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Abstract

Rejection sensitivity (RS) is the heightened expectation or perception of social rejection and is a
feature of many psychiatric disorders. As endogenous opioid pathways have been implicated in
response to social rejection and reward, we hypothesize that RS will be negatively associated with
mu opioid receptor (MOR) baseline binding and activity during rejection and acceptance stimuli.
In exploratory analyses, we assessed the relationships between MOR activity and changes in mood
and self-esteem before and after stimuli. Healthy participants, N = 75 (52% female), completed
rejection and acceptance tasks during [11C] carfentanil positron emission tomography (PET)
scans. MOR activity in the amygdala, midline thalamus, anterior insula, and nucleus accumbens
(NAc) was evaluated. RS was not related to MOR baseline binding potential or activity during
acceptance or rejection tasks in any region. Increased MOR activity in the NAc was associated
with increase in ratings of self-esteem and positive mood during the period between acceptance
task administration and approximately 5 min after the task completion. Our results suggest that
endogenous opioid response to social rejection is independent of RS in healthy individuals. MOR
activity in the NAc was associated with increase self-esteem and positive mood after experiencing
social feedback, warranting further investigation.
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1. Introduction

Rejection Sensitivity (RS) is defined as the tendency to “anxiously expect, readily perceive
and overreact” to social rejection (Downey and Feldman, 1996). RS is a feature of many
psychiatric disorders, including major depressive disorder, depressed phase of bipolar
disorder, social anxiety disorder, borderline personality disorder, body dysmorphic disorder
and eating disorders (Calogero et al., 2010; Friedman and Whisman, 1998; Gilbert and
Meyer, 2003, 2005; Hamann et al., 2009; t.ojko and Rybakowski, 2017; Ng and Johnson,
2013; Sato et al., 2018). Additionally, RS has been associated with a more severe course of
these illnesses (Ng and Johnson, 2013). While these illnesses are debilitating, and a cause of
disability and mortality (Firth et al., 2019), still little is known about their biological causes
(Insel et al., 2010). In the present investigation, we sought to evaluate the neurobiological
mechanism of RS in the context of social feedback in healthy individuals.

There is evidence to suggest RS may be induced by alterations in pain and reward
processing (Bungert et al., 2015; Way et al., 2009). In general, social rejection has been
reported to activate pain pathways in humans (Kross et al., 2011), including the pain
processing regions of the anterior insula (Morelli et al., 2014), thalamus, and amygdala
(Allen et al., 2021; Bungert et al., 2015; Hsu et al., 2013). Specifically, those with increased
RS have alterations in social (Liddell and Courtney, 2018; Way et al., 2009) and physical
pain processing (Bungert et al., 2015) after social exclusion. Given the role of the mu
opioid receptor (MOR) system in pain regulation, it may also be implicated in rejection and
rejection sensitivity. Pain-associated regions, including the amygdala, anterior insula, and
thalamus, are rich in MORs (Hsu et al., 2013; Nummenmaa et al., 2020), and increased
reactivity to social rejection has been linked to the G allele carriers of the MOR gene

(Way et al., 2009). Additionally, G allele carriers have been shown to have decreased MOR
density (Ashok et al., 2019). Therefore, we hypothesized that individuals with increased RS
have decreased MOR density in the anterior insula, amygdala, and midline thalamus, which
we will refer to as the “MOR pain network’.

Although the present work describes the first investigation with this participant cohort,

this study represents the third (Hsu et al., 2015, 2013) in a series of positron

emission tomography (PET) studies evaluating MOR dynamics during social rejection

and acceptance. The tasks are two acute challenges: social rejection and acceptance in a
simulated online dating application (Hsu et al., 2015, 2013). Prior to scanning, participants
selected preferred profiles from a bank of profiles. During scanning, participants received
feedback from the profiles that they were not liked during the rejection block and liked
during the acceptance block. While receiving feedback, participants underwent PET scans
with the radiotracer, [11C]carfentanil, which labels MORs. During these tasks, tracer binding
reduction represents processes such as competition between radiotracer and endogenous
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opioids (i.e., displacement of tracer by increased endogenous opioid release), changes in

the conformational state of the receptor after activation, or receptor internalization and
trafficking, which are all related to endogenous opioid neurotransmission and “activation” of
the receptor sites (Zubieta et al., 2003). For simplicity we refer to the reduction in binding as
“MOR activity”.

