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The poorly understood, but robust sex differences in prevalence, symptom severity, 

and treatment responses of many psychiatric disorders characterized by social dysfunction 

signifies the importance of understanding the neurobiological mechanisms underlying sex 

differences in the regulation of social behaviors. One potential system involved is the 

oxytocin (OT) system. OT is an evolutionarily conserved neuropeptide that has been 

implicated in the regulation of a variety of social behaviors in rodents and humans. This 

thesis aims to clarify the role of OT in sex-specific regulation of social behavior and brain 

function in rats. Study 1 characterized sex differences in the OT system in the brain, and 

found that males show higher OT receptor (OTR) binding densities in several forebrain 

regions compared to females. Studies 2 and 3 then determined the relevance of these sex 

differences in OTR binding densities for the sex-specific regulation of social behavior using 

pharmacological manipulations of the OTR and in vivo measurement of OT release. Study 2 

focused on the function of the OT system in the posterior bed nucleus of the stria terminalis 

(BNSTp), because this region showed the largest sex difference in OTR binding density, and 

is part of the core social behavior network. Results show that endogenous OT in the BNSTp 

is important for social recognition in both sexes, but that exogenous OT facilitated social 

recognition in males only. Furthermore, social recognition in males, but not in females, was 

associated with higher endogenous OT release in BNSTp. This study is the first to provide a 

link between sex differences in OTR binding density and OT release with sex-specific 

regulation of social recognition by OT. Study 3 focused on amygdala subregions because 



 
 

these regions were found to show sex-specific correlations of OTR binding density with 

social interest. Results show that the OT system modulates social interest in the central 

amygdala (CeA), but not the medial amygdala, in sex-specific ways, with activation of the 

OTR in the CeA facilitating social interest in males, but not in females. These results provide 

evidence that the CeA is a brain region involved in the sex-specific processing of social 

stimuli by the OT system. Finally, Study 4 examined whether sex differences in OTR binding 

densities in forebrain regions lead to sex-specific brain activation in response to OT. 

Functional magnetic resonance imaging was used to examine blood oxygen level-dependent 

(BOLD) activation in awake male and female rats following central or peripheral 

administration of OT. Central OT administration induced sex differences in BOLD activation 

in numerous brain regions (including several regions with denser OTR binding in males), in 

which males showed predominantly higher activation compared to females. Peripheral OT 

administration also induced sex differences in BOLD activation, but in fewer brain regions 

and in different brain regions compared to central OT, indicating that the pattern and the 

magnitude of sex differences in neural activation induced by OT strongly depend on the route 

of administration. Together, outcomes of this thesis provide novel insight into the sexual 

dimorphic structure and function of the OT system in rats, and highlights the fact that 

research seeking a full understanding of the role of the OT system in behavioral and brain 

responses is incomplete without the inclusion of both sexes. These results may be informative 

given the increasing popularity of the use of OT as a potential therapeutic agent in the 

treatment of social dysfunction in sex-biased psychiatric disorders.  

 

Keywords: Oxytocin, oxytocin receptor, sex differences, social interest, social recognition, 

bed nucleus of the stria terminalis, amygdala, fMRI 
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I. General Introduction 

People are highly motivated to form social relationships. In a sense, we are hard-

wired to seek connections with others (Cacioppo and Patrick, 2008; Crosier et al., 2012; 

Gilbert, 2015). Indeed, across social species, sociality is an extremely diverse yet integral 

feature of life (Goodson et al., 2012; Anacker and Beery, 2013; Kelly and Ophir, 2015). 

From gregariousness in birds and monogamous pair-bonding in prairie voles to the mother-

infant bond in humans, social relationships are exhibited across the animal kingdom and are 

imperative for survival and reproduction. The importance of these social interactions 

becomes even more apparent with the evidence showing disturbances in both emotional and 

physiological well-being when these social relationships are impaired (Umberson and 

Montez, 2010). Unfortunately, impairments in social functioning are often key features in 

neuropsychiatric disorders, and can be debilitating for people living with these disorders. 

Therefore, to understand the neural mechanisms underlying social dysfunction, it is 

imperative to understand the neural regulation of social behavior.    

Importantly, many psychiatric disorders characterized by social dysfunction display 

sex differences in prevalence, symptom severity and treatment responses. For example, 

autism spectrum disorders are four to eight times more common in boys than in girls 

(Fombonne, 2003; Knickmeyer and Baron-Cohen, 2006; Beaudet, 2012), schizophrenia is 

twice as common in men than in women (Nicole et al., 1992), and borderline personality 

disorder is three times more common in women than in men (Widiger & Trull, 1993). The 

vulnerability of one sex to particular neuropsychiatric disorders is overwhelmingly apparent, 

yet poorly understood. Sex differences in the neural systems that regulate social behavior 

may contribute to these sex biases in psychiatric disorders, making it imperative to 

understand sex differences in the brain and the neurobiological mechanisms regulating social 

behavior in both males and females. Unfortunately, a major barrier in the field of 
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neuroscience research is that most studies on social behavior are being conducted using only 

males as subjects (Zucker & Beery, 2010). Therefore, the overall aim of my research is to 

elucidate the neurobiological mechanisms regulating social behavior in both sexes.  

In recent years, research in social neuroscience has characterized the key neural 

circuitry and essential neurochemical regulators of social behavior. Though the complexity of 

social living varies across species, oxytocin (OT) has been found to be a common neural 

substrate which regulates various social behaviors in both sexes and across species, including 

rodents and humans (Heinrichs et al., 2009; Ross and Young, 2009; Goodson and Thompson, 

2010; Anacker and Beery, 2013; Hammock, 2015; Dumais and Veenema, 2016). OT is a 

highly conserved nine amino acid neuropeptide, which acts as both a hormone in the 

periphery via the hypothalamic-neurohypophysial system, and as a neuromodulator in the 

central nervous system. OT-producing magnocellular neurons of the paraventricular nucleus 

(PVN) and supraoptic nucleus (SON) of the hypothalamus project to the posterior pituitary, 

where it is released into the general circulation as a hormone. Moreover, OT synthesized in 

parvocellular neurons of the PVN projects centrally (Buijs, 1978; Buijs and Swaab, 1979; 

Sofroniew, 1980; Sofroniew, 1983) where it can modulate the activation of many brain 

regions via binding to the widely distributed OT receptor (OTR; Gimpl and Fahrenholz, 

2001). Only recently was it found that magnocellular OT neurons of the SON also project to 

a variety of forebrain regions (Knobloch et al., 2012).  

Remarkably, OT neurons in the PVN and SON as well as their fiber projections have 

been characterized using males only, females only, or sex of subjects was not specified 

(Buijs, 1978; Buijs and Swaab, 1979; Sofroniew, 1980; Sofroniew, 1983; Knobloch et al., 

2012). Furthermore, most studies that quantify OTR binding in the rat brain have also been 

performed in one sex only (Freund-Mercier et al., 1987; deKloet et al., 1985; Insel, 1986; 

Elands et al., 1988; Tribollet et al., 1988, 1989; Shapiro and Insel, 1989). Indeed, 
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investigation into sex differences in OTR binding density is limited, with studies that include 

both males and females either using a non-specific ligand for the OTR or making only few 

direct comparisons between males and females (Tribollet et al., 1990; Uhl-Bronner et al., 

2005). Therefore, a thorough analysis of OTR binding sex differences is still to be 

determined, and is a major aim of Study 1. Across species, the OTR is highly expressed in 

brain regions involved in the regulation of social behavior (Tribollet et al., 1990; Ophir et al., 

2012; Zheng et al., 2013). Therefore, knowledge of sex differences in the expression of both 

OT and OTR is an important step towards understanding the role of OT in sex-specific 

regulation of social behavior.  

OT is well established as a key neuromodulator of social behavior, however its 

history in the scientific literature presents challenges in understanding the role of OT in social 

behavior and in brain function in both sexes. The classically known function of OT in 

mammals is its regulation of the maternal response, in which peripheral OT is important in 

the induction of uterine contractions during parturition and milk ejection during lactation 

(Fuchs and Poblete, 1970; Belin et al., 1984).  Since the late 1970’s, researchers have 

extensively investigated the role of OT in the maternal brain, finding that OT is important in 

the parturient female via the regulation of both active and passive forms of maternal 

behavior, such as nesting, retrieving pups, and licking and grooming of pups (Pedersen and 

Prange, 1979). It wasn’t until the late 1980’s and early 1990’s that OT’s role in other social 

behaviors, such as social bonding and social recognition, started being explored. Ironically, 

when the role of OT in these other forms of social behavior started being investigated, males, 

rather than females, were predominantly used as subjects, and OT was found to be a key 

regulator of social approach and social recognition in male rats (Dantzer et al., 1987; Popik 

and vanRee, 1991, Popik et al., 1992; Witt et al., 1992, Benelii et al., 1995, Arletti et al., 

1995). With these studies highlighting the role of OT in male social behavior, this classically 

http://www.sciencedirect.com/science/article/pii/S0306452209009658#bib34
http://www.sciencedirect.com/science/article/pii/S0306452209009658#bib34
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known “maternal hormone” is now seen as an important regulator of both male and female 

social behavior. Unfortunately, there have been few studies which directly compare the role 

of OT in social behavior in males and females, which is a key objective of the present thesis.  

The investigation of sex differences in OT system parameters and function is 

especially important given the increasing popularity of OT for use as a therapeutic agent in 

humans. Indeed, since the development of the non-invasive intranasal application of OT, 

there has been an influx of research into the role of OT in humans. This research has strongly 

implicated OT as an important modulator of human social behavior and cognition 

(Donaldson and Young, 2008; Heinrichs et al., 2009; Guastella and MacLeod; 2012), as well 

as a therapeutic agent for social dysfunction in various sex-biased neuropsychiatric disorders, 

including autism spectrum disorder, schizophrenia, depression, and anxiety disorders 

(Guastella et al., 2010; Meyer-Lindenberg et al., 2011; Cochran et al., 2013). Though only a 

few studies have compared the effects of OT administration on social behavior and neural 

activity in men and women, these few studies have shed light on sex-specific actions of OT 

in humans (for review, see Dumais and Veenema, 2015, 2016). Therefore, a better 

understanding of whether there are sex-specific actions of OT on behavioral and brain 

function is imperative if we are to use OT as a potential therapeutic agent in the treatment of 

social dysfunction.  

Aims: Our overall aim is to further understand sex-specific regulation of social 

behavior and brain function by OT. The specific aims of this dissertation are three-fold. First, 

we aimed to characterize the OT system in adult male and female rats to determine potential 

sex differences in OT mRNA and in OTR binding densities in the brain (Study 1). Because 

our results from Study 1 showed robust sex differences in OTR binding densities, our second 

aim was to determine how sex differences in OTR are linked to sex-specific regulation of 

social behavior (Study 2 and 3). Finally, given the robust sex differences in OTR, our third 

http://www.ncbi.nlm.nih.gov/pubmed?term=Heinrichs%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19505497
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aim was to determine whether OT activates neural systems differently in males and females 

(Study 4).  

Our experimental designs use multidisciplinary approaches, including behavioral, 

molecular, and neuroimaging techniques to best address our aims. In Study 1, I used in situ 

hybridization and receptor autoradiography to determine potential sex differences in OT 

mRNA and OTR binding densities, respectively, in adult male and female rats. I also 

determined whether different hormonal states of females (estrus phase, reproductive status) 

modulate OTR binding densities, and whether OTR binding densities correlate with social 

interest. Next, I used behavioral, pharmacological, and microdialysis techniques to explore 

the functional significance of sex differences in OTR binding densities (Study 2) and of sex-

specific correlations of OTR binding densities and social interest (Study 3) that were found in 

Study 1. Utilizing rats’ spontaneous motivation to investigate conspecifics, and their innate 

drive to investigate novel over familiar conspecifics, we employed the well-established social 

interest (Thor, 1980; Johnson and File, 1991) and social discrimination (Engelmann et al., 

1995) paradigms to investigate sex-specific regulation of social behavior by OT. These 

studies aim to clarify the role of OT in sex-specific regulation of social behavior, and to 

determine a potential functional link between sex differences in OTR binding with sex-

specific regulation of social behavior by OT. 

Finally, to understand the neural mechanisms underlying sex-specific regulation of 

social behavior by OT, it is also important to map sex differences in the neural circuits that 

are modulated by OT. Indeed, sex differences in OTR binding densities found in Study 1 

suggest that OT may modulate neural activation differently in male and female rats. We 

employed state-of-the-art functional magnetic resonance imaging (fMRI) in awake male and 

female rats to address this aim. fMRI allows mapping of real-time neuronal activation, and 

serves as a useful complementary neuroscience technique that provides adequate spatial and 
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temporal resolution to observe patterns of whole brain neuronal activity in less than a minute 

(Ferris et al., 2006). Importantly, studies using animal models provide a certain design 

flexibility that is not always present with human research (i.e., central administration of OT). 

This research is the first to use fMRI to determine OT-mediated sex differences in brain 

activation patterns in rats, and our outcomes will provide novel insights into how OT 

modulates neuronal activation in sex-specific ways.  

The rationale for this dissertation research is that outcomes will advance our 

understanding of the neurobiological mechanisms underlying sex differences in social 

behavior. This may provide a first step in gaining insight into potential mechanisms 

underlying sex differences in healthy and impaired social behaviors that may underlie sex 

biases in neuropsychiatric disorders characterized by social dysfunction. Insight into the role 

of OT in the regulation of social behavior may further provide insight into the appropriate use 

of OT as a therapeutic agent, with sex as a major factor for consideration.  
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II. Study 1: Sex differences in oxytocin receptor binding in forebrain regions: 

correlations with social interest in brain region- and sex- specific ways* 

 

* Published Manuscript: Dumais, K.M., Bredewold, R., Mayer, T.E., & Veenema, A.H. (2013). 
Sex differences in oxytocin receptor binding in forebrain regions: correlations with social 

interest in brain region- and sex- specific ways. Hormones and Behavior 64, 693-701. 
 

 

Abstract: Social interest reflects the motivation to approach a conspecific for the assessment 

of social cues and is measured in rats by the amount of time spent investigating conspecifics. 

Virgin female rats show lower social interest towards unfamiliar juvenile conspecifics than 

virgin male rats. We hypothesized that the neuropeptide oxytocin (OT) may modulate sex 

differences in social interest because of the involvement of OT in pro-social behaviors.  We 

determined whether there are sex differences in OT system parameters in the brain and 

whether these parameters would correlate with social interest. We also determined if estrus 

phase or maternal experience would alter low social interest and whether this would correlate 

with changes in OT system parameters. Our results show that regardless of estrus phase, 

females have significantly lower OT receptor (OTR) binding densities than males in the 

majority of forebrain regions analyzed, including the nucleus accumbens, caudate putamen, 

lateral septum, bed nucleus of the stria terminalis, medial amygdala, and ventromedial 

hypothalamus. Interestingly, male social interest correlated positively with OTR binding 

densities in the medial amygdala, while female social interest correlated negatively with OTR 

binding densities in the central amygdala. Proestrus/estrus females showed similar social 

interest to non-estrus females despite increased OTR binding densities in several forebrain 

areas. Maternal experience had no immediate or long-lasting effects on social interest or OT 

brain parameters except for higher OTR binding in the medial amygdala in primiparous 
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females.  Together, these findings demonstrate that there are robust sex differences in OTR 

binding densities in multiple forebrain regions of rats and that OTR binding densities 

correlate with social interest in brain region- and sex-specific ways.  

 

Introduction 

Social interest provides the motivation to approach a conspecific for the assessment 

of social cues which will, in turn, facilitate appropriate behavioral responses. Social interest 

therefore provides the initial step for the expression of a wide range of social behaviors. Sex 

differences in social interest have been consistently reported in rats and mice. In detail, virgin 

females show less social interest than virgin males as indicated by their lower levels of social 

investigation toward juvenile conspecifics (Holmes et al., 2011; Johnson & File, 1991; 

Tejada & Rissman, 2012; Thor, 1980; Thor et al., 1988). The mechanisms underlying this sex 

difference, however, are not well understood. 

We hypothesized that such sex differences might be mediated by sex differences in 

parameters and/or function of the oxytocin (OT) system. OT is mainly synthesized in the 

paraventricular nucleus (PVN) and supraoptic nucleus (SON) of the hypothalamus and can 

modulate the activation of many brain regions via binding to the widely distributed OT 

receptor (OTR; Gimpl & Fahrenholz, 2001). OT promotes pro-social behaviors that require 

social interest, such as affiliative behavior, maternal behavior, pair-bonding, and social 

recognition in rodents and humans (Donaldson & Young, 2008; Ferguson et al., 2002; Insel 

et al., 1997; Ross & Young, 2009; Striepens et al., 2011; Veenema & Neumann, 2008). OT 

modulates these pro-social behaviors by acting on core components of the “social behavioral 

network” (Goodson, 2005; Newman, 1999) such as the medial preoptic area (MPOA), lateral 

septum (LS), bed nucleus of the stria terminalis, (BNST), and medial amygdala (MeA). OT 

also plays a key role in the modulation of fear and anxiety in rodents and humans especially 
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via activation of OTR in the central amygdala (CeA; Knobloch et al., 2012; Labuschagne et 

al., 2010), which may influence levels of social interest. 

Furthermore, behavioral and neuronal effects of OT are often sex-specific. For 

example, intracerebroventricular administration of OT promotes pair-bonding in female 

prairie voles, but not in male prairie voles (Insel and Hulihan, 1995). In addition, blocking 

OTR on the first day of life altered activation of the CeA in response to novel heterosexual 

pairing in adult female, but not male, prairie voles (Kramer et al., 2006). In humans, 

intranasally applied OT improved kinship recognition in women only, and competition 

recognition in men only (Fischer-Shofty et al., 2012). Moreover, intranasally applied OT 

reduces amygdala activity in men, but increases amygdala activity in women when viewing 

emotional facial expressions (Domes et al., 2007, 2010). These findings suggest that the OT 

system functions differently in males versus females, possibly via sex differences in OT brain 

parameters. However, a systematic analysis of sex differences in OT brain parameters, and 

linking such parameters to sex differences in social behavior, such as social interest, is 

lacking thus far.  

Social interest in females may also be regulated by sex hormone effects on the OT 

system. For example, ovariectomized females given estrogen treatment showed increased 

OTR mRNA expression in brain areas involved in social and sexual behaviors, such as the 

ventromedial hypothalamus (VMH), MeA, and hippocampal CA1 region (Bale et al., 1995b, 

2001; Quinones-Jenab et al., 1997). This up regulation of the OT system via estrogen may 

therefore enhance general social approach behaviors, and thus increase social interest.   

In addition, pregnancy and parturition induce alterations of the OT system in the 

maternal rat brain. Specifically, OT facilitates the onset of maternal behaviors by acting at 

critical areas in the brain, modulating the switch from avoidance to approach behaviors 

toward pup stimuli (Numan & Stolzenberg, 2009). Nulliparous female rats (virgin females) 
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avoid pups, while primiparous female rats (females who have experienced one episode of 

pregnancy and parturition) readily approach and take care of pups immediately post-

parturition (Numan et al., 2006; Numan & Insel, 2003). Therefore, we speculate that dynamic 

changes in the OT system in females due to pregnancy may have the potential to facilitate, 

more broadly, approach behaviors toward neutral social stimuli.  

In the present study, we investigated sex differences in OT mRNA expression in the 

PVN and SON, and OTR binding densities in forebrain regions. In addition, we investigated 

whether OTR binding densities correlated with social interest scores.  We further investigated 

effects of estrus phase and maternal experience on social interest, OT mRNA expression, and 

OTR binding densities. Because OT facilitates pro-social behaviors and females show lower 

social interest than males, we hypothesized that females would show lower levels of OTR 

binding densities than males in brain areas involved in approach behaviors. We also 

hypothesized that OTR binding densities in specific brain regions would positively correlate 

with social interest. Because females in estrus show increased activation of the OT system, 

we hypothesized that they would exhibit higher social interest than non-estrus females, and 

that this would correlate with increased OTR mRNA expression and/or OTR binding 

densities. Finally, we hypothesized that an increase in approach behaviors towards pups in 

primiparous females would generalize to an increase in approach behaviors towards 

juveniles, and that this would correlate with increased OT mRNA expression and/or OTR 

binding densities. 

 

Methods 

Animals. Wistar rats were obtained from Charles River (Raleigh, NC) and 

maintained on a 12 h light/dark cycle, lights on at 07:00am, and food and water were 

available ad libitum. Subjects were adult male and female rats housed in same-sex pairs in 
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standard rat cages (26.7 x 48.3 x 20.3cm) and were given at least one week to acclimate to 

our facilities. Stimulus male and female rats were 22 days at arrival, were housed four per 

cage, and were used at 25-30 days of age. Same-sex stimulus rats were used for all behavioral 

testing. All experiments were conducted in accordance with the guidelines of the NIH and 

approved by the Boston College Institutional Animal Care and Use Committee.  

Behavioral Testing. Social Investigation Test. To test for social interest, we 

measured how long subjects spent investigating a stimulus juvenile using the social 

investigation test, adapted from Thor (1980). A juvenile was used in order to assess general 

social approach toward neutral stimuli that do not elicit threatening or sexual behavior. A 

juvenile was placed into the subject’s home cage for 4 min, and time spent investigating the 

juvenile was measured. Testing was performed during the light phase between 12:00 h and 

15:00 h. All behaviors were recorded and analyzed using JWatcher 

(http://www.jwatcher.ucla.edu) by an experimenter blind to treatment groups. Behavior was 

considered social investigation when the subject was actively sniffing the juvenile, including 

sniffing the back, neck, face, and anogenital area.  

OT in situ hybridization. Two days after the last social investigation test, subjects 

were anesthetized under CO2 and decapitated. Brains were removed and quickly frozen in 

methylbutane on dry ice, and stored at -80°C. Brains were cut into 16-µm coronal sections on 

a cryostat and mounted on slides. Slides were processed and hybridized according to 

Veenema et al. (2006). Briefly, slides were fixed in 4% paraformaldehyde, rinsed twice in 

PBS, dipped in distilled H2O, and immersed in acetic anhydride + triethanolamine. Slides 

were then rinsed in 1X SSC (sodium chloride-sodium citrate) and dehydrated in a series of 

ethanol rinses and delipidated in chloroform. Slides were then incubated with a 

prehybridization buffer (4/5 hybridization buffer + 1/5 tRNA) for 2 hours at 50°C. Slides 

were then washed again in sodium chloride citrate and ethanol, and hybridized in 
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hybridization buffer with a 35S-labeled oligonucleotide 

(5’CTCGGAGAAGGCAGACTCAGGGTCGCAGGCGGGGTCGGTGCGGCAGCC-

3’) overnight at 50°C in an incubation chamber. After the incubation, slides were washed 

three times in heated 1X SSC with shaking, and a fourth time shaking, allowing to cool to 

room temperature. The last wash steps were with ammonium acetate mixed with ethanol at 

50% and 85%, then 100% ethanol. Slides were then air dried and exposed to film (Kodak) for 

three hours. The optical density of OT mRNA was measured as arbitrary units using ImageJ 

(NIH, http://rsb.info.nih.gov/ij/). Regions of interest included the PVN and SON.  Each 

measurement was subtracted by tissue background, and OT mRNA expression was calculated 

by taking the mean of 2-4 bilateral brain section measurements per region of interest per rat. 

Brain tissue of males and females of Exp. 1-3 were run simultaneously to be able to compare 

groups. 

OTR autoradiography. Additional sections of the brains (removed as described 

above) were processed for receptor autoradiography. The receptor autoradiography procedure 

was performed according to Lukas et al. (2010) using [125I]-Ornithine Vasotocin Analog 

(d(CH2)5[Tyr(Me)2,Thr4,Orn8,[125I]Tyr9-NH2]-OVTA; Perkin Elmer, USA) as tracer. Briefly, 

the slides were thawed and dried at room temperature. Slides were then fixed in 0.1% 

paraformaldehyde and washed two times in Tris buffer (pH 7.4). The slides were then 

exposed to tracer buffer (Tris + 10mM MgCl2, 0.1% BSA, and tracer) for 60 min, and then 

washed four times in Tris + MgCl2. The slides were then dipped in distilled water, dried, and 

exposed to film (Kodak) for 7 days. The optical density of OTR binding was measured using 

ImageJ (NIH, http://rsb.info.nih.gov/ij/). Regions of interest included: agranular insular 

cortex (AIP), NACC, caudate putamen (CPU), LS, BNST, MPOA, PVN, CeA, MeA, 

hippocampus (CA1 region), and VMH. Each measurement was subtracted by tissue 

background, and receptor densities were calculated by taking the mean of 4-6 (depending on 

http://rsb.info.nih/
http://rsb.info.nih/
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the region being analyzed) bilateral brain section measurements per region of interest per rat. 

The data was converted to dpm/mg (disintegrations per minute/milligram tissue) using a [125I] 

standard microscale (American Radiolabeled Chemicals Inc, St. Louis, MO). Brain tissue of 

males and females of Exp. 1-3 were run simultaneously to be able to compare groups. 

Experimental Procedures 

Experiment 1: Sex differences in the OT system and correlations of OTR 

binding with social interest 

Males (n=12) and females (n=28) were housed in same-sex pairs, and were single-

housed 24 h before testing. Each subject was tested four times (Tests 1-4) in the social 

investigation test, at least one week apart, in order to get a representative average social 

interest score. Two days after the last social investigation test, brains were collected and 

processed for OT in situ hybridization and OTR autoradiography as described above. 

Experiment 2: Effect of estrus cycle phase on social interest and the OT system 

Females (n=28) were single-housed 24 h before testing and tested one time in the 

social investigation test, and brains were removed 2 days later as described above for OT 

mRNA and OTR processing. Estrus cycle phase was assessed via vaginal smears taken from 

each animal immediately following behavioral testing and at the time of brain removal. Using 

a pipette and a small amount of distilled water, a sample of vaginal secretions were taken and 

put onto a glass slide. Using a microscope, estrus cycle phase was determined via cell 

characteristics based on Goldman et al. (2007). Because there was no statistical difference in 

OT mRNA expression or OTR binding densities between estrus and proestrus females or 

between diestrus and metestrus females, subjects were categorized as in proestrus/estrus 

(n=13; cells characteristic of proestrus and estrus phases in which females show higher levels 

of estradiol and progesterone), or non-estrus (n=15; cells characteristic of diestrus and 

metestrus in which females show lower levels of estradiol and progesterone).   
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Experiment 3: Effect of maternal experience on social interest and the OT 

system 

Virgin females were mated (primiparous group, n=16) by putting one male in a cage 

with two females for five days.  Following parturition, all litters were culled to 8 pups (4 

males and 4 females), and weaned after 21 days. Nulliparous females (n=12) were similarly 

housed to primiparous females according to the following schedule: primiparous females 

were single-housed during the last week of pregnancy, during lactation, and for 24 hours 

before all behavioral tests.  

Each animal was exposed to the social investigation test four times during four 

different testing periods to assess both short- and long-term effects of maternal experience on 

social interest. Each testing period included subjects from both the primiparous and 

nulliparous groups.  Females were tested when they were all virgins, 10 days after the last 

day of mating (“pregnancy”), 3 days after weaning the litters (“3d post wean”), and 3 weeks 

after weaning the litters (“3 wks post wean”). Timing of these tests was chosen in order to 

determine if changes in social interest corresponded with a particular time-point during 

pregnancy or post parturition. We did not test females during the lactation stage because 

females showed high levels of maternal aggression toward the stimulus juveniles. Two days 

after the last behavioral test, brains were collected and processed for OT in situ hybridization 

and OTR autoradiography as described above.  

In the first set of animals, we found a significant difference in social interest at 3 days 

post weaning in which primiparous females showed lower social interest compared to 

nulliparous females. To determine if this difference was an effect of the experimental 

conditions, or an effect of repeated testing, we tested an additional group of nulliparous 

(n=12) and primiparous (n=12) females four times starting at the time point at which the 
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difference was found (3 days post weaning), and continued to test them at 3, 7, and 10 weeks 

post weaning.   

Statistical Analysis. Analyses for social investigation times (calculated as seconds) 

for experiments 1 and 3 were performed using one-way ANOVA with repeated measures 

(Experiment 1: Sex is the between-subject factor and social investigation test is the within-

subject factor; Experiment 3: Maternal experience is the between-subject factor and social 

investigation test is the within-subject factor). Bonferroni post-hoc tests were used when 

appropriate. One-way ANOVAs were used to test for differences in OT mRNA expression 

and OTR binding densities between males and females, between non-estrus and 

proestrus/estrus females, and between nulliparous and primiparous females. A bivariate 

correlation and a curve estimate regression analysis were used to test correlations between 

social investigation scores and OTR densities in areas of interest. Significance was set at 

p<0.05. 

Results 

Experiment 1: Sex differences in the OT system and correlations of OTR 

binding with social interest 

Females showed consistently lower social investigation times compared to males 

(main effect of sex: F(1,38)= 169, p<0.001, Fig. 1.1). No differences in OT mRNA expression 

in either the PVN or SON were found between males and females (PVN: males = 147 ± 4.1, 

females = 152 ± 3.3; SON: males= 149 ± 3.0, females=155 ± 2.5). In contrast, females 

showed lower OTR binding densities than males in 9 out of 15 forebrain regions analyzed 

(Figs. 1.2 and 1.3). In detail, compared to males, females showed significantly lower OTR 

binding densities in the AIP (F(1,34)=7.49, p<0.05), posterior NAc (NACCp; F(1,34)=5.90,  

p<0.05,), dorsal CPU (CPUd; F(1,38)=55.1, p<0.001), intermediate LS (LSi; F(1,36)=48.4, 

p<0.001), posterior BNST (BNSTp; F(1,34)=219, p<0.001,), MPOA (F(1,35)=5.64, p<0.05), 
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VMH (F(1,36)=109, p<0.001), MeA (F(1,37)=67.6, p<0.001), and CA1 region (F(1,37)=8.51, 

p<0.01; Fig. 1.2). Females showed higher OTR binding density only in the medial part of the 

CPU (CPUm; F(1,37)=23.7, p<0.001; Fig. 1.2). No sex differences in OTR binding density 

were found in the anterior NACC (NACCa), ventral LS (LSv), PVN, dorsal lateral BNST 

(BNSTdl), and CeA (Fig. 1.2).  

We further found that social investigation scores in males correlate positively with 

OTR binding densities in the MeA (p<0.05; Fig. 1.4). In females, social investigation scores 

correlate positively with OTR binding densities in the CPUm (p<0.001) and CA1 region 

(p<0.05), and correlate negatively with OTR binding densities in the CeA (p<0.05; Fig. 1.4). 

 

 

 

           

Fig. 1.1 Social investigation scores of male and female rats. Each subject was tested four 
times in the social investigation test at least one week apart. Females show significantly less 
investigation of an unfamiliar juvenile rat compared to males (main effect of sex: F(1,38)= 169, 
p<0.001), which was consistent across the four tests (*=p<0.001; Test 1 F(1,38)=52.7; Test 2 
F(1,39) =123; Test 3 F(1,39)=119; Test 4(1,39) F=115).  Bars indicate means + SEM.   
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Fig. 1.2 OTR binding densities in forebrain regions of male and female rats. Females 
have lower OTR binding densities than males in 9 out of 15 forebrain regions analyzed, while 
females have a higher OTR binding density in 1 (CPUm) out of 15 forebrain regions 
analyzed. Bars indicate means + SEM.  *= p<0.05, **=p<0.01, ***=p<0.001, one-way 
ANOVA.  
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Fig. 1.3 Representative coronal sections showing OTR binding densities in forebrain 
areas of male (M) and female (F) rats. Compared to males, females have higher OTR 
binding density in the CPUm, while having lower OTR binding densities in the AIP, 
NACCp, CPUd, LSi, MPOA, BNSTp, CA1, MeA, and VMH. Males and females show 
similar OTR binding densities in the CeA and BNSTld.  
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Fig. 1.4 Correlations of OTR binding densities and social investigation scores. (A) In 
males, social investigation scores positively correlate with OTR binding density in the MeA 
(p<0.05, r=0.61; A). (B-D) In females, social investigation scores negatively correlate with 
OTR binding density in the CeA (p<0.05, r=0.46; B), and positively correlate with OTR 
binding density in the CPUm (p<0.05, r=0.44; C), and the CA1 region (p<0.05, r=0.39; D).   
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Experiment 2: Effect of estrus cycle phase on social interest and the OT system 

Estrus cycle phase had no effect on social interest: Non-estrus and proestrus/estrus 

females showed similar social investigation times (Fig. 1.5A). Also, no differences in OT 

mRNA expression in either the PVN or SON were found between non-estrus and 

proestrus/estrus females (PVN: non-estrus = 153 ± 4.2, estrus = 151 ± 5.3; SON: non-estrus= 

155 ± 4.0, estrus= 155 ± 3.0).  

However, proestrus/estrus females showed higher OTR binding densities than non-

estrus females in the NACC (anterior plus posterior NACC; F(1,22)=9.83, p<0.01), BNSTp 

(F(1,21)=9.13, p<0.05), MPOA (F(1,26)=8.58, p<0.01), VMH (F(1,24)=6.83, p<0.05), and 

approaches significance in the MeA (F(1,25)=4.20, p=0.051; Fig. 1.5B; see Table 1.1 for 

values of the areas that are not statistically significant ). Notably, despite higher OTR binding 

densities in specific brain areas of proestrus/estrus females, OTR binding densities were still 

lower when compared to those in males, except for the MPOA. 
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Fig. 1.5 Social investigation scores and OTR binding densities in non-estrus and 
proestrus/estrus females. (A) Social investigation scores were not different between non-
estrus and estrus females. (B) Estrus females have higher OTR densities in the NACC, 
BNSTp, MPOA, and VMH, and show a trend toward significance in the MeA, compared to 
non-estrus females. Bars indicate means + SEM. *=p<0.05, **=p<0.01, one-way ANOVA.  
 

 

 

OTR binding densities Non-estrus Proestrus/estrus Estrus effect Cohen's d 
Agranular insular cortex 9283 ± 785 10038 ± 507 F(1,22) = 0.60, p = 0.45 -0.335 
Dorsal caudate putamen 12508 ± 736 12942 ± 631 F(1,26) = 0.19, p = 0.66 -0.169 
Medial caudate putamen 2030 ± 74 1941 ± 46 F(1,26) = 0.97, p = 0.34 0.394 
Ventral lateral septum 6588 ± 282 7130 ± 529 F(1,25) = 0.85, p = 0.37 -0.365 

Intermediate lateral septum 5785 ± 441 5917 ± 469 
F(1,25) = 0.003, p = 
0.96 -0.021 

Dorsolateral BNST 26080 ± 1169 29468 ± 1555 F(1,23) = 3.66, p = 0.07 -0.785 
Paraventricular nucleus 7048 ± 230 7297 ± 227 F(1,21) = 0.59, p = 0.45 -0.321 
Central amygdala 35962 ± 921 36379 ± 763 F(1,24) = 0.12, p = 0.73 -0.137 
Hippocampal CA1 region 2740 ± 131 2683 ± 104 F(1,25) = 0.12, p = 0.74 0.132 

 
Table 1.1 Forebrain areas of non-estrus and proestrus/estrus female rats in which no estrus 
phase difference was found for OTR binding densities (dpm/mg tissue). Data indicate means 
± SEM.  
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Experiment 3: Effect of maternal experience on social interest and the OT 

system 

A significant test x maternal experience interaction effect was found for social 

interest (F2,52=4.87, p<0.05). Post-hoc comparisons revealed a significant difference in social 

interest at 3 days post-weaning, with primiparous females investigating less than nulliparous 

females (p<0.05, Fig. 1.6A). However, this effect could not be confirmed in an additional set 

of primiparous and nulliparous females (Fig. 1.6B). It is therefore unlikely that maternal 

experience induces a consistent change in social interest.  

No differences in OT mRNA expression in either the PVN or SON were found 

between nulliparous and primiparous females (PVN: nulliparous = 154 ± 5.1, primiparous= 

151 ± 4.4; SON: nulliparous= 154 ± 2.6, primiparous 156 ±4.0). Except for higher OTR 

binding density in the MeA in primiparous females (F(1,26)= 5.6, p<0.05), no long-term effect 

of pregnancy and lactation was found for OTR binding densities in any of the other forebrain 

regions analyzed (data not shown).   
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Fig. 1.6 No consistent effect of maternal experience on social investigation scores. Note 
that the difference in social investigation between nulliparous and primiparous females at 3 
days post weaning (A) could not be confirmed in a second group of nulliparous and 
primiparous females (B). Bars indicate means + SEM; *=p<0.05, one-way ANOVA followed 
by Bonferroni post-hoc test. 
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Discussion  

Our results reveal that female rats show significantly lower OTR binding densities 

than male rats in the majority of forebrain regions analyzed.  Importantly, despite higher 

OTR binding densities in the NACC, BNSTp, MPOA, VMH, and MeA in proestrus/estrus 

versus non-estrus females, females still showed significantly lower OTR binding densities in 

the BNSTp, VMH, and MeA than males. We further confirmed that females show lower 

social interest than males and demonstrated that estrus phase and maternal experience failed 

to enhance the social interest of females towards juvenile rats.  Interestingly, OTR binding 

densities correlated with social interest scores in specific subregions of the amygdala in sex-

specific ways; social interest scores in males correlated positively with OTR binding 

densities in the MeA, while social interest scores in females correlated negatively with OTR 

binding densities in the CeA. 

Sex differences in OTR binding 

Female rats show significantly lower OTR binding densities than males in 9 out of 15 

forebrain regions analyzed including the NACCp, CPUd, LSi, BNSTp, MPOA, AIP, 

hippocampal CA1 region, MeA, and VMH. These sex differences are maintained even when 

females are in estrus, except for OTR binding densities in the NACC and MPOA. Lower 

OTR binding densities in females could be a compensatory response to higher OT peptide 

expression and/or release. Female mice indeed show higher numbers of OT-immunoreactive 

neurons in the PVN and higher hypothalamic OT content than male mice (Haussler et al., 

1990). However, we did not find a sex difference in OT mRNA expression in the PVN or 

SON. To the best of our knowledge, sex differences in rat hypothalamic OT mRNA or 

peptide expression have not been reported before. Despite the lack of a sex difference in OT 

mRNA expression, it is still possible that there are sex differences in OT peptide expression 

and/or OT release due to e.g., sex differences in posttranslational mechanisms or release 
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mechanisms, respectively. Therefore, the functional significance of OTR binding densities 

may depend on release characteristics in males and females during specific social behaviors. 

Future investigations are required to determine potential sex differences in OT peptide 

expression and OT release.  

