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1. Neuropeptides 

 

Since first mentioned by David de Wied in the 1970s, the definition of the term 

neuropeptide underwent several transformations. Therefore, an universal description of the 

term neuropeptide is hard to find. However, an example for a very clear definition, among 

many others, was given by Carsten Wotjak (2008): Neuropeptides are endogenous 

peptidergic neuromessengers, which are synthesized by and released from nerve cells and 

involved in nervous system functions. Throughout neuronal messengers, neuropeptides 

display effects via a variety of different routes of action (for review see Landgraf and 

Neumann, 2004; Wotjak et al., 2008). Some may be released as neurohormones in the 

periphery, but all of them act in the central nervous system (CNS) in the form of 

neurotransmitters released synaptically at axon terminals or as neuromodulators released 

from other structures of the neuronal surface, i.e. dendrites and soma (Pow and Morris, 

1989). The effects of synaptic release are spatially restricted to the synaptic cleft and directly 

influence the neuronal activity of the target neurons, e.g. via activation of ion channels at 

the post-synapse. In contrast, during so called volume transmission high amounts of 

neuropeptides are released in the areas of their production that spread throughout the CNS 

to trigger indirect modulatory effects on neurotransmitter action at several target neurons 

via intracellular signal transduction mechanisms (Agnati et al., 1995; Zoli et al., 1999). The 

high affinity of neuropeptides to their receptors, which are mainly G protein-coupled 

receptors, and their inactivation via extracellular degradation or internalization of the 

receptor-ligand complex speak for a pronounced action of neuropeptides as 

neuromodulators (Landgraf and Neumann, 2004). 
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This thesis focuses on the behavioral relevance of the neuropeptides arginine-vasopressin 

(AVP), oxytocin (OT) and the recently discovered neuropeptide S (NPS).  

 

1.1. OT and AVP 

OT and AVP belong to the arginine vasotocin family (Acher et al., 1972) and consist of nine 

amino acids differing in only two positions. Two cystein residues form a disulfide bridge 

creating the circular structure of the nonapeptides (Du Vigneaud et al., 1953). 

Neuropeptides of this family are ubiquitous within vertebrates and evolutionary highly 

conserved, both in structure and functions (Hoyle, 1999). 

OT and AVP are mainly synthesized in a well-defined arrangement of magnocellular neurons 

located within the supraoptic (SON) and paraventricular nuclei (PVN) of the hypothalamus at 

the base of the brain. Via axonal projections, OT and AVP reach the neurohypophysis, where 

they are released into the blood stream in response to appropriate stimuli. In the context of 

their release into the blood stream, OT has been originally reported as a hormonal key 

regulator of female reproductive functions in all mammalian species. Thus, OT accelerates 

the delivery process as it promotes uterine contractions and is essential for the milk ejection 

during lactation (Freund-Mercier and Richard, 1984; Higuchi et al., 1985). The originally 

described physiological functions of AVP are the regulation of water resorption in the distal 

tubulus of the kidney and the constriction of vascular smooth muscle cells (Goldsmith, 

1987). However, starting with the fundamental discoveries of David DeWied and Cort 

Pedersen (De Wied, 1965; Pedersen and Prange, 1979), both OT and AVP emerged as 

neuromodulators of the brain regulating a broad variety of behaviors. 
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In the context of their multiple behavioral effects, neuronal release of OT and AVP within the 

brain is of significant interest. OT and AVP release was shown to occur from dendrites or 

perikarya of magnocellular neurons described within the hypothalamus (Ludwig and Leng, 

2006), i.e. PVN, SON and superchiasmatic nucleus (only AVP), but also from axonal or 

collateral projections of parvo- or magnocellular neurons targeting, for example, regions of 

the limbic brain, like the amygdala and the lateral septum (Buijs et al., 1983). Additionally, 

AVP release within the brain occurs from distinct extra-hypothalamic brain regions 

synthesizing AVP, namely the bed nucleus of stria terminalis and the medial amygdala (De 

Vries and Buijs, 1983). AVP cells from the medial amygdala project to the lateral septum and 

to the ventral hippocampus (Caffe et al., 1987). The bed nucleus of stria terminalis projects 

to several limbic, prefrontal and hindbrain regions, including the lateral septum, the ventral 

septal area, the vertical diagonal band of broca, the lateral habenular nucleus, the olfactory 

tubercle, and the locus coeruleus (van Leeuwen and Caffe, 1983). 

The behavioral effects of OT and AVP release in these target regions are mediated by their 

respective receptors, the OT receptor (OTR), the AVP 1a receptor (V1aR), and the V1bR. 

These receptors form a phylogenetic group of 7-transmembrane domain G protein-coupled 

receptors. Owing to its higher and more wide-spread occurrence centrally compared to the 

V1bR, the V1aR is thought to be the predominant AVP receptor in the brain (Tribollet et al., 

1988; Ostrowski et al., 1994; Vaccari et al., 1998). Interestingly, there is a great variation in 

brain V1aR and OTR expression and binding density, in species that are closely related while 

showing diverse behavior patterns (Insel et al., 1991; Barberis and Tribollet, 1996; Young et 

al., 1996; Young et al., 1997; Goodson and Bass, 2001). In a more discrete form, these 

variations are even noticeable in individuals of the same species (Phelps and Young, 2003; 
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Olazabal and Young, 2006). These findings suggest that variations in distinct behaviors might 

be at least to some extent due to variations in V1aR and OTR binding. 

 

1.2 NPS 

Compared to the intensively explored neuropeptides OT and AVP, information on NPS is 

rather sparse. NPS is named due to a serine at the amino-terminal residue of the mature 20 

amino acid peptide. The primary structure is highly conserved in birds and mammals, but 

absent in fish, amphibians, and reptiles (Xu et al., 2007; Leonard and Ring, 2011). The cluster 

of NPS expressing neurons is very restricted and defines a previously uncharacterized 

nucleus between the locus coeruleus and the Barrington‘s nucleus (Xu et al., 2007). In 

contrast, the NPS receptor, an orphan G protein-coupled receptor, is widely expressed 

within the brain, e.g. in the thalamus, hypothalamus, amygdala, and cortical areas, as well as 

in the brainstem, regions involved in memory processing and emotionality (Xu et al., 2007; 

Leonard and Ring, 2011).  

2. Involvement of OT, AVP and NPS in emotionality 

 

Among the various behavioral functions of central neuropeptides, the involvement of OT, 

AVP, and NPS in emotionality takes a very prominent role. In this context it was observed 

that brain OT functions as an endogenous anxiolytic in rats (Neumann et al., 2000b; 

Waldherr and Neumann, 2007). In support, acute or chronic administration of synthetic OT 

reduces anxiety-related behavior in rats and mice (Windle et al., 1997; Ring et al., 2006; 

Blume et al., 2008; Slattery and Neumann, 2010). The anxiolytic effect of OT could be 

localized within both the amygdala of female (Bale et al., 2001) and the PVN of male rats 
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(Blume et al., 2008). Moreover, OT has the potential to inhibit physiological stress responses, 

such as hypothalamo–pituitary–adrenal (HPA) axis activity in response to psychological 

stressors (for review see Neumann, 2002; Neumann, 2009). 

In contrast, AVP is known for its general anxiogenic properties, firstly demonstrated by an 

increased anxiety level in AVP-deficient Brattleboro rats (Williams et al., 1983, de Wied, 

1993 #242). Furthermore, chronic or acute septal infusions of V1aR antagonist (V1aR-A) 

decrease anxiety in rats, whereas AVP administration itself has no effect (Liebsch et al., 

1996; Everts and Koolhaas, 1999). The anxiogenic effect of endogenous AVP was confirmed 

by a reduction of anxiety-related behavior on the elevated plus-maze after septal V1aR 

antisense treatment (antisense sequence: 5’-GGA AAC TCA TGC TGT CCG TAC-3’) in rats 

(Landgraf et al., 1995b). Moreover, viral V1aR upregulation in the septum of mice increases 

anxiety-related behavior on the plus-maze in mice (Bielsky et al., 2005b). Again, in contrast 

to OT, central AVP promotes the physiological stress response via increasing 

adrenocorticotropin (ACTH) release in the median eminence and thereby increasing HPA axis 

activity (Swanson and Sawchenko, 1980; Swanson et al., 1980; Gillies et al., 1982).  

First pharmacological results concerning the involvement of NPS in emotionality include 

increased general arousal (Reinscheid et al., 2005) and the induction of long lasting 

wakefulness (Xu et al., 2004). Recent studies also emphasized a role for NPS in the reduction 

of anxiety-related behavior and fear-related memory processes in rats and mice (Xu et al., 

2004; Jüngling et al., 2008; Okamura et al., 2011; Wegener et al., in press). 
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3. Involvement of OT, AVP and NPS in social behaviors 

 

In addition to their prominent role in the regulation of emotionality, central neuropeptides, 

especially OT and AVP, are well-known for their involvement in social functions, such as 

maternal care, inter-male aggression, pair bonding, sexual behavior (only OT), social 

cognition, and social memory (for review see Bielsky and Young, 2004; Donaldson and 

Young, 2008; Heinrichs et al., 2009; Neumann, 2009).  

 

3.1 Involvement of OT, AVP, and NPS in rodent social behaviors 

As already mentioned, OT and AVP were shown to influence various aspects of rodent social 

behavior in both males and females. These are mainly reproductive behaviors. Thus, OT was 

shown to be responsible for the onset of maternal behavior after parturition (Pedersen et 

al., 1982; van Leengoed et al., 1987). During lactation OT, promotes maternal aggression 

against intruders (Bosch et al., 2005) and social bonding with the offspring (McCarthy, 1990; 

Kendrick, 2000), whereas AVP facilitates lactation by increasing arched back nursing (Bosch 

and Neumann, 2008). In the context of sexual behavior, OT increases sexual receptivity of 

female rats (Schulze and Gorzalka, 1991) and various aspects of sexual behavior in males, 

e.g. erectile functions and copulation (Argiolas and Melis, 2004). Moreover, chronic central 

OT administration in male rats increases social interaction with females (Witt et al., 1992). 

Both OT and AVP were shown to promote pair bonding in male and female voles (Williams et 

al., 1994; Cho et al., 1999) and social recognition in rats and mice (Bielsky and Young, 2004). 
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Additionally, it was shown that AVP increases inter-male aggression in rats (Veenema et al., 

2010b). 

In contrast to this huge body of literature concerning the involvement of OT and AVP in 

rodent social behavior, the potential involvement of NPS in social behaviors is completely 

unexplored until now. 

 

3.2 Neuropeptides and human social behavior 

Based on the rich knowledge on the involvement of OT and AVP in rodent social behavior, it 

is not surprising that these neuropeptides were also shown to be involved in human social 

behavior. Thus, intranasal and intravenous application of OT was reported to improve a 

broad variety of social behaviors summarized in various reviews (Meyer-Lindenberg, 2008; 

Heinrichs et al., 2009; MacDonald and MacDonald, 2010).  

Specifically, intranasal OT increases trust in healthy men (Kosfeld et al., 2005) and prevents 

betrayal-triggered decrease in trust (Baumgartner et al., 2008). In this context, OT increases 

ratings for trustworthiness and attractiveness of unfamiliar faces (Theodoridou et al., 2009). 

Moreover, OT-treated subjects were significantly more generous than placebo-treated men 

during a generosity game (Zak et al., 2007). Thus, in general, OT seems to improve the 

interpretation of social cues (Kosfeld et al., 2005; Domes et al., 2007a), especially the 

recognition of fear (Fischer-Shofty et al.). OT also facilitates the recognition of faces 

(Rimmele et al., 2009) most effectively when there is a positive emotional connection to 

them (Guastella et al., 2008a; Savaskan et al., 2008). Considering eye contact as a form of 

initial social approach in humans, it is important to mention that OT promotes a gaze-shift 

towards the eye region of presented faces (Guastella et al., 2008b) also independent of their 
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valence as this normally occurred during presentation of fearful faces (Gamer and Buechel, 

2009). In the context of OT promoting social bondings it is of interest to mention initial 

studies demonstrating that OT enhances attachment security (Buchheim et al., 2009). On a 

more neurophysiological level, human functional imaging studies indicated that OT reduces 

amygdala responses to threatening, non-social scenes and to angry and fearful faces (Kirsch 

et al., 2005). More specifically, it could be shown that OT promotes the activity in amygdala 

regions involved in the processing of positive social stimuli (Gamer et al., 2010), an effect 

that was shown to generalize to facial expressions, irrespective of their valence (Domes et 

al., 2007b) . 

 

Compared to OT, only few studies concentrate on the effects of AVP on human social 

behavior. The behavioral effects found in these studies support the effects found in animal 

research. Studies investigating acute effects of AVP on human behavior mainly focus on 

changes in social communication. Thereby it was shown that AVP influences behavioral and 

physiological responses of test subjects to same-sex facial expressions. Thus, AVP in men 

shifts the perception of neutral facial expressions in the direction of angry expressions 

(Thompson et al., 2004), thereby promoting agonistic/aggressive behavior, whereas AVP in 

women promotes affiliation towards neutral facial expressions (Thompson et al., 2006). 

Furthermore, intranasal AVP facilitates recognition of happy and angry facial expressions by 

enhancing the encoding of positive and negative social information (Guastella et al., 2010a).  

Furthermore, genetic association studies found associations between V1aR promoter length 

and altruistic behavior in a dictator game (Knafo et al., 2008). The involvement of the AVP 

system in male pair bonding, which is well-known from rodent studies (Young and Wang, 
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2004), could also be confirmed in humans as polymorphisms in the V1aR RS3 promoter 

region were related to the outcome of a partner bonding scale in men (Walum et al., 2008). 

Together with several association studies that demonstrated a link between the V1aR gene 

and social deficits in autism spectrum disorders (ASD) (Thibonnier et al., 1996; Kim et al., 

2002; Wassink et al., 2004), this further supports the role of the AVP system as a key 

regulator of social behavior/communication in humans as well. 

NPS has only recently been shown to affect rodent behavior. Therefore, there are no clinical 

studies concerning its properties in humans, so far. However, recent gene association 

studies in humans identified a single nucleotide polymorphism in the NPS receptor gene that 

seems to be connected to an increased risk of panic disorder and over-interpretation of fear 

(Okamura et al., 2007; Domschke et al., 2010; Donner et al., 2010; Raczka et al., 2010).  

Indications for an involvement of human NPS in social behaviors are not known so far. 

 

3.3 Social behaviors and psychiatric disorders 

The regulation of social behaviors by OT and AVP in humans is of specific interest as various 

psychiatric disorders are associated not only with emotional disturbances, but also with 

dysfunctions and deficiencies in social interactions (Neumann et al., 2010). Thus, impaired 

social functions such as social withdrawal, social phobia, aggression and violence, or 

impaired social cognition are core symptoms for diseases, like major depression, anxiety 

disorder, posttraumatic stress disorder, borderline syndrome, schizophrenia, and ASD 

including the Asperger’s Syndrome. Deficits in sociability seen in ASD become apparent 

during standard nonverbal social interactions, e.g. eye contact or affective expression. 

Reduced empathy like the inability to share enjoyments, interests and achievements with 
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others, and a lack of social and emotional reciprocity in ASD patients further demonstrate 

reduced sociability. Moreover, individuals with ASD not only fail to recognize faces, but also 

facial expressions of emotions caused by impaired social cognitive abilities (Harony and 

Wagner, 2010).  

4. Role of OT, AVP and NPS in social preference and social recognition 

 

To further investigate the neurobiological underpinnings of social deficits found in human 

psychopathologies, i.e. reduced sociability and impaired social cognition, and to study in 

more detail the involvement of the central OT and AVP in these deficits, animal studies are 

needed that test for sociability and social cognition in rodents. Social behaviors, such as 

social preference and individual social recognition (see Figure 1 and Figure 2) can be tested 

in rodents and resemble these human behaviors. Furthermore, there are also indications 

that central neuropeptides, especially OT and AVP, play an important role in the regulation 

of social preference and social recognition. 

 

4.1 Involvement of neuropeptides in social preference 

Based on the pro-social and anxiolytic properties of OT in male rats (see above), it is 

anticipated that the endogenous OT system would also reduce social anxiety and increase 

social preference in a non-reproductive context. In support, OT homologues, such as isotocin 

and mesotocin, have been shown to promote sociability in fish and birds, respectively 

(Thompson and Walton, 2004; Goodson et al., 2009). A transfer of this concept to rodents is 

strongly supported by data demonstrating that the prominent pro-social effect of 

3, 4 methylenedioxymethamphetamine (“ecstasy”) in rats is, at least partially, mediated via 
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the endogenous OT system (Thompson et al., 2007). Therefore, it may be of interest to 

further study the involvement of endogenous OT in natural social preference as well as 

facilitating effects of synthetic OT on social approach behavior in a non-reproductive context 

in rodents. 

 

 

Figure 1: Male rat performing in the social preference paradigm according to Lukas et al. (2011b). Rats are placed in a novel 

arena (40 × 80 × 40 cm, red light). After 30 sec of habituation, an empty wire-mesh cage (non-social stimulus; 20 × 9 × 9 cm) 

is placed at one side wall of the arena for 4 min (left). The empty cage is then exchanged by an identical cage containing an 

unknown adult male Wistar rat (social stimulus) for additional 4 min (right). The percentage of time investigating the non-

social versus the social stimulus is calculated, i.e. investigation time / total time [4 min] × 100 %. A significantly higher 

percentage of investigation of the social versus the non-social stimulus was considered social preference. 

 

Also, AVP is an important modulator of social behaviors, but, in contrast to OT, was shown to 

elicit rather anxiogenic effects in a non-social context in rodents (see above). In the context 

of social anxiety, in male goldfish the AVP homologue vasotocin is able to reduce sociability 

in individuals with high natural sociability (Thompson and Walton, 2004). Furthermore, the 

septal vasotocin system was shown to modulate flocking behavior in songbirds (Kelly et al., 
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2011). Interestingly, effects of AVP on social anxiety have not been investigated in 

mammals/rodents so far. 

As mentioned above, NPS is mostly known for reducing non-social anxiety in both rats and 

mice (Xu et al., 2004; Wegener et al., in press). However, whether the application of 

synthetic NPS or its receptor antagonist (NPS-A) is also able to influence social preference or 

reduce social anxiety is currently not known.  

 

4.2 Involvement of neuropeptides in social recognition 

Recognition and discrimination of individuals are basic prerequisites for proper social 

interactions. In rodents, social recognition depends on detection of olfactory signals by the 

main and accessory olfactory systems perceived by anogenital investigation of the con-

specific. Centrally applied OT facilitates social memory in a dose-dependent manner in male 

rats. In contrast, infusion of the OTR antagonist (OTR-A) blocks the facilitating effect of OT, 

but does not impair their social memory per se (Benelli et al., 1995). These facilitating effects 

of OT could be localized in the lateral septum and the medial preoptic area of male rats, 

again with no effect after administration of the OTR-A alone, indicating no involvement of 

the endogenous OT system (Popik and van Ree, 1991; Popik et al., 1992). Literature on male 

mice seems more straightforward with respect to OT and OTR-A effects on social 

recognition. In male mice lacking the OT gene (Ferguson et al., 2000) or in mice with 

deficient OT release (Jin et al., 2007) impaired social recognition was consistently found. 

Importantly, OT bilaterally infused into the medial amygdala is able to restore the cognitive 

deficits seen in OT knockout mice, whereas OTR-A infusions impair social memory in male 

wildtype mice (Ferguson et al., 2001). Other regions responsive to synthetic or endogenous 
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OT in the context of social recognition are the olfactory bulb (Dluzen et al., 1998), and the 

ventral hippocampus (van Wimersma Greidanus and Maigret, 1996). Also in females, brain 

OT seems to be important for social recognition. In this context the medial amygdala 

(Choleris et al., 2007), the septum (Engelmann et al., 1998), and the olfactory bulb 

(Larrazolo-Lopez et al., 2008) could be identified as sites of action using microdialysis and 

local pharmacological blockade or downregulation of OTRs. 

 

 

In contrast, involvement of AVP in social memory is exclusively found in male rodents so far 

(for review see Bielsky and Young, 2004). Septal AVP plays an essential role in male social 

memory, as local infusions of AVP improve, whereas infusion of V1aR-A impair social 

Figure 2: Rat performing in the social 

discriminations paradigm according 

to Engelmann et al. (1995) with some 

minor modifications. A juvenile rat 

(black stripes) is introduced into the 

cage of the experimental rat for 4 

min (above). After a defined inter 

exposure interval, the same juvenile 

rat is re-introduced along with a 

novel juvenile rat (red stripes) for 4 

min (below). The percentage of time 

investigating the same and the novel 

juvenile rat (time investigating same 

or novel rat / time investigating same 

+ novel rat × 100 %) is calculated. A 

significantly lower investigation time 

directed towards the same versus 

the novel juvenile rat was interpreted 

as social discrimination. 
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recognition in male rats (Dantzer et al., 1988; Engelmann and Landgraf, 1994; Everts and 

Koolhaas, 1997, 1999). The crucial involvement of septal AVP in social recognition is 

confirmed by studies using V1aR knockout mice (Bielsky et al., 2005b). Specifically, these 

mice demonstrate a total lack of social memory, which can be restored by re-expressing 

V1aRs in the lateral septum using viral vector-mediated gene transfer (Bielsky et al., 2005b). 

Furthermore, viral vector-mediated over-expression of septal V1aR leads to a prolongation 

of social memory in wildtype rats and mice (Landgraf et al., 2003; Bielsky et al., 2005a). 

However, information regarding the endogenous release of AVP within the lateral septum 

during the acquisition of social recognition memory is lacking. 

Also, synthetic NPS is involved in memory processing as it is able to facilitate the extinction 

of contextual conditioned fear responses when administered into the amygdaloid fear 

circuitry in mice (Jüngling et al., 2008; Meis et al., 2008). Furthermore, NPS improves 

hippocampus-dependent novel object memory after acute icv administration in mice 

(Okamura et al., 2011). However, whether NPS is able to modulate social memory is 

currently not known. Therefore, we initially studied the effects of NPS on social memory, 

specifically on social discrimination abilities of male rats. 

5. Rodent models of social stress 

 

In order to investigate not only effects of OT, AVP, and NPS on rodent social preference and 

social recognition, but also their therapeutic properties concerning social deficits, rodents 

showing impaired social abilities are needed. An accepted approach to generate social 

deficits in rats and mice is the use of social stress paradigms, like social defeat and maternal 

separation (MS). 
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5.1 Social defeat 

The social defeat procedure was initially established by Miczek (1979) and further developed 

by Heinrichs et al. (1992). The original procedure has been variously adapted, but the 

general idea is to introduce a test subject into the home cage territory of another male, 

eliciting an aggressive response followed by the defeat of the experimental rat. Social defeat 

results in various acute physiological alterations, e.g. increase in heart rate, plasma 

corticosterone, and plasma testosterone (Koolhaas et al., 1997; Martinez et al., 1998; 

Buwalda et al., 2005), as well as changes in social and emotional behaviors dependent on the 

type of defeat. Social defeat paradigms are performed using either single, or repeated 

defeats by different aggressor animals. Single social defeat, which was mostly done in rats, 

was induces anxiety-related behavior and social avoidance (Meerlo et al., 1996; Haller and 

Bakos, 2002; Buwalda et al., 2005). Chronic social defeat additionally induces depressive like 

and anhedonic behaviors, reduces general locomotion, disturbs sleep patterns and normal 

circadian rhythmicity (Heinrichs et al., 1992; Tornatzky and Miczek, 1993; Von Frijtag et al., 

2000; Avgustinovich et al., 2005; Rygula et al., 2005; Berton et al., 2006; Kinn et al., 2008). 

 

5.2 Maternal separation 

Another form of chronic social stress is the MS paradigm, a daily 3 hour separation of pups 

from their dam for the first 2 weeks of life (Plotsky and Meaney, 1993; Newport et al., 2002). 

This stress paradigm is based on the observation that abnormal emotional and social 

behaviors like depression, anxiety disorders or abnormal aggression are often associated 

with negative experiences during childhood, like child abuse or neglect (Widom, 1989; 
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Barnow et al., 2001; Heim and Nemeroff, 2001; Heim et al., 2008; Weder et al., 2009). 

Consequently, MS results in several changes of emotional behaviors in rats and mice, 

foremost in the form of increased anxiety- and depression-related behaviors (Plotsky and 

Meaney, 1993; Wigger and Neumann, 1999; Kalinichev et al., 2002; Romeo et al., 2003; Ladd 

et al., 2004). Furthermore, studies in adult rats and mice as well as juvenile rats discovered 

first indications for deficits in normal social behavior like increased inter-male aggression 

(Veenema et al., 2006; Veenema et al., 2007) and juvenile play-fighting (Veenema and 

Neumann, 2009). In notion with that, rats demonstrating MS-induced high aggression levels 

and depression-related behavior show increased levels of AVP mRNA and AVP 

immunoreactivity in the PVN (Veenema et al., 2006). Finally, a human study in females was 

able to associate low cerebrospinal OT levels with a history of child abuse (Heim et al., 2008). 

Therefore, potential deficits observed in social behaviors appear to be due to alterations in 

central neuropeptide systems, especially OT and AVP. 

6. Aim of present thesis 

 

Nowadays, human psychopathologies involving deficits in social behaviors, like autism, 

schizophrenia, or social anxiety disorder, gain more and more attention. First clinical studies 

indicate an involvement of central neuropeptides like OT and AVP in these pathologies, but 

the neurobiological underpinnings that are responsible for these social deficits and further 

details on neuropeptide action on social behaviors in mammals still need to be explored. 

Therefore, my initial aim was to explore in more detail the involvement of the social 

neuropeptides OT and AVP on two basic social behaviors in juvenile and adult rodents, i.e. 

social preference and social recognition that are prerequisites for many complex social 
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behaviors, like aggression, sexual behavior, and pair-bonding. Thereby, I adapted previously 

established tests for social avoidance, in mice, and social discrimination, in rats, for the use 

in rats and juvenile rats, respectively. Furthermore, I tested the involvement of endogenous 

OT and AVP in these social behaviors, using specific receptor antagonists. Additionally, I 

investigated for the first time the potential involvement of the recently characterized NPS in 

social preference and social recognition abilities of adult male rats.  

This thesis also investigated the effects of negative social experiences during infancy (MS) 

and adulthood (acute social defeat) on social preference and social recognition, respectively. 

Furthermore, alterations in the central OT and AVP systems of juvenile and adult male rats 

after MS were investigated, including receptor binding and intracerebral release. 

In the following, in order to causally link stress-induced deficits in social behavior with 

alterations in central neuropeptide systems, I aimed to restore social preference in male rats 

with social defeat-induced social avoidance and MS-induced social memory deficits, via 

central administration of synthetic OT and AVP, respectively. Furthermore, I tried to localize 

these effects in socially relevant brain structures, i.e. the lateral septum and the amygdala. 

Lastly, I tested the efficacy of nasal NPS administration, in rats, on non-social anxiety and 

non-social memory in order to provide a first hint on the potential therapeutic use of this 

new neuropeptide in clinical research. 

7. Outline of the present thesis 

 

Chapter 2 describes the involvement of the endogenous OT and AVP system in natural social 

preference of male rats and mice. Furthermore, it investigates the effects of acute social 
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defeat on social preference in male rats and the potential facilitating effects of synthetic OT 

administration on defeat-induced social avoidance in rats. 

 

Chapter 3 investigates the effects of MS on social recognition of juvenile and adult male rats. 

Furthermore it investigates septal AVP release during acquisition of social memory in the 

social discrimination paradigm in control and MS, juvenile and adult rats as well as its causal 

involvement in social recognition deficits. 

 

Chapter 4 investigates the effects of MS on V1aR binding in brain regions known to be 

involved in social behaviors, such as the lateral septum, amygdala, and hippocampus. 

 

Chapter 5 investigates the central effects of endogenous and synthetic NPS on social 

preference and social recognition abilities of male rats. Furthermore, it investigates the 

efficacy of nasally applied NPS on non-social anxiety and non-social memory of male rats 

 



 

 

 

Chapter 2 

 

The neuropeptide oxytocin facilitates pro-social 

behavior and prevents social avoidance in rats and 

mice 
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ABSTRACT 

 

Social avoidance and social phobia are core symptoms of various psychopathologies but 

their underlying aetiology remains poorly understood. Therefore, this study aims to reveal 

pro-social effects of the neuropeptide OT, under both basal and stress-induced social 

avoidance conditions in rodents using a social-preference paradigm. We initially show that 

intracerebroventricular (icv) application of an OT receptor antagonist (OTR-A) in naïve male 

rats (0.75µg/5µl) or mice (20µg/2µl) reduced social exploration of a novel con-specific 

indicative of attenuated social preference. Prior exposure of male rats to a single social 

defeat resulted in loss of their social preference and social avoidance, which could be 

restored by icv infusion of synthetic OT (0.1µg/5µl) 10 min prior to the social preference test. 

While the amygdala has been implicated in both social and OT-mediated actions, bilateral 

OTR-A (0.1 µg/1µl) or OT (0.01 µg/1µl) administration into various subnuclei of the amygdala 

did not affect basal or stress-induced social preference behavior, respectively. Finally, we 

demonstrate the social specificity of these OT-mediated effects by showing that neither an 

V1aR-A (0.75µg/5µl, icv) nor the anxiogenic drug PTZ (15mg/kg, i.p.) altered social 

preference, with OTR-A not affecting state anxiety. Overall, the data indicate that the basal 

activity of the endogenous brain OT system is sufficient to promote pro-social behavior in 

rodents while synthetic OT shows potential to reverse stress-induced social avoidance and 

might thus be of use for treating social phobia and social dysfunction in humans. 
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INTRODUCTION 

 

Animal and human studies indicate a facilitatory role of the neuropeptide OT in a broad 

variety of social interactions. Released within the brain (Landgraf and Neumann, 2004; 

Neumann, 2009), OT promotes various aspects of social behavior in both females and males 

related to reproduction, including the onset and fine-tuned maintenance of maternal 

behavior in lactation (Pedersen et al., 1982; van Leengoed et al., 1987; McCarthy, 1990; 

Kendrick, 2000; Bosch et al., 2005), receptive behavior of female rats (Schulze and Gorzalka, 

1991; Witt and Insel, 1991), various aspects of sexual behavior in males (Argiolas and Melis, 

2004), as well as pair bonding in female voles (Williams et al., 1994; Cho et al., 1999). 

Furthermore, chronic central OT administration increases social interactions of male with 

female rats (Witt et al., 1992). Also, OT plays a role in social recognition in both male (Popik 

and van Ree, 1991) and female (Engelmann et al., 1998) rats, which has been confirmed in 

OT and OT receptor knockout mice with impaired social memory (Ferguson et al., 2000; 

Choleris et al., 2003; Takayanagi et al., 2005). 

 

Intranasal OT administration has been shown to affect many aspects of human sociability 

ranging from social perception, increased gazing towards the eye region (Guastella et al., 

2008b; Gamer et al., 2010), and improved recognition of emotional facial expressions 

(Domes et al., 2007a; Savaskan et al., 2008) to complex social behaviors like trust, social-risk 

taking, and empathy (Kosfeld et al., 2005; Baumgartner et al., 2008; Hurlemann et al., 2010). 

The amygdala, a brain region strongly involved in social perception and emotional 
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processing, has been implicated as one of the key regions mediating neuronal actions of OT 

on social behaviors in humans (Kirsch et al., 2005; Baumgartner et al., 2008; Gamer et al., 

2010; Hurlemann et al., 2010) as well as in rodents (Ferguson et al., 2001; Choleris et al., 

2007; Lee et al., 2007). 

 

In addition to these multiple effects on sociability, brain OT functions as an endogenous 

anxiolytic neuropeptide in females (Neumann et al., 2000b) and males (Waldherr and 

Neumann, 2007), and acute or chronic administration of synthetic OT reduces anxiety-

related behavior in rodents (Windle et al., 1997; Ring et al., 2006; Blume et al., 2008; Slattery 

and Neumann, 2010). The anxiolytic effect of OT could be localized within both the amygdala 

of females (Bale et al., 2001; Neumann, 2002) and the hypothalamic PVN of males (Blume et 

al., 2008). Based on these behavioral effects, we recently succeeded in showing that the 

prolonged anxiolysis observed following sexual activity in male rats is mediated by a mating-

induced release of OT within the PVN (Waldherr and Neumann, 2007). 

 

Based on the dual pro-social and anxiolytic effects of OT, it is anticipated that the 

endogenous OT system would also reduce social anxiety and increase social preference in a 

non-reproductive context. In support of this notion, OT homologues, such as isotocin and 

mesotocin, have been shown to promote sociability in fish and birds, respectively 

(Thompson and Walton, 2004; Goodson et al., 2009). A transfer of this concept to rodents is 

strongly supported by data demonstrating that the prominent pro-social effect of 3,4 

methylenedioxymethamphetamine (“ecstasy”) in rats is, at least partially, mediated via the 
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endogenous OT system (Thompson et al., 2007). Such facilitatory effects of OT on social 

preference are of particular importance in the context of social dysfunctions in humans, 

which represent core symptoms of various neuropsychiatric disorders including anxiety- and 

depression-related diseases (Merikangas and Angst, 1995) and autism spectrum disorders 

(Caronna et al., 2008). Interestingly, intranasal OT has recently been shown to promote 

social approach and social comprehension in autistic patients (Hollander et al., 2007; 

Guastella et al., 2009; Andari et al., 2010; Guastella et al., 2010b). 

 

Here, we hypothesize that brain OT promotes naturally occurring, i.e. normal, social 

preference and prevents social defeat-induced social avoidance in rodents. Specifically, we 

predict that blockade of the endogenous OT system by administration of a specific OTR-A, 

both icv and into various sub-regions of the amygdala, can reduce the preference for a social 

stimulus over a non-social stimulus. Further, we predict that central administration of 

synthetic OT will reverse social defeat-induced social avoidance. Finally, in order to exclude 

any direct interaction between non-social and social anxiety, effects of the anxiogenic 

compound PTZ on social preference and of the OTR-A on non-social anxiety were tested. 

 

MATERIALS AND METHODS 

 

Animals 

Adult male Wistar rats (250-300 g) and adult male C57BL/6 mice (20-24 g) were purchased 

from Charles River (Sulzfeld, Germany) and group-housed in standard cages (rats: 55 × 22 × 
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18 cm, mice: 16 x 22 x 14 cm) for habituation to the laboratory facilities under standard 

laboratory conditions (12:12 h light:dark cycle, lights on at 6.00 h, 22 oC, 60 % humidity, food 

and water ad libitum). After surgery, subjects were transferred to observation cages (rats: 40 

x 24 x 36 cm, mice: 16 x 22 x 14 cm) and single housed till the end of the experiment. For 

social defeat, male rats selectively bred for low anxiety-related behavior, (LAB) with reliable 

high level of inter-male aggression (Beiderbeck et al., 2007; Neumann et al., 2010), were 

used as residents. Experiments were performed in the first 3 hours of the light or dark-phase 

and conducted in accordance with the Guide for the Care and Use of Laboratory Animals of 

the Government of Oberpfalz and the guidelines of the NIH. 

 

Cannulation 

For intracerebral drug infusion, guide cannulas were stereotaxically implanted 2 mm above 

the lateral ventricle or bilaterally 2 mm above the central, medial, or basolateral amygdala to 

prevent damage to the target region (see Table 1 for stereotaxic coordinates). Rats and mice 

were anesthetized (rats: isoflurane, Forene®, Abbott GmbH & Co. KG, Wiesbaden, Germany; 

mice: pentobarbital, 0.08 mg/g body weight, Narcoren®, Merial GmbH, Hallbermoos, 

Germany), injected with an antibiotic (Baytril®, Bayer Vital GmbH, Leverkusen, Germany), 

and mounted on a stereotaxic frame.  The guide cannula (for icv: 21 G, rats: 12 mm; mice: 8 

mm length; for local infusions in rats: 23 G, 12 mm; Injecta GmbH, Germany) was fixed to the 

skull with two jeweller’s screws and dental cement (Kallocryl, Speiko-Dr. Speier GmbH, 

Muenster, Germany) and closed by a stainless steel stylet (25 G and 27 G, respectively). After 
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surgery, rats and mice were handled daily (stroking, holding, cleaning of stylets) for five days 

to minimize non-specific stress responses during the experiment.  

