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Abstract 

Oxytocin is increasingly studied for its therapeutic potential in psychiatric disorders 

which are associated with the deregulation of several neurotransmission systems. Studies 

in rodents demonstrated that the interaction between oxytocin (OT) and serotonin (5-HT) 

is critical for several aspects of social behavior. Using PET-scan in humans we have 

recently found that 5-HT 1A receptor (5-HT1AR) function is modified after intra-nasal 

oxytocin intake. However, the underlying mechanism between OT and 5-HT remains 

unclear. 

To understand this interaction we tested 3 male macaque monkeys using both [11C]DASB 

and [18F]MPPF, two PET radiotracers, marking the serotonin transporter and the 5-HT1AR, 

respectively. Oxytocin (1IU in 20 μL of artificial cerebro-spinal fluid) or placebo was 

injected into the brain lateral ventricle 45 minutes before scans. Additionally, we 

performed post mortem autoradiography. 

Compared to placebo, OT significantly reduced [11C]DASB binding potential in right 

amygdala, insula and hippocampus whereas [18F]MPPF binding potential increased in 

right amygdala and insula. Autoradiography revealed that [11C]DASB was sensitive to 

physiological levels of 5-HT modification, and that OT does not act directly on the 5-

HT1AR. 

Our results show that oxytocin administration in non-human primates influences 

serotoninergic neurotransmission via at least two ways: first by provoking a release of 



serotonin in key limbic regions and second, by increasing the availability of 5-HT1AR 

receptors in the same limbic areas. Because these two molecules are important for social 

behavior, our study sheds light on the specific nature of their interaction therefore 

helping to develop new mechanisms based therapies for psychiatric disorders. 

 

 

Significance 

Social behavior is largely controlled by brain neuromodulators, such as oxytocin and 

serotonin. While these are currently targeted in the context of psychiatric disorders such 

as autism and schizophrenia, a new promising pharmaceutical strategy is to study the 

interaction between these systems. Here we depict the interplay between oxytocin and 

serotonin in the non-human primate brain. We found that oxytocin provokes the release 

of serotonin which in turn impacts on the serotonin 1A receptor system, by modulating 

its availability. This happens in several key brain regions for social behavior like the 

amygdala and insula. This novel finding can open ways to advance treatments where 

drugs are combined to influence several neurotransmission networks.  

 

 

 

 



 

Introduction 

Oxytocin (OT) is a fascinating neurohormone because of the very wide range of actions it 

exerts at both the peripheral and the central level (McCall and Singer, 2012). As a 

consequence, this nonapeptide is being studied as a potential therapeutic molecule in 

various diseases (Altirriba et al., 2015; Feifel et al., 2015; Lefevre and Sirigu, 2016). The 

reason why OT is able to influence multiple processes such as perception, reward or pain 

processing (Young and Wang, 2004; Dölen et al., 2013; Marlin et al., 2015; Eliava et al., 

2016; Oettl et al., 2016), is probably because of its modulatory effects on other 

neurotransmission systems such as dopamine (Young and Wang, 2004; Baskerville and 

Douglas, 2010) or the corticotrophin releasing factor (Dabrowska et al., 2011; Bosch et al., 

2015).  

Importantly, studies in rodents have shown that OT also enhances serotoninergic (5-HT) 

neurotransmission (Yoshida et al., 2009; Dölen et al., 2013; Pagani et al., 2015). We have 

recently confirmed in humans the existence of OT/5-HT interactions in brain in regions 

important for social cognition and emotions, notably in the amygdala, hippocampus, 

Dorsal Raphe Nucleus (DRN), insula and orbitofrontal cortex (OFC) using Positon 

Emission Tomography (PET) neuroimaging (Mottolese et al., 2014). A better 

understanding of such interactions could have important implications for clinical research 

as 5-HT is also a current therapeutic target for different psychiatric diseases (Bandelow et 

al., 2002; Celada et al., 2013; Vasa et al., 2014). In our study, intranasal OT administration 

increased [18F]MPPF (a serotonin 1A receptor (5-HT1AR) radiotracer) non-displaceable 



Binding Potential (BPND), which suggests either a decreased serotonin concentration or an 

increased availability of 5-HT1A receptors. Because in studies on rodents, OT has been 

shown to increase serotonin concentration (Dölen et al., 2013), we proposed that the rise 

of BPND we observed in humans could be the consequence of an externalization or a 

change of affinity of 5-HT1AR. However, using a single radiotracer (Mottolese et al., 2014), 

we were not able to firmly answer this question. 

