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Correction

PSYCHOLOGICAL AND COGNITIVE SCIENCES
Correction for “Variation in the β-endorphin, oxytocin, and
dopamine receptor genes is associated with different dimensions
of human sociality,” by Eiluned Pearce, Rafael Wlodarski, Anna
Machin, and Robin I. M. Dunbar, which appeared in issue 20,
May 16, 2017, of Proc Natl Acad Sci USA (114:5300–5305; first
published May 1, 2017; 10.1073/pnas.1700712114).
The authors wish to note, “We used the term ‘neuropeptide’ in

referring to the set of diverse neurochemicals that we examined in
this study, some of which are not peptides; dopamine and serotonin
are neurotransmitters and should be listed as such, and testosterone
should be listed as a steroid. Our usage arose from our primary
focus on the neuropeptides endorphin and oxytocin. Notwith-
standing the biochemical differences between these neurochemicals,
we note that these terminological issues have no implications for the
significance of the findings reported in this paper.”

www.pnas.org/cgi/doi/10.1073/pnas.1708178114
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receptor genes is associated with different dimensions
of human sociality
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aSocial and Evolutionary Neuroscience Research Group, Department of Experimental Psychology, University of Oxford, Oxford OX1 3UD, United Kingdom;
and bDepartment of Computer Science, Aalto University, Espoo FI 00076, Finland
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There is growing evidence that the number and quality of social
relationships have substantial impacts on health, well-being, and
longevity, and, at least in animals, on reproductive fitness. Although it
is widely recognized that these outcomes are mediated by a number of
neuropeptides, the roles these play remain debated.We suggest that an
overemphasis on one neuropeptide (oxytocin), combined with a failure
to distinguish between different social domains, has obscured the
complexity involved. We use variation in 33 SNPs for the receptor genes
for six well-known social neuropeptides in relation to three separate
domains of sociality (social disposition, dyadic relationships, and social
networks) to show that three neuropeptides (β-endorphin, oxytocin,
and dopamine) play particularly important roles, with each being asso-
ciated predominantly with a different social domain. However, endor-
phins and dopamine have a muchwider compass than oxytocin (whose
effects are confined to romantic/reproductive relationships and often do
not survive control for other neuropeptides). In contrast, vasopressin,
serotonin, and testosterone play only limited roles.

genetics | empathy | romantic relationships | social networks |
social neuropeptides

It has become apparent, over the last decade, that individual
differences in the number and quality of people’s social rela-

tionships have direct implications for their health and well-being,
including effects on mortality greater than well-established risk
factors such as smoking, alcohol abuse, and lack of exercise (1–4).
Those with functioning social relationships generally experience
greater happiness and longevity, quicker recovery from ill health
and surgery, and decreased risk of illness, while also reducing their
risk of developing addictions and psychopathology or exhibiting
antisocial behavior (5–7). Likewise, in both primates (8, 9) and
equids (10), social network size influences longevity, reproductive
fitness, and the ability to cope with social stress.
The impact of genetic variation on individual differences in social

behavior and cognition occurs mainly through altering the function
of a key set of neuropeptides. Although these neuropeptides may
act as a cascade, most studies have focused on individual neuro-
peptides. Much has been made, for example, of the role of oxytocin
as a correlate of pair bonding in small mammals (11, 12), and ar-
guably humans (13), but recent studies have indicated that pair
bonding in voles also involves the β-endorphin system (14, 15). Such
cases raise doubts about claims that particular neuropeptides are
responsible for broad categories of behavior.
The μ-opioid receptor (16) has been of particular interest because

it is the target of β-endorphin, which seems to play an important role
in maintaining social bonds in primates (including humans) (17–19).
β-Endorphin is a likely candidate in the maintenance of long-term
relationships in humans because, unlike oxytocin, it can underpin
relationships outside of the context of intercourse or parturition and
operates effectively at both the dyadic and group levels (20–22). It has
specifically been argued that, whereas oxytocin may be a universal
feature of mammalian sociality, primates’ unusual lifelong bonded
relationships requires a more robust neurochemical underpinning,
and the endorphin system was exapted for this purpose (23). It may

be especially important in this respect that, whereas oxytocin acts
endogenously (modulating an individual’s social style), β-endorphin
acts exogenously (its release can be triggered in others by, for ex-
ample, social touch) (18, 20).
Most social neuroscience suffers from a second important limi-

