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A B S T R A C T   

Background: Oxytocin is a neuropeptide known for its prosocial properties and role in social bonding, and 
intervention with intranasal oxytocin is posited to modulate affective and social cognition (i.e., hot cognition). 
Serotonin (5-HT) neurotransmission is also involved in emotional and social behaviors and appear to work in 
concert with oxytocin. However, this interaction so far remains elusive in humans. Therefore, we here investigate 
the relation between brain 5-HT 4 receptor (5-HT4R) levels and oxytocin-modulated hot cognition. 
Methods: Using a double blind, placebo-controlled, randomized crossover design, 35 healthy women received a 
dose of 24 IU intranasal oxytocin or placebo one month apart. The women were naturally cycling and to control 
for hormonal fluctuations across the menstrual cycle, intervention days were placed during the early follicular 
phase. Following intervention cognitive domains including affective memory, affective bias in emotion pro-
cessing, moral emotions and social information preference were assessed. In a subgroup (n = 25), Positron 
Emission Tomography (PET) was used to image 5-HT4R brain binding at baseline with the [11C]SB207145 
radiotracer. 
Results: No effect of oxytocin intervention relative to placebo was observed for any of the cognitive outcomes. 
Likewise, regional brain 5-HT4R binding at baseline was not associated with cognitive responses to oxytocin 
intervention. 
Conclusion: Our data suggest that intervention with intranasal oxytocin does not have an overall effect on hot 
cognition in healthy women and further that 5-HT4R brain architecture does not mediate cognitive effects of 
oxytocin in the healthy state.   

1. Introduction 

Oxytocin is a neuropeptide colloquially known as the “love hor-
mone” because of its putative prosocial properties and central role in 
human bonding. Intranasal interventions with oxytocin has been pro-
posed to exert effects on so-called ‘hot’ cognitive functions, i.e. reward-, 
social and affective-related mental processes [1] with some studies 
reporting altered performance on emotion recognition, memory, 
judging of social situations and social economic games [2–4] while other 
studies show little or no effect [5–7]. 

Serotonin (5-HT) neurotransmission is strongly involved in human 

social and emotional functioning and has also been related to several 
psychiatric and neurodevelopmental disorders with pronounced disor-
ganization of hot cognitive functioning including depression and autism 
spectrum disorder [7]. Pharmacological enhancement of synaptic brain 
5-HT levels has been found to promote prosocial behavior, e.g. by 
enhancing empathy in humans [8], and functional imaging studies 
(fMRI) show that 5-HT modulates the neural responses to reward and 
punishment in humans [9], indicating that the 5-HT system plays a 
critical role in orchestrating motivated behaviors. 

Notably, 5-HT neurotransmission is involved in the same emotional 
and social behaviors as oxytocin and their neuronal pathways show 
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large overlap in the brain [10]. Coordinated oxytocin and serotonin 
signaling may be involved in, and even necessary, for certain social 
behaviors [4,10]. For example, rodent work has shown that stimulation 
of the serotonin 1B receptor (5-HT1BR) in the nucleus accumbens, a key 
hub in the reward system, is needed for prosocial action of oxytocin 
[10]. Additionally, rodent work strongly suggest that 5-HT modulates 
reward-related behaviors in a receptor subtype specific manner [11] 
including the 5-HT 4 receptor (5-HT4R) which is expressed with high 
density in key sites of the reward system [12]. To date, no human studies 
have addressed if oxytocin effects depend on serotonin architecture in 
humans and if the social reward system findings generalize to social and 
affective cognition. However, the 5-HT4R has been proposed as a 
promising antidepressant target, particularly for the treatment of 
cognitive dysfunction [13]. In healthy volunteers, pharmacological 
stimulation of the 5-HT4R specifically enhances memory performance 
and reward-learning behaviors [14], and in patients with major 
depression disorder impaired memory function has been linked to lower 
5-HT4R brain levels [15]. Rodent studies also show that the 5-HT4R is 
critically involved in learning and memory functions [16–18]. 