In order to test this hypothesis, we studied here macaque monkeys, allowing us to 

administer OT directly into the brain, thus avoiding criticisms associated with intra-nasal 

administration method (Leng and Ludwig, 2015). By showing that the icv injection of OT 

modulate central 5-HT, our result could further corroborate our previous findings in 

humans showing that intranasal OT also directly acts on brain 5-HT. Moreover, 

intracerebroventricular (icv) is a method that shows consistent and long lasting effects on 

behavior (Pedersen et al., 1982) and brain activity (Febo and Ferris, 2014). Finally, it is 

possible to repeat PET scan acquisitions in macaque monkeys within a short time frame 

and use different tracers, unlike in humans where dosimetric issues arise. 

To further investigate the effects of OT on 5-HT neurotransmission, we performed a PET 

scan experiment where we combined two radiotracers, [11C]DASB, a molecule binding to 

the serotonin transporter (SERT) and [18F]MPPF, the 5-HT1AR marker. The aim was to 

track OT-induced changes at both the serotonin concentration (DASB) and the 5-HT1A 

receptor levels (MPPF). This design thus provides a fuller picture of the OT/5-HT 

interaction in the primate brain, as both SERT and 5-HT1AR are wide spread across the 

brain and involved in social behavior regulation (Hamon et al., 1990). 



Our predictions were that OT would induce (1) an increase of MPPF BPND in limbic 

regions associated with socio emotional behaviors, as in humans, and (2) a decrease of 

DASB BPND consistent with an increase of 5-HT concentration in the same regions 

(Lundquist et al., 2007). Such a pattern of results would imply that OT induces 5-HT 

release in the primate brain which in turn acts on 5-HT1AR functioning. Our regions of 

interest (ROI) were those in which we previously found an effect of OT on 5-HT 

neurotransmission, namely the amygdala, hippocampus, insula, DRN and OFC (Mottolese 

et al., 2014). In addition to the in vivo PET-scan experiment, we ran in vitro 

autoradiography experiments to explore the sensitivity of DASB and MPPF to OT and 5-

HT, to further corroborate the mechanisms of OT/5-HT interaction unrevealed in vivo. 

 

Methods 

Experimental Design 

Animals: The experiment and all of the involved procedures were approved by the 

local animal ethical committee CELYNE n°42 (ref 02075-01) and the French Ministry of 

agriculture and environment and used experimental procedures complying with the 

recommendations of the local authorities on animal care (Direction Départementale des 

Services Vétérinaires, Lyon, France) and the European Community standards for the care 

and use of laboratory animals. Three rhesus macaques (monkey V, P and J) were housed 

together at the Institut des Sciences Cognitives Marc Jeannerod (Bron, France). Subjects 

were all males (mean age = 4.1 years, mean weight = 5.8 kg), obtained from SILABE 



(Niederhausbergen, France). These monkeys were kept under standard conditions (12-h 

light cycles, 23 °C and 50 % humidity), were fed with monkey chow, vegetables and fresh 

fruits, had ad libitum access to water and enrichments were regularly offered (boxes and 

puzzles containing dry fruit, at least once per week) following recommendations from our 

own laboratory animal welfare committee. Daily clicker training ensured monkeys’ 

cooperation for various procedures (going in the contention chair, head fixation 

habituation, anesthesia procedure, etc…). 

 

Protocol: Because of the existence of a diurnal rhythm of OT concentration in the 

CSF (Amico et al., 1989), PET scans always took place between 12 am and 4 pm. No more 

than one scan per week was performed on the same monkey and a strict minimum of at 

least 5 days was observed between two scans.  

Monkeys were isolated from cage mates and food was removed on the evening before 

the scan, but still had ad libitum access to water. They were anaesthetized with Zoletil 

(Tiletamine/Zolazepam, Virbac 15 mg/kg) approximatively 90 minutes (86.7 ±16.6 min) 

before the beginning of the scan. The dose of zoletil depended on monkeys’ weight and 

consciousness state. It should be noted that Zoletil does not alter serotonergic PET scan 

binding, at least for the transporter (no studies so far on the 5-HT1AR) (Elfving et al., 2003; 

Yamanaka et al., 2014). The consciousness state of the monkey was monitored by a trained 

experimenter during the whole testing and an additional zoletil dose was administered 

when required (usually just before the beginning of the scan, mean total dose = 130 mg). A 

catheter was installed on the saphenous vein and Ringer liquid was administered 



throughout the experiment. The chamber was cleaned and lidocaine was sprayed on the 

tissue. After rinsing with physiological saline, OT or placebo was injected in the right 

lateral ventricle about 45 minutes prior to the PET examination (mean = 47.6 ±6.9 min). 

