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Since the discovery of pain relieving and rewarding properties of opiates such as morphine or heroin, the human
mu-opioid system has been a target for medical research on pain processing and addiction. Indeed, pain and
pleasure act mutually inhibitory on each other and the mu-opioid system has been suggested as an underlying
common neurobiological mechanism. Recently, research interest extended the role of the endogenous mu-opioid
system beyond the hedonic value of pain and pleasure towards human social-emotional behavior. Here we
propose a mu-opioid feedback model of social behavior. This model is based upon recent findings of opioid

modulation of human social learning, bonding and empathy in relation to affiliative and protective tendencies.
Fundamental to the model is that the mu-opioid system reinforces socially affiliative or protective behavior in
response to positive and negative social experiences with long-term consequences for social behavior and health.
The functional implications for stress, anxiety, depression and attachment behaviors are discussed.

1. Introduction

Pain and pleasure are essential forces of human social-emotional
behavior. There is continuous competition between the processing of-,
and action preference for pain avoidance and achievement of pleasure.
Whilst formerly often considered opposite processes, more recent evi-
dence suggests a common underlying neurobiological system (Fields,
2006; Le Magnen et al., 1980; Leknes and Tracey, 2008). An example of
where pain and pleasure directly interact on a neural level is reward
related analgesia where anticipation or acquisition of a reward di-
minishes pain (Fields, 2006; Leknes and Tracey, 2008).

One underlying system playing a crucial role in pain regulation as
well as reward processing, is the endogenous opioid system (Fields,
2004; Fields and Margolis, 2015; Leknes and Tracey, 2008). The dis-
covery of the endogenous opioid system is relatively recent, the use of
opium however can be traced back to Sumerians in 3000 BCE.
Morphine, the most active ingredient of opium, is still a universally used
painkiller despite side effects including respiratory depression, depen-
dence and tolerance (Merrer, 2009). Opiates such as morphine and
heroine do not only have pain relieving properties but can also generate
strong appetitive motivational actions and do have addictive potential
(Fields, 2004). The role of the opioid system in addiction and its

potential in the treatment of pain conditions made especially the
mu-opioid receptor (MOR) system a target for medical research.

Early animal research indicated a promising role for opioid modu-
lation in other areas than pain, such as social bonding (Herman and
Panksepp, 1978; Panksepp et al., 1978) and threat learning (Good and
Westbrook, 1995; McNally, 2009; McNally and Westbrook, 2003).
Human research supports these findings, suggesting a key modulatory
role for the MOR system in human social-emotional behavior and pro-
cessing, which is especially relevant with regard to the current opioid
crisis in North America. Crucially, evidence points towards an inhibitory
role of the MOR system in the attention allocation to-, processing, and
acquisition of threat related associations (Bershad et al., 2016; Eippert
et al., 2008; Haaker et al., 2017; Ipser et al., 2013; Lgseth et al., 2018)
and further, indicates that opioid modulation affects the hedonic pro-
cessing of social reward (Buchel et al., 2018; Chelnokova et al., 2014;
Eikemo et al., 2017, 2016). Opioid modulation of both social threat and
reward is not only relevant from a perspective of fundamental research
with regard to its role in healthy social functioning (including emotion
regulation, motivational processes and social bonding), but also with
respect to clinical implications. Experience of early childhood adversity
is related to long-term changes in endogenous opioid functioning and
increased vulnerability for addiction and mood disorders later in life
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(Kennedy et al., 2006; Savulich et al., 2017). Further, a high comorbidity
has been reported between long-term opioid use and increased anhe-
donia, pain and anxiety (Garland et al., 2019).

With the recent increase of attention to the role of the MOR system in
human social-emotional behavior, the paper assesses the current state of
research from the perspective of an opioid mediated continuous rein-
forcement model of social behavior. In short, if an individual experi-
ences chronic stress or trauma during their life, opioid modulation of
social behavior might shift from reinforcing actively social- to socially-
avoidant behavior, characterized by altered sensitivity to reward,
pain, threat and stress.

1.1. From pain and pleasure to social behavior

The Motivation-Decision Model of Pain (Fields, 2006) states that
through unconscious decision processes, anything that has higher rele-
vance for survival than pain receives action preference over pain related
reflexes and therefore is potentially inhibiting nociception. This allows
for an adequate response to environmental stimuli that require atten-
tion. Therefore, a salient reward cue may activate antinociceptive effects
in the descending pain modulatory system and produce pleasure related
analgesia allowing for reward pursuit. The second important environ-
mental cue that can potentially gain action preference above pain re-
flexes as well as reward driven behavior is threat. Threat-perception
may lead to stress induced analgesia (Ribeiro et al., 2005), enabling the
individual to respond effectively to potential danger in their
environment.

Both these processes are known to be driven by opioid modulation
(Fields, 2006; Leknes and Tracey, 2008; Reboucas et al., 2005; Szecht-
man et al., 1981) through mediation of the hedonic value of affective
cues. This in turn can promote goal directed approach-avoidance be-
haviors allowing for pain and threat avoidance as well as the pursuit of
reward. Indeed, enhancing mu-opioid activity by administration of an
opioid agonist (see Table 1 for a relevant overview of MOR system ag-
onists and antagonists), can increase pleasantness for different reward
stimuli (Eikemo et al., 2016), as well as decrease aversiveness of nega-
tive experiences such as pain (Fields, 2004). Blocking the mu-opioid
system, on the other hand, results in decrease of pleasurable experi-
ence from rewards (Buchel et al., 2018; Chelnokova et al., 2014; Eikemo
et al., 2016) and disrupts placebo- and reward induced analgesia (Rut-
gen et al., 2015). Importantly, either of these affective experiences are
linked to changes in opioid activity in brain structures involved in
social-emotional processing such as the amygdala, the periaqueductal
gray (PAG), the orbitofrontal cortex (OFC), the nucleus accumbens
(Nacc) and the ventral pallidum (VP) (Buchel et al., 2018; Leknes and
Tracey, 2008; Ribeiro et al., 2005).

Recent animal and human research provide evidence that this
function of the MOR system extends from such basic approach-
avoidance mechanisms to more complex social behavior. Through the

Table 1

Overview of a selection of MOR receptor agonists and antagonists and their
binding mechanisms to the three opioid receptor types (mu, delta and kappa
opioid receptors). The selection is based on information relevant to understand
the described research in this paper. CNS = central nervous system.

Drug Type Binding mechanisms

Morphine Agonist Opioid agonist with high affinity to the mu-opioid
receptor and lower affinity to kappa- and delta-
opioid receptors in the CNS.

Buprenorphine  Agonist Partial agonist to the mu-opioid receptor and
antagonist to the kappa-opioid receptor in the CNS.

Naltrexone Antagonist ~ Competitive opioid antagonist with high affinity to
the mu-opioid receptor and lower affinity to kappa-
and delta-opioid receptors in the CNS.

Naloxone Antagonist ~ Competitive opioid antagonist with high affinity to

the mu-opioid receptor and lower affinity to kappa-
and delta-opioid receptors in the CNS.
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modulation of hedonic value the MOR system indirectly influences
motivational aspects and emotional learning which in turn drive more
complex social behaviors such as social rejection, empathy, anxiety,
bonding and touch (Eippert et al., 2008; Haaker et al., 2017; Hsu et al.,
2013; Nummenmaa et al., 2016; Rutgen et al., 2015). An increasing
number of studies investigate the influence of opioid modulation on
these social-emotional behaviors, which we will review in the upcoming
paragraphs.

2. Mu-opioid modulation of social-emotional behavior
2.1. Social rejection and empathy

Social pain, defined as the experience related to the damage or loss of
close social relationships or a self-devaluation through rejection or
negative evaluation is suggested to be modulated by opioid mechanisms.
The pain of social rejection has been associated with increased MOR
activity in areas of the brain considered part of the physical pain mod-
ulation circuitry (cf. Fields, 2004), including the bilateral amygdala,
midline thalamus, the subgenual anterior cingulate cortex (sgACC) and
the right ventral striatum (Hsu et al., 2013). Crucially, administration of
buprenorphine reduces perceived social rejection in humans (Bershad
et al., 2016) and separation distress is decreased after morphine
administration and increased after naloxone administration in rodents
(Herman and Panksepp, 1978). Moreover, increased MOR activity in
areas involved in pain processing during rejection is not only related to
reduced feelings of rejection, but also with increased resilience traits
(Hsu et al., 2013), thus serving a protective function.

A recent study gave first insight into the underlying opioid driven
neurochemical base of empathy for pain (Rutgen et al., 2015). The au-
thors demonstrated that administration of naltrexone compared to pla-
cebo, did not only block the effect of placebo analgesia on self-perceived
pain as one could expect, but crucially, also reduced the effect of placebo
analgesia on other-perceived pain (Rutgen et al., 2015). Thus, a common
opioid centered neurobiology seems to modulate physical pain, social
pain and empathy for pain.

2.2. Fear and stress

Similar to the adequate response to pain, adaptive responses to threat
and stress are important to assure safe navigation and health in our
everyday life. Key brain structures involved in threat processing,
including the nuclei of the amygdala, thalamus, ACC and PAG are
densely innervated with mu-opioid receptors and suggested to be
involved in opioid mediated modulation of anxiety (McNally et al.,
2004; Poulin et al., 2006). Evidence from rodent research indicates an
inhibitory role for endogenous opioids in the acquisition of threat as-
sociations and further a facilitatory role for unlearning such associa-
tions. Indeed, administration of MOR agonists decrease efficacy of threat
conditioning whereas administration of opioid antagonists enhance
threat conditioning and disrupt extinction (Good and Westbrook, 1995;
McNally et al., 2004; McNally and Westbrook, 2003; Westbrook et al.,
1991).

In humans, the endogenous MOR system can also inhibit the acqui-
sition of conditioned threat associations (Eippert et al., 2008; McNally,
2009), since blocking the MOR system resulted in enhanced processing
in pain and threat-related pathways, including the amygdala, rostral
ACC and PAG and enhanced behavioral conditioned responses (Eippert
et al., 2008). Crucially, these findings were recently extended towards
social learning as threat conditioning through observational learning
was sustained after naltrexone administration as reflected by enhanced
stress responses in the amygdala, midline thalamus and PAG (Haaker
et al., 2017). These results thus support the idea that the MOR system
shapes aversive learning based on first-hand as well as indirect, social
experiences (Eippert et al., 2008; Haaker et al., 2017).