In the present study we (1) assess the effect of oxytocin nasal spray 
on a range of hot cognitive functions and (2) investigate if oxytocin ef-
fect on cognition is influenced by cerebral 5-HT4R levels. 

2. Materials and methods 

2.1. Participants 

We recruited 35 healthy Danish women (age range 20–39) from a 
previously established database of healthy volunteers or through 
internet advertisements. We choose to use women in this study to avoid 
assuming uniformity of neuroendocrine responses across sexes and to 
contribute to the inclusion of women in clinical research. Exclusion 
criteria for the study were: history of psychiatric disorders (DSM-IV Axis 
I Disorders); significant somatic illness; brain trauma; use of psycho-
tropic medication; use of illicit drugs; use of hormonal contraception; 
irregular menstrual cycle; pregnancy or breastfeeding; and non-fluency 
in Danish. Written informed consent was obtained from all participants 
and the study was registered and approved by the Health Research 
Ethics Committee of the Capital Region of Denmark (protocol: H- 
15004506 and H-15017713). 

2.2. Study design 

We used a randomized double-blind placebo-controlled crossover 
design. On test days, participants received 24 IU of oxytocin (Syntoci-
non®) or placebo via self-administered nasal spray. Randomization and 
administration of the intervention was conducted by research adminis-
trators not otherwise involved in the study to preserve blinding. After a 
wait period of 40 min participants completed a fixed series of well- 
validated neuropsychological tasks assessing emotion processing, af-
fective memory, social information processing and moral emotions 
[19–21]. The 40-min wait-period was chosen based on pharmacokinetic 
studies investigating peak oxytocin levels following intranasal admin-
istration and align with standard practice in the literature [22,23]. The 
average length of the test sessions was 1 h 28min ±10min. To minimize 
the potential influence of natural fluctuations in hormonal cycle, both 
test sessions were conducted during the latter part of the follicular phase 
(days 5–12) and were placed a least one month apart (mean days be-
tween intervention sessions 28.8 ± 2.6), all participants were natural 
cycling. The participants were randomly assigned to either 
oxytocin-placebo test order (n = 19) or placebo-oxytocin test order (n =
16) using block randomization. The study was originally planned to 
include 45 participants, but recruitment was halted after 35 for logistical 
reasons. Our sample size was chosen to be able to reliably detect ~10% 
change in cognitive performance and were based on previously reported 
effect sizes from similar studies investigating oxytocin intervention and 

cognition [24,25]. 
A subset of participants (n = 25) also underwent Positron Emission 

Tomography (PET) scan with the [11C]SB207145 radioligand, assessing 
5-HT4R binding in the brain. All PET scans were acquired close to either 
the first or second test session but never on the same day as the exper-
imental oxytocin/placebo intervention. The mean number of days be-
tween PET scan and an intervention day was 5.9 (SD = 8.4). Due to 
technical issues, one PET scan had to be rescheduled and was therefore 
acquired 35 days after the last intervention. In the PET subgroup, 14 
participants were randomized to oxytocin-placebo test order while 11 
were randomized to placebo-oxytocin test order. 

2.3. Neuropsychological tests 

Table 1 provides an overview of the cognitive test domains and 

Table 1 
Neuropsychological tests overview.  

Emotion Recognition 
Task 

Description Assessment of emotion recognition. A series 
of emotional faces showing only eyes appear briefly 
(for 250 ms) and the participant is asked to identify the 
expressed emotion (happy, sad, angry, or fearful). 
Primary outcomes Accuracy in identification of each 
emotion calculated as hit rate (%). 

Emotional Intensity 
Morphing Task 

Description Assessment of perceptual threshold for 
emotion detection. A face with a slowly morphing 
emotional expression is shown and the participant 
must indicate when they can detect no longer perceive 
an emotion. The emotional expressions include happy, 
sad, angry, fearful, and disgusted. 
Primary outcomes Average intensity threshold for 
detection of each emotion. 

