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The pioneering work of the Insel group has demonstrated a key role of oxytocin 

neurons and their striatal oxytocin receptors (OTR) in producing pair bonding in the 

monogamous prairie vole female,1,2 with the oxytocin neurons likely communicating 

mainly via volume transmission.3,4 The prairie vole, but not the polygamous montane 

vole, displays a high density of OTR in the nucleus accumbens (Acb) and the dorsal 

striatum. The oxytocin neurons appear to be also the key regulators of social and 

emotional behaviours in mice, rats, sheep and in humans, including love, bonding and 

trust.5--7 Research has indicated a therapeutic role of oxytocin in patients with autism 

spectrum disorders.8 

Ascending dopamine neurons are also needed for social attachment in female prairie voles 

and partner preference is blocked by a dopamine D2 receptor (D2R) but not a D1R anta-

gonist.2 Microinjection of a D2R agonist into the Acb can cause partner preference in the 

absence of mating, a finding blocked by either a D2R or an OTR antagonist. These results 

indicate that coactivation of D2R and OTR in the Acb is of importance for pair bond 

formation and maintenance.1,2,9,10 In the current study, we have tested the hypothesis 

that the molecular mechanism for these interactions is to a great extent due to dopamine D2 

receptor--oxytocin receptors (D2R--OTR) heteromers in the striatum possessing facilitatory 

receptor--receptor interactions. 

The in situ proximity ligation assay (PLA) reveals the existence of red clusters (blobs) of 
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D2R and OTR representing D2R--OTR heteromers in the neuropil of Acb and in the 

dorsal striatum, but not in the anterior commissure (Figure 1, Supplementary Figures 1A 

and B), nor in the external capsule (Supplementary Figure 1B). These results are validated 

in HEK293T cells transiently cotransfected with human D2R and OTR as to 

colocalisation (Supplementary Figure 2) and development of PLA-positive signals 

(Supplementary Figure 3). Bioluminescence resonance energy transfer (BRET) analysis 

of the HEK293T cells after cotrans-fection of the D2RRluc and OTRGFP2 further validated 

the striatal PLA findings by demonstrating a strong BRET signal as seen from the 

BRETmax values (Table 1, Supplementary Figure 4). 

Our results indicate the existence of a facilitatory allosteric receptor--receptor interaction in 

the demonstrated D2R--OTR heteromer. Oxytocin at 3 nM but not at 1 or 100 nM 

produced a significant increase by 52±9% in the Bmax value without a change in the KD 

value of the D2-likeR antagonist [3H]--raclopride-binding sites in membrane preparations 

from the Acb (Table 1, Supple-mentary Figure 5). Thus, the allosteric receptor--receptor 

inter-actions in the heteromer induced by oxytocin may make more D2R available for 

binding the D2 antagonist to its orthosteric site, which likely leads to increased D2R 

recognition. Furthermore, in membrane preparations from the Acb oxytocin at 3 nM, but not 

at 1 and 100 nM, highly significantly increased the affinity of the high-(KiH) but not the 

low-affinity (KiL) agonist state of the D2R, as seen from a marked reduction of the KiH 

value from 16.58±0.74 to 1.89±0.70 nM (Table 1, Supplementary Figure 6). The 

major elevation of the OTR-induced increase in D2R recognition may therefore result 

from an increase in the affinity of the high-affinity state of the D2R. The oxytocin actions 

at 3 nM on D2R-like recognition are all blocked by the OTR antagonist L-368,899 (30 

nM, Supplementary Figure 6). 

The GTPgS accumulation assay results give evidence that oxytocin 3 nM also increases 

the D2R/Gi/o coupling as seen from a significant increase in the Bmax values (33±1%) 

and a significant reduction of the EC50 values (Table 1, Supplementary Figure 7). The 

oxytocin enhancement of DA-induced GTPgS accumulation, known to be mediated by D2R 

was counteracted by L-368,899. These results are in line with our demonstration of an 

oxytocin-induced increase in D2R-like recognition (increased agonist affinity and density) at 

this concentration, which may to a high degree mediate the increase in D2R/Gi/o coupling 

produced by oxytocin in the membrane preparations from the Acb. 