Social perception studies in humans support this idea. Blocking the
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mu-opioid system with naltrexone resulted in an attentional bias to
emotional faces and an increased identification of the emotional ex-
pressions anger and happiness (Wardle et al., 2015), emotions that are
known to evoke approach motivation. This bias to detect socially rele-
vant information is in line with the notion of Panksepp’s BOTSA (Pan-
ksepp et al., 1978), that blocking the MOR system leads to emotional
distress and subsequently results in behaviors that lead to social support
and protection from potential threat. Administration of buprenorphine
decreases the attentional bias for fearful faces (Bershad et al., 2016) and
reduces fear recognition sensitivity (Ipser et al., 2013). Moreover,
administration of the MOR agonist morphine decreases the subjective
perception of anger in ambiguous as well as neutral faces (Lgseth et al.,
2018). In line with this protective role of mu-opioid activity in social
threat perception, a recent study showed that buprenorphine also re-
duces the cortisol stress-response, which translates results so far only
obtained in rodents (Bershad et al., 2015; Drolet et al., 2001; Ribeiro
et al., 2005; Valentino and Van Bockstaele, 2015). This mechanism most
likely underlies the observation that MOR activity can promote imme-
diate anxiolytic and analgesic responses in humans after a traumatic
event which is comparable to the analgesic response to inescapable
shocks in animals (van der Kolk et al., 1985). At the same time, variation
of the OPRM1 A118 G receptor gene was found to affect cortisol stress
responses differentially in men and women, with women carrying the G
allele (homo- and heterozygotic variant) showing a diminished cortisol
stress response (Lovallo et al., 2015).

Overall, the reviewed evidence suggests a protective role of the MOR
system in response to threat, pain or stress through dynamic regulation
of psychological, physiological and endocrine responses. However, even
though the protective, stress reducing effects of the MOR system are
adaptive in the short-term, chronic exposure to stress can result in
dysregulation of opioid mediated stress mechanisms that creates a shift
toward MOR inhibition leading to tolerance and dependence — compa-
rable to the effects of substance abuse (Valentino and Van Bockstaele,
2015). Indeed, early childhood adverse experiences are associated with
altered reward processing and increased vulnerability to substance
abuse disorders (Andersen and Teicher, 2009; Cohen and
Densen-Gerber, 1982; Enoch, 2011), through dysregulation of opioid
functioning (Gustafsson et al., 2008). Such dysregulation could in turn
play an important role in psychopathologies such as PTSD, depression or
(social) anxiety. These psychopathologies are related to hyper-reactivity
of neural networks linked to social rejection and decreased reward
responsivity (Lutz et al., 2018; Lutz and Kieffer, 2013a; Ribeiro et al.,
2005). Similarly chronic opioid use can result in anhedonia and deficits
in emotion regulation (Garland et al., 2019, 2017). Repeated confron-
tation with aversive social experiences can alter the sensitivity to social
cues in the long-term through a similar shift in opioidergic mechanisms,
towards increased sensitivity for negative social cues and dampened
responding to positive social stimuli. Thus, although the protective,
stress reducing effects of the MOR system are adaptive in the short-term,
chronic exposure to stress can deplete this protective function, resulting
in hyper- and hypo-reactivity of opioid-dependent neural networks.

2.3. Social reward, bonding & affiliation

We previously described the behavioral and underlying neural
connection between the processing of rewarding and painful stimuli,
with the indication that the MOR system is involved in attributing the
hedonic value to pain and reward. Looking specifically at the processing
of reward cues, research in rodents localized ‘hedonic hotspots’ in the
brain reward circuitry. Areas in the rostrodorsal shell of the Nacc, the
caudal ventral pallidum (VP), the parabrachial nucleus, the anterior
orbitofrontal cortex and the posterior insula have been identified as the
mu-opioid hotspots for the hedonic ‘liking” of reward (Berridge, 2009;
Berridge and Kringelbach, 2013; Castro and Berridge, 2017; Pecina
et al,, 2006). Research on social play, a social behavior which is
intrinsically rewarding, highly important for social and cognitive
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development and crucial for peer-bonding, has been shown to be
mediated by the MOR system (Guard et al., 2002; Trezza et al., 2010;
Vanderschuren et al., 1995). Additionally, it has been suggested that the
MOR system is involved in the motivational component of reward
approach behavior, therefore, increasing the wanting of rewards. More
specifically, the mu-opioid system might contribute to the motivation to
obtain reward cues, since, after mu-opioid agonism in the medial Nacc
shell, animals were shown to work harder for food reward (Pecina,
2008; Zhang et al., 2003).

These findings, on the one hand, are important to understand
addiction behaviors, but on the other hand have also great relevance for
research on appetitive responses to social interaction and affiliation
mechanisms. The brain opioid theory of social attachment (BOTSA),
which was developed on the basis of groundbreaking work from infant-
attachment studies, indeed suggests such a central role of the MOR
system in bonding and attachment (Panksepp et al., 1980). Human
research so far, supports the idea that the MOR system is involved in the
hedonic, and to a lesser extent motivational, aspects of social reward
behavior. A recent neuroimaging study (Buchel et al., 2018) found a
specific effect of MOR blockage on the hedonic value of reward in both
pleasure ratings and reward related neural activation in the ventral
striatum, lateral orbitofrontal cortex, amygdala, hypothalamus and
medial prefrontal cortex. However, no effect was found on reward
anticipation. Korb et al. (2020) showed that MOR blockade with
naltrexone resulted in decreased physical effort as well as increased
negative facial reactions in the reward anticipation phase compared to
placebo. Further, in line with the idea that the MOR system regulates the
hedonic value of reward, participants also showed reduced positive
facial reactions during reward consumption. Subjective responses in
terms of reward wanting and liking however were not affected by opioid
blockade (Korb et al., 2020). Chelnokova et al. (2014) explored the
question whether the MOR system is involved in the hedonic as well as
motivational aspects of social reward directly, using a behavioral task
assessing the ‘liking’ and ‘wanting’ of attractive faces. Interestingly they
found that administration of the MOR agonist morphine increased spe-
cifically the liking of stimuli with high reward value, whereas blocking
the mu-opioid system with naltrexone specifically decreased the liking
of such. In line with the idea that the hedonic value influences the
motivational component of reward, participants also invested more
effort to keep seeing highly attractive stimuli under morphine but less-
ened their effort with naltrexone. Blocking the MOR system additionally
increased the effort to stop viewing images that participants perceived
low in reward value (Chelnokova et al., 2014). Further, it is reasonable
to assume that with such an increase of the hedonic value of, as well as
motivation for, reward stimuli, these are also better remembered.
Looking at memory of social reward cues such as happy faces, admin-
istration of buprenorphine compared to placebo was indeed followed by
a significant increase in memory for happy faces compared to other
emotions (Syal et al., 2015).

Based on the idea that social affiliation is at least partly driven by
basic reward mechanisms, several studies support the idea of BOTSA
(Herman and Panksepp, 1978; Panksepp et al., 1980), that the
mu-opioid system plays an important role in supporting the formation
and maintenance of social affiliation. For example, in human subjects we
recently showed an increase of automatic facial responses associated
with negative emotions (anger, sadness) in response to happy faces
(Meier et al., 2016). Happy faces are considered powerful social reward
cues and automatic imitation of happy facial expressions has been
shown to promote social affiliation. We therefore suggested that
blocking the MOR system disrupts the automatic behavioral response
involved in social bonding (Meier et al., 2016). A study using positron
emission tomography found an increase of MOR activation in response
to social acceptance in areas related to reward and social salience pro-
cessing, namely the ventral striatum, amygdala and insula. In addition,
MOR activation in the ventral striatum was predictive for higher desire
of social interaction (Hsu et al., 2013). Likewise, the feeling of
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(interpersonal) warmth, part of the pleasurable feelings related to social
bonding, has also been associated with MOR activity in humans (Depue
and Morrone-Strupinsky, 2005). Schweiger et al. (2013), found that
warmth-liking can induce trust, but that administration of naltrexone
decreases warmth-liking. Interestingly, two further studies found that
blocking the MOR system with naltrexone specifically decreased the
feeling of social connection associated with warmth-liking, without
modulating other affective (pleasantness etc.) or sensory component
(Inagaki et al., 2016, 2015).

Taken together, the MOR system seems to promote the hedonic and
motivational components of social reward, which in turn drives memory
and decision-making towards the facilitation of social bonding and
affiliation. Of interest is that patients with long-term prescription opioid
use, and especially opioid drug misusers, show attenuated attentional
and autonomic responses to natural rewards (e.g. food stimuli), and
deficits in emotion processing (Garland et al., 2017, 2015; Lubman et al.,
2009; but see Eikemo et al., 2019). This is in line with the idea that
chronic opioid use is associated with a disruption and shift in the
function of the endogenous MOR system (Garland et al., 2015; Valentino
and Van Bockstaele, 2015). Similarly, even though not necessarily to the
same extent, dysregulation of opioid mediated reward mechanisms, for
example through experience of trauma or chronic stress (cf. section 2.2
Fear and Stress) may thus lead to a reduction in the experience of plea-
sure and decrease the sensitivity to social cues that create opportunities
to experience positive social interactions. Noteworthy is a recent study
which showed that previously heroin addicted mothers on long-term
opioid maintenance treatment (OMT), with low stress exposure and
illicit drug use compared to the general OMT population, had intact and
robust reward responsiveness to non-drug rewards (Eikemo et al., 2019).
This indicates that, given relatively low psychosocial stress, long-term
stable pharmacotherapy does not necessarily induce reduced reward
responsiveness and anhedonia as reported in individuals who misuse
opioid drugs (Garland et al., 2019; Lubman et al., 2009; Trgstheim et al.,
2020). It could further indicate a recovery of reward systems under
stable pharmacotherapy and socio-environmental conditions (Eikemo
et al., 2019). Whether higher psychosocial stress exposure would
modulate reward responsiveness in individuals on long-term opioid
maintenance treatment remains to be seen.

2.4. Touch

A fundamental behavior implicated in social reward and relationship
maintenance, in non-human primates as well as humans, is touch. Pri-
mate research showed that grooming, next to its function in hygiene,
seems to be highly relevant for the formation and maintenance of social
bonds (McGlone et al., 2014). In humans, touch has been shown to be a
crucial factor in infant development (Field, 2010), it functions as safety
signaling in parent — children interactions (Brummelman et al., 2018),
and generally acts as a social buffer by reducing stress and altering the
perception of pain and threat (Coan et al., 2006; Morrison, 2016). The
mu-opioid system is suggested to mediate the positive effects of touch
(Weller and Feldman, 2003). Research in non-human primates clearly
shows modulation of grooming behavior through opioid mechanisms
(Keverne et al., 1989). However, the fact that the animals are housed
socially or isolated at different stages of these experiments makes a
straightforward interpretation of the results difficult since the motiva-
tional state of the animal at time of drug administration might influence
the measured outcome (c.f. Lgseth et al., 2014). A study by Martel et al.
(1993) showed that socially housed monkeys displayed gradually less
grooming behavior towards their infant with naloxone administration
over several weeks. Social grooming between adults decreased instantly
from the first administration of naloxone. This suggests a certain amount
of variability in the role of opioid modulation in mother-infant attach-
ment and adult relationships and the relevance of touch therein (e.g.
additional role of oxytocin in mother-infant attachment).