Moral Emotion Task Description Assessment of emotional reactions to moral 
social situations. The participant is presented with 
cartoons of moral scenarios in which one character 
intentionally or unintentionally harms another. The 
participant must rate how guilty, shameful, annoyed, 
and bad they would feel if they were either the victim 
or the agent (i.e., the victimizer). 
Primary outcomes Average ratings of guilt and shame 
for victim and agent scenarios. 

Social Information 
Preference Task 

Description Assessment of preference for different types 
of information. The participant is shown a socially 
ambiguous situation in which nine pieces of 
information (faces, thoughts, and facts/objects) are 
hidden from view. The participant is instructed to pick 
four pieces of information to help them decide between 
three different interpretations of the situations; a 
positive, neutral, and negative. 
Primary outcomes Information sampling preference for 
social information over non-social information 
calculated as percentage of factual information pieces 
picked subtracted from percentage of social (faces and 
thoughts) information pieces picked. In addition bias 
in interpretation calculated as percentage negative 
interpretations picked subtracted from positive 
interpretation picked. 

Verbal Affective Memory 
Task 

Assessment of learning and immediate short term and 
delayed recall memory of affective stimuli. The 
participant is shown a list of words, 10 positive, 10 
negative and 6 neutral, on a computer screen and 
instructed to recall as many as possible. This procedure 
is repeated five times (learning condition) after which 
an interference list is shown, and the participant is 
asked to recall as many words from the original list as 
possible (immediate recall condition). Lastly, after a 
delay of 30 min the test participant is asked to perform 
a surprise recall of the original list (delated recall 
condition). 
Primary outcomes The average number of words 
correctly recalled in each word category (positive, 
negative, and neutral) across learning and immediate 
and delayed recall conditions.  
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outcomes. All testing was conducted in standardized test rooms by 
trained neuropsychological testers at the Copenhagen University Hos-
pital Rigshospitalet, Denmark. 

2.4. PET acquisition 

The synthesis of [11C]SB207145 was performed according to previ-
ously described procedures [26]. Participants were scanned on a High 
Resolution Research Tomograph (HRRT) with an estimated in-plane 
resolution of 2 mm. Immediately following the intravenous bolus in-
jection of [11C]SB207145, a 120-min dynamic 3D PET scan (6 × 5 s, 10 
× 15 s, 4 × 30 s, 5 × 120 s, 5 × 300 s, and 8 × 600 s) was conducted. The 
acquired PET data was reconstructed as described by Fisher et al. [27]. 

MRI was obtained using a 3T Siemens Magnetom Trio scanner 
(Erlangen, Germany). 2D T2-weighted and high-resolution 3D T1- 
weighted sequences (matrix 256 × 256; 1 × 1 × 1 mm voxels) were 
acquired and corrected for non-uniformity and spatial distortions. Using 
SPM5 (Welcome Department of Cognitive Neurology, London, UK), T1- 
weighted images were segmented into gray matter, white matter, and 
cerebrospinal fluid. Each voxel was assigned to the tissue class with the 
highest probability and this segmentation was applied afterwards for 
delineation of the region of interest. The T2-weighted images were used 
for brain masking. 

Pvelab was used to automatically outline regions from the structural 
MRI scan and subsequently determine time-activity curves within each 
region [28]. The non-displaceable binding potential (BPND) of [11C] 
SB207145 was modeled with the simplified reference tissue model using 
PMOD (PMOD Technologies, Zurich, Switzerland) employing cere-
bellum as a reference region [26], defined as: BPND = fND × Bavail ×

(1/KD), where fND is the free fraction of ligand in the nondisplaceable 
tissue compartment, KD is the dissociation constant and Bavail is the 
concentration of receptors available for binding. Three regions of in-
terest (ROIs) were included in our model: Frontal cortex, hippocampus 
and amygdala, as these regions are critically involved in the brain’s 
emotional circuitry. 