tation: It invariably concentrates on a very narrow spectrum of social
behavior (mainly romantic and parent–child bonding, empathy, and
dyadic interactions in economic games) or has used meaninglessly
broad definitions of sociality (as in a recent metaanalysis that failed
to find a significant association between the two most-studiedOXTR
SNPs, rs53576 and rs2254298, and “social behavior”) (24). Primates,
in particular, are characterized by multilayered social groups in
which individuals are embedded in an inner core of intense rela-
tionships, which in turn are embedded in larger, more loosely
structured social networks (25, 26). Intense, lifelong social bonds
and structured social complexity of this kind are rare outside the
primates (27, 28). Limiting interest to dyadic relationships, as most
social neuroscience does, massively underestimates the complexity
involved in primate, and especially human, sociality. An important
distinction needs to be drawn between social dispositions, intimate
dyadic relationships, and the wider social network within which the
individual is embedded. Details of the measures used to index these
variables are given in Materials and Methods and SI Appendix.
Variation in OXTR SNPs has been linked to the ability to identify

emotions and empathic concern (29), and variation in OXTR and
AVPR1a alleles has been associated with individual capacities for
affective and cognitive empathy, respectively (30). Positron emission
tomography (PET) and genetic studies have linked β-endorphin
(μ-opioid) receptor variation with attachment style (31, 32), with
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Social behavior in mammals is underpinned by a number of so-
cial neuropeptides. Most studies, however, focus on a single
neuropeptide (often oxytocin), and invariably only in the context
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OPRM1 variation explicitly related to fearful attachment styles (33).
In addition, Gillath (34) found that, whereas variants of DRD2 are
related to anxious attachment, HTR2A variation may be related to
avoidant attachment.

Romantic relationship status, relationship quality, and sexual
behaviors have been linked to OXTR variation in women and
AVPR1a variation in men, although this sexual division is not
always straighforward (12, 35–37). In addition, it has become

Fig. 1. Results for one representative SNP from each neuropeptide in each of the three domains of sociality (disposition, relationships, and wider network)
for males (light shading) and females (dark shading). Significant gene effects on sociality are represented by plots with gray shaded plot areas and include the
model parameter t value. *P < 0.05, **P < 0.01, ***P < 0.001.
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clear that other neuropeptides also play a significant role in the
formation and maintenance of sexual relationships. For instance,
both the dopamine and opioid systems have been shown to in-
teract to maintain monogamous pair bonds in prairie voles (15,
38). In humans, DRD2 and HTR2A variation has been linked to
different “loving styles” (39) and DRD1 and DRD2 genotypes
have been linked to age at first sexual intercourse (40), whereas
HTR1A variation is associated with romantic relationship for-
mation (41). In addition, OPRM1 and HTR2A have been asso-
ciated with variation in mate-choice success differentially in the
sexes in “speed-dating” situations (42). Furthermore, AR varia-
tion has been associated with relationship status and testosterone
response in opposite-sex interactions (43, 44). Here, we examine
variation in these genes in relation to both romantic relationship
quality [Relationship Assessment Scale (RAS)] and sexual atti-
tudes and behaviors [Sociosexual Orientation Inventory Revised
(SOI-R)] more generally.
By comparison, with work on dyadic relationships, the role of

neuropeptides in the wider social context beyond the dyad has
been almost totally ignored. What little work has been done
suggests that variation in OXTR can predict the size and diversity
of social networks via its influence on social temperament (45), as
well as being related to feelings of social connectedness (46) and
“general sociality” (47). Other studies have, however, provided
indirect evidence for a relationship between endorphins and social
network size (48). Aside from these, little has been done to ex-
amine the influence of other neuropeptides on wider social net-
work. The present study provides a significant attempt to evaluate
the role these neuropeptides play at this larger social scale.
We genotyped 33 candidate SNPs from nine genes (SI

Appendix, Table S1 and SI Materials and Methods) for 757 white
British individuals (423 female) who did not report any previous
psychological conditions for which they had received treatment.
For analysis, we used PLINK, a software package for genetic
analysis. PLINK allows us to test simultaneously for three al-
ternative allelic conformations [additivity (add), dominance
(domdev), and heterozygotic (geno 2df) effects]. We also checked
for interactive effects with sex and age; whereas simple associa-
tions between sociality and sex or age are not themselves of di-
rect interest in this study, we nonetheless report these results.

Results
There were significant associations (P < 0.05) between SNPs and
all of the sociality measures across the three domains (SI
Appendix, Table S2). Fig. 1 shows graphs for one representative
SNP from each gene in each of the three domains of sociality,
and Fig. 2 provides an overall summary of the significant results
in the form of a heat map.