There is relatively little human evidence investigating the role of the
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mu-opioid system in touch. In one study, 20 min of mother-infant skin-
to-skin contact has been shown to reduce the peripheral levels of cortisol
and beta-endorphins in the blood samples of the infants, presumably due
to a decrease of hypothalamic-pituitary-adrenal axis activity (Mooncey
et al,, 1997). Nummenmaa et al. (2016) found increased binding po-
tential, consistent with deactivation of endogenous mu-opioid activity in
areas of social reward and affective processing (ventral striatum,
amygdala, medial prefrontal, and orbitofrontal cortex) during social
touch compared to a non-social control condition. An alternative
mechanism underpinning their findings could be an upregulation of
mu-opioid receptors. Finally, a study investigated the role of the
mu-opioid system in perceived affective touch (activates C-tactile fibers
in the skin which are suggested to mediate the pleasantness of touch) in
healthy adults and patients with fibromyalgia (Case et al., 2016). Fi-
bromyalgia is a chronic pain condition which has been related to
decreased central MOR availability. Whilst in healthy participants MOR
blockade with naloxone resulted in increased pleasantness ratings for
touch, patients with fibromyalgia showed decreases in touch intensity
ratings but no alteration of touch pleasantness (Case et al., 2016). On the
other hand, a recent experimental study found no evidence for opioid
modulation of c-tactile fiber mediated touch pleasantness, nor for the
motivation to receive touch, after administration of morphine or
naltrexone (Lgseth et al., 2019). It is important to consider though that
the application method of c-tactile optimal touch in the experimental
context does not represent social, affiliative touch, nor is it a social
buffering context, and might therefore not be opioid mediated (Ellingsen
etal., 2016; Lgseth et al., 2019). As an example for social buffering, Coan
et al. (2006) showed that hand-holding between partners reduced
negative affect and neural activation to the threat of physical pain,
which speaks for opioid regulation of these effects.

In sum, there might be a role for the MOR system in touch. However,
more research is warranted given the subjectivity and sensitivity of
touch to context, as well as the variety in methods and measurements
used in a range of different studies. Given that research on social reward
showed that the MOR system might specifically reinforce positive social
cues, future research should integrate the social aspect as a crucial
component when investigating the interaction between MOR regulation
and touch.

3. A mu-opioid feedback model of social interaction

Based on the reviewed evidence of the acute effects of opioid agonists
and antagonists on human social-emotional behavior, we propose a mu-
opioid feedback model of social interaction (Fig. 1). The model places
opioid modulation of social pain, threat and reward processing in a
theoretical framework of social behavior, suggesting an interactive role
for MOR system in supporting affiliative or protective social motives
through changes in neural sensitivity and behavior. Further, the model
takes into account translational evidence on mechanisms and conse-
quences of early trauma and chronic stress, which might cause a change
in sensitivity to opioids that is comparable to substance abuse. The main
purpose of this model is to provide a heuristic framework based on
current evidence, to help disentangle complex opioidergic mechanisms
of social-emotional behavior and therewith facilitate development and
testing of new hypotheses.

On the one hand, the MOR system is a driving factor in building and
strengthening our social connections. Panksepp et al. (1980) proposed
that the role of the MOR system in social attachment behaviors could
have developed from basic pain regulation systems that initiate behav-
iors which increase chances of survival. For example, distress vocaliza-
tions in young animals assure closeness and attention by their mother.
Evidence for this hypothesis was collected on the basis of infant
attachment behavior, where social distress could be relieved or induced
by administration of MOR agonists or antagonists respectively (Herman
and Panksepp, 1978; Panksepp et al., 1978). In humans, the limited
neuroimaging evidence available shows that perception of rewarding
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social cues has been associated to mu-opioid mediated activity in mes-
ocorticolimbic structures (ventral striatum, lateral OFC, amygdala, hy-
pothalamus, mPFC) (Buchel et al., 2018), with MOR activity in the
ventral striatum after a positive social experience being predictive for
interest in social interaction (Hsu et al., 2013). Therefore, if an indi-
vidual interprets a social experience as positive through integration of
social cues, context, etc., endogenous mu-opioids are released in areas
related to reward processing, mediating the pleasant hedonic experience
of social interaction. On a secondary level MOR activity decreases the
individual’s sensitivity for negative social cues and increases sensitivity
for social reward cues (Ipser et al., 2013; Lgseth et al., 2018; Syal et al.,
2015). On a behavioral level this creates a positive feedback loop,
resulting in increased social exploration and active affiliative behavior,
creating space for additional positive social interactions due to positive
anticipation of social reward cues. In the long-term, if an individual
accumulates positive social experiences it leads to facilitation of strong
long-term bonds with others which enacts as a strong social buffer in
stressful situations (Machin and Dunbar, 2011) (Fig. 1A).

When encountering negative social cues that elicit a stress response,
the release of opioids has a protective role which equally has been
suggested to originate from pain regulatory mechanisms. In this case the
pain regulatory mechanisms are aimed at decreasing painful experiences
and eliciting behaviors associated with reacting to-, coping with-, and
anticipation of potentially threatening events (Fig. 1A). On a more
complex social-emotional level opioids modulate the behavioral
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Fig. 1. Mu-opioid feedback model of social
interaction. When a social interaction takes
place, different social cues (e.g. reward, threat)
of the interaction itself, including the context,
trigger changes in MOR related activity in the
brain to generate a hedonic interpretation of the
social experience. If the social cue is positive,
mu-opioid release in areas involved in reward
and emotion processing create a pleasurable
hedonic state motivating the individual to
invest more time and effort into social in-
teractions (affiliative loop). The individuals’
anticipation and reward sensitivity for positive
social cues facilitates creating strong social
bonds with peers which act as a social buffer in
the face of stress. If, on the other hand, the so-
cial cue is negative MOR activity in areas
related to pain and threat processing help the
individual to cope with the acute social pain by
inducing pain relieving effects (protective loop).
This is highly adaptive, it gives the individual
time to regulate their behavior adequately to
the situation and if necessary, to recover from
the experience, but it also results in acutely
decreased social reward sensitivity and social
exploration. Dynamic shifts between the two
loops allow for flexible behavior and a contin-
uous social learning process, leading in the
long-term to the well-adjusted ‘social animal’
(A). If the individual is confronted with
frequent negative, potentially traumatic expe-
riences, long-term changes in the neuro-
chemical set-up of the MOR can create a shift
in behavioral patterns toward the protective
loop. The shift is characterized by chronically
reduced sensitivity for social reward cues and
an increase in anticipation for negative social
cues such as threat or fear cues. This behavioral
pattern makes it increasingly difficult to engage
in future positive social interactions potentially
leading to insecure attachment and difficulty to
form strong long-term bonds (B). +MOR:
change in mu-opioid receptor activity.

LONG-TERM

‘social animal’

1‘ reward sensitivity

¢ positive anticipation

1

social bonding /
attachment

LONG-TERM

social anxiety /
depression

¢ reward sensitivity
1‘ negative anticipation

social bonding /
attachment

2

response to social pain, stress and fear which protects against negative
affect, also when seeing others in distress (Bershad et al., 2016, 2015;
Haaker et al., 2017; Hsu et al., 2013; ; Rutgen et al., 2015). Opioids
might therefore similar to oxytocin (Bos et al., 2015), facilitate helping
behavior . Therefore, if an individual experiences an aversive social
situation, MOR activity increases in areas related to pain and threat
related processing including the amygdala, periaqueductal gray (PAG),
thalamus, OFC, insula and the Nacc (Haaker et al., 2017; Hsu et al.,
2015, 2013; Ribeiro et al., 2005; Zubieta et al., 2001). Moreover, Hsu
et al. (2013) showed that greater MOR related activity in this network
correlated with greater trait-resilience in the face of rejection, in support
of the idea of a protective function of MOR activation. On a subjective
level MOR related activity in response to pain is indeed associated with a
decrease in sensory responses and negative affect (Zubieta et al., 2001).

This mechanism has however also negative repercussions for social
behavior. Indeed, the effects of pain on pleasure and vice versa (Leknes
and Tracey, 2008) as well as the effect of stress and cortisol on reward
sensitivity (Berghorst et al., 2013; Montoya et al., 2014), indicate that
sensitivity for social reward stimuli and therewith associated social
exploration are dampened during an acute negative social experience.
As previously mentioned, this response is highly adaptive allowing the
individual to regulate their social pain and subsequent behavior to
create new opportunities for positive social experiences (Fig. 1A). The
experience of traumatic events or continuous exposure to stress how-
ever, leads to a chronic dysregulation of the MOR system resulting in less
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responsivity to social reward and hypersensitivity to threat, both of
these characteristics are strongly associated with social anxiety and
depression (Garland et al., 2019; Lutz et al., 2018; Lutz and Kieffer,
2013b; Shurman et al., 2010). Thus, on the biopsychological and
behavioral level, the individual enters a self-sustaining negative feed-
back loop with a strong bias toward anticipation of negative social cues.
This bias feeds into the social experience creating a higher possibility of
an actual aversive experience whilst reducing the probability of a pos-
itive social experience (Fig. 1B).

Evidence from the clinical field, for instance that chronic pain as well
as prolonged opioid drug (mis-) use are accompanied by a change in mu-
opioid receptor functioning (Garland et al., 2019; Harris et al., 2007;
Jones et al., 1988; Klega et al., 2010), reduced reward sensitivity and
attenuation of emotion regulation capacities (Garland et al., 2017,
2015), and that early childhood trauma and PTSD increase vulnerability
to addiction and mood disorders (Kennedy et al., 2006; Malcolm-Smith
etal., 2013; Savulich et al., 2017), supports this line of thought. Further,
research on the consequences of opioid use during pregnancy indicate a
dysregulation of the central and autonomic nervous system in newborns
with Neonatal Abstinence Syndrome (NAS), with consequences for basic
behaviors such as sleep, feeding, stress reactivity and communication
with the parent (Velez and Jansson, 2008). Crucially though, research
highlights the importance of contextual factors, such as quality of
caregiving or stability of the social environment, in the long-term
development of these infants (Sarfi et al., 2011). Therefore, whilst
pre-natal opioid exposure represents a heightened vulnerability and risk
factor, quality of caregiving, and therewith early exposure to a stressful
or secure environment, is a crucial predictor for attachment, resilience
and development.