2.5. Statistics 

As a majority of the primary cognitive outcomes exhibited non- 
parametric distributions, the main effect of oxytocin intervention on 
memory, affective and social cognition was assessed using Wilcoxon 
signed-rank test. To test the association between 5-HT4R binding and the 
effect of oxytocin intervention on memory, affective and social cogni-
tion, a simple linear regression model was used with 5-HT4R binding and 
intervention order as independent variables and effect of oxytocin 
intervention on cognition defined as percentage change in performance 
between placebo and oxytocin condition (ΔOT=(scoreplacebo–scoreOT)/ 
scoreplacebo × 100) as the dependent variable. The study includes 15 
individual cognitive outcomes, so to minimize type 1 error rates, we 
used a Bonferroni corrected threshold of p-value <0.003. 

3. Results 

3.1. Descriptive statistics 

The age range of participants was 20–39 years (25.0 ± 4.7, mean ±
SD). There were no significant differences between intervention order 
groups (placebo/oxytocin vs. oxytocin/placebo) on age (p = 0.15) or 
education level (p = 0.58) (see Table S1). Likewise, there were no sig-
nificant differences between the whole sample and the subgroup that 
was PET-scanned on age (p = 0.33) or education (p = 0.94) (see 
Table S2). 

To test the blinding procedure, both participants and the neuropsy-
chological tester guessed the intervention (placebo vs oxytocin) after 
each test session: the rate of correct guesses were 45% for the partici-
pants and 61% for the tester on the first intervention day and 67% for 

participants and 58% for the tester on the second intervention day. Thus, 
while the tester blinding appears to have been successful, we did observe 
a 22% point increase in correct guesses from the first to the second 
intervention in participants, suggesting that some participants were able 
to distinguish between the intervention conditions. 

3.2. Effect of oxytocin on cognition 

Table 2 shows the effect of oxytocin intervention on hot cognitive 
performance. We found no statistically significant evidence of an effect 
of oxytocin on any of the individual cognitive outcomes (all p > 0.07). 

3.3. Mediating role of 5-HT4R on oxytocin effect on hot cognition 

Table 3 shows the associations between the neuropsychological 
outcomes and 5-HT4R binding in brain ROIs. Given our significance 
threshold of p < 0.003, we found no evidence that the effect of oxytocin 
on hot cognition was dependent on 5-HT4R levels (all p > 0.02). How-
ever, 5-HT4R binding in the hippocampus and amygdala appeared, at a 
trend-level, to mediate the effect of oxytocin intervention on guilt rat-
ings in the moral emotions task (hippocampus, p = 0.03; amygdala, p =
0.02) while preference for social information over factual information in 
the social information preference task similarly at a trend-level appeared 
to be mediated by 5-HT4R levels in the amygdala (p = 0.02) and hip-
pocampus (p = 0.02). 

Table 2 
Effect of oxytocin on hot cognition.   

Oxytocin Placebo p- 
value 

Mean 
± SD 

Range Mean 
± SD 

Range 

Emotion Recognition Task 
Happiness hit 
rate (%) 

77.7 ±
16.3 

35–100 75.7 ±
13.9 

30–100 0.22 

Sadness hit rate 
(%) 

81.7 ±
14.8 

25–100 79.7 ±
18.9 

15–100 0.74 

Anger hit rate 
(%) 