 

Table 1: Stereotaxic coordinates for guide cannula implantation (Paxinos and Watson, 1998). 

All implantations except icv were performed bilaterally. 

Region            caudal             lateral           depth 

icv (rat)   +1.0    +1.6    2.0 

icv (mouse)   +0.2    +1.0    1.4 

blA (rat)   +2.8    ±4.8    6.4 

ceA (rat)   +2.5    ±4.0    6.2 

meA (rat)   +2.5    ±3.2    7.2 

icv, intracerebroventricular; blA, basolateral amygdala; ceA, central amygdala; meA, medial 

amygdala 

 

 

Intracerebral infusions 

Infusions were performed according to the protocols concerning doses and timepoints that 

were already established in our lab and proven to have a behavioral effect (Waldherr and 

Neumann, 2007; Bosch and Neumann, 2008). Briefly, rats received either icv or local 

infusions of a selective OTR-A (desGly-NH2,d(CH2)5[Tyr(Me)2,Thr4]OVT; icv: 0.75µg/5µl; 

local: 0.1 µg/1µl and 1.0 µg/1µl), that is 18-fold more selective for OT receptors over V1a 

receptors (Manning et al., 2008), synthetic OT (icv: 0.1 µg/5 µl; local: 0.01 µg/1 µl), a 
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selective V1aR-A (d(CH2)5[Tyr(Me)2]AVP; 0.75µg/5µl or vehicle (sterile Ringer solution) via 

an infusion cannula connected via polyethylene tubing to a Hamilton syringe. After slow 

infusion the infusion system was left in place for 30 s. Infusions took place either 20 min (icv) 

or 10 min (local) prior to behavioral testing. Mice underwent the same procedure except 

that they were given icv infusions with either OTR-A (20µg/2µl) or vehicle. 

 

Administration of PTZ in rats 

The anxiogenic PTZ (15mg/kg, i.p., De Souza et al. (1998)) was injected 15 min (Jones et al., 

2002) prior to behavioral testing on the elevated plus-maze or in the social preference test in 

the neutral arena.  

 

Acute social defeat-induced social avoidance 

To induce social avoidance, single housed rats were exposed to an aggressive rat for 30 min 

2 h prior to the social preference test in the neutral arena. The experimental rat was 

introduced into the home cage of an unfamiliar trained aggressive rat. This rat usually 

attacks an intruder within a minute followed by submissive postures of the intruder rat. 

Physical interactions were terminated by the experimenter as soon as the intruder showed 

signs of submissive behavior (to prevent physical damage) or after a period of 10 min to the 

experimental rat by separating the rats by a wire-mesh screen. After a total time of 30 min, 

the experimental rat was placed back in its home cage. 
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Social preference paradigm 

The social preference paradigm in rats was based on the social approach-avoidance test 

previously described in mice (Berton et al., 2006). In our study, the test has been modified 

and used both in rats and mice. The species-dependent durations of habituation, presence 

of object stimulus, presence of social stimulus and light conditions were determined based 

on a series of pilot experiments assessing the duration-dependent exploratory behavior in 

rats (arena and home cage) and mice (arena). 

 

Social preference in novel arena 

Rats and mice were placed in a novel arena (rat: 40 x 80 x 40 cm, red light; mouse: 28 x 46 x 

27 cm, 100 lux; Figure 3). After 30 sec of habituation an empty wire-mesh cage (object 

stimulus; rat: 20 x 9 x 9 cm; mouse: 11 x 9 x 6 cm) was placed at one side wall of the arena 

for 4 min (rats) or 2.5 min (mice). The empty cage was then exchanged by an identical cage 

containing an unknown male con-specific (social stimulus) for additional 4 min (rats) or 2.5 

min (mice). Before each trial, the arena was cleaned with water containing a low 

concentration of detergent. In rats, all tests took place during the active phase starting one 

hour after lights off using an unknown Wistar rat as social stimulus. Mice were tested in the 

early light phase (one hour after lights on) using an unknown male CD1 mouse as social 

stimulus. 
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Social preference in home cage 

In order to demonstrate that OT-induced changes in social preference are to a large extent 

independent of the environment, light conditions, and the quality of the social stimulus, rats 

were additionally tested for social preference in their home cage with slight modifications. 

Specifically, a red plastic ring (inner diameter 8.3 cm, outer diameter 9.4 cm, 2.8 cm wide) 

was used as object stimulus during the 4-min object stimulus period. Subsequently, the time 

investigating a freely moving 3-week-old male Wistar rat - used as social stimulus - was 

assessed for additional 4 min after removal of the ring. A juvenile rat was chosen as social 

stimulus because it doesn’t elicit aggressive behavior in the experimental rats. The social 

preference test was performed in the light phase under standard laboratory illumination. 

 

Each test procedure was videotaped and scored afterwards by an observer blind to the 

treatment using JWatcher behavioral observation software (V 1.0, Macquarie University and 

UCLA). Object and social stimulus times were scored by measuring the time the rat/mouse 

spent in active olfactory investigation. As total exposure time differs between rats and mice, 

data are presented as the percentage of time investigating the object stimulus and the 

percentage of time investigating the social stimulus, i.e. investigation time / total time [4 min 

/ 2.5 min] × 100 %. A significantly higher percentage of investigation of the social versus the 

non-social stimulus was considered social preference. Loss of this difference was defined as 

lack of social preference or accordingly social avoidance. 

 

 



Chapter 2   34 

 

 

 

Elevated plus-maze 

The elevated plus-maze was used to assess the effects of the OTR-A or of PTZ on non-social 

anxiety-related behavior in both rats and mice (Pellow et al., 1985). It consisted of two 

opposing open arms (rat: 50 x 10 cm; mice: 6 x 30 cm; 100 lux) and two opposing closed 

arms (rat: 50 x 10 x 40 cm; mice: 6 x 30 x 17 cm; 20 lux) connected by a central area. The 

apparatus was made of dark grey plastics, elevated to a height of 80 cm (rats) or 35 cm 

(mice) above the floor, and surrounded by an opaque curtain to avoid external disturbance. 

Before each trial, the maze was cleaned with water containing a low concentration of 

detergent. Rats and mice were placed individually in the central area facing a closed arm and 

were allowed to explore the maze for 5 min. The percentage of time spent on the open arms 

was assessed as anxiety-related behavior (time on open arms/time on open and closed arms 

× 100); the number of entries in the closed arms as measurement for locomotion was 

recorded by means of a video camera mounted above the platform and scored by a trained 

observer (Plus-maze version 2.0; E. Fricke). The elevated plus-maze testing was performed in 

the light phase. 

 

Black-white box 

To assess non-social anxiety-related behavior in an additional test, rats were monitored in 

the black-white box for 5 min (Waldherr and Neumann, 2007; Slattery and Neumann, 2010) 

(white compartment: 40 x 50 cm, 350 lux; black compartment: 40 x 30 cm, 70 lux). The 

black-white box was surrounded by an opaque curtain to avoid external disturbances. Rats 

were placed in the dark compartment, and the percentage time spent in the white 
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compartment (time in white compartement / total time [5 min] × 100 %) was assessed as 

anxiety-related behavior. Testing was performed during the early-dark phase. 

 

Experimental design  

 

Involvement of endogenous OT in social preference in rats and mice  

To reveal the involvement of the brain OT system in basal social preference, the following 

experiments were carried out in male rats and mice (for group sizes see corresponding 

figures). 

Rats:  Rats were icv infused with either OTR-A (0.75µg/5µl) or vehicle 20 min before testing 

in the social preference paradigm in the neutral arena. A separate group of rats received the 

same treatments and were tested for social preference in their home cage. In addition, 

another group of rats was icv infused with the selective V1aR-A (0.75µg/5µl) or vehicle 20 

min prior to the social preference paradigm in the arena to test if the closely related brain 

neuropeptide AVP also influences social preference. Finally, to localize the positive effect of 

endogenous OT on social preference, additional rats were bilaterally infused with OTR-A at 

two different doses (0.1µg/µl and 1.0µg/µl) or vehicle into the central, medial, or basolateral 

amygdaloid nuclei and tested in the social preference paradigm in the arena 10 min later. 

Mice: Mice were icv infused with either OTR-A (20µg/2µl or 2µg/2µl) or vehicle 20 min 

before testing in the social preference paradigm in the arena.  
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Social defeat-induced social avoidance and reversal by synthetic OT in rats 

First, we aimed to verify whether exposure to a single social defeat induces social avoidance. 

Rats were tested once in the social preference paradigm 2 h after onset of the 30-min social 

defeat using either the former defeater rat or an unknown male rat as social stimulus. 

Second, in order to test the hypothesis that social defeat-induced social avoidance can be 

reversed by OT, male rats were socially defeated and OT (0.1µg/5µl) or vehicle were icv 

infused  20 min before the social preference test using the former defeater rat as social 

stimulus. Third, to localize the positive effect of OT on social preference in defeated rats, 

socially defeated rats were bilaterally infused with either OT (0.01µg/µl) or vehicle into the 

central or medial nucleus of the amygdala 10 min before being tested in the social 

preference paradigm (for group sizes see figures). 

 

Involvement of non-social anxiety in the display of social preference in rats and mice 

To test if the lack of social preference after blockade of brain OT receptors is specific for 

social anxiety, additional groups of rats and mice received the following treatments (for 

group sizes see figures). 

Rats: Rats were icv treated with OTR-A (0.75µg/5µl) or vehicle 20 min before testing for non-

social anxiety-related behavior in the black-white box.  

Mice: Mice were icv treated with OTR-A (20µg/2µl) or vehicle 20 min before testing non-

social anxiety-related behavior on the elevated plus-maze. 

Rats: To further test for a possible interaction between general state anxiety and social 

preference, rats were given a single injection of the anxiogenic agent PTZ (15mg/kg, ip) or 



Chapter 2   37 

 

 

 

vehicle and tested 15 min later on the elevated plus-maze or in the social preference 

paradigm. 

 

Histology 

To verify the infusion site, rats and mice were killed using CO2 and ink was infused icv or 

locally (5µl and 2ul, for rats and mice respectively) before removal of the brain. Icv brains 

were instantly cut coronally and checked for staining of the ventricle, whereas locally infused 

brains were frozen in pre-chilled n-methylbutane on dry ice and cut in 40 µm coronal 

cryostat sections and stained with cresyl violet. Only those animals with correct infusion site 

were included in the statistical analysis. Accordingly, a total of 6 rats had to be excluded 

from statistical analysis due to misplacement of the cannula(s) (local OTR-A: meA (2); local 

OT: ceA (2), meA (2)). 

 

Statistics 

For statistical analysis PASW/SPSS Statistics (Version 17.0) was used.  Social preference was 

statistically analyzed using ANOVA for repeated measures (two-way: factors treatment × 

stimulus; three-way: factors treatment × stimulus × defeat) followed by a Bonferroni post-

hoc test when appropriate. All relevant F-values are provided in Table 1. Non-social anxiety 

behavior was analyzed using the student’s t-test. Significance was accepted at p<0.05. 
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RESULTS 

 

Involvement of endogenous OT in social preference 

Rats: Icv OTR-A-treated rats showed a significant decrease in social investigation during the 

social preference test in the arena (p<0.01 versus vehicle; Figure 3). Still, both OTR-A- and 

vehicle-treated rats investigated the social stimulus significantly longer than the object 

stimulus (p<0.05; Figure 3), thereby demonstrating social preference. Central infusion of the 

V1aR-A did not change social investigation time, and thus, both vehicle- and V1aR-A-treated 

groups demonstrated a preference for the social compared to the object stimulus (p<0.01, 

Figure 3).  

In line with the results in the novel arena, when tested in their home cage, icv OTR-A-treated 

rats showed a decrease in social investigation (p=0.055 versus vehicle; Figure 3). As a result, 

OTR-A-treated rats showed no social preference (stimulus versus object: p=0.673, Figure 3). 

Bilateral infusion of either 0.1µg/µl or 1.0µg/µl OTR-A  into either the central, medial, or 

basolateral amygdala did not result in altered social investigation times compared with 

respective vehicle-groups (Figure 4). All rat groups independent of treatment showed social 

preference (p<0.05 versus object stimulus, Figure 4).  

Mice: Similar to rats, icv OTR-A-treated mice showed a significant decrease in social 

investigation (p<0.05 versus vehicle, Figure 3). In contrast to rats, OTR-A (20µg/2µl) 

treatment induced social avoidance in mice, thereby completely preventing social 

preference (p=0.70 versus object stimulus, Figure 3).  A ten-fold lower dose did not alter any 

behavior assessed in the social preference paradigm (data not shown). 
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Figure 3: Effects of icv administration of an oxytocin receptor antagonist (OTR-A; rats: 0.75µg/5µl; mice 

20µg/2µl) or AVP receptor antagonist (V1aR-A, rats: 0.75µg/5µl) on social preference in a novel arena (rats and 

mice; see schematic drawing) or in the home cage (rats). Social preference is reflected by the higher 

percentage of investigation time directed towards the social (black columns) versus the object (grey columns) 

stimulus during two sequential exposures. Numbers in parentheses reflect group size. Data are means + SEM,  

# p < 0.05 vs. object stimulus, * p < 0.05 vs vehicle, (*) p = 0.055 vs. vehicle; two-way ANOVA for repeated 

measures followed by Bonferroni post-hoc test. 
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Figure 4: Effects of infusion of an 

oxytocin receptor antagonist (OTR-A, 

0.1µg/1µl and 1.0 µg/µl) bilaterally 

into the central, medial, or basolateral 

amygdala on social preference of male 

rats. Social preference is reflected by 

the higher percentage of investigation 

time directed towards the social  

(black columns) versus the object 

(grey columns) stimulus during two 

sequential exposures. Numbers in 

parentheses reflect group size. Data 

are means + SEM, # p < 0.05 vs. object 

stimulus, two-way ANOVA for 

repeated measures followed by 

Bonferroni post-hoc test. 

 

 

 

 

 

Social defeat-induced social avoidance and reversal by icv OT infusion in rats 

To demonstrate that a single exposure to social defeat induces social avoidance, male rats 

were defeated by an aggressive larger male rat and then tested in the social preference 

paradigm 2 h later. When an unknown male rat was used as social stimulus, both control and 

defeated rats showed a preference for the unknown social stimulus (p<0.05 versus object 

stimulus, Figure 5A). In contrast, exposure of the defeated males to their former defeater rat 
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resulted in social avoidance, as demonstrated by a significant decrease in social stimulus 

investigation (p<0.05 vs control rats, Figure 5B) and a lack of social preference.  
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Figure 5: Social preference behavior of socially defeated and control rats. (A) Control and defeated rats were 

exposed to an unknown male as social stimulus during the social preference test. (B) Socially defeated rats 

were exposed to their individual defeater rat as social stimulus during the social preference test. Social 

preference is reflected by a higher percentage of investigation time directed towards the social (black columns) 

versus the object (grey columns) stimulus during two sequential exposures. Numbers in parentheses reflect 

group size. Data are means + SEM, * p < 0.05 vs. non-defeated control, # p < 0.05 vs. object stimulus; two-way 

ANOVA for repeated measures followed by Bonferroni post-hoc test. 

 

To test whether OT can reverse defeat-induced social avoidance, defeated rats were icv or 

locally infused with either synthetic OT or vehicle. Whereas undefeated rats treated with 

either vehicle or OT showed social preference (p<0.05, Figure 6), vehicle-treated defeated 

rats lost their preference for the social stimulus (former defeater, p=0.468 versus object 

stimulus, Figure 6). The stress-induced social avoidance seen in defeated rats could be 

prevented by icv OT 20 min prior to the social preference test, resulting in reinstatement of 
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social preference towards the former defeater (p<0.05 social versus object stimulus, Figure 

6). Infusion of synthetic OT into either the central or medial amygdala of defeated rats failed 

to increase social investigation time towards the former defeater resulting in a similar lack of 

social preference as seen in vehicle-treated defeated rats (Figure 6).  
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Figure 6: Social preference of socially defeated and control rats after either vehicle (veh) or oxytocin (OT) were 

applied icv (0.1µg/5µl) or bilaterally into the central (ceA) or medial (meA) amygdala (right) (0.01µg/1µl) 20 min 

prior to the social preference test. Social preference is reflected by the percentage of investigation time 

directed towards the social (black columns) versus the object (grey columns) stimulus during two sequential 

exposures. Numbers in parentheses reflect group size. Data are means + SEM, # p < 0.05 vs. object stimulus; 

three-way or two-way ANOVA for repeated measures followed by Bonferroni post-hoc test. 

 

Involvement of general anxiety in the display of social preference in rats and mice 

Rats: Icv OTR-A infusion in male rats did not change non-social anxiety-related behavior in 

the black-white box (percentage time spent in the white compartment of the black-white 

box; t(14)=1.07, p=0.302) (Figure 7A). 
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Figure 7: (A) Effects of infusion of an oxytocin receptor antagonist (OTR-A, icv) on non-social anxiety in the 

black-white-box in rats and on the elevated plus-maze in mice, respectively. Non-social anxiety is reflected by 

the percentage time from total time [5 min] spent in the white box of the black-white box and the percentage 

of time spent on the open arms to all arms in the elevated plus-maze. Data are means + SEM, Student’s t-test. 

(B) Effects of PTZ (15 mg/kg, i.p.) on non-social anxiety and locomotion of male rats on the plus-maze. * p<0.05 

versus vehicle (C) Effects of PTZ on social preference in rats reflected by the higher percentage of investigation 

time directed towards the social versus the object stimulus. Data are means + SEM, # p < 0.05 vs. object 

stimulus, two-way ANOVA for repeated measures followed by Bonferroni post-hoc test. 

 

Mice: Similarly, non-social anxiety-related behavior on the elevated plus-maze following icv 

OTR-A infusion remained unchanged in mice (t(9)=-0.65, p=0.531, Figure 7A). 

Rats: As expected, injection of the anxiogenic drug PTZ in rats increased anxiety-related 

behavior on the elevated plus-maze as demonstrated by a reduction in the time spent on the 

open arms of PTZ-treated rats compared with vehicle-treated rats (t(16)=-3.36, p<0.01, Figure 

7B). Importantly, PTZ did not impair social preference. Here, both vehicle- and PTZ-treated 
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rats spent more time investigating the social stimulus than the object stimulus (p<0.05, 

Figure 7C). 

 

Table 2: Relevant overall effects for all social preference data (two-way or three-way ANOVA for 

repeated measures) 

Overall effects for Figure 3   factor stimulus  factor stimulus x treatment 

Arena (rats) 

icv OTR-A     F(1,10)=58.5; p<0.001  F(1,10)=11.9; p=0.006 

icv V1aR-A     F(1,18)=41.8; p<0.001  F(1,18)=1.09; p=0.309 

Home cage (rat) 

icv OTR-A     F(1,18)=3.42; p=0.081  F(1,18)=5.88; p=0.026 

Arena (mice)  

icv OTR-A     F(1,17)=15.3; p<0.001  F(1,17)=20.7; p<0.001 

Overall effects for Figure 4   factor stimulus  factor stimulus x treatment 

central amygdala (0.1 µg/µl)   F(1,12)=61.5; p<0.001  F(1,12)=0.54; p=0.476 

central amygdala (1.0 µg/µl)   F(1,12)=42.3; p<0.001  F(1,12)<0.001; p=0.987 

medial amygdala    F(1,14)=37.3; p<0.001  F(1,14)=0.64; p=0.439 

basolateral amygdala   F(1,18)=18.3; p<0.001  F(1,18)=0.44; p=0.515 

Overall effects for Figure 5   factor stimulus  factor stimulus x defeat 

Unknown male (A)    F(1,12)=10.5; p=0.007  F(1,12)=0.004; p=0.950 

Defeater male (B)   F(1,8)=0.52; p=0.490  F(1,8)=10.9; p=0.013 

Overall effects for Figure 6   factor stimulus  factor stimulus x treatment x defeat 

icv OT  (left)    F(1,46)=24.5; p<0.001  F(1,46)=0.32; p=0.324 

     factor stimulus  factor stimulus x treatment 

local OT (right)    F(1,29)=6.37; p=0.017  F(1,29)=1.96; p=0.159 

Overall effects for Figure 7   factor stimulus  factor stimulus x treatment 

PTZ (C)     F(1,11)=23.7; p<0.001  F(1,11)=0.08; p=0.785 
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DISCUSSION 

 

The present results provide the first direct evidence that the endogenous OT system 

facilitates social preference in both male rats and mice. More specifically, central blockade 

of OT receptors, using an OTR-A, significantly reduced normal social preference towards a 

novel con-specific in both species. Moreover, centrally-applied synthetic OT was found to 

rescue normal social preference that had been abolished by prior exposure to an acute 

social defeat. Furthermore, we were able to dissociate social avoidance from non-social 

anxiety, as the anxiogenic drug PTZ did not alter social preference in rats, while centrally-

infused OTR-A did not alter non-social anxiety. Taken together, these findings highlight a role 

of the OT system in social preference both under basal conditions and during stress-induced 

social avoidance. 

 

Most animal research investigating the pro-social properties of neuropeptides, belonging to 

the OT-AVP family, has been performed either in relation to reproduction or in non-

mammalian species (see Introduction). We are now able to demonstrate pro-social effects of 

the endogenous OT system in two rodent models of social preference as well as of synthetic 

OT in a rodent model of defeat-induced loss of social preference and social avoidance. 

Specifically, central application of an OTR-A and, thus, blockade of intracerebral OT 

receptors attenuated social preference in rats, and dose-dependently caused social 

avoidance in mice. Together, these results indicate the involvement of the brain OT system 
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in normal social preference in two different species. Importantly, these results provide the 

first direct evidence that OT can have a pro-social effect on male-male interactions and not 

only on reproduction-related behaviors such as pair-bonding, maternal or sexual behaviors. 

Consequently, basal and/or social stimulus-induced release of OT within the brain (Landgraf 

and Neumann, 2004; Neumann, 2009) and subsequent OT-receptor interactions within 

discrete brain regions may underlie the motivation for social approach. Our finding of a 

facilitatory effect of endogenous OT on rodent social interaction is in line with a study 

showing that the high levels of sociability observed after 3,4 

methylenedioxymethamphetamine (“ecstasy”) consumption are prevented by central 

infusion of an OTR-A (Thompson et al., 2007). We further demonstrate that the promotion 

of social preference by the OT system is a robust effect as it could be observed both in rats 

and mice, thus underlining evolutionary conservation. Furthermore, OT-mediated social 

preference was observed under varying light conditions and environmental settings, i.e. in 

the novel, unknown arena and in the home cage. Although beyond the scope of the current 

studies, it would be interesting to determine whether blockade of the endogenous OT 

system would also result in social avoidance in females in our paradigm.  This would seem 

likely in the light of studies showing alterations in social recognition and anxiety in female OT 

knockout mice (Crawley et al., 2007) and OTR antisense DNA-treated female mice (Choleris 

et al., 2007)  

 

Intracerebral release of OT in specific brain regions was found to be increased in response to 

a variety of social stimuli, including mother-offspring interactions, maternal aggression, 
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mating in males and females, and exposure to an adult con-specific during social defeat 

(Veenema and Neumann, 2008; Neumann, 2009). In the context of social stimuli, increased 

OT release could be identified within the hypothalamic PVN (Neumann et al., 1993; 

Waldherr and Neumann, 2007), the central amygdala (Bosch et al., 2005), the olfactory bulb 

(Lévy et al., 1995), the mediolateral septum (Ebner et al., 2000) and the nucleus accumbens 

(Ross et al., 2009). Together with the present findings, these results support the hypothesis 

that stimulation of the brain OT system by social cues reinforces appropriate social 

interactions most likely linked to the particular social cue.  

 

In order to localize the pro-social effects of OT, we chose various subnuclei of the amygdala 

as the most promising target regions. Within the central amygdala, OT exerts anxiolytic 

effects and regulates social interactions after stress (Bale et al., 2001; Neumann, 2002; Lee 

et al., 2007). Moreover, the medial amygdala is prominent for its OT-dependent role in social 

recognition (Ferguson et al., 2001; Choleris et al., 2007) and social odor approach (Arakawa 

et al., 2010), and OT receptors were described in relatively high density in the central, but 

also the medial, and basolateral amygdala (Tribollet et al., 1988; Lukas et al., 2010). 

Additionally, within the central amygdala, increased OT release has been demonstrated 

during social stimuli, i.e. during mother-offspring interactions (Bosch et al., 2005). Likewise, 

human imaging studies suggest an involvement of amygdala subnuclei in oxytocinergic 

processing of social interactions and fear response (Kirsch et al., 2005; Gamer et al., 2010; 

Hurlemann et al., 2010; Labuschagne et al., 2010). However, whether OT exerts direct local 

effects or rather acts via multiple OT-responsive regions upstream of the amygdala after its 
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intranasal application in humans needs to be shown; a question that could be approached 

using our rodent model. However, neither an acute effect of the OTR-A (0.1µg/µl and 

1.0µg/µl) on social preference, nor of synthetic OT on social defeat-induced social avoidance 

could be localized within the amygdala. Thus, we suggest that social preference might 

require OT actions at yet to be identified brain regions where OT receptors are present, 

including olfactory bulb, prefrontal cortex, nucleus accumbens, lateral septum, and PVN 

(Tribollet et al., 1988; Barberis and Tribollet, 1996; Young et al., 1996) likely to participate in 

a complex network to orchestrate social approach behavior. The extent to which diffusion 

processes after dendritic release, which have recently been discussed, impact on such a 

network and contribute to the behavioral effects of OT remains to be shown (Ludwig and 

Leng, 2006). 

 

In accordance with previous studies demonstrating social avoidance after repeated or 

chronic exposure to social defeat (Meerlo et al., 1996; Haller and Bakos, 2002; Berton et al., 

2006; Vidal et al., 2007), we show here that a single social defeat exposure, prior to the 

social preference test, induces social avoidance in male rats. However, in our hands, loss of 

social preference could only be induced when the identical defeater rat was used as the 

social stimulus during the social preference test. This is in line with a study in golden 

hamsters that also reports specific social avoidance of the former defeater but not of an 

unfamiliar con-specific (Lai et al., 2005). In our study, the social investigation time of 

defeated rats was even lower than object investigation time, indicating a high level of social 

anxiety. Synthetic OT was able to rescue social approach behavior under conditions of stress-
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induced social avoidance or social anxiety and, thus, to restore social preference. Despite the 

role of OT in recognition of familiar con-specifics (Bielsky and Young, 2004), it is unlikely that 

these effects are due to OT-mediated alterations in social recognition because the dose used 

in the current study was ineffective in social recognition (Benelli et al., 1995) and, if 

anything, OT would have facilitated the recognition of the defeater rat, which would have 

promoted avoidance rather than the rescue of social avoidance as was found in the present 

study. We further found that exogenous OT did not further increase social preference under 

basal circumstances. Similarly, in human studies intranasal OT application reduced 

hyperresponsivity of the amygdala to facial cues in socially anxious patients, while not 

affecting the response observed in normal patients (Labuschagne et al., 2010). Additionally, 

in male goldfish (Carassius auratus) icv-infused isotocin increased social approach behavior 

only in individuals with low sociability (Thompson and Walton, 2004). In this respect animal 

models of low-innate sociability, like the BTBR T+tf/J mice (McFarlane et al., 2008), may be 

useful in investigating the possible facilitating properties of exogenous OT on social 

preference. 

 

Remarkably, administration of the V1aR-A was without effect on social preference indicating 

peptide-specific effects and high specificity of the antagonists used. This is an important 

finding because AVP is a key modulator of various aspects of social behavior in male rodents 

such as social memory (Engelmann and Landgraf, 1994), inter-male aggression (Veenema et 

al., 2010b) and pair bonding (Wang et al., 1998), but exerts rather anxiogenic effects 

(Landgraf, 2006).  
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Due to the obvious close link between social and non-social anxiety, we assessed whether 

OT actions on social preference were in part due to an OT-mediated reduction in general 

anxiety. Although profound anxiolytic properties of synthetic OT have been described 

(Windle et al., 1997; Bale et al., 2001; Blume et al., 2008; Slattery and Neumann, 2010), the 

role of the endogenous brain OT system in the regulation of anxiety-related behavior needs 

particular attention. It has been repeatedly shown that anxiolytic effects of endogenous OT 

can only be identified under conditions of high brain OT activity, such as in lactating dams 

(Neumann et al., 2000b) and after mating in males (Waldherr and Neumann, 2007). In 

contrast, blockade of OT receptors in virgin females or males under basal conditions failed to 

alter the level of anxiety (Neumann et al., 2000a). This is in agreement with the present 

results in naïve male rats or mice demonstrating that icv infused OTR-A did not alter non-

social anxiety-related behavior (i) during the social preference test (investigation of the 

novel object), (ii) in the black-white box (rats) or (iii) on the elevated plus-maze (mice), 

further substantiating a dissociation between OT effects on social preference and non-social 

anxiety. In support, the anxiogenic drug PTZ did, as expected, reduce the time rats spent on 

the open arm of the elevated plus-maze without eliciting social avoidance. These results 

demonstrate the specificity of the social preference test for social facets of approach 

behavior, which can be distinguished from parameters mirroring general anxiety. They 

further demonstrate that the effects of OT on social preference are not due to direct 

interactions with non-social anxiety. 
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In conclusion, our results provide direct evidence of an important involvement of the brain 

OT system in the natural occurrence of social preference in male rats and mice. Further, 

exposure to a single social defeat is efficient to induce social avoidance, which can be 

reversed by central administration of synthetic OT. However, these pro-social effects of OT 

are not likely to be mediated by direct actions of OT on the amygdala, but rather require 

additional regions of a potential network. Furthermore, these effects of OT are specific to 

social approach behavior as no alteration in non-social anxiety was observed, while - vice 

versa - increasing non-social anxiety did not alter social preference. Thus, the brain OT 

system is a promising therapeutic target for the treatment of social phobia or social 

avoidance as seen in social anxiety disorder and autism spectrum disorders, respectively. 
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septum of adult male rats 

 

 

 

 

Author’s contribution: 

Lukas: Study design, performing experiments, analyzing data, writing the manuscript 

Bredewold: Study design, performing experiments,  

Landgraf: vasopressin radioimmunoassay 

Neumann: Study design, writing the manuscript 

Veenema: Study design, performing experiments, analyzing data, writing the manuscript 

 

[adapted from: Lukas M, Bredewold R, Landgraf R, Neumann ID,  Veenema AH (2011)  Early 

life stress impairs social recognition due to a blunted response of vasopressin release within 
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ABSTRACT 

 

Early life stress poses a risk for the development of psychopathologies characterized by 

disturbed emotional, social, and cognitive performance. We used MS (3h daily, postnatal day 

1-14) to test whether early life stress impairs social recognition performance in juvenile (5-

week-old) and adult (16-week-old) male Wistar rats. Social recognition was tested in the 

social discrimination test and defined by increased investigation by the experimental rat 

towards a novel rat compared with a previously encountered rat. Juvenile control and MS 

rats demonstrated successful social recognition at inter-exposure intervals of 30 and 60 min. 

However, unlike adult control rats, adult MS rats failed to discriminate between a previously 

encountered and a novel rat after 60 min. The social recognition impairment of adult MS 

rats was accompanied by a lack of a rise in AVP release within the lateral septum seen during 

social memory acquisition in adult control rats. This blunted response of septal AVP release 

was social stimulus-specific because forced swimming induced a rise in septal AVP release in 

both control and MS rats. Retrodialysis of AVP (1 µg/ml, 3.3 µl/min, 30 min) into the lateral 

septum during social memory acquisition restored social recognition in adult MS rats at the 

60-min interval. These studies demonstrate that MS impairs social recognition performance 

in adult rats, which is likely caused by blunted septal AVP activation. Impaired social 

recognition may be linked to MS-induced changes in other social behaviors like aggression as 

shown previously. 
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INTRODUCTION 

 

Child abuse or neglect are severe risk factors for the development of inappropriate and 

abnormal social and emotional behaviors including excessive aggression, increased anxiety, 

and depression (Widom, 1989; Barnow et al., 2001; Heim and Nemeroff, 2001; Heim et al., 

2008; Weder et al., 2009). To provide insights into underlying brain mechanisms maternal 

deprivation paradigms have been developed to simulate human child maltreatment 

conditions in rodents (Ladd et al., 2000; Sanchez et al., 2001; Veenema, 2009). For example, 

separating pups from their mother daily on postnatal days 1-14 induces long-lasting changes 

in stress coping and emotional behaviors in rats (Plotsky and Meaney, 1993; Wigger and 

Neumann, 1999; Kalinichev et al., 2002) and mice (Romeo et al., 2003; Veenema et al., 

2007). Recently, we showed that this MS paradigm increases offensive-like behaviors during 

juvenile play-fighting (Veenema and Neumann, 2009) and increases aggression during adult 

resident-intruder encounters (Veenema et al., 2006; Veenema and Neumann, 2009) in male 

rats. These findings suggest that early life stress affects social communication. 

 

Social communication relies on the ability to recognize and discriminate between individuals. 

In rodents, social recognition depends on detection of olfactory signals by the main and 

accessory olfactory systems perceived by anogenital investigation of the conspecific. 

Olfactory information is processed by limbic brain areas including the medial amygdala and 

the lateral septum (Richter et al., 2005; Baum and Kelliher, 2009; Sanchez-Andrade and 

Kendrick, 2009). Within the lateral septum, the neuropeptide AVP plays an essential role. For 
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example, septal infusions of AVP improve social recognition in male rats, whereas infusions 

of V1aR-A impaired it (Dantzer et al., 1988; Engelmann and Landgraf, 1994; Everts and 

Koolhaas, 1997, 1999). Likewise, social recognition is impaired in V1aR knockout mice but 

rescued by restoring V1aR expression using viral vector-mediated gene transfer into the 

septum (Bielsky et al., 2005a). Correspondingly, viral vector-mediated over-expression of 

septal V1aR prolongs social recognition in male rats and mice (Landgraf et al., 2003; Bielsky 

et al., 2005a). These studies suggest that AVP via activation of septal V1aR plays a critical 

role in social recognition. However, information on the endogenous release of AVP within 

the lateral septum during the acquisition of social recognition memory is lacking. 

 

We hypothesized that MS impairs social recognition and does so by influencing the release 

of AVP. We demonstrate that MS impairs social recognition memory in adult, but not 

juvenile, rats. We find that in contrast to non-separated (control) rats, adult MS rats do not 

show an increase in septal AVP release during the acquisition of social recognition memory. 

We also show that social recognition can be restored in adult MS rats by administering AVP 

locally in the lateral septum.  
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METHODS 

 

Animals 

Wistar rats were obtained from Charles River (Sulzfeld, Germany) and maintained under 

standard laboratory conditions (12 h light/dark cycle, lights on at 0600h, 22 oC, 60% 

humidity, food and water ad libitum). After one week of habituation, males and females 

were mated for five days. Females were subsequently housed in same-sex groups of four to 

six rats. During the last week of gestation, female rats were individually housed in standard 

rat cages (42 × 27 × 18 cm). The animal studies were conducted in accordance with the 

Guide for the Care and Use of Laboratory Animals of the Government of Oberpfalz and the 

guidelines of the NIH. 

 

MS procedure 

MS was performed as described earlier (Veenema et al., 2006). Briefly, on the day after 

parturition, i.e. on postnatal day 1, each litter was culled to eight to ten pups (in each nest 

two to four females). Litters were separated from the mother daily between 0900h and 

noon from postnatal day 1 to 14. To do so, each dam was placed into a separate cage and 

the litter was, transferred to an adjacent room and kept in a box filled with bedding and 

placed on a heating pad maintained at 30–33 oC. After 3 hours, litters were returned to the 

home cage followed by the dam. Control litters were left undisturbed. Change of bedding 

occurred on postnatal day 1, 7 and 14 for both control and MS litters. Pups were weaned on 

postnatal day 21 and housed in sex- and treatment-matched groups of four to five rats until 
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the start of the experiments. No more than two male pups per litter were used for each of 

the experiments. 

