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Summary 

Neuronal cell adhesion molecules have recently been put into the spotlight of preclinical 

and clinical research as potential candidates for the mediation of stress effects on brain 

function and behavior. The stress-induced remodeling of neuronal circuits for structural 

and functional changes is triggered by the reorganization of synaptic connections, a 

process that is potentially mediated by neuronal cell adhesion molecules. Disturbances in 

neuronal connectivity, induced by genetic and/or environmental influences, may cause 

behavioral dysfunctions related to neuropsychiatric disorders. Understanding the actions 

of these molecules at the synapse may thus provide insights into fundamental processes 

of synaptic cell adhesion and connectivity, but moreover help to elicit the molecular 

mechanisms underlying synapse properties and function. In this thesis, I investigated the 

involvement of two candidate molecules, NCAM and Neuroligin-2, in stress and social 

behavior. Concerning NCAM, I could show that diminished expression in the forebrain 

renders individuals more vulnerable to chronic stress in adulthood. In detail, I extended 

the knowledge about NCAM by examining the impact of a conditional NCAM-knockout on 

emotional and aggression-related behavior in the interplay with stress. Further, I 

investigated the role of neuroligin-2 in mediating the effects of early-life stress on social 

behavior, social cognition and aggression. Therefore, I characterized and validated an 

early-life stress model on alterations of social behavior in adulthood and identified 

neuroligin-2 as potential mediator of the stress effects and behavioral alterations. I could 

show that neuroligin-2 expression in the hippocampus critically impacts on social 

behavior, rendering it a promising target for therapeutic interventions. The findings 

presented in my thesis clearly demonstrate a crucial role of neuronal cell adhesion 

molecules in stress, social behavior, especially aggression, and social cognition, and 

provide an encouraging foundation for future research on novel treatment strategies for 

neuropsychiatric disorders based on the molecular actions and interactions of neuronal 

cell adhesion molecules. 
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Zusammenfassung 

Neuronale Zelladhäsionsmoleküle sind als potenzielle Mediatoren von Stress auf Hirn-

funktion und Verhalten zunehmend in den Fokus präklinischer und klinischer Forschung 

gerückt. Die stressinduzierte Reorganisation neuronaler Netzwerke für strukturelle und 

funktionelle Anpassungen erfordert die Veränderung synaptischer Verbindungen, welche 

potenziell durch neuronale Zelladhäsionsmoleküle vermittelt wird. Störungen in neuro-

nalen Schaltkreisen können sowohl durch genetische als auch durch Umweltfaktoren 

ausgelöst werden und verursachen Verhaltensabweichungen, welche bis hin zu neuro-

psychiatrischen Krankheiten reichen können. Das Verständnis der Wirkmechanismen 

neuronaler Zelladhäsionsmoleküle in der Synapse würde folglich nicht nur Einblick in die 

fundamentalen Prozesse synaptischer Zelladhäsion geben, sondern vielmehr noch die 

molekulare Basis der Eigenschaften und Funktion von Synapsen aufzeigen. In der vorlie-

genden Arbeit habe ich die Rolle zweier Kandidatenmoleküle, NCAM und Neuroligin-2, in 

Stress und Sozialverhalten untersucht. Ich konnte zeigen, dass die reduzierte Expression 

von NCAM im Vorderhirn einen Vulnerabilitätsfaktor für chronischen Stress im Adult-

stadium darstellt. Hierzu habe ich die Auswirkungen eines konditionalen Knockouts des 

NCAM-Gens im Zusammenspiel mit chronischem Stress auf emotionale und aggressions-

bezogene Verhaltensweisen erforscht. Weiterhin habe ich die Rolle von Neuroligin-2 in 

der Mediation von Stress auf Sozialverhalten, soziale Kognition und Aggression unter-

sucht. Dazu habe ich ein Tiermodell für frühkindlichen Stress in Bezug auf das Sozial-

verhalten im Erwachsenenstadium charakterisiert und validiert und konnte Neuroligin-2 

als potenziellen Vermittler identifizieren. Die Expression von Neuroligin-2 im Hippo-

campus stellte sich als ausschlaggebender Faktor für die Beeinflussung von Sozial-

verhaltensmustern heraus und repräsentiert somit ein aussichtsreiches Forschungsziel zur 