MOR activity is hypothesized to be protective in rejection by moderating the social distress
response (i.e., it ‘lessens the pain’(Hsu et al., 2013)). Presently we examine this relationship
in healthy individuals in the MOR pain network. We hypothesized that individuals with
increased RS will exhibit decreased MOR pain network activity during social rejection.
Additionally, MOR activation has been reported to inhibit the stress response hormone,
cortisol (Pecifa et al., 2013). Therefore, we hypothesized that individuals with increased RS
will have increased cortisol, and that this will be mediated by MOR activity.

In addition to altered processing of social pain, those with RS show altered response to
social acceptance (Bungert et al., 2015), and altered activity in the nucleus accumbens
(NAc) when anticipating social feedback (Powers et al., 2013). Specifically, reward
association with positive social interaction is shown to be dampened in those with RS
(Pegg et al., 2021). Additionally, endogenous opioid activity in the NAc is critically
implicated in response to social reward such as acceptance (Hsu et al., 2015, 2013; Lutz
and Kieffer, 2013). Therefore, we hypothesized that individuals with increased RS have
decreased baseline MOR density and decreased MOR activity in the NAc during the
acceptance stimuli. We additionally hypothesized that MOR activity in the NAc mediates
the relationship between RS and changes in behavior, specifically mood and self-esteem.

In exploratory analyses, we assess the relationships between MOR activity and changes in
mood and self-esteem between during and after social stimuli. In general, this reflects the
mood and self-esteem recovery from acute social stimuli of rejection or acceptance. This

is important because it may provide evidence for a mechanistic relationship between MOR
activity and change in mood and self-esteem after socially relevant tasks, leading to a better
understanding of the biology of reaction to social feedback.

In summary, the primary hypotheses of this paper assess the opioid neurotransmitter
mechanism central to RS and mood changes during and after social feedback. This
investigation may lead to better understanding of the biological substrates of RS, a highly
relevant psychological trait, which may allow for further investigation into predicting onset
of and treating disorders associated with RS.

Methods

2.1. Subjects

Participants were recruited by flyers distributed throughout the University of Michigan
campus, local and regional newspapers, and the internet (e.g., UMClinicalstudies.org,
Craigslist, Facebook). Exclusion criteria include active medical illness and psychiatric
disorders as assessed by the SCID-1V non-patient version (First et al., 2002), chronic pain,
physical illness, left-handedness, smoking, taking psychotropic medications, hormones, or
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hormonal contraception, or being in a romantic relationship. Our previous studies (Hsu et
al., 2015, 2013) have suggested being in a romantic relationship influenced MOR activity in
response to social feedback. All study protocols were approved by the Institutional Review
Board of University of Michigan Medical School and all participants provided written
informed consent.

All participants (7= 75, 52% female), were between the ages of 18 and 25 (average = 21.1 £
2.2 years) and their relationship status was single, 68 were heterosexual, 4 were homosexual
and 3 were bisexual. This age range was selected for due to the importance of exploration of
intimate relationships during this period of time compared with older age groups, therefore
maximizing potential response to this task (Arnett, 2000).

2.2. Social feedback task

All participants completed the adult version of the Rejection Sensitivity Questionnaire to
measure RS (Berenson et al., 2009) before beginning the PET scan sequence. The highest
potential score for RS with this questionnaire is 36. Participants completed the social
feedback task adapted from Hsu et al., 2013. Prior to the PET scan sessions (Fig. 1), the
participants completed a dating profile including their age, occupation, and interests, and
selected preferred profiles from a library of simulated profiles. The participants responded to
two questions using a Likert scale for each profile: “Would | like this person” and “would
this person like me”. During the social stimuli PET scan there were two feedback blocks
(rejection and acceptance) completed during scanning, each lasting 25 min. In the rejection
block, 6 instances of negative social feedback were given: a preferred profile was shown
next to the participant’s profile along with feedback that the individual in the simulated
profile did not like the participant, next to the participant’s original answers to the two
questions. This also occurred in the acceptance block, with the exception that each feedback
indicated the simulated individual did like the participant. After each feedback and again
approximately 5 min after the last instance of feedback, participants were asked to report
how “sad,” “rejected,” “happy,” and “accepted” they felt and complete the Rosenberg state
self-esteem scale (Rosenberg, 1965) and the desire for social interaction scale (Maner et