Disposition. One OPRM1 SNP, rs3778151, showed a significant
effect of genotype on anxious attachment (geno_2df, P = 0.025;
Fig. 1), whereas another, rs648893, showed an interaction effect
between the additive model and sex (add x sex, P = 0.049). One
OXTR SNP (rs237897) also showed a significant positive effect
on anxious attachment (geno_2df, P = 0.017). No SNPs showed
significant associations with avoidant attachment. The AR SNP
showed a significant negative additive effect on anxious attach-
ment (add, P = 0.009, Fig. 1). Although the OPRM1 SNPs
remained significantly associated with anxious attachment in
models controlling for AR rs6152 or OXTR rs237897, neither the
AR or OXTR SNPs were significantly associated with anxious
attachment when controlling for the other SNP.
In terms of the empathy measures, OPRM1 rs3778151 was

found to have a significant nonlinear relationship with Empathy
Quotient (EQ) (domdev, P = 0.025), with the negative effect
suggesting that the minor allele has lower EQ scores than
expected from an additive model. In addition, the ANNK1 var-
iant rs1800497 showed a significant effect on EQ (geno_2df, P =
0.46). OPRM1 rs3778151 also had a significant additive effect
with sex on Reading the Mind in the Eyes Test (RMET) scores
(add x sex, P < 0.001), as did AVPR1a rs11174811 (Fig. 1: add x
sex, P = 0.021), whereas OXTR rs2228485 had a nonlinear effect
on RMET (domdev, P = 0.049). The AVPR1a and OPRM1 SNPs
remained significantly associated with RMET when controlling
for OXTR rs2228485, but only OPRM1 rs37778151 showed a
significant partial relationship when AVPR1a was taken into
account. AVPR1a remained significantly associated with RMET
when OPRM1 rs1799971 was included in the model. However,
OPRM1 rs3778151 SNP was not significantly linked to EQ once
ANKK1 rs1800497 was included in the model, but the latter did
not show a significant partial effect either.

Dyadic Relationships. Two OPRM1 SNPs showed significant ef-
fects on RAS scores of relationship quality (rs2075572: domdev x
sex, P = 0.027; rs648893: geno_2df, P = 0.036), as did two OXTR
SNPS: rs2268490 (domdev, P = 0.032) and rs4686302 (geno_2df,
P = 0.025), whereas a third OXTR SNP, rs2254298, showed a
trend toward significance (geno_2df, P = 0.052). The OPRM1
SNPs remained significantly associated with RAS independently
of the OXTR SNPs, but the opposite was not true.
Seven of the 10 OXTR SNPs were found to have significant as-

sociations with SOI-R scores: rs237887 (additive x sex, P = 0.014;
Fig. 1), rs2268490 (geno_2df, P = 0.046), rs2254298 (geno_2df, P =
0.046), rs13316193 (geno_2df, P = 0.046), rs53576 (domdev, P =
0.035), rs237897 (domdev x sex, P = 0.034), and rs4686302 (add x
sex, P = 0.047). DRD1 rs265981 was also found to interact with sex
and be linked to SOI-R scores (domdev x sex, P = 0.039). OXTR
rs237887, rs13316193, rs53576, rs237897, and rs4686302 remained
significantly associated with SOI-R scores independently of the
DRD1 SNP rs265981, and the latter remained significantly associ-
ated with SOI-R independently of the OXTR SNPs that were sig-
nificantly linked to this measure.

Wider Network. In terms of personal network size, there were
significant associations with OXTR rs237887 (geno_2df, P =
0.025), DRD2 SNP rs4648317 (add x sex, P = 0.006), and the
HTR1a SNP rs6295 (domdev x sex, P = 0.012, Fig. 1). Both DRD2
and HTR1a remained significantly associated with network size
when models also controlled for OXTR variation, but OXTR
SNPs did not show significant partial effects in these models.
For feelings of connection to their local community [measured

using Aron’s Inclusion of Other in Self (IOS) scale] (49), signifi-
cant associations were found for OPRM1 rs1799971 (domdev, P =
0.027), OXTR rs53576 (domdev, P = 0.025), and DRD2 rs1076560
(add x sexp = 0.029, Fig. 1) and ANNK1 rs1800497 (downstream
from DRD2; add x sex, P = 0.029). It should be noted that due to
smaller numbers of minor allele homozygotes, the variance for this

Fig. 2. Heat map showing percentage of SNPs for each neuropeptide that is
significantly associated with behavioral indices of the three domains of so-
ciality (disposition, relationships, and wider network). Number of SNPs in
each case are as follows: testosterone, 1; endorphin, 5; vasopressin, 2; oxy-
tocin, 10; dopamine, 4; and serotonin, 2. Number of scales are as follows:
disposition, 4; relationship quality, 2; and network, 2.
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group is greater than for carriers of the major allele for both
rs1076560 (see Fig. 1) and rs1800497. Although OPRM1
rs1799971 did not remain significantly associated with IOS scores
when controlling for the variance in OXTR and DRD2/ANKK1,
both the OXTR and DRD2/ANKK1 SNPs remained significantly
associated with IOS in models that controlled for rs1799971 or
each other.