4. Clinical relevance

The reviewed evidence on social behavior and emotional processing
gives reason to consider the role of opioids in clinical context, especially
with regard to psychopathologies where changes in the ability to
perceive pleasure or process threat are part of the symptomatic, such as
social anxiety and depression (Colasanti et al., 2011; Lutz et al., 2018;
Shechner et al., 2012).

In line with the idea of a protective role of MOR activity, research
suggests that opiodergic neurotransmission is involved in anxiolytic
responses by dampening negative affect and distress in an acutely
stressful situation (Colasanti et al., 2011), which might be dysregulated
in the case of social anxiety. Characteristics of social anxiety include
hypersensitivity to threat and dampened social reward sensitivity
(Shechner et al., 2012). As previously reported, pre-clinical as well as
human experimental work clearly demonstrate a role for the mu-opioid
system in fear learning (Eippert et al., 2008; Good and Westbrook, 1995;
Haaker et al., 2017; McNally, 2009; Westbrook et al., 1991) and reward
processing (Berridge and Kringelbach, 2008; Chelnokova et al., 2014;
Pecina et al., 2006; Syal et al., 2015), therefore the MOR system could
contribute to symptoms of social anxiety by changing sensitivity to
threat and reward cues.

A distinct characteristic of depression is the decreased ability to
perceive pleasure, which can be termed as reduced reward responsivity
and increased sensitivity to social pain (Lutz et al., 2018). Neuroimaging
evidence indicates that individuals with depression show an elevated
MOR tone in the thalamus during baseline measurements, and they
further lack the MOR deactivation in rostral ACC, ventral pallidum,
amygdala and inferior temporal cortex in response to a sustained state of
sadness that was found in healthy controls. Rather they showed an in-
crease of MOR related activation in the inferior temporal cortex (Ken-
nedy et al., 2006; Zubieta et al., 2003). In addition, individuals with
depression showed a decreased MOR response in response to direct so-
cial rejection and they lacked the MOR mediated reward response in the
Nacc that healthy controls showed (Hsu et al., 2015).

A further point to consider in this context is that the MOR system has
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a direct impact on the HPA axis, which plays a major role in aversive
learning processes. Animal work, looking at the interactive role of the
MOR system and corticotropin releasing factor (CRF) in the locus
coeruleus, suggests a protective role of the MOR system with the
occurrence of acute stressors, downregulating the effects of CRF and
therewith promoting recovery after the stressor. Repeated stress how-
ever has been shown to shift the balance in the locus coeruleus toward
inhibitory MOR regulation, resulting in long-term modifications of
neural circuits supporting evidence of a link between post-traumatic
stress disorder (PTSD) and vulnerability for substance abuse (Valen-
tino and Van Bockstaele, 2015). The results are further in line with
research suggesting that childhood trauma results in long-term changes
in the mu-opioid system, accompanied by altered emotion regulation
mechanisms, as well as heightened vulnerability for substance abuse and
mood disorders later in life (Kennedy et al., 2006; Malcolm-Smith et al.,
2013; Savulich et al., 2017), and adds to neuroendocrine models that
explain how childhood adversity affects social-emotional behavior and
impaired quality of caregiving in later generations (Bos, 2017)

5. Future directions

Research up to date clearly indicates a role for the mu-opioid system
in a range of social behaviors. At the same time, looking at the reviewed
evidence human research is only at its beginning. Models of social
behavior in opioid research are largely based on animal work (Berridge
and Kringelbach, 2015; McNally, 2009) which outlines the importance
of translational research and designs to build strong, more causally
conclusive evidence. In addition to what has been done so far, the use of
sensitive measures (e.g. facial electromyography or eye-tracking) that
test for subtle changes in behavior conserved in human and non-human
animals such as the eye-blink startle-reflex (Haaker et al., 2019) could
contribute valuable implicit behavioral data and provide a more
in-depth perspective of the role of the MOR system in social behaviors. A
continued issue is the non-standardized use of drug dosage in adminis-
tration studies, as well as the fact that some of the agonists and espe-
cially all of the antagonists used do not have exclusive affinity to
mu-opioid receptors. In future research, more well-powered studies
including both, agonist and antagonist manipulation, are necessary to
make conclusions on a bidirectional level. Further, research suggests
modulation of behavior and physiological responses in humans and
non-human primates through functional polymorphisms of the OPRM1
receptor gene, including attachment (Barr et al., 2008), cortisol stress
reactivity (Lovallo et al., 2015; Schwandt et al., 2011), sensitivity to
social rejection (Way et al., 2009; however see Persson et al., 2019) or
hedonic capacity (Troisi et al., 2011). It should be noted though that
effects tend to be small and have been criticized to not always hold in
well powered replication studies (c.f. Jern et al., 2017; Persson et al.,
2019). Therefore, (replication) studies with large enough sample sizes
are necessary to further disentangle the role of functional OPRM1 re-
ceptor gene variations.

Next, based on the proposed mu-opioid feedback model of social
interaction we will suggest research questions from two different angles
to be investigated in the future, starting with a fundamental research
perspective, followed by a consideration of the effects of trauma and
chronic stress. Our model proposes, on the basis of existing experimental
research, that the MOR system modulates the sensitivity to social threat
and reward, and crucially also learning processes related to threat and
reward cues that drive more complex social behavior.

To begin with, several fundamental research questions remain
unanswered. Human studies demonstrated an inhibitory role for the
MOR system in the acquisition of threat related associations (Eippert
et al., 2008; Haaker et al., 2017). With regard to threat related mecha-
nisms, generalization of fear to cues to neutral or safe stimuli is a
common phenomenon in anxiety and PTSD (Lissek et al., 2008) and
considering the MOR system’s role in fear conditioning it is likely that
opioids contribute to threat memory formation. As a first suggestion, we
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hypothesize that the MOR system inhibits generalization of fear cues to
other modalities. At the same time rodent research suggests a facilitatory
role of mu-opioid modulation in threat extinction learning (McNally,
2009; McNally and Westbrook, 2003). Threat extinction is a crucial
emotion regulation strategy which is often impaired in mood disorders
such as anxiety or PTSD. We therefore suggest that it is timely to test
whether the MOR system also facilitates threat extinction in humans.

Next, in the context of social reward, animal and human research
indicate that the MOR system is important for both the hedonic value
and the motivational aspect of reward (Chelnokova et al., 2014; Eikemo
et al., 2017; Pecina, 2008). At the same time, Buchel et al. (2018) found
that the hedonic component is opioid dependent, whereas reward
anticipation is not. In our model we suggest that by modulation of
reward (and threat) sensitivity a bias toward new social cues is created,
influencing both anticipation and the motivational aspect to engage
with these. To disentangle further, to what extent endogenous opioids
contribute to ‘wanting’ of reward and whether these mechanisms are
dopamine dependent, it would be valuable to study the interaction of
dopamine and endogenous opioids in reward processing and motivation
using joint administration of a MOR agonist with a dopamine antagonist.
First human evidence from a recent study using dopamine and opioid
antagonists in two separate samples suggests that both the opioid and
dopamine system are relevant in the reward anticipation phase, whereas
during the reward experience only the opioid system significantly
modulated behavioral outcomes (Korb et al., 2020).

Moreover, considering the crucial role of the MOR system in pain —
reward processing and the regulation of both, looking at opioid modu-
lation approach — avoidance mechanisms could contribute interesting
data in disentangling the mu-opioid system’s role in social-emotional
functioning. Unpublished, preliminary work of our own suggests that
blocking the MOR system resulted in heightened threat reactivity in a
context that allowed for threat avoidance. With approach-avoidance
characterizing both appetitive motivation as well as fear of punish-
ment, previous research (Terburg et al., 2012, 2011; Terburg and van
Honk, 2013) has made the link to social dominance which is related to
high reward drive and reduced anxiety related behaviors. With the
mu-opioid release being involved in the increase of specifically high
reward liking and evidence showing MOR agonist administration results
in a decrease of perceived anger (Lgseth et al., 2018) and other threat
cues (Bershad et al., 2015; Ipser et al., 2013), future research should
investigate whether the MOR system facilitates dominant behavior in
social contexts.

Finally, within the framework of the proposed mu-opioid feedback
model of social interaction and the reviewed evidence from rodent and
human literature, investigating the mu-opioid modulation of acute and
chronic stress seems promising. From a fundamental perspective it
would be interesting to start with testing in humans whether stress-
induced analgesia is opioid dependent. Next, considering the proposed
mu-opioid feedback model of social interaction, it would be timely to
investigate whether differences in threat and reward processing in in-
dividuals who have experienced early trauma or chronic stress are
opioid mediated. Evidence from such research would not only be
informative regarding the efficacy of opioid mediated pain regulation in
different populations, but could contribute knowledge about a biological
mechanism underlying the psychological processing of traumatic events
and the persistence of automatic behavioral tendencies that contribute
to symptomatic of affective disorders (e.g. PTSD, social anxiety).

6. Conclusion

With the MOR system being an underlying factor of the continuous,
competitive regulation of pleasure and pain, it is crucial to investigate its
role in social-emotional behaviors as it contributes to our ability to
respond in an adaptive manner to social experiences. Based on existing
evidence we propose a mu-opioid feedback model of social interaction
which suggests a distinct role of the MOR system for regulating affect
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and behavior in social interactions and takes into account long-term
consequences for social behavior and health. In an acute social inter-
action, the MOR system creates a hedonic interpretation of the experi-
ence which triggers a neurobiological and behavioral response that
either serves affiliative purposes or helps to protect from negative ex-
periences. In the short term the protective response to negative experi-
ences is highly adaptive. With chronic exposure to stress though, long-
term changes in the MOR neuro-chemical set-up can create a shift in
behavioral patterns with implications for social anxiety and depression.
Our proposed model is an attempt to provide a theoretical framework of
opioid modulation of social-emotional behavior, based on which new
hypotheses can be formed and tested.

Role of the funding source

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest

The authors declared that they had no conflicts of interest with
respect to their authorship or the publication of this article.

Acknowledgements

We would like to thank Thom Smeets for his support with the graphic
design of the model.