al., 2007). Word order was randomized in each trial. During a second scan, there were two
neutral blocks, each block presenting 6 empty profiles with gray-scale blocks in place of the
pictures, and instead of feedback, the trial was listed as “not completed”. All responses were
obtained using a five-button response box. To control for potential order effects, order of

the acceptance and rejection blocks within the social stimuli scan and order of stimuli and
neutral scans were counterbalanced between subjects using the Latin Squares design (Hsu et
al., 2013).

2.3. PET and MRI

PET and magnetic resonance imaging (MRI) imaging techniques and image processing
including quantification of binding potential has been previously described (Hsu et al.,
2015, 2013). Briefly, 15.5 + 1.9 mCi of [11C]carfentanil with high specific activity (> 3000
Ci/mmol) with a maximum mass of 0.05 pg/kg was injected intravenously before each
participant underwent two PET scan sessions each occurring during the same day in all
participants except one participant who completed the two scans on different days due to
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instrument failure. The maximum injected mass did not differ between conditions, and all
scans were performed at tracer levels. 50% of total radioligand was injected at scan start
with 90-minute continuous infusion of the remaining 50%. This allowed for comparison
between rejection and acceptance blocks with their post-injection time matched baseline
blocks. PET activity was quantified on a voxel level by applying a reference region-based
Logan graphical analysis, with the occipital cortex as reference region (Logan et al., 1996).
Voxel MOR binding maps were co-registered to MR images, collected in separate imaging
sessions. Coregistered images were normalized to Montreal Neurological Institute (MNI)
standard space. A three-dimensional Gaussian filter (full width at half maximum (FWHM)
6 mm) was applied to each scan. The outcome measure of distribution volume ratio (DVR)
was used in the voxelwise analyses. DVR was converted to binding potential (BPnp) by
subtracting 1 from the average DVR value per region. BPyp was used as the outcome
measure in the regional analyses.

2.4. Regional analyses

First, we conducted a regional analysis with region of interest (ROIs) chosen prior to study
initiation based on involvement in physical and social pain pathways (Dewall et al., 2010;
Hsu et al., 2013; Kross et al., 2011; Way et al., 2009; Zubieta et al., 2001). The ROIs were
defined in our previous study (Hsu et al., 2013) and include the NAc and the MOR pain
network (midline thalamus, amygdala, anterior insula). ROIs were created using MarsBaR
region of interest toolbox (v. 0.38) for Statistical Parametric Mapping (SPM) v.8 (Wellcome
Institute of Cognitive Neurology, London, UK). All regions were applied to the PET data

in MNI standardized space. MOR BPyp was collected for all ROI’s. Bilateral ROIs were
averaged. “Baseline” indicates the first occurring neutral scan. MOR activity is defined as
change in BPyp between time matched neutral block and social feedback block (Fig. 1).
Time matched refers to the first occurring feedback block from scan 1, i.e., Acceptance, was
compared with the first occurring neutral block of scan 2 in order to control for time-based
modeling parameters.

2.5. Voxelwise analysis

Statistical parametric maps were obtained using whole brain image subtraction routines
(binding in neutral — binding in stimuli) utilizing the DVR images warped to MNI
standardized space. Analysis for identification of voxelwise significant clusters was
performed using SPM12; Wellcome Trust Centre for Neuroimaging, (Wellcome Institute
of Cognitive Neurology, London, UK). Full factorial design with one level was used

for three analyses: association between (1) RS and baseline values, (2) RS and neutral-
rejection subtraction values and (3) RS and neutral-acceptance subtraction values. The
extent threshold was 50 voxels with an alpha of p=0.001. No multiple comparison
correction was applied.