 

Social discrimination test 

The ability of juvenile (5-week-old) and adult (16-week-old) control and MS rats to 

discriminate between a previously encountered (same) and a novel 3-week-old male rat was 

tested according to Engelmann (1995) with some minor modifications. Control and MS rats 

were individually housed in an experimental cage (40 × 24 × 35 cm) with bedding from their 

home cage for either 2 h (Exp. 1) or 2 days (Exp. 2 and 3). A 3-week-old rat was introduced 

into the cage of the experimental rat for 4 min (social memory acquisition period); either 30, 

60 or 120 min later, the same 3-week-old rat was reintroduced along with a novel 3-week-

old rat for 4 min (social discrimination period). Repeated testing took place at different days 

with new sets of 3-week-old rats. Tests were performed between 1300h and 1600h All tests 

were videotaped and the time spent in investigating the 3-week-old rats (sniffing the 

anogenital and head/neck regions) was measured by a researcher blinded to the treatment 

condition using Eventlog (version 1.0, Oct 1986, R. Hedersen). The percentage of time 

investigating the same and the novel rat (time investigating same or novel rat/time 

investigating same + novel rat × 100 %) was measured. A significantly lower investigation 

time directed towards the same versus the novel rat was interpreted as social recognition. 

Note that the 3-week-old rats did not elicit play behavior in juvenile control or MS rats nor 

aggressive behavior in adult control or MS rats. To verify that MS did not alter social 

approach / social motivation, the absolute time investigating the same rat during the 
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acquisition period and the absolute time investigating the same + novel rat during the 

discrimination period were measured. 
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Figure 8: Schematic drawing of the septal area (adapted from Paxinos & Watson; left), and a representative 

enlargement of the photomicrograph of a cresyl violet-stained coronal section of the rat brain after removal of 

the microdialysis probe (right). Bracket indicates the size of the semipermeable membrane of the microdialysis 

probe. White ellipse indicates diffusion range covered by microdialysis probe, containing both sides of the 

lateral septal area. ac, anterior commissure; cc, corpus callosum; LS, lateral septum; MS, medial septum; LV, 

lateral ventricle; Scale bar = 1 mm. 

 

Implantation of microdialysis probes 

For Exp. 2 and 3, juvenile and adult control and MS rats were anesthetized with isoflurane 

(Forene®, Abbott GmbH & Co. KG, Wiesbaden, Germany), injected with 0.05 ml of an 

antibiotic substance (Baytril®, Bayer Vital GmbH, Leverkusen, Germany), and mounted on a 

stereotaxic frame. The microdialysis probes (self-made, molecular cut-off 10 kDa, for details 

see Neumann , 1993} were implanted stereotaxically into the lateral septum according to 
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Beiderbeck  (2007). The coordinates relative to bregma were: -0.1 (juvenile) or -0.2 (adult) 

mm caudal, +2.0 mm lateral to the midline, 5.5 (juvenile) or 6.0 (adult) mm beneath the 

surface of the skull; angle of 20° to avoid damage to the sagittal sinus; nose: -3.5 mm 

(Paxinos and Watson, 1998) (see Figure 8). The probes were flushed and filled with sterile 

Ringer’s solution (pH 7.4, B. Braun Melsungen AG, Melsungen, Germany), and were fixed to 

the skull with two jeweller’s screws and dental cement (Kallocryl, Speiko-Dr. Speier GmbH, 

Muenster, Germany). Two 5 cm long pieces of polyethylene tubing (PE 20, Karmann & Droll, 

Karlsfeld, Germany) filled with Ringer’s solution were connected to the inflow and the 

outflow of the microdialysis probe and fixed with dental cement. Upon surgery, rats were 

individually housed in experimental cages (40 × 24 × 35 cm). One day after surgery, rats were 

handled and familiarized with the experimental procedure to minimize non-specific stress 

responses during the experiment. 

 

Experimental design 

 

Exp. 1: Effects of MS on social recognition at juvenile and adult age 

To measure the effect of MS on social recognition, juvenile (5-week-old) and adult (16-week-

old) control and MS male rats (n = 10 in each group, from 6-7 different litters per group) 

were subjected to the social discrimination test on three consecutive days using inter-

exposure intervals of 30, 60 and 120 min, respectively. 
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Exp. 2: Effects of MS on septal AVP release during the social discrimination test 

Another set of juvenile and adult control and MS rats (n = 7 to 8 for each group, from 5-7 

different litters per group) were subjected to the social discrimination test (inter-exposure 

interval of 60 min) one week prior to as well as two days after probe implantation. Repeated 

testing was performed in order to exclude possible interfering effects of surgery and ongoing 

microdialysis on social discrimination abilities.  

Two days after surgery, the microdialysis probe was connected via polyethylene tubing to a 

syringe mounted onto a microinfusion pump and perfused with sterile Ringer’s solution (3.3 

µl/min, pH 7.4) starting at 1000h to establish equilibrium between inside and outside of the 

microdialysis membrane. Two hours later, five consecutive 30-min dialysates were collected: 

dialysates 1 and 2 were taken under baseline (undisturbed) conditions, dialysate 3 during 

the social memory acquisition period starting with the 4-min exposure to the first 3-week-

old rat, and dialysates 4 and 5 were taken thereafter. Microdialysates were collected in 

Eppendorf tubes containing 10 µl 0.1 M HCl, immediately frozen on dry ice, and stored at -

20°C until quantification of AVP by radioimmunoassay. After an inter-exposure interval of 60 

min, control and MS rats were exposed to the previously encountered (same) rat along with 

a novel rat. The behavior of the experimental rats was videotaped during the acquisition and 

discrimination periods and subsequently scored.  

 

Exp. 3: Effects of MS on septal AVP release during forced swimming in adult rats 

To test whether MS causes general deficits in septal AVP release in adulthood or only in a 

social stimulus-specific context, adult control and MS rats were exposed to forced swimming 
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for 5 min, which elicits an increase in AVP release within the septum of male Wistar rats 

{Ebner , 1999). One day after experiment 2, the same control (n = 7) and MS (n = 8) adult 

rats underwent the microdialysis procedure as described above, except that, after the pre-

rinsing period, three consecutive 30-min dialysates were collected: dialysate 1 was taken 

under baseline (undisturbed) conditions, dialysate 2 includes exposure to 5 minutes of 

forced swimming (in a plexiglass cylinder, diameter 30 cm, height 50 cm, water 30 cm high, 

20 oC), and dialysate 3 was taken after rats had been returned to the home cage. 

 

Exp. 4: Effects of local application of AVP into the lateral septum on social recognition in 

adult MS rats 

To test whether a blunted response of septal AVP release contributed to the social 

recognition impairment, another set of adult MS rats (from 7 litters) was exposed to the 

social discrimination test (inter-exposure interval of 60 min) one week prior to and two days 

after implantation of the microdialysis probe into the lateral septum. Microdialysis was 

performed as described above except that after the 2-h pre-rinse period, either Ringer’s 

solution (vehicle, n = 7) or Ringer containing 1 µg/ml synthetic AVP (AVP, n = 10) was 

perfused during the acquisition period, i.e., vehicle- and AVP-treated MS rats were exposed 

to the first 3-week-old rat for 4 min during ongoing retrodialysis. During the 30-min 

retrodialysis approx. 0.5 ng of synthetic AVP was delivered into the lateral septum 

{Engelmann , 1992}. After an inter-exposure interval of 60 min, vehicle- and AVP-treated MS 

rats were exposed to the same and novel rat. The behavior of the MS rats was videotaped 

and investigation times were subsequently measured.  
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Histology 

Rats were killed using CO2, brains were removed, quickly frozen in pre-chilled n-

methylbutane on dry ice, cut into 40-µm coronal cryostat sections, and stained with cresyl 

violet. All rats showed successful placement of the probes in the lateral septum (see Figure 

8). There were no differences in placement of the probes between MS and control groups. 

 

Radioimmunoassay 

AVP content was measured in lyophilized dialysates by a highly sensitive and selective 

radioimmunoassay (detection limit: 0.1 pg per sample; cross-reactivity of the antiserum with 

other related peptides, including OT, was less than 0.7 %) (Landgraf et al., 1995a). 

Radioimmunoassays were performed separately for juveniles and adults and are, therefore, 

not compared. However, to eliminate inter-assay variation, all other samples to be 

compared were measured in the same assay. Intra-assay variability was in the range of 6 – 9 

%. 

 

Statistics 

Social discrimination behavior (expressed as percentage time spent investigating the novel 

and the same juvenile of total investigation time) within groups was analyzed using the 

paired samples t-test. Social discrimination behavior within groups was also analyzed as time 

spent investigating the novel and the same juvenile in sec, but this yielded similar results as 

when expressed as percentage. In addition, social discrimination between groups was 

analyzed using the Student’s t-test. Social investigation behavior (in sec) was analyzed using 
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a two-way ANOVA (MS × age). Septal AVP release was analyzed using a two-way ANOVA for 

repeated measures (MS × dialysate), followed by LSD post hoc test when appropriate. 

Correlation analysis of AVP release with the percentage of social investigation time of the 

novel juvenile was carried out using Pearson's correlation analysis. Absolute values of 

baseline AVP release were analyzed with the Student’s t-test. For all tests the software 

package SPSS (version 16) was used. Data are presented as mean ± SEM. Significance was 

accepted at p < 0.05. 
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RESULTS 

 

Exp. 1: Effects of MS on social recognition at juvenile and adult age 

 

Social discrimination 

After an inter-exposure interval of 30 min, all groups (i.e. control and MS juvenile and adult 

rats) spent more time investigating the novel than the same rat (p < 0.05) (Figure 9, B). After 

an interval of 60 min, control rats at both ages as well as juvenile MS rats spent more time 

investigating the novel than the same rat (p < 0.05) (Figure 9A, B). In contrast, adult MS rats 

failed to discriminate between the same and novel rat at the 60-min interval (t(9)= -1.08, p = 

0.31) (Figure 9B). For complete statistics see Table 3. This suggests that MS impairs social 

discrimination in adult rats. After an interval of 120 min, none of the rats discriminated 

between the same and novel rat (data not shown), which confirms previous findings 

(Engelmann et al., 1995). 

Social approach / social motivation 

The total time investigating the same rat (during the acquisition period) or the same + novel 

rat (during the discrimination period) did not differ between adult or juvenile control and MS 

rats (Table 3). Thus, the impairment in social recognition memory in adult MS rats was not 

due to a reduction in social approach or social motivation. 
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Figure 9: Effects of MS on 

social recognition in 

juvenile (A) and adult (B) 

male rats. Social 

discrimination abilities are 

reflected by the 

percentage of investigation 

time towards the novel 

and the same 3-week-old 

rat after inter-exposure 

intervals of 30 and 60 min 

in control and MS rats. 

Data are means + SEM (n = 

10 for all groups), * p < 

0.05 vs. novel rat, paired 

samples t-test (same × 

novel), # p < 0.05 vs. 

control, Student’s t-test 

(same control × same MS). 

For complete statistics see 

Table 7. 

 

 

Table 3: Social approach/social motivation is not altered by MS. The investigation time (in sec) 

towards the same rat (social memory acquisition) and the total investigation time towards the same 

+ novel rat (social discrimination) was not different between control and MS rats at juvenile and adult 

age, respectively. 

    Juvenile  control  Juvenile MS  Adult control      Adult MS 

Acquisition          122.6 ± 6.5    116.1 ± 8.4      132.5 ± 9.6  121.6 ± 7.1 

Discrimination             99.1 ± 6.1       92.7 ± 9.1      104.8 ± 4.2  116.8 ± 5.3 

For all groups, n = 10. Data represent means (investigation time in sec) ± SEM, two-way ANOVA (MS × 

age). 
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Exp. 2: Effects of MS on septal AVP release during the social discrimination test 

 

No effect of surgery and ongoing microdialysis on social recognition in rats 

Stereotaxic surgery and ongoing microdialysis did not affect social discrimination abilities in 

juvenile and adult control rats or in juvenile MS rats (Table 4). Confirming the results of Exp. 

1, adult MS rats failed to discriminate between the same and novel rat both before surgery 

as well as during ongoing microdialysis (t(6) = -1.97, p = 0.096) (Table 4). For complete 

statistics see Table 7. 

Table 4: No effects of surgery and ongoing microdialysis on social recognition. Social recognition is 

reflected by a significantly lower percentage of investigation time towards the same compared with 

the novel rat in the social discrimination test with an inter-exposure interval of 60 min. Juvenile 

control and MS rats as well as adult control rats demonstrate intact social recognition before surgery 

and after surgery and ongoing dialysis. Importantly, adult MS rats consistently demonstrate a lack of 

social recognition. 

    Before surgery     During microdialysis 

    Same    Novel       Same        Novel 

Juvenile age 

Control    39.0 ± 3.5*   61.0 ± 3.5          39.0 ± 1.3*        61.0 ± 1.3 

MS    40.4 ± 3.2*   59.6 ± 3.2         41.3 ± 3.2*        58.7 ± 3.2 

Adult age 

Control    41.5 ± 3.2*   58.5 ± 3.2          34.9 ± 2.8*        65.1 ± 2.8 

MS    45.5 ± 3.7   54.5 ± 3.7          41.1 ± 4.5          58.9 ± 4.5 

For control groups, n = 7-10, for MS groups, n = 7-10. Data represent means (% investigation time) ± 

SEM. * p < 0.05 vs. novel rat, paired samples t-test (same × novel), Student’s t-test (same control × 

same MS). For complete statistics, see Table 7. 
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Septal AVP release in juvenile rats exposed to the social discrimination test. Exposure to the 

3-week-old rat during the social memory acquisition period induced a significant change in 

AVP release within the septum of juvenile rats (factor dialysate: F(4,52) = 10.9, p < 0.001). 

Juvenile control and MS rats showed an increase in septal AVP release during the acquisition 

period (control, p = 0.053 dialysate 3 vs. dialysate 2, p < 0.05 dialysate 3 vs. dialysates 4 and 

5; MS, p < 0.05 dialysate 3 vs. all other dialysates) (Figure 10A). MS did not alter AVP content 

in microdialysates sampled under basal conditions (Table 5).  No significant correlation was 

found between septal AVP release and investigation of the novel juvenile in control or MS 

juveniles(r = 0.07; p = 0.80). 
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Figure 10: Effects of MS on septal AVP release during social recognition in juvenile (A) and adult (B) male rats. 

AVP release within the lateral septum of control and MS rats during exposure to the first 3-week-old rat (social 

memory acquisition period) given as percentage of baseline. Five consecutive 30 min dialysates were taken. 

Dialysates 1 and 2 were taken under baseline conditions, dialysate 3 included the 4-min exposure to the first 3-

week-old rat, dialysates 4 and 5 were taken thereafter. Data are means + SEM. A: * p < 0.05 dialysate 3 vs. 

dialysates 4 and 5 (control) or vs. all other dialysates (MS), # p = 0.053 dialysate 3 vs. dialysate 2 (control); B: * 

p < 0.05 MS vs. control (dialysate 3); # p < 0.05 dialysate 3 vs. all other dialysates (control), two-way ANOVA 

followed by LSD post-hoc test. 
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Septal AVP release in adult rats exposed to the social discrimination test. Exposure to the 3-

week-old rat during the social memory acquisition period induced a significant change in 

AVP release within the septum of adult rats (MS × dialysate: F(4,48) = 3.53, p < 0.05). Control 

rats showed a significant increase in septal AVP release during the acquisition period (p < 

0.05 versus all other dialysates). In contrast, MS rats failed to show a rise in septal AVP 

release (Figure 10B). MS did not alter absolute AVP content in microdialysates sampled 

under basal conditions (Table 5). No significant correlation was found between septal AVP 

release  and investigation of the novel juvenile in control or MS adults (r = 0.08; p = 0.78). 

 

Table 5: No effect of MS on baseline septal AVP release. Absolute AVP content per rat was calculated 

by taken the mean of dialysates 1 and 2 that were sampled under basal conditions, i.e. before 

exposure to the social discrimination test. AVP content in juveniles and adults result from different 

radioimmunoassay and was therefore not compared. 

     Control    MS 

AVP content juveniles  24.5 ± 9.7    10.6 ± 3.9 

AVP content adults   68.5 ± 11.4    67.2 ± 9.2 

Control, n = 7 (juvenile and adult ages); MS, n = 8 (juvenile and adult ages); Data represent means 

(pg/dialysate) ± SEM, Student’s t-test (between control and MS for each age group). 
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Table 6: No effect of MS on septal AVP release in response to forced swimming. Control (n = 6) and 

MS (n = 8) adult rats showed a similar rise in septal AVP release in response to 5-min of forced 

swimming. Three consecutive 30-min dialysates were taken: dialysate 1 was taken under baseline 

conditions, dialysate 2 includes exposure to 5-min of forced swimming, dialysate 3 was taken during 

recovery in the home-cage. Absolute AVP content (pg/dialysate, measured in dialysate 1) did not 

differ between control and MS rats.  

   Baseline Forced swimming Recovery  AVP content 

Control   100 ± 0  131.3 ± 22.9*  79.9 ± 8.9  76.9 ± 11.4 

MS   100 ± 0  134.3 ± 13.1*  82.9 ± 5.8  65.6 ± 13.1 

Data are presented as means (% AVP release of baseline) ± SEM, * p < 0.05 vs. recovery (dialysate 3), 

two-way ANOVA for repeated measures (MS × dialysate) followed by LSD post-hoc test. 

 

Exp. 3: Effects of MS on septal AVP release during forced swimming in adult rats 

Exposure to 5-min of forced swimming induced a significant change in AVP release within 

the lateral septum of adult rats (factor dialysate: F(2,25) = 14.3, p < 0.001). Both control and 

MS rats showed a similar increase in AVP release during forced swimming (p < 0.05, Table 6).  

 

Exp. 4: Effects of local application of AVP into the lateral septum on social recognition in 

adult MS rats 

To determine whether the blunted response of septal AVP release contributed to the 

impairment in social recognition memory in adult MS rats, vehicle or synthetic AVP were 

administered into the lateral septum via retrodialysis for a period of 30 min starting with the 

4-min exposure to the first 3-week-old rat. Confirming the results of Exp. 1 and 2, vehicle-

treated MS rats failed to discriminate between the same and novel rat after a 60-min 

interval (p = 0.20). Importantly, local administration of AVP into the lateral septum restored 

social discrimination abilities in adult MS rats (p < 0.005) (Figure 11). Running a separate 
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Student’s t-test, this finding was further confirmed by a shorter investigation time towards 

the same rat in AVP-treated MS rats compared with vehicle-treated MS rats (p < 0.05) 

(Figure 11). For complete statistics see Table 7. 

 

Figure 11: Effects of local application of AVP into the lateral 

septum on social recognition in adult MS rats. The lateral 

septum of adult MS rats was perfused with either Ringer’s 

solution (vehicle) or Ringer containing 1 µg/ml synthetic AVP 

(AVP) via retrodialysis for 30 min starting with the exposure 

to the first 3-week-old rat (social memory acquisition period) 

in the social discrimination test. Social discrimination abilities 

are expressed as percentage of investigation time towards 

the novel and the same rat after an inter-exposure interval of 

60 min. Data are means + SEM, * p < 0.005, paired samples t-

test (same × novel), # p < 0.05 vs. vehicle, Student’s t-test 

(same Vehicle × same AVP). 
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DISCUSSION 

 

The present study demonstrates that early life stress impairs social recognition in adult male 

rats. This was accompanied by deficits in the septal AVP system - adult MS rats failed to 

show a rise in septal AVP release seen during the acquisition/formation of social memory in 

control rats. Because forced swimming induced a rise in septal AVP release in both control 

and MS rats, the blunted response in septal AVP release indicates stimulus-specificity. 

Moreover, the lack of an AVP response likely underlies the impaired social recognition 

because local application of AVP into the lateral septum rescued social recognition 

performance at the 60-min interval in adult MS rats. In contrast to adult MS rats, juvenile MS 

rats showed intact social recognition and a significant rise in septal AVP release during the 

acquisition/formation of social memory. This indicates that the MS-induced impairment in 

social recognition and in septal AVP release is established during adult development. 

 

MS alters social behaviors, including sexual behavior and aggression, in adult male rats 

(Rhees et al., 2001; Greisen et al., 2005; Veenema et al., 2006). We recently showed that 

alterations in social interactions occur early in development – juvenile male rats exposed to 

MS showed an increase in nape attacks and biting, and a decrease in submissive behaviors 

during play-fighting (Veenema and Neumann, 2009). This led us to hypothesize that MS 

alters important aspects of social communication, including social recognition, already at 

juvenile age. Here, we show for the first time that social recognition can be tested in 5-week-

old juvenile rats using the social discrimination test. Surprisingly, MS impaired social 
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recognition in adult, but not juvenile, rats. This may point towards MS-induced changes 

during sexual maturation in neural circuits underlying social behavior. In support, MS altered 

V1aR and OT receptor binding density in specific brain regions (such as the piriform cortex 

for V1aR and the lateral septum for OTR) in adult, but not juvenile, rats (Lukas et al., 2010). 

Age-specific changes in the brain have also been reported in other animal models of early 

life stress. For example, exposure to paternal deprivation of the biparental rodent Octodon 

degos suppressed dendritic growth and synapse formation within the orbitofrontal cortex in 

adults, but not in juveniles (Helmeke et al., 2009). Moreover, early life stress induced by 

limiting nesting material from postnatal day 1-9 caused late-onset impairments in 

hippocampal behavioral (spatial memory and object recognition) and cellular (dendritic 

atrophy, reduced long-term potentiation) function in 12-month-old male rats (Brunson et al., 

2005).  

 

Several studies provide compelling evidence that AVP via activation of septal V1aR plays a 

key role in social recognition in rodents (Dantzer et al., 1988; Landgraf et al., 1995b; Landgraf 

et al., 2003; Bielsky et al., 2005a). We now demonstrate that the acquisition of social 

recognition memory is associated with a significant rise in extracellular AVP release within 

the lateral septum of juvenile (control and MS) and adult (control) male rats. In contrast, 

adult MS rats failed to respond with an increase in septal AVP release during the 

acquisition/formation of social memory, which corresponded with a lack of social 

discrimination at the 60-min interval. Importantly, V1aR binding density in the lateral 

septum was found to be similar in adult control and MS rats (Lukas et al., 2010), indicating 
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that the MS-induced impairment of septal AVP release is key to the social recognition 

impairment. Indeed, we provide evidence for a functional link between impaired social 

recognition and the lack of septal AVP response to a social stimulus in adult MS rats. 

Increasing extracellular AVP availability by retrodialysis administration of AVP into the lateral 

septum restored social recognition in adult MS rats at the 60-min interval. This strongly 

suggests that the rise in septal AVP release seen during the investigation of the first 3-week-

old rat in control rats and juvenile MS rats is critical for successful recognition of that 3-

week-old rat at the 60-min interval. This is consistent with the finding that administration of 

AVP into the lateral septum prolongs social recognition memory in adult male rats for up to 

2 h (Dantzer et al., 1988; Engelmann and Landgraf, 1994) or even 24 h (Landgraf et al., 2003). 

 

 No correlation was found between AVP release and social discrimination performance (as 

expressed by investigation time towards the novel juvenile) in any of the control or MS 

groups. This could be due to a combination of factors, including a low variation in 

investigation time between individuals, the short (4-min) exposure to the juvenile, and the 

relatively long (30-min) dialysate sampling. Shorter sampling periods would most likely 

improve our understanding of the dynamics in AVP release during social investigation. 

However, detection limits of the radioimmunoassay currently do not allow for shorter 

sampling periods.  

 

Notably, adult MS rats can discriminate between a previously-encountered and a novel rat at 

a shorter, i.e., 30-min, interval, but not at a longer, i.e., 60-min, interval. Thus, a more 
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challenging condition, such as a longer inter-exposure interval, is needed to reveal subtle 

MS-induced impairments in social memory. In support, male mice lacking the V1b receptor 

show normal social recognition memory of a familiar female mouse at the typically used 

short interval of 5-min, but not at the longer 30-min interval (Wersinger et al., 2002). Our 

finding further suggests that basal septal AVP release, which did not differ between MS and 

control rats, is sufficient for successful social discrimination at short intervals. This 

corresponds with the demonstration that a lack of AVP in AVP-deficient male Brattleboro 

rats (Engelmann and Landgraf, 1994) or blockade of septal V1aR in male Wistar rats (Dantzer 

et al., 1988) impaired social recognition at the short 30-min interval. Castration is another 

model to reduce septal AVP signaling as it gradually reduces AVP mRNA expression in the 

bed nucleus of stria terminalis (BNST) and medial amygdala and their AVP fiber projections 

to the septum (De Vries et al., 1984b; Miller et al., 1992). Whether the reduction in septal 

AVP fiber density is accompanied by reduced AVP release in the septum is unknown. Similar 

to adult MS rats, castrated rats show intact social recognition at the short 30 min interval 

(Bluthe et al., 1990). Peripheral administration of AVP prolonged social recognition in 

castrated rats up to 3 h, which could be blocked by co-administration of a V1aR-A as seen in 

intact male rats (Bluthe et al., 1990). However, whether or not castrated males can still 

perform social recognition after a 60 min interval has not been investigated.   

 

The absence of a rise in septal AVP release in adult MS rats may reflect MS-induced 

alterations in brain regions involved in the processing and/or integration of social cues. 

These can include altered input to the BNST and medial amygdala that send AVP fibers to 
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the septum (De Vries and Buijs, ; Caffe et al., 1987). AVP cells in the BNST and MeA and AVP 

fibers in the lateral septum are highly sensitive to gonadal steroids (de Vries et al., 1984a; 

DeVries et al., 1985; Miller et al., 1992). This opens the possibility that alterations in gonadal 

steroid production/sensitivity during sexual maturation may affect this extrahypothalamic 

AVP pathway. In addition, MS-induced alterations in the regulation of the hypothalamic-

pituitary-adrenal axis (Plotsky and Meaney, 1993; Wigger and Neumann, 1999; Heim and 

Nemeroff, 2001) could influence gonadal steroid sensitivity and AVP pathways upon 

maturation (Viau, 2002). This could serve as a potential mechanism by which MS impaired 

social recognition in adult, but not in juvenile, rats. It is also possible that social recognition is 

regulated differently in juveniles and adults. In support, preliminary findings show that 

blocking V1aR in the septum prevents social discrimination in adult, but not juvenile, male 

rats (Veenema et al., 2010a). Combined with the demonstration of an intrinsic AVP system in 

the olfactory bulb involved in social recognition (Tobin et al., 2010), further research is 

required to fully comprehend the AVP-circuitries involved in normal as well as impaired 

social recognition in juvenile and adult rats. 

 

Interestingly, a rise in septal AVP release was found in both control and MS rats in response 

to forced swimming, which agrees with findings in adult male rats (Ebner et al., 1999). This 

suggests that MS may not have altered AVP synthesis in the BNST and/or MeA. It also 

suggests that the absence of septal AVP responsiveness in adult MS rats is highly stimulus-

specific. In support, intermale aggression correlates with an increase in septal AVP release 

(Veenema et al., 2010b), while exposure to social defeat does not (Ebner et al., 2000). Yet, if 
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septal AVP is important for social memory, it is surprising that social defeat is not 

accompanied by a rise in septal AVP release. On the other hand, septal AVP stimulates active 

behaviors in the forced swim test (Ebner et al., 1999). This might be a less favorable 

behavioral strategy when being defeated. An absence of a rise in septal AVP may allow for 

more passive (such as freezing) behaviors that are considered adaptive in this situation. It 

would, therefore, be of interest to compare septal AVP response patterns in adult MS rats 

exposed as either resident (aggression) or intruder (social defeat) to a resident-intruder 

paradigm.  

 

In addition to its critical role in social recognition, AVP has been shown to regulate other 

social as well as emotional behaviors (Goodson and Bass, 2001; Engelmann et al., 2004; 

Landgraf, 2006; Bosch and Neumann, 2008; Veenema and Neumann, 2008; Heinrichs et al., 

2009). Accordingly, changes in AVP within the brain, such as AVP release, but also changes in 

AVP synthesis as repeatedly seen after MS (Veenema et al., 2006; Veenema et al., 2007; 

Veenema and Neumann, 2009), may have significant consequences for overall social and 

emotional functioning. MS-induced changes in brain AVP were shown to be due to changes 

in epigenetic programming resulting in hypomethylation of the methyl CpG-binding protein 

2 regulating AVP gene transcription (Murgatroyd et al., 2009). Given that AVP is implicated in 

social and emotional behaviors in humans as well (Thompson et al., 2006; Yirmiya et al., 

2006; Guastella et al., 2010a; Zink et al., 2010), it would be of interest to explore the role of 

this neuropeptide in humans exposed to child maltreatment. Preliminary data indicate 
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aberrant AVP levels in urine of orphanage-reared children (Fries et al., 2005). It is not known 

yet, whether AVP levels in urine reflect AVP levels and release in the brain. 

 

Early life stress in humans enhances the risk to develop social deficits, including excessive 

aggression, social anxiety, and impaired social communication. Here, we provide first 

experimental evidence that MS impairs social recognition in adult male rats. Our findings 

also suggest that aberrant septal AVP release is key to changes in social recognition. We 

suggest that even modestly impaired social recognition, as seen in adult MS rats, may reflect 

alterations in the processing and/or integration of social cues. Further research is required to 

investigate to what extent such alterations would affect other social behaviors, including 

increased intermale aggression found after MS (Veenema et al., 2006).
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ABSTRACT 

 

Brain V1aR and OTR are important modulators of social behaviors. We recently showed that 

exposure to MS (3 h daily, postnatal days 1-14) induces changes in social behaviors in 

juvenile and adult male rats. Here, we hypothesize that MS induces brain-region specific 

changes in V1aR and OTR across development, which in turn, may underlie MS-induced 

changes in social behaviors. We examined the effects of MS on V1aR and OTR binding in 

forebrain regions of juvenile (5 wks), adolescent (8 wks), and adult (16 wks) male rats. 

Robust age-related changes were found for V1aR and OTR binding in several brain regions. 

For example, in the lateral septum V1aR binding increased with age while OTR binding 

decreased with age. Most notably, OTR binding in the caudate putamen showed a 2-fold 

decrease while OTR binding in the ventromedial hypothalamus showed a 4-fold increase 

with age. Importantly, exposure to MS interfered with these developmental changes in 

several brain regions. Specifically, MS significantly increased V1aR binding in the piriform 

cortex (at adolescent and adult ages), the lateral septum (at juvenile age), the hypothalamic 

attack area (at adolescent age), and the dentate gyrus of the hippocampus (at adolescent 

age), and decreased V1aR binding in the arcuate nucleus (at juvenile age). Moreover, OTR 

binding was significantly lower in the agranular cortex (at juvenile and adolescent age), the 

lateral septum (at adult age) and the caudate putamen (at adult age), but higher in the 

medial preoptic area (at adolescent age) and ventromedial hypothalamus (at adult age) after 

exposure to MS. In conclusion, age-dependent changes in V1aR and OTR binding are likely 

associated with the maturation of behaviors, such as sexual and aggressive behaviors while 

disruption of these changes by MS might contribute to previously observed changes in social 

behaviors after MS.  
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INTRODUCTION 

 

The neuropeptides AVP and OT are key players in the regulation of a wide variety of social 

behaviors, including aggression, affiliation, sexual behaviors, and social cognition, in both 

humans and animals (for reviews see Engelmann et al., 1996; Lim and Young, 2006; Caldwell 

et al., 2008; Goodson, 2008; Heinrichs and Domes, 2008; Veenema and Neumann, 2008). 

The behavioral effects of AVP and OT are mediated by their respective receptors, the AVP 1a 

receptor (V1aR), the V1bR, and the OT receptor (OTR). Due to its wide-spread distribution in 

the brain compared with the more restricted distribution of the V1bR, the V1aR is thought to 

be the predominant AVP receptor in the brain (Tribollet et al., 1988; Ostrowski et al., 1994; 

Vaccari et al., 1998). Interestingly, V1aR and OTR undergo brain region-specific changes in 

expression throughout development (Tribollet et al., 1989; Tribollet et al., 1991), suggesting 

that these neuropeptide receptors play a role in the maturation of social behaviors. 

Moreover, large variations in brain V1aR and OTR binding density are observed in closely 

related species that show distinct social structures (Insel et al., 1991; Barberis and Tribollet, 

1996; Young et al., 1996; Young et al., 1997; Goodson and Bass, 2001), and even between 

individuals of the same species (Phelps and Young, 2003; Olazabal and Young, 2006). These 

findings suggest that variations in V1aR and OTR binding might contribute to variations in 

social behaviors.    

Negative early life experiences have been associated with robust alterations in social 

behaviors. Among them, child maltreatment is an acknowledged risk factor for the 

development of excessive aggression and violence (Widom, 1989; Dodge et al., 1990; 
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Barnow and Freyberger, 2003; Fonagy, 2004; Lee et al., 2007). Changes in aggressive 

behaviors were also found in virtually all primate and rodent models of early life stress 

(reviewed in Veenema, 2009). One of the most frequently used models of early life stress, 

MS (MS) of rat or mouse pups, induces long-lasting alterations in anxiety- and depression-

like behaviors and in neuroendocrine correlates (Plotsky and Meaney, 1993; Wigger and 

Neumann, 1999; Kalinichev et al., 2002; Romeo et al., 2003; Ladd et al., 2004). We recently 

demonstrated that exposure to MS alters intermale aggression in rats and mice (Veenema et 

al., 2006; Veenema et al., 2007). These alterations were already evident early in 

development, as demonstrated by increased aggressive behaviors during play-fighting in 5-

week-old juvenile male rats (Veenema and Neumann, 2009). Based on these findings we 

proposed that brain systems involved in social behaviors, like the AVP and OT systems, are 

changed by MS. Indeed, MS increased AVP mRNA expression in the hypothalamic PVN in 

both juvenile and adult male rats (Veenema et al., 2006; Veenema and Neumann, 2009). 

This further suggests that MS-induced alterations are consistent across development. 

However, MS-induced alterations in other parameters were less consistent across 

development. For example, MS increased corticotropin-releasing hormone mRNA expression 

in the PVN in response to the resident-intruder test in adolescent and adult, but not in 

juvenile, rats (Veenema and Neumann, 2009). These findings elucidate the importance of 

studying early life stress-induced alterations in neurobiological parameters in view of 

developmental changes.  
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Given the important role for V1aR and OTR in the regulation of social behaviors, the 

question arises whether MS alters V1aR and OTR binding density in the brain and if so, 

whether these changes are stable throughout development. We used receptor 

autoradiography to measure the effect of MS on V1aR and OTR binding in forebrain regions 

in juvenile, adolescent, and adult male rats. Identifying changes in V1aR and / or OTR binding 

density after exposure to MS may generate new hypotheses as to which brain regions are 

likely involved in the previously observed MS-induced changes in social behaviors.  



Chapter 4   84 

 

 

 

METHODS 

 

Animals 

After one week of habituation in our laboratory facility, female and male Wistar rats (Charles 

River, Sulzfeld, Germany) were mated for five days. During the last week of gestation, female 

rats were individually housed in standard rat cages (42 × 27 × 18 cm), and maintained under 

standard laboratory conditions (12 : 12 light : dark cycle, lights on at 6:00 P.M., 22 oC, 60 % 

humidity, food and water ad libitum). The experimental protocols were approved by the 

Committee on Animal Health Care of the local government and conformed to the 

international guidelines on the ethical use of animals. 