It has been suggested that OT may have a greater influence in the expression of pro-

social behaviors in females than in males (reviewed in Cushing & Kramer, 2005), making it 

surprising that female rats have lower OTR binding densities than males in so many forebrain 

regions. However, there may be species-specific effects on OTR binding densities. For 

example, a lack of sex differences in OTR binding densities in the LS, BNST, MeA and CeA 

was reported in prairie voles (Bales et al., 2007) except that females showed higher OTR 

binding densities in the medial prefrontal cortex compared to males (Smeltzer et al., 2006). 

These and our current findings indicate the need for studies comparing OT parameters in 

males and females across diverse species to understand the role of the OT system in sex-

specific expression and/or regulation of social behaviors.   

Our finding of a sex difference in OTR binding density in the VMH agrees with other 

studies in rats showing a similar sex difference in OTR mRNA expression (Bale & Dorsa, 

1995) and OTR binding density (Uhl-Bronner et al., 2005). However, another study reported 

no sex difference in OTR binding density in the VMH (Tribollet et al., 1990). This could be 

due to the use of different ligands across studies: [3H]OT in the study by Tribollet et al. 

(1990) versus a highly specific [125I]-OTR antagonist in our study and in the study by Uhl-

Bronner et al. (2005). To our knowledge, we are the first to report sex differences in OTR 

binding densities in intact (i.e., non-gonadectomized) males and females in the NACCp, 

CPUd, LSi, BNSTp, MPOA, AIP, hippocampal CA1 region, and MeA. 

It is possible that the sex differences in OTR binding densities in some of these 

regions may be due to sex differences in the organizational and/or activational effects of 
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gonadal steroids.  Indeed, females treated neonatally with testosterone show higher levels of 

OTR binding densities in the VMH, BNSTp, and MeA (Uhl-Bronner et al., 2005), but it’s 

unclear if it is to the level of males in these regions. Gonadectomy of adult rats decreased 

OTR binding in areas such as the VMH, BNSTdl, and CPUd in both males and females 

(Tribollet et al., 1990), suggesting that testosterone’s metabolite estradiol is important for the 

expression of OTR in these brain regions. Interestingly, gonadectomy also decreased social 

investigation in males (Thor, 1980). Therefore, sex hormone differences in males and 

females may explain some of the sex differences in OTR densities, but not all. Indeed, we 

find sex differences in OTR binding densities in multiple areas of the forebrain that may not 

be sensitive to gonadal steroids, such as the NACCp and hippocampal CA1 region (Tribollet 

et al., 1990).  

Correlations of OTR binding and social interest  

The function of the observed sex differences in OTR binding densities in specific 

forebrain regions is unclear. It is possible that higher OTR binding density in males 

compared to females is involved in modulating male-typical behaviors.  For example, 

individual differences in OTR binding densities in forebrain regions correlated with 

individual differences in mating tactics in male prairie voles (Ophir et al., 2012). We 

confirmed that males show higher social interest compared to females (Johnson & File, 1991; 

Tejada & Rissman, 2012; Thor, 1980) and speculate that higher levels of OTR in males may 

modulate higher levels of social interest. In support, we showed for the first time that OTR 

binding densities in specific brain regions correlate with social interest in rats. These brain 

regions may be implicated in a neural circuitry regulating low (females) versus high (males) 

social interest.  

Our results show that male social interest positively correlates with OTR binding 

densities in the MeA. Likewise, social investigation time toward a stimulus male positively 
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correlated with OTR mRNA expression in the MeA in male mice (Murakami et al., 

2011).These findings suggest that OTR activation in the MeA may facilitate increased social 

approach behaviors, including social interest. Furthermore, social investigation scores in 

females correlate negatively with OTR densities in the CeA, and positively with OTR 

densities in the CPUm and hippocampal CA1 region. Because OT in the CeA reduces 

anxiety-related behaviors (Bale et al., 2001; Huber et al., 2005; Knobloch et al. 2012), 

perhaps higher OT action in the CeA may decrease the need to investigate novelty, and thus 

decrease social interest. Whether the correlation between OTR binding densities in these 

brain regions and high versus low social interest in male and female rats, respectively is 

causal remains to be determined.  

A reason for the specificity of these correlations of OTR binding densities and social 

interest to a particular sex is unclear.  It is likely that a similar core social behavior network 

(Goodson & Kabelik, 2009; Newman, 1999) is activated in both males and females in 

response to social stimuli, but specific nodes of the network may be differentially regulating 

high social interest in males (MeA), and low social interest in females (CeA/CPUm/CA1 

region).  

Estrus effects on social interest and OTR binding 

We did not find higher OT mRNA expression in the PVN or SON of females in 

proestrus/estrus, which contradicts Van Tol et al. (1988). However, females in 

proestrus/estrus showed increases in OTR binding densities in the NACC, BNSTp, MPOA, 

VMH, , and MeA, areas associated with the regulation of social and affiliative behaviors 

and/or motivation and reward (Daniels & Flanagan, 2000; Ferguson et al., 2001; Fibiger & 

Phillips, 1986; Koob, 1992; Numan & Stolzenberg, 2009; Ophir et al., 2012). The estrus-

induced increase in OTR binding density in the VMH and MeA is in line with other studies 

reporting higher OTR mRNA expression in these areas in estrogen-treated versus non 
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estrogen-treated ovariectomized females (Bale et al., 1995a; Quinones-Jenab et al., 1996). 

Bale et al. (1995a) also found an increase in OTR mRNA in the VMH in estrus females 

compared to non-estrus females. However, we are the first to report increased OTR binding 

densities in the MeA, NACC, BNSTp, and MPOA due to natural hormonal fluctuations using 

intact (i.e., non-ovariectomized) females. Contrary to our hypothesis, females in 

proestrus/estrus did not show increased social investigation. This suggests that estrus-induced 

increases in OTR binding densities do not play a role in mediating enhanced general interest 

of female rats toward social stimuli. Instead, the enhanced OTR binding densities in 

proestrus/estrus females may regulate more specific sexual behaviors, motivational 

behaviors, or other social approach behaviors not examined here.  Indeed, OT administration 

in the VMH or MPOA of estrogen-treated ovariectomized females enhanced lordosis 

behavior (Bale et al., 2001; Caldwell et al., 1990).The functional significance of increases in 

OTR binding densities in the NACC, BNSTp, and MeA of proestrus/estrus females is in need 

of further research.  

 Maternal experience effects on social interest and OTR binding 

Maternal experience did not enhance social interest indicating that an increased 

interest toward pups in primiparous females does not generalize to an increase in interest 

toward juveniles. Our results further indicate that increases in OT synthesis and OTR 

expression in specific brain regions observed in late pregnancy, around parturition and in 

early lactation (Bealer et al., 2006; Van Tol et al., 1988; Young et al., 1997) are not long-

lasting (i.e., post-lactation), except for OTR binding density in the MeA. This latter finding 

should be confirmed as others reported either a temporal increase in OTR mRNA in the MeA 

around parturition (Meddle et al., 2007) or no change in OTR binding in the MeA across the 

peripartum period (Caughey et. al., 2011).   
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Even so, long-term changes due to maternal experience have been observed, 

including a faster approach to unfamiliar pups post-lactation (Bridges, 1975; Bridges, 1977). 

This consolidation of maternal responsiveness suggests permanent, most likely epigenetic, 

modifications in neural circuits which involve OT and dopamine systems (Numan & 

Stolzenberg, 2009; Stolzenberg et al., 2012). Our results suggest that such increased maternal 

responsiveness is specific to pups rather than any social stimulus.  

 

Conclusion 

In conclusion, our results show that regardless of estrus phase or maternal experience, 

females have significantly lower OTR binding densities than males in several forebrain 

regions involved in social and affiliative behaviors. These sex differences in OTR binding 

densities may be implicated in a neural circuitry regulating low (females) versus high (males) 

social interest. The sex-specific correlations of OTR binding densities in distinct amygdala 

subregions with social interest suggest that sex differences in the OT system may modulate 

sex differences in social interest via different mechanisms and pathways. This knowledge 

could provide insights into social dysfunction (such as low social interest) and sex-biases 

commonly seen in disorders such as depression and autism.  
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III. Study 2: Involvement of the oxytocin system in the bed nucleus of the stria 

terminalis in the sex-specific regulation of social recognition * 

 

*Published Manuscript: Dumais, K.M., Alonso, A.G., Immormino, M.A., Bredewold, R., & 
Veenema, A.H. (2016). Involvement of the oxytocin system in the bed nucleus of the stria 

terminalis in the sex-specific regulation of social recognition. Psychoneuroendocrinology 64, 
79-88. 

 

 

Abstract: Sex differences in the oxytocin (OT) system in the brain may explain why OT 

often regulates social behaviors in sex-specific ways. However, a link between sex 

differences in the OT system and sex-specific regulation of social behavior has not been 

tested. Here, we determined whether sex differences in the OT receptor (OTR) or in OT 

release in the posterior bed nucleus of the stria terminalis (BNSTp) mediates sex-specific 

regulation of social recognition in rats. We recently showed that, compared to female rats, 

male rats have a three-fold higher OTR binding density in the BNSTp, a sexually dimorphic 

area implicated in the regulation of social behaviors.  We now demonstrate that OTR 

antagonist (5 ng/0.5 µl/side) administration into the BNSTp impairs social recognition in 

both sexes, while OT (100 pg/0.5 µl/side) administration into the BNSTp prolongs the 

duration of social recognition in males only. These effects seem specific to social 

recognition, as neither treatment altered total social investigation time in either sex. 

Moreover, baseline OT release in the BNSTp, as measured with in vivo microdialysis, did not 

differ between the sexes. However, males showed higher OT release in the BNSTp during 

social recognition compared to females. These findings suggest a sex-specific role of the OT 

system in the BNSTp in the regulation of social recognition.  
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Introduction 

The neuropeptide oxytocin (OT) is synthesized mainly in the paraventricular nucleus 

(PVN) and supraoptic nucleus (SON) of the hypothalamus (Buijs, 1978; Sofroniew, 1983), 

and regulates a wide variety of social behaviors in rodents and humans (Veenema and 

Neumann, 2008; Heinrichs et al., 2009; Ross and Young, 2009; Goodson and Thompson, 

2010; Guastella and MacLeod, 2012). Importantly, OT has been shown to regulate some of 

these behaviors in sex-specific ways (reviewed in Dumais and Veenema, 2015; Dumais and 

Veenema, 2016). This may be due to sex differences in the OT system in the brain. Although 

OT mRNA expression is similar in the PVN and SON of male and female rats (Dumais et al., 

2013), the OT receptor (OTR) is highly sexually dimorphic, with male rats showing higher 

OTR binding densities in many forebrain regions compared to female rats (Uhl-Bronner et 

al., 2005; Dumais et al., 2013).  

The most robust sex difference in OTR binding density in the rat brain is found in the 

posterior bed nucleus of the stria terminalis (BNSTp), in which males have a three-fold 

higher OTR binding density compared to females (Dumais et al., 2013). The BNSTp has 

extensive connections with areas involved in social information processing (most notably the 

accessory olfactory bulb and medial amygdala; Scalia and Winans, 1975; Weller and Smith, 

1982; Gu et al., 2003; Dong and Swanson, 2004) and is part of the social decision-making 

network (O’Connell and Hofmann, 2011). Indeed, the BNSTp plays an essential role in 

transmitting chemosensory social information and modulating olfactory-guided social 

behaviors (Petrulis, 2013). For example, neuronal activation is increased in the BNSTp in 

male Mandarin voles (He et al., 2014) and in female rats (Hosokawa and Chiba, 2007) in 

response to opposite-sex odors, and lesioning the BNSTp impairs opposite-sex odor 

preference in male hamsters (Been and Petrulis, 2010). In addition, blocking OTR in the 

BNSTp reduced male odor-induced vaginal marking in female hamsters (Martinez et al., 

http://www.ncbi.nlm.nih.gov/pubmed?term=Heinrichs%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19505497
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2010), suggesting a role for the OTR in the BNSTp in social odor processing and/or 

olfactory-guided social behaviors. To the best of our knowledge, there are no comparative 

studies on the role of OTR in the BNSTp in males and females.  

We hypothesized that the sex difference in OTR binding density in the BNSTp is 

implicated in the sex-specific regulation of social behavior. To test this, we determined the 

effects of acute pharmacological manipulations of the OT system in the BNSTp on social 

investigation (reflecting the motivation to approach a conspecific for the assessment of social 

cues) and social recognition (the ability to discriminate between familiar and unfamiliar 

conspecifics) in adult male and female rats. Social investigation and social recognition were 

chosen because these behaviors are modulated by the OT system (Gabor et al., 2012; Lukas 

et al., 2013; Dumais et al., 2013), require the processing of chemosensory social information, 

and can be tested with neutral social stimuli (i.e., juvenile rats), allowing focus on social odor 

processing without interference of sexual or aggressive behaviors.  

We further hypothesized that the sex difference in OTR binding density in the 

BNSTp corresponds with a sex difference in local OT release. Higher OTR binding density, 

as seen in males (Dumais et al., 2013), could be associated with higher OT release or could 

be a compensatory mechanism for lower OT release. To determine the relationship between 

sex differences in OTR binding density and OT release in the BNSTp, we used in vivo 

microdialysis to measure extracellular OT release in the BNSTp of male and female rats 

under baseline conditions and during exposure to the social recognition test. 

 

Methods 

Animals. Wistar rats were obtained from Charles River at 8-9 weeks of age 

(Wilmington, MA) and maintained on a 12 h light/dark cycle, lights on at 0700 h, and food 

and water were available ad libitum. Subjects were adult male and female rats housed in 
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same-sex pairs in standard rat cages (26.7 x 48.3 x 20.3 cm) unless otherwise mentioned, and 

were given at least one week to acclimate to our facilities. Stimulus male and female rats 

were 22 days at arrival, were housed four per cage, and were used at 25-30 days of age. All 

experiments were conducted in accordance with the guidelines of the NIH and approved by 

the Boston College Institutional Animal Care and Use Committee (IACUC).  

Stereotaxic surgery 

Cannulation. After daily handling for one week to familiarize them with the 

injection procedure, experimental rats were anesthetized using isoflurane and mounted on a 

stereotaxic frame. A heating pad was used to regulate body temperature of rats while 

anesthetized. Guide cannulae (22 gauge; Plastics One, Roanoke, VA) were implanted 

bilaterally 2 mm dorsal to the BNSTp (0.8 caudal to bregma, 1.5 and -1.5 lateral to midline, 

and 4.8 ventral to the skull surface; according to Paxinos and Watson, 1998). Guide cannulae 

were fixed to the skull with four stainless steel screws and acrylic glue and closed with 

dummy cannulae (26 gauge; Plastics One, Roanoke, VA). After surgery, rats were 

individually housed in standard rat cages (26.7 x 48.3 x 20.3 cm). Behavioral testing was 

performed 3 and 5 days after surgery.   

Microdialysis probe placement. A separate set of rats was used for in vivo 

measurement of extracellular OT release. Handling and surgical procedures were similar to 

the procedures described above except for the placement of microdialysis probes instead of 

cannulae. Microdialysis probes (BrainLink, the Netherlands) were implanted unilaterally into 

the BNSTp (0.8 caudal to bregma, -1.5 lateral to midline, and 7.0 ventral to the skull surface). 

Two inch pieces of polyethylene tubing were fixed to the ends of the microdialysis probes in 

order for attachment to the microinfusion pumps and eppendorf tubes for sample collection. 

After surgery, rats were individually housed in standard rat cages (26.7 x 48.3 x 20.3 cm). 

Microdialysis and behavioral testing were performed 2 days after surgery. 
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Behavioral Testing 

Social Investigation Test. To test for social investigation, the time rats spent 

investigating an unfamiliar same-sex juvenile rat was measured according to Dumais et al. 

(2013). A juvenile rat was used in order to assess general social approach of the experimental 

rat toward a social stimulus that does not elicit aggressive or sexual behaviors. Indeed, no 

aggressive or mounting behaviors were observed during the social investigation test. A 

juvenile rat was placed into the experimental rat’s home cage for 4 min, and time spent 

investigating the juvenile was measured. Testing was performed during the light phase 

between 1200 h and 1700 h. Behaviors were video recorded and analyzed using JWatcher 

(http://www.jwatcher.ucla.edu) by an experimenter blind to treatment groups. Behavior was 

considered social investigation when the experimental rat was actively sniffing the juvenile, 

including sniffing the anogenital and head/neck regions.  

Social Recognition Test. Social recognition was measured using the social 

discrimination paradigm, according to Veenema et al. (2012) and adapted from Engelmann et 

al. (1995). This paradigm consists of two trials. In the first trial (T1), the experimental rat is 

exposed in its home cage to an unfamiliar same-sex juvenile for 4 min (T1 is the same as the 

social investigation test described above).  After a preset interval, the experimental rat 

undergoes a second trial (T2) in which the rat is exposed in its home cage to the same 

(familiar) juvenile along with an unfamiliar same-sex juvenile for 4 min. To allow the 

experimenter to distinguish between the two juveniles, juveniles were marked on their backs 

with either red or black permanent marker 1 h prior to testing. The color of the marker was 

counterbalanced between novel and familiar juveniles. Using this social discrimination 

paradigm, previous studies found that adult rats show social recognition after a 1 h interval, 

but not after a 3 h interval (Veenema et al., 2012; Bernal-Mondragon et al., 2013; Lee et al., 

2014). We hypothesized that OTR blockade may impair social recognition, while OT 
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administration may prolong social recognition. Therefore, we used a 1 h interval for the OTR 

antagonist experiment, and a 3 h interval for the OT experiment. Testing was performed 

during the light phase between 1200 h and 1700 h. Behaviors were video recorded, and time 

spent investigating the juvenile rats was measured using JWatcher by an experimenter blind 

to treatment groups. As expected, no aggressive or mounting behaviors of the experimental 

rats towards the juvenile rats were observed during the test. The percentage of time 

investigating the novel juvenile (time investigating novel juvenile/time investigating familiar 

+ novel juvenile x 100) during T2 was calculated as the measure of social recognition. The 

time spent investigating one juvenile in T1 and two juveniles in T2 was calculated as the 

measure of total social investigation time (in seconds) in T1 and T2, respectively.  

Experimental Procedures  

Experiment 1: Effect of OTR manipulations in the BNST on social investigation 

and social recognition 

The effects of the OTR antagonist desGly-NH2,d(CH2)5-[Tyr(Me)2,Thr4]OVT (5 

ng/0.5 µl/side) and synthetic OT (Sigma; 100 pg/0.5 µl/side) were each compared to their 

own vehicle (Ringer’s solution, 0.5 µl/side) control group.  Drug doses were based on prior 

microinjection studies in rats in which these doses were effective in altering diverse social 

behaviors (Guzman et al., 2013; Guzman et al., 2014; Bredewold et al., 2014; László et al., 

2015). Injection systems were composed of polyethylene tubing connected to an injector 

cannula which extended 2mm beyond the guide cannula. Injections were made using a 10 µl 

Hamilton syringe (Hamilton, Reno, NV) and was kept in place for 30 s following injection to 

allow for tissue uptake. Following the last behavioral test, rats were killed with C02, a small 

amount of charcoal was injected into the guide cannulae, and proper cannulae placement was 

verified histologically on Nissl-stained coronal brain sections (see Fig. 2.1). Rats that did not 

have proper cannulae placement were removed from analysis (OTR antagonist experiment: 
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males=4, females=8; OT experiment: males=4, females=6). For the OTR blockade 

experiment, 2 males in the vehicle group were excluded after the social investigation test due 

to dental cement becoming loose. For the OT experiment, 2 males and 3 females in the 

vehicle group and 1 female in the OT injection group were excluded after the social 

investigation test due to clogging of the guide cannulae. The final number of rats per group is 

indicated below. 

 

 

 

Fig. 2.1 Representative cannula and microdialysis probe placement from an adult male 
rat. Schematic drawing of the BNSTp (bregma -0.80 mm; adapted from Paxinos and Watson, 
1998) and representative enlargements of photomicrographs of Nissl-stained coronal sections 
of the rat brain indicating with arrows the bilateral microinjection locations in the BNSTp 
using charcoal as marker (left) and indicating with a bracket the location and extend of the 
semipermeable membrane of a microdialysis probe placement unilaterally in the BNSTp 
(right). Correct placements were considered at bregma -0.80 mm ± 0.2 mm using the brain 
atlas by Paxinos and Watson (1998). 
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Experiment 1a: Social investigation  

To determine the effects of OTR blockade in the BNSTp on social investigation, 

subjects were injected with either Ringer’s solution (males=15, females=16) or the OTR 

antagonist (males =10, females=13). To determine the effects of OT administration into the 

BNSTp on social investigation, subjects were injected with either Ringer’s solution 

(males=9, females=8) or OT (males=7, females=9. Rats were injected 20 min before the start 

of the social investigation test.  

Experiment 1b: Social recognition 

Rats were exposed to the social discrimination test two days after the social 

investigation test, and received the same treatment. The time window of two days was chosen 

to allow the drugs to leave the system (OTR antagonists and OT have a half-life of approx. 

20 min; Mens et al., 1983; Goodwin et al., 1995; Ludwig and Leng, 2006) and to prevent any 

residual effects of drug injections during the social investigation test on social recognition. 

To determine the effects of OTR blockade in the BNSTp on social recognition (1 h interval), 

subjects were injected with either Ringer’s solution (males=13, females=16) or OTR 

antagonist (males=10, females=13) in each side. To determine the effects of exogenous OT in 

the BNSTp on social recognition (3 h interval), subjects were injected with either Ringer’s 

solution (males=7, females=5) or OT (males=7, females=8) in each side. Rats were injected 

immediately after exposure to the first stimulus juvenile.  

Experiment 2: OT release in the BNST during social recognition 

OT release in the BNSTp was measured in a separate group of male and female rats 

exposed to the social discrimination test (1 h interval). Two to three days before 

microdialysis probe implantation, rats were exposed to the social discrimination paradigm to 

habituate them to the behavioral test. One day after probe implantation, rats were habituated 

to the sampling procedure for 1 h. Two days after probe implantation, microdialysis probes 
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were connected via polyethylene tubing to Hamilton syringes mounted on a microinfusion 

pump. Rats were perfused with Ringer’s solution (with 0.25% BSA; 3µl/min) for 2 h to 

establish an equilibrium between the inside and outside of the microdialysis membrane. Five 

consecutive 30-min dialysates were then collected in 0.5 ml eppendorf tubes containing 0.1M 

HCl to inhibit protein degradation. Dialysate 1 was collected before the first juvenile 

exposure (baseline), dialysate 2 started with the 4-min exposure to the first stimulus juvenile 

(T1), dialysate 3 started 30 min after T1, dialysate 4 started with the 4-min exposure to the 

same and novel stimulus juveniles (T2), and dialysate 5 started 30 min after T2.  Dialysates 

were immediately frozen on dry ice, and stored at -45°C until quantification. OT content was 

measured using radioimmunoassay (RIAgnostics, Munich, Germany). Following the last 

behavioral test, rats were killed with C02, and proper probe placement was verified 

histologically on Nissl-stained coronal brain sections (see Fig. 2.1). Rats that did not have 

proper probe placement were removed from analysis (males=6, females=4). Six rats 

(males=1, females=5) were also excluded due technical issues with dialysate sampling. This 

resulted in a final number of 19 males and 16 females. 

Estrus phase measurement. To control for effects of estrus cycle, estrus phase was 

determined via vaginal smears (according to Dumais et al., 2013) taken from each female 

immediately following each behavioral test. Using a pipette and a small amount of distilled 

water, vaginal secretions were taken and assessed for estrus cycle phase via cell 

characteristics according to Goldman et al. (2007). Females were categorized as being in 

proestrus/estrus (cells characteristic of proestrus and estrus phases in which females show 

higher levels of estradiol and progesterone), or non-estrus (cells characteristic of diestrus and 

metestrus in which females show lower levels of estradiol and progesterone).  Number of 

females in estrus or nonestrus for each experiment were as follows: social investigation (OTR 

blockade experiment, vehicle: non-estrus=9, estrus=7, OTR antagonist: non-estrus=8, 
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estrus=5; OT injection experiment, vehicle: non-estrus=4, estrus=4, OT injection: non-

estrus=7, estrus=2) and social recognition (OTR blockade experiment, vehicle: non-

estrus=13, estrus=3, OTR antagonist: non-estrus=9, estrus=4; OT injection experiment, 

vehicle: non-estrus=4, estrus=1, OT injection: non-estrus=5, estrus=3).  

Statistical Analysis. For experiment 1, social investigation was analyzed using two-

way ANOVA (treatment x sex) with social investigation time (in seconds) as the dependent 

factor. Social recognition was analyzed using two-tailed one-sample T-tests, with the percent 

novel investigation for each group tested against 50% (chance level) and Bonferroni 

correction for multiple comparisons (corrected alpha, p=0.0125). To determine differences 

between groups, social recognition was analyzed using two-way ANOVA (treatment x sex) 

with percent novel investigation as the dependent factor. Because of main effects of treatment 

and sex, two-tailed independent sample T-tests were run separately in males and females to 

test for treatment effects by sex (OTR antagonist and OT) and separately by treatment to test 

for sex effects by treatment (OT). The effects of estrus phase on social investigation time and 

on social recognition were analyzed using one-way ANOVAs (treatment) with estrus phase 

as covariate.  

For experiment 2, rats were assigned into two groups based on their ability to show 

social recognition. Rats were considered to show social recognition if the percent novel 

investigation was higher than the average percent novel investigation for each sex (males: 

>57% n=9; females: >62% n=9), and rats were considered to not show social recognition if 

the percent novel investigation was below the average percent novel investigation for each 

sex (males: <57% n=10, females: <62% n=7). Four males and 4 females were excluded from 

the study because they showed higher than 57% investigation of the familiar juvenile.  

Effects of sex and social recognition ability on percent novel investigation and total 

investigation time were measured using two-way ANOVAs. To confirm a significant 
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difference in social recognition ability in each sex, two-tailed independent sample T-tests 

were run separately in males and females to test for effects of social recognition ability. 

Effects of sex and social recognition ability on baseline OT concentration (pg/dialysate) were 

analyzed using the non-parametric Kruskal-Wallis test. OT release was then converted into 

percent change from baseline OT release for each rat. Effects of sex and social recognition 

ability on the percentage of OT release was analyzed using a three-way ANOVA for repeated 

measures (dialysate x sex x social recognition). When main effects were found, differences 

between groups were analyzed with an LSD post hoc test. Effect of estrus phase on OT 

release was tested using a two-way ANOVA for repeated measures (dialysate x social 

recognition) with estrus phase as covariate. Data are presented as mean + SEM, and 

significance was set at p<0.05. 

 

Results 

Experiment 1: Effect of OTR manipulations in the BNSTp on social 

investigation and social recognition 

Experiment 1a: Social investigation  

OTR blockade did not alter social investigation time in either sex (treatment effect: 

F(1,50)=0.91, p=0.35; sex x treatment effect: F(1,50)=1.40, p=0.24). Likewise, OT 

administration did not alter social investigation time in either sex (treatment: F(1,29)=0.67, 

p=0.42; sex x treatment: F(1,29)=0.03, p=0.85). However, a sex effect was found in both 

experiments (OTR antagonist: F(1,50)=85.6, p<0.0001; OT: F(1,29)=30.8, p<0.001), in which 

males spent more time investigating the social stimulus (Fig. 2.2A, B). There was no effect of 

estrus phase on social investigation for either the OTR antagonist experiment (F(1,26)=1.08, 

p=0.31) or the OT experiment (F(1,14)=0.05, p=0.83).  
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Fig. 2.2 Effect of OTR manipulations in the BNSTp on social investigation. There are no 
effects of OTR antagonist (A) or OT (B) injections into the BNSTp on social investigation in 
male and female adult rats. However, there is a main effect of sex in both (A) and (B), in 
which females show lower social investigation compared to males. Social investigation, 
depicted in (C), represents the total time spent investigating a novel, same-sex juvenile rat 
placed in the home cage of the experimental rat for a 4-min period. Bars indicate mean + 
SEM; * p<0.001, two-way ANOVA). 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

Males Females

So
ci

al
 in

ve
st

ig
at

io
n 

(s
) 

Vehicle OTR antagonist

0

20

40

60

80

100

Males Females

So
ci

al
 in

ve
st

ig
at

io
n 

(s
) 

Vehicle OT

* * 

A B C 



42 
 

Experiment 1b: Social recognition 

Two days after the social investigation test, and using the same drug treatment, rats 

were exposed to the social recognition test. OTR blockade impaired social recognition in 

both sexes. In contrast to vehicle-treated rats (males: t(12)=3.01, p<0.0125; Bonferroni 

corrected p value); females: t(15)=2.91, p<0.0125), OTR antagonist-treated rats did not 

investigate the novel rat more than chance level (males: t(9)= -1.52, p=0.16; females: t(12)= -

0.75, p= 0.47, Fig. 2.3A), revealing a lack of social discrimination after OTR blockade. As a 

result, the percent novel investigation was significantly lower in OTR antagonist-treated rats 

compared to vehicle-treated rats (F(1,48)=15.5, p<0.0001). Independent samples T-tests 

showed that OTR blockade decreased the percent novel investigation in both males 

(t(21)=3.20, p<0.01) and females (t(27)=2.41, p<0.05; Fig. 2.3A). No main effects of sex 

(F(1,48)=0.01, p=0.93) or treatment x sex (F(1,48)=0.40, p=0.53) were found for social 

recognition, nor did estrus phase have an effect on social recognition (F(1,26)=0.96, p=0.34).  

There was no difference in social investigation time between vehicle- and OTR 

antagonist-treated rats during T1 (vehicle-treated males: 71.3 ± 5.0 sec, vehicle-treated 

females: 24.1 ± 2.7 sec, OTR antagonist-treated males: 69.8 ± 7.0 sec, OTR antagonist-

treated females: 28.1 ± 3.3 sec; treatment: F(1,48)=0.08, p=0.78; sex x treatment: F(1,48)=0.40, 

p=0.53; two-way ANOVA) and T2 (vehicle-treated males: 72.7 ± 6.8 sec, vehicle-treated 

females: 22.2 ± 3.7 sec, OTR antagonist-treated males: 68.3 ± 7.7 sec, OTR antagonist-

treated females: 24.7 ± 2.0 sec; treatment: F(1,48)=0.01, p=0.96; sex x treatment: F(1,48)=0.24, 

p=0.62; two-way ANOVA). However, confirming the sex difference in experiment 1a, males 

spent more time investigating the juveniles during both T1 (F(1,48)=102, p<0.00001) and T2 

(F(1,48)=69.3, p<0.00001). Estrus phase did not have an effect on social investigation time 

(T1: F(1,26)=0.96, p=0.34; T2: F (1,26)=0.01, p=0.93).  
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OT treatment prolonged the duration of social recognition in males, but not in 

females. In detail, OT-treated males investigated the novel juvenile more than chance level 

(t(6)=4.14, p<0.0125) while vehicle-treated males (t(6)= -0.52, p=0.62), vehicle-treated 

females (t(4)=-1.53, p=0.20) and OT-treated females (t(7)= -0.71, p=0.50) did not (Fig. 2.3B). 

While there was no sex x treatment interaction (F(1,23)=2.60, p=0.12), there were main effects 

of treatment (F(1,23)=6.35, p<0.05) and sex (F(1,23)=7.10 , p<0.05).  To determine whether the 

effects of OT on social recognition were sex-specific, the data were tested separately by sex 

and treatment using independent samples T-tests. These tests indicated that OT-treated males 

spent more time investigating the novel juvenile compared to vehicle-treated males (t(12)=-

3.06, p<0.01) and compared to OT-treated females (t(13)=3.25, p<0.01; Fig. 2.3B). OT-treated 

females did not investigate the novel juvenile more than vehicle-treated females (t(11)=-0.61, 

p=0.55) nor was there a difference in percent novel investigation between vehicle treated 

male and female rats (t(10)=0.70, p=0.50). Finally, estrus phase did not have an effect on 

social recognition (F(1,10)=0.68, p=0.43). 

There was no difference in social investigation time between vehicle- and OT-treated 

rats during T1 (vehicle-treated males: 53.6 ± 2.5 sec, vehicle-treated females: 41.7 ± 8.7 sec, 

OT -treated males: 64.3 ± 7.6 sec, OT -treated females: 33.1 ± 7.4 sec; treatment: F(1,23)=4.03, 

p=0.06; sex x treatment: F(1,23)=0.55, p=0.47; two-way ANOVA) and T2 (vehicle-treated 

males: 48.4 ± 5.2 sec, vehicle-treated females: 36.5 ± 6.0 sec, OT-treated males: 71.1 ± 7.0 

sec, OT-treated females: 38.4 ± 7.4 sec; treatment: F(1,23)=0.02, p=0.88; sex x treatment: 

F(1,23)=2.00, p=0.17; two-way ANOVA). However, confirming the sex difference in 

experiment 1a and in the OTR experiment, males showed longer social investigation times 

during both T1 (F(1,23)=10.1, p<0.01) and T2 (F(1,23)=4.76, p<0.05). Estrus phase did not have 

an effect on social investigation time (T1: F(1,10)=0.99, p=0.35; T2: F(1,10)=0.31, p=0.59).  
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Fig. 2.3 Effect of OTR manipulations in the BNSTp on social recognition. (A) OTR 
antagonist injected into the BNSTp impaired social recognition in both male and female adult 
rats. (B) OT injected into the BNSTp improved social recognition in males, but not in 
females. Social recognition is expressed as the percentage of time spent investigating a novel 
same-sex juvenile rat (time investigating novel rat/total time investigating novel + familiar rat 
x 100). Social recognition was tested after an interval of 1 h (A) or 3 h (B). The picture in (C) 
shows an experimental rat exposed to a novel and a familiar juvenile rat and investigating 
one of the juvenile rats. Bars indicate mean + SEM; #: significantly different from chance 
level (p<0.05, one sample t-test); *p<0.05, **p<0.01, two-way ANOVA followed by T-test. 
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Experiment 2: OT release in the BNST during social recognition 

Rats were grouped based on their social recognition ability (see statistics section for 

selection criteria), and behavioral data for each group is shown in Fig. 2.4A-C. As expected, 

the percent novel investigation was significantly different from chance level for rats that 

showed social recognition (males: t(8)=5.19, p<0.0125; females: t(8)=8.26, p<0.0125; 

Bonferroni corrected p value), but not for rats that did not show social recognition (males: 

t(9)=1.81, p=0.11; females: t(6)=0.35, p=0.74; Fig 2.4A). This was also reflected by a main 

effect of social recognition ability (F(1,31)=76.1, p<0.0001, two-way ANOVA) and a lack of 

main effects for sex (F(1,31)=3.63, p=0.07) and sex x social recognition ability (F(1,31)=3.52, 

p=0.07). Independent samples T-tests were then run separately by sex, which confirmed that 

the percent novel investigation was higher in males (t(17)=5.33, p<0.0001) and females 

(t(14)=6.813, p<0.00001) that showed social recognition compared to those that did not (Fig. 

2.4A).    

In agreement with the sex difference in experiments 1a and 1b and irrespective of 

social recognition ability (T1, social recognition ability: F(1,31)=0.09, p=0.76; social 

recognition ability x sex: F(1,31)=0.09, p=0.77. T2, social recognition ability: F(1,31)=0.61, 

p=0.44; social recognition ability x sex: F(1,31)=0.13, p=0.72), males showed higher social 

investigation compared to females during both T1 (F(1,31)=14.8, p<0.001, two-way ANOVA; 

Fig. 2.4B) and T2 (F(1,31 )=6.67, p<0.05, two-way ANOVA; Fig. 2.4C). 

There was no difference in baseline OT concentration in the BNSTp between males 

and females that did and did not show social recognition (x2
(3)=3.87, p=0.28; Fig. 2.4D). 

Effect of social recognition ability was also not significant when analyzing baseline OT 

concentration independently by sex (males: x2
(1)=0.43, p=0.51; females: x2

(1)=3.05, p=0.08).  

While there were no main effects of dialysate (F(4,120)=1.19, p=0.32), sex 

(F(1,30)=0.13, p=0.72), or social recognition (F(1,30)=0.93, p=0.34) on the percentage of OT 
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release, a significant dialysate x sex x social recognition interaction effect was found 

(F(4,120)=2.81, p<0.05). Post hoc testing revealed a sex difference in OT release in rats that 

showed social recognition. Here, males show a significant increase in the percentage of OT 

release during T1 (p<0.05 vs dialysate 1 and 3) and a trend toward an increase in the 

percentage of OT release during T2 (p=0.072 vs dialysate 1), while females do not show a 

change in the percentage of OT release during T1 (p=0.42 vs dialysate 1; p=0.64 vs dialysate 

3) or T2 (p=0.29 vs dialysate 1; Fig. 2.4E). This sex difference is further reflected by males 

showing higher OT release compared to females during both T1 (p<0.05) and T2 (p<0.05; 

Fig. 2.4E). In addition, the percentage of OT release was higher in dialysate 5 compared to 

dialysate 1 (p<0.05) in males that showed social recognition (Fig. 2.4E). 

In rats that did not show social recognition, females showed an increase in the 

percentage of OT release during T1 (trend: p=0.089 vs. dialysate 1), T2 (p<0.05 vs. dialysate 

1), and dialysate 3 (p<0.05 vs. dialysate 1), while males did not (T1 vs dialysate 1: p=0.38; 

T2 vs dialysate 1: p=0.67; Fig. 2.4F). This sex difference was further reflected by higher OT 

release in females compared to males during T2 (p<0.05; Fig. 2.4F).  