2.6. Blood collection and plasma cortisol analysis

Concurrent with PET scans, blood samples were collected at 0, 20, 30, 40, 60, 70, 80 min
post injection through an indwelling catheter to measure plasma cortisol levels. Samples
were stored at —80°C and then assayed on the IMMULITE 1000 system (Siemens Medical
Solutions Diagnostic Division, Malvern, PA). Inter- and intra-assay variabilities of the assay
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are < 8% (Hsu et al., 2015). Cortisol responses were calculated as the area under the curve
using PrismTM software (see Supplemental Figure 1). The present analysis uses the variable
of difference in cortisol release between neutral and rejection stimuli which was calculated
as the difference in cortisol area under the curve between rejection stimuli block and neutral
block. This represents the release in cortisol attributed to the rejection stimuli block. The
difference in cortisol area under the curve between rejection stimuli block and neutral block
was measured in 66 of the 75 participants. For 9 participants, plasma cortisol was not able to
be measured due to inability to collect or process blood samples.

2.7. Statistics

The relationship between RS score and baseline BPyp in the MOR pain network and
nucleus accumbens was evaluated with a linear mixed effects model with log transformed
baseline BPyp as outcome. Log BPyp was used to stabilize the variance in BPyp across
regions. Fixed effects include region, condition (neutral time matched to rejection or
acceptance), RS score, and an RS score-by-region interaction, and the only random effect
was participant. Results from this analysis are given in Section 3.1.

The relationship between RS score and MOR activity in the nucleus accumbens during

the acceptance phase was evaluated using a linear mixed effects model with log of

BPnp as outcome. Fixed effects were interval (first or second block of the scan), and
interaction between RS score and condition (neutral or acceptance). The random effects
were participant, and scan session nested in participant. A contrast was then formed to
evaluate the difference between BPyp in each condition in its interaction with RS score.
This was repeated for the rejection condition, with the addition of region as a fixed effect,
and with neutral and rejection as the conditions. The results of this analysis are given in
Section 3.2. As an exploratory analysis, these evaluations were repeated with the subscales
of the Interpersonal Sensitivity Measure (Boyce and Parker, 1989) in place of the RS score
(results in Section 3.6).

Additional hypotheses of interest involve whether change in MOR binding during social
feedback potentially mediates any relationship between RS and mood/self-esteem measures.
First, we sought to determine whether there is any relationship between RS and changes

in mood/self-esteem measures using a linear model for each of the three time-based
comparisons (Fig. 2): (A). Difference in mood/self-esteem during stimuli compared to
during neutral condition (Stimulus — Neutral), (B). Difference in mood/self-esteem after
stimuli compared to after neutral condition (After Stimulus — After Neutral) and (C). Change
in mood/self-esteem over time (After Stimulus - After Neutral) - (Stimulus - Neutral). These
three analyses were repeated for each of the following measures: “Sad and Rejected” and
self-esteem during the rejection condition and “Happy and Accepted”, “Desire for social
interaction” and self-esteem during the acceptance condition. In any situation in which an
apparent relationship is established, we next evaluated the influence of activity in the MOR
pain network or the nucleus accumbens to mediate these relationships. The results of these
analyses are reported in Section 3.3. The association between RS and difference in cortisol
between neutral and rejection stimuli was assessed with the same linear model technique.
Results for this analysis are described in Section 3.4.
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Finally, we conducted exploratory analyses to examine the relationships between change

in BPpp and change in mood and self-esteem in the same three time-based comparisons
(Fig. 2). Again, we employed a linear mixed effects model with log of BPyp as outcome.
Fixed effects included interval, condition, and mood/self-esteem score (during stimulus,
after stimulus, or change over time), and region (only for rejection, since three regions
make up the MOR pain network). Participant was the only random effect. For the change
in mood/self-esteem over time, a subtraction score was used as the mood/self-esteem score:
after stimulus — during stimulus. Results of these analyses are given in Section 3.5.

3. Results

3.1. Baseline regional and voxelwise analyses

MOR BPyp during baseline (first occurring neutral condition) was not significantly
associated with RS score at the ROI level analysis in the MOR pain network or in the
NAc (= 0.38, df=1, 72; p=0.54). MOR binding during baseline was not significantly
associated with RS score in any voxels during voxelwise analysis.