Entwicklung neuer therapeutischer Behandlungsansätze für stressverursachte Ver-

änderungen des Sozialverhaltens. Die Ergebnisse meiner Arbeit demonstrieren deutlich 

die Wichtigkeit neuronaler Zelladhäsionsmoleküle in Stress und Sozialverhalten und 

bieten einen vielversprechenden Ausgangspunkt für zukünftige Forschungsrichtungen 

bezüglich innovativer Behandlungen für neuropsychiatrische Erkrankungen basierend auf 

den Wirkungsweisen neuronaler Zelladhäsionsmoleküle. 
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1. General introduction 

1.1. Stress and the stress response orchestra  

Entering the words 'stress' and 'help' in Google brings up more websites than the sum of 

search results for 'Barack Obama' and 'Angela Merkel' (status as of 16th February, 2014). 

This reflects the omnipresence of the term 'stress' in today's society, used by school kids 

as well as top managers, and the need for stress-relieving interventions to bring life back 

into balance and temporarily escape from the accelerating pace of modern life. When 

asking people to define 'stress', one would likely get a variety of different answers 

describing a negative state elicited by time and/or performance pressure, emotionally 

charging situations, social and/or financial hassles, but largely all accompanied by the 

feeling of having little or no control as common denominator. 

The term 'stress', as it is currently used, originated only some decades ago and was 

coined by the Austrian-Canadian endocrinologist Hans Selye (1907 - 1982) in 1936, when 

he introduced the concept of the general adaptation syndrome (Selye, 1936). Selye was 

inspired by the idea of homeostasis, established by the French physiologist Claude 

Bernard (1813 - 1878) and further developed by the American physiologist Walter Cannon 

(1871 - 1945), describing a delicate equilibrium of the body's systems in order to maintain 

critical values of internal variables, such as temperature and blood glucose levels 

(Cannon, 1932). Internal and external challenges threatening homeostasis arouse the 

individual's nervous and hormone systems and induce emotional and motivational states 

with observable behaviors aiming at restoring homeostasis and ensuring survival ("fight 

or flight" or emergency response) (Cannon, 1914). Selye defined stress as "the non-

specific response of the body to any demand made upon it" and "the state manifested by 

a specific syndrome, which consists of all the nonspecifically induced changes within a 

biological system " (Selye, 1936; Selye, 1956; Selye, 1973). He suggested that the general 

adaptation syndrome develops in three stages, starting with the initial alarm reaction 

involving the classical "fight or flight" response and aiming at regaining homeostasis, 

followed by the stage of resistance, which describes the body's adaptation to a sustained 

stressor, and the last stage of exhaustion, in which the body's resistance to stress is 
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gradually reduced and the ability to resist disease is eliminated. The historic work of 

Cannon and Selye, attempting to explain acute physiological and chronic stress responses, 

has been refined over time, but the principle of stress as a challenge for homeostasis 

remained (Chrousos, 2009; McEwen, 1998; McEwen and Wingfield, 2003; Sterling and 

Eyer, 1988). 

Upon the perception of a potential or actual threat (stressor), different stress response 

systems are initiated to allow immediate behavioral adaptations as well as optimal 

preparation for future challenges (Joels and Baram, 2009). The classical view of the stress 

response comprises two main temporal waves of action. The sympathetic nervous system 

is activated within seconds after stress exposure and causes the rapid release of 

noradrenaline and adrenaline (Ulrich-Lai and Herman, 2009). The release of monoamines, 

including serotonin and dopamine, is further triggered by brain circuits that are involved 

in the evaluation of the stressful event (Chaouloff et al., 1999; Joels and Baram, 2009). 

This initial cascade of action rapidly alters physiological states, for example increases 

heart rate and blood pressure, and allows vigilance, appraisal of the situation and active 

coping with the threat by "fight or flight". It is of short duration and declines quickly due 

to the simultaneous actions of the parasympathetic wing of the autonomic nervous 

system (Engelmann et al., 2004; Koolhaas et al., 1999; Ulrich-Lai and Herman, 2009). The 

second wave is represented by the actions of the hypothalamic-pituitary-adrenal (HPA) 

axis, leading to elevated levels of glucocorticoids (corticosterone in rodents, cortisol in 

humans) several minutes after the experience of stress (de Kloet et al., 2005). Initially, the 

neuropeptides corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) are 

released from the paraventricular nucleus (PVN) of the hypothalamus into the 

hypophyseal portal vessel system and eventually act on the anterior pituitary to promote 

the secretion of the adrenocorticotropic hormone (ACTH). ACTH subsequently stimulates 

the synthesis and release of glucocorticoids from the adrenal cortex (Ulrich-Lai and 