This delay was similar to our previous experiment in humans and the minimum possible 

amount of time between icv injection and PET scan start. We chose to inject in the right 

hemisphere because the OT effects were found lateralized in humans (Mottolese et al., 

2014), although our injections should rapidly diffuse to the contralateral hemisphere due 

to the CSF flow. Then, the animal was taken to the imaging center (CERMEP, Bron) and 

installed in a stereotaxic frame (lidocaine and ocular gel were applied to ears and eyes to 

prevent any discomfort), the cardiac rhythm and O2 saturation were monitored during the 

scanning and wool covers prevented body temperature to diminish. A 1-min low dose CT 

scan was performed to measure tissue and head support attenuation. At the end of the 

scan, the monkey was brought back to the lab and put back into its home cage with a heat 

lamp. Depending on its state, food was provided or not before the lights turned off (8 pm). 

The monkey was reunited with its cage mate on the morning after.  

In total, 30 scans were performed (monkeys V and J: 3 MPPF under OT, 3 MPPF 

under placebo, 3 DASB under OT, 3 DASB under placebo; monkey P: 2 MPPF under OT, 

2 MPPF under placebo, 1 DASB under OT, 1 DASB under placebo). The unequal number 

of scans for each monkey was taken into account in the SPM design, all data were put in a 

flexible factorial design with a treatment effect, moderated by a subject factor (see 

Statistical Analyses). 

 



Surgical procedure 

Each monkey underwent two surgeries. Both were performed in a fully sterile 

environment. Anesthesia was induced with Ketamine (Virbac 10 mg/kg) and maintained 

with Isoflurane (1-2 %). After each surgery monkeys received appropriate antibiotic 

coverage and pain-relievers as needed (buprenorphine). At least one month was given to 

the monkey to fully recover.  

During the first surgery, animals were implanted with an MRI-compatible head-

restraint post using standard techniques (dental acrylic, titanium and ceramic screws). In 

the second procedure, once the monkey was habituated to head fixation, a chronic 

injection chamber (plastic) was implanted, to allow descending an injection needle into 

the brain. This chamber was cleaned with oxygenated water, betadine and physiologic 

serum at least twice per week in a contention chair with the head fixed. 

 

Intracerebroventricular injections 

For each monkey, we first precisely localized the right lateral ventricle, guided by 

structural MR images, by sampling 200 μL of Cerebro Spinal Fluid (CSF) to confirm our 

needle was in the ventricle. This procedure was done in awake animals under head 

restraint conditions. These samples were used for chemical assays in another study 

(Lefevre et al., In prep). It would have been interesting to measure OT concentration in 

CSF at baseline and after the intracerebroventricular injection. Unfortunately, after 

injection, constraints linked to practical procedures (moving from the lab to the 



neuroimagery center) and those concerning the limited effects of OT in time, did not 

allow us to undertake this measurement. 

On the day of scanning, a 23 Gauge needle (Terumo), already filled with the solution 

(artificial CSF (Harvard apparatus) or Oxytocin (Sigma Aldrich) diluted in aCSF), attached 

to a 100μL microsyringe (Hamilton) was descended at 50 μm/s to the location previously 

identified as the right lateral ventricle, with a hydraulic microdrive (Narishige). The 

repeatability of this manipulation was ensured using a rigid nylon grid fitted to the 

chamber (Crist Instruments) oriented in the exact same manner every time. For each 

monkey, the same grid’s hole was used throughout the experiment. Once the correct 

depth was reached, 20 μL of solution were manually injected over 5 minutes, to allow the 

ventricle to adapt to the incoming liquid. OT and Placebo were injected in a random order 

in each monkey. To our knowledge, this is the first study using OT icv in macaque 

monkeys. The dosage of 1 IU (  2 μg of OT) was chosen based on the rodent literature, 

since it produced observable brain effects using fMRI (Febo and Ferris, 2014). Also, a 

recent study in macaques using a similar dose found effects of OT following injection in 

the amygdala (Chang et al., 2015). Our goal was to obtain the minimal effective dose, in 

order to avoid stimulation of vasopressin receptors. Anatomical MR images were used to 

check the path of the needle (See Figure 1). 

 

Anatomical MRI 



Each monkey underwent at least two anatomical MRI, one before the chamber 

implantation, to precisely localize the right lateral ventricle, and one after the surgery, to 

verify the position of the chamber and estimate the depth that needed to be reached. 

Additionally, monkeys V and J underwent a third anatomical MRI to check the path of 

the injection needle after the end of experiments (Figure 1). 

The anatomical scans were performed at the imaging center (CERMEP, Bron) on a 

(1.5-T MR scanner Sonata; Siemens) with a radial receive-only surface coil (10 cm 

diameter) placed around the monkey’s head post, and consisted in a T1-3D MPRAGE 

sequence (repetition time [TR] 2160 ms; echo time [TE] 2.89 ms; inversion time [TI] 1100 

ms; 176 sagittal slices; 0.6×0.6×0.6 mm voxels). 