Overall Distribution. Running a large number of statistical tests
risks inflating significance levels; however, we used an optimized
permutation test that is generally considered to be conservative
(SI Appendix). Moreover, less than 18% of possible relationships
between genes and behaviors are in fact significant (many of
which do not survive controlling for the influence of other
neuropeptides).
Of greater interest, however, is whether the various neuropep-

tides are equally effective in all domains. To assess this question,
we can treat the data in Fig. 2 as a straightforward contingency
table, with a P value of 0.05 as a convenient criterion for inclusion.
These data are not subject to multiple comparisons effects be-
cause the P value is simply a criterion for a binary partition of the
dataset (SI Appendix). The distribution of significant effects shown
in Fig. 2 is highly nonrandom (χ2 = 51.7, df = 10, P < 0.0001), with
disproportionately higher frequencies than expected for endor-
phins, oxytocin, and dopamine. Partitioning χ2 for these three
neuropeptides yields nonsignificant (i.e., random) distributions
across the three social domains for endorphins (χ2 = 4.7, df = 2,
P = 0.097) and dopamine (χ2 = 0.7, df = 2, P = 0.716), but a
significantly nonrandom distribution for oxytocin (χ2 = 7.5, df = 2,
P = 0.023). In sum, oxytocin is very specific in its functional do-
main (romantic relationships), whereas endorphins and dopamine
both have broad spectrum effects.

Discussion
Hitherto, the majority of studies looking at genetic variation and
sociality have focused on one neuropeptide (usually oxytocin),
thereby ignoring confounds due to the potentially parallel roles
of other neuropeptides. In addition, researchers have invariably
focused on a narrow facet of sociality. As a result, it remains
unclear whether particular neuropeptides have a general role in
creating or sustaining social relationships or are more closely
allied to specific domains of social engagement. By simulta-
neously comparing many of the candidate receptor genes pre-
viously independently linked to human social behavior, and in
the context of three different social domains, this study provides
a more nuanced picture.
Our results suggest that anxious, but not avoidant, attachment

is associated with OPRM1, AR, and OXTR variation. Both
measures of empathy were related to OPRM1 genotypes: there
were significant associations with empathy (RMET) for three of
five OPRM1 SNPs, one of which was also significantly associated
with the EQ. However, only OPRM1 remained significant when
controlling for other significant genes. Romantic relationship
quality and sexual attitudes/behavior were significantly and
strongly associated with variation in OXTR (70% of SNPs
showing a significant effect on sociosexuality, SOI-R), as well as
two OPRM1 SNPs and the DRD1 SNP. The OXTR SNPs
rs2268490 and rs4686302 were linked to both RAS and SOI-R
scores, and OXTR rs2254298 was significantly linked to SOI-R
(and approached significance in relation to RAS, an index of
relationship quality), though these relationships did not survive
controlling for OPRM1. Vasopressin had a significant association
only with RAS, confirming an earlier finding that it is predictive
of high levels of promiscuity (39), but in a way suggestive of
impulsivity or lack of inhibition rather than promiscuity per se
(act first, and think about the consequences afterward). The two
measures of engagement in a wider social network were related
to variation in HTR1a (network size) and the dopamine genes

DRD2 (network size: rs4648317; IOS: rs1076560) and ANKK1
(IOS), as well as one OPRM1 SNP (IOS) and two OXTR SNPs
(one for IOS, one for social network size).
As has previously been found in both voles and humans, we

found strong associations between oxytocin receptor variation
and romantic relationships. Although a smaller number of OXTR
SNPs were found to be linked to measures of wider social en-
gagement (corroborating some previous findings) (50), it may be
that this relationship is mediated through the partner’s network.
An individual’s ability to empathize, and their typical way of re-
lating in close relationships (their attachment style), is also likely
to feed into their romantic relationships, and a small number of
OXTR SNPs were found to be tied to attachment style in close
friendships and measures of empathy in this study, echoing past
work (30, 31). Whereas previous studies focused on empathy or
attachment independently of other social domains, such that the
unique effects of OXTR variation on different facets of sociality
could not be assessed, the current study provides convincing evi-
dence that the primary impact of OXTR variation in the human
social sphere is specific to reproductive relationships (romantic/
sexual and parent–child), as it is in voles and other small mam-
mals. Note, however, that, despite its prominence in the literature,
the significance of the role played by oxytocin often disappears
when we control for endorphins, even in the context of romantic
relationships, suggesting that endorphins may be more important
than oxytocin even here. This finding may support the suggestion
that the neurochemical mechanism underpinning long-term rela-
tionships is the enodgenous opioid system rather than oxytocin (a
neurochemical, which is incapable of maintaining a long-term
impact on behavior and may exert most of its influence at the
commencement of romantic relationships) (35, 51).
Dopamine receptor variants were most closely linked with social

