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Abstract

Animal research suggests a central role of the p-opioid receptor (MOR) system in regulating
affiliative behaviors and in mediating the stress-buffering function of social contact. However,

the neurochemistry of stress-related social contact seeking in humans is still poorly understood.
In a randomized, double-blind, between-subjects design, healthy female volunteers (N = 80)
received either 10 mg of the p-opioid agonist morphine sulfate, or a placebo. Following a
standardized psychosocial stress induction, participants engaged in a social reward task, in which
the motivation to obtain skin-to-skin social touch and the hedonic reactions elicited by such touch
were assessed. Morphine prevented the increase of salivary cortisol typically observed following
acute stress exposure. Notably, this altered HPA axis responsivity was associated with increased
negative affect in response to psychosocial stress, and with enhanced subjective wanting of highly
rewarding social contact. These findings provide novel evidence on the effect of exogenous
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opioids administration on the reactions to psychosocial stress and point to a state-dependent
regulation of social motivation.

Introduction

Social behaviors such as bonding and affiliation are crucial for the survival and wellbeing
of many species. By providing fundamental benefits (e.g., promoting safety and enhancing
stress resilience) and by generating comfort and pleasure, social stimuli (e.g., social contact)
gain rewarding value, inducing approach motivation. Inability to form and maintain social
bonds contributes to a range of psychiatric and physical pathologies [e.g., 1,2], highlighting
the importance to better understand the neurobiological basis of social motivation.

Based on pharmacological evidence in isolated animals showing that exogenous p-opioids
administration (e.g., morphine) reduces separation distress and contact seeking, the Brain
Opioid Theory of Social Attachment [3] pinpoints the p-opioid receptor (MOR) system as

a key mediator of bonding and affiliation. Extending this model, Laseth and colleagues
propose that the MOR system regulates social behaviors in a manner that is context-
dependent [4]. Specifically, in contexts of distress (such as the social isolation described
above), social stimuli are sought because they stimulate endogenous p-opioids release,
which in turn reduces pain and negative affect. If opioids are exogenously provided, this will
result in alleviated distress, and therefore reduced need for social contact. On the other hand,
in contexts of comfort, endogenous MOR activity mediates the rewarding properties, and
associated pleasure, of social stimuli. In this case, exogenous MOR stimulation will result in
increased pleasure and motivation to seek for social contact.

In the last decade, preliminary confirmatory evidence on the state-dependent MOR
regulation of affiliation and social reward processing in humans has been provided. During
states of comfort, MOR blockade decreases wanting and/or liking of different social stimuli
[5-7, but see also 8], as well as feelings of social connection [9-11], interpersonal closeness
and social reward expectation [12], while MOR enhancement increases wanting and liking
of attractive faces [6]. Using PET, Hsu and colleagues [13] showed that endogenous MOR
activity during social rejection is positively associated with reduced negative affect, while
during social acceptance it predicts greater desire for social interaction. However, to date,
causal evidence of MOR regulation of social motivation and contact seeking during distress
is lacking.

Here, we aimed at filling this knowledge gap by investigating the effect of MOR

agonist administration (morphine) on social motivation and social pleasure following stress
exposure. Using a double-blind, placebo-controlled, randomized, between-subjects design,
female participants (N = 80) were orally administered with either 10 mg morphine sulfate
(a highly selective p-opioid agonist) or placebo. Following a psychosocial stress induction
procedure, the motivation to obtain social touch (wanting) and the pleasure elicited by
receiving it (liking) were assessed (see Figure 1 for a detailed description). To enhance

the comparability with animal research, i) a stressor of social nature was employed; ii)

in addition to self-reports of wanting and liking, we assessed real physical effort and
hedonic facial reactions, approximating the motivational and hedonic (i.e., wanting and
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liking) measures used in animal studies; iii) to parallel grooming in animals, skin-to-skin
touch was employed as a social reward.

As recent human evidence showed that exogenous MOR stimulation alleviates stress, as
indicated by decreased cortisol response and threat/challenge appraisal [14,15], we expected
reduced responses to stress after morphine administration, compared to placebo. Based

on previous theoretical models and animal evidence [3,4], we hypothesized that this opioid-
blunted stress response would be associated with decreased social motivation. Given that
previous studies showed an effect of stress on wanting rather than on liking of touch [16] or
food [e.g., 17] reward, we did not expect changes in the hedonic reactions to social contact.
Finally, given that MOR manipulations have been shown to induce the strongest effects on
the best reward option available [6,18,19], and considering the stress buffering function of C
tactile (CT)-optimal touch [20], we expected the predicted effects to be stronger for the most
valuable social reward (i.e., touch at 6 cm/s, which is in the CT-optimal range stroking speed
of 1 to 10 cm/s).

Materials and Methods

Study design

The between-subjects, double-blind, placebo-controlled study consisted of one experimental
session in which participants received either 10 mg morphine sulfate or a placebo.