 

PET scan 

PET scans were acquired on a Biograph mCT PET/CT tomograph (Siemens) at the 

imaging center (CERMEP, Bron). We used MPPF to map the 5-HT1AR. 

A dynamic emission scan was acquired in list mode during 90 min for DASB, and 70 

min for MPPF, after radiotracer injection. A total of 30 (DASB) or 24 (MPPF) frame 

images were reconstructed by using the 3D-ordinary Poisson-ordered subset expectation 

maximization iterative algorithm incorporating PSF and time of flight (with an All Pass 

filter) after correction for scatter and attenuation as well as a transversal zoom factor of 

eight [256 × 256 voxels in-plane (0.4 mm2) and 109 slices (2.03 mm thickness)]. The 

resolutions for reconstructed images were approximately 2.6 mm in full width at half 



maximum in the axial direction and 3.1 mm in full width at half maximum in the 

transaxial direction for a source located 1 cm from the field of view. 

- DASB: 

[11C]N,N-dimethyl-2-(2-amino-4-cyanophenylthio)benzylamine ([11C]DASB) was 

synthetized on site, with a mean specific activity of 1.22 ±0.66 Ci/μmol. A bolus of 

[11C]DASB was injected (mean injected dose, 4.31 ±0.45 mCi). 

- MPPF: 

2'-Methoxyphenyl-(N-2'-pyridinyl)-p-18F-fluoro-benzamidoethylpiperazine 

([18F]MPPF) was obtained by nucleophilic fluoration of a nitro precursor (Le Bars et al., 

1998), with a radiochemical yield of 20 % - 25 % at the end of the synthesis and a mean 

specific activity of 4.41 ±1.86 Ci/μmol. A bolus of [18F]MPPF was injected (mean injected 

dose, 4.16 ±0.52 mCi). It is an antagonist to 5-HT1AR with a binding affinity of 2.8 nM. 

 

Autoradiography 

Adjacent coronal right hemisphere brain slices from a male macaque containing the 

hippocampus were defrosted from the CERMEP database. They were then incubated for 

20 min in Tris phosphate-buffered saline (TBS) buffer (Sigma, with Ca2+, pH adjusted to 

7.5) containing 1 Ci/mL of [18F]MPPF or [11C]DASB. For MPPF, increasing amounts of 

OT (Sigma Aldrich) were then added (0, 5, 100, 2000 ng), and for DASB, different 

physiologic concentrations of 5-HT (Sigma) were added (0, 5, 25, 75, 150 nM). It is to note 



that the incubation duration did not last 45 minutes, because we do not expect mid- or 

long- term modifications in dead tissue. 

After incubation, slices were rinsed in TBS+Ca2+ for 1.5 min and purified water for 1.5 

min, then dried and juxtaposed to a phosphor imaging plate for 60 min (BAS-5000, 

Fujifilm). All films were analyzed by a computer-assisted image analysis system 

(MultiGauge, Fujifilm) and drawn manually from our region of interest, the hippocampus, 

according to a macaque brain atlas (Paxinos). This area was chosen because it is rich in 

both OT receptors, SERT and 5-HT1AR and given that this is also the region where we 

previously observed OT/5-HT functional interaction (Mottolese et al, 2014). 

Quantification of labelling was done by measuring photo stimulated luminescence (PSL), 

in the hippocampus. All conditions were run in duplicate. 

 

Data processing 

For each monkey, respective PET scans and anatomical MRI were registered linearly 

using the Minc ToolKit (http://bic-mni.github.io/) (Collins et al., 1994). For each PET 

scan, the frames were summed to obtain one image per session. These images were 

registered for each radiotracer on a reference chosen for its high raw activity. Then, the 

mean PET, per monkey and per radiotracer, was computed and a second registration of 

each PET on this average was done. The mean images of both radiotracers were registered 

on each monkey anatomical MRI.  



To perform comparisons between our three monkeys and to overlap ROIs provided 

by the atlas with our scans, the transformation between each monkey space and a 

common macaque brain template (Ballanger et al., 2013) was also computed. Individual 

anatomical MRI were non-linearly registered on the template using FNIRT (FSL, 

http://fsl.fmrib.ox.ac.uk/fsl/).  

We used a simplified reference tissue model to compute non-displaceable Binding 

Potential (BPND), with cerebellum (minus the vermis) as the reference region for DASB 

and white matter of the cerebellum as the reference region for MPPF. These regions were 

defined from the atlas registered on the template (Ballanger et al., 2013). Regional 

parametric values were obtained by modelling of the mean regional kinetics, extracted in 

the native PET spaces inside ROIs from the atlas registered to each monkey space using 

the inverse of non-linear transformation computed previously, these ROI values were 

used for the inter regions correlations. Whole brain parametric images were obtained by 

modelling the voxel kinetics. Resulting parametric images were then non-linearly 

transformed to the common template space for further voxel-based SPM analyses.  