Herman, 2009). Glucocorticoids complement the effects of the activated sympathetic 

system including energy mobilization and cardiovascular modulation. Furthermore, they 

are mainly responsible for the negative feedback on the HPA axis by binding to their 

respective steroid receptors (Figure 1.1). In addition, glucocorticoids exert long-term 

genomic actions, in terms of altered gene expression and cell functioning, through 
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However, different facets of a stressor, such as its duration (transient or persistent) and 

nature (physical or psychological), together with the individual's characteristics, including 

gender, developmental stage and genetic background, influence the pattern and 

magnitude of the stress response (Figure 1.2; Joels and Baram, 2009). Stress mediators 

are released in different brain regions depending on the nature of a stressor, i.e. physical 

threats such as blood loss would stimulate the brainstem and hypothalamic regions, 

whereas psychological stressors rather engage stress mediators in limbic brain regions 

including the amygdala, hippocampus and prefrontal cortex (PFC) (de Kloet et al., 2005; 

Fenoglio et al., 2006; McEwen, 2007; McGaugh, 2004; Ulrich-Lai and Herman, 2009). 

Furthermore, all stress mediators, such as monoamines, neuropeptides and steroids, 

show preferred spatial and temporal patterns of enhanced release and action, but are not 

restricted to those. For example, monoamines usually induce synaptic responses within 

seconds after stress exposure but also induce activation of immediate early genes thereby 

extending their actions to a longer duration and influencing memory formation (Joels and 

Baram, 2009). Together with evidence for direct interactions of stress mediators, for 

instance monoamines and glucocorticoids in the hippocampus to promote enhanced 

excitability and synaptic plasticity, these observations suggest that the stress response 

consists of more than the simple sum of effects and rather represents a complex 

orchestra of actions of the stress mediators. 
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1.2. Contributions of stress to psychopathologies 

Chronic stress 

The duration and severity of a stressor are critical features influencing the unique pattern 

of the stress response. Brief periods of controllable stress can lead to adaptive 

physiological and behavioral alterations including enhanced memory consolidation, while 

repeated and prolonged exposure to a stressor (chronic stress) may cause deleterious 

effects on several brain structures and functions (Chrousos, 2009; Roozendaal, 2000; 

Roozendaal et al., 2002; Sandi, 1998; Sandi, 2004; Shors and Mathew, 1998). The 

detrimental effect of chronic stress is largely driven by sustained and excessive activation 

of the stress systems and malfunctioning of shutdown mechanisms, resulting in 

prolonged secretion of stress mediators, e.g. chronically elevated levels of glucocorticoids 

(Magarinos et al., 1996). For the hippocampus as a striking example, an enormous 

amount of animal studies has shown that chronic stress and thus hyperactivation of stress 

systems and augmented levels of stress mediators cause structural remodeling in terms 

of dendritic atrophy in hippocampal CA3 pyramidal neurons, reduction and debranching 

of apical dendrites, as well as inhibited neurogenesis in the dentate gyrus, among others 

(de Kloet et al., 2005; Magarinos et al., 1996; Magarinos and McEwen, 1995; McEwen, 

1999; McEwen, 2002; Sandi, 2004; Sapolsky et al., 1990; Uno et al., 1989). These 

morphological changes in the hippocampus, a key brain region for learning and memory, 

have been associated with alterations in cognitive function including spatial and 

contextual memory (Luine, 2002; Lupien et al., 2009; McEwen, 1999). Further 

consequences of chronic stress include facilitated contextual fear conditioning, enhanced 

anxiety- and depression-like behavior, reduced exploratory activity, increased aggression 

and disturbances of the immune and metabolic systems (Chrousos, 2009; Hollis et al., 