Participants

Based on previous work that had investigated the effects of stress on social reward
processing [16] and the effects of similar compounds on stress responses [14], we aimed at
collecting data from 40 participants per group. The study sample included 82 participants, of
which 42 received morphine (MORPH) and 40 received a placebo (PLB). Two participants
(MORPH) did not complete the session and were therefore not included in data analysis,
yielding to a final sample size of 80 participants (40/group)1. Only female participants were
included due to i) gender differences in opioid pharmacokinetics [21,22] and stress response
[23], ii) expected higher preference of same-gender touch in females than males [24,25].
Participants were tested during the luteal phase of their menstrual cycle, as determined

by self-report of their last menstruation and average cycle length. They reported to be right-
handed, to have no history of current or former drug abuse and to be free of psychiatric or
neurological disorders (see Supplementary Material section 1 for a complete list of exclusion
criteria and requirements). The two experimental groups did not differ significantly in

terms of age, BMI, autistic traits (short version of the German Autism Spectrum Quotient,
AQ-k) [26], general (State-Trate Anxiety Inventory, STAI) [27] and social (Liebowitz

Social Anxiety Scale, LSAS) [28] anxiety, and social touch appreciation (Social Touch
Questionnaire, STQ) [29] (Table 1). The study was approved by the Ethics Committee of

the Medical University of Vienna (EK 1393/2017) and was performed in line with the

1Due to technical problems, EMG data from 6 (4 MORPH) participants and heart rate data from 1 participant (MORPH) were not
recorded. Saliva samples from 1 participant (MORPH) are also missing.
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Declaration of Helsinki [30]. All participants signed a consent form before taking part in the
study.

The study was conducted at the Department of Psychiatry and Psychotherapy of the
Medical University of Vienna. After completing an online survey to assess their eligibility,
potential participants were first invited to a health screening (~45’), including blood
examination, electrocardiogram, blood pressure measurement, and psychiatric interview
(Mini-International Neuropsychiatric Interview [31]). Eligible participants were then invited
to the experimental session (~210”), which always started between 11:30 and 12:30 in

order to control for cortisol diurnal fluctuations [32]. At the beginning of the session,

urine drug and pregnancy tests were administered. After baseline mood and physiological
measures were collected, participants received a standardized snack, and took the assigned
capsule. Throughout the session, mood and physiological measures were obtained at regular
intervals. To ensure relatively high and stable levels of morphine throughout the session, the
experimental tasks were completed between 60 and 160 min after drug administration, and
included economic decision making, facial mimicry, emotion recognition, stress induction
and social reward processing (see Figure 1A for an overview of the session timeline). Here
we will focus on the last two, while the others will be reported elsewhere. Approximately
180 min after pill administration, a blood sample was taken to confirm drug uptake (see
Supplementary Material section 2 — Table S1 for procedure and results). After completing
the experimental session, participants were debriefed and received a financial compensation
of 65€. Half of the sample was tested before and half during the COVID-19 pandemic (see
Supplementary Material section 3 — Figure S1).

Drug administration

Ten mg of morphine sulfate (Morapid®) were orally administered, with the specific

dosage chosen so as to stimulate the activity of the MOR system with minimal subjective
(side-)effects, as higher doses may come at the cost of stronger and undesirable side-effects
[e.g., 33,34]. Morphine is a selective MOR agonist and, for oral administration, has an
average bioavailability of 30-40%, a maximal effect (t-max) at 1-2 h after administration,
and a half-life of 2-4 h [35]. Placebo consisted of capsules containing 650 mg of mannitol
(sugar), visually identical to the ones containing morphine.

Stress induction

In order to induce a stress reaction in the participants, the Trier Social Stress Test (TSST)
[36] was employed. In the TSST, participants were given 3 minutes to prepare a 5 min
speech for a mock-job interview, followed by a 5 min arithmetic task, in which they were
asked to count backwards from 2043 in steps of 17 as fast and as accurate as possible. The
speech and arithmetic tasks were completed in front of an evaluating panel (one male and
one female confederate). Participants were told that these tasks would be video recorded via
a camera located next to the examiners (no video was actually taped).
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Social Reward task

Stimuli—Pleasantness of touch is highest between 1 and 10 cm/s, and decreases between
10 and 30 cm/s [37]. Gentle caresses in three different speeds (CT-optimal: 6 cm/s, non-
CT-optimal: 21 cm/s and 27 cm/s) were thus used as social rewards of different levels of
pleasantness (high, low, very low). Caresses were delivered to the participant’s left forearm
by a female experimenter seated on the other side of a curtain used to limit the participant’s
field of view to the monitor (Figure 1B). See Supplementary Material section 4 for further
details.