 

Statistical analyses 

If not otherwise specified, all analyses were performed with SPM12 and STATISTICA 

8. 

- PET scan data: 



For DASB, we also used a flexible factorial design, with a subject factor, to test the 

effects of treatment (OT vs placebo) on DASB BPND. Proportional scaling was applied to 

account for the observed inter scans variability and to reduce the differences of gain 

sensitivity between each [11C]DASB scan. Global measurements were sensitive to this gain 

effect and since we could not rely on already existing [11C]DASB data from human 

experiments, we used a conservative statistical threshold (p<0.0001, uncorrected). This 

design was not restricted to our ROI but applied to the whole brain as we know there are 

differences between the distribution of serotonin transporter and 5-HT1AR (Savli et al., 

2012). Moreover, this contrast was limited to voxels in which the binding potential was 

superior to 0.2 (a BPND lower than 0.2 does not represent a significant concentration of 

serotonin transporter). 

For MPPF, we reproduced the same analysis than in our human study (Mottolese et 

al., 2014). A flexible factorial design (p<0.01, uncorrected), with a subject factor, testing 

the effects of treatment (OT vs placebo) on MPPF BPND with an ANCOVA by subject to 

account for the observed inter subject variability (as opposed to the global gain effect 

observed with [11C]DASB), restricted to our ROI by an inclusive mask containing 

amygdala, hippocampus, insula and prefrontal cortex (same mask as in Mottolese et al., 

2014). We also computed raw BP variations from the clusters (SPM12, extracted from 

SPM, http://www.fil.ion.ucl.ac.uk/spm/), values were divided by the monkey mean value 

to account for inter individual variability, and transformed in percentage to compare with 

the variations obtained in humans. Moreover, this contrast was limited to voxels in which 



the binding potential was superior to 0.2 (a BPND lower than 0.2 does not represent a 

significant concentration of 5-HT1AR). 

In humans, we found that after OT administration, the mean MPPF BPND in the 

amygdala was correlated with other regions (hippocampus, insula, OFC and anterior 

cingulate gyrus) influenced by OT (Mottolese et al., 2014). Thus, we performed 

correlation tests between the mean amygdala MPPF BPND (ROI extracted from the atlas) 

and the mean MMPF BPND of these regions. We tested correlations with both Pearson and 

Spearman’s rank tests, corrected for multiple comparisons with Bonferroni’s correction 

(pcorrected<0.0125), because of the low number of data (n = 8), to reject positive results due 

to potential outliers. 

 

Results 

A total of 30 PET scans were performed (16 [18F]MPPF and 14 [11C]DASB) in three 

monkeys. Each individual underwent an equal number of sessions after i.c.v injection of 

placebo (aCSF) and oxytocin (1 IU).  

 

Oxytocin modulates [11C]DASB Binding Potential 

Using a whole brain voxel-based analysis, we found a significant effect of treatment (OT < 

Placebo) on [11C]DASB BPND, in several clusters located in the right amygdala, the right 

insula, the right hippocampus and the temporal cortex (Figure 2). For a complete list of 



significant clusters see Table 1. All of these clusters resisted FWE correction (pFWE<0.05). 

No significant changes were found in the left hemisphere. The opposite contrast (Placebo 

< OT) did not yield significant differences (no significant voxels). There were no effects of 

anesthetic dosage or scanning starting time. 

 

Oxytocin modulates [18F]MPPF Binding Potential 

We measured OT-induced effect on [18F]MPPF BPND using SPM voxel-based analysis, with 

a mask encompassing the regions found in our previous study (amygdala, hippocampus, 

insula, raphe nuclei, OFC), identified from a macaque atlas (Ballanger et al., 2013). We 

found a significant effect of treatment condition (OT > Placebo) on [18F]MPPF BPND, in 

two clusters located again in the right amygdala (k = 76) and in the right insula (k = 491) 

(Figure 3). The mean BPND values extracted from these clusters indicated that OT 

increased [18F]MPPF BPND by 33.3 % in the amygdala and by 32.8 % in the insula (Figure 

3). There were no effects of anesthesia (zoletil dose) or scanning starting time. The 

opposite contrast (Placebo > OT) did not led to any significant differences (no significant 

voxels). There were no effects of anesthesia (zoletil dose) or scanning starting time. 

