et al., 2011). After adjusting for multiple testing, the
rs650245 SNP remained significant. Participants with more copies of the minor allele had
more symptoms of depression. The mu-opioid receptor, for which OPRM1 encodes the
protein, has also been associated with depression (Kennedy et al., 2006). In a group of 28
women, half diagnosed with MDD, the women with MDD had fewer available mu-opioid
receptors compared to the control women.

Current Study

The novel aim of the current study is to test associations of life stressors and variation in
OPRM1 with depression. We expect that OPRM1 genotype and frequency of stressful life
events will separately predict symptoms of depression and together interact to predict
symptoms of depression. Specifically, we predict variation in OPRM1 SNPs will interact
with lower frequency stressful life events to predict fewer depressive symptoms and will
interact with higher frequency of stressful life events to predict increased depressive
symptoms. The current study is the first to explore the effects of both life stress and
variation in OPRM1 on depression. Furthermore, we are testing this association with low-
income African American adolescents, a population that are understudied in gene-by-
environment psychiatric genetic research (Murphy, Wickramaratne, & Weissman, 2009).

METHODS

Measures

Data are from the Gene, Environment, Neighborhood Initiative (GENI), a sample of 592
African American adolescents [98.8% AA; 51.2% female; age M = 15.93 (SD = 1.43)]
recruited from Mobile, Alabama. Some participants were recruited along with other
adolescent family members (M=1.29 children per family). Two hour interviews were
conducted between March 2009 and October 2011 with both adolescents and their primary
caregiver. Caregivers and adolescent participants gave written consent and assent,
respectively, and were compensated for their time. Procedures for this study were approved
by the Institutional Review Boards at Northwestern University, Virginia Commonwealth
University, University of Illinois at Chicago and the University of Alabama.

Genotyping—In the GENI sample, a total of 24 SNPs were genotyped across OPRM1.
Genotyping was conducted at the Virginia Institute for Psychiatric and Behavioral Genetics
(VIPBG) at Virginia Commonwealth University, using TagMan chemistry and Assays-on-
Demand (Applied Biosystems International, Carlsbad CA). Reactions were assembled using
an epMotion 5075 liquid handling robot (Eppendorf, Westbury NY), fluorescence signals
were read in an LJL Analyst AD plate reader (LJL, Sunnyvale, CA) and genotypes were
called using an automated allele scoring platform (van den Oord, Jiang, Riley, Kendler, &
Chen, 2003). Primer sequences for VNTRs (available upon request) were designed using
PRIMERS3 (http://primer3.sourceforge.net/). For SNPs that were previously typed by our
group in another sample, these were force-included in the tagging set for the purpose of
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future comparison. If no TagMan assay was available for a previously typed SNP, a proxy
SNP in complete LD (R?=1.0) with the previously typed SNP was selected and used. A
supplementary set of SNPs was then selected (based on HapMap data from the Nigerian
Yoruba population) to complete LD tagging within the subset of African American
participants in order to capture the additional genetic variability in individuals of African
descent.

The genotyping success rate for this gene within this sample was 98.9%. Duplicate
genotyping produced concordance rates of 100%. As a measure of quality control, all
genetic data were then subjected to a sequence of inclusionary thresholds. First, individual
DNA samples yielding a gene-wise genotyping success rate of less than 80% were deemed
unreliable, and removed from consideration for inclusion in the analytic dataset. Second, for
all remaining data, any individual SNP with a sample-wise genotyping success rate of less
than 80% was then excluded from the analytic dataset. Of the 579 participants from whom
DNA data were collected, only 4 failed to meet the first threshold; therefore, our final
sample size for this analysis was 575. Of the 24 OPRM1 markers genotyped in the GENI
sample, none were excluded on the basis of the second criteria. None of the OPRM1 SNPs
significantly deviated from within ethnic-group calculations for Hardy-Weinberg
equilibrium (p <.001). All SNP chromosomal positions and allele identities are shown with
respect to the genomic (+) strand.