Task—The Social Reward task [7,16,38] consisted of two blocks of 16 trials, separated

by a 5 min break. To avoid habituation to the touch, the site of application (left or right

area of the forearm) was alternated within the two blocks, in a counter-balanced order.
Before starting the task, participants experienced each type of touch once and performed
two training trials. Each trial was structured as follows (Figure 1C): i) announcement of the
best attainable reward (high or low, 16 trials each, 3 s); ii) rating of subjective wanting via

a VAS ranging from -10 (not at all) to +10 (very much) (no time limit); iii) effort task (4 s),
requiring to squeeze a hand-dynamometer (HD-BTA, Vernier Software & Technology, USA)
with the right hand, in order to obtain the announced reward — the applied force, displayed
via an online visual-feedback, was expressed as percentage of the participants’ maximum
voluntary contraction (MVC), measured immediately before the task, and translated into the
probability of obtaining the announced reward (0-100%); iv) announcement of the reward
obtained (high, low, or — if insufficient force had been exerted — very low; 2 s); v) reward
delivery (6 s); vi) relax phase (5 s); vii) rating of subjective liking via a VAS ranging from
-10 (not at all) to +10 (very much) (no time limit). At the end of the task, participants’ MVC
was measured again. Throughout the task, facial electromyography (EMG) was recorded
from the left corrugator supercilii and zygomaticus major muscles (see Figure 1C and
Supplementary Material section 5 for further details).

The task was implemented in Matlab 2014b (MathWorks, Inc) and presented on an LCD
monitor with a resolution of 1280 x 1024 pixels.

Physiological measures of stress

As physiological stress biomarkers, salivary cortisol (hypothalamic—pituitary—adrenal [HPA]
axis activity), salivary alpha-amylase and heart rate (autonomic nervous system [ANS]
activity) were assessed. Heart rate was recorded using a chest strap (Polar H10; Polar
Electro Oy, Kempele, Finland) over a 10 min period at baseline, during the TSST, and
during the Social Reward task. Values in each time window were then averaged for
statistical analyses. Saliva samples were collected via passive drool method using Salicaps
(IBL, Hamburg, Germany) at 6 time points (T1, T2, T3, T5, T6, T7; Figure 1A). See
Supplementary Material section 6 for further details.

Subjective measures of stress and mood

During the session, mood was assessed via an in-house mood scale completed at 7 time
points (T1-T7) and via the German short version Profile of Mood States (POMS) [39],
completed at T1, T2, T3, T5, T6 (Figure 1A). During the preparation phase of the
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TSST (T4), anticipatory cognitive appraisal (PASA) [40] was also assessed. Lastly, after
completion of the TSST (T5), participants’ satisfaction towards their performance at the
speech and math tasks was assessed on a VVAS scale ranging from “not at all” (+1) to “very
much” (+101). See Supplementary Material section 6 for further details.

Drug effects on cognitive functions and side-effects

To assess potential drug effects on cognitive functions, participants completed the Trail
Making Test (TMT) [41] and the Digit Symbol Substitution Test (DSST) [42] 55 min after
drug administration. Regarding subjective drug effects, participants filled out a self-report
questionnaire assessing nausea, dry mouth and other 24 possible side-effects on a 4-point
Likert scale (with the anchors 1 = “not at all” and 4 = “very much”) at baseline (T1), as well
as 50 min (T2) and 160 min (T7) after drug administration (Figure 1A).

Statistical analyses

Statistical analyses were conducted in R [43]. Drug effects on subjective and physiological
stress measures were analyzed using linear mixed effects models (LMM) with Drug
(MORPH, PLB) and Time as fixed effects and by-subject random intercepts. Drug effects

on ratings of wanting and liking, and force exerted were analyzed with LMMSs including
Drug (MORPH, PLB) and Reward Level (high, low, and very low in the case of liking) as
fixed effects, and by-subject random intercepts and slopes for Reward Level. For EMG data
(log transformed), LMMs for each muscle and task phase (anticipation, consumption) were
fitted, including Drug (MORPH, PLB), trial-by-trial Wanting (for anticipation) or Liking
(for consumption) and Epoch (Anticipation Pre-Effort and Post-Effort for anticipation,
Delivery and Relax for consumption) as fixed effects, and by-subject random intercepts

and slopes for Wanting/Liking, Epoch, and their interaction. In case of model unconvergence
or singularity, random effects with the lowest cumulative variance were removed and, in case
of categorical variables, transformed into the corresponding complex random intercept [44].
Group differences in age, BMI, and personality traits, as well as drug effects on executive
functions, PASA, satisfaction for the TSST performance and side-effects were assessed
using independent two-sided t-tests.

LMMs were computed using the /mer function of the Ime4 package [45]. Type-1I1 F-tests
were computed with the Satterthwaite degrees of freedom approximation, using the anova
function of the ImerTest package [46]. Significant interactions were further analyzed with
multiple comparisons using the function emmeans from the homonymous package [47].
Results from all LMMs and multiple comparisons were controlled for the false discovery
rate (FDR) associated with multiple testing using the Benjamini—-Hochberg method [48].