3.2. Activation in regional and voxelwise analyses

RS score was not associated with MOR activity as measured by change in MOR BPyp
between neutral and rejection conditions in the MOR pain network (z= 1.05, p=0.29).
Voxelwise analysis revealed no association between difference in MOR binding during
neutral and rejection and RS score.

RS score was not associated with MOR activity as measured by change in MOR BPyp

between neutral and acceptance conditions in the NAc (z=-0.11, p=0.91). Voxelwise
analysis revealed no association between difference in MOR binding during neutral and
acceptance and RS score.

We then repeated the regional analyses with the Interpersonal Sensitivity Measure, an
alternate questionnaire to score RS (Boyce and Parker, 1989). There was no significant
association identified between total Interpersonal Sensitivity Measure score and MOR BPyp
at baseline (£=0.055; df=1, 72; p=0.82) or change in MOR BPyp during rejection (z=
1.27, p=0.21) and acceptance conditions (z=-0.22, p= 0.83).

3.3. Analysis of the relationship between RS and mood/self-esteem

In all but one comparison, RS was not significantly associated with mood or self-esteem
changes in response to social feedback (Table 1). The difference in ratings of “Sad and
Rejected” (After Rejection — After Neutral), however, was significantly related to RS score
(Ff=5.27; df=1, 62; p=0.025). However, this association was not shown to be mediated

by MOR activity because the addition of the BPy\p to the model did not appreciably alter the
relationship between ratings and RS score (p=0.025 vs p=0.032).

Ratings for “happy and accepted” were significantly higher in the acceptance condition
compared to neutral (¢= 8.54, df=114.28, p< 0.01). Ratings for “sad and rejected” were
significantly higher in the rejected condition compared to neutral (= 8.14, df=108.16, p<
0.01). Ratings for self-esteem was significantly higher in the acceptance condition compared
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to neutral (¢=4.35, df=123.95, p< 0.01), and were lower in rejection compared to neutral
(t=-2.11, df=136.22, p=0.036). There was no significant difference in ratings of ‘desire
for social interaction’ between acceptance and neutral (#=1.59, df= 146, p=0.11) or
rejection and neutral (¢#=-0.83, df= 147, p=0.41) all p values were uncorrected. See
Supplemental Figure 2.

3.4. Cortisol analysis

RS score was not associated with difference in cortisol release between neutral and rejection
stimuli (F=0.90; df=1, 64; p=0.35). Therefore, there was no relationship between RS and
cortisol to be mediated by MOR activity.

3.5. Exploratory analyses

For the acceptance stimuli, only NAc activity was assessed (Table 2, Fig. 3). Increase

in positive mood and self-esteem was associated with increased MOR activity in the
acceptance condition compared to neutral. Specifically, the increase in NAc BPyp activity
was related to a higher rating of “Happy and Accepted” after acceptance compared to after
neutral (= 4.71; df=1, 94.4; p=0.033), and an increase in positive mood from during
acceptance to after acceptance (“Happy and Accepted”: f=7.79; df=1, 77.0; p=0.0066,
and self-esteem: 7= 10.8; df=1, 69.9; p=0.0016). These associations are shown in

Fig. 3. One datapoint in Fig. 3B was confirmed as an outlier given that it is more than

three standard deviations from the mean for self-esteem change over time. Additionally, the
difference in self-esteem between acceptance and neutral was negatively related to change
in NAc BPyp, (f=3.96; df=1, 117.8; p=0.049), but was no longer significant after
removing the outlier (F=2.78, df=1, 112.61, p=0.098). All other analyses that were
significant before the removal of the outlier remained significant (p< 0.050) after the outlier
was removed.

We found no associations (see Table 3) between changes in BPyp in the MOR pain network
and changes in mood or self-esteem during and after the rejection block.

3.6. Exploratory subscale analysis

No subscale of the Interpersonal Sensitivity Measure was related to MOR activity during
rejection in the MOR pain network (Table 4).