Given the different ancestral histories of populations, allele frequencies and LD differ
substantially across populations. Because of this, we limited all analyses and data reported in
this paper to the African Americans in our sample to guard against the introduction of bias
via population stratification (two participants identifying as “white” and five participants
identifying as “mixed” were not included). Haploview (Barrett, Fry, Maller, & Daly, 2005)
was used to estimate LD across the full set of genotyped SNPs. Pairwise associations
between markers in OPRM1 yielded R? values ranging from .00 to .81. Likewise, D’ (an
alternative estimate of association that is less sensitive to variation in allele frequencies;
(Hedrick & Kumar, 2001)) values ranged from .01 to .97. The extent to which inter-SNP
correlation exists reflects the degree to which analyses with individual markers represent
non-independent tests of association. A multiple testing correction across the SNPs was
performed using the web-based software SNPSpD (Nyholt, 2004), which takes into account
the number of SNPs genotyped and the LD structure between them (see Figure 1 for LD
plot). Based on this test, the effective number of independent marker loci for our analyses
was 15.04, resulting in an adjusted significance level of .003.

Stressful Life Events—Adolescents completed the Stress Index, a 16-item questionnaire
measuring frequency of life transitions, circumscribed events (e. g., property damage from a
disaster or a family members illness or death), and violence exposure in the previous year
(Attar, Guerra, & Tolan, 1994; Gorman Smith & Tolan, 1998). The Index first asks whether
or not an event has occurred in the last year (e. g., “Did your family move to a new home or
apartment in the LAST 12 MONTHS?”) and then asks how many times that event occurred
(e. 9., “How many times did your family move to a new home or apartment in the LAST 12
MONTHS?”) with response options “once”, “twice”, or “three or more times”. Sum scores
were calculated based on the total frequency of stressful life events participants experienced.
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Diagnostic Interview Schedule for Children (C-DISC-4)—The C-DISC is a widely
used assessment of psychiatric diagnoses among adolescents and is administered as a
computerized, structured interview by trained lay interviewers. Interviewers were educators,
social workers, counselors with experience working with inner city youth, and college
interns working on the MYS study. All interviewers went through extensive training
according to accepted procedures (Shaffer, Fisher, & Lucas, 2004) and received ongoing
supervision by licensed Clinical Psychologists trained in C-DISC administration and in
psychological assessment of urban, minority youth. We administered the modules for most
major psychiatric disorders, including major depressive disorder (MDD). Number of MDD
symptoms (range: 0-20) was taken for the previous 12 months. The acceptable reliability
and validity of the computerized DISC 4.0 and earlier versions has been well-described
(Shaffer et al., 2004; Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 2000).

Statistical Analyses

Multilevel regression in SPSS (version 21.0) was used to separately test main effects
between each SNP and frequency of exposure to stressors on number of MDD symptoms
while accounting for potential similarities among adolescent family members. Interactive
effects of SNPs and stress exposure on MDD symptoms were then tested. Sex was initially
tested as an additional moderator in genotype-by-stressful life event models but was
subsequently dropped after being found to be nonsignificant (results not shown). Age and
sex were used as covariates in every model (results not shown). SNPs were dummy-coded in
order to simultaneously test for both additive and dominant genetic effects within the same
model. The advantage of using dummy coding for SNPs is that it allows you to incorporate
two interaction terms into your model. If both interaction terms are significant, you have
evidence of an additive genetic effect. Alternatively, if only one interaction term is
significant, results support a dominant or recessive genetic effect. For testing for additive
effects in particular, using dummy codes protects against the false outcomes inherent to
using a single cross-product term in genetic interaction analyses (Aliev, Latendresse,
Bacanu, Neale, & Dick, 2014). The reason for this inherent problem is that when SNPs are
coded additively as 0, 1, and 2, as has been most common in previous GXE designs, this
coding creates more unknowns than can be accurately captured by traditional linear
regression with a cross-product term. Specifically, additive coding in this way creates two
problems: 1) slope difference between genotype 0 and 1 is forced to be the same as the slop
difference between genotypes 1 and 2; and 2) all three regression lines are forced to cross at
the same point. The use of dummy coding increases the number of parameters and allows us
to accurately measure data with three genotype levels.