The data and analysis scripts supporting the article are available at https://osf.io/ghd24/.
Results

Drug blinding

After completing the session, 50% of the participants who had actually received morphine
correctly guessed to have received the drug. 55% of the total sample believed to have been
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administered with placebo, 29% with morphine, and 16% with naltrexone2. Overall, these
numbers indicate successful blinding.

Effects of morphine on cognitive functions and drug side-effects

There were no significant differences in the DSST and TMT scores across groups, indicating
that drug administration did not have negative effects on attention, psychomotor and
processing speed, and visuo-perceptual functions (see Supplementary Material section 7 —
Table S2). Morphine administration significantly increased self-reported weakness (MORPH
vs. PLB at T2: {69.9) = 2.64, p=0.01, and at T7: #55.96) = 2.19, p =0.03) and dry mouth
(MORPH vs. PLB at T7: 57.70) = 2.56, p= 0.01). For all side-effect measures, group
average scores were generally low, and no side-effect was on average rated as moderate or
strong (see Supplementary Material section 8 — Figure S2).

Effects of morphine on stress response

Physiological measures—Morphine administration suppressed the cortisol response to
the TSST (Drug*Time: A5,375) = 7.68, FDR p< 0.001, Figure 2A). Specifically, the
morphine group showed reduced salivary cortisol compared to the placebo group at T2
(FDR p=0.079), T3 (FDR p<0.01), T5 (FDR p<0.001), T6 (FDR p<0.001) and

T7 (FDR p<0.001) (Figure 2A). No significant drug effects were observed for salivary
alpha-amylase (all #<0.38, all FDR p> 0.62) or heart rate (all #< 2.83, all FDR p> 0.09)
(Figure 2A). See Supplementary Material section 9 — Table S3 for descriptive statistics.

Subjective measures—Morphine administration resulted in significantly higher scores
of the POMS subscale “Anger” after stress induction (Drug*Time: A4,312) =2.97, FDR p
=0.03; MORPH vs. PLB at T5: FDR p < 0.01; Figure 2B). A similar pattern, though not
reaching the statistical significance threshold, was observed for negative mood (Drug*Time:
F6,468) = 2.16, FDR p=0.068; Figure 2B). No significant group differences were
observed for positive mood or for the other POMS subscales (all FDR p > .15; Figure 2B).
Furthermore, no significant drug effects were observed in anticipatory stress (PASA primary
and secondary appraisal at T4; both #< 0.60, p> 0.55), nor in the participants’ satisfaction
towards their performance expressed after TSST completion (T5; £75.2) = -0.63, p=0.53).
See Supplementary Material section 9 — Table S4 and S5 for descriptive statistics.

Correlation between physiological and subjective measures of stress—Given
the observed opposite effect of the drug on cortisol and mood, we conducted a correlation
analysis to investigate the association between endocrine and subjective measures of stress.
To this aim, we first computed the area under the curve in respect to increase (AUCI [49],
from T3 to T7) of the cortisol levels and of the negative mood ratings (VAS and POMS
Anger). In the placebo group, we observed a negative correlation between salivary cortisol
and negative mood (VAS; rs=-.36, p bonferroni = .048), as well as between cortisol and
the Anger subscale of the POMS (r;=-.37, pbonferroni = .044), suggesting an inverse
relationship between HPA axis and mood responses to stress. No significant correlation was

2To reduce drug-related expectancy, participants were told they might receive an opioid agonist (morphine), antagonist (naltrexone) or
placebo (but in reality could receive only morphine or placebo).
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observed in the morphine group (75 < .25, pbonferroni > .28 ), possibly due to a floor effect
(Figure 3).

Effects of morphine on social reward processing

The drug groups did not significantly differ in terms of number of high, low and very low
rewards obtained (A2,230) = 0.72, p= 0.49), grip force at rest (MVC before and after the
task; all £< -0.84, all p> 0.40), and baseline activity of the corrugator and zygomaticus
muscles (all £< 1.27, all p>0.21). As manipulation check, we assessed whether the reward
levels yielded to significantly different levels of wanting, liking and force in the placebo
group only. We observed a significant effect of Reward Level on the ratings of wanting
(A1,39) = 7.46, p< .01) and liking (A2, 37.4) = 6.62, p< .01), but not on force exerted
(A1,39)=1.87, p=.18).

Effects of morphine on subjective ratings of wanting and liking

Ratings of Wanting: Participants administered morphine expressed significantly greater
wanting of the high social reward (CT-optimal touch) compared to the placebo group
(Drug*Reward Level: A1,78) = 10.56, FDR p= 0.003; high social reward MORPH vs.
PLB: FDR p=0.035) (Figure 4A). No significant drug effects emerged for the low social
reward (FDR p=0.72).