engagement beyond the dyad. Social network size was also the
only index of sociality that showed a significant association with
variation in serotonin receptor 1a. To our knowledge, dopamine
function has never before been studied in relation to social in-
teraction beyond the dyad, with past research showing links only to
romantic relationships or parenting (15, 39, 40). By comparing
different social domains, we provide the insight that variation in
genes associated with dopamine receptor 2 may be predominantly
linked to engagement in wider social groups. This relationship may
reflect the fact that many of the behavioral mechanisms we use for
simultaneously bonding multiple individuals involve activities
(laughter, singing, dancing) (21, 22, 52) that are pleasurable. In
contrast, variation in the DRD1 variant rs265981 was linked only
to individual differences in sociosexual orientation, and this re-
lationship remained robust even when controlling for variance in
OXTR. Whereas the second finding makes sense in terms of the
well-known reward function of dopamine, the mechanism facili-
tating the first finding is not at all clear and begs investigation.
In contrast, OPRM1 variations were most strongly linked to

individual differences in attachment style and the ability to
identify emotional facial expressions (RMET), as well as a self-
report measure of empathy (EQ). The density of μ-opioid re-
ceptors has previously been found to be related to attachment
style, though mainly with the avoidance dimension (32). Impor-
tantly, OPRM1 variation was also associated with both dyadic
relationship quality and community integration, which may re-
flect the way social dispositions affect these higher-level out-
comes. Perhaps because of its role in the pain system, much
previous work on β-endorphin has focused on “social pain”
resulting from social rejection (53, 54). However, it is becoming
increasingly clear that β-endorphin is also involved in the crea-
tion and maintenance of social relationships (19, 51), and this
may be reflected in the finding that OPRM1 variation is linked to
the extent to which individuals experience social rewards (31)
rather than to pain per se. Recent PET work in humans has
confirmed that the μ-opioid receptors are activated by touch by a
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romantic partner (20), while, in synchronous group activities,
endorphin release is thought to play a key part in bonding group
members (21, 22). As with the effects of allogrooming in non-
human primates (17, 18), it may be the reward effects of opiates
that is important in this context or something to do with a sense
of trust engendered by the opioid-induced feelings of relaxation
and calmness in the presence of another individual.
The finding that OPRM1 variation is most strongly linked to

the ability to empathize hints at one mechanism by which β-en-
dorphin creates social connections, namely through increasing
the capacity to read others’ emotions and put oneself in their
place. Variation in the ability to empathize likely impacts on
romantic relationship quality as well, going some way to ex-
plaining our finding that OPRM1 variation was also associated
with relationship quality (RAS) scores. Similarly, the fact that
one of the OPRM1 SNPs and DRD2 variation correlates with
degree of community integration may reflect known interactions
between the dopamine and endorphin systems in both humans
and rodents (40, 55, 56), whereby endorphin activation may itself
trigger a dopamine response. It may be that variation in indi-
viduals’ capacities to empathize (linked with endorphin function)
feeds into their dopamine-mediated ability to maintain support
networks within their community.
In sum, two important conclusions emerge: (i) most neuropep-

tides are associated with one particular social domain, and (ii) only
endorphin and dopamine are widely active across all three domains.
These findings reinforce recent research suggesting the wide-ranging
influence of both dopamine and endorphin in the formation of
bonds within a range of social contexts. In part, this may reflect an
interaction with oxytocin and testosterone and the close structural
relationship between the oxytocin- and endorphin-producing neu-
rons in the hypothalamus (19) and the limbic dopaminergic reward
pathway (57).
Given the evidence that poor relationships and network disinte-

gration lead to morbidity and mortality risks even greater than those
of alcohol abuse, lack of exercise. and smoking (1), our findings
have important practical implications. Whereas the deleterious ef-
fects of these other risk factors are well established in the public
sphere, have been closely studied by researchers, and are relatively
well understood, our understanding of human and animal sociality,
its neurobiological underpinnings, and functional implications re-
main patchy at best. In addition, our results may have wider im-
plications for understanding the evolution of sociality, in that
network size and relationship quality are known to have significant
impacts on reproduction and fitness in primates and other mam-
mals (8–10). It seems that the endorphin and dopamine systems
may play especially important roles in mediating this relationship.
Ultimately, what is important about endorphins may be that it is

possible to trigger their activation in other individuals via behavioral
mechanisms, something that seems not to be possible for oxytocin.

Materials and Methods
For full details, see SI Appendix. For the data, see Dataset S1.

Participants. The final sample consisted of 757 individuals (423 female) aged 18–
65 (mean 40.6) years who identified themselves as Caucasian, were physically
healthy, did not use recreational drugs, were not on drug replacement therapy,
or taking medication for a psychological condition. Ethics approval for the study
was granted by the University of Oxford Central Ethics Committee (Ref: MS-
IDREC-C2-2015-005). All participants provided written informed consent.