2013; Sandi et al., 2011; Wood et al., 2003). Much progress has been made in the last 

decades to unravel key players in the stress responses and their involvement in processes 

induced by chronic stress influencing behavior as well as brain structure and function, but 

the whole picture still remains blurred.  
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Animal models represent a powerful tool for gaining insights into the effects of stress on 

brain regions and circuits and consequently behavioral alterations. An ideal animal model 

framing pathological consequences of stress in humans should match three different 

criteria: face validity (the requirement for a reasonable degree of symptomatic 

homology), construct validity (the requirement for similar causative factors) and 

predictive validity (treatments available for humans should similarly reverse the 

symptoms in the animal model) (Krishnan and Nestler, 2011). Rodent models for chronic 

stress which meet these requirements to a large extent, such as the chronic unpredictable 

stress (CUS), chronic social stress (CSS) or chronic social defeat stress (CSDS) model, are 

predominantly based on the concept of uncontrollability and unpredictability of the 

applied stressors (Bartolomucci et al., 2009; Berton and Nestler, 2006; Covington III et al., 

2011; Fuchs and Flügge, 2002; Koolhaas et al., 2011; Schmidt et al., 2008; Willner, 1997). 

Unpredictable stressors have a greater negative impact on the individual than predictable 

ones and do not induce habituation or attenuation of the stress response as observed for 

recurring, predictable stressors (Hollis et al., 2013; Willner, 1997). In particular, the CUS 

model uses a variety of mild unpredictable stressors with alternating durations and 

occurrences, mirroring the variability of stressors in human everyday life (Hollis et al., 

2013). Usually, one or two different stressors, such as cold exposure, inversion of light-

dark cycle, wet cage exposure or immobilization, are applied at different times during the 

day with different lengths. The CUS model has been shown to meet the above-mentioned 

criteria in terms of induction of symptoms of stress-related human disorders, similar 

underlying causes, and reversal by chronic antidepressant treatment (Willner, 1997). 

Taken together, animal models of chronic stress constitute valuable tools for the 

preclinical investigation of psychopathologies induced by prolonged stress and may help 

to elucidate the concert of molecular mechanisms underlying chronic stress-related 

psychiatric disorders.  
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Early-life stress 

Besides the length of stress exposure, the characteristics of the affected individual, such 

as genetic make-up or gender, play an important role in its vulnerability to stress. The 

developmental stage in which the stressor occurs, i.e. new-born, juvenile or adult, can 

crucially determine the impact of stress on the individual and the resulting phenotype 

(Joels and Baram, 2009; Kim and Cicchetti, 2006; Larkin and Read, 2008; McCrory et al., 

2012; O'Mahony et al., 2009; Schmidt et al., 2011; Wood et al., 2003). Interestingly, 

sustained or severe stress earlier in life often induces long-lasting effects on physiology 

and behavior, whereas the effects of chronic stress in adulthood appear to be more easily 

reversible after a few weeks of non-stress in most individuals (Lupien et al., 2009). During 

the early postnatal phases, the brain is experience-seeking and provided with a 

remarkable plasticity to allow fine-tuning of the developing organism to the external 

environment (Cirulli et al., 2009). Hence, early adverse experiences may impact on the 

sensitive maturation processes of brain regions and possibly interfere with synapse 

formation and synaptic circuit establishment as well as epigenetic modifications of genes 

involved in stress responses (Champagne and Curley, 2009; Dityatev and El-Husseini, 

2006; Lupien et al., 2009). The early social environment and parent-child interactions play 

a crucial role for appropriate social, emotional and cognitive development (Lewis et al., 

2006; Veenema, 2012; Veenema and Neumann, 2009). In rodents (rats/mice) as well as in 

humans, a high amount of physical contact with the mother is important for the infant's 

maturation, influencing physiological and behavioral responses to stressful stimuli 

(Meaney and Szyf, 2005; Veenema, 2012). In contrast, exposure to early social 

deprivation or adverse environment in terms of low parental care, emotional neglect or 

abuse, can have profound long-term effects on the responsiveness of the stress systems 

and the development of various neuroendocrine and neurobiological systems. The 

resulting structural and functional alterations of the brain may be accompanied by 

changes in stress coping styles, emotional and social behavioral and cognitive function 

(De Bellis et al., 1999; Fenoglio et al., 2006; Heim and Nemeroff, 2002; Meaney, 2001; 

Sanchez et al., 2001; Van Voorhees and Scarpa, 2004; Veenema and Neumann, 2009). 