Ratings of Liking—Participants in both groups expressed greater liking for high
compared to low social rewards, which in turn were more liked than the very low social
rewards (Reward Level: A2,72.9) = 20.93, FDR p< 0.001; high vs. low vs. very low: all
FDR p<0.001). No significant effects of drug were observed (all F< 4.23, all FDR p>
0.07; Figure 4B). See Supplementary Material section 9 — Table S6 for descriptive statistics.

Effects of morphine on force exerted and hedonic facial reactions—We further
assessed wanting of social rewards in terms of force exerted to obtain the tactile stimuli,

as well as hedonic facial reactions during reward anticipation (Anticipation Pre- and Post-
Effort phases; Figure 1C). Hedonic facial reactions during and after consumption (Delivery
and Relax phases; Figure 1C) of the social reward were employed as a measure of liking.

Force exerted: Participants overall exerted greater force to obtain the high compared to the
low social reward (Reward Level: A1,78) = 14.23, FDR p < 0.001). No significant drug
effects were observed (all F< 4.13, all FDR p> 0.07; Figure 4C). See Supplementary
Material section 9 — Table S6 for descriptive statistics.

Facial EM G: No significant drug effects were observed on the activity of the corrugator
and zygomaticus muscles during reward anticipation and consumption (see Supplementary
Material section 10 — Figure S3). The LMMs on the zygomaticus activity during reward
anticipation revealed a significant Wanting by Epoch interaction (A1,3831) = 10.61, FDR
p<0.01), as greater activity of this muscle was positively associated with higher ratings

of wanting during the announcement of the attained reward (Anticipation Pre-Effort) but
not during the announcement of the attainable reward (Anticipation Pre-Effort; Figure S3D).
The LMMs on the corrugator activity during consumption revealed a significant main effect
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of Epoch (A1,73.1) =8.79, FDR p = 0.03), as this muscle was more relaxed during the
delivery of social touch as compared to the relax period (Figure S3A). See Supplementary
Material section 9 — Table S7 for descriptive statistics.

Discussion

Social motivation is a powerful force guiding behavior, as social rewards (e.g., social
contact, bonding, affiliation) are fundamental to the individual’s physical and psychological
well-being. Despite the important role of social contact in stress resilience, the
neurochemical mechanisms underlying social contact seeking following stress exposure

in humans are still poorly understood. In this study, we pharmacologically challenged the
p-opioid receptor (MOR) system to investigate its role in the regulation of the motivational
and hedonic components of social reward processing following stress induction. To parallel
previous animal research, participants were exposed to a stressor of social nature and
interpersonal touch was used as a social reward. Further, force exerted to obtain the reward
as well as hedonic facial reactions during its anticipation and consumption were assessed,
together with subjective ratings of wanting and liking. Following the enhancement of the
MOR system activity via administration of its agonist morphine, we observed suppression
of the HPA axis activity (as indicated by a reduced cortisol response) and increased negative
affect in response to psychosocial stress. Notably, this increased negative response to

stress after morphine administration was followed by enhanced motivation for the most
pleasurable social reward.

Morphine-blunted cortisol stress response is associated with reduced stress coping

Administration of the p-opioid agonist morphine prior to TSST exposure resulted in blunted
salivary cortisol response, indicating suppression of the HPA axis reactivity to stress. This
is in line with previous evidence in human and non-human primates indicating an inhibitory
role of p-opioids on HPA axis activity and cortisol release [for a review see 50, but see

51 for opposite effects in rodents]. Recently, two studies investigated the effects of partial
(buprenorphine) and full (hydromorphone) MOR agonists on psychosocial stress, induced
via TSST [14,15]. Akin to the present findings, reduced cortisol responses to stress were
observed. Buprenorphine and hydromorphone also reduced the perceived threat and the
appraisal of how challenging the participants found the stress task, respectively. While the
authors interpret the findings on cortisol and stress appraisal as indicators of a reduced
stress response, no mood-buffering effects of the drug were observed. This is in contrast
with the current study, where we find that the dampened cortisol response is accompanied
by an enhanced aversive reaction to stress, as shown by higher negative affect following
morphine compared to placebo administration. A significant negative correlation between
salivary cortisol and measures of negative affect was also observed, although limited to
the placebo group, possibly due to a floor effect in the morphine group (cortisol levels are
around zero following morphine administration in all participants). While elevated cortisol
is classically associated with the negative psychological consequences of stress, previous
studies also observed a negative correlation between cortisol and negative mood increases
following stress, suggesting that elevated cortisol is part of the adaptive stress response
and has a mood-buffering function [e.g., 52,53]. Specifically, human cortisol permeates
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the blood-brain barrier to feedback the central nervous system, reducing HPA axis activity
and promoting emotion regulation [52,54]. Importantly, our results suggest a disruption of
this feedback loop by morphine administration, which resulted in reduced stress coping.
Accordingly, it was recently shown that pharmacological HPA axis suppression, by means of
dexamethasone administration, blunts the cortisol response to stress and increases negative
mood, especially in women [55,56]. Interestingly, both in the current study and in the study
by Ali et al. [55], the effect of blunted cortisol on mood (in women) was statistically
significant only for irritability (Anger subscale of the POMS), but not for depression or
anxiety. However, the reason for this remains to be clarified.