The results give experimental support to our hypothesis that facilitatory allosteric 

D2R--OTR interactions in the Acb receptor heteromers may represent at least a 

significant part of the molecular mechanism for oxytocin-induced changes in social 

and emotional behaviour.1,2,7 However, the existence of D3R--OTR heteromers in the 



Acb with similar receptor--receptor interaction cannot be excluded. D2R--OTR 

heteromers may become a new target for drug development and treatment of 

dysfunctions in the emotional networks of the brain. 
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Figure 1. In situ proximity ligation assay (PLA)-detected dopamine D2 receptor--

oxytocin receptor (D2R--OTR) heteromers in striatal sections of rat. In situ PLA was 

performed using primary antibodies of different species directed to D2R and OTR 

followed by PLA reagents. The detected receptor heteromers are represented by the 

fluorescent PLA rollingcircle products (seen as red clusters indicated by arrows). 

Each punctum represents a high concentration of fluorescence from the single-

molecule amplification resulting from a several hundred-fold replication of the DNA 

circle formed as a result of the probe proximity. Specific D2R--OTR heteromers were 

visua-lised in coronal sections (Bregma 1.0 mm) within Acb, and almost absent 

within the anterior commisure (ac). Control experiments employed only one 

primary antibody. Nuclei are shown in blue (DAPI). Scale bars, 50 mm (left) and 

20 mm (right). M (medial), L (lateral) and D (dorsal) direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

Table 1.  Evidence for facilitatory allosteric receptor-receptor interaction in the D2R-OTR heteromer 

 
[3H]-raclopride 

binding saturation 
[3H]-raclopride competition 

with dopamine 
Dopamine-induced Gi/o 

protein stimulation 

Receptors D2R-OTR 

  

Without oxytocin 62.4±2.8 0.21±0.03 

 KiL (mM) 
 

EC50 (mM) (% over basal) 

With oxytocin (3 nM) ND ND 

 

1.21±0.34 
1.40±0.27 

KiH (nM) 

154±20 
 

16.58±0.74 1.23±0.82 
1.89±0.70*** 1.51±0.88 

1.33±0.19 
 

24±2 
 

Abbreviations: BRET, bioluminescence resonance energy transfer; D2R--OTR, dopamine D2 receptor--oxytocin receptors; ND, not determined. 
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Materials and Methods 

Animals  

All studies involving animal were performed in accordance with guidelines from the 

Swedish National Board for Laboratory Animal and EU guidelines for accommodation 

and care of Laboratory Animals (appendix A). Male Sprague-Dawley rats, 10 weeks 

old, weighing 310–350 g were obtained from Charles River Laboratories (Germany). 

The animals were housed one week before experiments under 12-h light/dark cycle, 

with ambient temperature of 21 ± 2 °C, relative humidity of 50-5%. Food and water 

available ad libitum. Shelter and nesting material were used as environment 

enrichments. 

Membrane Preparation 

Nucleus accumbens rat membrane preparations were prepared for their use in 

radioligand binding experiments.  Rats were sacrificed by decapitation, and the brains 

were removed and cooled for 2 min in ice-cold saline. The Nucleus accumbens from 

each animal was dissected, removed, and immediately processed. Nucleus accumbens 

tissue was placed in 10 ml of 50 mM Tris-HCl, pH 7.4, containing 100 nM NaCl, 7 mM 

MgCl2, 1mM EDTA and a cocktail of protease inhibitors (Roche Diagnostics, 

Mannheim, Germany). The tissue was homogenized using a mechanical tissue 

homogenizer and samples were subjected to centrifugation at 4°C for 30 min at 40,000 

x g. The pelleted membranes were resuspended and homogenized in the same buffer 

and centrifuged an additional three times. The protein concentration was determined for 

the membrane homogenates by means of BCA Protein Assay (Pierce, Rockford, IL) 

using bovine serum albumin (BSA) as standard. Pelleted membranes were resuspended 

to a concentration of 2 mg/ml, immediately used or stored at -80°C until required. 