There was no difference in the percentage of OT release in males that showed social 

recognition compared to males that did not show social recognition (Fig. 2.4G). However, 

females that showed social recognition had lower OT release during T2 compared to females 

that did not show social recognition (p<0.05; Fig. 2.4H). No effects of estrus phase were 

found for the percentage OT release (estrus phase: F(1,13)=0.28, p=0.61; dialysate x estrus 

phase: F(4,52)=1.2, p=0.34).  
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Fig. 2.4 Sex-specific OT release in the BNSTp as a function of social recognition ability. 
(A) Males and females that showed social recognition have a significantly higher percent 
novel investigation compared to males and females that did not show social recognition (see 
statistics section for selection criteria). Independent of social recognition ability, males show 
significantly higher total social investigation time during T1 (B) and during T2 (C) compared 
to females. (D) There is no effect of sex or social recognition ability on baseline OT 
concentrations in the BNSTp. (E) The percentage of OT release in the BNSTp of rats that 
showed social recognition is significantly higher during T1 versus dialysate 1 and 3 and 
during dialysate 5 versus dialysate 1 in males only.The percentage of OT release in the 
BNSTp of rats that showed social recognition is also significantly higher in males than in 
females during T1 and T2. (F) In females that did not show social recognition, the percentage 
of OT release is higher during T2 and during dialysate 3 versus dialysate 1. The percentage 
of OT release in the BNSTp of rats that did not show social recognition is higher in females 
than in males during T2. (G) The percentage of OT release in the BNSTp is not different 
between males that showed social recognition and males that did not show social recognition. 
(H) The percentage of OT release is higher in females that did not show social recognition 
compared to females that showed social recognition during T2. OT release is expressed as 
percent change from baseline OT concentrations.  Data are expressed as mean + SEM. A-D: 
**p<0.001, *<0.05, two-way ANOVA, ***p<0.0001, two-way ANOVA, followed by T-test, 
#: significantly different from chance level (p<0.05, one sample t-test). E-H: * p<0.05 versus 
dialysate 1, # p<0.05 versus dialysate 3, $ p<0.05 versus other sex, @ p<0.05 versus females 
that show social recognition, three-way ANOVA for repeated measures followed by LSD 
post hoc test; T1, 4-min exposure to first juvenile; T2, 4-min exposure to previously-exposed 
juvenile along with a novel juvenile. 
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Discussion 

We demonstrated that endogenous activation of the OTR in the BNSTp is necessary 

for social recognition in both males and females and that exogenous OT facilitates social 

recognition in males only. Specifically, OTR antagonist (5 ng/0.5 µl/side) injected into the 

BNSTp impaired social recognition in both sexes, while OT (100 pg/0.5 µl/side) injected into 

the BNSTp prolonged the duration of social recognition in males, but not females, to 3 h. We 

speculate that the higher OTR binding density in the BNSTp of males compared to females 

(Dumais et al., 2013) may explain the sex-specific facilitating effects of exogenous OT on 

social recognition. The higher percentage of OT release in the BNSTp of males versus 

females during successful social recognition further indicates the sex-specific involvement of 

OT in the BNSTp in social recognition. Furthermore, our current microdialysis findings 

along with our previous receptor autoradiography findings (Dumais et al., 2013) demonstrate 

that the sex difference in OTR binding density in the BNSTp is not associated with a sex 

difference in extracellular OT concentration in the BNSTp. To the best of our knowledge, 

this is the first report exploring the concomitant dynamics between OTR binding density and 

OT release in a single brain region.  

OT and OTR are well known to play a role in the regulation of social recognition in 

rats and mice (reviewed in Gabor et al., 2012). For example, male OTR knockout mice 

(Takayanagi et al., 2005; Lee et al., 2008; Macbeth et al., 2009), male OT knockout mice 

(Ferguson et al., 2000; Macbeth et al., 2009) and female OT knockout mice (Choleris et al., 

2003; Choleris et al, 2006) show impaired social recognition. In rats, intracerebroventricular 

administration of an OTR antagonist impaired social recognition in both males (Lukas et al., 

2013) and females (Engelmann et al., 1998). Moreover, brain-region specific regulation of 

social recognition by the OTR has been found in which social recognition was impaired after 

OTR blockade in the medial amygdala in male mice and rats (Ferguson et al., 2001; Lukas et 
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al., 2013), in the lateral septum (Lukas et al., 2013) and ventral hippocampus (Van 

Wimersma-Greidanus and Maigret, 1996) in male rats, and in the olfactory bulbs in female 

rats (Larrazolo-Lopez et al., 2008). Our results confirm the involvement of the OT system in 

social recognition, and add the BNSTp as a region important in OTR-mediated regulation of 

social recognition in both male and female rats.  

A role for the OTR in the BNSTp in social recognition complements previous 

findings demonstrating a role for the OTR in the BNSTp in male odor-induced vaginal 

marking in female hamsters (Martinez et al., 2010).  Interestingly, our study used juvenile 

conspecifics as social stimuli, suggesting that the BNSTp may be involved in the processing 

of social odors outside the context of sociosexual behaviors. The processing of social cues 

could be mediated via direct projections from the accessory olfactory bulb to the BNSTp 

(Halpern, 1987; Guillamon and Segovia, 1997). On the other hand, the BNSTp has extensive 

connections with areas involved in learning, memory, and motivation (i.e., medial amygdala, 

hippocampus, hypothalamus, midbrain; Krettek and Price, 1978; Georges and Aston-Jones, 

2002; Gu et al., 2003; Dong and Swanson, 2004; Krüger et al., 2015). This may indicate the 

potential of the BNSTp to modulate the learning and/or motivational aspects associated with 

social recognition. Future research is needed to determine whether OTR activation in the 

BNSTp regulates social recognition by modulating the processing of social cues, or by 

modulating higher order memory and learning processes.  

Importantly, the effects of OT system manipulations in the BNSTp appear specific to 

social recognition, as the same dose of OTR antagonist or OT injected into the BNSTp did 

not alter social investigation time in either sex (as tested in the social investigation test and in 

T2 of the social recognition test). This was surprising given that both the OT system and the 

BNSTp are known to modulate social investigation. For example, chronic 

intracerebroventricular OT administration in adult male rats (Witt et al., 1992) and acute 
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intranasal OT administration in adult male mice (Huang et al., 2014) increased social 

investigation of adult females, while intracerebroventricular OTR antagonist injections in 

adult male rats and mice decreased the investigation time towards adult males (Lukas et al., 

2011). In addition, excitotoxic lesions of the BNSTp in male hamsters reduced the 

investigation time towards female hamsters (Been and Petrulis, 2010). However, stimuli in 

the above-mentioned studies were adults (i.e., highly salient social stimuli), while our study 

used juveniles (neutral and less salient social stimuli and thus avoiding aggression or sexual 

behaviors). We therefore cannot exclude that the OT system in the BNSTp is involved in the 

investigation of more salient social stimuli. Overall, our data indicate that the OT system in 

the BNSTp facilitates social recognition without affecting general social approach to 

investigate neutral social stimuli.   

We also provide evidence for the sex-specific involvement of the OT system in the 

BNSTp in social recognition. OT injected bilaterally into the BNSTp (100pg/0.5 µl/side) 

prolonged social recognition to 3 h in adult male rats, but failed to do so in adult female rats. 

This seems in line with previous studies demonstrating that intracerebroventricular 

administration of OT (1 ng) prolonged the duration of social recognition in adult male rats 

(Benelli et al., 1995), but not in adult female rats (Engelmann et al., 1998). It should be noted 

that it is unclear whether higher doses of OT would prolong social recognition in female rats. 

Dose dependent effects of OT administration on social recognition have been found in adult 

male rats, with sometimes higher doses impairing social recognition. However, these effects 

were seen after either subcutaneous or intracerebroventricular administration of OT (Popik et 

al., 1996; Popik et al., 1992a; Dantzer et al., 1987; Benelli et al., 1995; Popik and Vetulani, 

1991). In contrast, studies using locally administered OT at different doses have reported 

only facilitating effects (i.e., medial preoptic area, Popik and vanRee, 1991; lateral septum, 

Popik et al., 1992b). Therefore, the facilitating effect of OT in the BNSTp on social 
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recognition in male rats is in line with the effects of OT in other brain regions in males.  

Moreover, females have much lower OTR binding density in the BNSTp compared to males 

(Dumais et al., 2013), making it less likely that a higher dose of OT were to have an effect in 

females. Together, this indicates that male rats are more sensitive to the effects of the same 

dose of OT on social recognition and that the BNSTp is a critical component of this effect.  

A limitation of the current OTR manipulation study is that rats were not drug naïve 

during the social recognition test (i.e., the rats received the same drug treatment 2 days prior 

during the social interest test). However, the half-life of OTR antagonists and of OT is 

approximately 20 min (Mens et al., 1983; Goodwin et al., 1995; Ludwig and Leng, 2006). 

Therefore, a washout of 2 days would likely allow for the OTR antagonist and OT to leave 

the system, making it less likely that the effects of OT or OTR antagonist on social 

recognition are due to residual drug effects. 

Furthermore, recent studies have shown that OT can mediate its behavioral effects via 

the vasopressin V1a receptor (Schorscher-Petcu et al. 2010; Sala, et al. 2011; Ramos, et al. 

2013; Qiu, et al. 2014; Song et al., 2014). Indeed, there is cross-reactivity between OT and 

vasopressin and their receptors (Manning et al., 2012). However, V1a receptor binding 

density is virtually absent in the area of the BNSTp where OTR binding is very dense 

(Dumais and Veenema, 2015), making it less likely that the effects of OT on social 

recognition are mediated through the vasopressin V1a receptor.  

Importantly, our in vivo microdialysis data also reveal a sex-specific involvement of 

OT in the BNSTp in successful social recognition. In detail, males, but not females, showed 

an increase in the percentage of OT release in the BNSTp during T1 (p< 0.05; exposure to an 

unfamiliar juvenile) and T2 (p=0.072; exposure to the same T1 juvenile along with a novel 

juvenile) compared to baseline OT release. As a result, the percentage of OT release in the 

BNSTp was higher during both T1 and T2 in males than in females that showed social 
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recognition. We further found that males investigated juveniles longer than females did, 

suggesting that the sex difference in percentage OT release in the BNSTp could be associated 

with the sex difference in social investigation. However, as discussed above, OTR blockade 

in the BNSTp did not alter social investigation in either sex. We therefore propose that higher 

OT release in males versus females during T1 and T2 of the social recognition test does not 

play a role in the sex difference to investigate neutral social stimuli, but rather is part of a 

sex-specific mechanism underlying social recognition.  

Interestingly, females that did not show social recognition had higher OT release 

during T2 compared to baseline OT release. Further, females that did not show social 

recognition had higher OT release during T2 compared to females that showed social 

recognition and males that did not show social recognition. These findings, although highly 

surprising, may provide a rationale as to why exogenous OT (and thus, increasing OT levels) 

in the BNSTp failed to improve social recognition after a 3 h interval in females. Yet, OTR 

blockade impaired social recognition in females, suggesting that a baseline level of OT 

release in the BNSTp is still necessary for the appropriate expression of social recognition at 

the 1 h interval, possibly by maintaining baseline neuronal activity. Although it is yet unclear 

whether the increase in OT release in males and females predetermines their social 

recognition ability or is an effect of social stimuli exposure, findings from both OT injections 

and OT release suggest that higher OT signaling in the BNSTp facilitates social recognition 

in males, but not in females. 

A limitation of the current microdialysis study is the relatively long dialysate 

sampling period (30 min) as compared to the short stimulus exposure period (4 min). The 30-

min sampling period is required due to detection limits of the radioimmunoassay, but this 

could have obscured a possible significant rise in OT release during T2 in males that show 

social recognition and during T1 in females that did not show social recognition. 
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Although extracellular OT release has been measured in various brain regions of male 

(Engelmann et al., 1999; Ebner et al., 2000; Waldherr and Neumann, 2007) and female 

(Nyuyki et al., 2011; Neumann et al., 1993; Bosch et al., 2010; Bosch et al., 2004) rats, we 

are the first to compare OT release patterns between males and females in the same study. 

Our data show that extracellular OT concentrations in the BNSTp are similar between sexes. 

This is in line with the absence of a sex difference in OT mRNA expression in the rat PVN 

and SON (Dumais et al., 2013) of which the PVN is a likely source of OT release in the 

BNSTp (Knobloch et al., 2012). This also suggests that, at least for the BNSTp, a sex 

difference in static OTR binding density (Dumais et al., 2013) does not correspond with a sex 

difference in static OT release. Instead, the higher OT release in the BNSTp seen in males 

versus females during successful social recognition test may indicate that higher OTR 

binding density in males serves to accommodate stimulus-induced dynamic increases in local 

OT release. Similarly, the higher OTR binding density in males may allow exogenous OT 

injections to have a greater effect in males than in females by binding to unoccupied OTRs in 

the BNSTp of males, while endogenous OT may have already saturated all OTR binding sites 

in the BNSTp of females.   

Interestingly, the BNSTp is a highly sexually dimorphic structure in volume, cell 

number, neurochemical expression, and neurocircuitry. For example, the BNSTp is larger 

and contains more cells in males than in females in rats, mice, guinea pigs, and humans 

(Hines et al., 1985; Guillamon et al., 1988; Del Abril et al., 1987; Hines et al., 1992; Allen 

and Gorski, 1990; Chung et al., 2002; Forger et al., 2004). In rats, males show higher 

vasopressin (De Vries and Miller, 1998; Miller et al., 1989), estrogen receptor-alpha (Kelly et 

al., 2013), substance P (Malsbury and McKay, 1987), and cholecystokinin (Miceevych et al., 

1988) immunoreactivity in the BNSTp. Moreover, male rats have denser projections of the 

BNSTp to several hypothalamic areas than female rats (Gu et al., 2003). Along with higher 
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OTR binding (Dumais et al., 2013), all these parameters are higher or denser in males than in 

females. This suggests that the BNSTp in males is programmed to respond differently to 

incoming social olfactory information from afferent brain regions such as the accessory 

olfactory bulb and medial amygdala (Halpern, 1987; Guillamon and Segovia, 1997) and/or 

may convey such information differently onto downstream projection areas that mediate 

behavioral responses. This may allow for the BNSTp to promote male and female-specific 

expression of social behaviors, including male copulatory behavior (Emery and Sach, 1976; 

Claro et al., 1995), male aggressive behavior (Patil and Brid, 2010; Calcagnoli et al., 2014; 

Masugi-Tokita et al., 2015), and maternal behavior (Numan and Numan, 1996). Our findings 

are the first to suggest that the processing of social cues by the BNSTp-OT system is 

different in males and females and may contribute to sex-specific modulation of social 

recognition. 

 

Conclusion 

In summary, our results show that the OT system in the BNSTp is implicated in sex-

specific regulation of social recognition in adult rats. We discussed that this could be due to 

higher OTR binding density in the BNSTp of male versus female rats as was previously 

reported (Dumais et al., 2013) in combination with higher endogenous OT release in the 

BNSTp of male versus female rats during successful social recognition.   
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IV. Study 3: Involvement of the oxytocin system in amygdala subregions in the sex-

specific regulation of social interest* 

 

* Manuscript under review: Dumais, K.M., Alonso, A.G., Bredewold, R., & Veenema, 
A.H. Involvement of the oxytocin system in amygdala subregions in the sex-specific regulation of 

social interest. Neuroscience. 
 

 

Abstract: We previously found that oxytocin (OT) receptor (OTR) binding density in the 

medial amygdala (MeA) correlated positively with social interest (i.e., the motivation to 

investigate a conspecific) in male rats, while OTR binding density in the central amygdala 

(CeA) correlated negatively with social interest in female rats. Here, we determined the 

causal involvement of OTR in the MeA and CeA in the sex-specific regulation of social 

interest in adult rats by injecting an OTR antagonist (5 ng/0.5 µl/side) or OT (100 pg/0.5 

µl/side) before the social interest test (4-min same-sex juvenile exposure). OTR blockade in 

the CeA decreased social interest in males but not females, while all other treatments had no 

behavioral effect. Next, we examined potential sex differences in endogenous OT release in 

the CeA. In vivo microdialysis revealed similar extracellular OT release at baseline and 

during social interest in males and females. Interestingly, CeA-OT release correlated 

positively with social investigation time in females.  Subsequent division of rats into those 

showing high or low social interest revealed that CeA-OT release decreased during social 

interest in females that expressed low compared to high social interest.  Overall, we show 

that the previously observed sex-specific correlations of OTR binding density in the MeA 

and CeA with social interest do not predict a sex-specific role of OTR in these regions. 

Instead, despite a lack of sex difference in CeA-OT release, the OTR in the CeA plays a 

causal role in the regulation of social interest in males, but not females.   
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Introduction 

Social interest reflects the motivation to investigate a conspecific for the assessment 

of social cues which will, in turn, facilitate context-appropriate social behavior responses. 

Social interest can therefore be seen as an initial step in mediating the subsequent expression 

of a wide range of social behaviors, such as aggression, mating, and parental care. 

Interestingly, there are sex differences in the expression of social interest in both rats and 

mice. In both species, adult males, compared to adult females, show higher levels of social 

investigation toward juvenile conspecifics (Thor, 1980; Johnson and File, 1991; Bluthe and 

Dantzer, 1990; Dumais et al., 2013, 2016). However, the neural mechanisms underlying this 

sex difference in social interest have not been assessed.  

A key candidate for the sex-specific regulation of social interest is the oxytocin (OT) 

system. OT is primarily synthesized in the paraventricular nucleus and supraoptic nucleus of 

the hypothalamus. Upon central release, OT modulates the activation of many brain regions 

via binding to the widely distributed OT receptor (OTR; Gimpl and Fahrenholz, 2001). 

Importantly, the OT system regulates various social behaviors in humans and rodents (Ross 

and Young, 2009; Veenema and Neumann, 2008; Guastella and MacLeod, 2012), often in 

sex-specific ways (for review see Dumais and Veenema, 2015, 2016). The amygdala is of 

particular interest because it has been shown to be a core region of sex-specific activation by 

OT. For example, human fMRI studies have shown that exogenous OT modulates amygdala 

activation in response to social stimuli differently in men compared to women (Domes et al., 

2007; Domes et al., 2010; Rilling et al., 2012; Rilling et al., 2013). Furthermore, correlational 

studies in rodents suggesting that the OT system in subregions of the amygdala, namely the 

medial amygdala (MeA) and central amygdala (CeA), plays a differential role in mediating 

male versus female social interest. In detail, male mice showing high levels of social 

investigation have higher OTR mRNA expression in the MeA compared to males showing 
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low levels of social investigation (Murakami et al., 2011). In rats, males have higher OTR 

binding density in the MeA compared to females, and OTR binding density in the MeA 

correlates positively with social investigation time in males, but not females (Dumais et al., 

2013). In contrast, OTR binding density in the CeA does not show a sex difference, but 

correlates negatively with social investigation time in females, but not in males (Dumais et 

al., 2013).  Together, this suggests that OTR activation in the MeA facilitates social 

investigation in males, while OTR activation in the CeA decreases social investigation in 

females.  

Previous studies that have implicated the MeA and CeA in OT-mediated social 

behaviors further support the hypothesis that these amygdala subregions may be involved in 

modulating social interest. For example, OT in the MeA is known to regulate behaviors such 

as social approach and social recognition (Arakawa et al., 2010; Lukas et al., 2013). OT in 

the CeA, while more commonly known for its role in fear and anxiety (Bale et al., 2001; 

Viviani et al., 2011; Knobloch et al., 2012), has been implicated in maternal and intermale 

aggression (Bosch et al., 2005; Consiglio et al., 2005; Calcagnoli et al., 2015). However, 

comparisons between males and females regarding the role of OT in these amygdala 

subregions in the regulation of social behavior is very limited.  

In the current study, we aimed to determine the role of the OT system in the 

regulation of social interest in male and female rats, with the hypothesis that the sex 

difference in social interest is mediated by OT acting on OTR in the MeA of males and 

acting on OTR in the CeA of females. Therefore, we determined the effects of acute 

pharmacological OTR blockade and OT administration in the MeA and CeA on social 

investigation time in adult male and female rats. Because these pharmacological 

manipulations showed a sex-specific effect of OTR blockade in the CeA on social 

investigation time, we further aimed to determine potential sex differences in extracellular 
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OT release in the CeA under baseline conditions and during exposure to the social interest 

test using in vivo microdialysis.  

 

Methods 

Animals. Male and female Wistar rats were obtained from Charles River 

Laboratories (Raleigh, NC) at 8-9 weeks of age for experimental rats and at 22 days of age 

for stimulus rats. Rats were maintained on a 12 h light/dark cycle, lights on at 0700 h, and 

food and water were available ad libitum. Experimental rats were housed in same-sex pairs in 

standard rat cages (26.7 x 48.3 x 20.3 cm) unless otherwise mentioned, and were given at 

least one week to acclimate to our facilities. Stimulus rats were housed in same-sex groups of 

four per cage, and were used at 25-30 days of age. All experiments were conducted in 

accordance with the guidelines of the NIH and approved by the Boston College Institutional 

Animal Care and Use Committee (IACUC).  

Stereotaxic surgery 

Cannulation.  After daily handling for one week to familiarize them with the 

injection procedure, experimental rats were anesthetized using isoflurane and mounted on a 

stereotaxic frame. A heating pad was used to regulate body temperature of rats while 

anesthetized. Guide cannulae (22 gauge; Plastics One, Roanoke, VA) were implanted 

bilaterally 2 mm dorsal to the MeA (2.8 mm caudal to bregma, 3.3 and -3.3 mm lateral to 

midline, and 7.3 mm ventral to the skull surface) or CeA (2.5 mm caudal to bregma, 4.2 and -

4.2 mm lateral to midline, and 5.9 mm ventral to the skull surface) according to Paxinos and 

Watson (1998). Guide cannulae were fixed to the skull with four stainless steel screws and 

acrylic glue and closed with dummy cannulae (26 gauge; Plastics One, Roanoke, VA). After 

surgery, rats were individually housed in standard rat cages, and behavioral testing was 

performed 3-4 days after surgery.   
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Microdialysis probe placement. A separate cohort of rats was used for in vivo 

measurement of extracellular OT release in the CeA. Handling and surgical procedures were 

similar to the procedures described above except for the placement of microdialysis probes 

instead of cannulae. Microdialysis probes (BrainLink, the Netherlands) were implanted 

unilaterally into the CeA (2.5 mm caudal to bregma, -4.2 mm lateral to midline, and 8.9 mm 

ventral to the skull surface). Two inch pieces of polyethylene tubing were fixed to the ends of 

the microdialysis probes to allow for attachment to the microinfusion pumps and eppendorf 

tubes for sample collection. After surgery, rats were individually housed in standard rat 

cages. Microdialysis and behavioral testing were performed 2 days after surgery. This short 

postoperative recovery period is necessary for optimal detection of neuropeptides in 

microdialysates of chronically implanted probes (Horn and Engelmann, 2001). We have 

demonstrated that prior surgery and ongoing microdialysis had no effect on social 

investigation time in rats (Dumais et al., 2016). 

Behavioral Testing 

Social Interest Test. To test for social interest, the time rats spent investigating an 

unfamiliar same-sex juvenile rat was measured according to Dumais et al. (2013). A juvenile 

rat was used in order to assess general social approach of the experimental rat toward a 

conspecific that does not elicit aggressive or sexual behaviors. A juvenile rat was placed into 

the experimental rat’s home cage for 4 min, and the time spent investigating the juvenile was 

measured. Testing was performed during the light phase between 1200 h and 1700 h. 

Behavior was video recorded and analyzed using JWatcher (http://www.jwatcher.ucla.edu) 

by an experimenter blind to treatment groups. Behavior was considered social investigation 

when the experimental rat was actively sniffing the juvenile, including sniffing the anogenital 

and head/neck regions. 
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Elevated Plus Maze Test. To determine whether the effects of OTR blockade on 

social interest were secondary due to generalized effects on anxiety-related behavior, the 

same rats under the same drug condition were tested for anxiety using the elevated plus maze 

2 days after the social interest test. The maze consists of two opposing open (50 x 10 cm) and 

two opposing closed (50 x 10 cm) plastic arms with a 10 x 10 cm central area. The maze is 

elevated to 90 cm above the floor. Each experimental rat was placed on the central area of the 

maze facing a closed arm, and was allowed to explore the maze for 5 min. The maze was 

washed thoroughly with diluted detergent between each test. Testing was performed during 

the light phase between 900 h and 1200 h. Behavior was video recorded and time spent on 

the open arms, closed arms, and central area were measured, along with entries made into the 

open and closed arms, using JWatcher by an experimenter blind to treatment groups. Rats 

were considered to be on a particular maze arm when both forepaws and shoulders of the rat 

were on the respective arm of the elevated plus maze. The percentage of time spent on the 

open arms ([time on open arms/ (time on open arms + time on closed arms)] x 100) and the 

percentage of open arm entries ([open arm entries/ (open arm entries + closed arm entries)] x 

100] were used as parameters of anxiety-like behavior. The total number of arm entries (open 

arm entries + closed arm entries) was calculated as a measure of locomotor activity.   

Drug Injections and Procedures. The effects of the selective OTR antagonist 

desGly-NH2,d(CH2)5-[Tyr(Me)2,Thr4]OVT (Manning et al., 2008; 5 ng/0.5 µl/side) and 

synthetic OT (Sigma; 100 pg/0.5 µl/side) administration were each compared to a vehicle 

(Ringer’s solution, 0.5 µl/side) control group.  Concentrations for the OTR antagonist and 

OT were based on prior research in which these doses were effective in altering diverse 

social behaviors (Guzmán et al., 2013, 2014; Bredewold et al., 2014; László et al., 2016; 

Dumais et al., 2016). Injection systems were composed of polyethylene tubing connected to 

an injector cannula which extended 2mm beyond the guide cannula. Injections were made 
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using a 10 µl Hamilton syringe (Hamilton, Reno, NV) which was kept in place for 30 sec 

following injection to allow for tissue uptake. Following the last behavioral test, rats were 

killed with CO2, a small amount of charcoal was injected into the guide cannulae, and 

cannulae placement was examined histologically on 30 µm thick Nissl-stained coronal brain 

sections (see Fig. 3.1A, B). Cannulae placements were considered correct if they fell within 

the neuroanatomical borders of the MeA at bregma -2.80 ± 0.2 mm or the CeA at bregma -

2.5 ± 0.2 mm. Rats with incorrect placements were removed from analysis.  

Microdialysis Procedures. One day after probe implantation, rats were habituated to 

the sampling procedure for 1 h. The following day, microdialysis probes were connected via 

polyethylene tubing to 2.5 mm Hamilton syringes mounted on a microinfusion pump. Rats 

were perfused with Ringer’s solution (with 0.25% BSA; 3µl/min) for 2 h to establish an 

equilibrium between the inside and outside of the microdialysis membrane. Five consecutive 

30-min dialysates were then collected in 0.5 ml Eppendorf tubes containing 10 µl 0.1M HCl 

to inhibit protein degradation. Dialysates 1 and 2 were taken under baseline conditions, 

dialysate 3 started concurrently with the 4-min social interest test, and dialysates 4 and 5 

were taken thereafter. Dialysates were immediately frozen on dry ice, and stored at -45°C 

until quantification. OT content was measured using radioimmunoassay (RIAgnostics, 

Munich, Germany). Rats were killed with CO2 and proper probe placement was verified 

histologically on 30 µm thick Nissl-stained coronal brain sections (see Fig. 3.1B). Probe 

placements were considered correct if they fell within the neuroanatomical borders of the 

CeA at bregma -2.5 ± 0.2 mm. Rats with incorrect probe placements were removed from 

analysis. 
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Fig. 3.1 Cannula and probe placement in amygdala subregions. (A) Atlas template 
indicating the location of the medial amygdala (MeA; dark gray; bregma -2.8 mm; adapted 
from Paxinos and Watson, 1998; left) and representative photomicrograph of a Nissl-stained 
coronal section of the rat brain with a representative microinjection location shown by 
charcoal (right). (B) Atlas template indicating the location of the central amygdala (CeA; 
light gray; bregma -2.5 mm; adapted from Paxinos and Watson, 1998; left), and 
representative photomicrographs of Nissl-stained coronal sections of the rat brain with a 
representative microinjection location shown by charcoal (middle) and the location of the 
semipermeable membrane of a microdialysis probe (right). Correct placements were 
considered at bregma -2.80 mm ± 0.2 mm for the MeA and at bregma -2.5 ± 0.2 mm for the 
CeA according to the brain atlas by Paxinos and Watson (1998). 
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Experimental Design 

Experiment 1: Effects of pharmacological manipulations of the OT system in the 

MeA on social interest  

To determine the effects of OTR blockade in the MeA on social interest, rats received 

bilateral injections of either Ringer’s solution (males: n=9, females: n=14) or the OTR 

antagonist (males: n=5, females: n=9). To determine the effects of OT administration in the 

MeA on social interest, rats received bilateral injections of either Ringer’s solution (males: 

n=12, females: n=9) or OT (males: n=6, females: n=7).  Rats were injected 20 min before the 

start of the social interest test.  

Experiment 2: Effects of pharmacological manipulations of the OT system in the 

CeA on social interest and anxiety-related behavior 

Experiment 2a: Social interest: To determine the effects of OTR blockade in the 

CeA on social interest, rats received bilateral injections of either Ringer’s solution (males: 

n=7, females: n=7) or the OTR antagonist (males: n=6, females: n=7). To determine the 

effects of OT administration into the CeA on social interest, rats received bilateral injections 

of either Ringer’s solution (males: n=12, females: n=10) or OT (males: n=9, females: n=6).  

Rats were injected 20 min before the start of the social interest test. 

Experiment 2b: Elevated plus maze: To determine whether effects of OTR 

blockade in the CeA on social interest are due to effects on general anxiety, the same rats 

were tested on the elevated plus maze two days after the social interest test. Rats were 

bilaterally injected with the same drug treatment 20 min before the start of the elevated plus 

maze test.   

Experiment 3: Extracellular OT release in the CeA  

Because of the sex-specific effect of OTR blockade in the CeA on social interest, we 

used in vivo microdialysis to measure extracellular OT release in the CeA of a separate 
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cohort of adult male (n=8) and female (n=8) rats under baseline conditions and during 

exposure to the social interest test.  

Estrus phase measurement. Although previously we found no effect of estrus phase 

on social interest (Dumais et al., 2013), to control for any effects of estrus cycle in the present 

study, estrus phase was determined via vaginal smears (according to Dumais et al., 2013) 

taken from each female immediately following each behavioral test. Estrus cycle phase was 

determined via cell characteristics based on Goldman et al. (2007). Females were categorized 

as being in estrus (cells characteristic of proestrus and estrus phases in which females show 

higher levels of estradiol and progesterone), or non-estrus (cells characteristic of diestrus and 

metestrus in which females show lower levels of estradiol and progesterone).  

Statistical Analysis. For experiments 1 and 2, effect of treatment on social interest 

(investigation time in seconds), anxiety-related behavior (percent time on open arms, 

percentage of open arm entries), and locomotor activity (total number of arm entries) were 

each analyzed using two-way ANOVAs (treatment x sex). When appropriate, Bonferroni 

post hoc tests were used to examine the nature of interaction effects. For experiment 3, the 

effects of sex on social investigation time and on baseline OT concentration (pg/dialysate; 

average of dialysates 1 and 2) were analyzed using one-way ANOVAs. For all 5 dialysate 

time points, OT release was converted into percent change from the average of the two 

baseline samples for each rat, and these percentages were analyzed using a two-way ANOVA 

for repeated measures (sex x dialysate). A bivariate correlation and a curve estimate 

regression analysis were used to determine correlations of social investigation time with the 

percentage of OT release during exposure to the social interest test (i.e., dialysate 3). Because 

of the outcomes of the correlation analysis, we subsequently grouped rats into those that 

showed low social interest (social investigation time lower than the average; males: < 83 

seconds, n=4; females: < 48 seconds, n=4), and those that showed high social interest (social 
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investigation time greater than the average; males: > 83 seconds, n=4; females: > 48 seconds, 

n=4). Social investigation time was then analyzed using two-way ANOVA (social interest x 

sex). To confirm a significant difference in social investigation time according to social 

interest group in each sex, one-way ANOVAs were run separately per sex. Furthermore, the 

percentage of OT release was analyzed using a three-way ANOVA for repeated measures 

(social interest x sex x dialysate). When appropriate, LSD post hoc tests were used to 

examine the nature of interaction effects. Finally, because of low numbers of females in 

estrus and non-estrus groups, effects of estrus phase on social interest, anxiety-related 

behavior, and locomotor activity in Experiments 1 and 2 were analyzed separately for each 

treatment by one-way ANOVAs. Only those treatments with at least an n=3 females in estrus 

and in non-estrus were included in the statistical analysis. Effect of estrus phase on the 

percentage of OT release in Experiment 3 was analyzed using a one-way ANOVA for 

repeated measures with estrus phase as covariate. None of these analyses showed an effect of 

estrus phase. Data are presented as mean + SEM, and significance was set at p<0.05.  

 

Results 

Experiment 1: Effects of pharmacological manipulations of the OT system in the 

MeA on social interest 

A significant main effect of sex was found for social investigation in both OTR 

manipulation experiments in the MeA (OTR antagonist: F(1,33)=18.0, p<0.001; OT: 

F(1,30)=24.8, p<0.0001), in which males showed higher social investigation time compared to 

females (Fig. 3.2). However, OTR manipulations in the MeA did not alter social 

investigation time in either sex (OTR antagonist: treatment, F(1,33)=1.54, p=0.22; sex x 

treatment, F(1,33)=0.13, p=0.73; OT: treatment, F(1,30)=2.27, p=0.14; sex x treatment, 

F(1,30)=2.68, p=0.11; Fig. 3.2). 
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Fig. 3.2 OTR manipulations in the medial amygdala do not affect social interest in 
either sex. OTR antagonist (A) or OT (B) injections did not alter social investigation time in 
male and female adult rats. However, males showed higher social investigation time 
compared to females (A and B). Social investigation time represents the total investigation 
time in seconds (s) toward a novel, same-sex juvenile rat placed in the home cage of the 
experimental rat for a 4-min period. Data are presented as mean + SEM; * p<0.01, two-way 
ANOVA.  
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Experiment 2: Effects of pharmacological manipulations of the OT system in the 

CeA on social interest and anxiety-related behavior 

Experiment 2a: Social interest: OTR blockade in the CeA decreased social 

investigation time in males, but not females (Fig. 3.3A). This is reflected by a significant 

main effect of treatment (F(1,23)=5.89, p<0.05) and sex x treatment (F(1,23)=6.25, p<0.05), with 

post hoc tests indicating that OTR antagonist-treated males showed lower social investigation 

time compared to vehicle-treated males (p<0.01; Bonferroni post hoc test), while the two 

female groups exhibited similar social investigation times (p=0.96; Bonferroni post hoc test). 

Furthermore, a main effect of sex was found for social interest, in which males showed 

higher social investigation time compared to females (F(1,23)=34.8, p<0.00001), and this was 

true for vehicle-treated rats (p<0.00001, Bonferroni post hoc test) and OTR antagonist-

treated rats (p<0.05, Bonferroni post hoc test). OT injections did not alter social investigation 

time in either sex (treatment: F(1,33)=0.23, p=0.64; sex x treatment: F(1,33)=0.0000002, p=0.99; 

Fig. 3.3B), but again, a main effect of sex was found (F(1,33)=19.1, p<0.001) in which males 

showed higher social investigation time compared to females (Fig. 3.3B).  

Experiment 2b: Elevated plus maze: Because the OT system in the CeA is known 

to play a role in anxiety (Bale et al., 2001; László et al., 2016), we determined whether the 

effects of OTR blockade in the CeA on social investigation time in males were secondary due 

to effects on anxiety-related behavior. There was no effects of sex or OTR antagonist 

treatment on the percentage of time spent on the open arms (sex: F(1,23)=0.05, p=0.83, 

treatment: F(1,23)=1.95, p=0.18, sex x treatment: F(1,23)=0.27, p=0.61; Fig. 3.3C), or the 

percentage of open arm entries (vehicle-treated males=45.4 ± 2.8 %, vehicle-treated females= 

46.9 ± 3.8 %, OTR antagonist-treated males= 47.1 ± 2.7 %, OTR antagonist- treated 

females= 46.7 ± 2.5 %; sex: F(1,23)=0.04, p=0.85; treatment: F(1,23)=1.07, p=0.31; sex x 

treatment: F(1,23)=2.63, p=0.12). Furthermore, there was no effect of sex or OTR blockade on 



69 
 

locomotor activity, as reflected by the total number of arm entries (vehicle-treated 

males=24.7 ± 1.8, vehicle-treated females= 27.1 ± 1.9, OTR antagonist-treated males= 27.7 ± 

2.7, OTR antagonist-treated females= 25.4 ± 1.5; sex: F(1,23)=0.002, p=0.96; treatment: 

F(1,23)=0.10, p=0.76; sex x treatment: F(1,23)=1.41, p=0.25).  

 

 

 

Fig. 3.3 The OTR in the central amygdala (CeA) modulates social interest in sex-specific 
ways, without an effect on anxiety-related behavior. (A) OTR antagonist injections 
reduced social investigation time in male, but not female, adult rats. (B) OT injections had no 
effect on social investigation time in either sex. Males showed higher social investigation 
time compared to females (A and B). (C) OTR antagonist injections in the CeA had no effect 
on the percentage of time spent on the open arms of the elevated plus maze in either males or 
females. Social investigation time represents the total investigation time in seconds (s) 
toward a novel, same-sex juvenile rat placed in the home cage of the experimental rat for a 4-
min period. Open arm time is the percentage of time spent on the open arms during a 5-min 
exposure to the elevated plus maze. Data are presented as mean + SEM; * p<0.01, ** 
p<0.00001, two-way ANOVA followed by Bonferroni post hoc test. 
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Experiment 3: Extracellular OT release in the CeA  

The observed sex-specific effect of OTR blockade in the CeA on social investigation 

time may suggest sex differences in the endogenous activation of OTR during exposure to the 

social interest test. Therefore, we determined potential sex differences in endogenous OT 

release in the CeA under baseline conditions and during exposure to the social interest test. 