4. Discussion

In the present study of healthy individuals, RS score was not related to MOR BPyp

at baseline or MOR activity during acceptance or rejection stimuli. Additionally, we

did not identify any relationship between RS and mood and self-esteem responses to

social feedback or cortisol measures that was mediated by MOR activity. MOR activity

was also not related to any of the subscales for Interpersonal Sensitivity Measure, an
alternative method of assessing RS. These findings suggest that in young healthy individuals
free of psychopathology, RS trait may be independent of baseline MOR availability and
endogenous opioid response to social rejection and acceptance.
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This investigation is the third analysis of MOR activity in response to social rejection and
acceptance by this group. The first determined that this social task induces MOR activity in
both conditions as evaluated in healthy control participants (Hsu et al., 2013), and the second
described MOR activity differences between those with major depressive disorder and the
previously evaluated healthy individuals (Hsu et al., 2015). The present investigation does
not demonstrate that RS is associated with MOR activity in a healthy cohort. However, other
groups have demonstrated psychological traits that impact social interaction are associated
with mu opioid receptor variations, specifically that lower density of unoccupied MORs

in the thalamus, amygdala, and insula were related to increased avoidance dimension of
attachment (Nummenmaa et al., 2015). Additionally, compared to those with avoidant or
ambivalent attachment, those with secure attachment had increased density of unoccupied
MORs in the thalamus and amygdala, and insula (Turtonen et al., 2021). Consequently, it
may be the case that attachment styles relate to MOR density because healthy individuals
have attachment style variability. However, RS co-occurs with multiple psychiatric disorders
including Major Depressive Disorder, bipolar disorder, and borderline personality disorder
(Calogero et al., 2010; Friedman and Whisman, 1998; Gilbert and Meyer, 2003, 2005;
Hamann et al., 2009; £ojko and Rybakowski, 2017; Ng and Johnson, 2013; Sato et al., 2018)
in addition to prospectively predicting rumination (Pearson et al., 2011). Therefore, it is not
unexpected that individuals free of psychopathology would have a low range of RS scores,
decreasing the variability that could be attributed to MOR density or activity. Additionally,
there may be an alternate explanation for this discrepancy. While RS has been suggested to
be induced by alterations in pain and reward processing (Bungert et al., 2015; Way et al.,
2009), there is evidence to suggest social and physical pain may not involve the same neural
processes (Perini et al., 2018). If that is the case, it may be an alternate processing pathway
for social pain that is activated in those with RS, rather than the regions we assessed.

Because the current data is completely new and does not include data from the previous
two investigations, we sought to replicate our previous findings regarding the relationship
between MOR activity and mood changes. In exploratory analyses, with potential for
replication, we assessed the relationship between regional MOR activity and alterations

in mood during and after the social feedback. Hsu et al., 2013 found that MOR activity

in the left NAc was positively related to increased desire for social interaction in the
acceptance compared to neutral condition in healthy controls (Hsu et al., 2015, 2013).
Although the present investigation calculated MOR activity as change in activity between
neutral and stimuli conditions and considered the average of left and right regional BPyp
in bilateral structures, we recalculated left NAc activity as a subtraction value in order to
assess replicability of this finding. However, we did not identify the reported association. A
possible reason could be differences in cohort demographics. Specifically, Hsu et al., 2013
had a healthy control cohort of mostly females (ratio of females to males = 13/5), with a
higher age average of 32 + 12 years. In our cohort, 52% of participants were female and
the average age was 21 * 2.2 years. Because MOR baseline binding has been reported

to be influenced by age (Bencherif et al., 2004), the ability to replicate a finding from a
cohort with an increased and more variable age may be limited. Additionally, we assessed
in a post-hoc analysis the influence of sex on MOR activity, and determined that of the
MOR pain network, females had higher difference in BPyp between rejection and neutral
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compared to males in the anterior insula (¢= 2.57, p=0.0061) and midline thalamus (¢
=1.76, p=0.041), but not the amygdala (#= 1.21, p= 0.12). There was no significant
difference found between males and females in the nucleus accumbens BPyp between
acceptance and neutral (¢#= 0.47, p=0.68). The associations between MOR dynamics and
RS remained not significant after adding sex as a fixed effect.