Questionnaires. Participants completed self-report questionnaires presented
digitally on mobile devices. These included: the RMET, the EQ scale, and the
Experiences of Close Relationships scale as indices of social disposition; the
SOI-R and the RAS as indices of dyadic relationship quality; and the number of
close friends and family index and the IOS scale as indices of wider network
engagement. For details, see SI Appendix.

Genotyping. A single sample of saliva was taken from each participant using
an OrageneDNA collection kit (2 mL of saliva), which renders the samples
acellular. The DNAwas extracted using Kleargene technology.We genotyped
33 candidate SNPs from nine genes (SI Appendix, Table S1). These included
11 candidate SNPs for OXTR (oxytocin), 3 SNPs for AVPR1a (vasopression), 6
SNPs for OPRM1 (β-endorphins), 3 SNPs for DRD1, 3 for DRD2, 1 for ANKK1
(located downstream from DRD2) (dopamine), 1 SNP for HTR1A, 2 for HTR2A
(serotonin), and 1 SNP for AR (testosterone).

Analysis. Analysis was conducted using PLINK version 1.9 (SI Appendix shows
further details). Participants with less than 90% coverage were removed
(11 in total). All of the SNPs had at least 95% coverage. Only 4 of the SNPs
differed significantly from Hardy–Weinberg equilibrium in the full sample
(OXTR rs237897 P = 0.048, OXTR rs2228485 P = 0.045, DRD1 rs265981 P =
0.007, and OPRM1 rs648893 P = 0.01). Clustering according to linkage dis-
equilibrium (LD) pruned 7 SNPs from the main sample and 2 were excluded
due to very low minor allele frequencies, leaving 10 OXTR SNPs, 2 AVPR1a
SNPs, 5 OPRM1 SNPs, 1 AR SNP, 1 DRD1 SNP, 2 DRD2 SNPs, 1 ANKK1 SNP, and
the HTR1a and HTR2a SNPs in the final analysis. We used an optimized
permutation test to control for multiple testing. Genotypic models were
applied to all of the diploid SNPs, including add, domdev, and geno_2df, as
well as age, sex, and the sex x genotype interactions. To test the in-
dependence of associations between particular SNPs and specific social
variables, we ran post hoc models that controlled for the effect of additional
SNPs that also showed significant associations with the same social variable.

ACKNOWLEDGMENTS. We thank Dianne Newbury for genetic and statistical
advice; Cole Robertson, Jacques Launay, Bronwyn Tarr, Pádraig MacCarron,
Jackie Thompson, and Anna Szala for help with data collection; the Edinburgh,
Cheltenham, and British Science Festivals; and the University of Oxford Natural
History Museum (especially Janet Stott), for allowing us to collect data at their
events and venues. The work was funded by European Research Council Ad-
vanced Investigator Grant 295663 (to R.I.M.D.).

1. Holt-Lunstad J, Smith TB, Layton JB (2010) Social relationships and mortality risk: A
meta-analytic review. PLoS Med 7:e1000316.

2. Cacioppo JT, Cacioppo S (2014) Social relationships and health: The toxic effects of
perceived social isolation. Soc Personal Psychol Compass 8:58–72.

3. Umberson D, Montez JK (2010) Social relationships and health: A flashpoint for health
policy. J Health Soc Behav 51:S54–S66.

4. Eisenberger NI (2013) Social ties and health: A social neuroscience perspective. Curr
Opin Neurobiol 23:407–413.

5. Schindler A, Sack P-M (2015) Exploring attachment patterns in patients with comorbid
borderline personality and substance use disorders. J Nerv Ment Dis 203:820–826.

6. Delvecchio E, Di Riso D, Lis A, Salcuni S (2016) Adult attachment, social adjustment,
and well-being in drug-addicted inpatients. Psychol Rep 118:587–607.

7. Eaves LJ, Prom EC, Silberg JL (2010) The mediating effect of parental neglect on ad-
olescent and young adult anti-sociality: A longitudinal study of twins and their par-
ents. Behav Genet 40:425–437.

8. Silk JB, Alberts SC, Altmann J (2003) Social bonds of female baboons enhance infant
survival. Science 302:1231–1235.

9. Silk JB, et al. (2010) Strong and consistent social bonds enhance the longevity of fe-
male baboons. Curr Biol 20:1359–1361.

10. Cameron EZ, Setsaas TH, Linklater WL (2009) Social bonds between unrelated females
increase reproductive success in feral horses. Proc Natl Acad Sci USA 106:13850–13853.

11. Carter CS, DeVries AC, Getz LL (1995) Physiological substrates of mammalian mo-
nogamy: The prairie vole model. Neurosci Biobehav Rev 19:303–314.