 

MS procedure 

MS was performed as described earlier (Veenema et al., 2006). Briefly, on the day after 

parturition, i.e. on postnatal day 1, each litter was culled to eight - 10 pups (each litter 

contained six to eight males and two to four females). Pups were separated from the mother 

for 3 h daily between 9:00 P.M. and noon from postnatal day 1 to 14. Dams were removed 

from the home-cage and placed into a separate individual cage until the end of the 3-h 

separation period. Pups were then removed as complete litters from the nest, transferred to 

an adjacent room and put into a small box filled with bedding, which was placed on a 

heating pad maintained at 30–33 oC. After the 3-h separation period, the pups were 

returned to the home-cage followed by reunion with the dam. Non-separated control litters 

were left undisturbed, except for change of bedding on postnatal day 1, 7 and 14. Pups were 
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weaned on postnatal day 21 and housed in groups of four to five of the same sex and 

treatment until the start of each experiment. No more than two pups per litter were used 

per age.  

 

 

Figure 12: Schematic diagrams adapted from the atlas of Paxinos and Watson (1998) showing the brain regions 

in which vasopressin V1a receptor (V1aR) and oxytocin receptor (OTR) binding were quantified in 5-, 8-, and 16-

week-old male control and maternally separated rats. AI, agranular insular cortex; Arc, arcuate nucleus; BSTd, 

bed nucleus of the stria terminalis dorsal; BSTv, bed nucleus of the stria terminalis ventral; CA1, CA1 region of 

the hippocampus; CeAl, central amygdala lateral, CeAm central amygdala medial; CPu, caudate putamen; DG, 

dentate gyrus of the hippocampus; HAA, hypothalamic attack area, LH, lateral hypothalamus; LSd, lateral 

septum dorsal; LSv, lateral septum ventral; MeA, medial amygdala; MPOA, medial preoptic area; PirCd, piriform 

cortex dorsal; PirCv, piriform cortex ventral; SC, primary somatosensory cortex; VMH, ventromedial 

hypothalamus. 
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Receptor autoradiography  

To measure whether MS altered forebrain V1aR and or OTR binding, 5-week-old (juvenile; 

control n=17; MS n=15), 8-week-old (adolescent; control n=15; MS n=15), and 16-week-old 

(adult; control n=17; MS n=16) male rats were decapitated under CO2 anesthesia, brains 

were removed, quickly frozen in pre-chilled n-methylbutane on dry ice, and stored at -20°C. 

Brains were cut into 16-µm coronal cryostat sections and mounted on slides. The receptor 

autoradiography procedure was performed according to Young et al. (1997) using a linear 

V1aR-A [125I]-d(CH2)5(Tyr[Me])-AVP (Perkin Elmer, USA) or a linear OTR-A [125I]-

d(CH2)5[Tyr(Me)2-Tyr-Nh2]9-OVT (Perkin Elmer, USA) as tracers. Briefly, the slides were 

thawed and dried at room temperature followed by a short fixation in paraformaldehyde 

(0.1 %). The slides were washed two times in 50 mM Tris (pH 7.4), exposed to tracer buffer 

(50 pM tracer, 50 mM Tris, 10 mM MgCl2, 0.01 % BSA) for 60 min, and washed four times in 

Tris + 10 mM MgCl2. The slides were then shortly dipped in pure water, air-dried, and 

exposed to Biomax MR films (Kodak, Cedex, France). The exposure time varied between 16 h 

and 21 d depending on the receptor density in the region of interest. The optical density of 

V1aR and OTR was measured using ImageJ (V1.37i, National Institute of Health, 

http://rsb.info.nih.gov/ij/). Receptor density was calculated per rat by taking the mean of 

bilateral measurements of four to six brain sections per region of interest. After subtraction 

of tissue background, the data was converted to dpm/mg (desintegrated points per 

minute/milligram tissue) using a [125I] standard microscale (Amersham, Germany). See Figure 

12 for location and size of measurements.  

 

http://rsb.info.nih.gov/ij/
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Statistics 

Receptor density was analyzed with a two-way ANOVA (age × MS) followed by a Bonferroni 

post-hoc test when appropriate. Due to robust age effects for OTR binding in the caudate 

putamen and ventromedial hypothalamus, a separate one-way ANOVA was carried out to 

detect MS effects in adult rats. Data are presented as mean + SEM. Significance was 

accepted at p < 0.05. 
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RESULTS 

 

Age effects on V1aR and OTR binding. Regardless of MS, V1aR and OTR binding changed 

significantly across development in several brain regions (see Table 8 – Table 11 for 

statistical details). In detail, age-related alterations in receptor binding were identified in the 

piriform cortex (decrease in OTR binding in adult vs. juvenile control and MS rats), lateral 

septum (increase in V1aR binding in adolescent and adult vs. juvenile control rats; decrease 

in OTR binding in adolescent and adult vs. juvenile control and MS rats), caudate putamen 

(decrease in OTR binding in adult vs. juvenile and adolescent control and MS rats), 

ventromedial hypothalamus (increase in OTR binding in adolescent and adult vs. juvenile 

control and MS rats), central amygdala (decrease in V1aR binding, increase in OTR binding; 

no posthoc effects), and hippocampus (decrease in V1aR binding in the dentate gyrus in 

adolescent and adult vs. juvenile control and MS rats; decrease in OTR binding, no posthoc 

effects).  

 

MS effects on V1aR binding. MS interfered with the developmental changes in V1aR binding 

in selected brain regions (see Table 8 and Table 10 for statistical details). In detail, MS 

increased V1aR binding in the piriform cortex at adolescent and adult age (Figure 13), the 

lateral septum at juvenile age (Figure 14), and the dentate gyrus of the hippocampus at 

adolescent age. MS decreased V1aR binding in the arcuate nucleus at juvenile age.  
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MS effects on OTR binding. MS interfered with the developmental changes in OTR binding in 

selected brain regions (see Table 9 and Table 11 for statistical details). In detail, MS 

decreased OTR binding in the agranular cortex at juvenile and adolescent age (Figure 13), 

the lateral septum at adult age (Figure 14), and the caudate putamen at adult age (Figure 

15). MS increased OTR binding in the medial preoptic area at adolescent age and in the 

ventromedial hypothalamus at adult age (Figure 15).  
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Figure 13: Effect of maternal separation (MS) on vasopressinV1a receptor (V1aR) in the piriform cortex (A) and 

oxytocin receptor (OTR) binding in the agranular insular cortex (B) of 5-, 8-, and 16-week-old male rats. Images 

depict V1aR binding in the piriform cortex (PirC) and OTR binding in the agranular insular cortex (AI). Mark the 

higher V1aR binding in adult MS rats compared with adult control rats and juvenile MS rats, and the lower OTR 

binding in juvenile MS compared with juvenile control rats. Con, control. Data are means + SEM. * p < 0.05 vs. 

control, # p < 0.05 vs. 5 wks, two-way ANOVA followed by Bonferroni post-hoc test. 
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Table 8: Age, maternal separation (MS), and age × MS effects for vasopressin V1a receptor V1aR) binding in 

selected forebrain regions. 

V1aR binding      age effect  MS effect   age × MS effect  

Cortical regions        

  Piriform cortex   F(2,87)=3.93, p<0.05 F(1,87)=15.0, p<0.005  n.s. 

  Somatosensory cortex  n.s.   n.s.    n.s. 

Basal forebrain    

  Lateral septum   n.s.   n.s.    F(2,61)= 3.76; p<0.05 

  BST dorsal   n.s.   n.s.    n.s. 

  BST ventral   F(2,87)=6.33; p<0.01 n.s.    n.s. 

Hypothalamic regions 

  Lateral hypothalamus  F(2,87)=8.01; p<0.005 n.s.    n.s.   

  Hypothalamic attack area F(2,81)=8.81; p<0.001 n.s.    n.s. 

  Arcuate nucleus   n.s.   n.s.    F(2,51)=4.47; p<0.05 

Amygdala 

  Central amygdala  F(2,78)=3.78; p<0.05 n.s.    n.s. 

Hippocampus       

  Dentate gyrus    n.s.   n.s.     F(2,68)=3.88; p<0.05 

BST, bed nucleus of the stria terminalis; n.s., not significant. 

 

Table 9: Age, maternal separation (MS), and age × MS effects for oxytocin receptor (OTR) binding in selected 

forebrain regions.  

OTR binding   age effect  MS effect   age × MS effect  

Cortical regions        

  Piriform cortex   F(2,84)=8.02; p<0.005 n.s.    n.s. 

  Agranular insular cortex  n.s.   F(1,78)=7.40; p<0.01  n.s. 

Basal forebrain 

  Lateral septum   n.s.   n.s.    F(2,85)=4.17; p<0.05 

  BST dorsal   n.s.   n.s.    n.s. 

  BST ventral   n.s.   n.s.    n.s. 

  Caudate putamen  F(2,61)=30.4; p<0.001 F(2,78)=2.81; p=0.068  n.s. 

Hypothalamic regions 

  Medial preoptic area  F(2,62)=5.83; p<0.01 F(2,61)=5.78; p<0.05  n.s. 

  Ventromedial   F(2,78)=52.0; p<0.001 F(2,78)=2.40; p=0.098  n.s.  

   hypothalamus  
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Amygdala 

  Central amygdala  F(2,84)=4.65; p<0.05 n.s.    n.s. 

  Medial amygdala  n.s.   n.s.    n.s. 

Hippocampus       

  CA1 region   F(2,81)=3.34; p<0.05 n.s.    n.s. 

BST, bed nucleus of the stria terminalis; n.s., not significant. 
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Figure 14: Effect of maternal separation (MS) on vasopressin V1a receptor (V1aR) binding (A) and oxytocin 

receptor (OTR) binding (B) in the lateral septum of 5-, 8-, and 16-week-old male rats. Images depict V1aR and 

OTR binding in the lateral septum. Mark the higher V1aR binding in juvenile MS rats compared with juvenile 

control rats, and the lower OTR binding with age with even lower density levels in adult MS compared with 

adult control rats. Con, control; LSd, lateral septum dorsal; LSv, lateral septum ventral. Data are means + SEM. * 

p < 0.005 vs. control, # p < 0.05 vs. 5 wks, + p < 0.05 vs. 5 and 8 wks, two-way ANOVA followed by Bonferroni 

post-hoc test. 
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Figure 15 Effect of maternal separation (MS) on oxytocin receptor (OTR) binding in the caudate putamen (A) 

and in the ventromedial hypothalamus (B) of 5-, 8-, and 16-week-old male rats. Images depict OTR binding in 

the caudate putamen (Cpu) and in the ventromedial hypothalamus (VMH). Mark the decrease in OTR binding in 

the caudate putamen with age and the even lower density levels in adult MS compared with adult control rats. 

Con, control. Data are means + SEM. * p < 0.05 vs. control, # p < 0.01 vs. 5 wks, two-way ANOVA followed by 

Bonferroni post-hoc test. 
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Table 10: Effects of maternal separation (MS) on vaspressin V1a receptor (V1aR) binding density in selected 

forebrain regions of juvenile (5 weeks), adolescent (8 weeks) and adult (16 weeks) male rats.  

V1aR binding     age (weeks)    control     MS     age effect      MS effect  

Cortical regions        

  Piriform cortex*  5 3089  176  3089  176           n.s.  

   8 3321  201  4382  259    p<0.05 vs. 5 (MS)     p<0.05  

   16 3734  282  4393  346    p<0.05 vs. 5 (MS)     p<0.05  

  Somatosensory  5 1137  128  1105  161           n.s. 

    cortex   8 1237  129  1403  162    n.s.       n.s. 

   16 1029  111  1037  108    n.s.       n.s. 

Basal forebrain    

  Lateral septum*  5 7436 ± 748            2201 ± 1034           p<0.001 

   8            11034 ± 647         12381 ± 911        p<0.05 vs. 5 (c)      n.s. 

   16         11602 ± 625         11601 ± 1062          p<0.05 vs. 5 (c)      n.s. 

  BST dorsal  5 1432 ± 158  1439 ± 100           n.s.  

   8 1155 ± 96  1584 ± 159    n.s.       n.s. 

   16 1649 ± 99  1560 ± 171    n.s.       n.s. 

  BST ventral  5 2433 ± 173  2373 ± 139           n.s.  

   8 2765 ± 144  3005 ± 162    n.s.       n.s. 

   16 2906 ± 133  3101 ± 277    p<0.05 vs. 5 (MS)     n.s. 

Hypothalamic regions 

  Lateral   5 4741 ± 303  5391 ± 504           n.s. 

    Hypothalamus  8 4270 ± 309  4966 ± 581    n.s.       n.s. 

   16 3631 ± 255  3310 ± 234    p<0.001 vs. 5, 8 (MS)     n.s. 

  Hypothalamic  5 7909 ± 395  7800 ± 386           n.s. 

    attack area  8 7924 ± 369  9364 ± 255    p<0.05 vs 5, 16 (MS)  n.s. 

   16 7144 ± 391  6825 ± 351    n.s.       n.s. 

  Arcuate nucleus  5 5315 ± 789  2513 ± 458           p<0.001 

   8 5420 ± 226  5448 ± 592    p<0.005 vs. 5 (MS)     n.s. 

   16 5244 ± 389  4944 ± 396    p<0.005 vs. 5 (MS)     n.s. 

Amygdala 

  Central amygdala 5 6134 ± 739  5916 ± 408           n.s. 

8 5154 ± 812  5422 ± 518    n.s.       n.s. 

16 4694 ± 323  4515 ± 330    n.s.       n.s. 
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Hippocampus       

  Dentate gyrus   5 3062 ± 172  2879 ± 254            n.s. 

8 2021 ± 149  2876 ± 269    p<0.01 vs. 5 (c)                 p<0.01 

16 2026 ± 134  2086 ± 166    p<0.01 vs. 5 (c)       n.s. 

                           p<0.05 vs 5, 8 (MS) 

Data are presented as means (dpm/mg tissue) ± SEM; Age and MS effects are obtained with Bonferroni post-

hoc tests following a two-way ANOVA; * Data is shown in additional figures; BST, bed nucleus of the stria 

terminalis; n.s., not significant; c, control. 

 

Table 11: Effects of maternal separation (MS) on oxytocin receptor (OTR) binding density in selected forebrain 

regions of juvenile (5 weeks), adolescent (8 weeks) and adult (16 weeks) male rats.  

OTR binding    age (weeks) control  MS     age effect     MS effect  

Cortical regions      

  Piriform cortex  5 3873 ± 414  3681 ± 306           n.s. 

   8 3012 ± 184  2926 ± 301    n.s.       n.s. 

   16 2522 ± 285  2559 ± 168    p<0.05 vs. 5      n.s. 

  Agranular insular 5 8046 ± 983  5939 ± 565           p<0.05 

      cortex*  8 8911 ± 645  6066 ± 657    n.s.       p<0.05 

   16 8332 ± 652  8612 ± 699    n.s.        n.s. 

Basal forebrain 

  Lateral septum*  5           11490 ± 600  11786 ± 613           n.s. 

   8 8993 ± 674  8677 ± 730    p<0.05 vs. 5      n.s. 

   16 8264 ± 521  5301 ± 540    p<0.05 vs. 5, 8 (MS)     p<0.005 

  BST dorsal  5 5424 ± 464  5160 ± 391           n.s. 

   8 5143 ± 455   5238 ± 582    n.s.       n.s. 

   16 5292 ± 288   4244 ± 368    n.s.       n.s. 

  BST ventral  5 3424 ± 428  3388 ± 219           n.s. 

   8 3151 ± 201  3095 ± 445    n.s.       n.s. 

   16 3189 ± 279  3043 ± 301    n.s.       n.s. 

  Caudate putamen* 5 6972 ± 783  8339 ± 529           n.s. 

   8 5679 ± 505  6001 ± 707    p<0.01 vs. 5 (MS)     n.s. 

   16 3764 ± 206  2329 ± 269    p<0.05 vs. 5,8      p<0.05
#
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Hypothalamic regions 

  Medial preoptic  5 3081 ± 585  3090 ± 466           n.s. 

   area   8 3667 ± 419  5696 ± 620    p<0.01 vs. 5 (MS)     p<0.05 

   16 4158 ± 402  5189 ± 599    p<0.01 vs. 5 (MS)     n.s. 

  Ventromedial  5 5003 ± 850  5409 ± 948           n.s. 

    hypothalamus* 8        21327 ± 1942   20683 ± 2225    p<0.001 vs. 5       n.s. 

   16      19953 ± 1801   26653 ± 2153    p<0.001 vs. 5      p<0.05
#
 

Amygdala 

  Central amygdala 5        22813 ± 3896   24355 ± 3031           n.s. 

   8        27798 ± 3961   29702 ± 2811    n.s.       n.s. 

   16      31664 ± 2509   35858 ± 4067    n.s.       n.s. 

  Medial amygdala 5 3504 ± 409  3303 ± 485           n.s. 

   8 3434 ± 197  3345 ± 211    n.s.       n.s. 

   16 2528 ± 146  3161 ± 328    n.s.       n.s. 

Hippocampus       

  CA1 region  5 2775 ± 233  2262 ± 321           n.s. 

   8 2558 ± 464  2394 ± 307    n.s.       n.s. 

   16 1761 ± 199  1745 ± 293    n.s.       n.s. 

Data are presented as means (dpm/mg tissue) ± SEM. Age and MS effects are obtained with Bonferroni post-

hoc tests following a two-way ANOVA; * Data is shown in additional figures; 
#
 Obtained with a separate one-

way ANOVA; BST, bed nucleus of the stria terminalis; n.s. not significant; c, control. 
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DISCUSSION 

 

The present study shows brain region-specific developmental changes in V1aR and OTR 

binding from juvenile over adolescence into adulthood. Most pronounced age effects were 

found in the lateral septum (increase in V1aR binding, decrease in OTR binding), caudate 

putamen (decrease in OTR binding), and ventromedial hypothalamus (increase in OTR 

binding). Exposure to MS significantly interfered with these developmental adaptations 

resulting in brain region- and age-dependent alterations in V1aR and OTR binding. Most 

notably, MS increased V1aR binding in the piriform cortex (adolescents and adults) and the 

lateral septum (juveniles), MS decreased OTR binding in the agranular cortex (juveniles and 

adolescents), the lateral septum (adults) and the caudate putamen (adults), and MS 

decreased OTR binding in the ventromedial hypothalamus (adults). Age-related alterations in 

receptor binding are likely involved in the expression of adult-typical behaviors that emerge 

over adolescent development while MS-induced alterations in V1aR and OTR binding in 

forebrain regions might contribute to (previously observed) alterations in social behaviors.   

 

Robust developmental changes in V1aR and OTR binding were observed in several brain 

regions. These developmental changes are in line with previous findings in the rat (Tribollet 

et al., 1989; Tribollet et al., 1991) and are likely due to differences in number rather than 

differences in affinity (Tribollet et al., 1991). Most developmental changes in V1aR and OTR 

binding were observed around the age of 8 weeks, which corresponds with adolescence in 

rats. During adolescence, pronounced remodeling of the brain occurs, which is required to 



Chapter 4   97 

 

 

 

achieve social and sexual maturity (Spear, 2000). The transition of V1aR and OTR binding to 

adult binding levels in adolescent rats might therefore contribute to sexual maturation and 

the expression of adult-typical behaviors.  

 

In addition to the developmental changes in V1aR and OTR receptors, developmental 

changes in central AVP and OTR have also been reported. Here, AVP and OTR mRNA- and 

protein-expressing cells increase in size and number over the perinatal period in 

hypothalamic nuclei (AVP and OT), the BST (AVP only), and the medial amygdala (AVP) (Buijs 

et al., 1980; de Vries et al., 1981; Gainer et al., 1987; Almazan et al., 1989). Adult AVP mRNA 

levels in the BST and medial amygdala are reached by postnatal day 35 and postnatal day 60, 

respectively (Szot and Dorsa, 1993). Similarly, AVP fiber projections from the BST and medial 

amygdala to the lateral septum and lateral habenula emerge over the perinatal period, but 

reach full maturation only in adulthood (de Vries et al., 1981). Whether the developmental 

changes in neuropeptide binding co-occur with changes in AVP and OT fiber projections in 

other brain regions is less well known.  

Here, we demonstrate that exposure to MS interferes with the developmental changes in 

V1aR or OTR binding in specific forebrain regions. Others also reported changes in V1aR 

and/or OTR in specific brain regions of rats exposed to variations in maternal care (Francis et 

al., 2002) and of prairie voles exposed neonatally to a single injection of OT or an OTR-A 

(Bales et al., 2007), suggesting that early environment manipulations can shape the 

developmental expression of V1aR and OTR in the brain. We previously found higher AVP 

mRNA expression in the PVN of male MS rats at juvenile and at adult age (Veenema et al., 
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2006; Veenema and Neumann, 2009). Whether these changes in mRNA expression 

correspond with changes in AVP neurotransmission are unknown. It would be of interest to 

examine to which extent the MS-induced alterations in local neuropeptide receptor binding 

are associated with changes in dynamic patterns of local neuropeptide release (Landgraf and 

Neumann, 2004; Neumann, 2008).  

 

Surprisingly, none of the MS-induced alterations in V1aR and OTR binding were stable across 

the three stages of development (i.e. juvenile, adolescent, adult). Although speculative, 

changes in V1aR and OTR gene expression and subsequent receptor binding may be induced 

by epigenetic modulation of respective gene transcriptions after MS. Alterations in the 

expression of the glucocorticoid receptor gene, which was epigenetically manifested, have 

recently been demonstrated in male rats receiving low versus high maternal care (Weaver et 

al., 2004). The epigenetic modulation of the glucocorticoid receptor altered stress 

responsiveness, but was potentially reversible later in life (Weaver et al., 2005). MS-induced 

changes in neuropeptide binding that only occurred at juvenile and/or adolescent age (as 

was seen for V1aR binding in the lateral septum, arcuate nucleus and dentate gyrus, and for 

OTR binding in the agranular insular cortex and medial preoptic area) could have interfered 

with the normal development of that particular brain region, and in turn, with the normal 

development of social or emotional behaviors. The MS effects on V1aR and OTR are 

discussed below with an emphasis on those brain regions implicated in social behaviors.  
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Cortical regions. MS significantly increased V1aR binding in the piriform cortex of adolescent 

and adult rats. OTR binding in this area was not altered by MS. The piriform cortex is part of 

a network involved in the processing of olfactory cues used for social communication 

(Richter et al., 2005; Ross and Eichenbaum, 2006; Petrulis, 2009). The piriform cortex 

receives olfactory information from the main olfactory bulb and has reciprocal connections 

with orbitofrontal, entorhinal and amygdaloid areas (Haberly, 2001). Activation of the 

piriform cortex was found to be crucial for the consolidation and for the recall of long-term 

social memory (Sanchez-Andrade and Kendrick, 2009).  

 

OTR binding in the agranular insular cortex was significantly lower in juvenile and adolescent 

MS rats compared with same-age control rats, but this difference disappeared at adult age. 

The agranular insular cortex has reciprocal connections with the piriform cortex and was 

found to be activated upon stimulation of the olfactory bulb (Cinelli et al., 1987; Datiche and 

Cattarelli, 1996), suggesting a role in olfactory processing. Moreover, GABAergic inhibitory 

neurons in the agranular cortex were activated when male rats were confronted with a 

conspecific and this activation was increased when rats were allowed to display aggression 

(Halasz et al., 2006). Interestingly, decreased activation of GABAergic inhibitory neurons in 

the agranular insular cortex correlated with the display of violent aggression in male rats 

(Halasz et al., 2006). 

 

Thus far, the role of V1aR in the piriform cortex and of OTR in the agranular insular cortex is 

unclear. Nevertheless, as olfaction is of vital importance in directing behavior in rats, we 
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propose that MS-induced alterations in V1aR binding in the piriform cortex and OTR binding 

in the agranular insular cortex may influence the processing of social olfactory cues and 

hence could result in an altered expression of olfaction-dependent behaviors like social 

recognition, play-fighting and aggression. Whether these MS-induced changes in V1aR and 

OTR binding indeed contributed to the previously observed changes in play-fighting and 

aggression requires further research. 

  

Lateral septum. MS accelerated the maturation of V1aR binding in the lateral septum in such 

a way that an adult-like V1aR binding pattern was already observed at juvenile age. 

Interestingly, OTR binding decreased with age, especially in MS rats resulting in significantly 

lower OTR binding density at adult age than control rats. Accordingly, MS rats had higher 

V1aR binding at juvenile age and lower OTR binding at adult age. V1aR gene expression in 

the septum is positively regulated by glucocorticoids (Watters et al., 1996a). In this respect, 

it is of interest to note that juvenile MS rats have higher baseline plasma corticosterone 

levels compared with juvenile control rats (Veenema and Neumann, 2009). This suggests 

that the higher V1aR binding in juvenile MS rats could have been mediated by MS-induced 

changes in plasma corticosterone concentration. Activation of V1aR in the lateral septum 

plays a role in the processing of social cues. Overexpression of the V1aR within the lateral 

septum using viral vector-mediated gene transfer improved social recognition in male rats 

(Landgraf et al., 2003) and rescued social recognition in V1aR knockout mice (Bielsky et al., 

2005b). Moreover, V1aR in the septum mediate the anxiogenic effect of AVP as 

demonstrated by antisense targeting of V1aR mRNA expression, application of AVP, or 
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application of V1aR-A into the lateral septum (Landgraf et al., 1995b; Liebsch et al., 1996; 

Beiderbeck et al., 2007). Finally, activation of V1aR and AVP neurotransmission in the lateral 

septum have been implicated in the regulation of intermale aggression (Irvin et al., 1990; 

Koolhaas et al., 1991; Beiderbeck et al., 2007). Less is known about the role of OT or OTR in 

the septum. One study suggest that local application of OT in the septum improves social 

recognition (Popik et al., 1992). Furthermore, social defeat caused an increase in OT release 

within the septum of male rats (Ebner et al., 2000), which may mediate the behavioral 

response to this emotional stressor, possibly via reducing anxiety (Windle et al., 2004). 

Considering the effects of V1aR in the septum on social recognition, anxiety and aggression 

and the potential involvement of OTR in the septum in social recognition and anxiety, it will 

be of interest to investigate the behavioral significance of the opposite effects of MS on V1A 

and OTR binding in the lateral septum of male rats in future studies.      

 

BST-Amygdala. The BST and the amygdala regions are involved in the processing of olfactory 

(rodents) or visual (humans) cues (Bressler and Baum, 1996; Ferguson et al., 2002; Adolphs 

and Spezio, 2006) and in fundamental emotions like anxiety and fear (LeDoux, 2000; Walker 

et al., 2003), which have a strong influence on the expression of a variety of social behaviors. 

However, MS had no effect on V1aR and OTR binding in the BST and amygdala regions. 

Moreover, only little change across development was observed for V1aR and OTR binding in 

the BST (ventral part of BST: increase in V1aR) and amygdala regions (central amygdala: 

decrease in V1aR, increase in OTR), suggesting that the role of V1aR and OTR in these 

regions is consistent across development. 
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Caudate putamen. OTR binding in the caudate putamen strongly decreased with age in both 

control and MS rats. This is in line with previous studies in male rats in which OTR binding 

was lower in adulthood than in early postnatal life (Tribollet et al., 1989) with an even 

further reduction during aging (Arsenijevic et al., 1995). The expression of OTR in the 

caudate putamen did not depend upon gonadal steroid hormones (Tribollet et al., 1990; 

Arsenijevic and Tribollet, 1998), but might be controlled by dopamine (McGregor et al., 

2008). Yet, the function of OTR in this region is unknown so far. However, a recent study 

found a positive correlation between OTR binding in the caudate putamen and alloparental 

care in juvenile female prairie voles (Olazabal and Young, 2006). The caudate putamen is 

generally involved in the control of motor movement and in aspects of learning and memory 

(Hauber, 1998; Packard and Teather, 1998), functions that might impair during aging. 

Interestingly, a recent human neuroimaging study reported activation of the dorsal striatum 

after intranasal OT application and suggested the role of this region in reward feedback 

information (Baumgartner et al., 2008). Clearly, the precise involvement of local OTR and the 

implications of lower OTR binding in the caudate putamen of adult male MS rats need to be 

shown.  

Hypothalamic regions. Given the important role of the hypothalamic attack area in eliciting 

intermale aggression (reviewed in Kruk, 1991) and our own finding of increased intermale 

aggression in juvenile and adult MS rats (Veenema et al., 2006; Veenema and Neumann, 

2009), we speculated that MS persistently altered V1aR binding in this region. However, 

despite the temporary rise in V1aR binding during adolescence, there was no long-lasting 
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MS-induced change in V1aR binding in this region. In contrast, long-lasting MS-induced 

effects were found for OTR binding in the ventromedial hypothalamus. Here, a 4-fold 

increase in OTR binding in the ventromedial hypothalamus emerged over adolescent 

development, suggesting a key role for local OT neurotransmission upon sexual maturation, 

while MS induced an even stronger increase with age resulting in significantly higher OTR 

binding in adult MS rats compared with adult control rats. Thus far, the role of OTR in the 

ventromedial hypothalamus is well established in females, but not in males. OTR in this 

region mediate female sexual behaviors as measured by lordosis responding. Lordosis 

responding can be enhanced by administration of OT into the ventromedial hypothalamus or 

abolished by local administration of an OTR-A when given in synchrony with a progesterone 

injection 4 h before testing (Schulze and Gorzalka, 1991; Witt and Insel, 1991). Considering 

that MS induced long-term changes in anxiety and neuroendocrine parameters in female 

rodents (Wigger and Neumann, 1999; Kalinichev et al., 2002; Romeo et al., 2003; Veenema 

et al., 2007), it would be of interest to study developmental and MS effects on OTR binding 

in the ventromedial hypothalamus and other regions in females as well. Interestingly, OTR 

mRNA expression and binding in the ventromedial hypothalamus of male rats is regulated by 

testosterone and estradiol (De Kloet et al., 1985; Tribollet et al., 1990; Bale and Dorsa, 1995), 

suggesting the involvement of OTR within this region in male reproductive behaviors. The 

functional implications of OTR in the ventromedial hypothalamus and that of higher OTR 

binding in adult MS rats awaits further research. 
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It is remarkable to notice that age-related changes in brain V1aR and OTR binding were 

observed three decades ago, but their functional behavioral implications are currently still 

unknown. Genetic variability in V1aR and OTR has been linked to psychopathologies 

characterized by severe social deficits, including autism spectrum disorders (Kim et al., 2002; 

Wassink et al., 2004; Wu et al., 2005; Lerer et al., 2008). Moreover, autism spectrum 

disorders are identified early in life. These findings necessitate further research into the 

function of V1aR and OTR and their ligands, AVP and OT, especially across development. 

Additionally, the utilization of MS and related animal models is important to gain insights 

into the role of V1aR and OTR in disturbed social behaviors. 

 

In conclusion, exposure to early life stress interferes with the normal development of V1aR 

and OTR binding in specific forebrain regions. The alterations in V1aR and OTR binding likely 

contribute to the behavioral alterations found upon MS. Especially the MS-induced 

alterations in neuropeptide receptor binding in the piriform cortex (V1aR), the agranular 

insular cortex (OTR), the lateral septum (V1aR and OTR), and the ventromedial 

hypothalamus (OTR) might contribute to the MS-induced alterations in aggressive (Veenema 

et al., 2006; Veenema and Neumann, 2009) and other social behaviors, like sexual behaviors 

or social cognition. 
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ABSTRACT 

 

Recent studies described potent behavioral effects of centrally applied NPS in mice and rats. 

These included increased arousal and wakefulness, facilitation of fear extinction and object 

memory consolidation and anxiolysis. Here, we compared the effects of NPS on both social 

and non-social memory, in male rats, and on social preference/social anxiety versus non-

social anxiety after either intracerebroventricular (icv) or nasal application. Intranasal 

application of neuropeptides has been successfully employed to alter behavioral parameters 

in humans and rodents, but studies concerning nasal application of NPS are lacking so far. 

First, we confirmed the facilitatory effect of icv NPS (1 nmol) on object discrimination after 

an inter-exposure interval (IEI) of 240 min. These effects were context-dependent, as icv NPS 

(1 nmol) did not prolong social memory in a social discrimination paradigm. Second, we 

confirmed the anxiolytic effect of icv NPS (1 nmol) on the elevated plus-maze, whereas 

neither icv NPS (1 nmol) nor NPS-A (10 nmol) altered social preference. Third, nasal NPS (4 - 

40 nmol applied topically on the rhinarium) facilitated object discrimination in a dose-

dependent manner. Also, the anxiolytic effect of NPS on the elevated plus-maze could be 

confirmed after nasal administration (40 nmol). In contrast, identical doses of 

subcutaneously injected NPS failed to produce corresponding behavioral effects in both 

tests.  

Our findings provide evidence for memory enhancing and anxiolytic effects of icv NPS in a 

non-social context. We could further show that these effects are context-specific, as social 

memory and social preference behavior were unchanged. These effects of icv NPS were 

replicated by nasal application of the neuropeptide. Thus, nasal application of NPS seems to 

be a useful method in rodents for screening for behavioral or physiological effects before 
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more specific and time-consuming, intracerebral methods are employed, and may represent 

a viable therapeutic approach for NPS treatment of patients with psychiatric illnesses such as 

anxiety or panic disorders. 

 

INTRODUCTION 

 

NPS has been named after the highly conserved serine at the amino-terminal residue of the 

mature 20 amino acid peptide in mammals including humans (Xu et al., 2004; Reinscheid, 

2007). Neuronal NPS expression has been described to be restricted to distinct brain stem 

clusters in an area around the locus coeruleus (Xu et al., 2004). In contrast, the NPS receptor 

seems to be widely expressed within the brain especially within regions involved in 

emotional and memory processing, such as thalamus, hypothalamus, amygdala, and cortical 

areas, as well as in regions involved in olfaction (Xu et al., 2007; Leonard and Ring, 2011).  

NPS was found to exert a variety of behavioral effects demonstrated after its central 

administration either into the cerebral ventricles or locally within a selected target region. 

Thus, it reduced anxiety-related behavior in several relevant tests for non-social anxiety in 

both mice (Xu et al., 2004; Jüngling et al., 2008; Leonard et al., 2008; Rizzi et al., 2008) and 

rats (Slattery et al., 2008; Vitale et al., 2008; Wegener et al., in press), mostly accompanied 

by an increase in locomotor activity. Also NPS modulated sleep patterns (Xu et al., 2004; 

Okamura and Reinscheid, 2007) and facilitated the extinction of contextual conditioned fear 

responses. The latter effect was observed when NPS was administered into the amygdaloid 

fear circuitry in mice with effects on local glutamatergic and GABA-ergic neurotransmission 
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(Jüngling et al., 2008; Meis et al., 2008). This indicated that NPS is likely to modulate memory 

responses. Indeed, NPS improved hippocampus-dependent novel object memory after 

intracerebroventricular (icv) administration in mice (Okamura et al., 2011). 

However, whether NPS is able to modulate social memory or other aspects of social 

behavior such as social anxiety-related behavior is currently not known. Therefore, we 

initially studied the effects of NPS on social memory, specifically on social discrimination 

abilities in male rats. Next, we assessed the effects of NPS on social approach behavior in the 

social preference test recently established in rats (Lukas et al., 2011a). 

  

The ability of NPS to pharmacologically reduce anxiety responses and to promote fear 

extinction makes the brain NPS system an interesting and promising target for the treatment 

of various anxiety-related disorders including posttraumatic stress disorders. However, in 

humans, the central route of administration is impractical, and systemically applied 

neuropeptides cannot efficiently cross the blood brain barrier (Ermisch et al., 1985). 