Already in the 1950's, Seymour Levine showed persisting effects of early handling in 

neonatal rats on stress responses in adulthood (Levine, 1957). This was further 
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underlined by findings from Meaney and colleagues, who demonstrated the impact of 

early environmental manipulation on the sensitivity of the stress systems and genes 

related to the regulation of these systems, including the GR, in the PFC and the 

hippocampus (Meaney et al., 1996). Importantly, the dentate gyrus of the hippocampal 

formation is one of the few sites where neurogenesis, a form of brain plasticity that plays 

an important role in circuit development, cognition and emotional regulation, occurs in 

adulthood. Manipulations in the first postnatal weeks, in which brain growth reaches its 

maximum, critically impact on differentiation of hippocampal neurons, neurogenesis and 

overall brain function later in life (Cirulli et al., 2003; Georg Kuhn and Blomgren, 2011; 

Korosi et al., 2012; Lemaire et al., 2006; Meaney et al., 1996). 

Studies in rodents mostly utilize the separation from the dam for a certain time period 

each day as a potent stressor for the pups (Lupien et al., 2009; Matthews and Robbins, 

2003; Millstein and Holmes, 2007; Veenema and Neumann, 2009). Although maternal 

separation models largely meet the validity criteria for animal models, the protocols vary 

tremendously throughout the literature and have brought up differential outcomes 

regarding the resulting phenotypes related to psychiatric disorders (Schmidt et al., 2011). 

In addition, the pups' stress response has been shown to desensitize to repeated daily 

maternal separation, indicative for habituation to the stressor (Enthoven et al., 2008). 

Several studies showed that maternal separation engenders increased dam-pup 

interactions, including increased licking and grooming, suggesting compensatory actions 

by the dam upon return that might reduce the stress effects (Anisman et al., 1998). 

However in humans, the mother might be physically present throughout the stress period 

but her interactions with the child may be unpredictable and erratic (Gaudin, Jr. et al., 

1996; Koenen et al., 2003; Rice et al., 2008). In Tallie Baram's group at the University of 

California, Rice et al developed an animal model using an impoverished postnatal 

environment to disturb dam-pup interactions (Rice et al., 2008). Limiting nesting and 

bedding material and thus the dams' ability to construct a nest for their pups has been 

shown to profoundly influence the quantity and quality of maternal care (Ivy et al., 2008). 

The resulting abnormal repertoire of nurturing behaviors of the dam and consequently 

the inconsistency and fragmentation of maternal care provoked striking changes in the 

expression and release patterns of key molecules in the stress response system of the 
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pups (Avishai-Eliner et al., 2001; Gilles et al., 1996; Rice et al., 2008). This promising 

model, reflecting the human situation of early-life stress (ELS) derived from impoverished 

parental care and neglect, has so far been characterized in terms of anxiety-related 

behavior and cognitive performance, but the effects on social behavior have not yet been 

investigated (Schmidt et al., 2011; Wang et al., 2012; Wang et al., 2011b). Further insights 

into the molecular processes and behavioral phenotypes influenced by ELS may improve 

our understanding of stress-related disorders and elicit possible intervention strategies. 
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1.3. Neuropsychiatric diseases 

People diagnosed with personality disorders show difficulties in cognition, emotional 

behavior, control of impulsiveness and interpersonal behaviors and relations. For 

instance, borderline personality disorder (BPD) is characterized by intense and rapidly 

changing mood states as well as impulsivity, self-injurious behaviors and unstable 

relationships (Wingenfeld et al., 2010). BPD has been reported to be comorbid with 

mood/affective disorders (over 90%) and anxiety disorders (over 80%), among others, 

suggesting a strong link with other psychiatric disorders (Zanarini et al., 1998). 

Depression, as an example for affective disorders, is a chronic, recurring and potentially 

life-threatening illness that affects up to 20% of the population across the globe with 

symptoms including loss of interest in social contacts (Altmann and Gotlib, 1988; Berton 

and Nestler, 2006). This disorder has enormous impacts not only on the individual and its 

social environment itself, but on economics and social security (Fava, 1998). The common 

feature of impaired emotional and social behavior in these distinct psychiatric disorders 

further link to neurodevelopmental diseases like schizophrenia and autism spectrum 

disorders (ASD). Schizophrenia is manifested by a breakdown of thought processes, poor 

or non-existent emotional responsiveness and social functioning, and ASD is characterized 

by abnormal or impaired development of social interactions and communication and a 

markedly restricted repertoire of activity and interest (Fatemi and Folsom, 2009; Larsson 

et al., 2005; Sucksmith et al., 2011). Social deficits in affected patients may derive from 

the inability to recognize the emotional expressions of others or properly process these 

information (Bang and Owczarek, 2013). It is thus possible that the alteration in social 

behavior is an endophenotype observed across several different psychiatric diseases, 

which may also show similar underlying biological mechanisms. 