12. Donaldson ZR, Young LJ (2008) Oxytocin, vasopressin, and the neurogenetics of so-

ciality. Science 322:900–904.
13. Carter CS, Grippo AJ, Pournajafi-Nazarloo H, Ruscio MG, Porges SW (2008) Oxytocin,

vasopressin, and sociality. Progress in Brain Research, eds Inga DN, Rainer L (Elsevier,

The Netherlands), pp 331–336.
14. Resendez SL, Kuhnmuench M, Krzywosinski T, Aragona BJ (2012) κ-Opioid receptors

within the nucleus accumbens shell mediate pair bond maintenance. J Neurosci 32:
6771–6784.

15. Resendez SL, et al. (2013) μ-Opioid receptors within subregions of the striatum mediate

pair bond formation through parallel yet distinct reward mechanisms. J Neurosci 33:
9140–9149.

16. Inoue K, Burkett JP, Young LJ (2013) Neuroanatomical distribution of μ-opioid re-

ceptor mRNA and binding in monogamous prairie voles (Microtus ochrogaster) and
non-monogamous meadow voles (Microtus pennsylvanicus). Neuroscience 244:

122–133.
17. Fabre-Nys C, Meller RE, Keverne EB (1982) Opiate antagonists stimulate affiliative

behaviour in monkeys. Pharmacol Biochem Behav 16:653–659.
18. Keverne EB, Martensz ND, Tuite B (1989) Beta-endorphin concentrations in cerebrospinal

fluid of monkeys are influenced by grooming relationships. Psychoneuroendocrinology

14:155–161.
19. Machin AJ, Dunbar RIM (2011) The brain opioid theory of social attachment: A review

of the evidence. Behaviour 148:985–1025.

5304 | www.pnas.org/cgi/doi/10.1073/pnas.1700712114 Pearce et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700712114/-/DCSupplemental/pnas.1700712114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700712114/-/DCSupplemental/pnas.1700712114.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700712114/-/DCSupplemental/pnas.1700712114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700712114/-/DCSupplemental/pnas.1700712114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1700712114/-/DCSupplemental/pnas.1700712114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1700712114


20. Nummenmaa L, et al. (2016) Social touch modulates endogenous μ-opioid system
activity in humans. Neuroimage 138:242–247.

21. Weinstein D, Launay J, Pearce E, Dunbar RI, Stewart L (2016) Group music perfor-
mance causes elevated pain thresholds and social bonding in small and large groups
of singers. Evol Hum Behav 37:152–158.

22. Dunbar RIM, et al. (2012) Social laughter is correlated with an elevated pain thresh-
old. Proc Biol Sci 279:1161–1167.

23. Broad KD, Curley JP, Keverne EB (2006) Mother-infant bonding and the evolution of
mammalian social relationships. Philos Trans R Soc Lond B Biol Sci 361:2199–2214.

24. Bakermans-Kranenburg MJ, van Ijzendoorn MH (2014) A sociability gene? Meta-
analysis of oxytocin receptor genotype effects in humans. Psychiatr Genet 24:45–51.

25. Kudo H, Dunbar RIM (2001) Neocortex size and social network size in primates. Anim
Behav 62:711–722.

26. Hill RA, Bentley RA, Dunbar RIM (2008) Network scaling reveals consistent fractal
pattern in hierarchical mammalian societies. Biol Lett 4:748–751.

27. Shultz S, Dunbar RIM (2007) The evolution of the social brain: Anthropoid primates
contrast with other vertebrates. Proc Biol Sci 274:2429–2436.

28. Shultz S, Dunbar R (2010) Encephalization is not a universal macroevolutionary
phenomenon in mammals but is associated with sociality. Proc Natl Acad Sci USA 107:
21582–21586.

29. Rodrigues SM, Saslow LR, Garcia N, John OP, Keltner D (2009) Oxytocin receptor
genetic variation relates to empathy and stress reactivity in humans. Proc Natl Acad
Sci USA 106:21437–21441.

30. Uzefovsky F, et al. (2015) Oxytocin receptor and vasopressin receptor 1a genes are
respectively associated with emotional and cognitive empathy. Horm Behav 67:60–65.

31. Troisi A, et al. (2011) Social hedonic capacity is associated with the A118G poly-
morphism of the mu-opioid receptor gene (OPRM1) in adult healthy volunteers and
psychiatric patients. Soc Neurosci 6:88–97.

32. Nummenmaa L, et al. (2015) Adult attachment style is associated with cerebral
μ-opioid receptor availability in humans. Hum Brain Mapp 36:3621–3628.

33. Troisi A, et al. (2012) Variation in the μ-opioid receptor gene (OPRM1) moderates the
influence of early maternal care on fearful attachment. Soc Cogn Affect Neurosci 7:
542–547.

34. Gillath O, Shaver PR, Baek J-M, Chun DS (2008) Genetic correlates of adult attachment
style. Pers Soc Psychol Bull 34:1396–1405.