Interestingly, it has been repeatedly shown that intranasal administration of neuropeptides, 

such as OT, AVP and insulin reliably alters neuronal, behavioral and physiological parameters 

in humans (Kirsch et al., 2005; Benedict et al., 2006; Thompson et al., 2006; Guastella et al., 

2008b; Gamer et al., 2010). AVP concentrations were found to rise in the human 

cerebrospinal fluid within 10 min after its nasal application and stayed up for at least 70 min 

(Born et al., 2002) (for review see Hallschmid et al., 2004; Meyer-Lindenberg, 2008; 

Heinrichs et al., 2009; MacDonald and MacDonald, 2010).  
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Also, various effects of intranasal administration of neuropeptides have been shown in 

healthy and pathological rodent models (for review see Hanson and Frey, 2008). For 

example, intranasal insulin enhanced memory abilities, anxiolysis, and odor discrimination in 

rats (Marks et al., 2009), and the octapeptide NAP (named after its amino acid sequency: 

NAPVSIPQ) decreased anxiety-related behavior in aging rats (Alcalay et al., 2004). In 

addition, the pituitary adenylate cyclase-activating polypeptide (PACAP), and the 

vasointestinal peptide (VIP) were shown to improve neuropathology, e.g.  accumulation of 

amyloid peptide, and cognitive deficits in different rodent models of Alzheimer’s disease 

after repeated intranasal administration (Gozes et al., 1996; Matsuoka et al., 2007; Rat et al., 

2011). However, whether administration of the recently discovered NPS is effective via the 

nasal route with respect to behavioral functions has never been tested in either humans or 

rodents.  

Therefore, the final aim of the study was to investigate the effects of NPS after its nasal 

administration on memory functions and anxiety-related behaviors both in a non-social and 

social context in rats, thus accompanying the icv studies. 
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MATERIALS AND METHODS 

 

Animals 

Adult male Wistar rats (250-300 g) were purchased from Charles River (Sulzfeld, Germany) 

and group-housed in standard cages (55 × 22 × 18 cm) for habituation to the laboratory 

facilities under standard laboratory conditions (12:12 h light:dark cycle, lights on at 6.00 h, 

22 oC, 60 % humidity, food and water ad libitum). One week before behavioral testing, rats 

were single housed in observation cages (40 × 24 × 36 cm). Individual rats were not used 

twice for the same behavioral experiment, except for the establishment of the social and 

object discrimination paradigms. All experiments were conducted in accordance with the 

Guide for the Care and Use of Laboratory Animals of the Government of Oberpfalz and the 

guidelines of the NIH.  

 

Stereotaxic surgery and cannulation 

For icv infusion, guide cannulas (21 G, 12 mm; Injecta GmbH, Germany) were stereotaxically 

implanted 2 mm above the lateral ventricle as described before (stereotaxic coordinates 

relative to Bregma: 1.0 mm posterior, 1.6 mm lateral, 2.0 mm below the surface of the skull, 

Paxinos and Watson, 1998; Blume et al., 2008); under isofluran anesthesia (isoflurane, 

Forene®, Abbott GmbH & Co. KG, Wiesbaden, Germany). The guide cannula was fixed to the 

skull with two jeweller’s screws and dental cement (Kallocryl, Speiko-Dr. Speier GmbH, 

Muenster, Germany) and closed by a stainless steel stylet (25 G). After surgery, rats were 

injected with an antibiotic (Baytril®, Bayer Vital GmbH, Leverkusen, Germany), and handled 
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daily (stroking, holding, cleaning of stylets) for five consecutive days to minimize non-specific 

stress responses during the experiment.  

 

Drug application 

Synthetic rat NPS (H-6164) was purchased from Bachem Holding AG (Bubendorf, 

Switzerland) and specific NPS-A ([D-Cys(tBu)5]NPS, Guerrini et al., 2010). Both were 

dissolved to respective concentrations in sterile Ringer solution (mM: 147.1 Na+, 2.25 Ca2+, 4 

K+, 155.6 Cl-, pH 7.4; B. Braun Melsungen, Germany). 

 

Intracerebroventricular infusion 

In order to study the effects of icv NPS on object memory and non-social anxiety-related 

behavior in rats, as well as on social memory and social preference, conscious, handled rats 

received either synthetic NPS (1 nmol / 5 µl; i.e. 2 ug / 5 µl) or vehicle (sterile Ringer 

solution, 5 µl) via an icv infusion cannula (14 mm) inserted into the icv guide cannula and 

connected to a Hamilton syringe via polyethylene tubing. In order to investigate the 

involvement of the endogenous NPS system in social preference, the NPS-A was applied icv 

(10 nmol / 5µl; i.e. 30 µg / 5 µl). After slow icv infusion the infusion cannula was left in place 

for 30 s. Icv infusions took place immediately after the acquisition period (social and object 

discrimination) or 30 min prior to behavioral testing (plus-maze, social preference test). 

 



Chapter 5   112 

 

 

 

 

Figure 16: Holding of the conscious rat during nasal application (A). Magnification of the nose region (B). 

Dotted lines mark the rhinarium – target of nasal application in the present study. N, nostril; P, philtrum. 

 

Nasal application 

In order to study NPS effects on object memory and non-social anxiety after nasal 

administration, rats received either NPS (0.4, 4.0, or 40 nmol / 2 × 10 µl; i.e. 0.8, 8.0, or 80 µg 

/ 2 × 10 µl) or vehicle (sterile Ringer solution, 2 × 10 µl). In detail, the conscious rat was 

restrained by a trained experimenter (see Fig.1A), and 10 µl of the solution were applied 

bilaterally on the rhinarium, the area refered to as the glaberous skin around the nostrils 

which was shown to be highly innervated by free nerve endings (Figure 16B) (Silverman et 

al., 1986). Application was performed using a 100-µl pipette. The total amount of 20 µl was 

distributed equally with the tip of the pipette and allowed to diffuse in the squamous epithel 

of both the left and right rhinarium, whereas direct application into one of the nostrils was 

avoided, but uptake of fluid and diffusion into the nostril was not prevented. Each of the 

applications to the left and right rhinarium, respectively, lasted about 1 min. Rats were 

returned to their home cage thereafter until behavioral testing started 30 min later (object 

discrimination or plus-maze). In a pilot experiment, careful observation of anesthetized rats 



Chapter 5   113 

 

 

 

under stereomicroscopic control after nasal administration revealed that the solution (20 µl; 

Figure 16B) is completely absorbed within 2 min. 

 

Subcutaneous injection 

In order to compare the efficacy of nasal versus subcutaneous (sc) application of NPS, 

conscious rats were injected with sc NPS using identical amounts that were effective after 

nasal application, i.e. 4.0 or 40 nmol / 500 µl (i.e. 8.0 or 80 µg /500 µl), or vehicle (sterile 

Ringer solution, 500 µl). Sc treatment was performed in the nape region 30 min before 

behavioral testing (object discrimination or plus-maze). 

 

Object discrimination paradigm 

For studying the effects of NPS applied either icv, nasal or sc on object discrimination 

abilities the object recognition paradigm (Everts and Koolhaas, 1997) has been adapted to be 

comparable to the social discrimination test paradigm (Engelmann et al., 1995). An unknown 

object was placed into one corner of the observation cage for 4 min (object memory 

acquisition period). After a defined inter-exposure interval (IEI) of either 60, 120, or 240 min, 

the same object was re-introduced at the same position in the cage for 4 min. 

Simultaneously, a novel object was placed in the opposite corner of the cage (object 

discrimination period). Objects and placements were varied between rats to prevent 

potential memory-independent preference effects of certain objects or positions. Presented 

objects were a red plastic ring (height 2.8 cm, outer diameter 9.4 cm, inner diameter 8.3 

cm), a red plastic cup (height 9 cm, diameter opening 7.8 cm, diameter bottom 5.2 cm), a 
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transparent drinking bottle (6.5 × 15 × 6.5 cm) and a black metal block (10 × 3.8 × 10 cm). 

Objects were cleaned thoroughly with fresh water and a small amount of detergent 

(Baktolin; Bode Chemie AG, Hamburg, Germany) and dried with a fresh towel between the 

trials. All tests took place during the late light phase starting between 7 and 8 hours after 

lights on, i.e. between 1300h and 1800h. All tests were recorded and the time spent 

investigating the object (sniffing / touching) was measured by a researcher blinded to the 

treatment condition using JWatcher (Version 1.0, Macquarie University and UCLA). The 

percentage of time investigating the same and the novel object (time investigating same or 

novel object / time investigating same + novel object x 100 %) was calculated. A significantly 

lower investigation time directed towards the same versus the novel object was interpreted 

as object discrimination. Rats with less than ten seconds of total investigation time during 

one of the two exposure periods were excluded from statistical analysis (13 % of all rats). 

 

Social discrimination paradigm 

In order to study the effects of icv or nasal NPS on social memory, we used the social 

discrimination paradigm. The ability of male rats to discriminate between a previously 

encountered (same) and a novel 3-week-old (juvenile) male rat was tested according to 

Engelmann et al. (1995) with some minor modifications. A juvenile rat was introduced into 

the cage of the experimental rat for 4 min (social memory acquisition period). After a 

defined IEI, the same juvenile rat was re-introduced along with a novel juvenile rat for 4 min 

(social discrimination period). If rats were tested repeatedly, testing took place at different 

days with new sets of juvenile rats. All tests took place during the late light phase starting 
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between 7 and 8 hours after lights on, i.e. between 1300h and 1600h. All tests were 

recorded and the time spent investigating the juvenile rats (sniffing the anogenital and head 

/ neck regions) was measured by a researcher blinded to the treatment condition using 

JWatcher (Version 1.0, Macquarie University and UCLA). The percentage of time 

investigating the same and the novel juvenile rat (time investigating same or novel rat / time 

investigating same + novel rat × 100 %) was calculated. A significantly lower investigation 

time directed towards the same versus the novel juvenile rat was interpreted as social 

discrimination. Note that the 3-week-old juvenile rats did not elicit play or aggressive 

behaviors in the experimental rats.  

 

Elevated plus-maze 

The elevated plus-maze was used to assess the effects of icv, nasal or sc NPS on non-social 

anxiety-related behavior (Pellow et al., 1985). It consisted of two opposing open arms (50 × 

10 cm, 100 lux) and two opposing closed arms (50 × 10 × 40 cm, 20 lux) connected by a 

central area. The apparatus was made of dark grey plastics, elevated 80 cm above the floor, 

and surrounded by an opaque curtain to avoid external disturbance. Before each trial, the 

maze was cleaned with water containing a low concentration of detergent. The rat was 

placed in the central area facing a closed arm for 5 min. The percentage of time spent on the 

open arms was assessed as anxiety-related behavior (time on open arms / time on open and 

closed arms × 100 %); the number of entries in the closed arms as measurement for 

locomotion was recorded by means of a video camera mounted above the platform and 
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scored by a trained observer (Plus-maze version 2.0; E. Fricke). The elevated plus-maze 

testing was performed in the early light phase, i.e. between 0800h and 1200h. 

 

Social preference paradigm 

In order to study the effects of icv or nasal NPS on social approach / social avoidance 

behavior, the social preference paradigm recently established in rats (Lukas et al., 2011b) 

has been used. Rats were placed in a novel arena (40 × 80 × 40 cm, red light). After 30 sec of 

habituation an empty wire-mesh cage (non-social stimulus; 20 × 9 × 9 cm) was placed at one 

side wall of the arena for 4 min. The empty cage was then exchanged by an identical cage 

containing an unknown adult male Wistar rat (social stimulus) for additional 4 min. Before 

each trial, the arena was cleaned with water containing a low concentration of detergent. All 

tests took place during the active phase starting one hour after lights off, i.e. between 1900h 

and 2200h. 

The test procedure was recorded and scored by an observer blind to the treatment using 

JWatcher behavioral observation software (V 1.0, Macquarie University and UCLA). 

Exploration times of the non-social and social stimulus were scored by measuring the time 

the rat spent in active olfactory investigation. Data are presented as the percentage of time 

investigating the non-social versus the social stimulus, i.e. investigation time / total time [4 

min] × 100 %. A significantly higher percentage of investigation of the social versus the non-

social stimulus was considered social preference. 
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Experimental design 

Effects of NPS on non-social memory: object discrimination  

First, in order to determine the time point at which object discrimination is no longer 

feasible in our paradigm, male rats were tested in the object discrimination paradigm at IEI 

of 60, 120, and 240 min.  

Next, to investigate the effects of icv NPS on object discrimination, rats received an icv 

infusion of NPS (1 nmol / 5 µl) or vehicle immediately after the acquisition period (IEI 240 

min). To investigate the effects of nasal or sc NPS on object discrimination, rats performed 

the object discrimination paradigm (IEI 240 min) 30 min after nasal (0.4 nmol / 20µl or 4.0 

nmol / 20µl) or sc (4.0 nmol / 500 µl) treatment with NPS or vehicle as described above. 

Thus, NPS application took place 30 min prior to the initial acquisition period to allow NPS to 

reach its potential target regions. 

 

Effects of NPS on social memory: social discrimination 

First, in order to determine the time point at which social discrimination is no longer feasible 

in our paradigm, male rats were tested in the social discrimination paradigm at IEI of 60 and 

120 min.  

To investigate the effects of icv NPS on social discrimination abilities, rats received an icv 

infusion of NPS (1 nmol / 5 µl) or vehicle immediately after the acquisition period (IEI: 120 

min). As effects of icv NPS on social memory were not found, the effect of nasal or sc 

application of NPS on social discrimination has not been tested. 
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Effect of NPS on non-social anxiety: elevated plus-maze 

In order to confirm the effects of icv NPS on non-social anxiety in rats (Slattery et al., 2008; 

Wegener et al., in press), and to investigate the effects of nasal or sc NPS on non-social 

anxiety, rats were treated with either icv (1 nmol / 5 µl), nasal (4 nmol / 20 µl and 40 nmol / 

20 µl) or sc (40 nmol / 500 µl) NPS or vehicle 30 min before testing on the elevated plus-

maze. 

 

Effects of NPS and NPS-A on social preference / social anxiety 

To investigate the effects of NPS on social approach behavior, rats were infused icv with 

either NPS (1 nmol / 5 µl) or vehicle 30 min before performance in the social preference test. 

In order to reveal the possible involvement of the endogenous brain NPS system in social 

anxiety, NPS-A (10 nmol / 5 µl) was applied icv 30 min prior to testing. 

As an effect of icv NPS on social preference behavior was not found, the effect of nasal or sc 

application of NPS has not been tested. 

 

Histology 

The experiments were terminated by an overdose of CO2. The localization of each icv guide 

cannula was verified after icv infusion of ink (5 µl) before unperfused brains were removed, 

cut coronally with a razor blade and macroscopic examination of ink distribution. All rats 

showed stained ventricles and were included in the statistical analysis. 
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Statistics 

For statistical analysis PASW/SPSS Statistics (Version 18.0) was used. Establishment of social 

and object discrimination without further treatment was analyzed using the paired samples 

t-test (same vs. novel). Social and object discrimination behavior as well as social preference 

with NPS treatment was analyzed using ANOVA for repeated measures (factors treatment × 

stimulus) followed by a Bonferroni post-hoc test when appropriate. Total investigation times 

between treatment groups during the acquisition period were compared using the student’s 

t-test. Non-social anxiety behavior was analyzed using the one-way ANOVA or the student’s 

t-test. Significance was accepted at p<0.05.  

 

RESULTS 

 

Effects of NPS on object discrimination  

After an IEI of 60 min, rats spent significantly less time investigating the same than the novel 

object (t(8) = 5.87, p < 0.001), indicating object memory, whereas after 120 min only a trend 

in this direction could be recognized (t(6) = 2.16, p = 0.74). After an interval of 240 min, rats 

completely failed to discriminate between the same and novel object (t(5) = -0.658, p = 0.540) 

(Figure 17A). Therefore, the IEI of 240 min was chosen in order to test possible memory-

enhancing effects of NPS.  
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Figure 17: Object discrimination with varying inter-exposure intervals (IEI, A), and effects of icv NPS (1 nmol, B). 

The object discrimination ability of male rats is reflected by the lower percentage of investigation time towards 

the same versus the novel object and was tested after IEI of 60, 120 and 240 min. NPS was applied icv 

immediately after the acquisition period. Numbers in parentheses indicate group size. Data are means + SEM, * 

p < 0.05 vs. novel object, # p = 0.074 vs. novel object, paired samples t-test (no treatment) and two way ANOVA 

for repeated measures (factors treatment × stimulus) followed by Bonferroni post-hoc test (icv). 

 

ICV NPS: To determine whether icv NPS facilitates object discrimination at an IEI of 240 min, 

NPS (1 nmol) or vehicle were administered icv immediately after the acquisition period. NPS-

treated rats were still able to discriminate between the same and novel object after a 240-

min interval (p = 0.016), whereas vehicle-treated rats failed to discriminate (p = 0.715) 

(Figure 17B). 

Nasal NPS: There was a dose-dependent effect of nasal application of NPS. At a dose of 0.4 

nmol, NPS-treated rats (p = 0.430), as well as vehicle-treated controls (p = 0.274), were not 

able to discriminate between the same and novel object after an IEI of 240 min. In contrast, 
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rats treated with 4 nmol of nasal NPS were still able to discriminate (p < 0.05). The finding 

that nasal NPS at the higher dose improved object memory was consistent with  the fact that 

NPS-treated rats displayed significantly less investigation of the same object than vehicle-

treated rats (p < 0.05) (Figure 18A). 

(19)

Vehicle

(16)

4 nmol

%
 i
n

v
e

s
ti
g

a
ti
o

n

0

20

40

60

80

(9)

Vehicle

(10)

0.4 nmol

0

20

40

60

80

(10)

Vehicle

(10)

4 nmol

nasal subcutaneous

NPS

same object              novel object

A B

 

Figure 18: Effects of nasal (0.4 and 4.0 nmol, A) and subcutaneous (sc, 4.0 nmol, B) NPS on object 

discrimination. Object discrimination abilities of male rats are reflected by the lower percentage of 

investigation time towards the same versus the novel object after an inter-exposure interval (IEI) of 240 min. 

NPS was applied nasally or sc 30 min before the acquisition period. Numbers in parentheses indicate group 

size. Data are means + SEM, * p < 0.05 vs. novel object, # p < 0.05 vs. vehicle, two way ANOVA for repeated 

measures (factors treatment × stimulus) followed by Bonferroni post-hoc test. 

 

As object investigation time during the acquisition period did not differ between NPS-

treated (64.5 ± 11 s) and vehicle-treated (60.1 ± 9.5 s) rats at the dose of  4.0 nmol (t(33) = -

1.30; p = 0.201), the memory enhancing effects of NPS are not due to a potentially higher 

general motivation during acquisition caused by the pre-acquisition nasal NPS application. 
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SC NPS: In contrast to nasal NPS, sc NPS tested at the higher dose of 4 nmol failed to 

improve object discrimination abilities at an IEI of 240 min (p = 0.392) (Figure 18B). See Table 

12 for F-values; see legend to Figs for group sizes. 

 

No effects of NPS on social memory  

After an IEI of 60 min, untreated rats spent less time investigating the same than the novel 

rat (t(9) = 9.01; p < 0.001) indicating social memory. Social discrimination abilities 

disappeared after an IEI of 120 min (t(9) = -1.11; p = 0.296) (Figure 19A).  
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Figure 19: Social discrimination with varying inter-exposure intervals (IEI, A), and effects of icv NPS (1 nmol, B). 

Social discrimination abilities of adult male rats are reflected by the lower percentage of investigation time 

towards the same versus the novel juvenile rat and was tested after IEI of 60 and 120 min. NPS was applied icv 

immediately after the acquisition period. Numbers in parentheses indicate group size. Data are means + SEM, * 

p < 0.05 vs. novel juvenile rat, paired samples t-test (no treatment) and two way ANOVA for repeated measures 

(factors treatment × stimulus) followed by Bonferroni post-hoc test (icv). 
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Figure 20: Effects of icv (1 nmol), nasal (4.0 nmol and 40 nmol), and sc (40 nmol) NPS on non-social anxiety. 

Non-social anxiety-related behavior has been quantified as the percentage of time spent on the open arms of 

the elevated plus-maze (A). Locomotion was reflected by the number of closed arm entries (B). NPS or vehicle 

treatments (icv, nasal, and sc) were performed 30 min before start of the 5-min test. Numbers in parentheses 

indicate group size. Data are means + SEM, * p < 0.05 vs. vehicle, one-way ANOVA followed by Bonferroni post-

hoc test (nasal) or Student’s t-test (icv, sc). 

 

ICV NPS: To determine whether icv NPS facilitates social discrimination at an IEI of 120 min, 

NPS (1 nmol) or vehicle were administered icv immediately after the acquisition period. 

Both, vehicle-treated (p = 0.332) and NPS-treated (p = 0.908) rats failed to discriminate 
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between the same and novel rat after a 120-min interval (Figure 19B). See Table 12 for F-

values; see legend to Figs for group sizes. 

 

Effects of NPS on non-social anxiety 

ICV NPS: Icv infusion of NPS (1 nmol) decreased anxiety-related behavior on the elevated 

plus-maze as demonstrated by an increase in the percentage of time spent on the open arms 

(t(20) = -2.88, p < 0.01 versus vehicle) (Figure 20A). Importantly, icv NPS did not increase 

general locomotor activity, as both NPS- and vehicle-treated rats showed a similar number 

of closed arm entries on the plus-maze (t(20) = -0.791, p = 0.438) (Figure 20B). 

Nasal NPS: Application of NPS via the nasal route at a dose of 40 nmol, but not 4 nmol, also 

resulted in a decrease in anxiety-related behavior indicated by an increase in the percentage 

of time spent on the open arms of the maze (p < 0.05 versus vehicle and 4.0 nmol NPS; F(2,37) 

= 6.30, p < 0.005) (Figure 20A). Again, locomotor activity was found to be unchanged by NPS 

(F(2,37) = 2.52; p = 0.095) (Figure 20B).  

SC NPS: In contrast to the nasal application of NPS, sc NPS (40 nmol) did not alter anxiety-

related behavior (t(8) = 0.695; p = 0.507 versus vehicle) (Figure 20A). Also, locomotion was 

found to be unchanged by sc NPS (t(8) = -0.962; p = 0.364) (Figure 20B). See legend to Figs for 

group sizes. 

 

No effects of NPS and NPS-A on social preference  

ICV NPS: In line with the lack of effect of NPS on social memory, icv infusion of NPS (1 nmol) 

did not affect social preference behavior. Thus, both vehicle-treated (p < 0.001) and NPS-
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treated (p < 0.001) groups demonstrated a preference for the social compared to the non-

social stimulus in the social preference paradigm. Moreover, the investigation time of the 

social stimulus did not differ between vehicle- and NPS-treated rats (p = 0.466) (Figure 21A). 

ICV NPS-A: Blockade of endogenous NPS with NPS-A (10 nmol) did not affect social 

preference behavior. Thus, both vehicle-treated (p < 0.001) and NPS-A-treated (p<0.001) 

groups demonstrated preference for the social compared to the non-social stimulus in the 

social preference paradigm. Moreover, the investigation time of the social stimulus did not 

differ between vehicle- and NPS-treated rats (p = 0.081) (Figure 21B). See Table 12 for F-

values; see legend to Figs for group sizes. 
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Figure 21: Effects of icv NPS (1 nmol, A) and NPS receptor antagonist (NPS-A; 10 nmol, B) on social preference. 

Social preference is reflected by a higher percentage of investigation time directed towards the non-social 

(grey columns) versus the social (black columns) stimulus during two sequential exposures. NPS, NPS-A or 

vehicle were applied icv 30 min before the social preference test. Numbers in parentheses indicate group size. 

Data are means + SEM, # p < 0.05 vs. non-social stimulus; two-way ANOVA for repeated measures (factors 

treatment × stimulus) followed by Bonferroni post-hoc test. 
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Table 12: F-values and two-way ANOVA for repeated measures 

Object discrimination   stimulus effect   stimulus × treatment effect 

(Figure 17, Figure 18) 

Icv     F(1,22)=5.02; p<0,05*  F(1,22)=3.11; p=0.092 

Nasal (0.4 nmol)    F(1,17)=0.069; p=0.796  F(1,17)=1.89; p=0.187 

Nasal (4 nmol)    F(1,33)=1.68; p=0.204  F(1,33)=6.33; p<0.05* 

Subcutaneous    F(1,18)=0.768; p=0.392  F(1,18)=0.581; p=0.456 

Social discrimination (Figure 19)  stimulus effect  stimulus × treatment effect 

Icv      F(1,22)=0.614; p=0.442  F(1,22)=0.382; p=0.543 

Social Preference (Figure 21)  stimulus effect  stimulus × treatment effect 

Icv (NPS)    F(1,18)=49.4; p<0.001*  F(1,18)=2.41; p=0.138 

Icv (NPS-A)    F(1,18)=80.0; p<0.001*  F(1,18)=0.677; p=0.421 

Stimulus effect: same vs. novel (object/social discrimination) or social vs. non-social 

(social preference). * indicates a significant p-value. 

 

DISCUSSION 

 

The present study produced three major outcomes. We observed firstly that NPS improved 

the memory of adult male rats in a context-specific manner. NPS administered icv prolonged 

object memory, whereas social memory tested in the social discrimination paradigm was not 

improved by NPS. In line with this, we observed secondly that icv NPS reduced non-social 

anxiety on the plus-maze, but did not affect social preference / social anxiety. Last, we 

obtained the first evidence that nasal application of NPS triggers comparable behavioral 

effects to those observed following icv administration in rats. Thus, nasal NPS also resulted 

in improved object memory, and in reduced anxiety-related behavior on the elevated plus-

maze. In contrast, peripheral (sc) administration of centrally and nasally effective doses of 

NPS was devoid of behavioral effects.  
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NPS improves non-social, but not social memory 

In our experiments performed in rats icv infusion of NPS prolonged the memory for objects, 

but seemed to be ineffective in a social memory paradigm. This is in agreement with several 

recent studies, all performed in mice, indicating a role of NPS in learning and memory 

processes. Specifically, NPS locally applied into the mouse endopiriform nucleus attenuated 

the expression of contextual fear (Meis et al., 2008), and acts within the amygdala to 

facilitate fear extinction (Jüngling et al., 2008). Moreover, icv NPS enhanced aversive 

contextual memory retention in the inhibitory avoidance paradigm (Okamura et al., 2011) 

and facilitates spatial memory in the Morris water maze (Han et al., 2009). With respect to 

novel object recognition it was found that icv NPS (1 nmol) prolonged object memory of 

C57Bl/6 mice up to 168 h when applied immediately after the acquisition period (Okamura 

et al., 2011).  In our object discrimination paradigm in rats, untreated adult male rats were 

able to discriminate between the same and the novel object after 60 min and also partly 

after 120 min, but completely failed to do so after an IEI of 240 min. Central administration 

of NPS at a dose of 1 nmol immediately after the acquisition period enabled the rats to 

recognize the novel object even after 240 min.  

The memory-enhancing effect of NPS is most likely due to an effect on memory 

consolidation, as NPS applied at the same dose but either before pre-training or immediately 

before retrieval was ineffective to alter memory retention in the inhibition avoidance 

paradigm in mice (Okamura et al., 2011). Recent findings in NPS receptor knockout mice 

(Okamura et al., 2011) indicated an involvement of the endogenous NPS system in these 

memory processes. Future studies using specific NPS-A will further prove this hypothesis. 
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However, our study is the first to test for possible memory-enhancing effects of NPS also in a 

social context. Male Wistar rats were able to discriminate between the same and the novel 

juvenile rat after an IEI of 60, but not 120 min (Figure 19A) (Lukas et al., 2011a). The lack of 

social discrimination after 120 min also remained after icv NPS indicating that increasing the 

amount of centrally available NPS is not effective to further prolong memory in a social 

context.   

The anatomical substrates for the memory-enhancing effect of NPS in the object 

discrimination paradigm still need to be identified, but may include the hippocampus, as 

object memory is likely to be hippocampus-dependent (Clark et al., 2000) including its 

various sub-structures (Broadbent et al., 2004; Winters et al., 2004). Moreover, amygdala 

and cortical regions are also likely to be involved in non-social memory tasks such as object 

discrimination (Moses et al., 2005). In these regions the expression of the NPS receptor - a 

former orphan G-protein-coupled receptor - has been localized (Xu et al., 2007; Leonard and 

Ring, 2011). Consequently, both after icv and nasal (see below) application, NPS should be 

able to reach these relevant brain sites to allow consequent action at these receptors. 

 

NPS reduces non-social anxiety, but not social preference / social anxiety  

The effectiveness of NPS in a non-social context is further supported by the finding that NPS 

exerts robust anxiolytic effects both in mice (Xu et al., 2004) and rats (Figure 20)(Slattery et 

al., 2008; Vitale et al., 2008; Wegener et al., in press) in various non-social paradigms such as 

elevated plus-maze, open field, light dark-box or marble burying. However, the anxiolytic 
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effect was almost always accompanied by an increase in locomotor activity. In our study 

performed in rats and using relatively low doses of NPS, we were able to dissociate the 

anxiolytic and the arousal effects, as icv (and nasal) NPS reduced anxiety-related behavior on 

the plus-maze without altering the number of entries into the closed arms as indication of 

general locomotion. In contrast, we could not find any effect of NPS and NPS-A on social 

preference in an established test for social avoidance and social anxiety (Berton et al., 2006; 

Lukas et al., 2011b). The lack of an NPS action on social preference was not due to a possible 

ceiling effect, as the percentage of investigation time of the social stimulus (between 50 and 

55% of total exposure time of 4 min) still allowed a possible positive treatment effect and 

further increase in social investigation. In support of the above findings, blockade of the 

endogenous NPS system with the specific NPS-A did not impair naturally occuring social 

preference behavior. Thus, an involvement of the brain NPS system in social behavior seems 

unlikely.  

It is of general interest to note that NPS exerts behavioral effects in non-social, but not social 

settings. Various other neuropeptides including OT, AVP, neuropeptide Y, or corticotrophin 

releasing factor were shown to modulate both non-social and social behaviors, including 

spatial and social memory, non-social and social anxiety and other social behaviors (e.g. 

sexual, aggressive, maternal) (Argiolas and Melis, 2004; Bielsky and Young, 2004; Engelmann 

et al., 2004; Lim and Young, 2006; Frank and Landgraf, 2008; Veenema and Neumann, 2008; 

Bosch, 2011). The lack of NPS effects on social memory and social anxiety is the more 

remarkable as icv NPS was shown to trigger Fos expression, a marker for neuronal activity, in 

limbic brain structures involved in both emotional and social behaviors such as the central 
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and medial amygdala, lateral hypothalamus, arcuate nucleus and ventromedial 

hypothalamus (Kallupi et al., 2010). However, in order to further substantiate the context–

dependent effects of NPS with preferential actions on non-social behaviors, various other 

tests for social behavior need to be employed including the social interaction test, resident-

intruder test for intermale aggression, as well as tests for pair bonding, sexual behavior and 

maternal behavior. 

 

Behavioral effects of nasal NPS 

The intranasal route of administration has become an important and popular tool in human 

and rodent studies in order to reveal effects of several different neuropeptides on diverse 

aspects of social and non-social behaviors, emotionality and neuronal activation patterns 

(for review see Hanson and Frey, 2008; Heinrichs and Domes, 2008; Meyer-Lindenberg, 

2008). However, our study is the first to describe behavioral effects of intranasal NPS. Our 

observation that nasal NPS improves non-social memory and non-social anxiety in rats 

strongly implies that nasally applied NPS reaches neuronal structures of the brain in 

significant amounts. In this context it needs to be emphasized that, in our study, NPS was 

applied not directly into the nostrils, but rather topically on the rhinarium, which is highly 

vascularized and innervated (Silverman et al., 1986). This ‘nasal’ route of application allowed 

acute drug application in conscious, although well handled, rats, whereas in many other 

comparable studies, animals were anesthetized for ‘intranasal’ application (Alcalay et al., 

2004; Marks et al., 2009; Rat et al., 2011). 
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Nasal application of NPS was found to mimic the behavioral effects of NPS seen after its icv 

administration. Thus, nasal NPS at a dose of 4 nmol was able to prolong object memory even 

when applied 30 min before memory acquisition and consolidation. This time point has been 

chosen to allow for substance diffusion into relevant CNS structures. Moreover, in this initial 

study, we based the choice of application times on human studies, in which behavioral or 

neuronal effects of OT, for example, appear 30 - 40 min after intranasal application (Kirsch et 

al., 2005; Gamer et al., 2010). The precise temporal dynamics of nasal uptake and 

intracerebral presence of synthetic NPS, however, needs to be studied in more detail, also 

considering differences in chemical properties (linear versus cyclic peptides). In the context 

of the memory-enhancing effect of NPS it is important to mention that the general 

motivation for object discrimination was not altered, as object investigation time during the 

acquisition period did not differ between NPS- and vehicle-treated rats. 

Nasal NPS applied at a dose of 40 nmol (but not at 4 nmol) also exerted an anxiolytic effect 

on the elevated plus-maze, which was not accompanied by an increase in locomotor activity; 

The finding of comparable behavioral effects after nasal and icv (Figure 20) (Xu et al., 2004; 

Wegener et al., in press) application of NPS opens the exciting possibility to further test for 

the therapeutic use of NPS via the intranasal route in humans.  

Whereas, nasal application of NPS at a dose of 4 nmol was already efficient to prolong object 

memory, in contrast, NPS-induced anxiolysis was only observed at a dose of 40 nmol. Thus, 

the possibility exists that different brain target regions involved in different behavioral 

functions, vary in their accessibility by nasal NPS. Further, it is possible that different 
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behavioral effects, i.e. memory-enhancing and anxiolytic effects require different doses of 

NPS. 

In contrast to nasal application, sc administration of NPS at the same dose and time point, 

i.e. 30 min before either the start of the object discrimination test or the plus-maze test, was 

without any behavioral effect. Subcutaneous NPS needs to cross the blood brain barrier, 

which restricts neuropeptide transport in significant amounts (Ermisch et al., 1985). In 

contrast, it has been hypothesized that intranasally applied neuropeptides are capable of 

bypassing the bloodstream and directly entering the CNS (Born et al., 2002). Our finding that 

behavioral effects of NPS were observed after nasal, but not sc, administration, are in line 

with this hypothesis. However, a follow up study investigating the behavioral effects of 

intranasal NPS after blockade of central NPS receptors by ICV or local administration of an 

NPS-A is needed to confirm if the behavioral effects observed in the present study are 

centrally mediated and to determine their intracerebral localization.  

Several human studies suggested an involvement of the brain NPS system in anxiety and 

anxiety disorders (Laitinen et al., 2004; Domschke et al., 2010; Donner et al., 2010; Raczka et 

al., 2010). For example, a single nucleotide polymorphism in the human NPS receptor has 

been associated with an increased risk for panic disorder and overinterpretation of fear 

(Raczka et al., 2010), and the Ile107 receptor variant is associated with enhanced fear 

acquisition (Domschke et al., 2010). Intriguingly, it was shown that this receptor variant has 

a 10-fold higher potency for NPS (Reinscheid et al., 2005). Although this seems to argue 

against a potential therapeutic effect of NPS in humans, studies performed in rat models for 

hyper-anxiety and depression-like behavior demonstrated that NPS exerts an acute and 
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robust anxiolytic effect even in these psychopathological animals (Slattery et al., 2008; 

Wegener et al., in press)  

 

In conclusion, this study confirms the pharmacological effects of synthetic NPS with respect 

to the improvement of non-social memory and the reduction of non-social anxiety. 

However, social memory functions and social preference were not found to be altered by 

NPS indicating a robust context dependency of NPS effects. Importantly, the finding that 

nasal application of NPS mimics its behavioral effects after central administration should 

stimulate experiments in both rodents and humans to test for the potential therapeutic use 

of intranasal NPS specifically in anxiety, panic and posttraumatic stress disorders. 
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1. Summary of results 

 

In chapters 2, 3, and 5 of this thesis, I aimed to add to the characterization of the 

involvement of central neuropeptides such as OT, AVP, and NPS in basic social abilities, i.e. 

individual social recognition and social approach behavior. Both aspects of social behavior 

are essentially needed for proper performance of more complex social behaviors, like 

aggression, sexual behavior or pair bonding. 

Additionally, in chapters 2, 3, and 4, I investigated the effects of different social stress 

paradigms, i.e. social defeat and MS, on social preference and social recognition abilities of 

male rats. In chapter 2, social stress was induced by an acute social defeat by a male con-

specific. In contrast, in chapters 3 and 4, social stress was performed chronically during 

development, using MS, a deprivation of the pups from the dam during the first two weeks 

of life.  