In the exploratory analyses assessing the mood and self-esteem responses to the acceptance
task, MOR activity in the NAc was positively associated with mood and self-esteem
responses to social acceptance. There was an association between NAc activity and feeling
“Happy and Accepted” after social acceptance compared with after neutral stimuli (Fig.
3A). As an additional exploratory analysis, NAc activity was associated with an increase

in ratings of self-esteem (Fig. 3B) and of feeling “Happy and Accepted” (Fig. 3C) during
the period between acceptance task administration and after the end of acceptance task.
Although exploratory and warranting further investigation, these results of an increase in
mood and self-esteem are novel and have never been examined.

While the present exploratory results need to be confirmed, MOR activity in the NAc has
been shown in previous investigations to be critical to social reward. Endogenous opioid
release in the NAc has been associated with social reward in animal studies and suggested
to be the mechanism by which positive valence is attributed to social interactions (Trezza
etal., 2011). Additionally, MOR activity in the NAc is a critical motivation to obtain social
reward, and appraisal of reward outcome (Kohls et al., 2013). NAc activity appears to be
influenced by and influences cognitive appraisal of rewarding stimuli (Rademacher et al.,
2014; Smith et al., 2018). Additionally, there is evidence to suggest that motivation, or
perceived reward value is central to the degree of NAc activity associated with attaining
the reward (Rademacher et al., 2014). Also, NAc activity may mediate hedonic value of
social interaction (Smith et al., 2018). If replicated, the present investigation would build
upon these works and provide receptor specific evidence in a healthy cohort that NAc MOR
activity relates to increase in positive mood and self-esteem following social acceptance,
both important components to psychopathology including major depressive disorder and
body dysmorphic disorder.

Taken together, although in need of replication, these exploratory findings indicate that
MOR activity in the NAc during acceptance is related to increase in mood and self-esteem.
This lends support for a model of mood and self-esteem based on MOR activity in healthy
individuals that may be disrupted in psychopathology. A framework of neurobiology based
on traits such as self-esteem may contribute to the long-term strategy of classifying and
investigating disordered traits based on components of neurobiology and behaviors put forth
by the Research Domain Criteria framework (Insel et al., 2010).

This investigation describes the third application of this PET paradigm (Hsu et al., 2015,
2013). Therefore, it is meaningful to address the efficacy of the rejection and acceptance
stimuli to elicit MOR activity. We conducted a post-hoc analysis to determine if the rejection
and acceptance stimuli elicited MOR activity in the regions implicated in Hsu et al., 2013.
We determined in the rejection condition, the midline thalamus had significant deactivation
(t=-2.05, p=0.0073), but neither significant activation nor deactivation was found in the
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left amygdala (¢= 0.53, p = 0.30), right amygdala (#=-1.31, p= 0.098), periaqueductal gray
(t=-1.55, p=10.063) or right nucleus accumbens (¢= —0.92, p = 0.18). In the acceptance
condition, the subgenual anterior cingulate cortex was significantly activated (¢=1.74, p=
0.044), but we did not find activation or deactivation in the midline thalamus (¢=-0.14, p

= 0.55), left amygdala (= 1.26, p= 0.11), or right anterior insula (£= -1.42, p=0.92).
However, assessing activity using the whole cohort is limited because not all individuals
may respond to acceptance or rejection uniformly, therefore it is likely that this paradigm is
effective at eliciting the neurological response from some but not all participants. Because
there are individual differences in responsiveness to this task, the present investigation was
able to demonstrate a relationship between activity and feelings of ‘happy and accepted’

and self-esteem attributed to the acceptance task. In the exploratory analysis we focused on
the regions relevant to RS. To respond to the reviewer, we repeated the exploratory analysis
addressing the association between MOR activity and behavioral changes over time using
the regions implicated as significant in Hsu et al., 2013. We found that behavioral changes
were related to MOR activity in the left amygdala, midline thalamus, right anterior insula,
and periaqueductal gray. This further emphasizes that a non-significant group difference in
the group analysis does not indicate a lack of effectiveness of the task, given the relationship
between individual activation and behavioral measures. Overall, these outcomes echoes Hsu
et al., 2013 and 2015 in demonstrating the effectiveness of this paradigm in eliciting MOR
activity.