73.6 ±
12.6 

40–100 68.9 ±
13.1 

40–100 0.07 

Fear hit rate (%) 74.0 ±
13.0 

45–100 76.1 ±
11.8 

50–100 0.37 

Intensity Morphing Task 
Happiness 
threshold 

5.1 ±
1.4 

2.8–8.0 4.7 ±
1.6 

2.0–8.0 0.20 

Sadness 
threshold 

5.0 ±
1.5 

2.0–7.8 4.8 ±
1.5 

1.7–8.3 0.57 

Anger threshold 4.5 ±
1.2 

1.3–7.3 4.2 ±
1.3 

1.0–8.0 0.13 

Fear threshold 4.7 ±
1.4 

2.0–7.5 4.5 ±
1.3 

2.3–7.3 0.38 

Moral Emotion Task 
Guilt rating 3.9 ±

0.4 
3.2–5.0 4.0 ±

0.7 
2.7–7.0 0.49 

Shame rating 4.0 ±
0.6 

3.0–5.6 4.1 ±
0.7 

2.8–7.6 0.99 

Social Information Preference Task 
Information 
sampling (%) 

37.4 ±
18.0 

− 6.3–68.8 37.2 ±
18.4 

− 3.1–68.8 0.93 

Interpretation 
bias (%) 

12.8 ±
21.9 

− 66.7–50.0 8.2 ±
19.2 

− 44.4–50.0 0.24 

Verbal Affective Memory Task-26 
Positive word 
recall 

7.4 ±
1.2 

4.6–9.0 7.4 ±
1.5 

3.7–9.7 0.87 

Negative word 
recall 

7.0 ±
1.4 

3.1–9.0 7.2 ±
1.6 

2.7–9.4 0.38 

Neutral word 
recall 

4.9 ±
0.6 

3.6–6.0 4.9 ±
0.7 

3.3–6.0 0.93 

Table 2. Effect of oxytocin intervention (oxytocin vs placebo condition) on hot 
cognition assessed with Wilcoxon signed rank test. 
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4. Discussion 

We here investigated the effects of oxytocin on hot cognition and the 
possible interaction between the serotonin system in terms of 5-HT4R 
availability and oxytocin in a double-blind randomized placebo- 
controlled study. We did not observe any main effects of oxytocin on 
hot cognition nor did oxytocin’s effect on cognition appear to be influ-
enced by cerebral 5-HT4R levels. 

Previous studies investigating effects of intranasal oxytocin in-
terventions have so far yielded mixed findings. Interestingly, studies 
using healthy samples have found that oxytocin improved performance 
on social tasks specifically among individuals with lower levels of self- 
reported social cognitive abilities [29,30] while two meta-analyses 
found effects of intranasal oxytocin on hot cognitive functions in peo-
ple with neurodevelopmental disorders [6,31]. In contrast, studies in 
healthy populations show that intranasal oxytocin interventions may 
have limited effects on hot cognition [30,32]. Thus, it is likely that 
oxytocin can ‘rescue’ function in populations who experience some de-
gree of impaired social and affective cognition but has little to no effect 
on high-functioning individuals. This may explain why we did not 
observe a main effect of oxytocin intervention in our sample of highly 
educated and healthy young women. 

We did not find any significant associations between 5-HT4R binding 
and effect of oxytocin intervention. However, we noted a trend for 
higher 5-HT4R binding being related to higher guilt and shame ratings in 
the moral emotions task as well as preference for social and emotional 
information over factual information in the social information prefer-
ence task, when the participant had received oxytocin. This could 
indicate that high 5-HT4R binding may mediate the effect of oxytocin on 
higher complex social cognition. Importantly, we did not observe any 
strong main effect of oxytocin in our sample of young and healthy 
women who we speculate may be so high-functioning that it is difficult 
to improve their cognitive functioning and therefore to detect pro- 
cognitive effects. Thus, we cannot exclude that an interaction between 

5-HT4R binding and oxytocin effects may be detectable and more pro-
nounced in individuals who are more sensitive to oxytocin intervention. 
Future studies should therefore investigate the interplay between 
oxytocin and the 5-HT system in cohorts with pronounced hot cognitive 
disturbances (e.g. depression, schizophrenia or autism) as well as look at 
different 5-HT receptors. For example, 5-HT1BR is one interesting target 
of investigation, as rodent studies of social interaction show that 
oxytocin and 5-HT interplay in the nucleus accumbens specifically 
implicate signaling via 5-HT1BR ([10]; Celada et al., 2013). 