 

Between region correlations of MPPF BPND after OT 

 Given that the amygdala is a major target of OT effects as shown by previous studies 

(Sripada et al., 2012; Mottolese et al., 2014; Kovács and Kéri, 2015), we searched for a 

potential [18F]MPPF BPND correlation between this region and other 5-HT1AR-modulated 



sites. We extracted the mean regional [18F]MPPF BPND values from each ROI (amygdala, 

hippocampus, insula, raphe nuclei and OFC) based on a macaque atlas (Ballanger et al., 

2013). Using both Pearson and Spearman correlation tests (see materials and methods), we 

found that after OT treatment the right amygdala significantly correlated with the insula, 

the raphe nuclei and the OFC (p < 0.0125, see Table 2). No significant correlations were 

found under placebo (all p > 0.0125, see Table 2). 

 

In vitro modulation of [11C]DASB and [18F]MPPF Binding Potential 

To further understand the in vivo results obtained so far, we needed to check the 

sensitivity of the [11C]DASB ligand to endogenous 5-HT concentrations. Moreover, it was 

equally important to verify whether a direct action of OT on the 5-HT1AR was possible.  

We thus tested whether [11C]DASB labelling of the serotonin transporter was receptive to 

serotonin concentration. We found a dose-dependent effect of serotonin on [11C]DASB 

labelling, which decreased in inverse proportion to the concentration of serotonin present 

during incubation (Figure 4). This result is similar to what we observed in vivo with PET 

scan, except the cause was different. Moreover, the Photo Stimulated Luminescence (PSL) 

values in the hippocampus, our reference region rich in serotonin transporter, were also 

found to decrease according to the serotonin dose. More precisely, the 5 nM serotonin 

dose, which represents baseline levels, did not affect [11C]DASB labelling, but higher 

doses, which are in the range of in vivo endogenous serotonin release, reduced PSL value 

(Figure 4). It is to note that serotonin doses of 25, 75 and 150 nM did not differ each other, 



thus suggesting a potential ceiling effect. Finally, there were no variations of [11C]DASB 

labelling between duplicate slices. 

 We also tested if OT could act directly on the 5-HT1AR by incubating brain slices with 

[18F]MPPF and OT, under different dosages (0, 5 ng, 100 ng, 2 μg) the 2 μg dose being the 

one we injected icv. We did not find any [18F]MPPF labelling differences between the 

control slice (no oxytocin) and any of the oxytocin conditions (Figure 5), contrarily to 

what we observed in vivo with PET scan imaging, suggesting that OT does not act directly 

on 5-HT1AR. There were no variations of [18F]MPPF labelling between duplicate slices. 

 

Discussion 

We found that oxytocin (OT) directly injected into the lateral ventricle decreased the 

binding (BPND) of [11C]DASB to the serotonin transporter (SERT) and increased binding of 

[18F]MPPF to the 5-HT1AR. These effects were observed in regions important for socio-

emotional functioning, namely, the amygdala, the insula, the hippocampus, the OFC as 

well as the temporal cortex. Thus, the present experiment brings new and clear evidence 

that OT is modulating the serotonergic system in primates. Moreover, when looking at in 

vitro brain slices we found that serotonin decreased [11C]DASB BPND on the same slices, 

but that OT did not act directly on [18F]MPPF BPND.  

It should be noted that we observed effects in regions that have already been reported to 

be affected by exogenous OT. A recent review of fMRI studies showed that OT 

consistently modulates the human amygdala and the insula (Wigton et al., 2015). 



Moreover, amygdala, hippocampus, and prefrontal cortex have also been found to be 

influenced by OT in experiments on rodents, (Viviani et al., 2011; Knobloch et al., 2012; 

Owen et al., 2013; Nakajima et al., 2014). Thus our results are coherent with the literature 

from both animal and human experiments in regard of the localization of OT effects in the 

brain. It is also important to note that in the amygdala and insula we obtained results with 

both [11C]DASB and [18F]MPPF, showing the strength of our approach. Furthermore, we 

found that only following OT administration, MPPF binding potential among regions 

included in this socio-emotional network was highly correlated, thus showing the 

coordinative role of OT within this cortico-limbic serotonergic system. 

 

OT triggers serotonin release in the primate brain 

 In the present experiment, we have found a decrease of [11C]DASB BPND. As it has been 

previously shown, OT can trigger 5-HT release (Dölen et al., 2013). Thus, a 

straightforward interpretation of the present finding is that OT has induced a release of 

serotonin. This hypothesis is consistent with our in vitro results, which suggest that 

[11C]DASB labelling is sensitive to endogenous serotonin concentration. However, given 

that OT was administered 45 minutes before scanning, an interpretation more coherent 

with this timing would be that the decrease of [11C]DASB BPND more likely reflects 

SERT internalization consecutive to agonistic stimulation (Jørgensen et al., 2014). Thus, 

we propose that the main mechanism induced by OT within the 5-HT system is a release 

of serotonin in the amygdala, insula and hippocampus and what we observed in the 



[11C]DASB PET-scan experiment could be the subsequent down regulation of SERT. 