References

Andersen, S.L., Teicher, M.H., 2009. Desperately driven and no brakes: developmental
stress exposure and subsequent risk for substance abuse. Neurosci. Biobehav. Rev.
33, 516-524. https://doi.org/10.1016/j.neubiorev.2008.09.009.

Barr, C.S., Schwandt, M.L., Lindell, S.G., Higley, J.D., Maestripieri, D., Goldman, D.,
Suomi, S.J., Heilig, M., 2008. Variation at the mu-opioid receptor gene (OPRM1)
influences attachment behavior in infant primates. Proc. Natl. Acad. Sci. U. S. A. 105,
5277-5281. https://doi.org/10.1073/pnas.0710225105.

Berghorst, L.H., Bogdan, R., Frank, M.J., Pizzagalli, D.A., 2013. Acute stress selectively
reduces reward sensitivity. Front. Hum. Neurosci. 7, 1-15. https://doi.org/10.3389/
fnhum.2013.00133.

Berridge, K.C., 2009. “Liking” and “wanting” food rewards: brain substrates and roles in
eating disorders. Physiol. Behav. 97, 537-550. https://doi.org/10.1016/j.
physbeh.2009.02.044.

Berridge, K.C., Kringelbach, M.L., 2008. Affective neuroscience of pleasure: reward in
humans and animals. Psychopharmacology (Berl.) 199, 457-480. https://doi.org/
10.1007/500213-008-1099-6.

Berridge, K.C., Kringelbach, M.L., 2013. Neuroscience of affect: brain mechanisms of
pleasure and displeasure. Curr. Opin. Neurobiol. 23, 294-303. https://doi.org/
10.1016/j.conb.2013.01.017.

Berridge, K.C., Kringelbach, M.L., 2015. Pleasure systems in the brain. Neuron 86,
646-664. https://doi.org/10.1016/j.neuron.2015.02.018.

Bershad, A.K., Jaffe, J.H., Childs, E., de Wit, H., 2015. Opioid partial agonist
buprenorphine dampens responses to psychosocial stress in humans.
Psychoneuroendocrinology 52, 281-288. https://doi.org/10.1016/j.
psyneuen.2014.12.004.

Bershad, A.K., Seiden, J.A., de Wit, H., 2016. Effects of buprenorphine on responses to
social stimuli in healthy adults. Psychoneuroendocrinology 63, 43-49. https://doi.
org/10.1016/j.psyneuen.2015.09.011.

Bos, P.A., 2017. The endocrinology of human caregiving and its intergenerational
transmission. Dev. Psychopathol. 29, 971-999. https://doi.org/10.1017/
S0954579416000973.

Bos, P.A., Montoya, E.R., Hermans, E.J., Keysers, C., van Honk, J., 2015. Oxytocin
reduces neural activity in the pain circuitry when seeing pain in others. Neuroimage
113, 217-224. https://doi.org/10.1016/j.neuroimage.2015.03.049.

Brummelman, E., Terburg, D., Smit, M., Bogels, S.M., Bos, P.A., 2018. Parental touch
reduces social vigilance in children. Dev. Cogn. Neurosci. 35, 87-93. https://doi.
0rg/10.1016/j.dcn.2018.05.002.

Buchel, C., Mied], S., Sprenger, C., 2018. Hedonic processing in humans is mediated by
an opioidergic mechanism in a mesocorticolimbic system. Elife 7, 1-16. https://doi.
org/10.7554/eLife.39648.

Case, L.K., Ceko, M., Gracely, J.L., Richards, E.A., Olausson, H., Bushnell, M.C., 2016.
Touch perception altered by chronic pain and by opioid blockade. eNeuro 3, 1-10.
https://doi.org/10.1523/ENEURO.0138-15.2016.

Castro, D.C., Berridge, K.C., 2017. Opioid and orexin hedonic hotspots in rat
orbitofrontal cortex and insula. Proc. Natl. Acad. Sci. U. S. A. 114, E9125-E9134.
https://doi.org/10.1073/pnas.1705753114.


https://doi.org/10.1016/j.neubiorev.2008.09.009
https://doi.org/10.1073/pnas.0710225105
https://doi.org/10.3389/fnhum.2013.00133
https://doi.org/10.3389/fnhum.2013.00133
https://doi.org/10.1016/j.physbeh.2009.02.044
https://doi.org/10.1016/j.physbeh.2009.02.044
https://doi.org/10.1007/s00213-008-1099-6
https://doi.org/10.1007/s00213-008-1099-6
https://doi.org/10.1016/j.conb.2013.01.017
https://doi.org/10.1016/j.conb.2013.01.017
https://doi.org/10.1016/j.neuron.2015.02.018
https://doi.org/10.1016/j.psyneuen.2014.12.004
https://doi.org/10.1016/j.psyneuen.2014.12.004
https://doi.org/10.1016/j.psyneuen.2015.09.011
https://doi.org/10.1016/j.psyneuen.2015.09.011
https://doi.org/10.1017/S0954579416000973
https://doi.org/10.1017/S0954579416000973
https://doi.org/10.1016/j.neuroimage.2015.03.049
https://doi.org/10.1016/j.dcn.2018.05.002
https://doi.org/10.1016/j.dcn.2018.05.002
https://doi.org/10.7554/eLife.39648
https://doi.org/10.7554/eLife.39648
https://doi.org/10.1523/ENEURO.0138-15.2016
https://doi.org/10.1073/pnas.1705753114

LM. Meier et al.

Chelnokova, O., Laeng, B., Eikemo, M., Riegels, J., Lgseth, G., Maurud, H., Willoch, F.,
Leknes, S., 2014. Rewards of beauty: the opioid system mediates social motivation in
humans. Mol. Psychiatry 19, 746-747. https://doi.org/10.1038/mp.2014.1.

Coan, J., Schaefer, H.S., Davidson, R.J., 2006. Lending a hand: social regulation of the
neural response to threat. Psychol. Sci. 17, 1032-1039. https://doi.org/10.1111/
j.1467-9280.2006.01832.x.

Cohen, F.S., Densen-Gerber, J., 1982. A study of the relationship between child abuse
and drug addiction in 178 patients: preliminary results. Child Abus. Negl. 6,
383-387. https://doi.org/10.1016,/0145-2134(82)90081-3.

Colasanti, A., Rabiner, E., Lingford-Hughes, A., Nutt, D., 2011. Opioids and anxiety.

J. Psychopharmacol. 25, 1415-1433. https://doi.org/10.1177/0269881110367726.

Depue, R.A., Morrone-Strupinsky, J.V., 2005. A neurobehavioral model of affiliative
bonding: implications for conceptualizing a human trait of affiliation. Behav. Brain
Sci. 28, 313-350. https://doi.org/10.1017/50140525X05000063.

Drolet, G., Dumont, E.C., Gosselin, 1., Kinkead, R., Laforest, S., Trottier, J.-F.F., 2001.
Role of endogenous opioid system in the regulation of the stress response. Prog.
Neuropsychopharmacol. Biol. Psychiatry 25, 729-741. https://doi.org/10.1016/
S0278-5846(01)00161-0.

Eikemo, M., Lgseth, G.E., Johnstone, T., Gjerstad, J., Willoch, F., Leknes, S., 2016. Sweet
taste pleasantness is modulated by morphine and naltrexone. Psychopharmacology
(Berl.) 233, 3711-3723. https://doi.org/10.1007/500213-016-4403-x.

Eikemo, M., Biele, G., Willoch, F., Thomsen, L., Leknes, S., 2017. Opioid modulation of
value-based decision making in healthy humans. Neuropsychopharmacology 1-8.
https://doi.org/10.1038/npp.2017.58.

Eikemo, M., Lobmaier, P.P., Pedersen, M.L., Kunge, N., Matziorinis, A.M., Leknes, S.,
Sarfi, M., 2019. Intact responses to non-drug rewards in long-term opioid
maintenance treatment. Neuropsychopharmacology 44, 1456-1463. https://doi.
org/10.1038/s541386-019-0377-9.

Eippert, F., Bingel, U., Schoell, E., Yacubian, J., Biichel, C., 2008. Blockade of
endogenous opioid neurotransmission enhances acquisition of conditioned fear in
humans. J. Neurosci. 28, 5465-5472. https://doi.org/10.1523/JNEUROSCI.5336-
07.2008.

Ellingsen, D.M., Leknes, S., Lgseth, G., Wessberg, J., Olausson, H., 2016. The
neurobiology shaping affective touch: expectation, motivation, and meaning in the
multisensory context. Front. Psychol. 6, 1-16. https://doi.org/10.3389/
fpsyg.2015.01986.

Enoch, M.A,, 2011. The role of early life stress as a predictor for alcohol and drug
dependence. Psychopharmacology (Berl.) 214, 17-31. https://doi.org/10.1007/
s00213-010-1916-6.

Field, T., 2010. Touch for socioemotional and physical well-being: a review. Dev. Rev.
30, 367-383. https://doi.org/10.1016/j.dr.2011.01.001.

Fields, H.L., 2004. State-dependent opioid control of pain. Nat. Rev. Neurosci. 5,
565-575. https://doi.org/10.1038/nrn1431.

Fields, H.L., 2006. A motivation-decision model of pain: the role of opioids. Proceedings
of the 11th World Congress on Pain.

Fields, H.L., Margolis, E.B., 2015. Understanding opioid reward. Trends Neurosci. 1-9.
https://doi.org/10.1016/j.tins.2015.01.002.

Garland, E.L., Froeliger, B., Howard, M.O., 2015. Allostatic dysregulation of natural
reward processing in prescription opioid misuse: autonomic and attentional
evidence. Biol. Psychol. 105, 124-129. https://doi.org/10.1016/j.
biopsycho.2015.01.005.

Garland, E.L., Bryan, C.J., Nakamura, Y., Froeliger, B., Howard, M.O., 2017. Deficits in
autonomic indices of emotion regulation and reward processing associated with
prescription opioid use and misuse. Psychopharmacology (Berl.) 234, 621-629.
https://doi.org/10.1007/s00213-016-4494-4.

Garland, E.L., Trgstheim, M., Eikemo, M., Ernst, G., Leknes, S., 2019. Anhedonia in
chronic pain and prescription opioid misuse. Psychol. Med. 1-12. https://doi.org/
10.1017/s0033291719002010.

Good, A.J., Westbrook, R.F., 1995. Effects of a microinjection of morphine into the
amygdala on the acquisition and expression of conditioned fear and hypoalgesia in
rats. Behav. Neurosci. 109, 631-641. https://doi.org/10.1037/0735-
7044.109.4.631.

Guard, H.J., Newman, J.D., Lucille Roberts, R., 2002. Morphine administration
selectively facilitates social play in common marmosets. Dev. Psychobiol. 41, 37-49.
https://doi.org/10.1002/dev.10043.