Consistent with the sex difference found for social interest in experiments 1 and 2, males 

showed higher social investigation time compared to females during ongoing microdialysis 

(F(1,14)=19.7, p<0.001; Fig. 3.4A). However, there was no sex difference in baseline 

extracellular OT concentrations in the CeA (F(1,14)=0.0001, p=0.99; Fig. 3.4B), nor was there 

an effect of sex or dialysate on the percent change of OT release from baseline during 

exposure to the social interest test (sex: F(1,14)=0.15, p=0.71; dialysate: F(4,56)=1.11, p=0.36; 

sex x dialysate: F(4,56)=0.23, p=0.92; Fig. 3.4C). Correlation analysis revealed a trend toward 

a negative correlation between social investigation time and the percentage of OT release 

during the social interest test in males (r(8)=-0.68, p=0.064; Fig. 3.4D). In females, there was 

a significant positive correlation between social investigation time and the percentage of OT 

release during the social interest test(r(8)=0.78, p<0.05; Fig. 3.4E).  
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Fig. 3.4 Extracellular OT release in the central amygdala (CeA) of male and female rats 
exposed to the social interest test. (A) Male rats showed higher social investigation time 
compared to female rats in the social interest test during ongoing microdialysis. (B) Baseline 
extracellular OT concentrations in the CeA is similar between males and females. (C) The 
percentage of OT release in the CeA did not change in either sex when rats were exposed to 
the social interest test (dialysate 3). (D) In males, there was a trend toward a negative 
correlation between social investigation time and the percentage of OT release during the 
social interest test (p=0.064). (E) In females, social investigation time correlated positively 
with the percentage of OT release in the CeA during the social interest test (p<0.05). Social 
investigation time represents the total investigation time in seconds (s) toward a novel, same-
sex juvenile rat placed in the home cage of the experimental rat for a 4-min period. The gray 
bar in (C) indicates the timing of the social interest test during sampling of the third 
microdialysate. Data are presented as mean + SEM; * p<0.001. 
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We subsequently divided rats into high and low social interest groups (based on 

average social investigation times within each sex), and confirmed significant differences 

between high and low social interest groups (F(1,12)=32.4, p<0.001, two-way ANOVA) within 

both sexes (males: F(1,6)=15.4, p<0.01; females: F(1,6)=24.6, p<0.01; one-way ANOVAs; Fig 

3.5A). There was no effect of social interest on baseline OT concentrations in the CeA (social 

interest: F(1,12)=0.05, p=0.83; social interest x sex: F(1,12)=1.10, p=0.32, two-way ANOVA; 

Fig 3.5B). However, a dialysate x social interest x sex interaction effect was found for the 

percentage of OT release (F(4,48)=3.30, p<0.05). In detail, the percentage of OT release during 

the social interest test (dialysate 3) in females with low social interest was lower compared to 

baseline (dialysate 1, 2, and 4; p<0.05, LSD post hoc) and compared to the percentage of OT 

release during the social interest test of females with high social interest (p<0.05; LSD post 

hoc test) and males with low social interest (p<0.05; LSD post hoc test; Fig. 3.5C).  
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Fig. 3.5 Extracellular OT release in the CeA of male and female rats showing high or 
low social interest (SI). (A) Male and female rats were divided into high and low SI based 
on the average social investigation time within each sex. (B) Baseline extracellular OT 
concentrations were similar between males and females of both low and high SI groups. (C) 
The percentage of OT release during the social interest test (dialysate 3) in low SI female rats 
was lower compared to the percentage OT release in dialysate 1, 2, and 4 of low SI female 
rats, dialysate 3 of high SI female rats, and dialysate 3 of high SI male rats. Social 
investigation time represents the total investigation time in seconds (s) toward a novel, same-
sex juvenile rat placed in the home cage of the experimental rat for a 4-min period. The gray 
bar indicates the timing of the social interest test during sampling of the third microdialysate. 
Data are presented as mean + SEM; *p<0.05, two-way ANOVA followed by one-way 
ANOVA; # p<0.05, versus dialysate 1, 2, and 4; $ p<0.05, versus dialysate 3 of high SI 
females; & p<0.05, versus dialysate 3 of low SI males; three-way ANOVA for repeated 
measures followed by LSD post hoc test. 
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Discussion 

We previously observed correlations of OTR binding density in the MeA and CeA 

with social interest in male and female rats, respectively. This led us to hypothesize that 

activation of the OTR in the MeA would mediate male social interest, while activation of the 

OTR in the CeA would mediate female social interest. Contrary to our hypotheses, 

pharmacological manipulations of MeA-OTR or CeA-OTR had no effect on social interest in 

males or females, respectively. However, we found that OTR antagonist (5 ng/0.5 µl/side) 

injected into the CeA decreased social investigation time in males. We then determined 

whether this sex-specific effect of CeA-OTR blockade on social interest could be explained 

by a sex difference in endogenous CeA-OT release. However, no sex difference was found in 

CeA-OT release under baseline conditions or during exposure to the social interest test. 

Moreover, there was no change in CeA-OT release during exposure to the social interest test 

in either sex. Yet, CeA-OT release in females correlated positively with social investigation 

time. Subsequent grouping of rats in high and low social interest groups revealed that females 

with low social interest showed a decrease in OT release in the CeA during the social interest 

test. Based on these findings, we conclude that the OTR in the CeA plays a causal role in the 

acute modulation of social interest in males, but not in females. We discuss below the 

possibility that baseline CeA-OT release is sufficient to facilitate social interest in males and 

that the decrease in CeA-OT release observed in females with low social interest is not a 

cause, but a consequence, of social stimulus exposure.  

Causal involvement of the OT system in the CeA in social interest in males but not in females 

We previously showed that OTR binding density in the CeA negatively correlates 

with social investigation time in female, but not male, rats (Dumais et al., 2013). This 

suggested a role for the OTR in the CeA in regulating social investigation in females. 

However, in the current study, neither OTR antagonist (5 ng/0.5 µl/side) nor OT (100 pg/0.5 
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µl/side) administration into the CeA altered social investigation time in females. In contrast, 

OTR blockade in the CeA decreased social investigation time in males. This may suggest 

that, during the social interest test, OTR activation is higher in males than in females to 

promote social investigation. Therefore, we tested the hypothesis that CeA-OT release is 

higher in males than in females during social interest. However, males and females showed 

similar levels of extracellular OT release in the CeA under baseline conditions and during 

exposure to the social interest test. Moreover, there was no change in extracellular OT release 

during the social interest test compared to baseline in either sex. It is possible that the 

relatively short (4-min) duration of the social stimulus exposure compared to the relatively 

long (30-min) dialysate sampling period (which is required due to detection limits of the 

radioimmunoassay) could have obscured a possible significant rise in OT release during 

social investigation. This may also explain why, in two other similarly designed 

microdialysis studies, OTR blockade in the lateral septum of male rats (Lukas et al., 2013) or 

OTR blockade in the posterior bed nucleus of the stria terminalis of female rats (Dumais et 

al., 2016) impaired social recognition without a corresponding change in local extracellular 

OT release. Alternatively, the absence of a change in OT release may indicate that baseline 

OT release is sufficient to facilitate social investigation in males.  In this scenario, baseline 

OT release could have a neuromodulatory role in the regulation of social behavior by e.g., 

altering the actions of fast-acting neurotransmitters (Joëls, 2000). Whether this indeed 

explains a role for baseline OT release in facilitating social interest in males remains to be 

tested.   

Our finding that OTR blockade in the CeA has a sex-specific effect on social 

behavior regardless of OTR binding density (Dumais et al., 2013) and OT release (current 

study) in the CeA being similar between males and females offers a new level of complexity 

to the mechanisms by which OT may regulate social behavior in sex-specific ways. How, 
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then, is OT acting in sex-specific ways in the CeA? One mechanism may be through a sex 

difference in OTR-expressing neurons in the CeA. Male rats have fewer GABAergic neurons 

in the CeA than female rats (Stefanova, 1998) and GABAergic neurons in the CeA express 

OTR (Huber et al., 2005). This could produce a sex difference in the percentage of OTR-

expressing neurons that are GABA-ergic (potentially being lower in males compared to 

females) which may cause a sex difference in CeA output in response to OTR inhibition, a 

hypothesis that would require further testing. The sex-specific effect of OTR blockade could 

also be mediated by sex differences in relative projections from the CeA, such as sex 

differences in the density of efferents from the CeA, or sex differences in social stimulus-

induced activation of specific CeA projections. This would require systematic comparative 

analysis of CeA efferents in males and females, because current CeA tracing studies have not 

included a comparison between sexes (Wallace et al., 1992; Petrovich and Swanson, 1997; 

Zahm et al., 1999; Dong et al., 2001; Petrovich et al., 2001).  

Importantly, we showed that OTR blockade in the CeA did not affect anxiety-related 

behavior in male or female rats as measured on the elevated plus maze. This lack of effect on 

anxiety is despite the well-known role of the OT system in the CeA in the modulation of both 

fear and anxiety-related behaviors. For example, an increase in OT activity in the CeA has 

been found to decrease freezing in fear-conditioned male (Viviani et al., 2011; Lahoud and 

Maroun, 2013) and female (Knobloch et al., 2012) rats. Furthermore, OT administration in 

the CeA increased time spent on the open arm on the elevated plus maze in male rats (László 

et al., 2016) and in the middle quadrant in the open field test in female rats (Bale et al., 2001). 

However, our finding is consistent with László et al (2016), reporting a null effect of OTR 

antagonist injections in the CeA on anxiety-related behavior using the elevated plus maze. 

Therefore, although exogenously administered OT in the CeA may reduce anxiety-related 

behavior, blockade of endogenous OT release via OTR antagonist has not been found to 
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affect anxiety-related behavior. This suggests that the sex-specific effect of OTR blockade in 

the CeA on social interest is not due to an effect on general anxiety. 

The role of OT in the CeA in females: Could a change in OT release be a consequence of 

social stimuli exposure? 

We recently reported a negative correlation between OTR binding density in the CeA 

and social investigation time in female rats (Dumais et al., 2013). We now find a positive 

correlation between the percentage of OT release in the CeA and social investigation time. 

Furthermore, females with low social interest showed a decrease in OT release during 

exposure to the social interest test. These opposite correlation patterns and the decrease in OT 

release are puzzling, especially because neither OTR antagonist (5 ng/0.5 µl/side) nor OT 

(100 pg/0.5 µl/side) administration into the CeA altered social interest in females.  We 

therefore suggest the possibility that the decrease in OT release in the CeA of females is a 

consequence rather than a cause of low social investigation time. Indeed, previous studies 

provide evidence that exposure to a social stimulus can be associated with a change in OT 

release that does not seem to have an immediate effect on the behavior tested. For example, 

OT release in the lateral septum increased during retrieval of social memory in male rats, but 

blocking the actions of OT had no effect on the retrieval of social memory (Lukas et al., 

2013). Likewise, OT release in the bed nucleus of the stria terminalis increased in male rats 

during exposure to a juvenile, but blocking the actions of OT had no effect on the behavior 

towards the juvenile (Dumais et al., 2016). In these studies, and in our present study, it could 

be that the change in OT release brings about changes in neural processes that will serve 

future behaviors. Support for this comes from studies with prairie voles, in which females 

given an OTR antagonist immediately prior to exposure to a male showed normal mating 

behavior, but impaired partner preference formation when tested 14 or 24 hours later (Insel 

and Hulihan, 1995), suggesting that OT activity during mating is critical for the subsequent 
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formation of later partner preference.  It would be of interest to determine whether the 

decrease in OT release in the CeA of females with low social interest has effects on 

subsequent behaviors by, e.g., affecting social memory for the exposed juvenile.  

OTR in the MeA may not be involved in social interest toward juvenile conspecifics 

We recently showed that OTR binding densities in the MeA are higher in male rats 

compared to female rats, and that OTR binding density in the MeA correlates positively with 

social investigation time in males (Dumais et al., 2013). In addition, OTR mRNA expression 

in the MeA correlates positively with social investigation time in male mice (Murakami et al., 

2011). These findings suggested a role for the OTR in the MeA in mediating social 

investigation in males. However, in the current study, neither OTR antagonist (5 ng/0.5 

µl/side) nor OT (100 pg/0.5 µl/side) administration into the MeA altered social investigation 

time in either sex. Although the same dose of OTR antagonist and OT were effective in 

altering social behavior when administered into the CeA (present study) or the bed nucleus of 

the stria terminalis (Dumais et al., 2016), respectively, we cannot exclude that higher drug 

doses could be effective in altering social interest. Alternatively, this lack of effect could be 

due to the low social salience of juvenile conspecifics. In support, OTR antagonist 

administered into the MeA of adult male rats was found to reduce the investigation of soiled 

bedding from unfamiliar adult male conspecifics (Arakawa et al., 2010), but did not affect 

investigation toward juvenile or ovariectomized female rats (Lukas et al., 2013). 

Furthermore, extracellular recordings revealed that the MeA responds to social stimuli in 

both male and female mice, but stronger to opposite-sex stimuli compared to same-sex-

stimuli (Bergan et al., 2014). Finally, MeA regulation of social recognition also depends on 

the salience of the social stimulus, as OTR blockade in the MeA impaired recognition of an 

ovariectomized female in male mice (Ferguson et al., 2001) and rats (Lukas et al., 2013), but 

not the recognition of a juvenile conspecific (Lukas et al., 2013). Taken into account the 
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difference in social stimuli (i.e., adult male, adult ovariectomized female, and juvenile 

conspecific) an interesting pattern emerges, such that the OT system in the MeA facilitates 

social interest and social recognition depending on the salience of the social stimulus. This 

hypothesis requires further testing.  

Relevance of comparing males and females in studying the role of the amygdala-OT system 

in behavioral regulation 

Given the key role of the OT system in the CeA in mediating incentive learning and 

emotion processing (Balleine and Killcross, 2006; Ledoux, 2000), fear and anxiety responses 

(Bale et al., 2001; Viviani et al., 2011; Knobloch et al., 2012; Lahoud and Maroun, 2013; 

László et al., 2016), and aggression in rodents (Lubin et al., 2003; Bosch et al., 2005; 

Consiglio et al., 2005; Calcagnoli et al., 2015), it is surprising that, to the best of our 

knowledge, we are the first to compare the role of the OT system in the CeA between males 

and females. This comparison is important given that human studies demonstrated that OT 

modulates amygdala function differently in men and women. Specifically, it was found that 

intranasal OT administration altered amygdala activation in opposite ways in men and 

women toward socially-relevant stimuli, such as exposure to fearful faces and during 

cooperative social interactions (Domes et al., 2007, 2010; Rilling et al., 2012, 2013). 

Importantly, the idea that the amygdala may be a site for sex-specific action of OT could be 

of relevance for the treatment of sex-biased psychiatric disorders of social dysfunction. 

Indeed, altered amygdala functioning is a main characteristic of autism spectrum, social 

anxiety, and borderline personality disorders (Baron-Cohen et al., 2000; Kleinhans et al., 

2015; Kim et al., 2015; Evans et al., 2008; Goldin et al., 2009; Bruhl et al., 2014; Donegan et 

al., 2003; Herpertz et al., 2001) and has been found to be normalized in response to intranasal 

OT (Domes et al., 2013; Bertsch et al., 2013; Labuschagne et al., 2010). Therefore, it is 
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imperative to further understand the sex-specific role of the OT system in the amygdala and 

its subregions in the regulation of social behavior in both rodents and humans.   

 

Conclusion 

Sex differences in the effects of the OT system on various social behaviors are well 

known (for review, see Dumais and Veenema, 2015, 2016). Our current finding adds to this 

growing body of literature showing that the OT system in the CeA of rats modulates social 

interest in sex-specific ways. This sex-specific modulation of social interest by the CeA-OT 

system is found despite there being no sex differences in OTR binding density or 

extracellular OT release in the CeA. Further research is required to investigate the underlying 

mechanisms. Overall, we show that in rodents, much like humans, the amygdala may is a key 

brain region involved in the sex-specific processing of social stimuli by the OT system.   
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V. Study 4: Sex differences in neural activation following oxytocin administration  

in awake rats 

 

* Manuscript in prep: Dumais, K.M., Kulkarni, P., Ferris, C.F. & Veenema, A.H. Sex differences 
in neural activation following oxytocin administration in awake rats. 

 

 

Abstract: The evolutionarily conserved neuropeptide oxytocin (OT) often regulates social 

behavior in sex-specific ways in rodents and humans. The OT system in the rat brain is 

sexually dimorphic, with males showing higher OT receptor (OTR) binding densities 

compared to females in several forebrain regions. However, little is known about potential 

sexually dimorphic effects of OT on brain function. We investigated neural activation 

patterns in response to central or peripheral OT administration in adult male and female rats. 

Functional magnetic resonance imaging was used to examine blood oxygen level-dependent 

(BOLD) signal intensity changes in the brains of awake rats within 20 min after 

intracerebroventricular (ICV; 1µg/5µl) or intraperitoneal (IP; 0.1mg/kg) administration of 

OT. Following ICV OT administration, sex difference in BOLD activation were observed in 

26 brain regions, with 20 regions showing higher activation in males, and 6 regions showing 

higher activation in females. Among these were 11 regions dense in OT receptors (OTR), 

including the nucleus accumbens and insular cortex which showed higher activation in males, 

and the lateral and central amygdala which showed higher activation in females. 

Interestingly, compared to ICV OT, IP OT injections activated fewer brain regions dense in 

OTR (5 brain regions) and elicited fewer sex differences in brain activation (12 brain 

regions). Sex differences in activation in response to IP OT were also in different brain 

regions than those showing sex differences in response to ICV OT. Overall, these results 

indicate that exogenous OT modulates neural activation differently in males and females, and 
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that the pattern and the magnitude of sex differences in BOLD activation depends on the 

route of administration. Because OT has been found to have promising effects on improving 

social deficits in patients with sex-biased neuropsychiatric disorders, this knowledge may be 

informative when using OT as a therapeutic agent in both men and women.  

 

Introduction 

Oxytocin (OT) is an evolutionarily conserved neuropeptide synthesized mainly in the 

paraventricular nucleus and supraoptic nucleus of the hypothalamus (Buijs, 1978; Sofroniew, 

1980). OT acts through the OT receptor (OTR) both centrally upon release from axonal 

projections throughout the brain, and systemically upon release from the posterior pituitary 

(Buijs and Swaab, 1979; Sofroniew, 1980; Gimpl and Fahrenholz, 2001; Knobloch et al., 

2012). In addition to its well-known function as a hormone modulating uterine contractions 

during birth and milk ejection during lactation (Fuchs and Poblete, 1970; Belin et al., 1984), 

OT regulates a wide variety of social behaviors in rodents and humans (reviewed in Veenema 

and Neumann, 2008; Ross and Young, 2009; Guastella and MacLeod, 2012). Importantly, 

OT often regulates social behaviors in sex-specific ways (reviewed in Dumais and Veenema, 

2015, 2016). For example, intracerebroventricular (ICV) injections of OT enhanced social 

recognition (Benelli et al., 1995) and reversed social defeat-induced social avoidance (Lukas 

et al., 2011) in male rats, but did not affect either behavior in female rats (Engelmann et al., 

1998; Lukas and Neumann, 2014). These results suggest that central OT may modulate brain 

regions important for social behavior in sex-specific ways. However, no study has directly 

compared the effects of OT on neural activity between male and female rats.  

We recently used functional magnetic resonance imaging (fMRI) to measure blood 

oxygen level dependent (BOLD) contrast to examine neural activity in awake adult male rats, 

and found robust neural activation in response to OT administration. Specifically, ICV 
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injections of OT activated numerous forebrain regions, such as the bed nucleus of the stria 

terminalis, lateral septum, ventral medial striatum, and nucleus accumbens (Ferris et al., 

2015). Interestingly, many of these brain regions activated by central OT in males (bed 

nucleus of the stria terminalis, lateral septum, nucleus accumbens) show higher OTR binding 

density in male compared to female rats (Dumais et al., 2013). These sex differences in OTR 

binding densities in the rat brain suggest the potential for OT to modulate brain activity 

differently in males versus females.  

The use of OT in humans is becoming increasingly popular, especially given its 

suggested therapeutic role in the treatment of social dysfunction in a range of psychiatric 

disorders (Andari et al. 2010; Guastella et al., 2010; Woolley et al., 2014). Peripheral OT 

administration, including intranasal OT administration, is the most commonly used route of 

administration in human studies, and has been found to have a variety of effects on neural 

activation, social cognition and behavior (Hollander et al., 2003, 2007; Guastella and 

MacLeod, 2012; Guastella et al., 2013). However, only a few studies have compared the 

effects of exogenous OT on BOLD activation in men and women. Of these few studies, it 

was found that intranasal OT decreased amygdala activation in men, but increased amygdala 

activation in women, in response to fearful faces (Domes et al., 2007; Domes et al., 2010). 

Furthermore, intranasal OT increased activation in the amygdala and caudate nucleus in men, 

but decreased or had no effect in these regions respectively, in women during cooperative 

social interaction (Rilling et al., 2013). The likelihood that intranasal OT modulates neural 

activation differently in males and females may have important implications for the potential 

therapeutic use of OT in humans.  

In the current study, we examined BOLD activation in the brains of awake male and 

female rats in response to ICV OT or intraperitoneal (IP) OT administration. The robust sex 

differences in OTR binding density in the rat brain (Dumais et al., 2013) led us to 
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hypothesize that ICV OT administration will elicit sex differences in neural activation. It is 

unknown whether peripheral OT administration is directly activating OT-sensitive neural 

circuits or acting indirectly via peripheral mechanisms to modulate brain activity and 

cognition (Quintana et al., 2015). Because peripheral administration is the most commonly 

used route of administration in human studies, we also examined neural activation patterns in 

male and female rats following IP OT to determine whether peripheral OT may also elicit sex 

differences in neural activation patterns.   

 

Methods 

Animals. Adult male (300-325g) and female (280-300g) Sprague Dawley rats were 

obtained from Charles River Laboratories (Wilmington, MA). Rats were maintained on a 12 

h light/dark cycle, lights on at 0800 h, and food and water were available ad libitum. Rats 

were housed in standard Plexiglas cages in same-sex pairs unless otherwise mentioned, and 

were given at least one week to acclimate to the facilities at Northeastern University. All 

experiments were conducted in accordance with the guidelines of the NIH and approved by 

the Boston College and Northeastern University Institutional Animal Care and Use 

Committee (IACUC).  

Stereotaxic surgery. For ICV injections, rats were cannulated with custom-designed 

cannulas created for compatibility with MRI (Plastics One, Roanoke, VA). Cannulations 

were performed 1-2 days after the last acclimation session (as described below). Rats were 

anesthetized using isoflurane and mounted on a stereotaxic frame. A heating pad was used to 

regulate body temperature of rats while anesthetized. Guide cannulae were implanted 

unilaterally 1.5 mm dorsal to the lateral ventricle (0.5 caudal to bregma, -1.5 lateral to 

midline, and 3.0 ventral to the skull surface) according to Paxinos and Watson (2007). Guide 

cannulae were fixed to the skull with four plastic screws and acrylic glue and closed with 
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dummy cannulae (Plastics One, Roanoke, VA). After surgery, rats were individually housed 

and scanning was performed 3 and 5 days after surgery.  Fig. 4.1 shows an example of 

correct cannula placement into the lateral ventricle, and only scans with cannula placements 

correctly aimed at the lateral ventricle were used in analysis.  

Oxytocin Preparation and Administration. The vehicle used for control injections 

and for dissolving OT (Sigma, St. Louis, MO, USA) was Ringer’s solution for ICV injections 

and saline (0.9% NaCl) for IP injections. Separate cohorts of rats were used for ICV and IP 

injections. Each rat was scanned during two imaging sessions, two days apart, receiving 

either vehicle or OT (1 µg/5 µl ICV, 0.1 mg/kg IP,) in counterbalanced order. Doses of OT 

were chosen because they were effective in eliciting BOLD responses in adult male rats 

(Ferris et al., 2015) and in lactating female rats (Febo et al., 2005). Vehicle and OT injections 

were delivered remotely during the imaging session. In detail, for ICV injections, 

polyethylene tubing was connected to an injector cannula which extended 1.5 mm beyond the 

guide cannula and extended approximately 30 cm in length in order to attach to a 10 µl 

Hamilton syringe. For IP injections, polyethylene tubing was positioned in the peritoneal 

cavity, and extended approximately 30 cm to attach to a 10 ml syringe.  

Acclimation for awake imaging. To reduce the stress associated with awake 

imaging, each rat was acclimated to the restraining system (head holder and body restrainer) 

and to prerecorded magnetic resonance pulse sequence sounds using procedures outlined 

previously (King et al., 2005). Acclimation sessions were run once a day for a total of four 

days prior to the imaging session. Rats were briefly anesthetized with 2-3% isoflurane to 

secure the head into a padded head holder. The forepaws were secured with surgical tape, and 

the body was placed into a body tube to restrict overall movement. When fully conscious, the 

restrained rat was placed into a black opaque box (“mock scanner”) for 30 min with a tape-

recording of the MRI pulse sequence to simulate the sounds of the imaging session. This 
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acclimation procedure has been previously found to reduce respiration, heart rate, motor 

movements, and plasma corticosterone levels when comparing the first and last acclimation 

periods (King et al., 2005).  

MRI procedures. Rats were briefly anesthetized with 2-3% isoflurane, and were 

positioned into a quadrature transmit/receive radiofrequency coil built into a rat head holder 

and restraining system (Animal Imaging Research, Holden, MA, USA). For a video of the 

full rat preparation for imaging, see www.youtube.com/watch?v=JQX1wgOV3K4. 

Experiments were conducted using a Bruker Biospec 7.0 T/20-cm USR horizontal magnet 

(Bruker, Billerica, MA, USA), and a 20-G/cm magnetic field gradient insert (inner diameter, 

12 cm; 120 µs rise time). The scanner is controlled by Bruker Paravision 5.0, which 

automatically finds the basic frequency, shims, power requirements for 90° and 180° pulses, 

and sets the receiver gain.  Imaging sessions included an anatomical scan followed by a 

functional scan. The anatomical images were collected using the RARE pulse sequence [22 

slices; 1.1mm; field of view (FOV) 3.0 cm; matrix size 256 X 256; repetition time (TR) 2.5 s; 

echo time (TE) 12 ms; NEX 2; 3 min acquisition time]. The functional images were collected 

using a multi-slice half-Fourier acquisition single-shot turbo spin echo (HASTE) pulse 

sequence. A single functional scanning session acquired 22 slices, 1.1 mm thick, every 6.0 s 

(TR), using a TE of 48 ms, FOV 3.0 cm, matrix size 96 X 96, and NEX 1. This was repeated 

250 times (250 acquisitions) for a total scanning time of 25 min. These parameters provided 

complete coverage of the brain from olfactory bulbs to brainstem, with an in-plane pixel 

resolution of 312 µm2. The functional scanning session was continuous, with a 5 min baseline 

(50 acquisitions), followed by a 20 min treatment period (200 acquisitions). Acute vehicle or 

OT injections were given remotely immediately following the 5 min baseline while the rat 

was in the scanner (see Fig. 4.1 for functional imaging paradigm).   

 

http://www.youtube.com/watch?v=JQX1wgOV3K4
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Fig 4.1 Intracerebroventricular cannula placement and functional imaging paradigm. 
Anatomical image depicting a coronal section of the brain of an adult male rat showing the 
location of the guide cannula with injector directed at the lateral ventricle with a black arrow 
(left). Diagram showing the paradigm used for functional imaging (right). Functional 
imaging sessions consisted of a 25 minute scan, in which an acute injection of OT or vehicle 
was administered after a 5 min baseline. ICV, intracerebroventricular; IP, intraperitoneal.  
 

 

The neural responses to OT were evaluated using the BOLD response based on the 

principals of Ogowa et al (1993), which describe the BOLD signal as an indirect measure of 

neuronal activity via a change in local oxygenated cerebral blood flow. Increased blood flow 

of oxygenated hemoglobin increases magnetic resonance signal (Ogawa et al., 1990), and 

because enhanced brain activity is accompanied by local increases in blood flow, the 

magnetic resonance signal represents an indirect measure of neuronal activity (Fox & Raichle 

1986; Sokoloff, 2008). Positive BOLD signal represents an increase in oxygenated blood 

when compared to baseline, while negative BOLD signal represents a decrease in oxygenated 

blood. Sustained negative BOLD may be attributed to a decrease in blood flow caused by 

neural inhibition, or alternatively, a redistribution of blood flow into neighboring regions of 

high activity, termed “vascular steal” (Kim and Ogawa, 2012).  

Data analysis. Full details of the MRI data analysis have been previously reported in 

Ferris et al. (2008). Data analysis involved 1) co-registration of scans to a 3D rat brain atlas 

5 min 
baseline 

OT (ICV: 1µg/5µl; IP: 0.1mg/kg) 
or vehicle injection 

20 min post-injection 
Min 1-10 Min 10-20 

End 
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with clearly delineated regions of interest (ROIs), and 2) statistical analysis to determine 

BOLD signal change in response to OT compared to baseline in each ROI. Motion artifact 

was determined by analysis of voxel displacement and spikes of raw data activity over time. 

Original group sizes were 14-18 rats per group. Final group sizes after prescreening for 

motion were as follows: ICV OT: vehicle-treated males= 9, vehicle-treated females=14, OT-

treated males=10, OT-treated females=11; IP OT: vehicle-treated males=12, vehicle-treated 

females=11, OT-treated males=9, OT-treated females= 9.  

 Functional imaging data were localized to precise 3D volumes of interest using a 

segmented 3D MRI rat brain atlas (Ekam Solutions, Boston, MA, USA). These 3D volumes 

of interest are delineated into 171 distinct ROIs. Full details of the process of aligning 

functional scans to the segmented rat brain atlas have been described previously (Ferris et al., 

2005). Briefly, individual functional scans were preprocessed using SPM8’s co-registrational 

code (quality: 0.97; smoothing: 0.35 mm; and separation: 0.5 mm) and smoothed using 

Gaussian smoothing with a FWHM of 0.8 mm. Preprocessed functional files were then 

analyzed using Medical Image Analysis and Visualization software (MIVA). Using this 

interactive interface, functional scans were aligned and registered to the segmented 3D MRI 

rat brain atlas. Registration included translating, rotating, and scaling each subject’s anatomy 

to align within each slice of the atlas.  

For voxel-based analysis, the percent change in BOLD signal for each independent 

voxel was averaged for all subjects. A baseline threshold of 2% BOLD change was used to 

account for normal fluctuations of BOLD signal in the rat brain under the awake condition 

(Brevard et al., 2003). Statistical t tests were performed on each voxel of each subject within 

their original coordinate system. Voxel locations are then translated into ROIs within the 

atlas. A composite image of the brain representing the average of all subjects was constructed 

for each group, allowing us to look at each ROI separately to determine the BOLD change 
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and the number of activated voxels in each ROI. The t-tests used in analysis were performed 

using a 95% confidence level, two-tailed distributions, and heteroscedastic variance 

assumptions. Because of the multiple t-tests performed, a false-positive detection controlling 

mechanism was introduced into the analysis (Genovese et al., 2002), which ensured that the 

false-positive detection rate is below our confidence level of 5% (Ferris et al., 2005). Volume 

of activation was determined by comparing the average signal intensity in each voxel within 

each ROI of the first 5 min of baseline (acquisitions 1-50) to min 5-15 (acquisitions 51-150) 

and to min 15-25 (acquisitions 151-250). This resulted in BOLD activation summaries for 

each ROI during the first 10 min post injection (acquisitions 51-150, referred to as Min 1-10) 

and the second 10 min post injection (acquisitions 151-250, referred to as Min 10-20). The 

non-parametric Kruskal-Wallis test was used to compare the volume of activation in each 

ROI across experimental groups and for each time period (Min 1-10, Min 10-20). Estrus 

phase was determined via vaginal smears (according to Dumais et al., 2013) taken from each 

female immediately following each scanning session. However, because the number of estrus 

or nonestrus females in some of the experimental groups were too small (ICV injections, 

vehicle-treated: non-estrus=7, estrus=7, OT-treated: non-estrus=9, estrus=2; IP injections, 

vehicle-treated: non-estrus=9, estrus=2, OT-treated: non-estrus=6, estrus=3), estrus and non-

estrus females given the same treatment were grouped together for analysis. Activation was 

considered to be different between experimental groups when comparisons yielded p values 

less than 0.05.  
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Results 

BOLD activation in response to ICV OT administration 

ICV OT induces activation in many brain regions dense in OTR  

ICV OT activated 11 brain regions known to be dense in OTR (Fig. 4.2, highlighted 

in gray; Freund-Mercier et al., 1987; Tribollet et al., 1988; Dumais et al., 2013), six of which 

show sex differences in OTR binding densities (Fig. 4.2, bold text; Dumais et al., 2013; 

Smith et al., 2016). These are the insular cortex, nucleus accumbens shell, paraventricular 

hypothalamic nucleus, and ventromedial hypothalamus, which show higher activation in OT-

treated males compared to vehicle-treated males, and the perirhinal cortex and medial 

preoptic area, which show higher activation in OT-treated females compared to vehicle-

treated females. All of these brain regions show higher OTR binding density in males except 

for the perirhinal cortex, which shows higher OTR binding density in females (Dumais et al., 

2013; Smith et al., 2016). Notably, ICV OT induced sustained activation of the insular cortex 

and nucleus accumbens shell in males, as activation was higher in these two regions 

compared to vehicle during Min 1-10 and Min 10-20. The other five brain regions activated 

by OT, but that do not show a sex difference in OTR binding density (Smith et al., 2016), are 

the ventral subiculum, lateral hypothalamus, and anterior olfactory nucleus, which show 

higher activation in OT-treated males compared to vehicle-treated males, and the basal 

amygdala and nucleus accumbens core which show higher activation in OT-treated females 

compared to vehicle-treated females.  

 

 



91 
 

Fig 4.2 ICV OT activates many brain regions in both sexes, but more so in male than in 
female rats. Listed are brain regions that show treatment-induced differences in positive 
BOLD activation (p<0.05) for both males and females, with the corresponding median (med) 
number of voxels showing positive BOLD activation during either the first 10 minutes (Min 
1-10) or last 10 minutes (Min 10-20) post vehicle or OT injection. Treatment groups are 
compared within each sex, and brain regions are clustered into cortical, subcortical, and 
brainstem/cerebellum regions. The 3D color model shows the location of the listed brain 
regions in yellow. Positive BOLD responses for each voxel are averaged across subjects 
within each experimental group, and in red is the composite average of voxels that show a 
significant increase in positive BOLD. Brain regions highlighted in gray in the text indicate 
regions that are known to show a high density of OTR (Freund-Mercier et al., 1987; Tribollet 
et al., 1988; Dumais et al., 2013). Brain regions that are bold are regions that are known to 
show sex differences in OTR binding densities (Dumais et al., 2013; Smith et al., 2016).  
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ICV OT induces robust activation throughout the brain, and more so in males than 

in females 

Compared to vehicle, ICV OT induced positive BOLD activation in more brain 

regions in males (41 brain regions) than in females (26 brain regions; Fig. 4.2). Most 

noticeable are a higher number of cortical (during Min 1-10) and subcortical (during Min 1-

10 and 10-20) regions showing BOLD activation in ICV OT-treated males.  

Furthermore, compared to vehicle, ICV OT induced negative BOLD activation in 

fewer brain regions in males (7 brain regions) than in females (21 brain regions; 

Supplementary Table 4.1). Most noticeable was ICV OT-induced negative BOLD activation 

in females in the striatum, lateral amygdala, central amygdala, nucleus accumbens core, and 

lateral septum.  

ICV OT induces robust sex differences in neural activation 

A direct comparison between the sexes revealed that ICV OT induced significant sex 

differences in positive BOLD activation in 26 brain regions (Fig. 4.3). Compared to OT-

treated females, OT-treated males showed higher positive BOLD activation in 20 distinct 

brain regions (13 brain regions during Min 1-10 and 20 brain regions during Min 10-20). 

Notably, compared to OT-treated females, OT-treated males showed higher positive BOLD 

activation in the nucleus accumbens shell, insular cortex, olfactory bulb (external plexiform 

layer and granular cell layer), olfactory tubercles, suprachiasmatic nucleus, and caudal 

piriform cortex during both Min 1-10 and Min 10-20. Compared to OT-treated males, OT-

treated females showed higher positive BOLD activation in 6 distinct brain regions (3 brain 

regions during Min 1-10 and 4 brain regions during Min 10-20). In detail, OT-treated females 

showed higher activation compared to OT-treated males in the lateral amygdala during both 

Min 1-10 and 10-20, in the central amygdala and ventral lateral striatum during Min 1-10, 
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and in the dorsal paragigantocellularis nucleus, hippocampal CA2 region, and vestibular 

nucleus during Min 10-20.  

Importantly, brain regions that show ICV OT-induced sex differences in positive 

BOLD activation are specific to OT-treated rats, as these sex differences were not seen in 

vehicle-treated rats, with two exceptions. Specifically, the insular cortex shows lower 

positive BOLD activation in vehicle-treated males compared to vehicle-treated females, but 

higher positive BOLD activation in OT-treated males compared to OT-treated females (Fig. 

4.3; Fig. 4.4; Supplementary Table 4.2). The vestibular nucleus shows higher positive BOLD 

activation in vehicle-treated males compared to vehicle-treated females (Supplementary 

Table 4.2), but lower positive BOLD activation in OT-treated males compared to OT-treated 

females (Fig. 4.3).  

Sex differences in negative BOLD activation after ICV OT administration are found 

in 7 brain regions, namely the pineal gland (higher in males) and ventral lateral striatum 

(higher in females) during Min 1-10, and the olfactory bulb (external plexiform layer, 

glomerular layer, and granular layer), anterior lobe pituitary, and reticular nucleus (all higher 

in females) during Min 10-20 (Supplementary Table 4.3). Negative BOLD sex difference are 

specific to OT-treated rats, except for the anterior lobe pituitary (higher in vehicle-treated 

females) and reticular nucleus (higher in vehicle-treated males) which also show sex 

differences in vehicle-treated rats (Supplementary Table 4.2). 
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Fig 4.3 ICV OT induces robust sex differences in activation. Listed are brain regions 
showing sex differences in positive BOLD activation following ICV OT (p<0.05), with the 
corresponding median (med) number of voxels showing positive BOLD activation during 
either the first 10 minutes (Min 1-10) or last 10 minutes (Min 10-20). In the left column are 
brain regions that show higher activation in OT-treated males compared to OT-treated 
females, and in the right column are brain regions that show higher activation in OT-treated 
females compared to OT-treated males. Brain regions are clustered into olfactory bulb, 
cortical, subcortical, pituitary, and brainstem/cerebellum regions. The 3D color model shows 



95 
 

the location of the listed brain regions within each time point in yellow. Positive BOLD 
responses for each voxel is averaged across subjects within each experimental group, and in 
red is the composite average of voxels that show a significant increase in positive BOLD in 
regions that show higher activation in males (OT Males) and in regions that show higher 
activation in females (OT Females). Brain regions highlighted in gray in the text indicate 
regions that are known to show a high density of OTR (Freund-Mercier et al., 1987; Tribollet 
et al., 1988; Dumais et al., 2013). Brain regions that are bold are regions that are known to 
show sex differences in OTR binding densities (Dumais et al., 2013; Smith et al., 2016).  
 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.4 BOLD activation in the insular cortex varies with sex and treatment. Shown are 
the time-course plots for the change in BOLD signal in the insular cortex following injection 
(arrow) of OT or vehicle in male and female rats into the lateral ventricle. Vehicle-treated 
males show lower positive BOLD activation compared to vehicle-treated females and 
compared to OT-treated males. Vehicle-treated females show higher positive BOLD 
activation compared to OT treated females. Data represent mean + SEM. 
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BOLD activation in response to IP OT administration 

IP OT induces activation in few brain regions dense in OTR  

IP OT activated 5 brain regions known to be dense in OTR (Fig. 4.5, highlighted in 

gray; Freund-Mercier et al., 1987; Tribollet et al., 1988; Dumais et al., 2013), of which 3 

brain regions show a sex difference in OTR binding densities (bold text; Dumais et al., 2013). 