Importantly it seems that this effect is present only in selected brain regions. In vivo 

whole brain analysis on [11C]DASB scans corroborated in vitro results showing a 

modulation in the hippocampus but not in every single region rich in SERT. 

This finding is of importance for several reasons. Firstly, it indicates that OT triggers the 

release of 5-HT in a coordinated manner across many limbic areas in the primate’s brain. 

Secondly, it points out to the potential interactions between OT administration and the 

use of serotonergic drugs such as SSRI. Indeed, it is possible that OT potentiates the SSRI 

effect. If so, this leads to a fascinating new area of research with combined OT and 5-HT 

drugs treatment in both animals’ models of disease and patients, as both treatments are 

already FDA approved. 

 

OT influences the serotonergic synapse 

Regarding the increased [18F] MPPF BPND and the decrease of [11C]DASB BPND, 

measured here, we interpret this result as an increase of 5-HT1AR availability. It is 

important to note that [18F]MPPF radiotracer is capable to detect only large 

pharmacological (non-physiologic) variations of serotonin (Zimmer et al., 2002), but not 

endogenous modifications (Praschak-Rieder et al., 2004; Udo  de Haes et al., 2006). This is 

because [18F]MPPF has a higher affinity for 5-HT1AR than endogenous serotonin and 

because [18F]MPPF is an antagonist and thus binds to both low and high affinity receptor 

states (5-HT1AR coupled or not to a G protein). In contrast, serotonin only binds to high 



affinity receptors (Kumar et al., 2012). Thus, we conclude that the present increase of 

[18F]MPPF BPND is due to an externalization of 5-HT1AR, or a decoupling of these 

receptors from its G protein  following activation, which could be a consequence of the 

serotonin release induced by OT. Following our in vitro results, we suggest that OT does 

not act directly on the 5-HT1AR, and therefore, the modulation we observed here could be 

a consequence of the 5-HT release. 

Whether the in vivo effects we observed in the PET scan experiment are involving pre- or 

post- synaptic receptors is difficult to assess and requires further investigation.  

These findings indicate that the activation of the serotonergic system by OT is more than 

a mere neurotransmitter release, but a phenomenon which has lasting, at least at middle 

term, consequences for the synapse. It is also important to mention that the modification 

of 5-HT1AR following the release of 5-HT may be a general mechanism, but this deserves 

further attention. The potential interactions of OT with serotonergic agent targeting the 

5-HT1AR are hard to infer, but seem a promising path of research. 

 

Limitations 

Some points in the present study need to be further addressed. For instance, the timing of 

OT injection did not allow us to study short-term effects of OT. However, studies 

generally found OT effects for dozens of minutes to hours, indicating that midterm action 

of OT could be responsible for these changes. It should also be noted that because the PET 

scan signal emitted at the beginning of the scanning session is higher than the one at the 



end, our data are representing mostly the interval of time between 45 to 75 minutes after 

OT icv injection. Another point is the use of anesthetics, although the molecules we used 

(Tiletamine, Zolazepam) are known to have no influence on the serotonergic transporter 

(Elfving et al., 2003; Yamanaka et al., 2014). It is however less clear whether Zoletil can 

influence the 5-HT1AR directly or the OT system, though it has been observed that OT 

levels in plasma do not change after anesthesia (Nussey et al., 1988). Moreover, we did not 

found differences in CSF OT levels between anesthetized and conscious animals (Lefevre 

et al., In prep).  In contrast to our previous results in humans (Mottolese et al., 2014), we 

did not observe changes in the dorsal raphe nuclei. However, this could be explained by 

the difficulty to delimit this small structure in macaque monkeys. Notably, the atlas we 

used included the dorsal and median raphe nuclei as a single ROI since the resolution of 

PET-scan technique cannot properly distinguish these two regions (Ballanger et al., 2013). 

A surprising finding was that effects were localized to the right hemisphere. While this is 

consistent with our study in humans, lateralization is not commonly observed in 

macaques and this finding deserves further research. Such lateralization is often observed 

in fMRI-OT studies with humans (Domes et al., 2007; Kanat et al., 2014) but hard to 

interpret, especially since other studies have also found left lateralization (Kirsch et al., 

2005). To increase the repeatability of our experiment and reduce brain damage caused by 

the needle, we always injected OT or PLA at the same location in the right hemisphere. 