Stressors elicit synchronous activity of the ANS and HPA axis. ANS axis activation results
in elevated heart rate, blood pressure and secretion of alpha-amylase, triggering a fast, “fight
or flight” response. HPA axis activation elicits secretion of corticotropin-releasing hormone,
adrenocorticotropic hormone, and cortisol, promoting homeostatic adaptation to stress. Both
systems contribute to adaptive affective, cognitive, and behavioral responses to stress. While
cortisol response to stress was suppressed by morphine, no significant drug effects on ANS
activity were observed. Both groups showed indeed similar levels of heart rate and salivary
alpha-amylase after stress exposure. This is in line with previous studies showing that

the effects of opioid compounds are limited to the HPA axis activity [e.g., 14,15,57,58].
Further, previous research indicates that, when HPA axis activity is suppressed, men exhibit
a compensatory heightened ANS response, characterized by increased heart rate [55,56].
Interestingly, and in line with our results, this increased compensatory ANS response
following stress exposure was not observed in women [55].

Our results are opposite to our a priorihypothesis based on previous evidence from animal
studies on separation distress indicating a reduction of stress indices, such as distress
vocalizations, following MOR agonist administration [59]. The paradoxical morphine effect
of enhanced aversive stress reaction observed in the current study vs. the previous animal
literature may be explained by experimental differences, such as route and timing of
administration of the opioid compounds. For instance, in animal research morphine is
typically delivered intravenously after stress induction, possibly allowing the system to
prepare to face the stressor via an initial mounting of the physiological stress response.

In this study, morphine was administered orally to minimize the invasiveness of the
administration procedure. Unlike intravenous administration, per-oral morphine has a slow
pharmacokinetic profile and requires an average time of 60 min to reach the peak blood
concentration. As the subjective response to acute stress, especially its effect on mood,
typically lasts only for short periods of time after laboratory stress induction, orally
administering the drug and waiting for it to reach peak concentration after the TSST
would not have been feasible. For these reasons we administered the compound prior to
stress exposure. However, the resulting suppression of the HPA axis activity before the
beginning of the stress induction may have led to the observed difference in the mood
response. Accordingly, the raising of cortisol levels, via cortisol administration, prior to
stress induction has been shown to have a protective role in women, lowering the negative
subjective reaction to stress [53]. Further, discrepancies with rodents’ research may be also
due to the opposite effect of decrease vs. increase in HPA axis activity following opioid
agonism in humans vs. rodents [51].
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Morphine-induced increased aversive reaction to stress is associated with enhanced
social motivation

Regarding the social reward task, the observed effects are consistent with previous models
[3,4] suggesting that, under distress conditions, individuals seek physical social contact

to down-regulate the negative state and re-store comfort. Accordingly, we showed that

the morphine-induced increased negative reaction to the TSST was accompanied by
enhanced social contact seeking. Specifically, we observed greater subjective wanting of
the most pleasurable social reward (CT-optimal touch) following morphine administration,
compared to placebo. Physical social contact, such as grooming in animals and caressing
in humans, has a soothing function and is considered a powerful means to buffer distress
and re-store comfort [60]. Interpersonal touch, and particularly slow CT-optimal touch in
humans, has been shown to reduce the physiological signs of distress [e.g., 61,62] and

the psychological consequences of aversive social situations, such as social rejection [63],
representing therefore an especially appetitive stimulus in such situations. However, while
previous models predict that the relief of negative affect through social contact is mediated
by p-opioids [3,4], due to the employed design and the opposite effects of the drug on
stress responses compared to previous animal research, the role of the MOR system in the
observed enhancement of contact seeking remains to be clarified.

The results are also consistent with existent evidence on the effects of stress and negative
affect on reward processing. Previous research has indeed shown that stress exposure, and
the consequent increase of negative affect, boosts the incentive value of appetitive stimuli,
such as food, money, or drug cues. This results in a selective increased motivation to obtain
the reward, despite an absent increase in the pleasure experienced once it is consumed [e.g.,
17,64,65]. Notably, the results reported here replicate previous findings from our group
indicating that, as already shown for non-social rewards, psychosocial stress significantly
increases wanting, but not liking, of rewards of social nature, such as interpersonal touch
[16]. Similar to our previous study, an increase in the ratings of liking was observed, but the
effect did not reach statistical significance.