 

The main prerequisite of all social interactions in rodents, including social recognition, is the 

ability to get in close contact with a con-specific. Therefore, in chapter 2, I adapted a social 

preference paradigm from mouse research (Berton et al., 2006) for rats to characterize 

social interaction/approach independent of innate anxiety. Using this new paradigm, I 

demonstrated thatvehicle-treated male rats and mice have a natural preference for a social 

stimulus over a non-social stimulus, whereas blockade of endogenous OT resulted in social 

avoidance in male rats and even a total loss of social preference in male mice. Furthermore, I 

demonstrated specificity of this OT-mediated effect on social anxiety as both, rats injected 

with the anxiogenic PTZ and rats infused icv with a specific V1aR-A did not show changes in 
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social preference behavior. Notably, icv infusion of OTR-A in different subnuclei of the 

amygdala did not result in alterations of social preference behavior. I further confirmed that 

acute social defeat induced social avoidance in male rats, when tested in the social 

preference paradigm 2 h later. However, social avoidance was only achieved, when the 

actual defeater rat was used as social stimulus during the social preference testing. 

Accordingly, acute icv OT administration prior to behavioral testing restored social 

preference in these rats - an effect that is also not mediated by the medial or central 

amygdala. 

 

In Chapter 3, I exposed male Wistar rats to postnatal stress, i.e. MS, and tested social 

memory, in the social discrimination paradigm, at juvenile (5 weeks) and adult age (16 

weeks). Juvenile MS as well as juvenile and adult control rats recognized a juvenile con-

specific after 30 and 60 min. In contrast, adult MS rats were able to recognize a juvenile con-

specific only after an IEI of 30 min. Thereby, I was able to demonstrate impaired social 

memory abilities in postnatally-stressed adult male Wistar rats. 

Additionally, I measured septal AVP release via intracerebral microdialysis during social 

discrimination in male juvenile and adult, control and MS rats. While I observed a rise of 

extracellular septal AVP during acquisition of social memory, both in juvenile control and MS 

rats as well as in adult control rats, I found a blunted septal AVP release in adult MS rats. 

Interestingly, forced swimming-induced septal AVP release was not reduced in adult MS rats 

compared to controls.  

In order to counteract this blunted AVP release during social memory acquisition, I infused 

male MS rats with synthetic AVP using intraseptal retrodialysis. Indeed, synthetic AVP given 
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during social memory acquisition was able to rescue social recognition abilities of formerly 

impaired adult MS rats. This indicates a causal connection between the impaired social 

recognition abilities in adult male MS rats and the blunted AVP release found in these rats. 

 

In chapter 4, we observed brain region-specific developmental changes in V1aR binding from 

juvenile rats over adolescence into adulthood using receptor autoradiography. The most 

pronounced age effect, in the form of increased V1aR binding, was found in the lateral 

septum. Exposure to MS significantly interfered with these developmental adaptations 

resulting in brain region- and age-dependent alterations in V1aRs. Most notably, MS 

increased V1aR binding in the piriform cortex (in adolescents and adults) and the lateral 

septum (in juveniles).  

 

In chapter 5, I was able to demonstrate that neither icv administration of synthetic NPS nor 

blockade of central NPS receptors was efficient to influence social preference and social 

recognition in male rats, despite its potent icv effects on non-social memory and anxiety. 

Moreover, I was able to show for the first time that synthetic NPS, applied nasally to male 

rats before performing in the object recognition paradigm and on the elevated plus-maze, 

was able to mimic the memory enhancing and anxiolytic effects of NPS that were already 

observed after icv administration. 
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2. Neuropeptides and social behaviors 

 

6.1 Involvement of OT and AVP in social preference 

Rats and mice show a natural preference for social stimuli over non-social stimuli. In chapter 

2, I showed that blocking the endogenous OT system via infusion of OTR-A induced social 

avoidance in rats and totally blocked social preference for a social stimulus in mice. 

Localization of these pro-social abilities of endogenous OT in different subnuclei of the 

amygdala was not successful. Intriguingly, human fMRI studies report that activation 

patterns of amygdala subnuclei in social contexts of fear can be reduced via nasal OT 

application (Kirsch et al., 2005). However, if nasal OT acts directly in the amygdala or in OT 

receptive regions upstream of the amygdala, e.g. the prefrontal cortex, is not known. 

Another possibility may be that endogenous OT exerts its effects on multiple brain regions, 

where OT receptors were shown to be present, including the olfactory bulb, prefrontal 

cortex, nucleus accumbens, lateral septum, and PVN (Barberis and Tribollet, 1996; Tribollet 

et al., 1988; Young et al., 1996) that act in concert on promoting social preference. As 

discussed in more detail later, icv administration of synthetic OT did not increase social 

preference above the level of control animals.  

In contrast, icv administration of the V1aR-A did not affect social preference indicating 

peptide-specific effects and high specificity of the antagonists used. This finding was rather 

surprising as AVP is a key modulator of various aspects of social behavior in male rodents 

such as social memory (Engelmann and Landgraf, 1994), inter-male aggression (Veenema et 

al., 2010b) and pair bonding (Wang et al., 1998). As icv infusion of AVP is impractical due to 

the risk of unspecific behavioral responses, e.g. barrel rotations, it was not possible to test 
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for alterations in social preference after icv administration of AVP itself. However, AVP 

exerts rather anxiogenic effects (for review see Landgraf, 2006). Due to the high social 

preference in untreated Wistar rats, it is possible that the anxiolytic effects of the V1aR-A in 

a social context were not visible in this paradigm. In support of this hypothesis, in a non-

mammalian model, using goldfish (Carassius auratus), a social teleost, central infusion of the 

respective AVP homologue vasotocin decreases social approach behavior, whereas a 

vasotocin antagonist and the OT homologue isotocin increases it (Thompson and Walton, 

2004). However, an increase in social approach is only observed in animals with a low 

baseline of natural social approach behavior, indicating a comparable ceiling effect in other 

social animals. In this respect, animal models of low innate sociability, like the BTBR T+tf/J 

mice (McFarlane et al., 2008) or socially defeated rats (Haller and Bakos, 2002), may be 

useful for investigating the possible differential effects of exogenous OT and AVP on social 

preference behavior. 

 

6.2 Involvement of OT and AVP in social recognition 

Several studies in male rats report social memory-prolonging effects of synthetic OT, 

whereas infusion of OTR-A, either icv or locally into the septum and into the medial preoptic 

area does not affect social recognition (Popik and van Ree, 1991; Popik et al., 1992; Benelli 

et al., 1995). These studies used an initial paradigm to measure social memory in rodents, 

called “social recognition paradigm”. In this paradigm social recognition is assessed by 

comparing social interest directed towards the same social stimulus during repeated 

exposures.  
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However, by using the social discrimination paradigm (Engelmann et al., 1995) that 

simultaneously compares social interaction of a rat with both a novel and a known juvenile 

stimulus rat, we demonstrated that blocking endogenous OT, indeed impaired social 

recognition after an IEI of 60 min. This effect was only visible when the OTR-A was infused 

directly after the first trial (Lukas et al., in preparation). Antagonist infusion at the end of the 

60 min IEI did not impair social recognition (Lukas et al., in preparation), indicating that 

endogenous OT is needed during the consolidation of social memory and is essential for 

successful social recognition in male rats. In female rats icv blockade of endogenous OT 

clearly diminishes social memory, when tested in the social discrimination paradigm 

(Engelmann et al., 1998). Moreover, studies in male OT and OTR knockout mice showed 

clear deficits in social recognition (Ferguson et al., 2000; Takayanagi et al., 2005), further 

arguing for the basic necessity of endogenous OT during social memory consolidation. 

 

Figure 22: Schematic summary of icv and local OTR-A effects on social preference and social recognition in male 

Wistar rats. Arrows indicate impairment in performance of the respective social behavior. 
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Attempts to localize the involvement of OT in mice revealed the medial amygdala as target 

for endogenous OT in males (Ferguson et al., 2001) as well as in females (Choleris et al., 

2007). However, we were only successful in blocking social recognition in the medial 

amygdala of male rats, via local infusion of an OTR-A when ovariectomized female rats, 

instead of male juveniles, were used as social stimuli (Lukas et al., in preparation) (Figure 

22). Therefore, OT-dependent olfactory information processing in the medial amygdala 

seems to be linked to the quality of the olfactory stimulus, as already indicated by studies 

investigating neuronal activation demonstrating corresponding effects like differences in 

immediate early gene activation following male and female stimulation (Arakawa et al., 

2010; Samuelsen and Meredith, 2011). In contrast, social memory after an IEI of 60 min for 

both ovariectomized females and juvenile males, was blocked after OTR-A administration in 

the lateral septum (Lukas et al., in preparation) (Figure 22). Therefore, the modulatory action 

of endogenous OT in the lateral septum seems to be of central importance in information 

processing for a broad variety of social stimuli. It should be mentioned that it was already 

demonstrated that OTR-A infused in the lateral septum did not block social recognition for 

juveniles after 30 min (Landgraf et al., 2003), but this could be due to a shorter IEI. However, 

if a basal level of OT is sufficient to assure social recognition in male rats or if OT is released 

endogenously in the medial amygdala and lateral septum during social memory 

consolidation, still needs to be determined. 

 

The involvement of endogenous septal AVP in male social recognition and the memory-

facilitating effect of synthetic AVP is known since first pharmacological studies from Dantzer 

(1988) that have been confirmed several times in rats (Landgraf et al., 1995b; Landgraf et al., 
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2003) and mice (Bielsky et al., 2004). In Chapter 3, I demonstrated that the acquisition of 

social recognition memory is associated with a significant rise in extracellular AVP release 

within the lateral septum of juvenile and adult male rats. This is consistent with the finding 

that administration of AVP into the lateral septum prolongs social recognition memory in 

adult male rats for up to 2 h (Dantzer et al., 1988; Engelmann et al., 1994) or even 24 h 

(Landgraf et al., 2003).  

 

6.3 Involvement of NPS in social preference and social recognition 

In chapter 5, I was able to confirm findings from the literature that centrally infused NPS 

reduces anxiety-related behavior on the elevated plus-maze in rats and mice (Xu et al., 2004; 

Slattery et al., 2008). However, I was able to demonstrate that synthetic NPS did not 

increase social preference, nor did a specific NPS-A (Guerrini et al., 2010) trigger social 

anxiety in rats. Furthermore, icv infusion of synthetic NPS did not prolong social memory in 

male rats, although icv infusion of NPS during consolidation in an object discrimination 

paradigm prolonged memory from 120 to at least 240 min. This confirms the object 

memory-enhancing effect of NPS already known from mice (Okamura et al., 2011). Together 

with the finding that synthetic NPS did not influence social preference, this strongly indicates 

that NPS influences anxiety and memory in non-social settings, but is rather ineffective in a 

social context. OT, AVP, and various other neuropeptides, e.g. corticotrophin releasing 

factor, and neuropeptide Y, were modulate non-social as well as social behaviors, including 

spatial and social memory, non-social and social anxiety, and other social behaviors (e.g. 

sexual, aggressive, maternal) (Heinrichs, 2003; Argiolas and Melis, 2004; Painsipp et al., 

2008; Veenema and Neumann, 2008; Bosch, 2011). The lack of NPS effects on social memory 
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and social anxiety is even more remarkable as icv NPS to triggers Fos expression, a marker 

for neuronal activity, in limbic brain structures involved in both emotional and social 

behaviors, such as the central and medial amygdala, lateral hypothalamus, arcuate nucleus 

and ventromedial hypothalamus (Kallupi et al., 2010). However, in order to further 

substantiate the context–dependent effects of NPS with preferential actions on non-social 

behaviors additional testing for social behavior needs to be employed, including intermale 

aggression, pair bonding, and sexual behavior. 

 

3. OT and AVP release during social contact 

 

Intracerebral release of OT and AVP in specific brain regions is increased in response to a 

variety of social stimuli in mammals, including mother-offspring interactions, maternal 

aggression, mating in males and females, and exposure to an adult con-specific during social 

defeat (reviewed in the introduction, see also Landgraf and Neumann, 2004; Veenema et al., 

2008; Neumann, 2009). Thus, increased OT release could be identified within the 

hypothalamic PVN, SON, and olfactory bulb during parturition (Neumann et al., 1993; Lévy et 

al., 1995), in the central amygdala accompanying maternal aggression (Bosch et al., 2004; 

Bosch et al., 2005), and in the nucleus accumbens and PVN during socio-sexual interactions 

(Waldherr and Neumann, 2007; Ross et al., 2009). Increased AVP release during social 

stimulation was observed within the hippocampus during parturition (Landgraf et al., 1991), 

and within the septum in the context of inter-male aggression (Beiderbeck et al., 2007; 

Veenema et al., 2010b). The data I presented in chapter 3 substantially add to these findings 

demonstrating a rise of extracellular AVP in the septum of juvenile and adult male rats 
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during social memory acquisition of a neutral social stimulus (juvenile male rat). As 

aggressive as well as non-aggressive social interactions seem to trigger septal AVP release, 

this may propose that septal AVP release is of general importance for the evaluation of 

social stimulation. However, after a negative social stimulation, like social defeat, septal AVP 

release remained unchanged (Ebner et al., 2000). Notably, in the context of negative social 

stimulation, social defeat increases OT release within the SON and septum of male rats 

(Engelmann et al., 1999; Ebner et al., 2000), whereas AVP levels is elevated within the PVN 

(Wotjak et al., 1996). Apparently, social stress is able to directly influence neuropeptide 

release in limbic brain regions involved in social behavior, e.g. septum, amygdala, and 

hypothalamic nuclei (see above). The long-term effects of exposure to social stress on social 

behaviors and on the reactivity of intracerebral neuropeptide systems will be discussed in 

the following. 

 

4. Effects of social stress on social recognition and social preference 

 

Several genetic mouse models demonstrating impaired social abilities propose that social 

deficits are to a certain proportion due to genetic predisposition (Ferguson et al., 2000; 

McFarlane et al., 2008). However, environmental factors, especially different social 

experiences were shown to also play a role in the development of social deficits (Veenema, 

2009). Therefore, I used rodent models of stressful social experiences like social defeat and 

MS to investigate their behavioral consequences on social preference and social recognition 

as well as their effect on the central OT and AVP system. 
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4.1 Effects of social defeat on social preference 

In chapter 2, I demonstrated that acute social defeat by a male con-specific resulted in a loss 

of social preference in male rats. This finding is in line with several studies in rats and mice 

demonstrating avoidance of social contact to con-specifics after repeated negative social 

encounters (Avgustinovich et al., 2005; Berton et al., 2006). Only a few studies showed 

reduced social interaction after a single social defeat (Haller and Bakos, 2002). In contrast to 

these single defeat studies, I was only able to demonstrate a loss of social preference when 

the defeater rat was used as social stimulus, indicating social recognition in the defeated 

experimental rats. This phenomenon has also been observed in a study reporting social 

avoidance in golden hamsters (Lai et al., 2005). This implies that for eliciting social avoidance 

towards an unknown social stimulus in rats a stronger form of social defeat or repeated 

defeat by different defeater rats may be needed. 

In my studies, social defeat resulted in even lower social investigation times than those 

directed towards the object stimulus, indicating not only loss of social preference, but even 

social anxiety. As social defeat elicits non-social anxiety in rats and mice (Heinrichs et al., 

1992; Avgustinovich et al., 2005; Buwalda et al., 2005), it is possible that reduction in social 

preference after social defeat is due to increased general anxiety after the defeat. However, 

this is unlikely as I was able to demonstrate that the general anxiolytic agent PTZ did not 

reduce social preference, although it increased anxiety on the elevated plus-maze. Thus, the 

social preference paradigm appears to be specific for social stimulus-related anxiety.  

 

Several studies measuring intracerebral release during stressful social encounters 

emphasized the important role of OT and AVP in this context (for review see above and  
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Engelmann et al., 2004). Non-social stressors, like forced swimming, trigger both OT and AVP 

release in the PVN, SON and septum, whereas in the periphery only OT is increased (Wotjak 

et al., 1998; Engelmann et al., 2000). In the context of social stress, OT release is increased in 

the septum and SON, but not PVN, of the defeated male rat during social defeat (Wotjak et 

al., 1996; Engelmann et al., 1999; Ebner et al., 2000). Within the PVN, increased OT release 

was only observed after positive social stimulation like mating (Wotjak et al., 1996; Waldherr 

and Neumann, 2007). In contrast, social defeat increases AVP levels in the PVN, but not in 

the septum or in the SON (Wotjak et al., 1996; Ebner et al., 2000). Interestingly, the 

secretion into the blood of both OT and AVP, is unchanged after social defeat (Wotjak et al., 

1996; Engelmann et al., 2000). This indicates a specific release pattern for OT and AVP during 

an acute negative social stress experiences. Due to the pro-social effects of endogenous OT 

on social preference, an increase in the general availability of OT in the brain may be 

efficient to restore social preference in socially defeated rats. 

Indeed, I restored social preference in socially defeated rats via icv infusion of synthetic OT. 

Despite its role in recognition of familiar con-specifics (Bielsky and Young, 2004; Lukas et al., 

in preparation), it is unlikely that these effects are due to OT-mediated alterations in social 

recognition, as the dose used in the current study was ineffective in social recognition 

(Benelli et al., 1995). Also, if anything, OT would have facilitated the recognition of the 

defeater rat, which would have promoted avoidance rather than restored social preference, 

as it was found in the present study. Attempts to localize the OT-mediated restoration of 

social preference behavior after social defeat in the medial and central amygdala were not 

successful. This supports my findings that blockade of endogenous OT in these amygdala 

subnuclei did not reduce natural social preference in male rats. Intriguingly, reduced social 
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interaction in prenatally stressed female rats can be rescued with intra-amygdala infusion of 

OT (Lee et al., 2007). The use of a different stress model may explain the differences in the 

local OT rescue of social approach behavior. I could further show that exogenous OT did not 

increase social preference under basal circumstances. Similarly, in human studies, intranasal 

OT application reduces hyperresponsivity of the amygdala to facial cues in socially anxious 

patients, while not affecting the response in healthy subjects (Labuschagne et al., 2010).  

 

 

4.2 Effects of MS on social recognition 

In chapter 3, I observed that postnatal stress in the form of MS did not affect social memory, 

i.e. social recognition abilities, of juvenile (5-weeks old) male rats. Social recognition in MS 

rats was present 30 min, but not 60 min after the initial social contact. Under control 

conditions, i.e. in un-separated adult male rats, the social memory for juvenile stimuli lasted 

for at least 60 min. Furthermore, social recognition, for juvenile stimuli, of female MS rats at 

an IEI of 60 min was unaffected (Figure 23). 

Besides social recognition,  MS alters more complex social behaviors, including an increase in 

aggression and a reduction of sexual behavior in adult male rats (Rhees et al., 2001; Greisen 

et al., 2005; Veenema et al., 2006). In the case of intermale aggression, alterations in social 

interactions occur more early in development, as juvenile male MS rats show an increase in 

nape attacks and biting, and a decrease in submissive behaviors during play-fighting 

(Veenema and Neumann, 2009). Together with the finding that MS impairs social 

recognition abilities, early life stress seems to alter important aspects of social 

communication. As MS impaired social recognition in adult male rats only, this may point 
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towards MS-induced changes during sexual maturation in neural circuits underlying social 

behavior, like alterations in the binding properties of OT and AVP to their respective 

receptors or in their intracerebral release. As males seem to be more affected concerning 

social recognition impairments, alterations in the brain AVP system may be more likely, 

especially due to its exclusive role in male social recognition (Bluthe and Dantzer, 1990) and 

its pronounced occurrence in the male rodent brain (De Vries et al., 1984b). 
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Figure 23: Effects of MS on social recognition in juvenile (A) and adult (B) female rats. Social discrimination 

abilities are reflected by the percentage of investigation time towards the novel and the same 3-week-old rat 

after an inter-exposure interval of 60 min in Control and MS rats. Numbers in parentheses indicate group size. 

Data are means + SEM, * p < 0.05 vs. novel rat, paired samples t-test (same × novel). 

 

In line with this hypothesis, in chapter 4, I observed robust developmental changes in V1aR 

binding in several brain regions of juvenile and adult male rats. These developmental 

changes are in line with previous findings in rats (Tribollet et al., 1989; Tribollet et al., 1991) 

and are likely due to differences in receptor number rather than differences in their affinity 
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(Tribollet et al., 1991). Most developmental changes in V1aR binding were observed around 

the age of 8 weeks, which corresponds with adolescence in rats. During adolescence, 

pronounced remodeling of the brain occurs, which is required to achieve social and sexual 

maturity (Spear, 2000). The transition of V1aR binding to adult binding levels in adolescent 

rats might therefore contribute to sexual maturation and the expression of adult-typical 

behaviors.  

 

Surprisingly, none of the MS-induced alterations in V1aR was stable across the three stages 

of development (i.e. juvenile, adolescent, adult). Although speculative, changes in V1aR gene 

expression and subsequent receptor binding may be induced by epigenetic modulation of 

respective gene transcriptions after MS. The epigenetic modulation of the glucocorticoid 

receptor altered stress responsiveness, but was potentially reversible later in life (Weaver et 

al., 2005). MS-induced changes in neuropeptide receptor binding that only occurred at 

juvenile and/or adolescent age (as was seen for V1aR binding in the lateral septum and 

dentate gyrus) could have interfered with the normal development of that particular brain 

region, and in turn, with the normal development of social or emotional behaviors. The MS 

effects on V1aRs are discussed below with an emphasis on those brain regions implicated in 

social behaviors.  

 

MS accelerated the maturation of V1aR binding in the lateral septum in such a way that an 

adult-like V1aR binding pattern was already observed at juvenile age. V1aR gene expression 

in the septum is positively regulated by glucocorticoids (Watters et al., 1996b). In this 

respect, it is of interest to note that juvenile MS rats have higher baseline plasma 
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corticosterone levels compared to juvenile control rats (Veenema and Neumann, 2009). This 

suggests that the higher V1aR binding in juvenile MS rats could have been mediated by MS-

induced changes in plasma corticosterone concentration. As already mentioned, the septal 

AVP system is strongly involved in male social recognition (Landgraf et al., 2003; Bielsky et 

al., 2005a) and  complex social interactions dependent on the functioning of social 

recognition, like intermale aggression (Irvin et al., 1990; Koolhaas et al., 1991; Beiderbeck et 

al., 2007). As V1aR gene expression in the septum is positively regulated by glucocorticoids 

(Watters et al., 1996b), it is of interest to note that juvenile MS rats have higher baseline 

plasma corticosterone levels compared to juvenile control rats (Veenema and Neumann, 

2009). This suggests that the higher V1aR binding in juvenile MS rats could have been 

mediated by MS-induced changes in plasma corticosterone concentration. The septal AVP 

system is strongly involved in male social recognition (Landgraf et al., 2003; Bielsky et al., 

2005a) and  complex social interactions dependent on functioning of social recognition, like 

intermale aggression (Irvin et al., 1990; Koolhaas et al., 1991; Beiderbeck et al., 2007). 

Furthermore, MS significantly increased V1aR binding in the piriform cortex of adolescent 

and adult rats. The piriform cortex is part of a network involved in the processing of 

olfactory cues used for social communication (Richter et al., 2005; Ross and Eichenbaum, 

2006; Petrulis, 2009). Activation of the piriform cortex was found to be crucial for the 

consolidation and for the recall of long-term social memory (Sanchez-Andrade and Kendrick, 

2009).  

Also, the amygdala is involved in the processing of olfactory and visual cues (Bressler and 

Baum, 1996; Ferguson et al., 2002; Adolphs and Spezio, 2006) and in fundamental emotions 

like anxiety and fear (LeDoux, 2000; Walker et al., 2003), which have a strong influence on 
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the expression of a variety of social behaviors. However, MS had no effect on V1aR binding 

in the amygdala, suggesting that the role of local V1aR is consistent across development. 

Additionally, we showed that exposure to MS interferes with the normal development of 

OTR binding in specific forebrain regions, such as the agranular insular cortex, the lateral 

septum, and the ventromedial hypothalamus (Lukas et al., 2010) that might contribute to 

MS-induced alterations in aggressive (Veenema et al., 2006; Veenema and Neumann, 2009) 

and other social behaviors, like sexual behaviors or social cognition.  

Overall, in chapter 4, I demonstrated that exposure to MS interferes with the developmental 

changes in V1aR binding in specific forebrain regions and contribute to the behavioral 

alterations found upon MS. However, whether these changes in receptor binding correspond 

with changes in AVP neurotransmission is not known. Therefore, it is necessary to examine 

to which extent the MS-induced alterations in local neuropeptide receptor binding are 

associated with changes in dynamic patterns of local neuropeptide release (Landgraf and 

Neumann, 2004; Neumann, 2008).  

 

As discussed earlier, adult male MS rats were able to perform social recognition after an IEI 

of 30 min, but not after 60 min. In chapter 3, I observed that adult male MS rats failed to 

show a rise in septal AVP release during the acquisition of social memory that was formerly 

observed in non-stressed rats, suggesting a link between the blunted septal AVP release and 

MS-induced social recognition impairments. This finding further suggests that basal septal 

AVP release, which did not differ between MS and control rats, is sufficient for successful 

social discrimination at short intervals. This corresponds with the demonstration that a total 

lack of AVP in AVP-deficient male Brattleboro rats (Engelmann and Landgraf, 1994) or 
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blockade of septal V1aR in male Wistar rats (Dantzer et al., 1988) impaired social recognition 

at the short 30-min interval. As forced swimming induced a rise in septal AVP release in both 

control and MS rats the blunted response in septal AVP release after social stimulation 

strongly indicates stimulus-specificity of the impaired release. Moreover, this demonstrates 

that the blunted AVP release after social stimulation is not due to a reduced availability of 

AVP itself. Interestingly, the AVP release during social discrimination in juvenile male MS rats 

is unchanged compared to untreated controls. This indicates that the deficit in septal AVP 

release after social stimulation develops during aging and may be connected to the 

developmental changes observed in V1aR binding after MS. 

 

In order to causally link the blunted septal AVP release with the MS-induced impairments in 

social recognition, I restored extracellular AVP release by retrodialysis of synthetic AVP into 

the lateral septum of adult MS rats. Thereby, I was able to reestablish social recognition in 

adult MS rats at the 60-min interval. This strongly suggests that the rise in septal AVP release 

observed during social memory acquisition is critical for successful recognition after a time 

period longer than 30 min. This is consistent with the finding that administration of AVP into 

the lateral septum prolongs social recognition memory in adult male rats for up to 2 h 

(Dantzer et al., 1988) or even 24 h (Landgraf et al., 2003). 

 

5. Translational aspects of brain neuropeptides in social behaviors 

 

As reviewed in the introduction, OT and AVP are involved in human social behaviors as well 

and elicit distinct effects on these behaviors when applied intranasally. I outlined in the 
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discussion that OT and AVP have the potential to restore environmentally-induced social 

deficits. Thus, it may be of interest to discuss the involvement of alterations in OT and AVP 

activity in human psychopathologies classified by deficits in social interactions, such as ASD 

and social anxiety disorder. 

Association studies on several ethnic groups link polymorphisms in the OT receptor gene 

with ASD (Wu et al., 2005; Jacob et al., 2007; Lerer et al., 2007). Furthermore, another study 

was able to detect epigenetic modifications within the OTR promoter region of ASD patients, 

indicating altered levels of OT receptor expression (Gregory et al., 2009) 

Implications for the involvement of the AVP system in autism are mainly based on several 

gene association studies that found a link between polymorphisms in the V1aR gene and 

ASD (Kim et al., 2002; Wassink et al., 2004; Yirmiya et al., 2006). Overall, association studies 

support, to some extent, the link between ASD and OTR as well as V1aR genes. 

Another approach in this context may be to investigate alterations in the central and 

peripheral availability of OT and AVP that has been discussed to contribute to the 

development of social deficits in autism (Hammock and Young, 2006; Carter, 2007; Harony 

and Wagner, 2010). However, this kind of research is mainly based on OT so far. For 

example, plasma OT concentrations, which may reflect at least partly central OT system 

activity, are dysregulated in individuals with ASD or social anxiety disorder (Green et al., 

2001; Hoge et al., 2008; Lane, 2009). Various studies indicate the potential use of OT applied 

intravenously or intranasally in the treatment of ASD. Thus, OT reduces repetitive behaviors 

in patients with Asperger’s syndrome or autism (Hollander et al., 2002) and promotes 

prosocial behaviors in high-functioning autism (Andari et al., 2010). Moreover, OT improves 

affective speech comprehension in adults (Hollander et al., 2007) and emotion recognition in 
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youths with ASD (Guastella et al., 2010b). Therefore, OT was used as an adjunct to exposure 

therapy (Guastella et al., 2009) and attenuates amygdala reactivity to fear (Labuschagne et 

al., 2010) in social anxiety disorder. My finding in rats that administration of synthetic OT 

was able to prevent social avoidance, further supports the use of intranasal OT as potential 

treatment of social deficits in humans.  

 

Beside these studies, using intranasal OT administration in patients and healthy subjects 

demonstrate that non-invasive intranasal administration is an adequate tool to investigate 

the effects of neuropeptides on clinical aspects of social behaviors, emotionality and 

neuronal activation patterns (for review see Heinrichs and Domes, 2008; Meyer-Lindenberg, 

2008). The effects of intranasal NPS have not been tested in humans so far, although several 

human studies suggested an involvement of the brain NPS system in anxiety disorders 

(Laitinen et al., 2004; Domschke et al., 2010; Donner et al., 2010; Raczka et al., 2010). For 

example, a single nucleotide polymorphism in the human NPS receptor has been associated 

with an increased risk for panic disorder and over-interpretation of fear (Raczka et al., 2010), 

and the Ile107 receptor variant is associated with enhanced fear acquisition (Domschke et al., 

2010). Intriguingly, this receptor variant has a 10-fold higher potency for NPS (Reinscheid et 

al., 2005). Although this seems to argue against a potential therapeutic effect of NPS in 

humans, studies performed in rat models for hyper-anxiety and depression-like behavior 

demonstrated that NPS exerts an acute anxiolytic effect even in such rodents (Slattery et al., 

2008; Wegener et al., in press). Therefore, the nasal route of application may be promising 

to investigate the efficacy of nasal NPS in rodent models. 
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In chapter 5, I demonstrated for the first time that nasally applied NPS improved non-social 

memory and non-social anxiety in rats. Thus, nasal NPS mimicked the behavioral effects that 

were already shown after central administration of NPS in rats and mice (Xu et al., 2004; 

Okamura et al., 2011; Wegener et al., in press). In contrast to nasal application, sc 

administration of NPS at the same dose and time point was without any behavioral effect. Sc 

NPS needs to cross the blood brain barrier, which restricts neuropeptide transport in 

relevant amounts (Ermisch et al., 1985). The finding that behavioral effects of NPS were 

observed after nasal, but not sc, administration, is in line with the hypothesis that nasally 

applied NPS, at least in rats, reaches neuronal structures of the brain in significant amounts 

by bypassing the bloodstream and directly entering the CNS (Born et al., 2002).  

Nasal NPS prolonged object memory at a ten-fold lower dose than needed for its anxiolytic 

effects. A possible explanation for that may be that different brain regions involved in 

memory and anxiety-related behavior vary in their accessibility by nasal NPS. It is also 

possible that different behavioral effects, i.e. memory-enhancing and anxiolytic effects 

require different doses of NPS. A follow up study investigating the behavioral efficacy of 

nasal NPS after blockade of central NPS receptors could be a possible approach to confirm 

that nasally applied NPS acts in the CNS.  

Based on our finding that nasal NPS exerts both anxiolytic and memory enhancing effects, 

human studies are essentially needed to test the efficacy of intranasally applied NPS on 

anxiety, fear and stress responses, or memory tasks in healthy volunteers and relevant 

patient groups.   
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6. Concluding remarks 

Psychopathologies like autism, schizophrenia, and social anxiety disorder that involve 

various forms of social deficits like social anxiety and reduced social cognition, gain more and 

more relevance. Unfortunately, the neurobiological underpinnings of these disorders are 

mainly unknown. Rodent and human studies suggest an involvement of highly conserved 

central neuropeptides like OT and AVP, in many mammalian social behaviors. However, as 

the investigation of neurobiological mechanisms in humans is limited, it is of main interest to 

further investigate the involvement of central neuropeptide systems in social deficits in 

rodent models. 

 

In the present thesis, I could provide further evidence for the a prominent role of OT and 

AVP in basic social behaviors, i.e. social approach and social recognition in male rats, that are 

prerequisites for diverse complex social behaviors like aggression, sexual behavior, and pair 

bonding. 

Naturally, male rats and mice demonstrate a preference for social stimuli over non-social 

stimuli. In this thesis, I demonstrated that social preference is dependent on endogenous 

OT. The pro-social effect of endogenous OT does not seem to be linked to a decrease in 

general anxiety and is, therefore, specific to social approach behavior. However, I failed to 

localize this pro-social effect of endogenous OT in one of the amygdala subnuclei, as it may 

be suggested by several human studies. Despite its endogenous effects during social 

preference, synthetic central OT was ineffective in further increasing natural social 

preference. OT seems to reverse social deficits only in rats with social impairments without 

influencing social preference in normal rats. Therefore, animal models with reduced 
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sociability may be an attractive opportunity to further investigate this issue. Furthermore, I 

could neither observe an involvement of endogenous AVP, nor endogenous and synthetic 

NPS in social preference behavior of male Wistar rats, although both regulate non-social 

anxiety, indicating that social anxiety might be regulated differently than non-social anxiety 

in rodents. However, at least in the case of AVP, this needs further investigation. Overall, I 

provided first evidence for the involvement of OT in social approach behavior and affiliation 

towards a same-sex social stimulus in rodents, which is thereby not linked to reproductive 

behavior. 

 

Concerning the involvement of AVP in rodent social cognition, I demonstrated endogenous 

AVP release into the lateral septum of juvenile and adult male rats accompanying social 

memory acquisition during social discrimination, not only supporting the involvement of 

septal AVP in juvenile and adult male social recognition, but also providing first evidence 

that septal AVP gets released during a non-aggressive encounter. This further indicates the 

involvement of both AVP and social recognition in more complex social behaviors, e.g. 

intermale aggression, and in the evaluation of different social stimuli. 

 

I also demonstrated that social stressors, like acute social defeat and MS, significantly 

impaired social preference and social recognition. Social defeat caused social avoidance in 

male rats when tested in the social preference paradigm. However, this effect was only 

visible when the former aggressor was used as the social stimulus, indicating an individual 

rather than a general involvement of social avoidance. Furthermore, I reversed this social 

defeat-induced impairment in social approach by central administration of synthetic OT. 
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Since localization of this OT-mediated rescue effect in the amygdala was not possible, 

further investigation is needed to localize the pro-social effects of OT in brain regions 

upstream of the amygdala, for instance. 

Moreover, I demonstrated that MS impaired social recognition of adult male, but not of 

juvenile or female rats. These findings propose that social abilities, like individual social 

recognition, are shaped early in life and are, at least to some extent, influenced gender-

specific by environmental factors like maternal care. Furthermore, MS interferes with the 

normal development of V1aR binding in specific forebrain regions, like the lateral septum 

and the piriform cortex. The alterations in V1aR binding likely contribute to the behavioral 

alterations found upon MS. Especially the MS-induced alterations in V1aR binding in the 

lateral septum might contribute to the MS-induced alterations in social recognition. As most 

of the effects did not result in permanent changes in receptor binding, these changes may 

rather have influenced central release patterns of AVP during development. By measuring 

AVP release during social recognition in adult male MS rats, I found a social stimulus specific 

blunted AVP release in response to the initial social stimulus during social recognition. As 

this impairment of septal AVP release was not observed in juvenile MS rats, it again indicates 

developmental effects of MS on the male AVP system. Finally, the impairment in social 

recognition at adult age were causally linked to the blunted AVP release during social 

memory acquisition, as administration of synthetic AVP enhanced social recognition abilities 

of adult MS rats to the level of unstressed rats. These findings strongly imply a prominent 

role of deficient central AVP signaling in rodent social cognition deficits that may be 

translated to human research as well. 
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Moreover, synthetic OT and AVP demonstrated therapeutic potential concerning social 

deficits induced by socially stressful experiences. Together, these findings may support the 

progress of clinical studies investigating human psychopathologies characterized by social 

interaction deficits like ASD. 