This cannot be excluded as a contributing factor but is unlikely as the volume injected (20 

μL) should rapidly diffuse to the other hemisphere through the CSF flow. Finally, it is to 

note that OT receptors’ distribution in the primate brain is not well understood, and 



although they have not been found in limbic areas of humans and macaques (Loup et al., 

1991; Freeman et al., 2014) but see (Boccia et al., 2013), administration of OT has 

consistently produced effects in these areas (Chang et al., 2015; Wigton et al., 2015). An 

alternative hypothesis could be that OT acts through other receptors such as vasopressin 

1A (Gupta et al., 2008; Schorscher-Petcu et al., 2010). Although this hypothesis cannot be 

completely ruled out we believe that the relatively low dose of OT used in the present 

study has prevented the activation of the vasopressin system. Also, another option would 

be the formation of OTR-5-HT1AR heteromers, as such receptors complexes can change 

the affinity and trafficking of receptors (Bouvier, 2001; Ferré et al., 2009). 

Finally, it might be that the effects of OT on 5-HT are context dependent. In fact, 

individuals’ subjective state and the emotional context are probably powerful modulators 

of OT and 5-HT interplay. Gender is another factor that could have a role here given the 

differences of OT neuroendocrine system organization among males and females. 

Unfortunately, while this is a factor that could not be explored here, we believe it should 

be taken into account in future studies exploring effects of OT on 5-HT. 

 

 

Conclusion 

In sum, the present work brings new evidence showing that OT modulates the 

serotonergic system in the primate brain. This modulation occurs in cerebral structures 

important for social behaviors. Thus, a potential mechanism is that OT provokes the 



release of serotonin, which in turn changes 5-HT1AR functioning. This finding can have an 

important impact for pharmaceutic research, as OT, 5-HT1AR and SERT are all important 

targets in several pathologies, including depression, autism and general anxiety (Bandelow 

et al., 2002; Celada et al., 2013; Vasa et al., 2014). Thus, studying the interaction between 

these systems could be a critical step towards improved psychiatric treatments.  
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Figure legends. 

Table 1. SPM12 Statistical results for the effects of OT on DASB BPND (OT < Placebo) 

(voxel statistical threshold: p<0.0001, uncorrected). All significant clusters (p<0.05) were 

located in the right hemisphere. 

 

Table 2. Coefficients of correlation between MPPF BPND in the amygdala and in other 

ROI’s (R: Pearson’s correlation and Rho: Spearman’s rank correlation tests). * indicates 

significant p-values after correction for multiple comparisons (p<0.0125). 

 

Figure 1. Anatomical MRI from monkeys V (left), and J (right) at the end of the 

experiment. Red ellipse indicates the path of the needle  

 

Figure 2. OOxytocin ddecreased DASB BPND. (Upper) T-map SPM analysis (voxel significance 

level p<0.0001, uncorrected) showing the effects of oxytocin on DASB BPND compared to 

placebo (Placebo > OT). Effects were localized in the right amygdala (cluster a), the right 

insula (cluster b) and the right hippocampus (cluster c). On the coronal slice (right image) 

are small non-significant clusters and an anterior extension of the amygdala activity.  

(Lower) Bar plot illustrating the mean values (n = 14) in the OT and PLA sessions. Note 

that such differences were not found in the left hemisphere or in other regions with high 

DASB binding potential such as the thalamus. Error bars represent SEM. 



  

Figure 3. Oxytocin increases MPPF BPND. (Upper) T-map SPM analysis (voxel significance 

level p<0.01, uncorrected) showing the effects of oxytocin on MPPF BPND compared to 

placebo (OT > Placebo). Effects were localized in the right amygdala (left) and the right 

insula (right). Scale bar (middle) represents T score.  

(Lower) Mean BP inside amygdala and insula clusters, for each scan (n=16, extracted from 

SPM and normalized per individual). The average increase of BPND after OT is 33.3% in 

the amygdala and 32.8% in the insula (compared to the 5% obtained in humans). Error 

bars represent SEM. 

  

Figure 4. DASB in sensitive to serotonin concentration. Adjacent macaque coronal slices 

incubated with DASB and increasing concentrations of 5-HT. DASB labelling of the 

serotonin transporter decreases in a dose-dependent manner. Graph shows PSL values 

(mean of two duplicates) of the hippocampus. 

 

Figure 5. MMPPF is insensitive to OT concentration. Adjacent macaque coronal slices 

incubated with MPPF and increasing concentrations of OT did not show any effects of OT 

on 5-HT1A-r MPPF labelling. 

 















Table 2.  

Placebo Oxytocin 

Right 

hippocampus 

R = 0.71 

Rho = 0.76 

R = 0.93 * 

Rho = 0.79 

Right insula R = 0.81 

Rho = 0.62 

R = 0.94 * 

Rho = 1.00 * 

Right OFC R = 0.93 * 

Rho = 0.60 

R = 0.98 * 

Rho = 1,00 * 

Right ACC R = 0.58 

Rho = 0.58 

R = 0.87 * 

Rho = 0.90 * 

 