In order to determine if genetic differences are significant in conditions of low and/or high
frequency of stressors, we calculated regions of significance (RoS) (Johnson & Neyman,
1936). Regions of significance identify the levels of life stress at which genotypic
differences reflect significant mean differences in MDD symptoms (i.e., the points at the
lower and upper end of the graph where the differences between genotypes are significant).
We also calculated the proportion of interaction (Pol) (Roisman et al., 2012). The Pol is a
measure of differential susceptibility defined within a range of + 2 SDs on the X variable
that is unaffected by sample size. It provides an index of whether or not a crossover
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interaction is best defined in terms of differential susceptibility, the theory that some
individuals do the worst in high stress but the best in low stress, or diathesis stress, the
theory that individuals that do poorly in high stress show no difference with other
individuals in low stress (Belsky, Bakermans-Kranenburg, & van 1Jzendoorn, 2007). Values
of Pol closer to .50 are more suggestive of differential susceptibility and values closer to .00
suggest diathesis stress (Roisman et al., 2012). Finally we calculated the proportion affected
(PA). The PA estimates the percentage of participants that fall above the crossover point (the
value on X at which regression lines for the genotypes cross). If a large percentage of
participants do not experience the crossover effect (i.e., there are few participants after the
crossover) then the interaction effect is not well explained by the differential susceptibility
framework.

Participants had a mean of 5.77 (SD=4.66, range = 0-20) MDD symptoms and a mean
frequency of 5.75 (SD=5.23, range = 0-25) stressful life events in the previous year. There
was a moderately significant correlation between MDD symptoms and frequency of stressful
life events (r = .32, p < .01). Girls had a higher number of MDD symptoms than boys (M =
6.31vs M =5.22, p < .01, respectively). There was no difference on frequency of life
stressors by gender. There were also no differences by age on either MDD symptoms or
frequency of stressful life events. Frequencies for OPRM1 SNPs are presented in Table 1.
The main effect of OPRM1 SNPs on frequency of stressful life events was also tested and
no significant associations were found (results not shown).

Results for the interactive effects of OPRM1 SNPs and frequency of life stressors are
presented in Table 2. There were significant main effects of life stress on MDD symptoms in
all models. There were no significant main effects of differences in OPRM1 genotype on
MDD symptoms. In terms of interactions, there were no differences found when OPRM1
SNPs were treated as additive (i.e., interaction terms for both dummy codes were not
simultaneously significant for any one SNP) but when heterozygous and minor-allele
homozygous groups were combined, exposure to stressors significantly interacted with eight
SNPs to predict MDD. Significance thresholds were then adjusted to account for multiple
testing and linkage disequilibrium among SNPs. This adjustment was made using Li and Ji’s
(2005) recommended method of using correlation matrix eigenvalues to adjust for multiple
testing in multilocus analyses. Based on that adjustment, the threshold for significance was
set at p <.003. Interactions with stress exposure and five SNPs remained significant:
rs524731, rs3778157, rs511420, rs10485057, and rs9478503.

Significant interactions were graphed in order to understand the nature of the interactions
(see Figures 2a—2e). For the interactions with all five SNPs, there appeared to be a crossover
effect with minor allele carriers who experienced fewer stressful life events demonstrating
the fewest MDD symptoms and minor allele carriers who experienced more stressful life
events demonstrating the most MDD symptoms. Major allele homozygotes had flatter slopes
by comparison. For SNP rs524731, regions of significance indicated that significant genetic
differences were found at <.59 SDs below the mean and >.58 SDs above the mean on
frequency of life stressors. Pol was .50, supporting the graphical evidence that minor allele
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carriers do better in low stress and worse in high stress on MDD symptoms compared to
major allele homozygotes. Similar findings for SNPs rs9478503 and rs3778157 were also
found (see Table 2). The findings for SNPs rs10485057 and rs511420 are not as strong in
terms of support of a differential susceptibility framework as the other three significant
SNPs, but results are still in the same direction and support similar conclusions.