Gustafsson, L., Oreland, S., Hoffmann, P., Nylander, I., 2008. The impact of postnatal
environment on opioid peptides in young and adult male Wistar rats. Neuropeptides
42, 177-191. https://doi.org/10.1016/j.npep.2007.10.006.

Haaker, J., Yi, J., Petrovic, P., Olsson, A., 2017. Endogenous opioids regulate social
threat learning in humans. Nat. Commun. 8, 1-9. https://doi.org/10.1038/
ncomms15495.

Haaker, J., Maren, S., Andreatta, M., Merz, C.J., Richter, J., Richter, S.H., Meir
Drexler, S., Lange, M.D., Jiingling, K., Nees, F., Seidenbecher, T., Fullana, M.A.,
Wotjak, C.T., Lonsdorf, T.B., 2019. Making translation work: harmonizing cross-
species methodology in the behavioural neuroscience of Pavlovian fear conditioning.
Neurosci. Biobehav. Rev. 107, 329-345. https://doi.org/10.1016/j.
neubiorev.2019.09.020.

Harris, R.E., Clauw, D.J., Scott, D.J., Mclean, S.A., Gracely, R.H., Zubieta, J., 2007.
Decreased Central Mu-Opioid Receptor Availability in Fibromyalgia, 27,
pp. 10000-10006. https://doi.org/10.1523/JNEUROSCI.2849-07.2007.

Herman, B.H., Panksepp, J., 1978. Effects of morphine and naloxone on separation
distress and approach attachment: evidence for opiate mediation of social affect.
Pharmacol. Biochem. Behav. 9, 213-220. https://doi.org/10.1016,/0091-3057(78)
90167-3.

Hsu, D.T., Sanford, B.J., Meyers, K.K., Love, T.M., Hazlett, K.E., Wang, H., Ni, L.,
Walker, S.J., Mickey, B.J., Korycinski, S.T., Koeppe, R.A., Crocker, J.K.,

257

Neuroscience and Biobehavioral Reviews 121 (2021) 250-258

Langenecker, S.A., Zubieta, J.-K., 2013. Response of the p-opioid system to social
rejection and acceptance. Mol. Psychiatry 18, 1211-1217. https://doi.org/10.1038/
mp.2013.96.

Hsu, D.T., Sanford, B.J., Meyers, K.K., Love, T.M., Hazlett, K.E., Walker, S.J., Mickey, B.
J., Koeppe, R.A., Langenecker, S.A., Zubieta, J.-K., 2015. It still hurts: altered
endogenous opioid activity in the brain during social rejection and acceptance in
major depressive disorder. Mol. Psychiatry 20, 193-200. https://doi.org/10.1038/
mp.2014.185.

Inagaki, T.K., Irwin, M.R., Eisenberger, N.I., 2015. Blocking opioids attenuates physical
warmth-induced feelings of social connection. Emotion 15, 494-500. https://doi.
org/10.1037/emo0000088.

Inagaki, T.K., Ray, L.A., Irwin, M.R., Way, B.M., Eisenberger, N.I., 2016. Opioids and
social bonding: naltrexone reduces feelings of social connection. Soc. Cogn. Affect.
Neurosci. 11, 728-735. https://doi.org/10.1093/scan/nsw006.

Ipser, J.C., Terburg, D., Syal, S., Phillips, N., Solms, M., Panksepp, J., Malcolm-Smith, S.,
Thomas, K., Stein, D.J., van Honk, J., 2013. Reduced fear-recognition sensitivity
following acute buprenorphine administration in healthy volunteers.
Psychoneuroendocrinology 38, 166-170. https://doi.org/10.1016/j.
psyneuen.2012.05.002.

Jern, P., Verweij, K.J.H., Barlow, F.K., Zietsch, B.P., 2017. Reported associations between
receptor genes and human sociality are explained by methodological errors and do
not replicate. Proc. Natl. Acad. Sci. U. S. A. 114, E9185-E9186. https://doi.org/
10.1073/pnas.1710880114.

Jones, A.K.P., Luthra, S.K., Maziere, B., Pike, V.W., Loc’h, C., Crouzel, C., Syrota, A.,
Jones, T., 1988. Regional cerebral opioid receptor studies with [11C]diprenorphine
in normal volunteers. J. Neurosci. Methods 23, 121-129. https://doi.org/10.1016/
0165-0270(88)90184-7.

Kennedy, S.E., Koeppe, R.A., Young, E.A., Zubieta, J.-K., 2006. Dysregulation of
endogenous opioid emotion regulation circuitry in major depression in women.
Arch. Gen. Psychiatry 63, 1199. https://doi.org/10.1001/archpsyc.63.11.1199.

Keverne, E.B., Martensz, N.D., Tuite, B., 1989. Beta-endorphin concentrations in
cerebrospinal fluid of monkeys are influenced by grooming relationships.
Psychoneuroendocrinology 14, 155-161. https://doi.org/10.1016/0306-4530(89)
90065-6.

Klega, A., Buchholz, H., Maiho, C., 2010. Central opioidergic neurotransmission in
complex regional pain syndrome. Neurology 129-136.

Korb, S., Gotzendorfer, S., Massaccesi, C., Sezen, P., Graf, I., Willeit, M., Eisenegger, C.,
Silani, G., 2020. Dopaminergic and opioidergic regulation of implicit hedonic facial
reactions during anticipation and consumption of social and nonsocial rewards. Elife
9, 1-22. https://doi.org/10.1101/832196.

Le Magnen, J., Marfaing-Jallat, P., Miceli, D., Devos, M., 1980. Pain modulating and
reward systems: a single brain mechanism? Pharmacol. Biochem. Behav. 12,
729-733. https://doi.org/10.1016/0091-3057(80)90157-4.

Leknes, S., Tracey, 1., 2008. A common neurobiology for pain and pleasure. Nat. Rev.
Neurosci. 9, 314-320. https://doi.org/10.1038/nrn2333.

Lissek, S., Biggs, A.L., Rabin, S.J., Cornwell, B.R., Alvarez, R.P., Pine, D.S., Grillon, C.,
2008. Generalization of conditioned fear-potentiated startle in humans:
experimental validation and clinical relevance. Behav. Res. Ther. 46, 678-687.
https://doi.org/10.1016/j.brat.2008.02.005.

Lgseth, G.E., Ellingsen, D.-M., Leknes, S., 2014. State-dependent mu-opioid modulation
of social motivation. Front. Behav. Neurosci. 8, 1-15. https://doi.org/10.3389/
fnbeh.2014.00430.

Lgseth, G.E., Eikemo, M., Isager, P., Holmgren, J., Laeng, B., Vindenes, V., Hjgrnevik, T.,
Leknes, S., 2018. Morphine reduced perceived anger from neutral and implicit
emotional expressions. Psychoneuroendocrinology 91, 123-131. https://doi.org/
10.1016/j.psyneuen.2018.02.035.

Lgseth, G.E., Eikemo, M., Leknes, S., 2019. Effects of opioid receptor stimulation and
blockade on touch pleasantness: a double-blind randomised trial. Soc. Cogn. Affect.
Neurosci. 1-12. https://doi.org/10.1093/scan/nsz022.

Lovallo, W.R., Enoch, M., Acheson, A., Cohoon, A.J., Sorocco, K.H., Hodgkinson, C.A.,
Vincent, A.S., Glahn, D.C., Goldman, D., 2015. Cortisol stress response in men and
women modulated differentially by the mu-opioid receptor gene polymorphism
OPRM1 A118G. Neuropsychopharmacology 2546-2554. https://doi.org/10.1038/
npp.2015.101.

Lubman, D.L, Yiicel, M., Kettle, J.W.L., Scaffidi, A., MacKenzie, T., Simmons, J.G.,
Allen, N.B., 2009. Responsiveness to drug cues and natural rewards in opiate
addiction: associations with later heroin use. Arch. Gen. Psychiatry 66, 205-213.
https://doi.org/10.1001/archgenpsychiatry.2008.522.

Lutz, P.E., Kieffer, B.L., 2013a. The multiple facets of opioid receptor function:
Implications for addiction. Curr. Opin. Neurobiol. 23, 473-479. https://doi.org/
10.1016/j.conb.2013.02.005.

Lutz, P.E., Kieffer, B.L., 2013b. Opioid receptors: distinct roles in mood disorders. Trends
Neurosci. 36, 195-206. https://doi.org/10.1016/j.tins.2012.11.002.

Lutz, P.E., Courtet, P., Calati, R., 2018. The opioid system and the social brain:
implications for depression and suicide. J. Neurosci. Res. 1-13. https://doi.org/
10.1002/jnr.24269.

Machin, A.J., Dunbar, R..LM., 2011. The brain opioid theory of social attachment: a
review of the evidence. Behaviour 148, 985-1025. https://doi.org/10.1163/
000579511X596624.

Malcolm-Smith, S., Thomas, K.G.F., Ipser, J.C., van Honk, J., Solms, M., 2013. Opioid
function is dysregulated subsequent to early social trauma: healthy young adults’
response to a buprenorphine challenge. Neuropsychoanalysis 15, 127-143. https://
doi.org/10.1080/15294145.2013.10799826.