In detail, compared to vehicle-treated males, OT-treated males showed higher positive BOLD 

activation in the nucleus accumbens shell, medial amygdala, and perirhinal cortex. The 

nucleus accumbens shell and medial amygdala show higher OTR binding density in males, 

while the perirhinal cortex shows higher OTR binding density in females (Dumais et al., 

2013; Smith et al., 2016). Compared to vehicle-treated females, OT-treated females showed 

higher positive BOLD activation in the anterior olfactory nucleus, and dorsal subiculum, 

regions that so not show a sex difference in OTR binding density (Smith et al., 2016).  
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Figure 4.5 IP OT activates many brain regions in both sexes. Listed are brain regions that 
show treatment-induced differences in positive BOLD activation (p<0.05) for both males and 
females, with the corresponding median (med) number of voxels showing positive BOLD 
activation during either the first 10 minutes (Min 1-10) or last 10 minutes (Min 10-20) post 
vehicle or OT injection. Treatment groups are compared within each sex, and brain regions 
are clustered into olfactory bulb, cortical, subcortical, pituitary, and brainstem/cerebellum 
regions. The 3D color model shows the location of the listed brain regions in yellow. Positive 
BOLD responses for each voxel are averaged across subjects within each experimental 
group, and in red is the composite average of voxels that show a significant increase in 
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positive BOLD. Brain regions highlighted in gray in the text indicate regions that are known 
to show a high density of OTR (Freund-Mercier et al., 1987; Tribollet et al., 1988; Dumais et 
al., 2013). Brain regions that are bold are regions that are known to show sex differences in 
OTR binding densities (Dumais et al., 2013; Smith et al., 2016).  

 

 

IP OT induces robust activation throughout the brain in both sexes 

Compared to vehicle, IP OT induced positive BOLD activation in 31 brain regions in 

males and 35 brain regions in females (Fig. 4.5). Several of these brain regions were located 

within the olfactory system (Martinez-Marcos, 2009). In detail, compared to vehicle, IP OT 

induced positive BOLD activation in all three layers of the olfactory bulb (external plexiform 

layer, glomerular layer, and granular layer) during Min 1-10 and Min 10-20 in both sexes. In 

addition, compared to vehicle-treated males, OT-treated males showed higher positive BOLD 

activation in the rostral piriform cortex during Min 1-10 and in the olfactory tubercles and 

cortical amygdala during Min 10-20. Compared to vehicle-treated females, OT-treated 

females showed higher positive BOLD activation in the anterior olfactory nucleus during 

Min 1-10 and Min 10-20. 

In addition, several brain regions within the cerebellum and brainstem showed 

positive BOLD activation in males and females in response to IP OT. Specifically, compared 

to vehicle-treated males, OT-treated males showed higher positive BOLD activation in the 

root of trigeminal, principal sensory nucleus trigeminal, vestibular nucleus, tenth cerebellar 

lobule, lemniscal nucleus, and reticular nucleus midbrain. Compared to vehicle-treated 

females, OT-treated females showed higher positive BOLD activation in the reticular nucleus 

midbrain, lemniscal nucleus, simple lobule cerebellum, and flocculus cerebellum, fourth 

cerebellar lobule, and superior colliculus. In addition, compared to vehicle-treated females, 

OT-treated females showed robust activation of cortical regions, especially during Min 10-

20, a pattern of activation that was not evident in males.    
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Finally, compared to vehicle, IP OT induced negative BOLD activation in 18 brain 

regions in males and 23 brain regions in females (Supplementary Table 4.4). Most noticeable 

was prolonged IP OT-induced negative BOLD activation in both sexes in brain regions 

within the olfactory system (i.e, the external plexiform layer, glomerular layer, and granular 

cell layer). 

IP OT causes limited sex differences in neural activation 

There were 12 distinct brain regions that show sex differences in positive BOLD 

activation in response to IP OT (7 during Min 1-10 and 5 during Min 10-20), with all 12 

regions showing higher activation in OT-treated males compared to OT-treated females (Fig. 

4.6). In detail, OT-treated males showed higher activation compared to OT-treated females in 

the arcuate nucleus, medial geniculate, premammilary nucleus, root of trigeminal nerve, 

triangular septal nucleus, neural lobe pituitary, and anterior lobe pituitary during Min 1-10, 

and in the cortical amygdala, medial amygdala, olfactory tubercles, magnocellular preoptic 

nucleus, and paraflocculus cerebellum during Min 10-20. Brain regions that show sex 

differences in positive BOLD activation in response to IP OT are specific to OT-treated rats, 

as these sex differences were not seen in vehicle-treated rats (Supplementary Table 4.5), 

except for the medial geniculate and the paraflocculus cerebellum which show higher 

activation in males compared to females irrespective of treatment. 

Sex differences in negative BOLD activation after IP OT administration are found in 

the 7th, 8th, and 9th cerebellar lobules and the basal amygdala (all higher in females) during 

Min 10-20 (Supplementary Table 4.3). Negative BOLD sex differences are specific to OT-

treated rats, as these sex differences were not seen in vehicle-treated rats (Supplementary 

Table 4.5). 
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Figure 4.6 IP OT induces few sex differences in activation. Listed are brain regions 
showing sex differences in positive BOLD activation following IP OT (p<0.05), with the 
corresponding median (med) number of voxels showing positive BOLD activation during 
either the first 10 minutes (Min 1-10) or last 10 minutes (Min 10-20). All brain regions that 
show sex differences show higher activation in males compared to females, and all brain 
regions are clustered into cortical, subcortical, brainstem, and cerebellum regions. The 3D 
color model shows the location of the listed brain regions within each time point in yellow. 
Positive BOLD responses for each voxel is averaged across subjects within each 
experimental group, and in red is the composite average of voxels that show a significant 
increase in positive BOLD in regions that show higher activation in males (OT Males) and in 
regions that show higher activation in females (OT Females). The brain region highlighted in 
gray (medial amygdala) is known to show a high density of OTR (Freund-Mercier et al., 
1987; Tribollet et al., 1988; Dumais et al., 2013), and to show a sex differences in OTR 
binding density (Dumais et al., 2013; Smith et al., 2016). 
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Discussion 

The current study is the first to compare BOLD activation patterns between male and 

female rats in response to OT administration. This revealed that ICV OT activated more brain 

regions with dense OTR binding compared to IP OT (11 versus 5 brain regions). 

Furthermore, ICV OT induced sex differences in more (26 versus 12 brain regions) and in 

distinct (overlap in only 2 brain regions) brain regions compared to IP OT. Interestingly, of 

the sex differences observed in response to OT, males showed higher positive BOLD 

activation than females in nearly all brain regions following ICV OT (i.e., 20 out of 26 brain 

regions) and in all brain regions following IP OT (12 brain regions). Overall, these results 

show that exogenous OT induces robust sex differences in neural activation, but that the 

pattern and the magnitude of sex differences in neural activation strongly depend on the route 

of administration. Below we discuss how and why OT may produce ICV-, IP-, and sex- 

specific neural activation patterns, including their potential behavioral implications.  

 

Sex-specific BOLD activation patterns following ICV OT  

Our results confirm and extend previous findings in male rats showing robust ICV 

OT-induced BOLD activation in brain regions with high OTR expression (Ferris et al., 2015). 

Specifically, we confirmed the ICV OT-induced neural activation in the nucleus accumbens 

shell, olfactory tubercles, and subiculum, but also found additional activation in the anterior 

olfactory nucleus, insular cortex, paraventricular hypothalamus, and ventromedial 

hypothalamus. The BOLD activation found in the anterior olfactory nucleus and 

paraventricular hypothalamus is supported by data showing Fos activation in these regions in 

male rats following ICV OT injections (Ludwig et al., 2013). Interestingly, OT-treated males 

showed activation in more (7 versus 4) and in different brain regions that were dense in OTR 

than OT-treated females. Three of these brain regions activated by ICV OT in males but not 
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in females (i.e., insular cortex, paraventricular hypothalamus, ventromedial hypothalamus) 

show higher OTR binding density in males compared to females (Dumais et al., 2013; Smith 

et al., 2016). One of the brain regions activated by ICV OT in females but not males 

(perirhinal cortex) shows higher OTR binding density in females compared to males (Smith 

et al., 2016). These sex differences in OTR binding densities may, in part, explain the sex-

specific activation patterns following ICV OT.   

Sex-specific activation in response to ICV OT was also found in brain regions that do 

not show sex differences in OTR binding densities (i.e., ventral subiculum, lateral 

hypothalamus, basal amygdala; Smith et al., 2016). These regions may show sex-specific 

activation due to sex differences in affinity of OT to OTR, or via different modes of action of 

the OTR between the sexes (i.e., direct post-synaptic excitation or indirect modulation of 

synaptic inputs upon OT binding; Raggenbass, 2001; Joels, 2000). These hypotheses for sex-

specific modulation of neural activity by OT have not been tested and are in need of further 

investigation. Interestingly, we previously found that OT administration into the central 

amygdala, which shows sex-specific BOLD activation (current study) but not a sex 

difference in OTR binding density (Dumais et al., 2013; Smith et al., 2016), modulates social 

investigation in sex-specific ways (Dumais et al., under review). Therefore, the ability of OT 

to modulate behavior differently in males and females in a region that does not show a sex 

difference in OTR binding density may lend support to the finding that OT modulates neural 

activation in sex-specific ways in this region. Finally, sex-specific activation in response to 

ICV OT was found in brain regions lacking dense OTR binding (Freund-Mercier et al., 1987; 

Tribollet et al., 1988; Dumais et al., 2013; Smith et al., 2016). Sex-specific activation of these 

brain regions may be due to indirect activation by other brain regions that were sex-

specifically activated. For instance, the ventromedial hypothalamus, which shows a sex 

difference in OTR binding density (Dumais et al., 2013; Smith et al., 2016) and sex-specific 
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BOLD activation, projects to the prelimbic cortex and ventral tegmental area (Canteras et al., 

1994), which show sex-specific BOLD activation but do not show dense OTR binding 

(Dumais et al., 2013; Smith et al., 2016). In summary, while some sex-specific activation 

patterns may be modulated by sex differences in OTR binding densities, it is likely that 

additional mechanisms contribute to the sex-specific activation profiles elicited by central OT 

administration.  

Sex differences following ICV OT: Males show higher positive BOLD activation in 

olfactory and reward processing regions  

Males showed higher positive BOLD activation than females in nearly all brain 

regions after ICV OT (20 out of 26 brain regions). A number of these brain regions include 

those involved in social olfactory processing (olfactory bulb layers, olfactory tubercles, 

caudal piriform cortex) and in the regulation of reward and motivated behaviors (nucleus 

accumbens shell, ventral pallidum). Most of these regions do not show sex differences in 

OTR binding (piriform cortex, ventral pallidum) or sex differences in OTR binding have not 

been examined (olfactory bulb layers, olfactory tubercles). However, in the nucleus 

accumbens shell, males show higher OTR binding density compared to females (Dumais et 

al., 2013). Interestingly, sex-specific activation of the nucleus accumbens was also found in 

humans, in which intranasal OT administration increased activation in the nucleus accumbens 

in men but not in women, in response to reciprocated cooperation (Rilling et al., 2013). 

Given the range of behavioral implications of these sex-specific neural activation patterns, it 

would be of interest to investigate whether ICV OT may produce sex-specific expression of 

social behaviors that may require olfactory and reward processing brain regions. 

Interestingly, ICV OT has been found to facilitate social recognition and to increase social 

approach toward stimuli that are typically avoided (conspecifics that previously defeated 

them in a social-defeat paradigm) in male but not female rats (Benelli et al., 1995; 
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Engelmann et al., 1998; Lukas et al., 2011; Lukas and Neumann, 2014). It would be 

interesting to examine whether brain regions that show higher BOLD activation in males 

compared to females following ICV OT may be causally involved in these behaviors that are 

facilitated by ICV OT in males but not in females. 

Sex differences following ICV OT: Females show higher positive BOLD activation in 

brain regions involved in maternal behavior and in the amygdala  

We are the first to examine ICV-OT induced BOLD activation in virgin female rats, 

as previous reports of ICV OT-induced BOLD activation has been in lactating rats only 

(Febo et al., 2005, 2009). Interestingly, virgin females showed higher activation in response 

to OT compared to vehicle-treated females and compared to OT-treated males in brain 

regions known to be important for OT-mediated maternal behavior, including the basal 

amygdala, lateral amygdala, central amygdala, and medial preoptic area (Pedersen et al., 

1994; Bosch et al., 2005; Numan et al., 2010). In rats, pups are raised by the dam only 

(Lonstein and Fleming, 2002). Our findings indicate that brain regions which control 

maternal behavior are already more sensitive to OT in virgin females than in males. 

The ICV OT-induced sex-specific BOLD activation of the amygdala seems to 

correspond with findings in humans. Here, intranasal administration of OT increased fear-

induced amygdala activation in women, but decreased fear-induced amygdala activation in 

men (Domes et al., 2007; Domes et al., 2010). The opposite effect was found in response to 

positive social interactions, in which intranasal OT decreased amygdala activation in women, 

but increased amygdala activation in men, during cooperative social exchanges (Rilling et al., 

2012; Rilling et al., 2013). Given these findings in humans, it would be interesting to 

examine whether the direction of sex-specific activation in the amygdala in response to ICV 

OT in rats depends on exposure to negative or positive social stimuli. Together, these data 

support the idea that, across species, the amygdala may be a site for sex-specific activation by 
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OT, and highlights the need to consider factors such as sex and social context when using OT 

in humans. Indeed, this may have important implications for the use of OT in the treatment of 

social dysfunction in neuropsychiatric disorders, as intranasal OT has been found to modulate 

amygdala activation in both men and women with sex-biased psychiatric disorders, such as 

autism spectrum disorder, social anxiety, and borderline personality disorder (Labuschagne et 

al., 2010; Domes et al., 2013; Bertsch et al., 2013). 

Positive BOLD activation in the insular cortex depends on sex and ICV OT treatment   

We observed an interesting pattern of positive BOLD activation in the insular cortex, 

in which vehicle-treated males showed lower activation compared to vehicle-treated females, 

while OT-treated males showed higher activation compared to OT-treated females. The 

insular cortex plays an important role in linking interoceptive information processing with 

emotional/social salience, by integrating homeostatic, visceral, and nociceptive inputs with 

emotional/social cues in mice, rats, monkeys, and humans (Craig, 2002; Rodgers et al., 2008; 

Gogolla et al., 2014; Jezzini et al., 2015), in which to generate a unified self-awareness 

(Craig, 2002, 2003; Critchley et al., 2004). Indeed, the insular cortex has been widely 

implicated in emotion perception, social cognition, and in coordinating a sense of “self” 

(Karnath and Baier, 2010; Menon and Uddin, 2010; Decety, 2011). Interestingly, sex 

differences have been found in the structure and function of the insular cortex in rats, in 

which females have greater dendritic branching in the insular cortex (Kolb and Stewart, 

1991) and higher Fos expression in response to conditioned cocaine reinstatement (Zhou et 

al., 2014) compared to males. Sex differences were also found in humans, in which women 

showed higher insular cortex activity in response to negative images compared to men 

(Andreano et al., 2014). It is tempting to speculate that the higher BOLD activation in the 

insular cortex of females compared to males may reflect sex differences in response to a 

negative or stressful stimulus, i.e., the imaging procedure.  
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The switch in insular cortex activation in response to ICV OT with higher BOLD 

activation in males than in females suggest an opposite role for OT by enhancing BOLD 

activation in males but dampening BOLD activation in females. The higher OTR binding 

density in the insular cortex in male rats compared to female rats (Dumais et al., 2013), may, 

in part, contribute to this sex-specific effect. Interestingly, intranasal OT induced higher 

activation in the insular cortex in men compared to women during reciprocated cooperation 

(Rilling et al., 2013). This may suggest a similar sex-specific function of OT acting on the 

insular cortex (directly or indirectly) in rats and humans.  Furthermore, it has been suggested 

that OT within the insular cortex encodes the saliency of interoceptive signals, and a 

dysregulation of the OT system may explain emotion and social “self” deficits characteristic 

of autism, a male-biased social disorder (Quattrocki and Friston, 2014). We propose that 

male and female rats could be used as a model system to study the mechanisms by which OT 

modulates insula-mediated emotional and social functioning in sex-specific ways, which, in 

turn, may inform studies in healthy and autistic humans.  

 

BOLD activation following IP OT is distinct from BOLD activation following ICV OT 

The activation patterns elicited by IP OT were very different than those elicited by 

ICV OT. Compared to ICV OT, IP OT induced activation of fewer brain regions that are 

known to be dense in OTR (5 versus 11 brain regions) and induced fewer sex differences in 

BOLD activation (12 versus 26 brain regions). Moreover, IP OT induced sex differences in 

BOLD activation in different brain regions than ICV OT. Together, this strongly suggests 

that ICV OT and IP OT induce their effects on the brain via different mechanisms. Indeed, 

because peripheral OT cannot readily pass the blood brain barrier (Mens et al., 1983; Ermisch 

et al., 1985), it is unlikely that a substantial amount of IP OT gained direct access to the brain 

to activate central OTR. Interestingly, changes in social behavior in male rats are seen 30-40 
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min after IP OT administration (Kent et al., 2015; Bowen et al., 2011; Suraev et al., 2014; 

Ramos et al., 2013). While the precise route remains to be elucidated, IP OT rapidly 

modulates brain activity that in turn can affect behavioral responses. The most robust patterns 

of activation induced by IP OT, as well as the potential mechanisms of activation by IP OT, 

are discussed below.  

Possible mechanisms by which IP OT induces BOLD activation in the brain 

We confirmed previous results showing IP OT-induced BOLD activation in 

cerebellum and brainstem regions in male rats (Ferris et al., 2015), and now demonstrate for 

the first time that IP OT in adult female rats also induced BOLD activation in cerebellum and 

brainstem regions. Brainstem activation in response to IP OT has also been found using Fos 

as a marker for neuronal activation in male rats and mice (Maejima et al., 2011; Morton et 

al., 2012; Iwasaki et al., 2015). OTR is widely expressed in peripheral systems involved in 

autonomic function (i.e., reproductive system, kidney, heart, vascular smooth muscle, 

thymus; Gimpl and Fahrenholz, 2001). These peripheral systems provide direct input to the 

cerebellum and brainstem via the vagus nerve (Newman and Paul, 1966, Rubia and Phelps, 

1970; Menetrey and De Pommery, 1991). Moreover, IP OT-induced Fos activation of the 

brainstem in male mice was blocked after vagotomy (Iwasaki et al, 2015). Together, this 

strongly suggests a possible peripheral mechanism that may explain IP OT activation of 

cerebellum and brainstem regions. Given the role of the cerebellum and brainstem in 

autonomic nervous system regulation (i.e., heart rate, blood pressure, respiration, 

piloerection; Snider and Maiti, 1976; Haines et al., 1984; Cavdar et al., 2001), we propose 

that activation of the cerebellum and brainstem via a peripheral OTR-mediated route may 

serve to transmit viscero-sensory information from the body to guide autonomic responses, 

and in a more real-world setting, behavioral responses.  
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We confirmed previous results showing increased BOLD activation in the olfactory 

bulb following IP OT in male rats (Ferris et al., 2015), and we now demonstrate that IP OT in 

adult female rats also induced BOLD activation in the olfactory bulb. This activation in both 

sexes is of particular interest given the importance of olfactory bulb activation for a range of 

social behaviors in both male and female rats, including social recognition (Yu et al., 1996; 

Larrazolo-Lopez et al., 2008; Dluzen et al., 1998; Dluzen et al., 2000). The exact 

mechanisms by which IP OT increases BOLD activation in the olfactory bulb is at present 

unclear. IP OT may have gained direct access to the olfactory bulb and activated OTR in the 

olfactory bulb (Ferris et al., 2015) via bypassing the blood brain barrier at the level of the 

nasal epithelium (Mathison et al., 1998). On the other hand, the olfactory bulb receives direct 

input from the cerebellum (de Olmos et al., 1978; Matsutani and Yamamoto, 2008), and thus, 

IP OT-induced BOLD activation in the olfactory bulb may have been caused by IP OT-

induced activation of the cerebellum. 

Sex-specific BOLD activation patterns following IP OT 

A number of regions showing sex-specific activation following IP OT injections were 

within the cerebellum and brainstem. If these regions are activated by IP OT via autonomic 

nervous system input (as discussed above), then this may suggest differences in autonomic 

regulation of cerebellum and brainstem activity between males and females. This could be 

mediated by sex differences in peripheral OTR, but unfortunately, no studies to date have 

compared peripheral OTR expression between the sexes. However, the testis and ovaries, 

which both express the OTR (Gimpl and Fahrenholz, 2001), have bi-directional, 

multisynaptic connections to the brainstem (and forebrain) via the vagus nerve (Ortega-

Villalobos et al., 1990; Lee et al., 2002), and these connections are sexually dimorphic. 

Specifically, fibers projecting to particular brain regions (i.e., to the insular cortex, 

parasympathetic nucleus), are more dense coming from the testis than from the ovaries 
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(Gerendai et al., 1998, 2002; Gerendai, 2004). The sex-specific innervation of the brain by 

OTR-expressing reproductive organs may provide a mechanism by which IP OT induces sex 

differences in BOLD activation. Interestingly, sex differences in IP OT-induced BOLD 

activation were also found in subregions of the amygdala and hypothalamus. These regions 

have also been shown to receive direct afferents from the spinal cord (Menetrey and De 

Pommery, 1991), which may provide a mechanism for peripheral OT-mediated activation of 

these regions. However, whether these projections differ between males and females is 

unknown. Given the importance of the amygdala and hypothalamus for a range of social 

behaviors, sex differences in activation of these brain regions may suggest sexually 

dimorphic actions of IP OT on behavior. Because direct comparisons of the effect of IP OT 

on behavior between males and females is lacking, this would be an interesting area for 

future research.  

 

Limitations and considerations 

 When imaging awake animals, there is concern for the stress associated with head 

and body restraint and the noise from the gradient coil. To address these issues, protocols 

have been made to acclimate rats to the imaging procedure by habituating the rat to the head 

and body restraining systems and the noise associated with scanning (described in Methods). 

This acclimation has been found to significantly reduce the stress associated with awake 

imaging. Specifically, rats show significant decreases in body temperature, motor movement, 

heart rate, and plasma corticosterone levels when comparing the first to the last acclimation 

days (King et al., 2005). However, while these signs of autonomic arousal and stress are 

reduced with acclimation, they are not eliminated entirely. Therefore, the OT-induced 

changes in BOLD activation may have occurred against a backdrop of heightened arousal 

and stress. In addition, OT injections were given in the absence of social stimuli. Therefore, 
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OT-induced activation patterns may be different when given in conjunction with various 

social stimuli. Finally, the exogenous OT-induced activation patterns in the current study 

may not represent endogenous OT-induced activation patterns. Determining neural activation 

patterns following techniques to induce endogenous OT release would be an important 

avenue for future research.  

 

Conclusion 

The underrepresentation of females in neuroscience research studies (Zucker and 

Beery, 2010) raises an important limitation in understanding the role of OT in the regulation 

of behavior and neural responses in both sexes. Importantly, the growing popularity of 

exogenous OT as a potential therapeutic agent in the treatment of a range of neuropsychiatric 

disorders highlights the need to understand how OT modulates the brain and behavior in both 

males and females. The present work demonstrates that exogenous OT administration 

activates the rat brain in sex-specific ways, albeit more so after central than after peripheral 

OT administration. A full understanding of the functional implications of these sex-specific 

neural activation patterns is still to be determined. However, these robust sex differences in 

neural activation patterns in rats may provide incentive for comprehensive investigation into 

possible OT-induced sex differences in neural activation in other species, including humans.  
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Supplementary Table 4.1 Listed are brain regions that show ICV treatment-induced 
differences in negative BOLD activation (p<0.05) for both males and females, with the 
corresponding median (med) number of voxels showing negative BOLD activation during 
either the first 10 minutes (Min 1-10) or last 10 minutes (Min 10-20) post vehicle or OT 
injection. Treatment groups are compared within each sex, and all brain regions are ranked in 
order of their significance.  
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Supplementary Table 4.2 Listed are brain regions that show sex differences in response to 
ICV vehicle (p<0.05) for both positive and negative BOLD activation, with the 
corresponding median (med) number of voxels showing BOLD activation during either the 
first 10 minutes (Min 1-10) or last 10 minutes (Min 10-20) in males and females. All brain 
regions are ranked in order of their significance.  
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Supplementary Table 4.3 Listed are brain regions that show sex differences in negative 
BOLD activation (p<0.05) in response to ICV OT and IP OT, with the corresponding median 
(med) number of voxels showing BOLD activation during either the first 10 minutes (Min 1-
10) or last 10 minutes (Min 10-20) in males and females. All brain regions are ranked in 
order of their significance.  
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Supplementary Table 4.4 Listed are brain regions that show IP treatment-induced 
differences in negative BOLD activation (p<0.05) for both males and females, with the 
corresponding median (med) number of voxels showing negative BOLD activation during 
either the first 10 minutes (Min 1-10) or last 10 minutes (Min 10-20) post vehicle or OT 
injection. Treatment groups are compared within each sex, and all brain regions are ranked in 
order of their significance.  
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Supplementary Table 4.5 Listed are brain regions that show sex differences in response to 
IP vehicle (p<0.05) for both positive and negative BOLD activation, with the corresponding 
median (med) number of voxels showing BOLD activation during either the first 10 minutes 
(Min 1-10) or last 10 minutes (Min 10-20) in males and females. All brain regions are ranked 
in order of their significance.  
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VI. General Discussion 

The focus of my thesis has been to investigate sex differences in the brain oxytocin 

(OT) system, and how these sex differences may regulate social behavior and neural 

activation in sex-specific ways. We demonstrated that the OT receptor (OTR) in the rat brain 

is highly sexually dimorphic, with males showing higher OTR binding densities than females 

in a variety of forebrain regions (Study 1; Dumais et al., 2013). Furthermore, we found a 

functional link between a sex difference in OTR binding in the posterior bed nucleus of the 

stria terminalis (BNSTp) and sex-specific regulation of social recognition by OT (Study 2; 

Dumais et al., 2016). Interestingly, we also found that the OT system modulates social 

interest in sex-specific ways in the central amygdala (CeA), a region that does not show a sex 

difference in OTR binding (Study 3; Dumais et al., 2016, under review). Finally, we showed 

that exogenous OT induced robust sex differences in neural activation, and that the pattern 

and the magnitude of these sex differences strongly depend on the route of administration 

(central versus peripheral; Study 4). Together, these results show the complex ability of OT 

to regulate behavioral and brain responses in sex-specific ways.   

It is important to consider whether sex differences in OTR binding densities found in 

rats (Study 1) are unique to rats, or whether they are also found in other mammalian species, 

including humans. This species comparison will allow for the formulation of a framework in 

which the functional relevance of sex differences, or lack thereof, in the OT system can then 

be tested. Therefore, I discuss below whether similar patterns of sex differences in the OT 

system exist across species, and I will argue that the functional relevance of sex differences 

in the OT system can only be understood by taking into account the social organization of a 

given species. I will further discuss how the sex-specific role of the OT system in the BNSTp 

and CeA in the regulation of social recognition and social interest, respectively (Study 2 and 

3), updates our existing knowledge of the neural network that is currently known to underlie 
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social behavior. Finally, I discuss the implications of sex-specific modulation of brain 

activation by exogenous OT (Study 4), and how these results may inform clinical health 

sectors about using OT as a therapeutic agent in both men and women. 

 

Sex differences in the OT system in rats: How does this compare to other species?  

In order to better understand the functional role of the OT system in both males and 

females, it is important to understand whether sex differences in the OT system are found 

across species, or are species-specific. Indeed, generalizing the idea of a “sexually dimorphic 

OT system” to all species may be damaging to scientific progression if this were not the case. 

When comparing across species, the lack of sex differences in OT mRNA expression in the 

paraventricular nucleus (PVN) and supraoptic nucleus (SON) of the hypothalamus in virgin 

rats (Study 1; Dumais et al., 2013) is consistent with the lack of sex differences in OT-

immunoreactive neurons in the PVN and SON in prairie, pine, meadow, and montane voles 

(Wang et al., 1996), naked mole rats (Rosen et al., 2008), long tailed hamsters (Xu et al., 

2010), and non-human primates (macaques: Caffé et al., 1989; marmosets: Wang et al., 

1997). Similarly, in humans, there are no sex differences in the number of OT neurons in the 

PVN (Wierda et al., 1991) or in the size of OT neurons in the PVN and SON (Fliers et al., 

1985; Ishunina and Swaab, 1999). However, the lack of sex differences in OT mRNA in rats 

(Study 1; Dumais et al., 2013) is in contrast to some other species, in which females have 

higher OT-immunoreactive neurons in the PVN and SON compared to males in CD mice 

(Häussler et al., 1990), mandarin voles (Qiao et al., 2014), and Brandt’s voles (PVN only; Xu 

et al., 2010). Together, these studies show that sex differences in OT synthesis is species-

specific, but that there is a lack of sex differences in OT synthesis in the brain in the majority 

of species analyzed.  

http://www.ncbi.nlm.nih.gov/pubmed?term=H%C3%A4ussler%20HU%5BAuthor%5D&cauthor=true&cauthor_uid=2204355


118 
 

Sex differences in OTR binding densities are also species-specific. Study 1 found 

that, compared to female rats, male rats have higher OTR binding densities in 9 out of 15 

forebrain regions analyzed (Dumais et al., 2013). This male dominated pattern in OTR 

binding density is also seen in deer mice (P. maniculatus and P. californicus), in which males 

showed higher OTR binding densities compared to females in 8 out of 20 brain regions 

analyzed, including the olfactory bulb, cingulate cortex, dorsal lateral septum (LS), and 

BNST (lateral, medial anterior, and medial posterior parts; Insel et al., 1991). Furthermore, 

higher OTR binding density in males compared to females in the medial amygdala (MeA) 

and hippocampal CA1 region in Study 1 (Dumais et al., 2013) is consistent with higher OTR 

mRNA expression in the MeA in male mandarin voles (Cao et al., 2013) and higher OTR 

binding density in the MeA and hippocampal CA1 region in male S. xerampelinus singing 

mice (Campbell et al., 2009) compared to females. However, in other species, females 

display higher OTR binding densities than males. For example, compared to males, females 

showed higher OTR binding densities in the medial prefrontal cortex in prairie and pine voles 

(Smeltzer et al., 2006) and in the ventromedial hypothalamus (VMH) in ICR mice (Tribollet 

et al., 2002). Further, limited or no sex differences in OTR binding densities have been found 

in C57Bl/6J mice (Hammock and Levitt, 2013), solitary golden hamsters (Dubois-Dauphin et 

al., 1992), and prairie voles (Bales et al., 2007a; except for the medial prefrontal cortex in 

Smeltzer et al., 2006). Only one study thus far has addressed potential sex differences in OTR 

in the human brain and reported no sex differences in OTR binding densities, but they had a 

very low number of female subjects (n=4; Loup et al., 1991). Unfortunately, there are still 

large gaps in our knowledge of sex differences in OTR binding densities across species, as 

most studies only analyzed sex differences in OTR in a few brain regions (mice [Hammock 

and Levitt; 2013]; voles [Smeltzer et al., 2006; Bales et al., 2007a; Cao et al., 2013]; hamsters 

[Dubois-Dauphin et al., 1992]). Therefore, additional and more comprehensive studies would 



119 
 

be helpful in providing a more complete understanding of sex differences, or lack thereof, in 

OTR binding densities across species.  

 

Do sex differences in the OT system relate to species-specific social organizations? 

Collectively, these findings show that there is evidence for both the presence and 

absence of sex differences in the OT system, depending on the species and the specific OT 

system parameters (OTR binding, OT mRNA, OT-immunoreactivity) being investigated. 

This raises the question, what does this variability in sex-specific expression of the OT 

system mean? We propose that the presence or absence of sex differences in the brain OT 

system depends largely on the social organization of that particular species. Social 

organization encompasses the organization of social relations within a group, including 

mating systems (polygamy, monogamy, promiscuity), parental systems (biparental care, 

maternal care), and sociality systems (the degree to which individuals live in social groups, 

ranging from solitary to eusocial). Accordingly, we would predict that species in which males 

and females differ in at least one aspect of social organization (e.g., polygamous species, 

which show sex differences in mating and parental systems; Lande & Arnold, 1985) will 

show more sex differences in the OT system compared to species in which males and females 

exhibit very similar social organizations (e.g., monogamous species, which show few sex 

differences in mating and parental systems; Kleiman, 1977). In support of these predictions, 

sex differences in OT and/or OTR have been found in polygamous rodent species such as CD 

mice (OT-ir in PVN and SON; Häussler et al., 1990), P. maniculatus (OTR binding; Insel et 

al., 1991), Sprague Dawley rats (OTR binding; Uhl-Bronner et al., 2005), Wistar rats (OTR 

binding; Dumais et al., 2013), and Chinese striped hamsters (OT-ir; Wang et al., 2013), while 

a lack of sex differences in OT system parameters has been found in monogamous rodent 

http://www.ncbi.nlm.nih.gov/pubmed?term=H%C3%A4ussler%20HU%5BAuthor%5D&cauthor=true&cauthor_uid=2204355
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species, such as P. californicus mice (OTR binding; Insel et al., 1991) and prairie and pine 

voles (OT-ir in PVN and SON and OTR; Wang et al., 1996; Bales et al., 2007).  

However, in contrast to these predictions, polygamous species such as meadow and 

montane voles do not show sex differences in OT system parameters (OT-ir in PVN and 

SON and OTR; Wang et al., 1996). This highlights the need to not only focus on one or two 

aspects of the social organization (in this case mating and parental systems), but to consider 

all aspects of the social organization (including sociality systems). For example, polygamous 

species can be primarily solitary (such as meadow and montane voles, and hamsters; 

Madison, 1980; Webster and Brooks, 1981; Gattermann et al., 2001) or can be living in more 

complex social groups (such as rats and some mouse species; Brett, 1991; Manning et al., 

1992). The concept of integrating mating systems with sociality systems has been elegantly 

proposed by Ophir (2011) and Kelly and Ophir (2015) in order to provide a framework that 

may help us understand species-specific neuropeptide control of social behavior across 

vertebrate taxa. We believe that a similar approach is necessary to understand the functional 

significance of sex differences, or a lack thereof, in the OT system, as the roles of males and 

females may differ according to their specific sociality system. For example, a difference in 

the expression of territoriality may be larger between the sexes in highly complex social 

groups (only males may show territoriality) compared to less complex social groups (both 

sexes need to show territoriality). In addition, it will also be important to consider factors 

such as season and social density, as these might influence changes in the social organization 

and OT parameters differently in males than in females (Beery and Zucker, 2010; Anacker 

and Beery, 2013). Furthermore, it will be important to consider social context and the way we 

house laboratory animals, as this may or may not diverge from the natural social organization 

of a given species. Therefore, it is important to keep in mind that neural systems (i.e., the OT 

system) that represent ethologically relevant behavior in wild animals may have been altered 
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in laboratory animals (Kelly and Ophir, 2015; Baumans & Van Loo, 2013). Finally, we 

should consider that sex differences in the OT system may not always function to induce sex 

differences in behavior. De Vries (2004) proposed a dual-function hypothesis of sex 

differences, in which sex differences in the brain may function to either cause sex differences 

in behavior, or may function to prevent sex differences in behavior. The latter may be 

important when compensating for other sex differences in physiological conditions (i.e. 

hormone levels). This hypothesis may have consequences for how we should interpret the 

function of the presence or absence of sex differences in the OT system. Translating this to 

our proposal, the dual-function hypothesis would suggest that males and females with a 

similar social organization may actually show sex differences in OT parameters in order for 

them to show similar behaviors. Together, taking into account the social organization of a 

given species may be an important step towards understanding why certain species show sex 

differences in the brain OT system while other species do not. 

 

Sex-specific roles of the OT system in the BNSTp in social recognition: New insights 

into the neural network regulating social recognition  

Social recognition describes the ability to recognize individual conspecifics, and is 

important for a range of social behaviors, such as the establishment and maintenance of 

social hierarchies, parent-offspring bonding, mating and sexual behaviors, and aggressive 

behaviors. Therefore, social recognition is imperative for the appropriate expression of a 

wide range of social behaviors important for survival and successful reproduction. In the 

preceding chapters, we have shown evidence for the involvement of the OT system in the 

BNSTp in the sex-specific regulation of social recognition (Study 2; Dumais et al., 2016). 

Below, we describe how this data provides new insights into the network of brain regions 

involved in regulating social recognition (Wacker and Ludwig, 2012; Gabor et al., 2012; 
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Choleris et al., 2009). We start by describing the initial detection of the olfactory cue by the 

vomeronasal system, and how this social olfactory information is transmitted to brain regions 

that are known to regulate social recognition. We then describe how the OT system acts in a 

number of these brain regions to regulate social recognition, and how our BNSTp data (Study 

2; Dumais et al., 2016) adds to our understanding of the neural circuitry involving OT-

mediated social recognition in both sexes.  

Neural circuitry underlying social information processing 

Detection of the social olfactory cue is the first step in the process underlying a wide 

variety of social behaviors. The initial detection of social odors are via volatile odor detection 

by the main olfactory epithelium which is relayed to the main olfactory bulb, and non-

volatile odor detection by the vomeronasal organ which is relayed to the accessory olfactory 

bulb (Johnston, 1998; Baum and Bakker, 2013). These two detection mechanisms make up 

the start of two distinct olfactory pathways, the main olfactory pathway and the accessory 

olfactory pathway, respectively (Johnston, 1998; Baum and Bakker, 2013). Recent evidence 

however suggests that the main olfactory system can contribute to the ability of the accessory 

olfactory system to generate responses to biologically relevant cues via convergence of these 

two systems in the MeA (Martinez-Garcia et al., 2009; Guthman and Vera, 2016). While both 

the main and accessory olfactory systems have been shown to be involved in mediating 

neuroendocrine and behavioral responses to social cues across a variety of species (Johnston, 

1998), the accessory olfactory system has been shown to be the main modulator of social 

recognition processing in rats (Noack et al., 2010). Indeed, the social recognition paradigm 

employed in Study 2 measures a rat’s ability to discriminate between individual conspecifics, 

and this type of individual recognition is in part modulated by chemical signals (i.e. 

pheromones) which are mainly detected by the vomeronasal organ (Dulac and Torello, 2003; 

Johnston, 1998). After detection of these chemical signals which make up a conspecific’s 
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“olfactory signature”, the neurons of the vomeronasal organ, located in the nasal cavity, gain 

direct access to the brain by penetrating the cribriform plate and terminating in the 

glomerular layer of the accessory olfactory bulb (Johnston, 1998). Through this process, the 

initial detection of the social olfactory cue is made.  