DISCUSSION

Results indicated that for adolescents exposed to fewer stressful life events, having one or
two copies of the minor allele on one of the five OPRM1 SNPs is associated with fewer
depression symptoms. Conversely, for adolescents exposed to more stressful life events,
possessing one or more copies of the minor allele was associated with having more
depression symptoms. The results also supported a dominant coding scheme over an
additive one for the OPRM1 gene. However, for SNPs with significant interaction effects,
the percentage of minor allele homozygotes was five percent of the sample or less, so the
lack of support for additive effects may be a function of lack of power to detect them. These
findings support a possible framework for the etiology of depression by which changes in
life stress interact with pre-existing genetic susceptibilities. Stress can have a powerful effect
on the human body with both short and long term biological consequences (Bremner &
Vermetten, 2001). Differences in the encoding of mu-opioid receptors may further
exacerbate these consequences and result in increases in depressive symptomology.

Whereas previous research has found a main effect of OPRM1 on depression (Kertes et al.,
2011), the current findings only supports an effect of OPRM1 on depression dependent on
levels of stress. They contribute uniquely to the literature by being the first to support an
interaction between OPRM1 and life stress in explaining symptoms of depression. This
association holds true across five separate SNPs in the OPRM1 gene. The results underscore
the importance of the opioid system in understanding the biological underpinnings of
depression. Past research has found a complex etiology for depression that encompasses
multiple neurotransmitter systems, including opioids, and structures of the brain (Maniji,
Drevets, & Charney, 2001). Due to the complexity of the biological systems that have been
linked with depression, it is not yet clear exactly how all of those systems function together
to result in MDD or if there is a threshold regarding the number of dysregulated systems that
cascade into MDD. We also know that depression has a strong genetic component
(Boardman et al., 2011; Silberg et al., 1999). The current study has identified a specific gene
that may represent a genetic factor involved in the opioid and larger dopaminergic system
that may be a risk or protective factor, depending on the environmental stimuli.

Previous research has found that the interaction of life stress with genetic susceptibilities is
related to depression (El Hage et al., 2009); results from the current study support this
finding. The present findings have two major implications for prevention and intervention
work. Allelic differences on OPRML1 that potentially result in changes to opioid levels have
the potential to be addressed pharmacologically (Trescot, Datta, Lee, & Hansen, 2008).
These findings also illustrate the importance of prevention/intervention work that either
takes steps to reduce occurrences of life stress or provides the skills necessary for coping
with them. Family interventions for prevention of drug use have been affective for
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adolescents with risk genotypes (Brody, Beach, Philibert, Chen, & Murry, 2009; Brody,
Chen, Beach, Philibert, & Kogan, 2009). Perhaps depression prevention programs that target
stress coping skills in adolescents with particular OPRM1 genotypes may have enhanced
effectiveness.

The present study is limited in part by the nature of its sample. The genetic variants
associated with depression in African American adolescents may not translate to other
ethnic groups. At the same time, African Americans have been extremely underrepresented
in psychiatric genetic research and their inclusion is critical to assure that they reap the
benefits of any resulting health interventions. Research in this area would also be
strengthened by a longitudinal perspective on stress. While a retrospective approach to
measuring stress is typical in the existing literature, future research should expand the
current findings by looking at changes in life stress across multiple time points as well as the
effects of more immediate life stressors. This study also has the same limitations that are
inherent to candidate gene research (Duncan & Keller, 2011). Primarily, only one gene that
functions within a complex biological system is addressed. It is necessary to further study
the biological context surrounding the stress response to fully understand how allelic
differences on SNPs within the OPRM1 gene alter that biological context. The next steps in
addressing this issue would be studying other genes that have a role in the opioid system, as
well as genes that potentially impact other neurotransmitters, along with OPRM1. Further
research should also address the biological products of the OPRM1 gene, mu-opioid
receptors. To fully understand the role of the interaction between OPRM1 and stress on
depression, exploring associations between OPRM1 and mu-opioid receptor density may be
necessary.
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Figure 2a: rs524731 and Life Stress on DISC MDD
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Figure 2b: rs9478503 and Life Stress on DISC MDD
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Figure 2c: rs3778157 and Life Stress on DISC MDD

Figure 2d: rs10485057 and Life Stress on DISC MDD
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