Further, as in Massaccesi et al. 2021 [16], the increased negative mood was accompanied
by an increase in the subjective desire of receiving pleasurable social touch, but not in

the force exerted to obtain it. While implicit wanting can occur without a conscious
experience and mostly depends on dopaminergic mechanisms, explicit (subjective) wanting,
or cognitive desire, requires awareness and is strongly linked to the individual’s previous
liking experiences with and memaories of the rewarding stimulus [66]. The cognitive desire
of the stimulus is therefore driven by the pleasure that individuals expect to receive once
the reward is consumed, based on these memories. Accordingly, a recent study on smokers
showed that self-reported wanting and anticipated liking in response to smoking-related cues
were strongly correlated and increased in heavy smokers, while this was not the case for
consummatory liking, i.e. the pleasure reported after smoking a cigarette [67].

As expected, the effect of enhanced wanting for the social reward was selective for

the most pleasurable touch (high reward level), characterized by slow stroking velocity
(CT-optimal touch). This is different from our previous work [16], in which a general
increase of wanting, independent of reward magnitude, was observed following stress.
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The potentiation of wanting for the most pleasurable touch observed here may be due

to a specific influence of the enhanced MOR system activity. Indeed, previous research

has shown that pharmacological challenges of the MOR system have strongest effects on
rewards of greatest magnitude [6,18,19]. Therefore, it can be hypothesized that while stress
alone may result in increased motivation for all available rewarding stimuli, an additional
potentiation of motivation for the most valuable stimulus is seen for the best reward due

to MOR stimulation. Alternatively, a reason for the partially different result pattern might
be that, differently from the current study, in Massaccesi et al. 2021 [16] participants were
allowed to individually rank the three types of touch as high, low and very low. The

high reward was therefore not necessarily the CT-optimal touch. This could have masked

a possible impact of the type of touch. While our previous work included different state
manipulations, this study focused on the effects of stress. Since slow CT-optimal touch

is more likely to convey affiliative intentions such as social support compared to faster
touch [68], here the slow CT-optimal touch was kept as fixed high reward to avoid possible
confounding effects related to the speed of stroking.

Study limitations

Some limitations of the study should be considered. First, while the use of a within-subject
design is usually preferable in pharmacology, in this study we employed a between-subjects
design. The choice was mainly motivated by the fact that repeated exposure to the TSST,
especially with a short time interval, can lead to habituation of the stress response as well
as other repetition effects, resulting in low test re-test reliability [e.g., 69,70] and thus
outweighing by far the possibly higher statistical power a within-subject design might have
had in principle.

Second, despite our efforts in enhancing the social properties of the administered touch (e.g.,
skin-to-skin administration), the absence of a social relationship between the toucher and
the participant, as well as other methodological aspects (e.g., use of a curtain separating
participant and toucher), might have affected our results. Nevertheless, in humans an
involvement of the MOR system in bond formation, rather than just maintenance, has

also been observed [12]. Third, the current study tested a sample of healthy female
participants, preventing a generalization to male individuals. Finally, it is unlikely that a
complex behavior such as social motivation can be fully explained by the activity of a single
neurochemical system only. For instance, the neuropeptides oxytocin and vasopressin are
well-known for their crucial role in bonding and reproductive functions [71]. Stress exposure
induces a potent activation of the dopaminergic system [72,73], and it has been shown

that MOR stimulation disinhibits dopaminergic neurons in the ventral tegmental area and
increases dopamine release in the nucleus accumbens [74]. To investigate how these systems
interact in driving social contact seeking during aversive states seems therefore necessary to
understand the neurobiology of social motivation.

Conclusions

To conclude, our findings show that enhancing the MOR system activity before psychosocial
stress exposure increases, rather than reduces, the aversive reaction to stress, leading to
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an increased subjective motivation for the attainment of highly rewarding social contact.
Specifically, we showed that morphine administration blunted cortisol reactivity to stress and
increased the negativity of the adverse experience, in line with a mood-buffering effect of
cortisol. Further, the results indicate that this morphine-induced enhanced stress response
was followed by increased desire to attain social rewards.

Overall, the results extend previous human evidence on the modulation of the physiological
and subjective responses to social stress by the MOR system and indicate a state-dependent
regulation of social motivation. Hypocortisolism is a recognized opioid side-effect but its
prevalence among therapeutic and non-therapeutic long-term opioid users is not clear, as
are not its effects on wellbeing and stress coping [50]. The current findings suggest that
cortisol deficiency induced by p-opioid drugs, even at low doses, might lower adaptive
coping abilities and result in negative psychological consequences when individuals are
exposed to stressors. A better understanding of the effects of opioids on mood, wellbeing,
and social behaviors via opioid manipulations in healthy, opioid-naive individuals may have
important clinical implications as drugs that act on the opioid system are widely consumed
in both medical and non-medical contexts. To clarify the role of the MOR system in
modulating contact seeking behaviors under distress, future studies should investigate the
effects of MOR agonists and antagonists administered after stress induction (for instance
via intravenous administration), as well as the interaction with other neurochemical systems,
such as dopamine.
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Figure 1. Overview of the experimental session, set-up, and trial structure of the Social Reward
task.