For the ability to recognize and then appropriately respond to conspecifics, the neural 

circuitry underlying social information processing must include not only systems necessary 

to perceive social cues, but systems to link these cues to emotion, motivation, and adaptive 

behavior (Camats-Perna and Engelmann, 2015). This includes the BNSTp and MeA, which 

receive direct projections from the accessory olfactory bulb, and have hence been described 

as the “vomeronasal amygdala” (Davis et al., 1978; deOlmos et al., 1978; Scalia and Winans, 

1975; Winans and Scalia, 1970; Halpern, 1987). The BNSTp and MeA then project to 

hypothalamic nuclei (medial preoptic area [MPOA], VMH, and ventral premammillary 

nucleus) for motivational output behavior, which have been described as the tertiary 

projections of the accessory olfactory bulb (Kevetter and Winans, 1981; Halpern and 

Martinez-Marcos, 2003, Kretteck and Price, 1977, 1978). More recently, other projections of 

the BNSTp and MeA have been described as being part of the accessory olfactory pathway, 

such as the LS, ventral tegmental area, and entorhinal cortex (Baum and Bakker, 2013; 

Camats-Perna and Engelmann, 2015). Importantly, many of these regions within the 

accessory olfactory system have been found to be involved in the regulation of social 

recognition. Of these brain regions, the olfactory bulb, MeA, BNSTp, LS, MPOA, and 

hippocampus have all been found to regulate social recognition in rodents (Popik et al., 1992; 

Van Wimersma Greidanus and Maigret, 1996; Dluzen et al., 1998; Kogan et al., 2000; 

Ferguson et al., 2001; Larrazolo-Lopez et al., 2008; Veenema et al., 2012; Lukas et al., 2013; 

Pena et al., 2014; Dumais et al., 2016).   
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OT-mediated regulation of social recognition  

A simplified model outlining the brain regions involved in social recognition has 

been proposed previously (Bielsky and Young, 2004; Baum and Bakker, 2013; Camats-Perna 

and Engelmann, 2015). I herein propose a revised version of this model in which to highlight 

the unique role of the OT system in the regulation of social recognition in each of these brain 

regions, and where in this network sexual dimorphisms within the OT system are found (Fig 

5.1). Within this model, the olfactory bulb, MeA, BNSTp, LS, MPOA, and hippocampus are 

regions that regulate social recognition via an OT-mediated mechanism. The olfactory bulb is 

at the start of this circuitry, and is where OT has been found to modulate social recognition in 

both male and female rats. Specifically, in males, social recognition was facilitated after OT 

injection into the olfactory bulb (Dluzen et al., 1998). In females, vaginocervical stimulated- 

OT release in the olfactory bulb enhanced social recognition, while OTR blockade in the 

olfactory bulb blocked the enhancement of social recognition in vaginocervical stimulated 

females (Larrazolo-Lopez et al., 2008). Regions downstream from the olfactory bulb have 

also been implicated in OT system-mediated social recognition, though most of these studies 

only used males as subjects. In detail, in males, social recognition was impaired after OTR 

blockade in the MeA in rats and mice (Lukas et al., 2013; Ferguson et al., 2001), in the LS in 

rats (Lukas et al., 2013), and in the hippocampus in rats (Van Wimersma-Greidanus and 

Maigret, 1996), and facilitated after OT injection in the MPOA in rats (Popik and van Ree, 

1991). The only region other than the olfactory bulb where OT system-mediated social 

recognition was also investigated in females was the MeA, in which it was found that OTR 

gene expression in the MeA is required for social recognition in female mice (Choleris et al., 

2007). Taken together, the OT system has been found to modulate social recognition in the 

olfactory bulb in both male and female rats, and in the MeA in male rats and female mice. 
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However, further investigation is required to understand more fully the role of OT in the 

MeA, LS, MPOA, and hippocampus for social recognition in female rats.   

Importantly, Study 2 (Dumais et al., 2016) now adds the BNSTp as a region 

important for OT system-mediated regulation of social recognition in both male and female 

rats, in which OTR blockade impaired social recognition in both sexes. We also found that 

the OT system in the BNSTp regulates social recognition in sex-specific ways. Here, OT 

administration in the BNSTp enhanced social recognition in males but not females. 

Furthermore, endogenous OT release within the BNSTp was higher in males compared to 

females during successful social recognition (Study 2; Dumais et al., 2016). We can 

hypothesize that the higher OTR binding density in males compared to females (Study 1; 

Dumais et al., 2013) may allow for the sex-specific facilitating effects of exogenous OT on 

social recognition. Further, higher OTR binding in males may serve to accommodate the 

stimulus-induced increase in endogenous OT release, in males, but not females, during 

successful social recognition. Interestingly, the BNSTp is also sexually dimorphic in cell 

volume and number (Hines et al., 1985; Guillamon et al., 1988; Del Abril et al., 1987; Hines 

et al., 1992), axonal projections (Gu et al., 2003), and neuropeptide density (De Vries and 

Miller, 1998; Miller et al., 1989; Kelly et al., 2013; Malsbury and McKay, 1987; Miceevych 

et al., 1988), all being greater in males compared to females. The sexually dimorphic nature 

of the BNSTp therefore makes it well suited to play a role in male- typical and female-typical 

responses to social stimuli. Indeed, the BNSTp has been found to modulate male-specific 

behaviors such as male copulatory behavior (Emery and Sach, 1976; Claro et al., 1995) and 

inter-male aggression (Patil and Brid, 2010; Calcagnoli et al., 2014; Masugi-Tokita et al., 

2015), and female-specific behavior such as maternal behavior (Numan and Numan, 1996; 

Consiglio et al., 2005). Though social recognition is important for both males and females, 

our findings are the first to suggest that the OT system within the BNSTp responds 
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differently during social recognition in males and females. This suggests that, even though 

the expression of social recognition is similar, the neural mechanisms to produce this 

behavior are different in males and females.  

Above I discussed the brain regions in which OT has been found to modulate social 

recognition in rodents (see Fig 5.1). Though a number of brain regions have been found to 

modulate social recognition in males, only studies that investigated the role of the olfactory 

bulb, MeA, and BNSTp for OT-mediated social recognition included females as subjects. 

Even so, only investigation of one brain region (BNSTp; Study 2) for the role of OT for 

social recognition directly compared males and females. Interestingly, all brain regions 

within the proposed model network that show OT system-mediated social recognition, show 

higher OTR binding densities in males compared to females (BNSTp, MeA, LS, MPOA, 

hippocampus; Study 1; Dumais et al., 2013). One exception is the olfactory bulb, where sex 

differences in OTR binding have not been measured. This suggests that the BNSTp may not 

be the only region that shows sex-specific regulation of social recognition by OT, at least in 

rats. Therefore, it would be interesting to determine whether the MeA, LS, MPOA, and 

hippocampus may also show sex-specific regulation of social recognition by OT in rats. This 

would provide potential additional links between sex differences in the OTR system that 

were found in Study 1 (Dumais et al., 2013) with sex-specific regulation of social behavior, 

which is required to gain a better understanding of the role of OTR in both sexes.  
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Fig. 5.1 Simplified model circuit showing brain regions that regulate social recognition 
via an OT system-mediated mechanism in rodents. See text in General Discussion for 
references. A male or female symbol indicates a brain region in which OT modulates social 
recognition in that sex. Note that most brain regions in which OT modulates social 
recognition show higher OTR binding density in male compared to female rats (Dumais et 
al., 2013), with the olfactory bulb containing OTR but a comparison between males and 
females is lacking. BNSTp, posterior bed nucleus of the stria terminalis; LS, lateral septum; 
MeA, medial amygdala; MPOA, medial preoptic area; Hipp, hippocampus.  
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Sex-specific role of the OT system in the CeA in social interest: New insight into the 

neural network regulating social interest 

Social interest reflects the motivation to approach a conspecific for the assessment of 

social cues which will, in turn, facilitate appropriate behavioral responses. In our paradigm, 

we assess social interest by measuring the amount of time an adult rat spends investigating a 

juvenile rat. Knowledge of the neural mechanisms that regulate social interest as measured 

using juvenile conspecifics is valuable for assessing neutral social approach behaviors, 

unbiased with sexual and aggressive motivation. This paradigm therefore provides a platform 

for assessing the motivational drive for social interaction that does not depend on 

evolutionary gain. Interestingly, sex differences in the expression of social interest in rats has 

been widely documented (Johnson & File, 1991; Thor, 1980; Thor et al., 1988; Dumais et al., 

2013; Dumais et al., 2016), yet there has been limited investigation into the neural 

mechanisms underlying this sex difference.  

Indeed, we are the first to investigate the role of the OT system in regulating social 

interest in both male and female rats using juvenile stimuli. Interestingly, we found that the 

CeA regulates social interest in sex-specific ways, with the OTR in the CeA playing a causal 

role in the regulation of social interest in males but not females (Study 3; Dumais et al., 2016, 

under review). Moreover, females expressing low social interest showed a decrease in 

endogenous OT release in the CeA during the social interest test compared to females 

expressing high social interest. However, because OTR manipulations did not causally affect 

social interest in females, this suggests that the change in OT release in the CeA may be a 

consequence, and not a cause, of low social interest. The amygdala in general is well known 

for guiding attention toward socially relevant stimuli (Adolphs, 2009, 2010), though 

investigation of the role for the CeA specifically in social behavior in rats has been limited to 

its role in maternal and inter-male aggression (Bosch et al., 2005; Consiglio et al., 2005; 
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Calcagnoli et al., 2015). We are the first to report a role of the CeA for social interest toward 

juvenile conspecifics, suggesting that the OT system in the CeA may be involved in the 

general motivation to seek social contact.  

Interestingly, in studies where the OT system was found to modulate social 

recognition by acting on the MeA (Lukas et al., 2013), BNSTp (Study 2, Dumais et al., 

2016), and LS (Lukas et al., 2013), it did not affect social interest (i.e., total social 

investigation time; Study 2; Dumais et al., 2016; Lukas et al., 2013). Study 3 (Dumais et al., 

2016, under review) also confirmed the lack of involvement of the OT system in the MeA for 

social interest. This may suggest a somewhat unique role of the OT system in the CeA in 

modulating social interest towards juvenile stimuli. However, the MeA and the BNSTp have 

been implicated in the regulation of social interest toward adult conspecifics, which may 

represent more salient social stimuli compared to juvenile conspecifics. For example, OTR 

antagonist administered into the MeA of adult male rats was found to reduce the investigation 

of soiled bedding from unfamiliar adult male conspecifics (Arakawa et al., 2010). Also, 

extracellular recordings revealed that the MeA responds to adult conspecifics in both male 

and female mice, but stronger to opposite-sex stimuli compared to same-sex-stimuli (Bergan 

et al., 2014). Furthermore, c-fos expression in the BNSTp increased in response to opposite-

sex adult odors in rats (Hosokawa and Chiba, 2007), and excitotoxic lesions of the BNSTp 

decreased investigation toward opposite-sex adults in hamsters (Been and Petrulis, 2010). 

Taken into account the difference in social stimuli (i.e., juvenile versus adult conspecific) we 

can hypothesize that the MeA and BNSTp may facilitate social interest depending on the 

salience of the social stimulus.  

In conclusion, knowledge about the neural circuitry underlying social interest is 

limited. This may be complicated by studies using either juvenile or adult conspecifics as 

social stimuli. A juvenile represents a more neutral stimulus, permitting an unadulterated 
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measure of social interest, while an adult represents a more salient stimulus, but may activate 

brain regions involved in sexual or aggressive processes. A comparison between the neural 

networks underlying social interest toward juvenile conspecifics versus adult conspecifics 

may help in unravelling the neural network underlying social motivation toward social 

stimuli that vary in salience. This may have translational value to humans because social 

interest toward a range of social stimuli is lower in disorders like autism spectrum disorders 

and schizophrenia (Mahoney et al., 2014; Sarkar et al., 2015).  

 

Sex-specific neural activation following different routes of OT administration: possible 

implications for the use of OT in humans 

Because OT is a key regulator of social behavior in humans (Guastella and MacLeod, 

2012; Kanat et al., 2014; Carter, 2014), a role of the OT system in the etiology of 

neuropsychiatric disorders characterized by social dysfunction has been an important area of 

research. For example, compared to healthy controls, plasma OT levels were found to be 

lower in patients with autism (Modahl et al., 1998; Green et al., 2001), schizophrenia (Jobst 

et al., 2014), and major depression (Frasch et al., 1995). Links have also been made between 

variants in the OTR gene and autism and Asperger syndrome (Wu et al., 2005; Jacob et al., 

2007; Lerer et al., 2008; Yrigollen et al., 2008; Campbell et al., 2011; Di Napoli et al., 2014), 

schizophrenia (Souza et al., 2010; Teltsh et al., 2012; Montag et al., 2013), and major 

depression (Costa et al., 2009; Myers et al., 2014). Since the discovery of the non-invasive 

intranasal delivery of OT, the potential role of OT as a therapeutic agent to restore social 

dysfunction in neuropsychiatric disorders has gained increased attention. For example, 

intranasal OT has been found to ameliorate some of the symptoms and/or abnormal neural 

activation patterns in patients with autism or Asperger’s syndrome (Hollander et al., 2003; 

Andari et al., 2010; Guastella et al., 2010; Anagnostou et al., 2012; Kosaka et al., 2012; 
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Domes et al., 2013), schizophrenia (Feifel et al., 2010, 2012; Modabbernia et al., 2013; 

Gibson et al., 2014; Woolley et al., 2014; Shin et al., 2015), generalized anxiety disorder 

(Guastella et al., 2009; Labuschagne et al., 2010), and borderline personality disorder 

(Bertsch et al., 2013). In PubMed, there are currently 393 publication results of a search for 

“oxytocin and autism” alone. Therefore, the studies above are certainly not all-inclusive, and 

are for the purpose of highlighting the involvement and the potential therapeutic role of OT 

in a multitude of psychiatric disorders.  Unfortunately, most studies linking the OT system to 

psychiatric disorder etiology or to effective treatment outcomes only include one sex, or do 

not analyze results according to sex. This limits our understanding of whether the OT system 

may be a liable treatment option for both sexes, and highlights the need for more comparative 

studies to assess the therapeutic potential of OT in both men and women. 

An important step in this endeavor is to understand more fully the role of OT on 

social behavior and neural activation in healthy men and women. However, only a few 

studies have compared the effects of exogenous OT on social behavior and neural activation 

between men and women. Furthermore, of these studies, only a few behaviors and a limited 

amount of brain regions were investigated (for review, see Dumais and Veenema, 2015, 

2016). For example, intranasal OT impaired recognition memory of neutral and happy faces 

in men, but not women (Herzmann et al., 2013), and lowered rates of cooperation in a 

computer task following deception in women, but not men (Rilling et al., 2012, Rilling et al., 

2013). Moreover, intranasal OT increased activation in the amygdala, nucleus accumbens, 

and caudate nucleus in men, but decreased or had no effect in these regions in women during 

cooperative social interaction (Rilling et al., 2013). Also, it was found that intranasal OT 

decreased amygdala activation in men, but increased amygdala activation in women, in 

response to fearful faces (Domes et al., 2007; Domes et al., 2010). Though research is 

limited, these studies highlight the ability of OT to modulate activation in sex-specific ways 
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in brain regions that are known to be important for the regulation of emotion and cognition. 

This may have important implications for the role of OT in modulating these processes in 

patients that show impaired social behaviors. Therefore, a thorough comparative analysis of 

the effects of exogenous OT on whole-brain neural activation between the sexes is necessary.  

To address this need, we investigated neural activation in response to OT 

administration in rats using fMRI. Given the evolutionarily conserved nature of OT, findings 

of the role of OT in rodents can be informative for the role of OT in humans. Further, rodent 

fMRI provides great spatial and temporal resolution to observe patterns of whole brain 

neuronal activity, and provides a certain design flexibility that is not always present with 

human research. To this end, we were able to investigate sex-specific neural activation in 

response to OT administered directly into the brain as well as OT administered peripherally 

(the most common route of administration in humans; Study 4). We found that central OT 

administration induced sex differences in BOLD activation in numerous brain regions (26 

brain regions), many of which are implicated in emotion regulation and social cognition (i.e., 

amygdala, ventral striatum, hippocampus). Peripheral OT administration also induced sex 

differences in BOLD activation, but in fewer (12 brain regions) and in different brain regions 

compared to central OT. These results demonstrate robust sex-specific brain activation 

following OT, but also show that the pattern and the magnitude of sex differences in neural 

activation induced by OT strongly depend on the route of administration. 

Interestingly, our data in rats suggest that sex-specific neural activation patterns in 

humans may depend on whether intranasal OT delivery directly enters the brain or only 

enters the periphery. Indeed, because OT cannot readily pass the blood brain barrier, it is still 

unknown whether intranasal OT exerts its effects on the brain via central or peripheral 

mechanisms. Some studies suggest that intranasal OT directly enters the brain based on 

increased OT levels in the brain and in cerebrospinal fluid following intranasal OT. For 
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example, using vasopressin, a neuropeptide with very similar structure as OT, one study 

showed an increase in vasopressin in cerebrospinal fluid within 10 min after intranasal 

vasopressin administration in humans (Born et al., 2002). In addition, intranasal OT increased 

OT levels in cerebrospinal fluid in rhesus macaques at 15-30 min post administration 

(Freeman et al., 2016) and in brain microdialysates in rats and mice 30-60 min post 

administration (Neumann et al., 2013). On the other hand, some studies suggest that 

intranasal OT also may enter the periphery, with intranasal OT increasing OT levels in 

plasma 30 min post administration (Gossen et al., 2012) and in saliva as soon as 15 min post 

administration (Weisman et al., 2012; van Ijzendoorn et al., 2012; Daughters et al, 2015) in 

humans. However, with the possibility that peripheral OT administration may induce 

endogenous OT release from the hypothalamus (as suggested in mouse models; Zhang and 

Cai, 2011), or the possibility for OT in the brain to induce OT release into the bloodstream 

(Ludwig and Leng, 2006), these studies do not provide conclusive evidence of the target sites 

of intranasally administered OT. This question may be better answered with the use of 

radioactively labeled OT to determine the exact destinations of intranasally applied OT. In 

summary, with the abundance of evidence showing changes in behavior and neural activity 

following intranasal OT in humans, it is undeniable that intranasal OT is able to exert both 

behavioral and cognitive effects mediated by the brain. However, whether these effects are 

modulated by exogenous OT acting directly on the brain or indirectly via peripheral feedback 

to the brain is still debated (Evans et al., 2014; Quintana et al., 2015; Leng and Ludwig, 

2016).  

In addition to considering factors such as sex and route of administration when 

investigating the potential therapeutic role of OT in humans, long-term effects and adverse 

side effects of chronic OT administration also have to be considered in order to assess the 

safety of clinical use of OT. Indeed, research in rodents and humans has uncovered potential 
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precautions that should be considered when using chronic OT as a therapeutic agent. For 

example, chronic intranasal OT caused long-term impairments in partner preference 

formation in male prairie voles (Bales et al., 2013), and decreased social interactions toward 

females in male mice (Huang et al., 2014). Furthermore, intranasal OT was found to hinder 

trust and cooperation in patients with borderline personality disorder (Bartz et al., 2011a; 

Ebert et al., 2013). Therefore, taking into account sex (male versus female), mechanism of 

action (peripheral versus central), length of administration (acute versus chronic), and 

individual differences (patients with psychiatric disorders versus healthy populations), it is 

clear that we need to understand more fully the role of intranasal OT on human cognition and 

behavior before use in clinical populations (for further review, see Bartz et al., 2011b; 

Guastella et al., 2012; Weisman and Feldman, 2013).  

 

Future directions and conclusions 

My research has contributed valuable new information regarding sex differences in 

both the structure (sex differences in OTR binding densities) and function (sex-specific 

action of OT on behavior and neural activation) of the OT system. However, I believe that 

more research is required to gain a better understanding of how the OT system regulates the 

brain and behavior differently in males and females. First of all, we have provided evidence 

for the sex-specific role of OT in the regulation of social recognition and social interest in the 

BNSTp and CeA, respectively. It would also be important to investigate whether OTR in 

these brain regions may regulate other social behaviors in sex-specific ways, and whether sex 

differences in OTR binding densities in other brain regions known to regulate social behavior 

(i.e., VMH, LS, MPOA) may also be implicated in sex-specific regulation of social behavior. 

This research would be informative for gaining a more comprehensive understanding of the 

functional significance of sex differences in the OTR system. Furthermore, we showed that 
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exogenous OT induces robust sex differences in neural activation, but it would also be 

informative to investigate how the endogenous OT system modulates brain activation, which 

could be accomplished by using techniques such as chemogenetics. Further, because 

intranasal OT is the most common route of administration in humans, it would be informative 

to determine neural activation in rats following intranasal OT administration. If intranasal OT 

is able to directly access the brain, we would predict that intranasal OT would activate many 

of the same brain areas and induce many of the same sex differences as ICV OT. On the 

other hand, if intranasal OT is not entering the brain, we would predict that intranasal OT 

would induce activation patterns similar to those induced by IP OT. This future aim may 

provide further insight as to whether intranasal OT in humans may be activating the brain via 

direct or indirect mechanisms. Together, these future directions would provide a deeper 

understanding of the role of OT in sex-specific regulation of social behavior and neural 

activation, which may be informative when considering the use of OT in both men and 

women to treat social dysfunction.  

The poorly understood but robust sex differences in prevalence, symptom severity, 

and treatment responses of many psychiatric disorders characterized by social dysfunction 

signifies the importance of understanding the neurobiological mechanisms underlying sex 

differences in social behaviors, which may underlie vulnerability or resistance to the 

development of social dysfunction. The lack of research investigating the neurobiological 

mechanisms underlying social behavior in both sexes (Zucker and Beery, 2010) has impeded 

scientific progress toward a better understanding of these sex biases. In the present work, we 

have examined sex differences in the OT system, and how these sex differences may regulate 

social behavior and brain function differently in males and females. Our data showing 

sexually dimorphic OTR binding densities (Study 1) and sex-specific effects of OT on 

behavior (Study 2 and 3) and brain function (Study 4), has significantly advanced our 
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understanding of the sexually dimorphic function of the OT system, and indicates that only 

with inclusion of both males and females in research studies can we fully understand the role 

of OT in social behavior and in brain function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



137 
 

VII. References 

Adolphs, R, 2009. The social brain: neural basis of social knowledge. Annu Rev Psychol 60, 
693-716.  

Adolphs, R, 2010. What does the amygdala contribute to social cognition? Ann N Y Acad 
Sci 1191, 42-61.  

Allen, LS, Gorski, RA, 1990. Sex differences in the bed nucleus of the stria terminalis of the 
human brain. J Comp Neurol 302, 697-706.  

Anacker, AM, Beery, AK, 2013. Life in groups: the roles of oxytocin in mammalian 
sociality. Front Behav Neurosci 7 (185).  

Anagnostou, E, Soorya, L, Chaplin, W, Bartz, J, Halpern, D, Wasserman, S, Wang, AT, 
Pepa, L, Tanel, N, Kushki, A, Hollander, E, 2012. Intranasal oxytocin versus placebo 
in the treatment of adults with autism spectrum disorders: a randomized controlled 
trial. Mol Autism 3(1), 16.  

Andari, E, Duhamel, JR, Zalla, T, Herbrecht, E, Leboyer, M, Sirigu, A, 2010. Promoting 
social behavior with oxytocin in high-functioning autism spectrum disorders. Proc 
Natl Acad Sci U S A 107(9), 4389-94.  

Andreano, JM, Dickerson, BC, Barrett, LF, 2014. Sex differences in the persistence of the 
amygdala response to negative material. Soc Cogn Affect Neurosci 9(9), 1388-94.  

Arakawa, H, Arakawa, K, Deak, T, 2010. Oxytocin and vasopressin in the medial amygdala 
differentially modulate approach and avoidance behavior toward illness-related social 
odor. Neuroscience 171(4): 1141-1151.  

Arletti, R, Benelli, A, Poggioli, R, Luppi, P, Menozzi, B, Bertolini, A, 1995. Aged rats are 
still responsive to the antidepressant and memory-improving effects of oxytocin. 
Neuropeptides 29 (3), 177-82. 

Bale, TL, Daniel, DM, Johnston, CA, 1995a. Oxytocin receptor mRNA expression in the 
ventromedial hypothalamus during the estrous cycle. J Neurosci 15(7), 5058-5064.  

Bale, TL, Davis, AM, Auger, AP, Dorsa, DM, McCarthy, MM, 2001. CNS region-specific 
oxytocin receptor expression: importance in regulation of anxiety and sex behavior. J 
Neurosci 21: 2546-2552. 

Bale, TL & Dorsa, DM, 1995. Sex differences in and effects of estrogen on oxytocin receptor 
messenger ribonucleic acid expression in the ventromedial hypothalamus. 
Endocrinology 136(1), 27-32. 

Bale, TL, Pedersen, CA, & Dorsa, DM, 1995b. CNS oxytocin receptor mRNA expression 
and regulation by gonadal steroids. Oxytocin, (pp. 269-280). New York, New 
York:Plenum Press.  

Bales, KL, Perkeybile, AM, Conley, OG, Lee, MH, Guoynes, CD, Downing, GM, Yun, CR, 
Solomon, M, Jacob, S, Mendoza, SP. Chronic intranasal oxytocin causes long-term 



138 
 

impairements in partner preference formation in prairie voles. Biol Psychiatry 74(3) 
180-8.  

Bales, KL, Plotsky, PM, Young, LJ, Lim, MM, Grotte, N, Ferrer, E, & Carter, CS, 2007. 
Neonatal oxytocin manipulations have long-lasting, sexually dimorphic effects on 
vasopressin receptors. Neuroscience 144(1), 38-45.  

Bales, KL, van Westerhuyzen, JA, Lewis-Reese, AD, Grotte, ND, Lanter, JA, Carter, CS, 
2007b. Oxytocin has dose-dependent developmental effects on pair bonding and 
alloparental care in female prairie voles. Horm Behav 52, 274-279.  

Bartz, J, Simeon, D, Hamilton, H, Kim, S, Crystal, S, Braun, A, Vicens, V, Hollander, E, 
2011a. Oxytocin can hinder trust and cooperation in borderline personality disorder. 
Social Cognitive and Affective Neuroscience 6(5), 556-63.  

Bartz, JA, Zaki, J, Bolger, N, Ochsner, KN, 2011b. Social effects of oxytocin in humans: 
context and person matter. Trends in Cognitive Sciences 15(7), 301-9.  

Balleine, BW, Killcross, S, 2006. Parallel incentive processing: an integrated view of 
amygdala function. Trends Neurosci 29(5): 272-279.  

Baron-Cohen, S, Ring, HA, Bullmore, ET, Wheelwright, S, Ashwin, C, Williams, SC, 2000. 
The amygdala theory of autism. Neurosci Biobehav Rev 24(3): 355-364.  

Baum, MJ, Bakker, J, 2013. Roles of sex and gonadal steroids in mammalian pheromonal 
communication. Front Neuroendocrinol 34(4), 268-84.  

Baumans, V, Van Loo, PL, 2013. How to improve housing conditions of laboratory animals: 
the possibilities of environmental refinement. Vet J. 195(1), 24-32.  

Bealer, SL, Lipschitz, DL, Ramoz, G, & Crowley, WR, 2006. Oxytocin receptor binding in 
the hypothalamus during gestation in rats. American Journal of Physiology. 
Regulatory, Integrative, and Comparative Physiologyn11, R53-58.  

Beaudet, AL, 2012. Neuroscience. Preventable forms of autism?, 2012. Science 338(6105), 
342-3.  

Been, LE, Petrulis, A, 2010. Lesions of the posterior bed nucleus of the stria terminalis 
eliminate opposite-sex odor preference and delay copulation in male Syrian hamsters: 
role of odor volatility and sexual experience. Eur J Neurosci 32, 483-93.  

Beery, AK, Zucker, I, 2010. Oxytocin and same-sex social behavior in female meadow voles. 
Neuroscience 169, 665-73.  

Belin, V, Moos, FC, Richard, P, 1984. Synchronization of oxytocin cells in the hypothalamic 
paraventricular and supraoptic nucle in suckled rats: direct proof with paired 
extracellular recordings. Exp Brain Res 57, 201-3.  

Benelli, A, Bertolini, A, Poggioli, R, Menozzi, B, Basaglia, R, Arletti, R, 1995. Polymodal 
dose-response curve for oxytocin in the social recognition test. Neuropeptides 28(4), 
251-5.  



139 
 

Bergan, JF, Ben-Shaul, Y, Dulac, C, 2014. Sex-specific processing of social cues in the 
medial amygdala. Elife, doi: 10.7554/eLife.02743. 

Bernal-Mondragon, C, Rivas-Arancibia, S, Kendrick, KM, Guevara-Guzman, R, 2013. 
Estradiol prevents olfactory dysfunction induced by A-β 25-35 injection in 
hippocampus. BMC Neurosci 14 (104), 1-14. 

Bertsch, K, Gamer, M, Schmidt, B, Schmidinger, I, Walther, S, Kastel, T, Schnell, K, 
Buchel, C, Domes, G, Herpertz, SC, 2013. Oxytocin and reduction of social threat 
hypersensitivity in women with borderline personality disorder. Am J Psychiatry 
170(10): 1169-1177.  

Bielsky, IF, Young, LJ, 2004. Oxytocin, vasopressin, and social recognition in mammals. 
Peptides 25(9), 1565-74.  

Bluthe, RM, Dantzer, R, 1990. Social recognition does not involve vasopressinergic 
neurotransmission in female rats. Brain Res 535(2): 301-304. 

Born, J, Lange, T, Kern, W, McGregor, GP, Bickel, U, Fehm, HL, 2002. Sniffing 
neuropeptides: a transnasal approach to the human brain. Nature Neuroscience 5(6), 
514-6.  

Bosch, OJ, Krömer, SA, Brunton, PJ, Neumann, ID, 2004. Release of oxytocin in the 
hypothalamic paraventricular nucleus, but not central amygdala or lateral septum in 
lactating residents and virgin intruders during maternal defence. Neuroscience 
124(2), 439-48.  

Bosch, OJ, Meddle, SL, Beiderbeck, DI, Douglas, AJ, Neumann, ID, 2005. Brain oxytocin 
correlates with maternal aggression: link to anxiety. J Neurosci 25(29): 6807-6815.  

Bosch, OJ, Pfortsch, J, Beiderbeck, DI, Landgraf, R, Neumann, ID, 2010. Maternal 
beahviour is associated with vasopressin release in the medial preoptic area and bed 
nucleus of the stria terminalis in the rat. J Neuroendocrinol 22, 420-9.  

Bowen, MT, Carson, DS, Spiro, A, Arnold, JC, McGregor, IS, 2011. Adolescent oxytocin 
exposure causes persistent reductions in anxiety and alcohol consumption and 
enhances sociability in rats. PLoS One 6(11), e27237.  

Bredewold, R, Smith, CJ, Dumais, KM, Veenema, AH, 2014. Sex-specific modulation of 
juvenile social play behavior by vasopressin and oxytocin depends on social context. 
Frontiers in Beh Neurosci 8(216): 1-11.  

Brett, RA, 1991. The population structure of naked mole-rat colonies. P.W. Sherman, J.U.M. 
Jarvis, R.D. Alexander (Eds.), The biology of the naked mole-rat, Princeton 
University Press Princeton, 97–136. 

Brevard, ME, Duong, TQ, King, JA, Ferris, CF, 2003. Changes in MRI signal intensity 
during hypercapnic challenge under conscious and anesthetized conditions. Magn 
Reson Imaging 21(9), 995-1001.  



140 
 

Bridges, RS, 1975. Long-term effects of pregnancy and parturition upon maternal 
responsiveness in the rat. Physiol Behav 14, 245-9.  

Bridges, RS, 1977. Parturition: its role in the long term retention of maternal behavior in the 
rat. Physiol Behav24, 113-7.  

Brühl, AB, Delsignore, A, Komossa, K, Weidt, S, 2014. Neuroimaging in social anxiety 
disorder – a meta-analytic review resulting in a new neurofunctional model. Neurosci 
Behav Rev 47: 260-280.  

Buijs, RM, 1978. Intra- and extrahypothalamic vasopressin and oxytocin pathways in the rat. 
Pathways to the limbic system, medulla oblongata and spinal cord. Cell Tissue Res 
192(3), 423-35. 

Buijs, RM, Swaab, DF, 1979. Immuno-electron microscopical demonstration of vasopressin 
and oxytocin synapses in the limbic system of the rat. Cell Tissue Res 204(3), 355-
65.  

Cacioppo, JT, Patrick, W, 2008. Loneliness Human Nature and the Need for Social 
Connection. New York, NY: Norton.  

Caffe, AR, Van Ryen, PC, Van der Woude, TP, Van Leeuwen, FW, 1989. Vasopressin and 
oxytocin systems in the brain and upper spinal cord of Macaca fascicularis. J Comp 
Neurol 287(3), 302-25.  

Calcagnoli, F, de Boer, SF, Beiderbeck, DI, Althaus, M., Koolhaas, J.M., Neumann, I.D., 
2014. Local oxytocin expression and oxytocin receptor binding in the male rat brain 
is associated with aggressiveness. Behav Brain Res 261, 315-22.  

Calcagnoli, F, Stubbendorff, C, Meyer, N, de Boer, SF, Althaus, M, Koolhaas, JM, 2015. 
Oxytocin microinjected into the central amygdaloid nuclei exerts anti-aggressive 
effects in male rats. Neuropharmacology 90: 74-81.   

Caldwell, JD, Barakat, AS, Smith, DD, Hruby, VJ, & Pedersen, C.A., 1990. A uterotonic 
antagonist blocks the oxytocin-induced facilitation of female sexual receptivity. Brain 
Research 512(2), 291-6.   

Camats Perna, J, Engelmann, M, 2015. Recognizing others: rodent’s social memories. Curr 
Top Behav Neurosci, doi: 10.1007/7854_2015_413 

Campbell, DB, Datta, D, Jones, ST, Lee, EB, Sutcliffe, JS, Hammock, EAD, Levitt, P., 2011. 
Association of oxytocin receptor (OXTR) gene varients with multiple phenotype 
domains of autism spectrum disorder. Journal of Neurodevelopmental Disorders 3, 
101-12.  

Campbell, P, Ophir, AG, Phelps, SM, 2009. Central vasopressin and oxytocin receptor 
distributions in two species of singing mice. J Comp Neurol 516(4), 321-33.  

Canteras, NS, Simerly, RB, Swanson, LW, 1994. Organization of projections from the 
ventromedial nucleus of the hypothalamus: a Phaseolus vulgaris-leucoagglutinin 
study in the rat. J Comp Neurol, 348(1), 41-79.  

http://www.ncbi.nlm.nih.gov/pubmed/699026
http://www.ncbi.nlm.nih.gov/pubmed/699026


141 
 

Cao, Y, Wu, R, Tai, F, Zhang, X, Yu, P, An, X, Qiao, X, Hao, P, 2013. Neonatal paternal 
deprivation impairs social recognition and alters levels of oxytocin and estrogen 
receptor α mRNA expression in the MeA and NAcc, and serum oxytocin in mandarin 
voles. Hormones and Behavior 65(1), 57-65.  

Carter, CS, 2014. Oxytocin pathways and the evolution of human behavior. Annu Rev 
Psychol 65, 17-39.  

Caughey, SD, Klampfl, SM, Bishop, VR, Pfoertsch, J, Neumann, ID, Bosch, OJ, & Meddle, 
SL, 2011. Changes in the intensity of maternal aggression and central oxytocin and 
vasopressin V1a receptors across the peripartum period in the rat. Journal of 
Neuroendocrinology 23, 1113-24.  

Cavdar, S, San, T, Aker, R, Sehirli, U, Onat, F, 2001. Cerebellar connections to the 
dorsomedial and posterior nuclei of the hypothalamus in the rat. J Anat 198(Pt 1), 37-
45.  

Choleris, E, Clipperton-Allen, AE, Phan, A, Kavaliers, M, 2009. Neuroendocrinology of 
social information processing in rats and mice. Frontiers in Neuroendocrinology 30, 
442-59.  

Choleris, E, Devidze, N, Kavaliers, M, & Pfaff, DW, 2008. Steroidal/neuropeptide 
interactions in hypothalamus and amygdala related to social anxiety. Progress in 
Brain Research 170, 291-303.  

Choleris, E, Gustafsson, JA, Korach, KS, Muglia, LJ, Pfaff, DW, Ogawa, S, 2003. An 
estrogen-dependent four-gene micronet regulating social recognition: a study with 
oxytocin and estrogen receptor-alpha and beta-knockout mice. Proc Natl Acad Sci 
USA 100(10), 6192-7.  

Choleris, E, Little, SR, Mong< JA, Puram, SV, Langer, R, Pfaff, DW, 2007. Microparticle-
based delivery of oxytocin receptor antisense DNA in the medial amygdala blocks 
social recognition in female mice. Proc Natl Acad Sci U S A 104(11), 4670-5.  

Choleris, E, Ogawa, S, Kavaliers, M, Gustafsson, JA, Korach, KS, Muglia, LJ, Pfaff, DW, 
2006. Involvement of estrogen receptor alpha, beta and oxytocin in social 
discrimination: A detailed behavioral analysis with knockout female mice. Genes 
Brain Behav 5(7), 528-39.  

Chung, WCJ, De Vries, GJ, Swaab, DF, 2002. Sexual differentiation of the bed nucleus of 
the stria terminalis in humans may extend into adulthood. J Neurosci 22, 1027-33.  

Claro, F, Segovia, S, Guilamon, A, Del Abril, A, 1995. Lesions in the medial posterior region 
of the BST impair sexual behavior in sexually experienced and inexperienced male 
rats. Brain Res Bull 36(1), 1-10.  

Cochran, DM, Fallon, D, Hill, M, Frazier, JA, 2013. The role of oxytoin in psychiatric 
disorders: a review of biological and therapeutic research findings. Harv Rev 
Psychiatry 21(5), 219-47.  



142 
 

Consiglio, AR, Borsoi, A, Pereira, GA, Lucion, AB, 2005. Effects of oxytocin microinjected 
into the central amygdaloid nucleus and bed nucleus of stria terminalis on maternal 
aggressive behavior in rats. Physiol Behav 85(3): 354-362.  

Costa, B, Pini, S, Gabelloni, P, Abelli, M, Lari, L, Cardini, A, Muti, M, Gesi, C, Landi, S, 
Galderisi, S, Mucci, A, Lucacchini, A, Cassano, GB, Martini, C, 2009. Oxytocin 
receptor polymorphisms and adult attachment style in patients with depression. 
Psychoneuroendocrinology 34(10), 1506-14.  

Craig, AD, 2002. How do you feel? Interoception: the sense of the physiological condition of 
the body. Nat Rev Neurosci 3(8), 655-66.  

Craig, AD, 2003. Interoception: the sense of the physiological condition of the body. Curr 
Opin Neurobiol 13(4), 500-5.  