Martel, F.L., Nevison, C.M., Rayment, F.D., Simpson, M.J.A., Keverne, E.B., 1993. Opioid
receptor blockade reduces maternal affect and social grooming in rhesus monkeys.


https://doi.org/10.1038/mp.2014.1
https://doi.org/10.1111/j.1467-9280.2006.01832.x
https://doi.org/10.1111/j.1467-9280.2006.01832.x
https://doi.org/10.1016/0145-2134(82)90081-3
https://doi.org/10.1177/0269881110367726
https://doi.org/10.1017/S0140525X05000063
https://doi.org/10.1016/S0278-5846(01)00161-0
https://doi.org/10.1016/S0278-5846(01)00161-0
https://doi.org/10.1007/s00213-016-4403-x
https://doi.org/10.1038/npp.2017.58
https://doi.org/10.1038/s41386-019-0377-9
https://doi.org/10.1038/s41386-019-0377-9
https://doi.org/10.1523/JNEUROSCI.5336-07.2008
https://doi.org/10.1523/JNEUROSCI.5336-07.2008
https://doi.org/10.3389/fpsyg.2015.01986
https://doi.org/10.3389/fpsyg.2015.01986
https://doi.org/10.1007/s00213-010-1916-6
https://doi.org/10.1007/s00213-010-1916-6
https://doi.org/10.1016/j.dr.2011.01.001
https://doi.org/10.1038/nrn1431
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0150
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0150
https://doi.org/10.1016/j.tins.2015.01.002
https://doi.org/10.1016/j.biopsycho.2015.01.005
https://doi.org/10.1016/j.biopsycho.2015.01.005
https://doi.org/10.1007/s00213-016-4494-4
https://doi.org/10.1017/s0033291719002010
https://doi.org/10.1017/s0033291719002010
https://doi.org/10.1037/0735-7044.109.4.631
https://doi.org/10.1037/0735-7044.109.4.631
https://doi.org/10.1002/dev.10043
https://doi.org/10.1016/j.npep.2007.10.006
https://doi.org/10.1038/ncomms15495
https://doi.org/10.1038/ncomms15495
https://doi.org/10.1016/j.neubiorev.2019.09.020
https://doi.org/10.1016/j.neubiorev.2019.09.020
https://doi.org/10.1523/JNEUROSCI.2849-07.2007
https://doi.org/10.1016/0091-3057(78)90167-3
https://doi.org/10.1016/0091-3057(78)90167-3
https://doi.org/10.1038/mp.2013.96
https://doi.org/10.1038/mp.2013.96
https://doi.org/10.1038/mp.2014.185
https://doi.org/10.1038/mp.2014.185
https://doi.org/10.1037/emo0000088
https://doi.org/10.1037/emo0000088
https://doi.org/10.1093/scan/nsw006
https://doi.org/10.1016/j.psyneuen.2012.05.002
https://doi.org/10.1016/j.psyneuen.2012.05.002
https://doi.org/10.1073/pnas.1710880114
https://doi.org/10.1073/pnas.1710880114
https://doi.org/10.1016/0165-0270(88)90184-7
https://doi.org/10.1016/0165-0270(88)90184-7
https://doi.org/10.1001/archpsyc.63.11.1199
https://doi.org/10.1016/0306-4530(89)90065-6
https://doi.org/10.1016/0306-4530(89)90065-6
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0255
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0255
https://doi.org/10.1101/832196
https://doi.org/10.1016/0091-3057(80)90157-4
https://doi.org/10.1038/nrn2333
https://doi.org/10.1016/j.brat.2008.02.005
https://doi.org/10.3389/fnbeh.2014.00430
https://doi.org/10.3389/fnbeh.2014.00430
https://doi.org/10.1016/j.psyneuen.2018.02.035
https://doi.org/10.1016/j.psyneuen.2018.02.035
https://doi.org/10.1093/scan/nsz022
https://doi.org/10.1038/npp.2015.101
https://doi.org/10.1038/npp.2015.101
https://doi.org/10.1001/archgenpsychiatry.2008.522
https://doi.org/10.1016/j.conb.2013.02.005
https://doi.org/10.1016/j.conb.2013.02.005
https://doi.org/10.1016/j.tins.2012.11.002
https://doi.org/10.1002/jnr.24269
https://doi.org/10.1002/jnr.24269
https://doi.org/10.1163/000579511X596624
https://doi.org/10.1163/000579511X596624
https://doi.org/10.1080/15294145.2013.10799826
https://doi.org/10.1080/15294145.2013.10799826

LM. Meier et al.

Psychoneuroendocrinology 18, 307-321. https://doi.org/10.1016/0306-4530(93)
90027-1.

McGlone, F., Wessberg, J., Olausson, H., 2014. Discriminative and affective touch:
sensing and feeling. Neuron 82, 737-755. https://doi.org/10.1016/j.
neuron.2014.05.001.

McNally, G.P., 2009. The roles of endogenous opioids in fear learning. Int. J. Comp.
Psychol. 22, 153-169.

McNally, G.P., Westbrook, R.F., 2003. Opioid receptors regulate the extinction of
pavlovian fear conditioning. Behav. Neurosci. 117, 1292-1301. https://doi.org/
10.1037/0735-7044.117.6.1292.

McNally, G.P., Pigg, M., Weidemann, G., 2004. Opioid receptors in the midbrain
periaqueductal gray regulate extinction of Pavlovian fear conditioning. J. Neurosci.
24, 6912-6919. https://doi.org/10.1523/JNEUROSCI.1828-04.2004.

Meier, I.M., Bos, P.A., Hamilton, K., Stein, D.J., van Honk, J., Malcolm-Smith, S., 2016.
Naltrexone increases negatively-valenced facial responses to happy faces in female
participants. Psychoneuroendocrinology 74, 65-68. https://doi.org/10.1016/j.
psyneuen.2016.08.022.

Merrer, J.L.E., 2009. Reward processing by the opioid system in the brain. Physiol. Rev.
1379-1412. https://doi.org/10.1152/physrev.00005.2009.

Montoya, E.R., Bos, P.A., Terburg, D., Rosenberger, L.A., van Honk, J., 2014. Cortisol
administration induces global down-regulation of the brain’s reward circuitry.
Psychoneuroendocrinology 47, 31-42. https://doi.org/10.1016/j.
psyneuen.2014.04.022.

Mooncey, S., Giannakoulopoulos, X., Glover, V., Acolet, D., Modi, N., 1997. The effect of
mother-infant skin-to-skin contact on plasma cortisol and f-endorphin
concentrations in preterm newborns. Infant Behav. Dev. 20, 553-557. https://doi.
org/10.1016/50163-6383(97)90045-X.

Morrison, 1., 2016. Keep calm and cuddle on: social touch as a stress buffer. Adapt. Hum.
Behav. Physiol. 344-362. https://doi.org/10.1007/540750-016-0052-x.

Nummenmaa, L., Tuominen, L., Dunbar, R., Hirvonen, J., Manninen, S., Arponen, E.,
Machin, A., Hari, R., Jaaskeldinen, I.P., Sams, M., 2016. Social touch modulates
endogenous p-opioid system activity in humans. Neuroimage 138, 242-247. https://
doi.org/10.1016/j.neuroimage.2016.05.063.

Panksepp, J., Herman, B., Conner, R., Bishop, P., Scott, J.P., 1978. The biology of social
attachments: opiates alleviate separation distress. Biol. Psychiatry 607-618.

Panksepp, J., Herman, B.H., Vilberg, T., Bishop, P., DeEskinazi, F.G., 1980. Endogenous
opioids and social behavior. Neurosci. Biobehav. Rev. 4, 473-487. https://doi.org/
10.1016/0149-7634(80)90036-6.

Pecina, S., 2008. Opioid reward ‘liking’ and ‘wanting’ in the nucleus accumbens. Physiol.
Behav. 94, 675-680. https://doi.org/10.1016/j.physbeh.2008.04.006.

Pecina, S., Smith, K.S., Berridge, K.C., 2006. Hedonic hot spots in the brain.
Neuroscientist 12, 500-511. https://doi.org/10.1177/1073858406293154.

Persson, E., Asutay, E., Heilig, M., Lofberg, A., Pedersen, N., Vastfjall, D., Tinghog, G.,
2019. Variation in the p-opioid receptor gene (OPRM1) does not moderate social-
rejection sensitivity in humans. Psychol. Sci. 30, 1050-1062. https://doi.org/
10.1177/0956797619849894.

Poulin, J.-F., Chevalier, B., Laforest, S., Drolet, G., 2006. Enkephalinergic afferents of the
Centromedial Amygdala in the rat. J. Comp. Neurol. 496, 859-876. https://doi.org/
10.1002/cne.

Rebougas, E.C., Segato, E.N., Kishi, R., Freitas, R.L., Savoldi, M., Morato, S., Coimbra, N.
C., 2005. Effect of the blockade of mul-opioid and SHT2A-serotonergic/alphal-
noradrenergic receptors on sweet-substance-induced analgesia.
Psychopharmacology (Berl.) 179, 349-355. https://doi.org/10.1007/s00213-004-
2045-x.

Ribeiro, S.C., Kennedy, S.E., Smith, Y.R., Stohler, C.S., Zubieta, J.K., 2005. Interface of
physical and emotional stress regulation through the endogenous opioid system and
mu-opioid receptors. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 29,
1264-1280. https://doi.org/10.1016/j.pnpbp.2005.08.011.

Rutgen, M., Seidel, E.M., Silani, G., Riecansky, 1., Hummer, A., Windischberger, C.,
Petrovic, P., Lamm, C., 2015. Placebo analgesia and its opioidergic regulation
suggest that empathy for pain is grounded in self pain. Proc. Natl. Acad. Sci. U. S. A.
112, E5638-46. https://doi.org/10.1073/pnas.1511269112.

Sarfi, M., Smith, L., Waal, H., Sundet, J.M., 2011. Risks and realities: dyadic interaction
between 6-month-old infants and their mothers in opioid maintenance treatment.
Infant Behav. Dev. 34, 578-589. https://doi.org/10.1016/j.infbeh.2011.06.006.

Savulich, G., Riccelli, R., Passamonti, L., Correia, M., Deakin, J.F.W., Elliott, R.,
Flechais, R.S.A., Lingford-Hughes, A.R., McGonigle, J., Murphy, A., Nutt, D.J.,
Orban, C., Paterson, L.M., Reed, L.J., Smith, D.G., Suckling, J., Tait, R., Taylor, E.M.,
Sahakian, B.J., Robbins, T.W., Ersche, K.D., 2017. Effects of naltrexone are
influenced by childhood adversity during negative emotional processing in addiction
recovery. Transl. Psychiatry 7, e1054-9. https://doi.org/10.1038/tp.2017.34.

Schwandt, M.L., Lindell, S.G., Higley, J.D., Suomi, S.J., Heilig, M., Barr, C.S., 2011.
OPRM1 gene variation influences hypothalamic-pituitary-adrenal axis function in
response to a variety of stressors in rhesus macaques. Psychoneuroendocrinology 36,
1303-1311. https://doi.org/10.1016/j.psyneuen.2011.03.002.

Schweiger, D., Stemmler, G., Burgdorf, C., Wacker, J., 2013. Opioid receptor blockade
and warmth-liking: effects on interpersonal trust and frontal asymmetry. Soc. Cogn.
Affect. Neurosci. 9, 1608-1615. https://doi.org/10.1093/scan/nst152.

258

Neuroscience and Biobehavioral Reviews 121 (2021) 250-258

Shechner, T., Britton, J.C., Pérez-Edgar, K., Bar-Haim, Y., Ernst, M., Fox, N.A,,
Leibenluft, E., Pine, D.S., 2012. Attention biases, anxiety, and development: toward
or away from threats or rewards? Depress. Anxiety 29, 282-294. https://doi.org/
10.1002/da.20914.