Limitations

The present investigation was limited in its ability to represent a wide range of RS scores
which may be due to the healthy control status of its participant population. The average RS
score of this cohort is 7.7 + 2.8 out of a total possible score of 36 using the Adult Rejection
Sensitivity Questionnaire. This reflects a relatively low degree of RS: one investigation in a
cohort with major depressive disorder reported an average RS score of approximately 11+ 6,
while a study of 218 undergraduate students reported an average RS score of 9.41 + 3.37,
both using the Adult Rejection Sensitivity Questionnaire (De Rubeis et al., 2017; Fang et
al., 2011). In order to fully address the relationship between RS and MOR dynamics, future
investigations may recruit individuals with higher RS scores.

5. Conclusion

MOR density and activity during social feedback was not demonstrated to be associated
with RS in healthy individuals, suggesting endogenous opioid response to social rejection
and acceptance is independent of this trait in this population. MOR activity in the NAc

was associated with increase in self-esteem and feelings of happiness after experiencing
social feedback, warranting further investigation. Future directions include evaluating MOR
density and activity in a population stratified by RS score.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Diagram for scan sequence. Diagram depicting two scans, each with two scan session
blocks. The first has the acceptance block followed by the rejection block and the second
has two neutral blocks. Asterisks (*) indicates when mood/self-esteem was assessed with
questions. Each block began five minutes post injection, with 6 stimuli or neutral panels
each followed by mood/self-esteem questions (during stimuli questions), then approximately
5 min with no stimulus, followed by “after stimuli’ questions. A five-minute break separates
the first and second blocks of both scans. Order of stimuli and neutral scans and order of
blocks within the stimuli scan were counterbalanced between subjects.
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Average rating of “Happy and Accepted” in the acceptance block (top line) and neutral
block (bottom line) during and after stimuli. A. Difference in mood during the stimuli
compared to neutral condition (Acceptance — Neutral) B. Difference in mood approximately
5 min after stimuli compared to approximately 5 min after neutral condition (After
Acceptance — After Neutral). C. Change in mood over time (After Acceptance - After
Neutral) - (Acceptance - Neutral).
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Fig. 3.

M%R activity and changes in mood and self-esteem related to the acceptance task. A.
Association between percent change in BPyp ((BPnp neutral - BPyp social stimuli) / BPyp
neutral) *100) in the nucleus accumbens and average ratings of “Happy and Accepted” in
the period after the acceptance block - after the neutral block (After Acceptance — After
Neutral). B. Association between percent change in BPyp in the nucleus accumbens and
change in ratings over time of self-esteem as calculated by (After Acceptance - After
Neutral) - (During Acceptance - During Acceptance). C. Association between percent
change in BPyp in the nucleus accumbens and change in ratings over time of “Happy

and Accepted” as calculated by (After Acceptance - After Neutral) - (During Acceptance -
During Neutral). Positive percent change indicates an increase in MOR activity.
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Table 2

Mood and self-esteem alterations during and after acceptance and neutral blocks in relation to change in
BPpnp in the NAc. P-values indicate significance of the relationship between change in BPyp and the
comparisons indicated by the headings. AV indicates the number of participants included in the analysis based
on completion of mood surveys. P-values are uncorrected. Asterisks (*) indicates p<0.05. Not all subjects
completed questionnaires, hence counts in each cell are < 75.

Acceptance - After Acceptance - Change over Time
Neutral After Neutral (After Acceptance
After Neutral)-
(Acceptance -
Neutral)
Self-Esteem p=0.049*, N=69 p=0.17, N=59 p=0.0016*, V=59

Desire for Social Interaction  p=0.11, N=69 p=0.14, N=60 p=0.70, N=58
Happy and Accepted p=0.80, N=69 p=0.033*, N=68  p=0.0066*, N=68
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Results of the exploratory subsale analysis of Interpersonal Sensitivity Measure in relation to MOR activity
during rejection in the MOR pain network. P values are uncorrected. All 75 participants were assessed with

each subscale.

Subscale zvalue pvalue
Interpersonal Awareness  1.12 0.26
Need for Approval 1.37 0.17
Separation Anxiety 1.21 0.23
Timidity 1.20 0.23
Fragile Inner-Self 1.38 0.17
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