 

Finally, I demonstrated that neither endogenous nor synthetic NPS is involved in social 

anxiety behavior and social memory processing. This indicates that the anxiolytic and 

memory enhancing effects of NPS are specific to a non-social context. Additionally, I showed 

for the first time that nasally applied NPS in male Wistar rats completely mimicked the non-

social anxiolytic and memory enhancing effects of its central administration. As this finding 

confirms the effectiveness of non-invasive nasal application, this should strongly encourage 

potential clinical trials using nasal NPS administration as promising therapeutic agent in the 

context of panic and anxiety disorders. 

 

In conclusion, this thesis significantly adds to the knowledge concerning the involvement of 

the neuropeptides OT, AVP, and NPS in social preference and social recognition in male rats 

and reveals several formerly unknown neurobiological underpinnings of stress-induced 

impairments in these behaviors.   



 

 

 

 

Summary in German
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Deutsche Zusammenfassung 

Psychologische Erkrankungen, die soziale Angst und Defizite sozialer Kognition mit 

einschließen, nehmen in der heutigen Gesellschaft einen immer größer werdenden 

Stellenwert ein. Beispiele hierfür sind Schizophrenie, soziale Angsterkrankungen und 

Autismus, um nur einige zu nennen. Die neurobiologischen Ursachen dieser sozialen Defizite 

sind jedoch noch weitgehend unbekannt. Klinische Studien, sowohl an Patienten als auch an 

gesunden Freiwilligen, schreiben Störungen in zentralen Neuropeptid-Systemen eine 

wichtige Rolle dabei zu. Außerdem konnte bereits gezeigt werden, dass sich die intranasale 

Verabreichung der Neuropeptide Oxytocin und Vasopressin positiv auf verschiedene Aspekte 

sozialer Kognition, wie z.B. der Erkennung von Gesichtern, auswirkt. Ebenso wurde der 

Einfluss dieser Neuropeptide auf soziale Verhaltensweisen bei Nager beschrieben. Aufgrund 

der hohen evolutionären Konservierung der Neuropeptide innerhalb aller Wirbeltierklassen, 

speziell der Säugetiere, sind Belege zum Einfluss von Neuropeptiden auf das Verhalten 

niedriger Säuger besonders gut auf die spätere humane Anwendung übertragbar. Das Ziel 

dieser Arbeit war es, das Wissen über den Einfluss der Neuropeptide Oxytocin, Vasopressin  

und des erst kürzlich entdeckten Neuropeptids S auf das Sozialverhalten von Nagern zu 

ergänzen und mit Hilfe sozialer Stressmodelle soziale Defizite zu erzeugen, die mit Störungen 

zentraler Neuropeptid-Systeme in Verbindung gebracht werden können. Desweiteren wurde 

das Potential dieser Neuropeptide bei der Behandlung dieser sozialen Defizite getestet. 

In Kapitel 2 und 3 dieser Arbeit habe ich den Einfluss von OT und AVP auf zwei grundlegende 

Verhaltensweisen sozialer Nager untersucht: Die Präferenz für soziale Stimuli gegenüber 

nicht-sozialer Stimuli und die Fähigkeit zur individuellen sozialen Wiedererkennung, der 

Einfachheit halber im Folgenden soziale Präferenz und soziales Gedächtnis genannt. 
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Bezüglich der sozialen Präferenz konnte ich zeigen, dass die Blockierung des endogenen 

Oxytocinsystems von männlichen Ratten zur Meidung des sozialen Stimulus und im Falle von 

Mäusen sogar zum totalen Verlust der sozialen Präferenz führt. Weder durch 

intraventrikuläre Infusion eines spezifischen Vasopressin 1a Rezeptor Antagonisten noch 

durch die Induktion nicht-sozialer Angst durch Pentylentetrazol war es möglich die soziale 

Präferenz der Ratten zu beeinflussen. Dies spricht für die Spezifität der durch das endogene 

Oxytocin vermittelten Effekte auf die soziale Präferenz männlicher Wistarratten. 

Desweiteren konnte ich zeigen, dass eine akute soziale Niederlage bei männlichen Ratten zur 

Reduktion der sozialen Präferenz führt. Da die Untersuchungszeit, die die Ratten nach 

sozialer Unterlegenheit mit dem sozialen Stimulus verbringen, sogar die Untersuchungszeit 

des nicht-sozialen Stimulus unterschreitet, kann man annehmen, dass soziale Angst erzeugt 

wurde. Mittels intraventrikulärer Infusion synthetischen Oxytocins, war es mir allerdings 

möglich, die soziale Präferenz in diesen Tieren wiederherzustellen. Interessanterweise führte 

die Infusion von synthetischem Oxytocin in nicht-gestressten Ratten nicht zu einer Erhöhung 

der sozialen Präferenz, was wahrscheinlich auf die bereits sehr hohe soziale Präferenz von 

Wistarratten zurückzuführen ist. Demnach ist es nicht auszuschließen, dass das 

Sozialverhalten von Versuchstieren mit geringerer sozialer Präferenz mittels OT 

beeinflussbar wäre. Lokalisationsstudien haben gezeigt, dass der prosoziale Effekt von 

Oxytocin nicht unmittelbar über die Amygdala vermittelt werden kann. 

In Kapitel 3 und 4 wurden männliche Wistarratten während den ersten zwei Lebenswochen 

für jeweils 3 Stunden täglich von der Mutter getrennt. Dieses Stressmodel, auch maternale 

Separation (MS) genannt, wurde bereits mehrmals in Zusammenhang mit Veränderungen 
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emotionaler und sozialer Verhaltensweisen in juvenilen und adulten Ratten gebracht. Nach 

der MS-Prozedur wurden sowohl Veränderungen in der sozialen Gedächtnisleistung als auch 

im zentralen Vasopressinsystem bei juvenilen und adulten Tieren untersucht.  Dabei konnte 

ich zunächst zeigen, dass adulte MS-Ratten Gedächtnisdefizite aufweisen, wenn sie 60 Min 

nach dem ersten Kontakt mit einem juvenilen Stimulus konfrontiert werden. Das soziale 

Gedächtnis juveniler MS-Ratten dagegen weißt keine Veränderungen gegenüber den 

jeweiligen Kontrolltieren auf. Außerdem war es mir möglich Veränderungen im 

Bindungsverhalten der Vasopressin-1a-Rezeptoren in für das Sozialverhalten relevanten 

Gehirnregionen, wie dem lateralen Septum und dem piriformen Kortex, festzustellen. Diese 

Veränderungen waren jedoch meist altersabhängig, d.h. in einem veränderten 

Entwicklungsmuster während der Entwicklung von der juvenilen und adoleszenten zur 

adulten Ratte zu beobachten. Desweiteren konnte ich eine reduzierte septale 

Vasopressinausschüttung während der Ausbildung des sozialen Gedächtnisses adulter 

männlicher MS-Ratten beobachten. Durch die septale Gabe von synthetischem Vasopressin 

während der sozialen Gedächtnisbildung, war es mir möglich das soziale Gedächtnis in 

adulten MS-Ratten wieder herzustellen. Dies bestätigte einen kausalen Zusammenhang 

zwischen den Defiziten im zentralen Vasopressinsystem postnatal gestresster Ratten und 

ihren Defiziten im sozialen Gedächtnis. 

Schließlich war es mir möglich, erstmals nachzuweisen, dass weder exogenes noch 

endogenes Neuropeptid S die soziale Präferenz oder das soziale Gedächtnis männlicher 

Wistarratten beeinflusst. Dies war ein überraschendes Ergebnis, da zentral verabreichtes 

Neuropeptid S eine deutliche Verringerung nicht-sozialen Angstverhaltens und eine 

Verbesserung des nicht-sozialen Objektgedächtnisses zur Folge hatte. Desweitern konnte ich 
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zeigen, dass nasal verabreichtes Neuropeptid S, die angstlösenden und 

gedächtnisverbessernden Effekte, die bei zentraler Verabreichung auftreten, imitiert. 

 

Zusammenfassend konnte ich in der vorliegenden Dissertation das Wissen über den Einfluss 

der Neuropeptide Oxytocin, Vasopressin und NPS bezüglich der sozialen Präferenz und des 

sozialen Gedächtnisses männlicher Wistarratten erweitern und es war mir möglich, einige 

der zugrundeliegenden neurobiologischen Mechanismen sozialer Defizite aufzuklären.  



 

 

 

 

 

References



References   167 

Acher R, Chauvet J, Chauvet MT (1972) Phylogeny of the neurohypophysial hormones. Two 
new active peptides isolated from a cartilaginous fish, squalus acanthias. Eur J Biochem 
29:12-19. 

Adolphs R, Spezio M (2006) Role of the amygdala in processing visual social stimuli. Prog 
Brain Res 156:363-378. 

Agnati LF, Bjelke B, Fuxe K (1995) Volume versus wiring transmission in the brain: A new 
theoretical frame for neuropsychopharmacology. Med Res Rev 15:33-45. 

Alcalay RN, Giladi E, Pick CG, Gozes I (2004) Intranasal administration of nap, a 
neuroprotective peptide, decreases anxiety-like behavior in aging mice in the elevated plus 
maze. Neurosci Lett 361:128-131. 

Almazan G, Lefebvre DL, Zingg HH (1989) Ontogeny of hypothalamic vasopressin, oxytocin 
and somatostatin gene expression. Brain Res Dev Brain Res 45:69-75. 

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 107:4389-4394. 

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 171:1141-1151. 

Argiolas A, Melis MR (2004) The role of oxytocin and the paraventricular nucleus in the 
sexual behaviour of male mammals. Physiol Behav 83:309-317. 

Arsenijevic Y, Tribollet E (1998) Region-specific effect of testosterone on oxytocin receptor 
binding in the brain of the aged rat. Brain Res 785:167-170. 

Arsenijevic Y, Dreifuss JJ, Vallet P, Marguerat A, Tribollet E (1995) Reduced binding of 
oxytocin in the rat brain during aging. Brain Res 698:275-279. 

Avgustinovich D, Kovalenko I, Kudryavtseva N (2005) A model of anxious depression: 
Persistence of behavioral pathology. Neurosci Behav Physiol 35:917-924. 

Bale TL, Dorsa DM (1995) Regulation of oxytocin receptor messenger ribonucleic acid in the 
ventromedial hypothalamus by testosterone and its metabolites. Endocrinology 136:5135-
5138. 

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. 

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 144:38-45. 

Barberis C, Tribollet E (1996) Vasopressin and oxytocin receptors in the central nervous 
system. Crit Rev Neurobiol 10:119-154. 



References   168 

 

 

Barnow S, Freyberger HJ (2003) The family environment in early life and aggressive behavior 
in adolescents and young adults. In: Neurobiology of aggression: Understanding and 
preventing violence (Mattson M, ed), pp 213-229. Totowa, NJ: Humana Press Inc. 

Barnow S, Lucht M, Freyberger HJ (2001) Influence of punishment, emotional rejection, child 
abuse, and broken home on aggression in adolescence: An examination of aggressive 
adolescents in germany. Psychopathology 34:167-173. 

Baum MJ, Kelliher KR (2009) Complementary roles of the main and accessory olfactory 
systems in mammalian mate recognition. Annu Rev Physiol 71:141-160. 

Baumgartner T, Heinrichs M, Vonlanthen A, Fischbacher U, Fehr E (2008) Oxytocin shapes 
the neural circuitry of trust and trust adaptation in humans. Neuron 58:639-650. 

Beiderbeck DI, Neumann ID, Veenema AH (2007) Differences in intermale aggression are 
accompanied by opposite vasopressin release patterns within the septum in rats bred for 
low and high anxiety. Eur J Neurosci 26:3597-3605. 

Benedict C, Hallschmid M, Schmitz K, Schultes B, Ratter F, Fehm HL, Born J, Kern W (2006) 
Intranasal insulin improves memory in humans: Superiority of insulin aspart. 
Neuropsychopharmacology 32:239-243. 

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 28:251-255. 

Berton O, McClung CA, DiLeone RJ, Krishnan V, Renthal W, Russo SJ, Graham D, Tsankova 
NM, Bolanos CA, Rios M, Monteggia LM, Self DW, Nestler EJ (2006) Essential role of bdnf in 
the mesolimbic dopamine pathway in social defeat stress. Science 311:864-868. 

Bielsky IF, Young LJ (2004) Oxytocin, vasopressin, and social recognition in mammals. 
Peptides 25:1565-1574. 

Bielsky IF, Hu S-B, Szegda KL, Westphal H, Young LJ (2004) Profound impairment in social 
recognition and reduction in anxiety-like behavior in vasopressin v1a receptor knockout 
mice. Neuropsychopharmacology 29:483-493. 

Bielsky IF, Hu SB, Ren X, Terwilliger EF, Young LJ (2005a) The v1a vasopressin receptor is 
necessary and sufficient for normal social recognition: A gene replacement study. Neuron 
47:503-513. 

Bielsky IF, Hu S-B, Ren X, Terwilliger EF, Young LJ (2005b) The v1a vasopressin receptor is 
necessary and sufficient for normal social recognition: A gene replacement study. Neuron 
47:503-513. 

Blume A, Bosch OJ, Miklos S, Torner L, Wales L, Waldherr M, Neumann ID (2008) Oxytocin 
reduces anxiety via erk1/2 activation: Local effect within the rat hypothalamic 
paraventricular nucleus. Eur J Neurosci 27:1947-1956. 



References   169 

 

 

Bluthe RM, Dantzer R (1990) Social recognition does not involve vasopressinergic 
neurotransmission in female rats. Brain Res 535:301-304. 

Bluthe RM, Schoenen J, Dantzer R (1990) Androgen-dependent vasopressinergic neurons are 
involved in social recognition in rats. Brain Res 519:150-157. 

Born J, Lange T, Kern W, McGregor GP, Bickel U, Fehm HL (2002) Sniffing neuropeptides: A 
transnasal approach to the human brain. Nat Neurosci 5:514-516. 

Bosch OJ (2011) Maternal nurturing is dependent on her innate anxiety: The behavioral roles 
of brain oxytocin and vasopressin. Horm Behav 59:202-212. 

Bosch OJ, Neumann ID (2008) Brain vasopressin is an important regulator of maternal 
behavior independent of dams' trait anxiety. Proc Natl Acad Sci U S A 105:17139-17144. 

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 124:439-448. 

Bosch OJ, Meddle SL, Beiderbeck DI, Douglas AJ, Neumann ID (2005) Brain oxytocin 
correlates with maternal aggression: Link to anxiety. J Neurosci 25:6807-6815. 

Bressler SC, Baum MJ (1996) Sex comparison of neuronal fos immunoreactivity in the rat 
vomeronasal projection circuit after chemosensory stimulation. Neuroscience 71:1063-1072. 

Broadbent NJ, Squire LR, Clark RE (2004) Spatial memory, recognition memory, and the 
hippocampus. Proc Natl Acad Sci U S A 101:14515-14520. 

Brunson KL, Kramar E, Lin B, Chen Y, Colgin LL, Yanagihara TK, Lynch G, Baram TZ (2005) 
Mechanisms of late-onset cognitive decline after early-life stress. J Neurosci 25:9328-9338. 

Buchheim A, Heinrichs M, George C, Pokorny D, Koops E, Henningsen P, O'Connor MF, 
Gundel H (2009) Oxytocin enhances the experience of attachment security. 
Psychoneuroendocrinology 34:1417-1422. 

Buijs RM, Velis DN, Swaab DF (1980) Ontogeny of vasopressin and oxytocin in the fetal rat: 
Early vasopressinergic innervation of the fetal brain. Peptides 1:315-324. 

Buijs RM, De Vries GJ, Van Leeuwen FW, Swaab DF (1983) Vasopressin and oxytocin: 
Distribution and putative functions in the brain. Prog Brain Res 60:115-122. 

Buwalda B, Kole MHP, Veenema AH, Huininga M, de Boer SF, Korte SM, Koolhaas JM (2005) 
Long-term effects of social stress on brain and behavior: A focus on hippocampal 
functioning. Neurosci Biobehav Rev 29:83-97. 

Caffe AR, van Leeuwen FW, Luiten PG (1987) Vasopressin cells in the medial amygdala of the 
rat project to the lateral septum and ventral hippocampus. J Comp Neurol 26:237-252. 



References   170 

 

 

Caldwell HK, Lee HJ, Macbeth AH, Young WS, 3rd (2008) Vasopressin: Behavioral roles of an 
"Original" Neuropeptide. Prog Neurobiol 84:1-24. 

Caronna EB, Milunsky JM, Tager-Flusberg H (2008) Autism spectrum disorders: Clinical and 
research frontiers. Arch Dis Child 93:518-523. 

Carter CS (2007) Sex differences in oxytocin and vasopressin: Implications for autism 
spectrum disorders? Behav Brain Res 176:170-186. 

Cho MM, DeVries AC, Williams JR, Carter CS (1999) The effects of oxytocin and vasopressin 
on partner preferences in male and female prairie voles (microtus ochrogaster). Behav 
Neurosci 113:1071-1079. 

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 U S A 100:6192-6197. 

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 104:4670-4675. 

Cinelli AR, Ferreyra-Moyano H, Barragan E (1987) Reciprocal functional connections of the 
olfactory bulbs and other olfactory related areas with the prefrontal cortex. Brain Res Bull 
19:651-661. 

Clark RE, Zola SM, Squire LR (2000) Impaired recognition memory in rats after damage to the 
hippocampus. J Neurosci 20:8853-8860. 

Crawley JN, Chen T, Puri A, Washburn R, Sullivan TL, Hill JM, Young NB, Nadler JJ, Moy SS, 
Young LJ, Caldwell HK, Young WS (2007) Social approach behaviors in oxytocin knockout 
mice: Comparison of two independent lines tested in different laboratory environments. 
Neuropeptides 41:145-163. 

Dantzer R, Koob GF, Bluthe RM, Le Moal M (1988) Septal vasopressin modulates social 
memory in male rats. Brain Res 457:143-147. 

Datiche F, Cattarelli M (1996) Reciprocal and topographic connections between the piriform 
and prefrontal cortices in the rat: A tracing study using the b subunit of the cholera toxin. 
Brain Res Bull 41:391-398. 

De Kloet ER, Voorhuis TA, Elands J (1985) Estradiol induces oxytocin binding sites in rat 
hypothalamic ventromedial nucleus. Eur J Pharmacol 118:185-186. 

De Souza MM, Schenberg LC, Carobrez AdP (1998) Nmda-coupled periaqueductal gray 
glycine receptors modulate anxioselective drug effects on plus-maze performance. Behav 
Brain Res 90:157-165. 



References   171 

 

 

De Vries GJ, Buijs RM (1983) The origin of the vasopressinergic and oxytocinergic innervation 
of the rat brain with special reference to the lateral septum. Brain Res 273:307-317. 

de Vries GJ, Buijs RM, Swaab DF (1981) Ontogeny of the vasopressinergic neurons of the 
suprachiasmatic nucleus and their extrahypothalamic projections in the rat brain--presence 
of a sex difference in the lateral septum. Brain Res 218:67-78. 

de Vries GJ, Buijs RM, Sluiter AA (1984a) Gonadal hormone actions on the morphology of the 
vasopressinergic innervation of the adult rat brain. Brain Res 298:141-145. 

De Vries GJ, Buijs RM, Van Leeuwen FW (1984b) Sex differences in vasopressin and other 
neurotransmitter systems in the brain. Prog Brain Res 61:185-203. 

De Wied D (1965) The influence of the posterior and intermediate lobe of the pituitary and 
pituitary peptides on the maintenance of a conditioned avoidance reponse in rats. Int J 
Neuropharmacol 4:157-167. 

DeVries GJ, Buijs RM, Van Leeuwen FW, Caffe AR, Swaab DF (1985) The vasopressinergic 
innervation of the brain in normal and castrated rats. J Comp Neurol 233:236-254. 

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 19:999-1005. 

Dodge KA, Bates JE, Pettit GS (1990) Mechanisms in the cycle of violence. Science 250:1678-
1683. 

Domes G, Heinrichs M, Michel A, Berger C, Herpertz SC (2007a) Oxytocin improves "Mind-
reading" In humans. Biol Psychiatry 61:731-733. 

Domes G, Heinrichs M, Gläscher J, Büchel C, Braus DF, Herpertz SC (2007b) Oxytocin 
attenuates amygdala responses to emotional faces regardless of valence. Biol Psychiatry 
62:1187-1190. 

Domschke K, Reif A, Weber H, Richter J, Hohoff C, Ohrmann P, Pedersen A, Bauer J, Suslow T, 
Kugel H, Heindel W, Baumann C, Klauke B, Jacob C, Maier W, Fritze J, Bandelow B, 
Krakowitzky P, Rothermundt M, Erhardt A, Binder EB, Holsboer F, Gerlach AL, Kircher T, Lang 
T, Alpers GW, Strohle A, Fehm L, Gloster AT, Wittchen HU, Arolt V, Pauli P, Hamm A, Deckert 
J (2010) Neuropeptide s receptor gene - converging evidence for a role in panic disorder. Mol 
Psychiatry. 

Donaldson ZR, Young LJ (2008) Oxytocin, vasopressin, and the neurogenetics of sociality. 
Science 322:900-904. 

Donner J, Haapakoski R, Ezer S, Melen E, Pirkola S, Gratacos M, Zucchelli M, Anedda F, 
Johansson LE, Soderhall C, Orsmark-Pietras C, Suvisaari J, Martin-Santos R, Torrens M, 
Silander K, Terwilliger JD, Wickman M, Pershagen G, Lonnqvist J, Peltonen L, Estivill X, 



References   172 

 

 

D'Amato M, Kere J, Alenius H, Hovatta I (2010) Assessment of the neuropeptide s system in 
anxiety disorders. Biol Psychiatry 68:474-483. 

Du Vigneaud V, Ressler C, Trippett S (1953) The sequence of amino acids in oxytocin, with a 
proposal for the structure of oxytocin. J Biol Chem 205:949-957. 

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 872:87-92. 

Ebner K, Wotjak CT, Holsboer F, Landgraf R, Engelmann M (1999) Vasopressin released 
within the septal brain area during swim stress modulates the behavioural stress response in 
rats. Eur J Neurosci 11:997-1002. 

Engelmann M, Landgraf R (1994) Microdialysis administration of vasopressin into the septum 
improves social recognition in brattleboro rats. Physiol Behav 55:145-149. 

Engelmann M, Wotjak CT, Landgraf R (1995) Social discrimination procedure: An alternative 
method to investigate juvenile recognition abilities in rats. Physiol Behav 58:315-321. 

Engelmann M, Landgraf R, Wotjak CT (2004) The hypothalamic-neurohypophysial system 
regulates the hypothalamic-pituitary-adrenal axis under stress: An old concept revisited. 
Front Neuroendocrinol 25:132-149. 

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, Ebner K, Landgraf R (2000) Behavioural impact of intraseptally 
released vasopressin and oxytocin in rats. Exp Physiol 85 Spec No:125S-130S. 

Engelmann M, Wotjak CT, Neumann I, Ludwig M, Landgraf R (1996) Behavioral 
consequences of intracerebral vasopressin and oxytocin: Focus on learning and memory. 
Neurosci Biobehav Rev 20:341-358. 

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 
11:867-872. 

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 19:29-37. 

Everts HG, Koolhaas JM (1997) Lateral septal vasopressin in rats: Role in social and object 
recognition? Brain Res 760:1-7. 

Everts HG, Koolhaas JM (1999) Differential modulation of lateral septal vasopressin receptor 
blockade in spatial learning, social recognition, and anxiety-related behaviors in rats. Behav 
Brain Res 99:7-16. 



References   173 

 

 

Ferguson JN, Young LJ, Insel TR (2002) The neuroendocrine basis of social recognition. Front 
Neuroendocrinol 23:200-224. 

Ferguson JN, Aldag JM, Insel TR, Young LJ (2001) Oxytocin in the medial amygdala is essential 
for social recognition in the mouse. J Neurosci 21:8278-8285. 

Ferguson JN, Young LJ, Hearn EF, Matzuk MM, Insel TR, Winslow JT (2000) Social amnesia in 
mice lacking the oxytocin gene. Nat Genet 25:284-288. 

Fischer-Shofty M, Shamay-Tsoory SG, Harari H, Levkovitz Y (2010) The effect of intranasal 
administration of oxytocin on fear recognition. Neuropsychologia 48:179-184. 

Fonagy P (2004) Early-life trauma and the psychogenesis and prevention of violence. Ann N Y 
Acad Sci 1036:181-200. 

Francis DD, Young LJ, Meaney MJ, Insel TR (2002) Naturally occurring differences in maternal 
care are associated with the expression of oxytocin and vasopressin (v1a) receptors: Gender 
differences. J Neuroendocrinol 14:349-353. 

Frank E, Landgraf R (2008) The vasopressin system -- from antidiuresis to psychopathology. 
Eur J Pharmacol 583:226-242. 

Freund-Mercier MJ, Richard P (1984) Electrophysiological evidence for facilitatory control of 
oxytocin neurones by oxytocin during suckling in the rat. The Journal of Physiology 352:447-
466. 

Fries AB, Ziegler TE, Kurian JR, Jacoris S, Pollak SD (2005) Early experience in humans is 
associated with changes in neuropeptides critical for regulating social behavior. Proc Natl 
Acad Sci U S A 102:17237-17240. 

Gainer H, Altstein M, Whitnall MH (1987) The cell biology and development of 
vasopressinergic and oxytocinergic neurons. Prog Brain Res 72:153-161. 

Gamer M, Buechel C (2009) Amygdala activation predicts gaze toward fearful eyes. In, pp 
9123-9126. 

Gamer M, Zurowski B, Buechel C (2010) Different amygdala subregions mediate valence-
related and attentional effects of oxytocin in humans. Proc Natl Acad Sci U S A 107:9400-
9405. 

Gillies GE, Linton EA, Lowry PJ (1982) Corticotropin releasing activity of the new crf is 
potentiated several times by vasopressin. Nature 299:355-357. 

Goldsmith SR (1987) Vasopressin as vasopressor. Am J Med 82:1213-1219. 

Goodson JL (2008) Nonapeptides and the evolutionary patterning of sociality. Prog Brain Res 
170:3-15. 



References   174 

 

 

Goodson JL, Bass AH (2001) Social behavior functions and related anatomical characteristics 
of vasotocin/vasopressin systems in vertebrates. Brain Res Brain Res Rev 35:246-265. 

Goodson JL, Schrock SE, Klatt JD, Kabelik D, Kingsbury MA (2009) Mesotocin and 
nonapeptide receptors promote estrildid flocking behavior. Science 325:862-866. 

Gozes I, Bardea A, Reshef A, Zamostiano R, Zhukovsky S, Rubinraut S, Fridkin M, Brenneman 
DE (1996) Neuroprotective strategy for alzheimer disease: Intranasal administration of a 
fatty neuropeptide. Proc Natl Acad Sci U S A 93:427-432. 

Green L, Fein D, Modahl C, Feinstein C, Waterhouse L, Morris M (2001) Oxytocin and autistic 
disorder: Alterations in peptide forms. Biol Psychiatry 50:609-613. 

Gregory S, Connelly J, Towers A, Johnson J, Biscocho D, Markunas C, Lintas C, Abramson R, 
Wright H, Ellis P, Langford C, Worley G, Delong GR, Murphy S, Cuccaro M, Persico A, Pericak-
Vance M (2009) Genomic and epigenetic evidence for oxytocin receptor deficiency in autism. 
BMC Med 7:62. 

Greisen MH, Bolwig TG, Husum H, Nedergaard P, Wörtwein G (2005) Maternal separation 
affects male rat copulatory behaviour and hypothalamic corticotropin releasing factor in 
concert. Behav Brain Res 158:367-375. 

Guastella AJ, Mitchell PB, Mathews F (2008a) Oxytocin enhances the encoding of positive 
social memories in humans. Biol Psychiatry. 

Guastella AJ, Mitchell PB, Dadds MR (2008b) Oxytocin increases gaze to the eye region of 
human faces. Biol Psychiatry 63:3-5. 

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 34:917-923. 

Guastella AJ, Kenyon AR, Alvares GA, Carson DS, Hickie IB (2010a) Intranasal arginine 
vasopressin enhances the encoding of happy and angry faces in humans. Biol Psychiatry 
67:692-694. 

Guastella AJ, Einfeld SL, Gray KM, Rinehart NJ, Tonge BJ, Lambert TJ, Hickie IB (2010b) 
Intranasal oxytocin improves emotion recognition for youth with autism spectrum disorders. 
Biol Psychiatry 67:692-694. 

Guerrini R, Salvadori S, Rizzi A, Regoli D, Calo G (2010) Neurobiology, pharmacology, and 
medicinal chemistry of neuropeptide s and its receptor. Med Res Rev 30:751-777. 

Haberly LB (2001) Parallel-distributed processing in olfactory cortex: New insights from 
morphological and physiological analysis of neuronal circuitry. Chem Senses 26:551-576. 

Halasz J, Toth M, Kallo I, Liposits Z, Haller J (2006) The activation of prefrontal cortical 
neurons in aggression--a double labeling study. Behav Brain Res 175:166-175. 



References   175 

 

 

Haller J, Bakos N (2002) Stress-induced social avoidance: A new model of stress-induced 
anxiety? Physiol Behav 77:327-332. 

Hallschmid M, Benedict C, Born J, Fehm H-L, Kern W (2004) Manipulating central nervous 
mechanisms of food intake and body weight regulation by intranasal administration of 
neuropeptides in man. Physiol Behav 83:55-64. 

Hammock EA, Young LJ (2006) Oxytocin, vasopressin and pair bonding: Implications for 
autism. Philos Trans R Soc Lond B Biol Sci 361:2187-2198. 

Han R-W, Yin X-Q, Chang M, Peng Y-L, Li W, Wang R (2009) Neuropeptide s facilitates spatial 
memory and mitigates spatial memory impairment induced by n-methyl-d-aspartate 
receptor antagonist in mice. Neurosci Lett 455:74-77. 

Hanson L, Frey W (2008) Intranasal delivery bypasses the blood-brain barrier to target 
therapeutic agents to the central nervous system and treat neurodegenerative disease. BMC 
Neurosci 9:S5. 

Harony H, Wagner S (2010) The contribution of oxytocin and vasopressin to mammalian 
social behavior: Potential role in autism spectrum disorder. Neurosignals 18:82-97. 

Hauber W (1998) Involvement of basal ganglia transmitter systems in movement initiation. 
Prog Neurobiol 56:507-540. 

Heim C, Nemeroff CB (2001) The role of childhood trauma in the neurobiology of mood and 
anxiety disorders: Preclinical and clinical studies. Biol Psychiatry 49:1023-1039. 

Heim C, Young LJ, Newport DJ, Mletzko T, Miller AH, Nemeroff CB (2008) Lower csf oxytocin 
concentrations in women with a history of childhood abuse. Mol Psychiatry 14:954-958. 

Heinrichs M, Domes G (2008) Neuropeptides and social behaviour: Effects of oxytocin and 
vasopressin in humans. Prog Brain Res 170:337-350. 

Heinrichs M, von Dawans B, Domes G (2009) Oxytocin, vasopressin, and human social 
behavior. Front Neuroendocrinol 30:548-557. 

Heinrichs SC (2003) Modulation of social learning in rats by brain corticotropin-releasing 
factor. Brain Res 994:107-114. 

Heinrichs SC, Pich EM, Miczek KA, Britton KT, Koob GF (1992) Corticotropin-releasing factor 
antagonist reduces emotionality in socially defeated rats via direct neurotropic action. Brain 
Res 581:190-197. 

Helmeke C, Seidel K, Poeggel G, Bredy TW, Abraham A, Braun K (2009) Paternal deprivation 
during infancy results in dendrite- and time-specific changes of dendritic development and 
spine formation in the orbitofrontal cortex of the biparental rodent octodon degus. 
Neuroscience 163:790-798. 



References   176 

 

 

Higuchi T, Honda K, Fukuoka T, Negoro H, Wakabayashi K (1985) Release of oxytocin during 
suckling and parturition in the rat. J Endocrinol 105:339-346. 

Hoge EA, Pollack MH, Kaufman RE, Zak PJ, Simon NM (2008) Oxytocin levels in social anxiety 
disorder. CNS Neuroscience & Therapeutics 14:165-170. 

Hollander E, Novotny S, Hanratty M, Yaffe R, DeCaria CM, Aronowitz BR, Mosovich S (2002) 
Oxytocin infusion reduces repetitive behaviors in adults with autistic and asperger's 
disorders. Neuropsychopharmacology 28:193-198. 

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 61:498-503. 

Hoyle CH (1999) Neuropeptide families and their receptors: Evolutionary perspectives. Brain 
Res 848:1-25. 

Hurlemann R, Patin A, Onur OA, Cohen MX, Baumgartner T, Metzler S, Dziobek I, Gallinat J, 
Wagner M, Maier W, Kendrick KM (2010) Oxytocin enhances amygdala-dependent, socially 
reinforced learning and emotional empathy in humans. J Neurosci 30:4999-5007. 

Insel TR, Gelhard R, Shapiro LE (1991) The comparative distribution of forebrain receptors 
for neurohypophyseal peptides in monogamous and polygamous mice. Neuroscience 
43:623-630. 

Irvin RW, Szot P, Dorsa DM, Potegal M, Ferris CF (1990) Vasopressin in the septal area of the 
golden hamster controls scent marking and grooming. Physiol Behav 48:693-699. 

Jacob S, Brune CW, Carter CS, Leventhal BL, Lord C, Cook Jr EH (2007) Association of the 
oxytocin receptor gene (oxtr) in caucasian children and adolescents with autism. Neurosci 
Lett 417:6-9. 

Jin D, Liu H-X, Hirai H, Torashima T, Nagai T, Lopatina O, Shnayder NA, Yamada K, Noda M, 
Seike T, Fujita K, Takasawa S, Yokoyama S, Koizumi K, Shiraishi Y, Tanaka S, Hashii M, 
Yoshihara T, Higashida K, Islam MS, Yamada N, Hayashi K, Noguchi N, Kato I, Okamoto H, 
Matsushima A, Salmina A, Munesue T, Shimizu N, Mochida S, Asano M, Higashida H (2007) 
Cd38 is critical for social behaviour by regulating oxytocin secretion. Nature 446:41-45. 

Jones N, Duxon MS, King SM (2002) Ethopharmacological analysis of the unstable elevated 
exposed plus maze, a novel model of extreme anxiety: Predictive validity and sensitivity to 
anxiogenic agents. Psychopharmacology (Berl) 161:314-323. 

Jüngling K, Seidenbecher T, Sosulina L, Lesting J, Sangha S, Clark SD, Okamura N, Duangdao 
DM, Xu Y-L, Reinscheid RK, Pape H-C (2008) Neuropeptide s-mediated control of fear 
expression and extinction: Role of intercalated gabaergic neurons in the amygdala. Neuron 
59:298-310. 



References   177 

 

 

Kalinichev M, Easterling KW, Plotsky PM, Holtzman SG (2002) Long-lasting changes in stress-
induced corticosterone response and anxiety-like behaviors as a consequence of neonatal 
maternal separation in long-evans rats. Pharmacol Biochem Behav 73:131-140. 

Kallupi M, Cannella N, Economidou D, Ubaldi M, Ruggeri B, Weiss F, Massi M, Marugan J, 
Heilig M, Bonnavion P, de Lecea L, Ciccocioppo R (2010) Neuropeptide s facilitates cue-
induced relapse to cocaine seeking through activation of the hypothalamic hypocretin 
system. Proc Natl Acad Sci U S A 107:19567-19572. 