Critchley, HD, Wiens, S, Rotshtein, P, Ohman, A, Dolan, RJ, 2004. Neural systems 
supporting interoceptive awareness. Nat Neurosci 7(2), 189-95.  

Crosier, BS, Webster, GD, Dillon, HD, 2012. Wired to connect: Evolutionary psychology 
and social networks. Annu Rev Psychol 16, 230-239.  

Cushing, BS, & Kramer, KM, 2005. Mechanisms underlying epigenetic effects of early 
social experience: the role of neuropeptide and steroids. Neuroscience and 
Biobehavioral Reviews 29(7), 1089-105.  

Daniels, D, & Flanagan-Cato, LM, 2000. Functionally-defined compartments of the lordosis 
neural circuit in the ventromedial hypothalamus in female rats. Journal of 
Neurobiology 45, 1-13.  

Dantzer, R, Bluthe, RM, Koob, GF, Le Moal, M, 1987. Modulation of social memory in male 
rats by neurohypophyseal peptides. Psychopharmacology 91(3), 363-8.  

Daughters, K, Manstead, AS, Hubble, K, Rees, A, Thapar, A, van Goozen, SH, 2015. 
Salivary oxytocin concetrations in males following intranasal administration of 
oxytocin: a double-blind, cross-over study. PLoS One 10(12): e0145104. 

De Kloet, ER, Rotteveel, F, Voorhuis, TA, Terlou, M, 1985. Topography of binding sites for 
neurohypophyseal hormones in rat brain. Eur J Pharmacol 110(1), 113-9.  

De Olmos, J, Hardy, H, Heimer, L, 1978. The afferent connections of the main and the 
accessory olfactory bulb formations in the rat: an experimental HRP-study. J Comp 
Neurol 181(2), 213-44.  

De Vries, GJ, 2004. Minireview: Sex differences in adult and developing brains: 
compensation, compensation, compensation. Endocrinology 145(3), 1063-8.  

de Vries, GJ, Miller, MA, 1998. Anatomy and function of extrahypothalamic vasopressin 
systems in the brain. Prog Brain Res 119, 3-20.  

Decety, J, 2011. The neuroevolution of empathy. Ann N Y Acad Sci, 1231, 35-45.  



143 
 

Del Abril, A, Segovia, S, Guillamon, A, 1987. The bed nucleus of the stria terminalis in the 
rat: Regional sex differences controlled by gonadal steroids early after birth. Dev 
Brain Res 32, 295-300.  

Di Napoli, A, Warrier, V, Baron-Cohen, S, Chakrabarti, B, 2014. Genetic variation in the 
oxytocin receptor (OXTR) gene is associated with Asperger Syndrome. Molecular 
Autism 5(1), 48.  

Dluzen, DE, Muraoka, S, Engelmann, M, Ebner, K, Landgraf, R, 2000. Oxytocin induces 
preservation of social recognition in male rats by activating alpha-adrenoceptors of 
the olfactory bulb. Eur J Neurosci 12(2), 760-6.  

Dluzen, DE, Muraoka, S, Engelmann, M, Landgraf, R, 1998. The effects of infusion of 
arginine vasopressin, oxytocin, or their antagonists into the olfactory bulb upon social 
recognition responses in male rats. Peptides 19(6), 999-1005.  

Domes, G, Heinrichs, M, Glascher, J, Buchel, C, Braus, D, Herpertz, S, 2007. Oxytocin 
attenuates amygdala responses to emotional faces regardless of valence. Biological 
Psychiatry 62(10): 1187-1190.  

Domes, G, Heinrichs, M, Kumbier, E, Grossmann, A, Hauenstein, K, Herpertz, SC, 2013. 
Effects of intranasal oxytocin on the neural basis of face processing in autism 
spectrum disorder. Biological Psychiatry 74(3): 164-171.  

Domes, G, Lischke, A, Berger, C, Grossman, A, Hauenstein, K, Heinrichs, M, Herpertz, SC, 
2010. Effects of intranasal oxytocin on emotional face processing in women. 
Psychoneuroendocrinology 35(1): 83-93.  

Donaldson, ZR, Young, LJ, 2008. Oxytocin, vasopressin, and the neurogenetics of sociality. 
Science 322(5903), 900-4.  

Donegan, NH, Sanislow, CA, Blumberg, HP, Filbright, RK, Lacadie, C, Skudlarski, P, Gore, 
JC, Olson, IR, McGlashan, TH, Wexler, BE, 2003. Amygdala hyperreactivity in 
borderline personality disorder: implications for emotional dysregulation. Biol 
Psychiatry 54(11): 1284-93.  

Dong, HW, Petrovich, GD, Swanson, LW, 2001. Topography of projections from amygdala 
to bed nucleus of the stria terminalis. Brain Res Rev 38(1-2): 192-246.  

Dong, H, Swanson, LW, 2004. Projections from bed nuclei of the stria terminalis, posterior 
division: Implications for cerebral hemisphere regulation of defensive and 
reproductive behaviors. J Comp Neur 471, 396-433.  

Dubois-Dauphin, M, Pévet, P, Barberis, C, Tribollet, E, Dreifuss, JJ, 1992. Localization of 
binding sites for oxytocin in the brain of the golden hamster. Neuroreport 3(9), 797-
800.  

Dulac, C, Torello, AT, 2003. Molecular detection of pheromone signals in mammals: from 
genes to behavior. Nat Neurosci 4(7), 551-62.  



144 
 

Dumais, KM, Alonso, AG, Bredewold, R, Veenema, AH, under review. Involvement of the 
oxytocin system in amygdala subregions in the sex-specific regulation of social 
interest. Neuroscience. 

Dumais, KM, Alonso, AG, Immormino, MA, Bredewold, R, Veenema, AH, 2016. 
Involvement of the oxytocin system in the bed nucleus of the stria terminalis in the 
sex-specific regulation of social recognition. Psychoneuroendocrinology 64: 79-88. 

Dumais, KM, Bredewold, R, Mayer, TE, Veenema, AH, 2013. Sex differences in oxytocin 
receptor binding in forebrain regions: correlations with social interest in brain region- 
and sex- specific ways. Horm and Behav 64(4): 693-701.  

Dumais, KM, Veenema, AH, 2015. Vasopressin and oxytocin receptor systems in the brain: 
Sex differences and sex-specific regulation of social behavior. Frontiers in 
Neuroendocrinology 40, 1-23. 

Dumais, KM, Veenema, AH, 2016. Presence and absence of sex differences in structure and 
function of the brain oxytocin system: Implications for understanding social behavior. 
In: Sex Differences in the Central Nervous System, Elsevier, R. Shansky and J. 
Johnson (Eds). pp 247-284. 

Ebert, A, Kolb, M, heller, J, Edel, MA, Roser, P, Brune, M, 2013. Modulation of 
interpersonal trust in borderline personality disorder by intranasal oxytocin and 
childhood trauma. Soc Neurosci 8(4), 305-13.  

Ebner, K, Wotjak, CT, Landgraf, R, Engelmann, M, 2000. A single social defeat experience 
selectively stimulates the release of oxytocin, but not vasopressin, within the septal 
brain area of male rats. Brain Res 872(1-2), 87-92.  

Elands, J, Beetsma, A, Barberis, C, de Kloet, ER, 1988. Topography of the oxytocin receptor 
system in rat brain: an autoradiographical study with a selective radioiodinated 
oxytocin antagonist. J Chem Neuroanat 1(6), 293-302.  

Emery, DE, Sach, BD, 1976. Copulatory behavior in male rats with lesions in the bed nucleus 
of the stria terminalis. Physiol Behav 17, 803-6.  

Engelmann, M, Ebner, K, Landgraf, R, Holsboer, F, Wotjak, CT, 1999. Emotional stress 
triggers intrahypothalamic but not peripheral release of oxytocin in male rats. J 
Neuroendocrinol 11(11), 867-72.  

Engelmann, M, Ebner, K, Wotjak, CT, Landgraf, R, 1998. Endogenous oxytocin is involved 
in short-term olfactory memory in female rats. Behav Brain Res 90, 89-94.  

Engelmann, M, Wotjak, CT, Landgraf, R, 1995. Social discrimination procedure: An 
alternative method to investigate juvenile recognition abilities in rats. Physiol Behav 
58(2), 315-21.  

Ermisch, A, Barth, T, Ruhle, HJ, Skopkova, J, Hrbas, P, Landgraf, R, 1985. On the blood-
brain barrier to peptides: accumulation of labelled vasopressin, DesGlyNH2-
vasopressin and oxytocin by brain regions. Endocrinol Exp 19(1), 29-37.  



145 
 

Evans, KC, Wright, CI, Wedig, MM, Gold, AL, Pollack, MH, Rauch, SL, 2008. A functional 
MRI study of amygdala responses to angry schematic faces in social anxiety disorder. 
Depress Anxiety 25(6): 496-505.  

Evans, SL, Dal Monte, O, Noble, P, Averbeck, BB, 2014. Intranasal oxytocin effects on 
social cognition: A critique. Brain Research 1580, 69-77.  

Febo, M, Numan, M, Ferris, CF, 2005. Functional magnetic resonance imaging shows 
oxytocin activates brain regions associated with mother-pup bonding during suckling. 
J Neurosci 25(50), 11637-44.  

Febo, M, Shields, J, Ferris, CF, King, JA, 2009. Oxytocin modulates unconditioned fear 
response in lactating dams: an fMRI study. Brain Res 1302, 183-93.  

Feifel, D, Macdonald, K, Cobb, P, Minassian, A, 2012. Adjunctive intranasal oxytocin 
improves verbal memory in people with schizophrenia. Schizophr Res 139(1-3), 207-
10.  

Feifel, D, Macdonald, K, Nguyen, A, Cobb, P, Warlan, H, Galangue, B, Minassian, A, 
Becker, O, Cooper, J, Perry, W, Lefebvre, M, Gonzales, J, Hadley, A, 2010. 
Adjunctive intranasal oxytocin reduces symptoms in schizophrenia patients. Biol 
Psychiatry 68(7), 678-80.  

Ferguson, JN, Aldag, JM, Insel, TR, Young, LJ, 2001. Oxytocin in the medial amygdala is 
essential for social recognition in the mouse. J Neurosci 21(20), 8278-85.  

Ferguson, JN, Young, LJ, Hearn, EF, Matzuk, MM, Insel, TR, Winslow, JT, 2000. Social 
amnesia in mice lacking the oxytocin gene. Nat Genet 25(3), 284-8.  

Ferguson, JN, Young, LJ, & Insel, TR, 2002. The neuroendocrine bases of social recognition. 
Frontiers in Neuroendocrinology 23, 200-224.  

Ferris, CF, Febo, M, Luo, F, Schmidt, K, Brevard, M, Harder, JA, Kulkarni, P, Messenger, T, 
King, JA, 2006. Functional magnetic resonance imaging in conscious animals: a new 
tool in behavioral neuroscience research. J Neuroendocrinol 18(5), 307-18.  

Ferris, CF, Kulkarni, P, Sullivan, JM Jr., Harder, JA, Messenger, TL, Febo, M., 2005. Pup 
suckling is more rewarding than cocaine: evidence from functional magnetic 
resonance imaging and three-dimensional computational analysis. J Neurosci, 25(1), 
149-56.  

Ferris, CF, Stolberg, T, Kulkarni, P, Murugavel, M, Blanchard, R, Blanchard, DC, Febo, M, 
Brevard, M, Simon, NG, 2008. Imaging the neural circuitry and chemical control of 
aggressive motivation. BMC Neurosci 9 (111) doi: 10.1186/1471-2202-9-111. 

Ferris, CF, Yee, JR, Kenkel, WM, Dumais, KM, Moore, K, Veenema, AH, Kulkarni, P, 
Perkeybile, AM, Carter, CS (2015). Distinct BOLD activation profiles following 
central and peripheral oxytocin administration in awake rats. Frontiers in Behavioral 
Neuroscience 9:245. 



146 
 

Fibiger, HC, & Phillips, AG, 1986. Reward, motivation, cognition: psychobiology of 
mesotelencephalic dopamine systems. VB Mountcastle, FE Bloom, SR Geiger (Eds.), 
Handbook of Physiology, The Nervous System 4, 647-675.  

Fischer-Shofty, M, Levkovitz, Y, & Shamay-Tsoory, SG, 2013. Oxytocin facilitates accurate 
perception of competition in men and kinship in women. Social Cognitive and 
Affective Neuroscience 8(3), 313-7.  

Fliers, E, Swaab, DF, Pool, CW, Verwer, RWH, 1985. The vasopressin and oxytocin neurons 
in the human supraoptic and paraventricular nucleus; changes with aging and in 
senile dementia. Brain Research 342, 45-53.  

Fombonne, E, 2003. The prevalence of autism. JAMA 289(1), 87-9.  

Forger, NG, Rosen, GJ, Waters, EM, Jacob, D, Simerly, RB, De Vries, GJ, 2004. Deletion of 
Bax eliminates sex differences in the mouse forebrain. Proc Natl Acad Sci USA 101, 
13666–13671. 

Fox, PT, Raichle, ME, 1986. Focal physiological uncoupling of cerebral blood flow and 
oxidative metabolism during somatosensory stimulation in human subjects. Proc Natl 
Acad Sci U S A 83(4), 1140-4.  

Frasch, A, Zetzsche, T, Steiger, A, Jirikowski, GF, 1995. Reduction of plasma oxytocin 
levels in patients suffering from major depression. Adv Exp Med Biol 395, 257-8.  

Freeman, SM, Samineni, S, Allen, PC, Stockinger, D, Bales, KL, Hwa, GG, Roberts, JA, 
2016. Plasma and CSF oxytocin levels after intranasal and intravenous oxytocin in 
awake macaques. Psychoneuroendocrinology 66, 185-194.  

Freund-Mercier, MJ, Dietl, MM, Stoeckel, ME, Palacios, JM, Richard, P, 1988. Quantitative 
autoradiographic mapping of neurohypophysial hormone binding sites in the rat 
forebrain and pituitary gland-II. Comparative study on the Long-Evans and 
Brattleboro strains. Neuroscience 26(1), 273-81.  

Freund-Mercier, MJ, Stoeckel, ME, Palacios, JM, Pazos, A, Reichhart, JM, Porte, A, 
Richard, P, 1987. Pharmacological characteristics and anatomical distribution of 
[3H]oxytocin-binding sites in the Wistar rat brain studied by autoradiography. 
Neuroscience 20(2), 599-614.  

Fuchs, AR, and Poblete, VF, Jr., 1970. Oxytocin and uterine function in pregnant and 
parturient rats. Biology of Reproduction 2, 387-400.  

Gabor, CS, Phan, A, Clipperton-Allen, AE, Kavaliers, M, Choleris, E, 2012. Interplay of 
oxytocin, vasopressin, and sex hormones in the regulation of social 
recognition. Behav Neurosci 126(1), 97-109.  

Gattermann, R, Fritzsche, P, Neumann, K, Al-Hussein, I, Kayser, A, Abiad, M, Yakti, R, 
2001. Notes on the current distribution and the ecology of wild golden hamsters 
(Mesocricetus auratus). Journal of Zoology 254(3), 359-65.  



147 
 

Genovese, CR, Lazar, NA, Nichols, T, 2002. Thresholding of statistical maps in functional 
neuroimaging using the false discovery rate. Neuroimage 15(4), 870-8.  

Georges, F, Aston-Jones, G, 2002. Activation of ventral tegmental area cells by the bed 
nucleus of the stria terminalis: a novel excitatory amino acid input to midbrain 
dopamine neurons. J Neurosci 22(12), 5173-87.  

Gerendai, I, 2004. Supraspinal connections of the reproductive organs: structural and 
functional aspects. Acta Physiol Hung 91(1), 1-21.  

Gerendai, I, Kocsis, K, Halasz, B, 2002. Supraspinal connections of the ovary: structural and 
functional aspects. Microsc Res Tech 59(6), 474-83.  

Gerendai, I, Toth, IE, Boldogkoi, Z, Medveczky, I, Halasz, B, 1998. Neuronal labeling in the 
rat brain and spinal cord from the ovary using viral transneuronal tracing technique. 
Neuroendocrinology 68(4), 244-56.  

Gibson, CM, Penn, DL, Smedley, KL, Leserman, J, Elliott, T, Pedersen, CA, 2014. A pilot 
sex-week randomized controlled trial of oxytocin on social cognition and social skills 
in schizophrenia. Schizophr Res 156(2-3), 261-5.  

Gilbert, P, 2015. Affiliative and prosocial motives and emotions in mental health. Dialogues 
in Clin Neuro 17(4), 381-389. 

Gimpl, G, Fahrenholz, F, 2001. The oxytocin receptor system: Structure, function, and 
regulation. Physiological Reviews 81(2): 630-683. 

Gogolla, N, Takesian, AE, Feng, G, Fagiolini, M, Hensch, TK, 2014. Sensory integration in 
mouse insular cortex reflects GABA circuit maturation. Neuron 83(4), 894-905.  

Goldman, JM, Murr, AS, Cooper, RL, 2007. The rodent estrous cycle: characterization of 
vaginal cytology and its utility in toxicological studies. Birth Defects Research (Part 
B), 80, 84-97.  

Goodson, JL, 2005. The vertebrate social behavior network: evolutionary themes and 
variations. Horm Behav 48(1), 11-22.  

Goodson, JL, & Kabelik, D, 2009. Dynamic limbic networks and social diversity in 
vertebrates: from neural context to neuromodulatory patterning. Frontiers in 
Neuroendocrinology 30(4), 429-41.  

Goodson, JL, Kelly, AM, Kingsbury, MA, 2012.  Evolving nonapeptide mechanisms of 
gregariousness and social diversity in birds. Horm Behav 61(3), 239-50.  

Goodson, JL, Thompson, RR, 2010. Nonapeptide mechanisms of social cognition, behavior 
and species-specific social systems. Curr Opin Neurobiology 20(6), 784-94.  

Goodwin, TM, Millar, L, North, L, Abrams, LS, Weglein, RC, Holland, ML, 1995. The 
pharmacokinetics of the oxytocin antagonist atosiban in pregnant women with 
preterm uterine contractions. Am J Obstet Gynecol 173(3 Pt 1), 913-7.  



148 
 

Gossen, A, Hahn, A, Westphal, L, Prinz, S, Schultz, RT, Grunder, G, Spreckelmeyer, KN, 
2012. Oxytocin plasma concentrations after single intranasal oxytocin administration 
– a study in healthy men. Neuropeptides 46(5), 211-5.  

Green, L, Fein, D, Modahl, C, Feinstein, C, Waterhouse, L, Morris, M, 2001. Oxytocin and 
autistic disorder: alterations in peptide forms. Biological Psychiatry 50(8), 609-13.  

Gu, G, Cornea, A, Simerly, RB, 2003. Sexual differentiation of projections from the principal 
nucleus of the bed nuclei of the stria terminalis. The Journ of Comp Neurol 460, 542-
62.  

Guastella, AJ, Einfeld, SL, Gray, KM, Rinehart, NJ, Tonge, BJ, Lambert, TJ, Hickie, IB, 
2010. Intranasal oxytocin improves emotion recognition for youth with autism 
spectrum disorders. Biol Psychiatry 67(7), 692-4.  

Guastella, AJ, Hickie, IB, McGuinness, MM, Otis, M, Woods, EA, Disinger, HM, Chan, HK, 
Chen, TF, Banati, RB, 2013. Recommendations for the standardization of oxytocin 
nasal administration and guidelines for its reporting in human research. 
Psychoneuroendocrinology 38(5), 612-25.  

Guastella, AJ, Howard, AL, Dadds, MR, Mitchell, P, Carson, DS, 2009. A randomized 
controlled trial of intranasal oxytocin as an adjunct to exposure therapy for social 
anxiety disorder. Psychoneuroendocrinology 34(6), 917-23.  

Guastella, AJ, MacLeod, C, 2012. A critical review of the influence of oxytocin nasal spray 
on social cognition in humans: evidence and future directions. Horm Behav 61(3): 
410-418. 

Guillamon, A, Segovia, S, 1997. Sex differences in the vomeronasal system. Brain Res Bull 
44(4), 377-82.  

Guillamon, A, Segovia, S, Del Abril, A, 1988. Early effects of gonadal steroids on the neuron 
number in the medial posterior and the lateral divisions of the bed nucleus of the stria 
terminalis in the rat. Dev Brain Res 44, 281-290.  

Guthman, EM, Vera, J, 2016. A cellular mechanism for main and accessory olfactory 
integration at the medial amygdala. J Neurosci 36(7), 2083-5.  

Guzmán, YF, Tronson, NC, Jovasevic, V, Sato, K, Guedea, AL, Mizukami, H, Nishimori, K, 
Radulovic, J, 2013. Fear-enhancing effects of septal oxytocin receptors. Nat 
Neuroscience 16(9): 1185-1187.  

Guzmán, YF, Tronson, NC, Sato, K, Mesic, I, Guedea, AL, Nishimori, K, Radulovic, J, 
2014. Role of oxytocin receptors in modulation of fear by social memory. 
Psychopharmacology 231(10): 2097-2105. 

Haines, DE, Dietrichs, E, Sowa, TE, 1984. Hypothalamo-cerebellar and cerebello-
hypothalamic pathways: a review and hypothesis concerning cerebellar circuits which 
may influence autonomic centers affective behavior. Brain Behav Evol 24(4), 198-
220.  



149 
 

Halpern, M, 1987. The organization and function of the vomeronasal system. Ann Rev 
Neurosci 10, 325-62.  

Halpern, M, Martinez-Marcos, A, 2003. Structure and function of the vomeronasal system: 
an update. Prog Neurobiol 70(3), 245-318.  

Hammock, EA, 2015. Developmental perspectives on oxytocin and vasopressin. 
Neuropsychopharmacology 40 (1), 24-42.  

Hammock, EA, Levitt, P, 2013. Oxytocin receptor ligand binding in embryonic tissue and 
postnatal brain development of the C57BL/6J mouse. Front Behav Neurosci 7(195).  

Häussler, HU, Jirikowski, GF, & Caldwell, JD, 1990. Sex differences among oxytocin-
immunoreactive neuronal systems in the mouse hypothalamus. Journal of Chemical 
Neuroanatomy 3(4), 271-6.  

He, F, Wu, R, Yu, P, 2014. Study of Fos, androgen receptor and testosterone expression in 
the subregions of the medial amygdala, bed nucleus of the stria terminalis, and medial 
preoptic area in male mandarin voles in response to chemosensory stimulation. Behav 
Brain Res 258, 65-74.  

Heinrichs, M, von Dawans, B, Domes, G, 2009. Oxytocin, vasopressin, and human social 
behavior. Front Neuroendocrinol 30(4), 548-57.  

Herpertz, SC, Dietrich, TM, Wenning, B, Krings, T, Erberich, SG, Willmes, K, Thron, A, 
Sass, H, 2001. Evidence of abnormal amygdala functioning in borderline personality 
disorder: a functional MRI study. Biol Psychiatry 50(4): 292-298.  

Herzmann, G, Bird, CW, Freeman, M, Curran, T, 2013. Effects of oxytocin on behavioral 
and ERP measures of recognition memory for own-race and other-race faces in 
women and men. Psychoneuroendocrinology 38, 2140-51.  

Hines, M, Allen, LS, Gorski, RA, 1992. Sex differences in subregions of the medial nucleus 
of the amygdala and the bed nucleus of the stria terminalis of the rat. Brain Res 579, 
321-6.  

Hines, M, Davis, FC, Coquelin, A, Goy, RW, Gorski, RA, 1985. Sexually dimorphic regions 
in the medial preoptic area and the bed nucleus of the stria terminalis of the guinea 
pig brain: a description and an investigation of their relationship to gonadal steroids 
in adulthood. J Neurosci 5, 40–47. 

Hollander, E, Bartz, J, Chaplin, W, Phillips, A, Sumner, J, Soorya, L, Anagnostou, E, 
Wasserman, S, 2007. Oxytocin increases retention of social cognition in autism. Biol 
Psychiatry 61(4), 498-503.  

Hollander, E, Novotny, S, Hanratty, M, Yaffe, R, DeCaria, CM, Aronowitz, BR, Mosovich, 
S, 2003. Oxytocin infusion reduces repetitive behaviors in adults with autistic and 
Asperger’s disorders. Neuropsychopharmacology 28(1), 193-8.  

http://www.ncbi.nlm.nih.gov/pubmed?term=H%C3%A4ussler%20HU%5BAuthor%5D&cauthor=true&cauthor_uid=2204355
http://www.ncbi.nlm.nih.gov/pubmed?term=Jirikowski%20GF%5BAuthor%5D&cauthor=true&cauthor_uid=2204355
http://www.ncbi.nlm.nih.gov/pubmed?term=Caldwell%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=2204355
http://www.ncbi.nlm.nih.gov/pubmed?term=Heinrichs%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19505497


150 
 

Holley, A, Bellevue, S, Vosberg, D, Wenzel, K, Roorda, S Jr., Pfaus, JG, 2015. The role of 
oxytocin and vasopressin in conditioned mate guarding behavior in the female rat. 
Physiol Behav 144, 7-14.  

Holmes, MM, Niel, L, Anyan, JJ, Griffith, AT, Monks, DA, & Forger, NG, 2011. Effects of 
Bax gene deletion on social behaviors and neural response to olfactory cues in mice. 
European Journal of Neuroscience 34(9), 1492-9.  

Horn, TF, Engelmann, M, 2001. In vivo microdialysis for nonapeptides in rat brain- a 
practical guide. Methods 23(1): 41-53.  

Hosokawa, N, Chiba, A, 2007. Effects of sexual experience on conspecific odor preference 
and male odor-induced activation of the vomeronasal projection pathway and the 
nucleus accumbens in female rats. Brain Res 1175, 66-75.  

Huang, H, Michetti, C, Busnelli, M, Manago, F, Sannino, S, Scheggia, D, Giancardo, L, 
Sona, D Murino, V, Chini, B, Scattoni, ML, Papaleo, F, 2014. Chronic and acute 
intranasal oxytocin produce divergent social effects in mice. 
Neuropsychopharmacology 39, 1102-14.  

Huber, D, Veinante, P, Stoop, R, 2005. Vasopressin and oxytocin excite distinct neuronal 
populations in the central amygdala. Science 308(5719): 245-248.  

Insel, TR, 1986. Postpartum increases in brain oxytocin binding. Neuroendocrinology 44(4), 
515-8.  

Insel, TR, Gelhard, R, Shapiro, LE, 1991. The comparative distribution of forebrain receptors 
for neurohypophyseal peptides in monogamous and polygamous mice. Neuroscience 
43(2-3), 623-30.  

Insel, TR, Hulihan, TJ, 1995. A gender-specific mechanism for pair bonding: oxytocin and 
partner preference formation in monogamous voles. Behav Neurosci 109(4): 782-
789.  

Insel, TR, Young, L, & Wang, Z, 1997. Central oxytocin and reproductive behaviours. 
Reviews of Reproduction 2, 28-37.  

Ishunina, TA, Swaab, DF, 1999. Vasopressin and oxytocin neurons of the human supraoptic 
and paraventricular nucleus; Size changes in relation to age and sex. The Journal of 
Clinical Endocrinology and Metabolism 84(12), 4637-44.  

Iwasaki, Y, Maejima, Y, Suyama, S, Yoshida, M, Arai, T, Katsurada, K, Kumari, P, 
Nakabayashi, H, Kakei, M, Yada, T, 2015. Peripheral oxytocin activates vagal 
afferent neurons to suppress feeding in normal and leptin-resistant mice: a route for 
ameliorating hyperphagia and obesity. Am J Physiol Regul Integr Comp Physiol 
308(5), R360-9.  

Jacob, S, Brune, CW, Carter, CS, Leventhal, BL, Lord, C, Cook, EH Jr., 2007. Association of 
the oxytocin receptor gene (OXTR) in Caucasian children and adolescents with 
autism. Neuroscience Letters 417(1), 6-9.  



151 
 

Jezzini, A, Rozzi, S, Borra, E, Gallese, V, Caruana, F, Gerbella, M, 2015. A shared neural 
network for emotional expression and perception: an anatomical study in the 
macaque monkey. Front Behav, Neurosci 9 (243), doi: 10.3389/fnbeh.2015.00243. 

Jobst, A, Dehning, S, Ruf, S, Notz, T, Buchheim, A, Henning-Fast, K, Meiβner, D, Meyer, S, 
Bondy, B, Muller, N, Zill, P, 2014. Oxytocin and vasopressin levels are decreased in 
the plasma of male schizophrenia patients. Acta Neuropsychiatr 1-9.  

Joels, M, 2000. Modulatory actions of steroid hormones and neuropeptides on electrical 
activity in brain. Eur J Pharmacol 405(1-3), 207-16.  

Johnson, AL, File, SE, 1991. Sex differences in animal tests of anxiety. Physiol Behav 49: 
245-250.  

Johnston, RE, 1998. Pheromones, the vomeronasal system, and communication. From 
hormonal responses to individual recognition. Ann N Y Acad Sci 855, 333-48.  

Kanat, M, Heinrichs, M, Domes, G, 2014. Oxytocin and the social brain: neural mechanisms 
and perspectives in human research. Brain Res 1580, 160-71.  

Karnath, HO, Baier, B, 2010. Right insula for our sense of limb ownership and self-
awareness of actions. Brain Struct Funct 214(5-6), 411-7.  

Kelly, AM, Ophir, AG, 2015. Compared to what: What can we say about nonapeptide 
function and social behavior without a frame of reference? Curr Opin Behav Sci 6, 
97-103.  

Kelly, DA, Varnum, MM, Krentzel, AA, Krug, S, Forger, NG, 2013. Differential control of 
sex differences in estrogen receptor α in the bed nucleus of the stria terminalis and 
anteroventral periventricular nucleus. Endocrinology 154(10), 3836-46.  

Kent, P, Awadia, A, Zhao, L, Ensan, D, Silva, D, Cayer, C, James, JS, Anisman, H, Merali, 
Z, 2016. Effects of intranasal and peripheral oxytocin or gastrin-releasing peptide 
administration on social interaction and corticosterone levels in rats. 
Psychoneuroendocrinology 64, 123-30.  

Kevetter, GA, Winans, SS, 1981. Connections of the corticomedial amygdala in the golden 
hamster. I. Efferents of the “vomeronasal amygdala”. J Comp Neurol 197(1), 81-98.  

Kim, SY, Choi, US, Park, SY, Oh, SH, Yoon, HW, Koh, YJ, Im, WY, Park, JI, Song, DH, 
Cheon, KA, Lee, CU, 2015. Abnormal activation of the social brain network in 
children with autism spectrum disorder: an FMRI study. Psychiatry Investig 12(1): 
37-45.  

Kim, SG, Ogawa, S, 2012. Biophysical and physiological origins of blood oxygenation level-
dependent fMRI signals. J Cereb Blood Flow Metab 32(7), 1188-206.  

King, JA, Garelick, TS, Brevard ME, Chen, W, Messenger, TL, Duong, TQ, Ferris, CF, 
2005. Procedure for minimizing stress for fMRI studies in conscious rats. J Neurosci 
Methods 148(2), 154-60.  



152 
 

Kleiman, DG, 1977. Monogamy in mammals. The Quarterly Review of Biology 52(1), 39-
69.  

Kleinhans, NM, Richards, T, Greenson, J, Dawson, G, Aylward, E, 2015. Altered dynamics 
of the fMRI response to faces in individuals with autism. J Autism Dev Disord [Epub 
ahead of print]. 

Knickmeyer, RC, Baron-Cohen, S, 2006. Fetal testosterone and sex differences in typical 
social development and in autism. J Child Neurol, 21(10), 825-45.  

Knobloch, SH, Charlet, A, Hoffmann, LC, Eliava, M, Khrulev, S, Cetin, AH, Osten, P, 
Schwarz, MK, Seeburg, PH, Stoop, R, Grinevich, V, 2012. Evoked axonal oxytocin 
release in the central amygdala attenuates fear response. Neuron 73: 553-566.  

Kogan, JH, Frankland, PW, Silva, AJ, 2000. Long-term memory underlying hippocampus-
dependent social recognition in mice. Hippocampus 10(1), 47-56.  

Kolb, B, & Nonneman, AJ, 1974. Frontolimbic lesions and social behavior in the rat. 
Physiology and Behavior 13, 637-43.  

Kolb, B, Stewart, J, 1991. Sex-related differences in dendritic branching of cells in the 
prefrontal cortex of rats. J Neuroendocrinol 3(1), 95-9.  

Koob, GF, 1992. Drugs of abuse: anatomy, pharmacology, and function of reward pathways. 
Trends in Pharmacological Science 13, 177-184.  

Kosaka, H, Munesue, T, Ishitobi, M, Asano, M, Omori, M, Sato, M, Tomada, A, Wada, Y, 
2012. Long-tern oxytocin administration improves social behaviors in a girl with 
autistic disorder. BMC Psychiatry 12(110).  

Kramer, KM, Choe, C, Carter, SC, Cushing, BS, 2006. Developmental effects of oxytocin on 
neural activation and neuropeptide release in response to social stimuli. Horm Behav 
49 (2), 206-14.  

Krettek, JE, Price, JL, 1977. Projections from the amygdaloid complex and adjacent olfactory 
structures to the entorhinal cortex and to the subiculum in the rat and cat. J Comp 
Neurol 172(4), 723-52.  

Krettek, JE, Price, JL, 1978. Amygdaloid projections to subcortical structures within the 
basal forebrain and brainstem in the rat and cat. J Comp Neurol 178(2), 225-54.  

Krüger, O, Shiozawa, T, Kreifelts, B, Scheffler, K, Ethofer, T, 2015. Three distinct fiber 
pathways of the bed nucleus of the stria terminalis to the amygdala and prefrontal 
cortex. Cortex 66, 60-8.  

Labuschagne, I, Phan, KL, Wood, A, Angstadt, M, Chua, P, Heinrichs, M, Stout, JC, Nathan, 
PJ, 2010. Oxytocin attenuates amygdala reactivity to fear in generalized social 
anxiety disorder. Neuropsychopharmacology 35(12): 2403-2413.  



153 
 

Lahoud, N, Maroun, M, 2013. Oxytocinergic manipulations in corticolimbic circuit 
differentially affect fear acquisition and extinction. Psychoneuroendocrinology 
38(10): 2184-2195.  

Lande, R, Arnold, SJ, 1985. Evolution of mating preference and sexual dimorphism. J Theor 
Biol, 117(4), 651-64.  

Larrazolo-Lopez, A, Kendrick, KM, Aburto-Arciniega, M, Arriaga-Avila, V, Morimoto, S, 
Frias, M, Guevara-Guzman, R, 2008. Vaginocervical stimulation enhances social 
recognition memory in rats via oxytocin release in the olfactory bulb. Neuroscience 
152(3), 585-93.  

László, K, Kovacs, A, Zagoracz, O, Ollmann, T, Peczely, L, Kertes, E, Lacy, DG, Lenard, L, 
2016. Positive reinforcing effect of oxytocin microinjection in the rat central nucleus 
of amygdala. Behav Brain Res 296: 279-285.  

LeDoux, JE, 2000. Emotion circuits in the brain. Annu Rev Neurosci 23: 155-184.  

Lee, HJ, Caldwell, HK, Macbeth, AH, Tolu, SG, Young, WS 3rd, 2008. A conditional 
knockout mice line of the oxytocin receptor. Endocrinology 149(7), 3256-63.  

Lee, BH, Chan, JT, Hazarika, O, Vutskits, L, Sall, JW, 2014. Early exposure to volatile 
anesthetics impairs long-term associative learning and recognition memory. PLoS 
One 9(8):e105340. 

Lee, S, Miselis, R, Rivier, C, 2002. Anatomical and functional evidence for a neural 
hypothalamic-testicular pathway that is independent of the pituitary. Endocrinology 
143(11), 4447-54.  

Leng, G, Ludwig, M, 2016. Intranasal oxytocin: Myths and delusions. Biol Psychiatry 79(3) 
243-50.  

Lerer, E, Levi, S, Salomon, S, Darvasi, A, Yirmiya, N, Ebstein, RP, 2008. Association 
between the oxytocin receptor (OXTR) gene and autism: relationship to Vineland 
Adaptive Behavior Scales and cognition. Mol Psychiatry 13(10), 980-8.  

Lin, YT, Huang, CC, & Hsu, KS, 2012. Oxytocin promotes long-term potentiation by 
enhancing epidermal growth factor receptor-mediated local translation of protein 
kinase Mζ. Journal of Neuroscience 32(44), 15476-88.  

Lonstein, JS, Fleming, AS, 2002. Parental behaviors in rats and mice. Curr Protoc Neurosci, 
Chapter 8, Unit 8.15.  

Loup, F, Tribollet, E, Dubois-Dauphin, M, Dreifuss, JJ, 1991. Localization of high-affinity 
binding sites for oxytocin and vasopressin in the human brain. An autoradiographic 
study. Brain Research 555(2), 220-32.  

Lubin, DA, Elliott, JC, Black, MC, Johns, JM, 2003. An oxytocin antagonist infused into the 
central nucleus of the amygdala increases maternal aggressive behavior. Behav 
Neurosci 117(2): 195-201. 



154 
 

Ludwig, M, Leng, G, 2006. Dendritic peptide release and peptide-dependent behaviours. Nat 
Rev Neursci 7(2), 126-36.  

Ludwig, M, Tobin, VA, Callahan, MF, Papadaki, E, Becker, A, Engelmann, M, Leng, G, 
2013. Intranasal application of vasopressin fails to elicit changes in brain immediate 
early gene expression, neural activity and behavioral performance in rats. J 
Neurosndocrinol 25(7), 655-67.  

Lukas, M, Bredewold, R, Neumann, ID, & Veenema, AH, 2010. Maternal separation 
interferes with developmental changes in brain vasopressin and oxytocin receptor 
binding in male rats. Neuropharmacology 58(1), 78-87.  

Lukas, M, Neumann, ID, 2014. Social preference and maternal defeat-induced social 
avoidance in virgin female rats: sex differences in involvement of brain oxytocin and 
vasopressin. Journal of Neuroscience Methods 234, 101-7. 

Lukas, M, Toth, I, Reber, SO, Slattery, DA, Veenema, AH, Neumann, ID, 2011. The 
neuropeptide oxytocin facilitates pro-social behavior and prevents social avoidance in 
rats and mice. Neuropsychopharmacology 36, 2159-68.  

Lukas, M, Toth, I, Veenema, AH, Neumann, ID, 2013. Oxytocin mediates rodent social 
memory within the lateral septum and the medial amygdala depending on the 
relevance of the social stimulus: male juvenile versus female adult conspecifics. 
Psychoneuroendocrinology 38(6): 916-926.  