Double-Immunolabeling 

HEK293T cells expressing D2R-OxR were washes twice with Tris buffer saline (TBS), 

pH 7.4 containing 20 mM glycine (buffer A) to quench the aldehyde groups. Then, after 

permeabilization with buffer A containing 1% Triton X-100 for 5 min, slices were 

treated with 10% FBS and 0,5% Triton X-100 in TBS (buffer B). After 1 h at room 

temperature, receptors were double immunostained with the indicated primary antibody 

at 4°C overnight, extensively washed, and stained with the indicated fluorescence 

labelled secondary antibody conjugated with Alexa dyes for 1 h at room temperature. 

The coverslips were rinsed in TBS (0.1 % Tween-20), mounted in a Vectashield 

immunofluorescence medium (Vector Laboratories, UK) and visualized with a 40x oil 

immersion objective in a Leica SP2 confocal microscope (Leica, USA). The primary 

antibodies used were as follows: rabbit anti-D2R antibody (1:800; Bjelke et al. 1996 

(Bjelke et al., 1996); a kind gift from Dr. Stanley Watson, University of Michigan), goat 

polyclonal anti-oxytocin receptor (5µg/ml; ab87312 from abcam, Sweden). The 

secondary antibodies used were as follows: Alexa Fluor 546-conjugated goat anti-rabbit 

IgG (1:2000; Invitrogen, Stockholm, Sweden), Alexa Fluor 488-conjugated donkey anti-

goat IgG (1:2000; Invitrogen, Stockholm, Sweden). The amounts of D2R/OxR complex 

colocalization are shown as a single z-scan image. 

Proximity ligation in situ assay (Duolink) 
 
To investigate whether dopamine D2R has the capability to interact with OxR in 

HEK293T cells transiently expressing D2R-OxR or rat striatum slide sections we 

used in situ proximity ligation assay (PLA) (Borroto-Escuela et al., 2011c;Trifilieff et 

al., 2011;Borroto-Escuela et al., 2012). In situ PLA was performed according to 

manufacturer’s instructions (Duolink in situ PLA detection kit (Olink, Sweden)). The 

primary antibodies of different species directed to D2R (rabbit anti-D2R antibody 



(1:800; (Bjelke et al., 1996); a kind gift from Dr. Stanley Watson, University of 

Michigan) and to OxR (5µg/ml; goat polyclonal anti-oxytocin receptor; ab87312 from 

abcam) was used. Control experiments employed only one primary antibody or 

HEK293T cells transfected with cDNAs encoding only one type of receptor. The 

products were visualized using a Leica SP2 confocal microscope (Leica, USA). 

D2R-OxR interaction using BRET2assay 

A BRET assay was performed as previously described (Borroto-Escuela et al., 

2011a;Borroto-Escuela et al., 2011b;Romero-Fernandez et al., 2011;Borroto-Escuela et 

al., 2012) . Briefly, for BRET2 saturation assay, forty-eight hours after transfection, 

HEK293T cells transiently transfected with constant (1 μg) or increasing amounts 

(0.25–9 μg) of plasmids encoding for D2LRRluc and OxRGFP2, respectively, were rapidly 

washed twice in PBS, detached, and resuspended in the same buffer. Cell suspensions 

(20 μg protein) were distributed in duplicate into the 96-well microplate black plates 

with a transparent bottom (Corning 3651) (Corning, Stockholm, Sweden) for 

fluorescence measurement or white plates with a white bottom (Corning 3600) for 

BRET determination. 

 For BRET2 measurement, coelenterazine-400a, also known as DeepBlue™C substrate 

(VWR, Sweden), was added at a final concentration of 5 μM, and readings were 

performed 1 min after using the POLARstar Optima plate reader (BMG 

Labtechnologies, Offenburg, Germany) that allows the sequential integration of the 

signals detected with two filter settings [410 nm (with 80 nm bandwidth) and 515 nm 

(with 30 nm bandwidth)]. The BRET2 ratio is defined as previously described (Borroto-

Escuela et al 2010). 