Kelly AM, Kingsbury MA, Hoffbuhr K, Schrock SE, Waxman B, Kabelik D, Thompson RR, 
Goodson JL (2011) Vasotocin neurons and septal v1a-like receptors potently modulate 
songbird flocking and responses to novelty. Horm Behav 60:12-21. 

Kendrick KM (2000) Oxytocin, motherhood and bonding. Exp Physiol 85:111S-124S. 

Kim SJ, Young LJ, Gonen D, Veenstra-VanderWeele J, Courchesne R, Courchesne E, Lord C, 
Leventhal BL, Cook EH, Jr., Insel TR (2002) Transmission disequilibrium testing of arginine 
vasopressin receptor 1a (avpr1a) polymorphisms in autism. Mol Psychiatry 7:503-507. 

Kinn AM, Grønli J, Fiske E, Kuipers S, Ursin R, Murison R, Portas CM (2008) A double 
exposure to social defeat induces sub-chronic effects on sleep and open field behaviour in 
rats. Physiol Behav 95:553-561. 

Kirsch P, Esslinger C, Chen Q, Mier D, Lis S, Siddhanti S, Gruppe H, Mattay VS, Gallhofer B, 
Meyer-Lindenberg A (2005) Oxytocin modulates neural circuitry for social cognition and fear 
in humans. J Neurosci 25:11489-11493. 

Knafo A, Israel S, Darvasi A, Bachner-Melman R, Uzefovsky F, Cohen L, Feldman E, Lerer E, 
Laiba E, Raz Y, Nemanov L, Gritsenko I, Dina C, Agam G, Dean B, Bornstein G, Ebstein RP 
(2008) Individual differences in allocation of funds in the dictator game associated with 
length of the arginine vasopressin 1a receptor rs3 promoter region and correlation between 
rs3 length and hippocampal mrna. Genes Brain Behav 7:266-275. 

Koolhaas JM, Moor E, Hiemstra Y, Bohus B (1991) The testosterone-dependent 
vasopressinergic neurons in the medial amygdala and lateral septum: Involvement in social 
behaviour of male rats. In: Vasopressin (Jard S, Jamison R, eds), pp 213-219. Paris: 
INSERM/John Libbey Eurotext. 

Koolhaas JM, Meerlo P, de Boer SF, Strubbe JH, Bohus B (1997) The temporal dynamics of 
the stress response. Neurosci Biobehav Rev 21:775-782. 

Kosfeld M, Heinrichs M, Zak PJ, Fischbacher U, Fehr E (2005) Oxytocin increases trust in 
humans. Nature 435:673-676. 

Kruk MR (1991) Ethology and pharmacology of hypothalamic aggression in the rat. Neurosci 
Biobehav Rev 15:527-538. 



References   178 

 

 

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 35:2403-2413. 

Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB, Plotsky PM (2004) Long-term adaptations 
in glucocorticoid receptor and mineralocorticoid receptor mrna and negative feedback on 
the hypothalamo-pituitary-adrenal axis following neonatal maternal separation. Biol 
Psychiatry 55:367-375. 

Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB, Meaney MJ, Plotsky PM (2000) Long-term 
behavioral and neuroendocrine adaptations to adverse early experience. Prog Brain Res 
122:81-103. 

Lai W-S, Ramiro L-LR, Yu HA, Johnston RE (2005) Recognition of familiar individuals in golden 
hamsters: A new method and functional neuroanatomy. J Neurosci 25:11239-11247. 

Laitinen T, Polvi A, Rydman P, Vendelin J, Pulkkinen V, Salmikangas P, Makela S, Rehn M, 
Pirskanen A, Rautanen A, Zucchelli M, Gullsten H, Leino M, Alenius H, Petays T, Haahtela T, 
Laitinen A, Laprise C, Hudson TJ, Laitinen LA, Kere J (2004) Characterization of a common 
susceptibility locus for asthma-related traits. Science 304:300-304. 

Landgraf R (2006) The involvement of the vasopressin system in stress-related disorders. 
CNS Neurol Disord Drug Targets 5:167-179. 

Landgraf R, Neumann ID (2004) Vasopressin and oxytocin release within the brain: A 
dynamic concept of multiple and variable modes of neuropeptide communication. Front 
Neuroendocrinol 25:150-176. 

Landgraf R, Neumann I, Pittman QJ (1991) Septal and hippocampal release of vasopressin 
and oxytocin during late pregnancy and parturition in the rat. Neuroendocrinology 54:378-
383. 

Landgraf R, Neumann I, Holsboer F, Pittman QJ (1995a) Interleukin-1 beta stimulates both 
central and peripheral release of vasopressin and oxytocin in the rat. Eur J Neurosci 7:592-
598. 

Landgraf R, Gerstberger R, Montkowski A, Probst JC, Wotjak CT, Holsboer F, Engelmann M 
(1995b) V1 vasopressin receptor antisense oligodeoxynucleotide into septum reduces 
vasopressin binding, social discrimination abilities, and anxiety-related behavior in rats. J 
Neurosci 15:4250-4258. 

Landgraf R, Frank E, Aldag JM, Neumann ID, Sharer CA, Ren X, Terwilliger EF, Niwa M, Wigger 
A, Young LJ (2003) Viral vector-mediated gene transfer of the vole v1a vasopressin receptor 
in the rat septum: Improved social discrimination and active social behaviour. Eur J Neurosci 
18:403-411. 

Lane S (2009) The elusive etiology of autism: Nature and nurture? 



References   179 

 

 

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 152:585-593. 

LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neurosci 23:155-184. 

Lee PR, Brady DL, Shapiro RA, Dorsa DM, Koenig JI (2007) Prenatal stress generates deficits in 
rat social behavior: Reversal by oxytocin. Brain Res 1156:152-167. 

Leonard S, Dwyer J, Sukoff Rizzo S, Platt B, Logue S, Neal S, Malberg J, Beyer C, Schechter L, 
Rosenzweig-Lipson S, Ring R (2008) Pharmacology of neuropeptide s in mice: Therapeutic 
relevance to anxiety disorders. Psychopharmacology (Berl) 197:601-611. 

Leonard SK, Ring RH (2011) Immunohistochemical localization of the neuropeptide s 
receptor in the rat central nervous system. Neuroscience 172:153-163. 

Lerer E, Levi S, Salomon S, Darvasi A, Yirmiya N, Ebstein RP (2007) Association between the 
oxytocin receptor (oxtr) gene and autism: Relationship to vineland adaptive behavior scales 
and cognition. Mol Psychiatry 13:980-988. 

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 13:980-988. 

Lévy F, Kendrick KM, Goode JA, Guevara-Guzman R, Keverne EB (1995) Oxytocin and 
vasopressin release in the olfactory bulb of parturient ewes: Changes with maternal 
experience and effects on acetylcholine, [gamma]-aminobutyric acid, glutamate and 
noradrenaline release. Brain Res 669:197-206. 

Liebsch G, Wotjak CT, Landgraf R, Engelmann M (1996) Septal vasopressin modulates 
anxiety-related behaviour in rats. Neurosci Lett 217:101-104. 

Lim MM, Young LJ (2006) Neuropeptidergic regulation of affiliative behavior and social 
bonding in animals. Horm Behav 50:506-517. 

Ludwig M, Leng G (2006) Dendritic peptide release and peptide-dependent behaviours. Nat 
Rev Neurosci 7:126-136. 

Lukas M, Veenema AH, Neumann ID (in preparation) Involvement of endogenous oxytocin in 
social recognition in the amydala and lateral septum is dependent on the quality of the 
social stimulus. 

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 58:78-87. 



References   180 

 

 

Lukas M, Bredewold R, Landgraf R, Neumann ID, Veenema AH (2011a) Early life stress 
impairs social recognition due to a blunted response of vasopressin release within the 
septum of adult male rats. Psychoneuroendocrinology 36:843-853. 

Lukas M, Toth I, Reber SO, Slattery DA, Veenema AH, Neumann ID (2011b) The neuropeptide 
oxytocin facilitates pro-social behavior and prevents social avoidance in rats and mice. 
Neuropsychopharmacology [Epub ahead of print] doi: 101038/npp201195. 

MacDonald K, MacDonald TM (2010) The peptide that binds: A systematic review of oxytocin 
and its prosocial effects in humans. Harv Rev Psychiatry 18:1-21. 

Manning M, Stoev S, Chini B, Durroux T, Mouillac B, Guillon G, Inga DNaRL (2008) Peptide 
and non-peptide agonists and antagonists for the vasopressin and oxytocin v1a, v1b, v2 and 
ot receptors: Research tools and potential therapeutic agents. In: Progress in brain research, 
pp 473-512: Elsevier. 

Marks DR, Tucker K, Cavallin MA, Mast TG, Fadool DA (2009) Awake intranasal insulin 
delivery modifies protein complexes and alters memory, anxiety, and olfactory behaviors. J 
Neurosci 29:6734-6751. 

Martinez M, Calvo-Torrent A, Pico-Alfonso MA (1998) Social defeat and subordination as 
models of social stress in laboratory rodents: A review. Aggressive Behavior 24:241-256. 

Matsuoka Y, Gray AJ, Hirata-Fukae C, Minami SS, Waterhouse EG, Mattson MP, LaFerla FM, 
Gozes I, Aisen PS (2007) Intranasal nap administration reduces accumulation of amyloid 
peptide and tau hyperphosphorylation in a transgenic mouse model of alzheimer's disease at 
early pathological stage. J Mol Neurosci 31:165 - 170. 

McCarthy MM (1990) Oxytocin inhibits infanticide in female house mice (mus domesticus). 
Horm Behav 24:365-375. 

McFarlane HG, Kusek GK, Yang M, Phoenix JL, Bolivar VJ, Crawley JN (2008) Autism-like 
behavioral phenotypes in btbr t+tf/j mice. Genes, Brain and Behavior 7:152-163. 

McGregor IS, Callaghan PD, Hunt GE (2008) From ultrasocial to antisocial: A role for oxytocin 
in the acute reinforcing effects and long-term adverse consequences of drug use? Br J 
Pharmacol 154:358-368. 

Meerlo P, Overkamp GJ, Daan S, Van Den Hoofdakker RH, Koolhaas JM (1996) Changes in 
behaviour and body weight following a single or double social defeat in rats. Stress 1:21-32. 

Meis S, Bergado-Acosta JR, Yanagawa Y, Obata K, Stork O, Munsch T (2008) Identification of 
a neuropeptide s responsive circuitry shaping amygdala activity via the endopiriform 
nucleus. PLoS ONE 3:e2695. 

Merikangas KR, Angst J (1995) Comorbidity and social phobia: Evidence from clinical, 
epidemiologic, and genetic studies. Eur Arch Psychiatry Clin Neurosci 244:297-303. 



References   181 

 

 

Meyer-Lindenberg A (2008) Impact of prosocial neuropeptides on human brain function. 
Prog Brain Res Volume 170:463-470. 

Miczek KA (1979) A new test for aggression in rats without aversive stimulation: Differential 
effects of &lt;i&gt;d&lt;/i&gt;-amphetamine and cocaine. Psychopharmacology (Berl) 
60:253-259. 

Miller MA, DeVries GJ, al-Shamma HA, Dorsa DM (1992) Decline of vasopressin 
immunoreactivity and mrna levels in the bed nucleus of the stria terminalis following 
castration. J Neurosci 12:2881-2887. 

Moses SN, Cole C, Driscoll I, Ryan JD (2005) Differential contributions of hippocampus, 
amygdala and perirhinal cortex to recognition of novel objects, contextual stimuli and 
stimulus relationships. Brain Res Bull 67:62-76. 

Murgatroyd C, Patchev AV, Wu Y, Micale V, Bockmuhl Y, Fischer D, Holsboer F, Wotjak CT, 
Almeida OF, Spengler D (2009) Dynamic DNA methylation programs persistent adverse 
effects of early-life stress. Nat Neurosci. 

Neumann, Wigger, Torner, Holsboer, Landgraf (2000a) Brain oxytocin inhibits basal and 
stress-induced activity of the hypothalamo-pituitary-adrenal axis in male and female rats: 
Partial action within the paraventricular nucleus. J Neuroendocrinol 12:235-243. 

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 53:65-75. 

Neumann ID (2002) Involvement of the brain oxytocin system in stress coping: Interactions 
with the hypothalamo-pituitary-adrenal axis. Prog Brain Res 139:147-162. 

Neumann ID (2008) Brain oxytocin: A key regulator of emotional and social behaviours in 
both females and males. J Neuroendocrinol 20:858-865. 

Neumann ID (2009) The advantage of social living: Brain neuropeptides mediate the 
beneficial consequences of sex and motherhood. Front Neuroendocrinol 30:483-496. 

Neumann ID, Torner L, Wigger A (2000b) Brain oxytocin: Differential inhibition of 
neuroendocrine stress responses and anxiety-related behaviour in virgin, pregnant and 
lactating rats. Neuroscience 95:567-575. 

Neumann ID, Veenema AH, Beiderbeck DI (2010) Aggression and anxiety: Social context and 
neurobiological links. Front Behav Neurosci 5:12. 

Newport DJ, Stowe ZN, Nemeroff CB (2002) Parental depression: Animal models of an 
adverse life event. Am J Psychiatry 159:1265-1283. 

Okamura N, Reinscheid RK (2007) Neuropeptide s: A novel modulator of stress and arousal. 
Stress 10:221-226. 



References   182 

 

 

Okamura N, Hashimoto K, Iyo M, Shimizu E, Dempfle A, Friedel S, Reinscheid RK (2007) 
Gender-specific association of a functional coding polymorphism in the neuropeptide s 
receptor gene with panic disorder but not with schizophrenia or attention-
deficit/hyperactivity disorder. Prog Neuropsychopharmacol Biol Psychiatry 31:1444-1448. 

Okamura N, Garau C, Duangdao DM, Clark SD, Jungling K, Pape H-C, Reinscheid RK (2011) 
Neuropeptide s enhances memory during the consolidation phase and interacts with 
noradrenergic systems in the brain. Neuropsychopharmacology. 

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. Horm Behav 49:681-687. 

Ostrowski NL, Lolait SJ, Young WS, 3rd (1994) Cellular localization of vasopressin v1a 
receptor messenger ribonucleic acid in adult male rat brain, pineal, and brain vasculature. 
Endocrinology 135:1511-1528. 

Packard MG, Teather LA (1998) Amygdala modulation of multiple memory systems: 
Hippocampus and caudate-putamen. Neurobiol Learn Mem 69:163-203. 

Painsipp E, Herzog H, Holzer P (2008) Implication of neuropeptide-y y2 receptors in the 
effects of immune stress on emotional, locomotor and social behavior of mice. 
Neuropharmacology 55:117-126. 

Paxinos G, Watson C (1998) The brain in stereotaxic coordinates. In, fourth ed. Edition: 
Academic Press, San Diego. 

Pedersen CA, Prange AJ, Jr. (1979) Induction of maternal behavior in virgin rats after 
intracerebroventricular administration of oxytocin. Proc Natl Acad Sci U S A 76:6661-6665. 

Pedersen CA, Ascher JA, Monroe YL, Prange AJ, Jr. (1982) Oxytocin induces maternal 
behavior in virgin female rats. Science 216:648-650. 

Pellow S, Chopin P, File SE, Briley M (1985) Validation of open:Closed arm entries in an 
elevated plus-maze as a measure of anxiety in the rat. J Neurosci Methods 14:149-167. 

Petrulis A (2009) Neural mechanisms of individual and sexual recognition in syrian hamsters 
(mesocricetus auratus). Behav Brain Res 200:260-267. 

Phelps SM, Young LJ (2003) Extraordinary diversity in vasopressin (v1a) receptor 
distributions among wild prairie voles (microtus ochrogaster): Patterns of variation and 
covariation. J Comp Neurol 466:564-576. 

Plotsky PM, Meaney MJ (1993) Early, postnatal experience alters hypothalamic 
corticotropin-releasing factor (crf) mrna, median eminence crf content and stress-induced 
release in adult rats. Brain Res Mol Brain Res 18:195-200. 



References   183 

 

 

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 
1:555-560. 

Popik P, Vos PE, Van Ree JM (1992) Neurohypophyseal hormone receptors in the septum are 
implicated in social recognition in the rat. Behav Pharmacol 3:351-358. 

Pow DV, Morris JF (1989) Dendrites of hypothalamic magnocellular neurons release 
neurohypophysial peptides by exocytosis. Neuroscience 32:435-439. 

Raczka KA, Gartmann N, Mechias ML, Reif A, Buchel C, Deckert J, Kalisch R (2010) A 
neuropeptide s receptor variant associated with overinterpretation of fear reactions: A 
potential neurogenetic basis for catastrophizing. Mol Psychiatry 15:1045, 1067-1074. 

Rat D, Schmitt U, Tippmann F, Dewachter I, Theunis C, Wieczerzak E, Postina R, van Leuven F, 
Fahrenholz F, Kojro E (2011) Neuropeptide pituitary adenylate cyclase-activating polypeptide 
(pacap) slows down alzheimer's disease-like pathology in amyloid precursor protein-
transgenic mice. The FASEB Journal [EPup] doi: 101096/fj10-180133. 

Reinscheid RK (2007) Phylogenetic appearance of neuropeptide s precursor proteins in 
tetrapods. Peptides 28:830-837. 

Reinscheid RK, Xu YL, Okamura N, Zeng J, Chung S, Pai R, Wang Z, Civelli O (2005) 
Pharmacological characterization of human and murine neuropeptide s receptor variants. J 
Pharmacol Exp Ther 315:1338-1345. 

Rhees RW, Lephart ED, Eliason D (2001) Effects of maternal separation during early postnatal 
development on male sexual behavior and female reproductive function. Behav Brain Res 
123:1-10. 

Richter K, Wolf G, Engelmann M (2005) Social recognition memory requires two stages of 
protein synthesis in mice. Learn Mem 12:407-413. 

Rimmele U, Hediger K, Heinrichs M, Klaver P (2009) Oxytocin makes a face in memory 
familiar. J Neurosci 29:38-42. 

Ring RH, Malberg JE, Potestio L, Ping J, Boikess S, Luo B, Schechter LE, Rizzo S, Rahman Z, 
Rosenzweig-Lipson S (2006) Anxiolytic-like activity of oxytocin in male mice: Behavioral and 
autonomic evidence, therapeutic implications. Psychopharmacology (Berl) 185:218-225. 

Rizzi A, Vergura R, Marzola G, Ruzza C, Guerrini R, Salvadori S, Regoli D, Calo G (2008) 
Neuropeptide s is a stimulatory anxiolytic agent: A behavioural study in mice. Br J Pharmacol 
154:471-479. 

Romeo RD, Mueller A, Sisti HM, Ogawa S, McEwen BS, Brake WG (2003) Anxiety and fear 
behaviors in adult male and female c57bl/6 mice are modulated by maternal separation. 
Horm Behav 43:561-567. 



References   184 

 

 

Ross HE, Cole CD, Smith Y, Neumann ID, Landgraf R, Murphy AZ, Young LJ (2009) 
Characterization of the oxytocin system regulating affiliative behavior in female prairie voles. 
Neuroscience 162:892-903. 

Ross RS, Eichenbaum H (2006) Dynamics of hippocampal and cortical activation during 
consolidation of a nonspatial memory. J Neurosci 26:4852-4859. 

Rygula R, Abumaria N, Flügge G, Fuchs E, Rüther E, Havemann-Reinecke U (2005) Anhedonia 
and motivational deficits in rats: Impact of chronic social stress. Behav Brain Res 162:127-
134. 

Samuelsen CL, Meredith M (2011) Oxytocin antagonist disrupts male mouse medial 
amygdala response to chemical-communication signals. Neuroscience 180:96-104. 

Sanchez-Andrade G, Kendrick KM (2009) The main olfactory system and social learning in 
mammals. Behav Brain Res 200:323-335. 

Sanchez MM, Ladd CO, Plotsky PM (2001) Early adverse experience as a developmental risk 
factor for later psychopathology: Evidence from rodent and primate models. Dev 
Psychopathol 13:419-449. 

Savaskan E, Ehrhardt R, Schulz A, Walter M, Schächinger H (2008) Post-learning intranasal 
oxytocin modulates human memory for facial identity. Psychoneuroendocrinology 33:368-
374. 

Schulze HG, Gorzalka BB (1991) Oxytocin effects on lordosis frequency and lordosis duration 
following infusion into the medial pre-optic area and ventromedial hypothalamus of female 
rats. Neuropeptides 18:99-106. 

Silverman RT, Munger BL, Halata Z (1986) The sensory innervation of the rat rhinarium. The 
Anatomical Record 214:210-225. 

Slattery DA, Neumann ID (2010) Chronic icv oxytocin attenuates the pathological high 
anxiety state of selectively bred wistar rats. Neuropharmacology 58:56-61. 

Slattery DA, Finger BC, Maloumby M, Wegener G, Mathé AA, Neumann ID (2008) 
Neuropeptide s alters affective behaviour in high (hab) but not low anxiety-related (lab) rats. 
Program No 8488/BB2 2008 Neuroscience Meeting Planner Washington, DC: Society for 
Neuroscience, 2008 Online. 

Spear LP (2000) The adolescent brain and age-related behavioral manifestations. Neurosci 
Biobehav Rev 24:417-463. 

Swanson LW, Sawchenko PE (1980) Paraventricular nucleus: A site for the integration of 
neuroendocrine and autonomic mechanisms. Neuroendocrinology 31:410-417. 



References   185 

 

 

Swanson LW, Sawchenko PE, Wiegand SJ, Price JL (1980) Separate neurons in the 
paraventricular nucleus project to the median eminence and to the medulla or spinal cord. 
Brain Res 198:190-195. 

Szot P, Dorsa DM (1993) Differential timing and sexual dimorphism in the expression of the 
vasopressin gene in the developing rat brain. Brain Res Dev Brain Res 73:177-183. 

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. In, pp 16096-16101. 

Theodoridou A, Rowe AC, Penton-Voak IS, Rogers PJ (2009) Oxytocin and social perception: 
Oxytocin increases perceived facial trustworthiness and attractiveness. Horm Behav 56:128-
132. 

Thibonnier M, Graves MK, Wagner MS, Auzan C, Clauser E, Willard HF (1996) Structure, 
sequence, expression, and chromosomal localization of the human v1a vasopressin receptor 
gene. Genomics 31:327-334. 

Thompson MR, Callaghan PD, Hunt GE, Cornish JL, McGregor IS (2007) A role for oxytocin 
and 5-ht1a receptors in the prosocial effects of 3,4 methylenedioxymethamphetamine 
("Ecstasy"). Neuroscience 146:509-514. 

Thompson R, Gupta S, Miller K, Mills S, Orr S (2004) The effects of vasopressin on human 
facial responses related to social communication. Psychoneuroendocrinology 29:35-48. 

Thompson RR, Walton JC (2004) Peptide effects on social behavior: Effects of vasotocin and 
isotocin on social approach behavior in male goldfish (carassius auratus). Behav Neurosci 
118:620-626. 

Thompson RR, George K, Walton JC, Orr SP, Benson J (2006) Sex-specific influences of 
vasopressin on human social communication. Proc Natl Acad Sci U S A 103:7889-7894. 

Tobin VA, Hashimoto H, Wacker DW, Takayanagi Y, Langnaese K, Caquineau C, Noack J, 
Landgraf R, Onaka T, Leng G, Meddle SL, Engelmann M, Ludwig M (2010) An intrinsic 
vasopressin system in the olfactory bulb is involved in social recognition. Nature 464:413-
417. 

Tornatzky W, Miczek KA (1993) Long-term impairment of autonomic circadian rhythms after 
brief intermittent social stress. Physiol Behav 53:983-993. 

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 Res 511:129-140. 

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 442:105-118. 



References   186 

 

 

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 9:1764-1773. 

Tribollet E, Goumaz M, Raggenbass M, Dubois-Dauphin M, Dreifuss JJ (1991) Early 
appearance and transient expression of vasopressin receptors in the brain of rat fetus and 
infant. An autoradiographical and electrophysiological study. Brain Res Dev Brain Res 58:13-
24. 

Vaccari C, Lolait SJ, Ostrowski NL (1998) Comparative distribution of vasopressin v1b and 
oxytocin receptor messenger ribonucleic acids in brain. Endocrinology 139:5015-5033. 

van Leengoed E, Kerker E, Swanson HH (1987) Inhibition of post-partum maternal behaviour 
in the rat by injecting an oxytocin antagonist into the cerebral ventricles. J Endocrinol 
112:275-282. 

van Leeuwen F, Caffe R (1983) Vasopressin-immunoreactive cell bodies in the bed nucleus of 
the stria terminalis of the rat. Cell Tissue Res 228:525-534. 

van Wimersma Greidanus TB, Maigret C (1996) The role of limbic vasopressin and oxytocin in 
social recognition. Brain Res 713:153-159. 

Veenema AH (2009) Early life stress, the development of aggression and neuroendocrine and 
neurobiological correlates: What can we learn from animal models? Front Neuroendocrinol 
30:497-518. 

Veenema AH, Neumann ID (2008) Central vasopressin and oxytocin release: Regulation of 
complex social behaviours. Prog Brain Res 170:261-276. 

Veenema AH, Neumann ID (2009) Maternal separation enhances offensive play-fighting, 
basal corticosterone and hypothalamic vasopressin mrna expression in juvenile male rats. 
Psychoneuroendocrinology 34:463-467. 

Veenema AH, Bredewold R, Neumann ID (2007) Opposite effects of maternal separation on 
intermale and maternal aggression in c57bl/6 mice: Link to hypothalamic vasopressin and 
oxytocin immunoreactivity. Psychoneuroendocrinology 32:437-450. 

Veenema AH, Bredewold R, DeVries GJ (2010a) Regulation of social recognition by 
vasopressin: Age- but not sex-specific effects. In: Soc Neurosci Abstr, SanDiego, CA. 

Veenema AH, Beiderbeck DI, Lukas M, Neumann ID (2010b) Distinct correlations of 
vasopressin release within the lateral septum and the bed nucleus of the stria terminalis 
with the display of intermale aggression. Horm Behav In Press, Corrected Proof. 

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. Eur J Neurosci 
24:1711-1720. 



References   187 

 

 

Veenema AH, Reber SO, Selch S, Obermeier F, Neumann ID (2008) Early life stress enhances 
the vulnerability to chronic psychosocial stress and experimental colitis in adult mice. 
Endocrinology 149:2727-2736. 

Viau V (2002) Functional cross-talk between the hypothalamic-pituitary-gonadal and -
adrenal axes. J Neuroendocrinol 14:506-513. 

Vidal J, Bie Jd, Granneman RA, Wallinga AE, Koolhaas JM, Buwalda B (2007) Social stress 
during adolescence in wistar rats induces social anxiety in adulthood without affecting brain 
monoaminergic content and activity. Physiol Behav 92:824-830. 

Vitale G, Filaferro M, Ruggieri V, Pennella S, Frigeri C, Rizzi A, Guerrini R, Calo G (2008) 
Anxiolytic-like effect of neuropeptide s in the rat defensive burying. Peptides 29:2286-2291. 

Von Frijtag JC, Reijmers LG, Van der Harst JE, Leus IE, Van den Bos R, Spruijt BM (2000) 
Defeat followed by individual housing results in long-term impaired reward- and cognition-
related behaviours in rats. Behav Brain Res 117:137-146. 

Waldherr M, Neumann ID (2007) Centrally released oxytocin mediates mating-induced 
anxiolysis in male rats. Proc Natl Acad Sci U S A 104:16681-16684. 

Walker DL, Toufexis DJ, Davis M (2003) Role of the bed nucleus of the stria terminalis versus 
the amygdala in fear, stress, and anxiety. Eur J Pharmacol 463:199-216. 

Walum H, Westberg L, Henningsson S, Neiderhiser JM, Reiss D, Igl W, Ganiban JM, Spotts EL, 
Pedersen NL, Eriksson E, Lichtenstein P (2008) Genetic variation in the vasopressin receptor 
1a gene (avpr1a) associates with pair-bonding behavior in humans. Proc Natl Acad Sci U S A 
105:14153-14156. 

Wang Z, Young LJ, De Vries GJ, Insel TR (1998) Voles and vasopressin: A review of molecular, 
cellular, and behavioral studies of pair bonding and paternal behaviors. Prog Brain Res 
119:483-499. 

Wassink TH, Piven J, Vieland VJ, Pietila J, Goedken RJ, Folstein SE, Sheffield VC (2004) 
Examination of avpr1a as an autism susceptibility gene. Mol Psychiatry 9:968-972. 

Watters JJ, Wilkinson CW, Dorsa DM (1996a) Glucocorticoid regulation of vasopressin v1a 
receptors in rat forebrain. Brain Res Mol Brain Res 38:276-284. 

Watters JJ, Swank MW, Wilkinson CW, Dorsa DM (1996b) Evidence for glucocorticoid 
regulation of the rat vasopressin v1a receptor gene. Peptides 17:67-73. 

Weaver IC, Champagne FA, Brown SE, Dymov S, Sharma S, Meaney MJ, Szyf M (2005) 
Reversal of maternal programming of stress responses in adult offspring through methyl 
supplementation: Altering epigenetic marking later in life. J Neurosci 25:11045-11054. 

Weaver IC, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR, Dymov S, Szyf M, 
Meaney MJ (2004) Epigenetic programming by maternal behavior. Nat Neurosci 7:847-854. 



References   188 

 

 

Weder N, Yang BZ, Douglas-Palumberi H, Massey J, Krystal JH, Gelernter J, Kaufman J (2009) 
Maoa genotype, maltreatment, and aggressive behavior: The changing impact of genotype 
at varying levels of trauma. Biol Psychiatry 65:417-424. 

Wegener G, Finger BC, Elfving B, Keller K, Liebenberg N, Fischer CW, Singewald N, Slattery 
DA, Neumann ID, Mathé AA (in press) Neuropeptide s alters anxiety, but not depression-like 
behaviour in flinders sensitive line rats: A genetic animal model of depression. The 
International Journal of Neuropsychopharmacology FirstView:1-13. 

Wersinger SR, Ginns EI, O'Carroll AM, Lolait SJ, Young WS, 3rd (2002) Vasopressin v1b 
receptor knockout reduces aggressive behavior in male mice. Mol Psychiatry 7:975-984. 

Widom CS (1989) The cycle of violence. Science 244:160-166. 

Wigger A, Neumann ID (1999) Periodic maternal deprivation induces gender-dependent 
alterations in behavioral and neuroendocrine responses to emotional stress in adult rats. 
Physiol Behav 66:293-302. 

Williams AR, Carey RJ, Miller M (1983) Behavioral differences between vasopressin-deficient 
(brattleboro) and normal long-evans rats. Peptides 4:711-716. 

Williams JR, Insel TR, Harbaugh CR, Carter CS (1994) Oxytocin administered centrally 
facilitates formation of a partner preference in female prairie voles (microtus ochrogaster). J 
Neuroendocrinol 6:247-250. 

Windle RJ, Shanks N, Lightman SL, Ingram CD (1997) Central oxytocin administration reduces 
stress-induced corticosterone release and anxiety behavior in rats. Endocrinology 138:2829-
2834. 

Windle RJ, Kershaw YM, Shanks N, Wood SA, Lightman SL, Ingram CD (2004) Oxytocin 
attenuates stress-induced c-fos mrna expression in specific forebrain regions associated with 
modulation of hypothalamo-pituitary-adrenal activity. J Neurosci 24:2974-2982. 

Winters BD, Forwood SE, Cowell RA, Saksida LM, Bussey TJ (2004) Double dissociation 
between the effects of peri-postrhinal cortex and hippocampal lesions on tests of object 
recognition and spatial memory: Heterogeneity of function within the temporal lobe. J 
Neurosci 24:5901-5908. 

Witt DM, Insel TR (1991) A selective oxytocin antagonist attenuates progesterone facilitation 
of female sexual behavior. Endocrinology 128:3269-3276. 

Witt DM, Winslow JT, Insel TR (1992) Enhanced social interactions in rats following chronic, 
centrally infused oxytocin. Pharmacology Biochemistry and Behavior 43:855-861. 

Wotjak CT, Landgraf R, Engelmann M (2008) Listening to neuropeptides by microdialysis: 
Echoes and new sounds? Pharmacol Biochem Behav 90:125-134. 



References   189 

 

 

Wotjak CT, Ganster J, Kohl G, Holsboer F, Landgraf R, Engelmann M (1998) Dissociated 
central and peripheral release of vasopressin, but not oxytocin, in response to repeated 
swim stress: New insights into the secretory capacities of peptidergic neurons. Neuroscience 
85:1209-1222. 

Wotjak CT, Kubota M, Liebsch G, Montkowski A, Holsboer F, Neumann I, Landgraf R (1996) 
Release of vasopressin within the rat paraventricular nucleus in response to emotional 
stress: A novel mechanism of regulating adrenocorticotropic hormone secretion? J Neurosci 
16:7725-7732. 

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. Biol Psychiatry 58:74 - 77. 

Xu YL, Gall CM, Jackson VR, Civelli O, Reinscheid RK (2007) Distribution of neuropeptide s 
receptor mrna and neurochemical characteristics of neuropeptide s-expressing neurons in 
the rat brain. J Comp Neurol 500:84-102. 

Xu YL, Reinscheid RK, Huitron-Resendiz S, Clark SD, Wang Z, Lin SH, Brucher FA, Zeng J, Ly NK, 
Henriksen SJ, de Lecea L, Civelli O (2004) Neuropeptide s: A neuropeptide promoting arousal 
and anxiolytic-like effects. Neuron 43:487-497. 

Yirmiya N, Rosenberg C, Levi S, Salomon S, Shulman C, Nemanov L, Dina C, Ebstein RP (2006) 
Association between the arginine vasopressin 1a receptor (avpr1a) gene and autism in a 
family-based study: Mediation by socialization skills. Mol Psychiatry 11:488-494. 

Young LJ, Wang Z (2004) The neurobiology of pair bonding. Nat Neurosci 7:1048-1054. 

Young LJ, Winslow JT, Nilsen R, Insel TR (1997) Species differences in v1a receptor gene 
expression in monogamous and nonmonogamous voles: Behavioral consequences. Behav 
Neurosci 111:599-605. 

Young LJ, Huot B, Nilsen R, Wang Z, Insel TR (1996) Species differences in central oxytocin 
receptor gene expression: Comparative analysis of promoter sequences. J Neuroendocrinol 
8:777-783. 

Zak PJ, Stanton AA, Ahmadi S (2007) Oxytocin increases generosity in humans. PLoS ONE 
2:e1128. 

Zink CF, Stein JL, Kempf L, Hakimi S, Meyer-Lindenberg A (2010) Vasopressin modulates 
medial prefrontal cortex-amygdala circuitry during emotion processing in humans. J 
Neurosci 30:7017-7022. 

Zoli M, Jansson A, Syková E, Agnati LF, Fuxe K (1999) Volume transmission in the cns and its 
relevance for neuropsychopharmacology. Trends Pharmacol Sci 20:142-150. 
 



Abbreviations   190 

 
 
 
 
 

 
Abbreviations 

 



Abbreviations   191 

 

AVP  arginine- vasopressin 

ANOVA analysis of variance 

CNS  central nervous system 

EPM  elevated plus-maze 

icv  intracerebroventricular 

ip  intraperitonal 

HPA  hypothalamic-pituitary-adrenal 

NPS  neuropeptide S 

NPS-A  neuropeptide S receptor antagonist 

mRNA  messenger ribonucleic acid 

OT  oxytocin 

OTR  oxytocin receptor 

OTR-A  oxytocin receptor antagonist 

PTZ  pentylenetetrazol 

PVN  paraventricular nucleus 

sc  subcutaneous 

SEM  standard error of the mean 

SON   supraoptic nucleus 

V1aR  vasopressin 1a receptor 

V1aR-A vasopressin 1a receptor antagonist 
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