Macbeth, AH, Lee, HJ, Edds, J, Young, WS 3rd, 2009 Oxytocin and the oxytocin receptor 
underlie intrastrain, but not interstrain, social recognition. Genes Brain Behav 8(5), 
558-67.  

Madison, DM, 1980. Space use and social structure in meadow voles, microtus 
pennsylvanicus. Behav Ecol Sociobiol 7, 65-71.  

Maejima, Y, Iwasaki, Y, Yamahara, Y, Kodaira, M, Sedbazar, U, Yada, T, 2011. Peripheral 
oxytocin treatment ameliorates obesity by reducing food intake and visceral fat mass. 
Aging 3(12), 1169-77.  

Mahoney, EB, Breitborder, NJ, Leone, SL, Ghuman, JK, 2014. An examination of social 
interaction profiles based on the factors measured by the screen for social interaction. 
Res Dev Disabil 35(10), 2487-94.  

Malsbury, CW, McKay, K, 1987. A sex difference in the pattern of substance P-like 
immunoreactivity in the bed nucleus of the stria terminalis. Brain Res 420(2), 365-70.  

Manning, CJ, Wakeland, EK, Potts, WK, 1992. Communal nesting patterns in mice implicate 
MHC genes in kin recognition. Nature 360, 581-3.  

Manning, M, Misicka, A, Olma, A, Bankowski, K, Stoev, S, Chini, B, Durroux, T, Mouillac, 
B, Corbani, M, Guillon, G, 2012. J Neuroendocrinol 24(4), 609-28.  

Martinez, L.A., Albers, H.E., Petrulis, A., 2010. Blocking oxytocin receptors inhibits vaginal 
marking to male odors in female Syrian hamsters. Physiol Behav, 101(5), 685-92.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Lukas%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19560475
http://www.ncbi.nlm.nih.gov/pubmed?term=Bredewold%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19560475
http://www.ncbi.nlm.nih.gov/pubmed?term=Neumann%20ID%5BAuthor%5D&cauthor=true&cauthor_uid=19560475
http://www.ncbi.nlm.nih.gov/pubmed?term=Veenema%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=19560475


155 
 

Martinez-Garcia, F, Martinez-Ricos, J, Agustin-Pavon, C, Martinez-Hernandez, J, 
Novejarque, A, Lanuza, E, 2009. Refining the dual olfactory hypothesis: pheromone 
reward and odour experience. Behav Brain Res 200(2), 277-86.  

Martinez-Marcos, A, 2009. On the organization of olfactory and vomeronasal cortices. Prog 
Neurobiol 87(1), 21-30.  

Masugi-Tokita, M, Flor, PJ, Kawata, M, 2015. Metabotropic glutamate receptor subtype 7 in 
the bed nucleus of the stria terminalis is essential for intermale aggression. 
Neuropsychopharmacology, 1-10. 

Mathison, S, Nagilla, R, Kompella, UB, 1998. Nasal route for delivery of solutes to the 
central nervous system: fact or fiction? J Drug Target 5(6), 415-41.  

Matsutani, S, Yamamoto, N, 2008. Centrifugal innervation of the mammalian olfactory bulb. 
Anat Sci Int 83(4), 218-27.  

Menetrey, D, De Pommery, J, 1991. Origins of spinal ascending pathways that reach central 
areas involved in visceroception and visceronociception in the rat. Eur J Neurosci 
3(3), 249-59.  

Menon, V, Uddin, LQ, 2010. Saliency, switching, attention and control: a network model of 
insula function. Brain Struct Funct 214(5-6), 655-67.  

Mens, WB, Witter, A, van Wimersma Greidanus, TB, 1983. Penetration of neurohypophyseal 
hormones from plasma into cerebrospinal fluid (CSF): half-times of disappearance of 
these neuropeptides from CSF. Brain Res 262(1), 143-9.  

Meyer-Lindenberg, A, Domes, G, Kirsch, P, Heinrichs, M, 2011. Oxytocin and vasopressin 
in the human brain: social neuropeptides for translational medicine. Nat Rev Neurosci 
12(9), 524-38.  

Micevych, P, Akesson, T, Elde, R, 1988. Distributions of cholecystokinin-immunoreactive 
cell bodies in the male and female rat: II. Bed nucleus of the stria terminalis and 
amygdala. J Comp Neurol 269, 381-91.  

Miller, MA, Vician, L, Clifton, DK, Dorsa, DM, 1989. Sex differences in vasopressin 
neurons in the bed nucleus of the stria terminalis by in situ hybridization. Peptides 
10(3), 615-9.  

Meddle, SL, Bishop, VR, Gkoumassi, E, van Leeuwen, FW, & Douglas, AJ, 2007. Dynamic 
changes in oxytocin receptor expression and activation at parturition in the rat brain. 
Endocrinology 148(10), 5095-104.  

Modabbernia, A, Rezaei, F, Salehi, B, Jafarinia, M, Ashrafi, M, Tabrizi, M, Hosseini, SM, 
Tajdini, M, Ghaleiha, A, Akhondzadeh, S, 2013. Intranasal oxytocin as an adjunct to 
risperidone in patients with schizophrenia: an 8-week, randomized, double-blind, 
placebo-controlled study. CNS Drugs 27(1), 57-65.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Meddle%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=17628000
http://www.ncbi.nlm.nih.gov/pubmed?term=Bishop%20VR%5BAuthor%5D&cauthor=true&cauthor_uid=17628000
http://www.ncbi.nlm.nih.gov/pubmed?term=Gkoumassi%20E%5BAuthor%5D&cauthor=true&cauthor_uid=17628000
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Leeuwen%20FW%5BAuthor%5D&cauthor=true&cauthor_uid=17628000
http://www.ncbi.nlm.nih.gov/pubmed?term=Douglas%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=17628000


156 
 

Modahl, C, Green, L, Fein, D, Morris, M, Waterhouse, L, Feinstein, C, Levin, H, 1998. 
Plasma oxytocin levels in autistic children. Society of Biological Psychiatry 43, 270-
7.  

Montag, C, Brockmann, EM, Bayerl, M, Rujescu, D, Muller, DJ, Gallinat, J, 2013. Oxytocin 
and oxytocin receptor gene polymorphisms and risk for schizophrenia: a case-control 
study. World J Biol Psychiatry 14(7), 500-8.  

Morton, GJ, Thatcher, BS, Reidelberger, RD, Ogimoto, K, Wolden-Hanson, T, Baskin, DG, 
Schwartz, MW, Blevins, JE, 2012. Peripheral oxytocin suppresses food intake and 
causes weight loss in diet-induced obese rats. Am J Phsiol Endocrinol Metab 302(1), 
E134-44. 

Murakami, G, Hunter, RG, Fontaine, C., Ribeiro, A, Pfaff, D, 2011. Relationships among 
estrogen receptor, oxytocin and vasopressin gene expression and social interaction in 
male mice. The European Journal of Neuroscience 34(3): 469-477.  

Myers, AJ, Williams, L, Gatt, JM, McAuley-Clark, EZ, Dobson-Stone, C, Schofield, PR, 
Nemeroff, CB, 2014. Variation in the oxytocin receptor gene is associated with 
increased risk for anxiety, stress and depression in individuals with a history of 
exposure to early life stress. J Psychiatr Res 59, 93-100.  

Neumann, ID, Maloumby, R, Beiderbeck, DI, Lukas, M, Landgraf, R, 2013. Increased brain 
and plasma oxytocin after intranasal and peripheral administration in rats and mice. 
Psychoneuroendocrinology 38(10), 1985-93.  

Neumann, I, Russell, JA, Landgraf, R, 1993. Oxytocin and vasopressin release within the 
supraoptic and paraventricular nuclei of pregnant, parturient and lactating rats: A 
microdialysis study. Neuroscience 53(1), 65-75. 

Newman, PP, Paul, DH, 1966. The representation of some visceral afferents in the anterior 
lobe of the cerebellum. J Physiol 182(1), 195-208.  

Newman, SW, 1999. The medial extended amygdala in male reproductive behavior. A node 
in the mammalian social behavior network. Annals of the New York Academy of 
Sciences 877, 242-57.  

Nicole, L, Lesage, A, Lalonde, P, 1992. Lower incidence and increased male:female ratio in 
schizophrenia. Br J Psychiatry 161, 556-7.  

Noack, J, Richter, K, Laube, G, Haghgoo, HA, Veh, RW, Engelmann, M, 2010. Different 
importance of the volatile and non-volatile fractions of an olfactory signature for 
individual social recognition in rats versus mice and short-term versus long-term 
memory. Neurobiol Learn Mem 94(4), 568-75.   

Numan, M, Bress, JA, Ranker, LR, Gary, AJ, Denicola, AL, Bettis, JK, Knapp, SE, 2010. 
The importance of the basolateral/basomedial amygdala for goal-directed maternal 
responses in postpartum rats. Behav Brain Res 214(2), 368-76.  

http://www.ncbi.nlm.nih.gov/pubmed/21749489
http://www.ncbi.nlm.nih.gov/pubmed/21749489
http://www.ncbi.nlm.nih.gov/pubmed/21749489


157 
 

Numan, M, Fleming, AS, & Levy, F, 2006. Maternal Behavior. In J.D. Neill (Ed.) Knobil and 
Neill’s physiology of reproduction, pp1921-1993. New York: Elsevier.  

Numan, M & Insel, TR (2003). The neurobiology of parental behavior. New York: Springer-
Verlag.  

Numan, M, Numan, MJ, 1996. A lesion and neuroanatomical tract-tracing analysis of the role 
of the bed nucleus of the stria terminalis in retrieval behavior and other aspects of 
maternal responsiveness in rats. Dev Psychobiol 29(1), 23-51.  

Numan, M, Stolzenberg, DS, 2009. Medial preoptic area interactions with dopamine neural 
systems in the control of the onset and maintenance of maternal behavior in rats. 
Frontiers in Neuroendocrinology 30, 46-64.  

Nyuyki, KD, Waldherr, M, Baeumi, S, Neumann, ID, 2011. Yes, I am ready now: differential 
effects of paced versus unpaced mating on anxiety and central oxytocin release in 
female rats. Plos One 6(8): e23599.  

O’Connell, LA, Hofmann, HA, 2011. The vertebrate mesolimbic reward system and social 
behavior network: a comparative synthesis. J Comp Neurol 519(18), 3599-639.  

Ogawa, S, Lee, TM, Kay, AR, Tank, DW, 1990. Brain magnetic resonance imaging with 
contrast dependent on blood oxygenation. Proc Natl Acad Sci U S A 87(24), 9868-
72.  

Ogawa, S, Menon, RS, Tank, DW, Kim, SG, Merkle, H, Ellermann, JM, Ugurbil, K, 1993. 
Functional brain mapping by blood oxygenation level-dependent contrast magnetic 
resonance imaging. A comparison of signal characteristics with a biophysical model. 
Biophys J 64(3), 803-12.  

Olazabal, DE, & Young, LJ, 2006. Species and individual differences in juvenile female 
alloparental care are associated with oxytocin receptor density in the striatum and the 
lateral septum. Hormones and Behavior 49(5), 681-7.  

Ophir, AG, 2011. Towards meeting Tingergen’s challenge. Horm Behav 60(1), 22-7.  

Ophir, AG, Gessel, A, Zheng, DJ, & Phelps, SM, 2012. Oxytocin receptor density is 
associated with male mating tactics and social monogamy. Horm Behav 61(3), 445-
53. 

Ortega-Villalobos, M, Garcia-Bazan, M, Solano-Flores, LP, Ninomiya-Alarcon, JG, 
Guevara-Guzman, R, Wayner, MJ, 1990. Vagus nerve afferent and efferent 
innervation of the rat uterus: an electrophysiological and HRP study. Brain Res Bull 
25(3), 365-71.  

Patil, SN, Brid, SV, 2010. Relative role of neural substrates in the aggressive behavior of 
rats. J Basic Clin Physiol Pharmacol 21(4), 357-67.  

Paxinos, G, Watson, C, 1998. The Rat Brain in Stereotaxic Coordinates, 4th edition. 
Academic Press, San Diego. 

http://www.ncbi.nlm.nih.gov/pubmed/22285648
http://www.ncbi.nlm.nih.gov/pubmed/22285648


158 
 

Pedersen, CA, Caldwell, JD, Walker, C, Ayers, G, Mason, GA, 1994. Oxytocin activates the 
postpartum onset of rat maternal behavior in the ventral tegmental and medial 
preoptic areas. Behav Neurosci 108(6), 1163-71.  

Pedersen, CA, Prange, AJ, 1979. Induction of maternal behavior in virgin rats after 
intracerebroventricular administration of oxytocin. Proceedings of the National 
Academy of Sciences of the United States of America 76(12), 6661-5.  

Pena, RR, Pereira-Caixeta, AR, Moraes, MF, Pereira, GS, 2014. Anisomycin administered in 
the olfactory bulb and dorsal hippocampus impaired social recognition memory 
consolidation in different time-points. Brain Res Bull 109, 151-7.  

Petrovich, GD, Canteras, NS, Swanson, LW, 2001. Combinatorial amygdalar inputs to 
hippocampal domains and hypothalamic behavior systems. Brain Res Rev 38(1-2): 
247-289.  

Petrovich, GD, Swanson, LW, 1997. Projections from the lateral part of the central 
amygdalar nucleus to the postulated fear conditioning circuit. Brain Res 763(2): 247-
254.  

Petrulis, A, 2013. Chemosignals and hormones in the neural control of mammalian sexual 
behavior. Front Neuroendocrinol, 34(4), 255-67.  

Pitkow, LJ, Sharer, CA, Ren, X, Insel, TR, Terwilliger, EF, & Young, LJ, 2001. Facilitation 
of affiliation and pair-bond formation by vasopressin receptor gene transfer into the 
ventral forebrain of a monogamous vole. Journal of Neuroscience 21(18), 7392-6.  

Popik, P, van Ree, JM. 1991. Oxytocin but not vasopressin facilitates social recognition 
following injection into the medial preoptic area of the rat brain. Eur 
Neuropsychopharmacol, 1(4), 555-60.  

Popik, P., Vetulani, J. 1991. Opposite action of oxytocin and its peptide antagonists on social 
memory in rats. Neuropeptides, 18(1), 23-7.  

Popik, P, Vetulani, J. van Ree, JM, 1992a. Low doses of oxytocin facilitate social recognition 
in rats. Psychopharmacology 106(1), 71-4.  

Popik, P, Vetulani, J. Van Ree, JM, 1996. Facilitation and attenuation of social recognition in 
rats by different oxytocin-related peptides. Eur J Pharmacol 308(2), 113-6.  

Popik, P, Vos, PE, Van Ree, JM, 1992b. Neurohypophyseal hormone receptors in the septum 
are implicated in social recognition in the rat. Behav Pharmacol 3(4), 351-358.  

Qiao, X, Yan, Y, Wu, R, Tai, F, Hao, P, Cao, Y, Wang, J, 2014. Sociality and oxytocin and 
vasopressin in the brain of male and female dominant and subordinate mandarin 
voles. Journal of Comparative Physiology 200, 149-59.  

Qiu, F, Qiu, CY, Cai, H, Liu, TT, Qu, ZW, Yang, Z, Li, JD, Zhou, QY, Hu, WP, 2014. 
Oxytocin inhibits the activity of acid-sensing ion channels hrough the vasopressin, 
V1A receptor in primary sensory neurons. Br J Pharmacol 171(12), 3065-76.  



159 
 

Quattrocki, E, Friston, K, 2014. Autism, oxytocin and interoception. Neurosci Biobehav Rev 
47, 410-30.  

Quinones-Jenab, V, Jenab, S, Ogawa, S, Adan, RAM, Burbach, JPH, & Pfaff, DW, 1997. 
Effects of estrogen on oxytocin receptor messenger ribonucleic acid expression in the 
uterus, pituitary, and forebrain of the female rat. Molecular Neuroendocrinology 65, 
9-17.  

Quintana, DS, Alvares, GA, Hickie, IB, Guastella, AJ, 2015. Do delivery routes of 
intranasally administered oxytocin account for observed effects on social cognition 
and behavior? A two-level model. Neurosci Biobehav Rev 49, 182-92.  

Raggenbass, M, 2001. Vasopressin- and oxytocin-induced activity in the central nervous 
system: electrophysiological studies using in vitro systems. Prog Neurobiol 64(3), 
307-26.  

Ramos, L, Hicks, C, Caminer, A, Goodwin, J, McGregor, IS, 2015. Oxytocin and MDMA 
(‘Ecstasy’) enhance social reward in rats. Psychopharmacology 232(14), 2631-41.  

Ramos, L, Hicks, C, Kevin, R, Caminer, A, Narlawar, R, Kassiou, M, McGregor, IS, 2013. 
Acute prosocial effects of oxytocin and vasopressin when given alone or in 
combination with 3,4-methylenedioxymethamphetamine in rats: involvement of the 
V1A receptor. Neuropsychopharmacology 38(11), 2249-59.  

Rilling, JK, DeMarco, AC, Hackett, PD, Chen, X, Gautam, P, Stair, S, Haroon, E, 
Thompson, R, Ditzen, B, Patel, R, Pagnoni, G, 2013. Sex differences in the neural 
and behavioral response to intranasal oxytocin and vasopressin during human social 
interaction. Psychoneuroendocrinology 39: 237-248.  

Rilling, JK, DeMarco, AC, Hackett, PD, Thompson, R, Ditzen, B, Patel, R, Pagnoni, G, 
2012. Effects of intranasal oxytocin and vasopressin on cooperative behavior and 
associated brain activity in men. Psychoneuroendocrinology 37(4), 447-61.  

Rilling, JK, DeMarco, AC, Hackett, PD, Thompson, R, Ditzen, B, Patel, R, Pagnoni, G, 
2012. Effects of intranasal oxytocin and vasopressin on cooperative behavior and 
associated brain activity in men. Psychoneuroendocrinology 37(4): 447-461.  

Rodgers, KM, Benison, AM, Klein, A, Barth, DS, 2008. Auditory, somatosensory, and 
multisensory insular cortex in the rat. Cereb Cortex 18(12), 2941-51.  

Rosen, GJ, De Vries, GJ, Goldman, SL, Goldman, BD, Forger, NG, 2008. Distribution of 
oxytocin in the brain of a eusocial rodent. Neuroscience 155, 809-17.  

Ross, HE, Young, LJ, 2009. Oxytocin and the neural mechanisms regulating social cognition 
and affiliative behavior. Frontiers in Neuroendocrinology 30: 534-547.  

Rubia, FJ, Phelps, JB, 1970. Responses of the cerebellar cortex to cutaneous and visceral 
afferents. I. Fiber responses. Pflugers Arch 314(1), 68-85.  

Sala, M, Braida, D, Lentini, D, Busnelli, M, Bulgheroni, E, Capurro, V, Finardi, A, Donzelli, 
A, Pattini, L, Rubino, T, Parolaro, D, Nishimori, K, Parenti, M, Chini, B, 2011. 



160 
 

Pharmacological rescue of impaired cognitive flexibility, social deficits, increased 
aggression, and seizure susceptibility in oxytocin receptor null mice: a 
neurobehavioral model of autism. Biol Psychiatry 69(9), 875-82.  

Sarkar, S, Hillner, K, Velligan, DI, 2015. Conceptualization and treatment of negative 
symptoms in schizophrenia. World J Psychiatry 5(4), 352-61.  

Scalia, F, Winans, SS, 1975. The differential projections of the olfactory bulb and accessory 
olfactory bulb in mammals. J Comp Neurol 161(1), 31-55.  

Schorscher-Petcu, A, Sotocinal, S, Ciura, S, Dupre, A, Ritchie, J, Sorge, RE, Crawley, JN, 
Hu, SB, Nishimori, K, Young, LJ, Tribollet, E, Quirion, R, Mogil, JS, 2010. 
Oxytocin-induced analgesia and scratching are mediated by the vasopressin-1A 
receptor in the mouse. J Neurosci 30(24), 8274-84.  

Shapiro, LE, Insel, TR, 1989. Ontogeny of oxytocin receptors in rat forebrain: a quantitative 
study. Synapse 4(3), 259-66.  

Shin, NY, Park, HY, Jung, WH, Park, JW, Yun, JY, Jang, JH, Kim, SN, Han, HJ, Kim, SY, 
Kang, DH, Kwon, JS, 2015. Effects of oxytocin on neural response to facial 
expressions in patients with schizophrenia 40(9), 2286.  

Smeltzer, MD, Curtis, JT, Aragona, BJ, & Wang, Z, 2006. Dopamine, oxytocin, and 
vasopressin receptor binding in the medial prefrontal cortex of monogamous and 
promiscuous voles. Neuroscience Letters 394(2), 146-51.  

Smith, CJW, Poehlmann, ML, Li, S, Ratnaseelan, AM, Bredewold, R, Veenema, AH, under 
review. Age and sex differences in oxytocin and vasopressin V1a receptor binding 
densities in the rat brain: Focus on the social decision-making network. J Comp 
Neuro. 

Snider, RS, Maiti, A, 1976. Cerebellar contributions to the Papez circuit. J Neurosci Res 2(2), 
133-46.  

Sofroniew, MV, 1980. Projections from vasopressin, oxytocin, and neurophysin neurons to 
neural targets in the rat human. J Histochem Cytochem 28(5), 475-8.  

Sofroniew, MV, 1983. Morphology of vasopressin and oxytocin neurons and their central 
and vascular projections. Prog Brain Res 60, 101-14.  

Sokoloff, L, 2008. The physiological and biochemical bases of functional brain imaging. 
Cogn Neurodyn 2, 1-5.  

Song, Z, McCann, KE, McNeill, JK 4th, Larkin, TE 2nd, Huhman, KL, Albers, HE, 2014. 
Oxytocin induces social communication by activating arginine-vasopressin V1a 
receptors and not oxytocin receptors. Psychoneuroendocrinology 50, 14-9.  

Souza, RP, Ismail, P, Meltzer, HY, Kennedy, JL, 2010. Variants in the oxytocin gene and 
risk for schizophrenia. Schizophr Res 121(1-3), 279-80.  



161 
 

Stefanova, N, 1998. Gamma-aminobutyric acid-immunoreactive neurons in the amygdala of 
the rat – sex differences and effect of early postnatal castration. Neurosci Lett 255(3): 
175-177.  

Stolzenberg, DS, Stevens, JS, & Rissman, EF, 2012. Experience-facilitated improvements in 
pup retrieval; evidence for an epigenetic effect. Horm Behav 62(2), 128-35.  

Striepens, N, Kendrick, KM, Maier, W, & Hurlemann, R, 2011. Prosocial effects of oxytocin 
and clinical evidence for its therapeutic potential. Frontiers in Neuroendocrinology 
32, 426-50.  

Suraev, AS, Bowen, MT, Ali, SO, Hicks, C, Ramos, L, McGregor, IS, 2014. Adolescent 
exposure to oxytocin, but not the selective oxytocin receptor agonist TGOT, increases 
social behavior and plasma oxytocin in adulthood. Horm Behav 65(5), 488-96.  

Takayanagi, Y, Yoshida, M, Bielsky, IF, Ross, HE, Kawamata, M, Onaka, T, Yanagisawa, T, 
Kimura, T, Matzuk, MM, Young, LJ, Nishimori, K, 2005. Pervasive social deficits, 
but normal parturition, in oxytocin receptor-deficient mice. Proc Natl Acad Sci USA 
102(44), 16096-101.  

Tejada, LD, & Rissman, EF, 2012. Sex differences in social investigation: Effects of 
androgen receptors, hormones and test partner. Journal of Neuroendocrinology 24, 
1144-53.  

Teltsh, O, Kanyas-Sarner, K, Rigbi, A, Greenbaum, L, Lerer, B, Kohn, Y, 2012. Oxytocin 
and vasopressin genes are significantly associated with schizophrenia in a large Arab-
Israeli pedigree. Int J Neuropsychipharmacol 15(3), 309-19.  

Terenzi, MG, & Ingram, CD, 2005. Oxytocin-induced excitation of neurones in the rat 
central and medial amygdaloid nuclei. Neuroscience 134, 345-354.  

Thor, DH, 1980. Testosterone and persistence of social investigation in laboratory rats. 
Journal of Comparative and Physiological Psychology 94(5): 970-976.  

Thor, DH, Harrison, RJ, & Schneider, SR, 1988. Sex differences in investigatory and 
grooming behaviors of laboratory rats (Rattus norvegicus) following exposure to 
novelty. Journal of Comparative Psychology 102(2), 188-92.  

Tiberiis, BE, McLennan, H, & Wilson, N, 1983. Neurohypophysial peptides and the 
hippocampus. II. Excitation of rat hippocampal neurons, by oxytocin and vasopressin 
applied in vitro. Neuropeptides 4(1), 73-86.  

Tomizawa, K, Iga, N, Lu, YF, Moriwaki, A, Matsushita, M, Li, ST, Miyamoto, O, Itano, T, 
& Matsui, H, 2003. Oxytocin improves long-lasting spatial memory during 
motherhood through MAP kinase cascade. Nature Neuroscience 6(4), 384-90.  

Tribollet, E, Audigier, S, Dubois-Dauphin, M, & Dreifuss, JJ, 1990. Gonadal steroids 
regulate oxytocin receptors but not vasopressin receptors in the brain of male and 
female rats. An autoradiographical study. Brain Research 511(1), 129-40.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Bielsky%20IF%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Ross%20HE%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Kawamata%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Onaka%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Yanagisawa%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Kimura%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Matzuk%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Young%20LJ%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Nishimori%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16249339
http://www.ncbi.nlm.nih.gov/pubmed?term=Tribollet%20E%5BAuthor%5D&cauthor=true&cauthor_uid=2158853
http://www.ncbi.nlm.nih.gov/pubmed?term=Audigier%20S%5BAuthor%5D&cauthor=true&cauthor_uid=2158853
http://www.ncbi.nlm.nih.gov/pubmed?term=Dubois-Dauphin%20M%5BAuthor%5D&cauthor=true&cauthor_uid=2158853
http://www.ncbi.nlm.nih.gov/pubmed?term=Dreifuss%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=2158853


162 
 

Tribollet, E, Barberis, C, Jard, S, Dubois-Dauphin, M, Dreifuss, JJ, 1988. Localization and 
pharmacological characterization of high affinity binding sites for vasopressin and 
oxytocin in the rat brain by light microscopic autoradiography. Brain Res 442(1), 
105-18.  

Tribollet, E, Charpak, S, Schmidt, A, Dubois-Dauphin, M, Dreifuss, JJ, 1989. Appearance 
and transient expression of oxytocin receptors in fetal, infant, and peripubertal rat 
brain studied by autoradiography and electrophysiology. J Neurosci 9(5), 1764-73.  

Tribollet, E, Ueta, Y, Heitz, F, Marguerat, A, Koizumi, K, Yamashita, H, 2002. Up-
regulation of vasopressin and angiotensin II receptors in the thalamus and brainstem 
of inbred polydipsic mice. Neuroendocrinology 75(2), 113-23.  

Uhl-Bronner, S, Waltisperger, E, Martínez-Lorenzana, G, Condes Lara, M, & Freund-
Mercier, MJ, 2005. Sexually dimorphic expression of oxytocin binding sites in 
forebrain and spinal cord of the rat. Neuroscience 135(1), 147-54.  

Umberson, D, Montez, JK, 2010. Social relationships and health: a flashpoint for health 
policy. J Health Soc Behav 51, S54-66.  

Van Ijzendoorn, MH, Bhandari R, van der Veen, R, Grewen, KM, Bakermans-Kranenburg, 
MJ, 2012. Elevated salivary levels of oxytoin persist more than 7 h after intranasal 
administration. Front Neurosci 6(174).  

Van Tol, HH, Bolwerk, EL, Liu, B, Burbach, JP, 1988. Oxytocin and vasopressin gene 
expression in the hypothalamo-neurohypophyseal system of the rat during the estrous 
cycle, pregnancy, and lactation. Endocrinology 3, 945-51.  

van Wimersma Greidanus, TB, Maigret, C, 1996. The role of limbic vasopressin and 
oxytocin in social recognition. Brain Res 713, 153-9.  

Veenema, AH, Blume, A, Niederle, D, Buwalda, B, & Neumann, ID, 2006. Effects of early 
life stress on adult male aggression and hypothalamic vasopressin and serotonin. 
European Journal of Neuroscience 24(6), 1711-20.  

Veenema, AH, Bredewold, R, De Vries, GJ, 2012. Vasopressin regulates social recognition 
in juvenile and adult rats of both sexes, but in sex- and age- specific ways. Horm 
Behav 61(1), 50-6.  

Veenema, AH, Neumann, ID, 2008. Central vasopressin and oxytocin release: regulation of 
complex social behaviours. Progress in Brain Research 170: 260-276.  

Viviani, D, Charlet, A, van den Burg, E, Robinet, C, Hurni, N, Abatis, M, Magara, F, Stoop, 
R, 2011. Oxytocin selectively gates fear responses through distinct outputs from the 
central amygdala. Science 333(6038): 104-107.  

Wacker, DW, Ludwig, M, 2012. Vasopressin, oxytocin, and social odor recognition. Horm 
Behav 61(3), 259-65.  

Waldherr, M, Neumann, ID, 2007. Centrally released oxytocin mediates mating-induced 
anxiolysis in male rats. Proc Natl Acad Sci USA 104(42), 16681-4.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Uhl-Bronner%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16084653
http://www.ncbi.nlm.nih.gov/pubmed?term=Waltisperger%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16084653
http://www.ncbi.nlm.nih.gov/pubmed?term=Mart%C3%ADnez-Lorenzana%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16084653
http://www.ncbi.nlm.nih.gov/pubmed?term=Condes%20Lara%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16084653
http://www.ncbi.nlm.nih.gov/pubmed?term=Freund-Mercier%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=16084653
http://www.ncbi.nlm.nih.gov/pubmed?term=Freund-Mercier%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=16084653
http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20Tol%20HH%5BAuthor%5D&cauthor=true&cauthor_uid=3342761
http://www.ncbi.nlm.nih.gov/pubmed?term=Bolwerk%20EL%5BAuthor%5D&cauthor=true&cauthor_uid=3342761
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20B%5BAuthor%5D&cauthor=true&cauthor_uid=3342761
http://www.ncbi.nlm.nih.gov/pubmed?term=Burbach%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=3342761


163 
 

Wallace, DM, Magnuson, DJ, Gray, TS, 1992. Organization of amygdaloid projections to 
brainstem dopamine, noradrenergic, and adrenergic cell groups in the rat.  Brain Res 
Bull 28(3): 447-454.  

Wang, Z, Moody, K, Newman, JD, Insel, TR, 1997. Vasopressin and oxytocin 
immunoreactive neurons and fibers in the forebrain of male and female common 
marmosets (Callithrix jacchus). Synapse 27(1), 14-25.  

Wang, Z, Zhou, L, Hulihan, TJ, Insel, TR, 1996. Immunoreactivity of central vasopressin and 
oxytocin pathways in microtine rodents: A quantitative comparative study. The 
Journal of Comparative Neurology 366, 726-37.  

Webster, AB, and Brooks, RJ, 1981. Social behavior of microtus pennsylvanicus in relation 
to seasonal changes in demography. J. Mammal. 62, 738-51.  

Weisman, O, Feldman, R, 2013. Oxytocin effects on the human brain: Findings, questions, 
and future directions. Biological Psychiatry 74, 158-9.  

Weisman, O, Zagoory-Sharon, O, Feldman, R, 2012. Intranasal oxytocin administration is 
reflected in human saliva. Psychoneuroendocrinology 37, 1582-6.  

Wierda, M, Goudsmit, E, Van der Woude, PF, Purba, JS, Hofman, MA, Bogte, H, Swaab, 
DF, 1991. Oxytocin cell number in the human paraventricular nucleus remains 
constant with aging and in Alzheimer’s disease. Neurobiol Aging 12(5), 511-6.  

Winans, SS, Scalia, F, 1970. Amygdaloid nucleus: new afferent input from the vomeronasal 
organ. Science 170(3955), 330-2.  

Weller, KL, Smith, DA, 1982. Afferent connections to the bed nucleus of the stria terminalis. 
Brain Res 232(2), 255-70.  

Widiger, TA, Trull, TJ, 1993. Borderline and narcissistic personality disorders. In: Sutker, 
P.B., Adams, H.E., editors. Comprehensive handbook of psychopathology. 2nd. New 
York: Plenum; 371–394. 

Witt, DM, Winslow, JT, Insel, TR, 1992. Enhanced social interactions in rats following 
chronic, centrally infused oxytocin. Pharmacol Biochem and Behav 43, 855-61. 

Woolley, JD, Chuang, B, Lam, O, Lai, W, O’Donovan, A, Rankin, KP, Mathalon, DH, 
Vinogradov, S, 2014. Oxytocin administration enhances controlled social cognition 
in patients with schizophrenia. Psychoneuroendocrinology 47, 116-25.  

Wu, S, Jia, M, Ruan, Y, Liu, J, Guo, Y, Shuang, M, Gong, X, Zhang, Y, Yang, X, Zhang, D, 
2005. Positive association of the oxytocin receptor gene (OXTR) with autism in the 
Chinese Han population. Biological Psychiatry 58(1), 74-7.  

Xu, L, Pan, Y, Young, KA, Wang, Z, Zhang, Z, 2010. Oxytocin and vasopressin 
immunoreactive staining in the brains of Brandt’s voles (Lasiopodomys brandtii) and 
greater long-tailed hamsters (Tscherskia triton). Neuroscience 169(3), 1235-47.  



164 
 

Young, LJ, Muns, S, Wang, Z, & Insel, TR, 1997. Changes in oxytocin receptor mRNA in rat 
brain during pregnancy and the effects of estrogen and interleukin-6. Journal of 
Neuroendocrinology 9(11), 859-65.  

Yu, GZ, Kaba, H, Okutani, F, Takahashi, S, Higuchi, T, 1996. The olfactory bulb: a critical 
site of action for oxytocin in the induction of maternal behaviour in the rat. 
Neuroscience 72(4), 1083-8.  

Yrigollen, CM, Han, SS, Kochetkova, A, Babitz, T, Chang, JT, Volkmar, FR, Leckman, JF, 
Grigorenko, EL, 2008. Genes controlling affiliative behavior as candidate genes for 
autism. Biol Psychiatry 63(10), 911-6.  

Zahm, DS, Jensen, SL, Williams, ES, Martin, JR 3rd, 1999. Direct comparison of projections 
from the central amygdaloid region and nucleus accumbens shell. Eur J Neurosci 
11(4): 1119-1126. 

Zhang, G, Cai, D, 2011. Circadian intervention of obesity development via resting-stage 
feeding manipulation or oxytocin treatment. American Journal of Physiology, 
Endocrinology, and Metabolism 301(5), 1004-12.  

Zheng, DJ, Larsson, B, Phelps, SM, Ophir, AG, 2013. Female alternative mating tactics, 
reproductive success and nonapeptide receptor expression in the social decision-
making network. Behav Brain Res 246, 139-47.  

Zhou, L, Pruitt, C, Shin, CB, Garcia, AD, Zavala, AR, See, RE, 2014. Fos expression 
induced by cocaine-conditioned cues in male and female rats. Brain Struct Funct 
219(5), 1831-40.  

Zucker, I, Beery, AK, 2010. Males still dominate animal studies. Nature Opinion 465, 690.  

 

 

 


	Dissertation_Title_Abstract_FINAL_new template
	Dissertation_Contents_Acknowl_FINAL_new template (2)
	Dissertation_Body_FINAL_new template (2)
	Arakawa, H, Arakawa, K, Deak, T, 2010. Oxytocin and vasopressin in the medial amygdala differentially modulate approach and avoidance behavior toward illness-related social odor. Neuroscience 171(4): 1141-1151.
	Bergan, JF, Ben-Shaul, Y, Dulac, C, 2014. Sex-specific processing of social cues in the medial amygdala. Elife, doi: 10.7554/eLife.02743.
	Goldman, JM, Murr, AS, Cooper, RL, 2007. The rodent estrous cycle: characterization of vaginal cytology and its utility in toxicological studies. Birth Defects Research (Part B), 80, 84-97.
	Lukas, M, Bredewold, R, Neumann, ID, & Veenema, AH, 2010. Maternal separation interferes with developmental changes in brain vasopressin and oxytocin receptor binding in male rats. Neuropharmacology 58(1), 78-87.
	Thor, DH, 1980. Testosterone and persistence of social investigation in laboratory rats. Journal of Comparative and Physiological Psychology 94(5): 970-976.
	Thor, DH, Harrison, RJ, & Schneider, SR, 1988. Sex differences in investigatory and grooming behaviors of laboratory rats (Rattus norvegicus) following exposure to novelty. Journal of Comparative Psychology 102(2), 188-92.
	Tiberiis, BE, McLennan, H, & Wilson, N, 1983. Neurohypophysial peptides and the hippocampus. II. Excitation of rat hippocampal neurons, by oxytocin and vasopressin applied in vitro. Neuropeptides 4(1), 73-86.
	Tomizawa, K, Iga, N, Lu, YF, Moriwaki, A, Matsushita, M, Li, ST, Miyamoto, O, Itano, T, & Matsui, H, 2003. Oxytocin improves long-lasting spatial memory during motherhood through MAP kinase cascade. Nature Neuroscience 6(4), 384-90.
	Tribollet, E, Audigier, S, Dubois-Dauphin, M, & Dreifuss, JJ, 1990. Gonadal steroids regulate oxytocin receptors but not vasopressin receptors in the brain of male and female rats. An autoradiographical study. Brain Research 511(1), 129-40.
	Uhl-Bronner, S, Waltisperger, E, Martínez-Lorenzana, G, Condes Lara, M, & Freund-Mercier, MJ, 2005. Sexually dimorphic expression of oxytocin binding sites in forebrain and spinal cord of the rat. Neuroscience 135(1), 147-54.
	Van Tol, HH, Bolwerk, EL, Liu, B, Burbach, JP, 1988. Oxytocin and vasopressin gene expression in the hypothalamo-neurohypophyseal system of the rat during the estrous cycle, pregnancy, and lactation. Endocrinology 3, 945-51.
	Veenema, AH, Blume, A, Niederle, D, Buwalda, B, & Neumann, ID, 2006. Effects of early life stress on adult male aggression and hypothalamic vasopressin and serotonin. European Journal of Neuroscience 24(6), 1711-20.
	Veenema, AH, Neumann, ID, 2008. Central vasopressin and oxytocin release: regulation of complex social behaviours. Progress in Brain Research 170: 260-276.
	Young, LJ, Muns, S, Wang, Z, & Insel, TR, 1997. Changes in oxytocin receptor mRNA in rat brain during pregnancy and the effects of estrogen and interleukin-6. Journal of Neuroendocrinology 9(11), 859-65.