(A) Overview of the experimental session. T1 — T7 represent the time points at which
subjective and/or physiological measures were obtained. Blue drops indicate saliva sample
collection. (B) Set-up of the Social Reward task. Participants were seated in front of the
monitor, holding the hand-dynamometer in the right hand. The left arm was rested on

a cushion, next to a keyboard used to express judgements during the task. The toucher

was seated on the other side of a curtain used to limit the participants’ field of view

to the monitor. Touch was administered on the participants’ left forearm using the index
and middle finger, at 3 stroking speeds corresponding to 3 levels of reward (high = 6

cm/s, low = 21 cm/s, very low = 27 cm/s). (C) Trial structure of the Social Reward task.
Facial electromyography (fFEMG) was recorded during the whole task and analyzed in
reward anticipation (Anticipation Pre-Effort and Post-Effort) and consumption (Delivery and
Relax). TMT, Trail Making Test; DSST, Digit Symbol Substitution Test; TSST, Trier Social
Stress Test.
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A. Physiological response to stress
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Figure 2. Effects of morphine administration on physiological and subjective stressresponses.
(A) Morphine administration suppressed the hypothalamic—pituitary—adrenal (HPA) axis

activity, as shown by blunted salivary cortisol before and after stress induction. No
significant drug effects were observed in the autonomic nervous system (ANS) response

to stress, assessed via salivary alpha-amylase (SAA) and heart rate. (B) Morphine
administration also increased the subjective negative response to stress, as shown by higher
scores on the “Anger” subscale (POMS) and elevated negative mood (VAS) immediately
after the Trier Social Stress Test (TSST). No significant drug effects were observed in
positive mood or in any other POMS subscales (depression, vigor, fatigue). Grey bars
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represent the TSST time window (anticipation, speech, and arithmetic task); error bars
represent standard error of the mean; asterisks indicate significant differences between drug
groups (** p<.01, *** p<.001).
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Figure 3. Correlation between salivary cortisol and negative affect.
Correlation analysis showed a significant negative correlation between salivary cortisol and

measures of negative affect (POMS Anger and VVAS negative mood) in the placebo group.
The correlation was not observed in the morphine group, possibly due to a floor effect.
AUCI, Area under the curve in respect to increase.
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Figure 4. Effects of morphine administration on social reward processing after stress exposure.
(A) Morphine administration resulted in significantly greater wanting for the high social

reward (6 cm/s, CT-optimal touch), compared to placebo. No significant drug effects were
observed on (B) ratings of liking (although greater liking of high and low social rewards
was observed following morphine administration) and (C) force exerted to obtain the
social rewards. Error bars represent standard error of the mean; black dots represent group
means; colored dots represent individual means; asterisks indicate significant differences
between conditions (* p<.05). VAS, Visual Analogue Scale; MVC, Maximum Voluntary
Contraction.
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Table 1
Demographic and self-reported substance use characteristics of the participants.

MORPHINE PLACEBO pvalue

N 40 40 -

Age (years) 23.1+3.1 23.9+39 0.31
BMI (kg/m?) 214+34 223427 0.19
Autism (AQ-k) 6.5+3.8 57+3.6 0.34
Anxiety (STAI) 38.1+9.4 35.7£83 023
Social Anxiety (LSAS) 36.7+17.9 33.2+19.0 0.39
Social Touch Preferences (STQ) 253+95 271177 0.36

Alcohol use (%)a

Never 7.5 7.5
Several times a year 25 30
Several times a month 425 35
1-2 times per week 225 275
3-4 times per week 2.5 0

syduosnuelA Joyiny sispun4 DA @doing ¢

Tobacco use (%)b
Not smoking 87.5 90
Occasionally (<10 cigarettes per week) 125 10

Drug use (% lifetime — % last year)c

Cannabis 475-25 60-32.5
Tranquilizers 75-5 5-25
Stimulants 25-10 175-75
Opiates 75-0 25-0
Hallucinogens 125-25 125-25
Other 5-25 25-0 -

a - . .
Self-report (“How often do you consume alcohol?”). Participants were excluded if they reported to consume alcohol more than 3-4 times per week
and were screened for alcohol abuse/dependence using the Mini-International Neuropsychiatric Interview.

bSeIf—report (“How often do you smoke cigarettes?”). Participants were excluded if they reported to smoke more than 10 cigarettes per week.
c . . . I .
Self-report (“For each of the listed substances, please report if you have ever consumed the substance in your lifetime and/or if you have

consumed it within the past year.”). Participants were excluded if they reported consumption of opiates within the past year and were screened for
illicit substances regular use/abuse/dependence using the Mini-International Neuropsychiatric Interview.
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