In conclusion, our data suggest that intervention with intranasal 
oxytocin does not influence hot cognition in healthy women, also not 
when taking individual 5-HT4R brain architecture into account. On a 
positive note, this may reflect a robust cognitive system in healthy in-
dividuals, which is stable in function when manipulated pharmacolog-
ically with a single, smaller dose of oxytocin administered exogenously. 
Future studies must elucidate the interplay between serotonin and 
oxytocin in larger cohorts and relevant clinical groups for example post- 
partum women with depressive symptoms, ideally with interventions 
that trigger endogenous release of oxytocin. 

4.1. Methodological considerations 

We used a single, conventional dose of 24 IU intranasal oxytocin in 
accordance with the literature, however, it cannot be ruled out that a 
higher dose would have yielded different results. We did not include 
peripheral oxytocin measures as this is not a currently well validated as a 
marker of central oxytocin levels [33,34]. Therefore, future studies 
should explore associations between central and peripheral levels of 
oxytocin in healthy populations. To examine differences in effects of 
pharmacologically applied and endogenously released oxytocin, it is 
also highly relevant to investigate oxytocin effects using other methods 
than intranasal administration such as breast feeding, physical contact, 
or sexual stimuli, known to be endogenous oxytocin release mechanisms 
that are potentially more potent and more naturalistic. 

Using a cross-over design, the results as reported in Table 1 refer to 
the compiled oxytocin intervention group and compiled placebo group. 
Thus, the order of the cross over administration of oxytocin and placebo 
is not taken into consideration and a potential indirect learning effect of 
the order of oxytocin vs. placebo administration has not been tested. An 
indirect learning effect is, however, not expected considering that no 
significant effect of the oxytocin-intervention was observed for any of 
the cognitive outcomes (all p > 0.07). 
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Table 3 
Association between 5-HT4R binding and oxytocin-promoted changes in 
cognition.   

Prefrontal cortex Amygdala Hippocampus 

β p- 
value 

β p- 
value 

β p- 
value 

Emotion Recognition Task 
Happiness − 6.69 0.35 − 0.93 0.85 − 1.65 0.67 
Sadness − 63.22 0.22 − 48.43 0.18 − 33.52 0.23 
Anger − 34.30 0.41 − 23.00 0.43 0.15 1.00 
Fear − 10.44 0.36 − 2.99 0.71 − 0.42 0.95 

Intensity Morphing Task 
Happiness 1.42 0.72 4.14 0.12 3.27 0.11 
Sadness 3.45 0.28 4.25 0.05 2.54 0.13 
Anger 2.64 0.45 2.38 0.33 3.33 0.06 
Fear 0.12 0.97 − 0.34 0.86 0.06 0.97 

Moral Emotion Task 
Guilt 0.78 0.39 1.39 0.02 1.00 0.03 
Shame 1.97 0.08 1.10 0.16 1.10 0.06 

Social Information Preference Task 
Information 
sampling 

7.18 0.84 56.43 0.02 41.15 0.02 

Interpretation 
bias 

0.05 1.00 − 20.98 0.46 − 22.73 0.29 

Verbal Affective Memory Task-26 
Positive word 
recall 

2.41 0.12 − 0.33 0.76 − 0.01 0.99 

Negative word 
recall 

2.15 0.23 1.44 0.25 1.46 0.12 

Neutral word 
recall 

1.63 0.17 1.63 0.04 1.03 0.10 

Table 3. Associations between regional serotonin 4 receptor (5-HT4R) binding 
and oxytocin-promoted changes in performance across cognitive domains. Using 
Bonferroni correction for 15 tests, significance threshold is set at p > 0.003. 
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