Shurman, J., Koob, G.F., Gutstein, H.B., 2010. Opioids, pain, the brain, and
hyperkatifeia: a framework for the rational use of opioids for pain. Pain Med. 11,
1092-1098. https://doi.org/10.1111/j.1526-4637.2010.00881.x.

Syal, S., Ipser, J., Terburg, D., Solms, M., Panksepp, J., Malcolm-Smith, S., Bos, Pa.,
Montoya, E.R., Stein, D.J., van Honk, J., 2015. Improved memory for reward cues
following acute buprenorphine administration in humans.
Psychoneuroendocrinology 53, 10-15. https://doi.org/10.1016/j.
psyneuen.2014.11.009.

Szechtman, H., Hershkowitz, M., Simantov, R., 1981. Sexual behavior decreases pain
sensitivity and stimulates endogenous opioids in male rats. Eur. J. Pharmacol. 70,
279-285. https://doi.org/10.1016/0014-2999(81)90161-8.

Terburg, D., van Honk, J., 2013. Approach-avoidance versus
dominance-submissiveness: a multilevel neural framework on how testosterone
promotes social status. Emot. Rev. 5, 296-302. https://doi.org/10.1177/
1754073913477510.

Terburg, D., Hooiveld, N., Aarts, H., Kenemans, J.L., van Honk, J., 2011. Eye tracking
unconscious face-to-face confrontations: dominance motives prolong gaze to masked
angry faces. Psychol. Sci. 22, 314-319. https://doi.org/10.1177/
0956797611398492.

Terburg, D., Aarts, H., Honk, Jvan, 2012. Testosterone affects gaze aversion from angry
faces outside of conscious awareness. Psychol. Sci. 23, 459-463. https://doi.org/
10.1177/0956797611433336.

Trezza, V., Baarendse, P.J.J., Vanderschuren, L.J.M.J., 2010. The pleasures of play:
pharmacological insights into social reward mechanisms. Trends Pharmacol. Sci. 31,
463-469. https://doi.org/10.1016/j.tips.2010.06.008.

Trgstheim, M., Eikemo, M., Meir, R., Hansen, 1., Paul, E., Kroll, S.L., Garland, E.L.,
Leknes, S., 2020. Assessment of anhedonia in adults with and without mental illness:
a systematic review and meta-analysis. JAMA Psychiatry 3, e2013233. https://doi.
org/10.1001/jamanetworkopen.2020.13233.

Troisi, A., Frazzetto, G., Carola, V., Di Lorenzo, G., Coviello, M., D’Amato, F.R.,

Moles, A., Siracusano, A., Gross, C., 2011. Social hedonic capacity is associated with
the A118G polymorphism of the mu-opioid receptor gene (OPRM1) in adult healthy
volunteers and psychiatric patients. Soc. Neurosci. 6, 88-97. https://doi.org/
10.1080/17470919.2010.482786.

Valentino, R.J., Van Bockstaele, E., 2015. Endogenous opioids: the downside of opposing
stress. Neurobiol. Stress 1, 23-32. https://doi.org/10.1016/j.ynstr.2014.09.006.

van der Kolk, B., Greenberg, M., Boyd, H., Krystal, J., 1985. Inescapable shock,
neurotransmitters, and addiction to trauma: toward a psychobiology of post
traumatic stress. Biol. Psychiatry 20, 314-325. https://doi.org/10.1016/0006-3223
(85)90061-7.

Vanderschuren, L.J., Niesink, R.J., Spruijt, B.M., Van Ree, J.M., 1995. Mu- and kappa-
opioid receptor-mediated opioid effects on social play in juvenile rats. Eur. J.
Pharmacol. 276, 257-266.

Velez, M., Jansson, L.M., 2008. The opioid dependent mother and newborn dyad:
nonpharmacologic care. J. Addict. Med. 2, 113-120. https://doi.org/10.1097/
ADM.0b013e31817e6105.

Wardle, M.C., Bershad, A.K., de Wit, H., 2015. Naltrexone alters the processing of social
and emotional stimuli in healthy adults. Soc. Neurosci. 0919 https://doi.org/
10.1080/17470919.2015.1136355, 17470919.2015.1136355.

Way, B.M., Taylor, S.E., Eisenberger, N.I., 2009. Variation in the mu-opioid receptor gene
(OPRM1) is associated with dispositional and neural sensitivity to social rejection.
Proc. Natl. Acad. Sci. U. S. A. 106, 15079-15084. https://doi.org/10.1073/
pnas.0812612106.

Weller, A., Feldman, R., 2003. Emotion regulation and touch in infants: the role of
cholecystokinin and opioids. Peptides 24, 779-788. https://doi.org/10.1016/50196-
9781(03)00118-9.

Westbrook, R.F., Greeley, J.D., Nabke, C.P., Swinbourne, A.L., 1991. Aversive
conditioning in the rat: effects of a benzodiazepine and of an opioid agonist and
antagonist on conditioned hypoalgesia and fear. J. Exp. Psychol. Anim. Behav.
Process. 17, 219-230. https://doi.org/10.1037/0097-7403.17.3.219.

Zhang, M., Balmadrid, C., Kelley, A.E., 2003. Nucleus accumbens opioid, GABAergic, and
dopaminergic modulation of palatable food motivation: contrasting effects revealed
by a progressive ratio study in the rat. Behav. Neurosci. 117, 202-211. https://doi.
org/10.1037/0735-7044.117.2.202.

Zubieta, J.K., Smith, Y.R., Bueller, J.A., Xu, Y., Kilbourn, M.R., Jewett, D.M., Meyer, C.R.,
Koeppe, R.A., Stohler, C.S., 2001. Regional mu opioid receptor regulation of sensory
and affective dimensions of pain. Science 293, 311-315. https://doi.org/10.1126/
science.1060952.

Zubieta, J.K., Ketter, T.A., Bueller, J.A., Xu, Y., Kilbourn, M.R., Young, E.A., Koeppe, R.
A., 2003. Regulation of human affective responses by anterior cingulate and limbic
mu-opioid neurotransmission. Arch. Gen. Psychiatry 60, 1145-1153. https://doi.
org/10.1001/archpsyc.60.11.1145.


https://doi.org/10.1016/0306-4530(93)90027-I
https://doi.org/10.1016/0306-4530(93)90027-I
https://doi.org/10.1016/j.neuron.2014.05.001
https://doi.org/10.1016/j.neuron.2014.05.001
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0340
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0340
https://doi.org/10.1037/0735-7044.117.6.1292
https://doi.org/10.1037/0735-7044.117.6.1292
https://doi.org/10.1523/JNEUROSCI.1828-04.2004
https://doi.org/10.1016/j.psyneuen.2016.08.022
https://doi.org/10.1016/j.psyneuen.2016.08.022
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1016/j.psyneuen.2014.04.022
https://doi.org/10.1016/j.psyneuen.2014.04.022
https://doi.org/10.1016/S0163-6383(97)90045-X
https://doi.org/10.1016/S0163-6383(97)90045-X
https://doi.org/10.1007/s40750-016-0052-x
https://doi.org/10.1016/j.neuroimage.2016.05.063
https://doi.org/10.1016/j.neuroimage.2016.05.063
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0385
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0385
https://doi.org/10.1016/0149-7634(80)90036-6
https://doi.org/10.1016/0149-7634(80)90036-6
https://doi.org/10.1016/j.physbeh.2008.04.006
https://doi.org/10.1177/1073858406293154
https://doi.org/10.1177/0956797619849894
https://doi.org/10.1177/0956797619849894
https://doi.org/10.1002/cne
https://doi.org/10.1002/cne
https://doi.org/10.1007/s00213-004-2045-x
https://doi.org/10.1007/s00213-004-2045-x
https://doi.org/10.1016/j.pnpbp.2005.08.011
https://doi.org/10.1073/pnas.1511269112
https://doi.org/10.1016/j.infbeh.2011.06.006
https://doi.org/10.1038/tp.2017.34
https://doi.org/10.1016/j.psyneuen.2011.03.002
https://doi.org/10.1093/scan/nst152
https://doi.org/10.1002/da.20914
https://doi.org/10.1002/da.20914
https://doi.org/10.1111/j.1526-4637.2010.00881.x
https://doi.org/10.1016/j.psyneuen.2014.11.009
https://doi.org/10.1016/j.psyneuen.2014.11.009
https://doi.org/10.1016/0014-2999(81)90161-8
https://doi.org/10.1177/1754073913477510
https://doi.org/10.1177/1754073913477510
https://doi.org/10.1177/0956797611398492
https://doi.org/10.1177/0956797611398492
https://doi.org/10.1177/0956797611433336
https://doi.org/10.1177/0956797611433336
https://doi.org/10.1016/j.tips.2010.06.008
https://doi.org/10.1001/jamanetworkopen.2020.13233
https://doi.org/10.1001/jamanetworkopen.2020.13233
https://doi.org/10.1080/17470919.2010.482786
https://doi.org/10.1080/17470919.2010.482786
https://doi.org/10.1016/j.ynstr.2014.09.006
https://doi.org/10.1016/0006-3223(85)90061-7
https://doi.org/10.1016/0006-3223(85)90061-7
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0510
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0510
http://refhub.elsevier.com/S0149-7634(20)30689-8/sbref0510
https://doi.org/10.1097/ADM.0b013e31817e6105
https://doi.org/10.1097/ADM.0b013e31817e6105
https://doi.org/10.1080/17470919.2015.1136355
https://doi.org/10.1080/17470919.2015.1136355
https://doi.org/10.1073/pnas.0812612106
https://doi.org/10.1073/pnas.0812612106
https://doi.org/10.1016/S0196-9781(03)00118-9
https://doi.org/10.1016/S0196-9781(03)00118-9
https://doi.org/10.1037/0097-7403.17.3.219
https://doi.org/10.1037/0735-7044.117.2.202
https://doi.org/10.1037/0735-7044.117.2.202
https://doi.org/10.1126/science.1060952
https://doi.org/10.1126/science.1060952
https://doi.org/10.1001/archpsyc.60.11.1145
https://doi.org/10.1001/archpsyc.60.11.1145

	A mu-opioid feedback model of human social behavior
	1 Introduction
	1.1 From pain and pleasure to social behavior

	2 Mu-opioid modulation of social-emotional behavior
	2.1 Social rejection and empathy
	2.2 Fear and stress
	2.3 Social reward, bonding & affiliation
	2.4 Touch

	3 A mu-opioid feedback model of social interaction
	4 Clinical relevance
	5 Future directions
	6 Conclusion
	Role of the funding source
	Declaration of Competing Interest
	Acknowledgements
	References