35. Schneiderman I, Kanat-Maymon Y, Ebstein RP, Feldman R (2014) Cumulative risk on
the oxytocin receptor gene (OXTR) underpins empathic communication difficulties at
the first stages of romantic love. Soc Cogn Affect Neurosci 9:1524–1529.

36. Walum H, et al. (2012) Variation in the oxytocin receptor gene is associated with pair-
bonding and social behavior. Biol Psychiatry 71:419–426.

37. Walum H, et al. (2008) Genetic variation in the vasopressin receptor 1a gene (AVPR1A)
associates with pair-bonding behavior in humans. Proc Natl Acad Sci USA 105:
14153–14156.

38. Resendez SL, et al. (2016) Dopamine and opioid systems interact within the nucleus
accumbens to maintain monogamous pair bonds. eLife 5:15325.

39. Emanuele E, Brondino N, Pesenti S, Re S, Geroldi D (2007) Genetic loading on human
loving styles. Neuroendocrinol Lett 28:815–821.

40. Miller WB, et al. (1999) Dopamine receptor genes are associated with age at first
sexual intercourse. J Biosoc Sci 31:43–54.

41. Liu J, Gong P, Zhou X (2014) The association between romantic relationship status and
5-HT1A gene in young adults. Sci Rep 4:7049.

42. Wu K, Chen C, Moyzis RK, Greenberger E, Yu Z (2016) Gender interacts with opioid
receptor polymorphism A118G and serotonin receptor polymorphism −1438 A/G on
speed-dating success. Hum Nat 27:244–260.

43. Zitzmann M, Depenbusch M, Gromoll J, Nieschlag E (2004) X-chromosome in-
activation patterns and androgen receptor functionality influence phenotype and
social characteristics as well as pharmacogenetics of testosterone therapy in Kline-
felter patients. J Clin Endocrinol Metab 89:6208–6217.

44. Roney JR, Simmons ZL, Lukaszewski AW (2010) Androgen receptor gene sequence
and basal cortisol concentrations predict men’s hormonal responses to potential
mates. Proc Biol Sci 277:57–63.

45. Creswell KG, et al. (2015) OXTR polymorphism predicts social relationships through its
effects on social temperament. Soc Cogn Affect Neurosci 10:869–876.

46. Chang SC, et al. (2014) Are genetic variations in OXTR, AVPR1A, and CD38 genes impor-
tant to social integration? Results from two large U.S. cohorts. Psychoneuroendocrinology
39:257–268.

47. Li J, et al. (2015) Association of oxytocin receptor gene (OXTR) rs53576 polymorphism
with sociality: A meta-analysis. PLoS One 10:e0131820.

48. Johnson KVA, Dunbar RIM (2016) Pain tolerance predicts human social network size.
Sci Rep 6:25267.

49. Aron A, Aron EN (1992) Inclusion of other in the self scale and the structure of in-
terpersonal closeness. J Pers Soc Psychol 63:596–612.

50. Ebstein RP, Israel S, Chew SH, Zhong S, Knafo A (2010) Genetics of human social
behavior. Neuron 65:831–844.

51. Dunbar RIM (2010) The social role of touch in humans and primates: Behavioural
function and neurobiological mechanisms. Neurosci Biobehav Rev 34:260–268.

52. Tarr B, Launay J, Cohen E, Dunbar R (2015) Synchrony and exertion during dance
independently raise pain threshold and encourage social bonding. Biol Lett 11:
20150767.

53. Way BM, Taylor SE, Eisenberger NI (2009) Variation in the mu-opioid receptor gene
(OPRM1) is associated with dispositional and neural sensitivity to social rejection. Proc
Natl Acad Sci USA 106:15079–15084.

54. Bonenberger M, Plener PL, Groschwitz RC, Grön G, Abler B (2015) Polymorphism in
the μ-opioid receptor gene (OPRM1) modulates neural processing of physical pain,
social rejection and error processing. Exp Brain Res 233:2517–2526.

55. Peciña M, Love T, Stohler CS, Goldman D, Zubieta J-K (2015) Effects of the Mu opioid
receptor polymorphism (OPRM1 A118G) on pain regulation, placebo effects and as-
sociated personality trait measures. Neuropsychopharmacology 40:957–965.

56. Devine DP, Leone P, Pocock D, Wise RA (1993) Differential involvement of ventral
tegmental mu, delta and kappa opioid receptors in modulation of basal mesolimbic
dopamine release: In vivo microdialysis studies. J Pharmacol Exp Ther 266:1236–1246.

57. Ulmer-Yaniv A, et al. (2016) Affiliation, reward, and immune biomarkers coalesce to
support social synchrony during periods of bond formation in humans. Brain
Behav Immun 56:130–139.

Pearce et al. PNAS | May 16, 2017 | vol. 114 | no. 20 | 5305

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S