[3H]-raclopride binding Experiments 



Saturation binding experiments with the D2-likeR antagonist [3H]-raclopride (specific 

activity 82.8 Ci/mmol, PerkinElmer Life Sciences, USA) was performed as previously 

described (Dasgupta et al., 1996;Torvinen et al., 2004). Briefly, nucleus accumbens 

rat membrane preparations (100 µg protein/ml) were incubated with increasing 

concentrations of [3H]-raclopride (ranging from 0.1 nM - 10 nM) in 250 µl of 

incubation buffer (IB; 50 mM Tris-HCl pH 7.4, containing 100 mM NaCl, 7 mM 

MgCl2, 1 mM EDTA and 1 mM dithiothreitol) for 60 min at 30 °C, in the presence or 

absence of 3 nM ocytocin. Nonspecific binding was defined as the binding in the 

presence of 100 µM dopamine hydrochloride (Sigma-Aldrich, Aldrich, St. Louis, MO, 

USA). The incubation was terminated by rapid filtration through Whatman GF/B filters 

(Maidstone, Kent, UK) using a MultiScreen™ Vacuum Manifold 96-well (Millipore 

Corp, Bedford, MA), followed by three washes (~250µl per wash) with ice-cold 

washing buffer (50 mM Tris-HCl pH 7.4). The filters were dried, 5 ml of scintillation 

cocktail was added and the bound ligand was determined after 12 h for 4 min each 

sample by liquid scintillation spectrometry. 

[3H]-raclopride (2.0-3.0 nM) binding was displaced by dopamine to determine agonist 

affinities from the competition curves obtained. Briefly, nucleus accumbens 

rat membrane preparations (100 µg protein/ml) were incubated with increasing 

concentrations of dopamine (ranging from 0.1 nM - 1 mM) in 250 µl of IB for 60 min at 

30 °C, in the presence or absence of 3 nM ocytocin. The incubation was terminated as 

described above and the radioactivity content of the filters was detected by liquid 

scintillation spectrometry. Nonspecific binding was defined by radioligand binding in 

the presence of 10 µM (+)-butaclamol (Sigma Aldrich, St. Louis, MO). 

[35S]-GTPγS binding assays  



The [35S]-labeled guanosine 5′-O-(γ-thio)triphosphate ([35S]-GTPγS; specific activity 

1250 Ci/mmol, PerkinElmer Life Sciences, USA) binding experiments were performed 

essentially as described by Riken et al. (1999). Briefly, aliquots of the diluted nucleus 

accumbens rat membrane preparations (equivalent to 25 µg protein) were incubated 

with 0.08-0.10 nM [35S]-GTPγS, 20 μM guanosine-5’-diphosphate sodium salt (GDP; 

Sigma Aldrich, USA) and increasing concentrations of dopamine (1 nM - 1 mM) in 250 

µl of 20 mM K-Hepes, pH 7.6 containing 7 mM MgCl2, 100 mM NaCl, 1 mM EDTA, 1 

mM dithiothreitol, in the absence or in the presence of 3 nM of oxytocin. Reactions 

were incubated at 30°C for 60 min. Binding reactions were terminated by rapid 

filtration through Whatman GF/B filters (Maidstone, Kent, UK) using a MultiScreen™ 

Vacuum Manifold 96-well (Millipore Corp, Bedford, MA), followed by three washes 

(~250µl per wash) with ice-cold washing buffer (20 mM K-Hepes, pH 7.6). The washed 

filters were dry and resuspended in 5 ml scintillation cocktail, vortex mixed and 

radioactivity was detected by a liquid scintillation counter. The non-specific binding 

was measured in the presence of 10 μM (+)-butaclamol. Basal [35S]-GTPγS (agonist-

independent binding) was defined as the specific binding when drug solvent without 

agonist or antagonist was added to assay well. 

Statistical analysis 

The number of samples (n) in each experimental condition is indicated in figure 

legends. Data from saturation and competition experiments were analyzed by nonlinear 

regression analysis using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, 

CA), and the density of the binding sites (Bmax) and the dissociation constant (KD) 

values from several independent replications were averaged to permit statistical 

comparisons (Student’s t-test) between experiments carried out in the presence or 

absence of the oxytocin.  
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Figure 3 
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Figure 4 
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Figure 6 

 

 

 

 

 

 

 

 

 



Figure 7 
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