While these disorders have very different underlying etiologies, they also share 

overlapping environmental risk factors (Carroll and Owen, 2009; Pinkham et al., 2008). 

Chronic or severe stress, especially during developmental periods of increased sensitivity, 

represents a key risk factor for the development of various neuropsychiatric diseases 

including BPD, depression, schizophrenia and ASD (de Kloet et al., 2005; Jones and 

Fernyhough, 2007; Kinney et al., 2008; Tennant, 1985; Walker and Diforio, 1997; 

Wingenfeld et al., 2010). Various indications contribute to the large body of evidence that 
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links stress to human psychopathology. Stress in the early stages of life increases the 

likelihood of developing impulsive aggression, violent and/or criminal behaviors (Craig, 

2007). Increased rates of major depression, post-traumatic stress disorder (PTSD) and 

schizophrenia have been reported for adults with a history of childhood maltreatment or 

early parental loss (Agid et al., 1999; Barnow et al., 2004; Heim and Nemeroff, 2001; 

Kendler et al., 1999). Similarly, soldiers and war veterans or children that experienced war 

show a high prevalence of psychiatric diseases, mainly PTSD (Hoge, 2007; Kuehn, 2009; 

Thabet and Vostanis, 1999). In the interplay with environmental factors, the individual's 

vulnerability to stress and thus the risk to develop psychiatric manifestations can be 

potentiated or attenuated by genetic predispositions that subtly influence components of 

the stress response system, e.g. polymorphisms in the CRH receptor or GR, or epigenetic 

changes in stress-related genes (Binder et al., 2008; Bradley et al., 2008; Caspi et al., 

2002; Caspi et al., 2003; de Kloet et al., 2005; Heim and Nemeroff, 2001; Heim et al., 

2009; Klengel et al., 2013). Dysregulations in stress response systems were shown to be 

evident in disorders like depression or schizophrenia and induce behavioral alterations in 

rodents reflecting symptoms of neuropsychiatric disorders, including impaired social and 

emotional behavior (Altamura et al., 1999; Checkley, 1996; Cordero et al., 2012; de Kloet 

et al., 2005; Heim and Nemeroff, 2002; Maskey et al., 2013; Neumann et al., 2010). 

Besides the behavioral similarities with stress-induced manifestations, these diseases 

have been associated with alterations in stress-related brain regions, such as 

hippocampal and amygdala volumes or asymmetry, atrophy, decreased synaptic 

plasticity, remodeling of dendrites in limbic brain regions, and modifications of synapses 

properties (Cirulli et al., 2003; Lange and Irle, 2004; Leuchter et al., 1997; Lupien et al., 

2009; McEwen, 2003; Schmahl et al., 2003; Yang et al., 2008; Young et al., 1991).  

In addition to the existing literature on causative hypotheses for neuropsychiatric 

disorders, recent research has highlighted neurogenesis, neuronal connectivity and 

plasticity as central issues potentially underlying depression and schizophrenia (Angelucci 

et al., 2005; Brennaman and Maness, 2010; Castren, 2004). Interestingly, reduced 

neurogenesis and neurotrophic factor expression, which are important players in 

neuronal plasticity, and a loss of synapses have been found in limbic brain regions both 

following stress (chronic stress and early maternal separation) and in human 
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psychopathology (schizophrenia and depression) (Bennett, 2008; Castren, 2004; Chang 

and Fava, 2010; Sairanen et al., 2005). In accordance, both antidepressant and typical 

antipsychotic treatments increase the expression of neurotrophic factors in limbic 

structures, most notably the hippocampus, thus promoting neurogenesis and facilitating 

synaptic connectivity (Bai et al., 2003; Castren, 2004; Russo-Neustadt et al., 1999; 

Shirayama et al., 2002). The development and regulation of neuronal connections has 

been put into the spotlight of research on autism, schizophrenia and depression (Bennett, 

2008; Rubenstein and Merzenich, 2003; Zoghbi and Bear, 2012). Hence, the inappropriate 

loss of synaptic stability leading to dysfunction of neuronal circuits and communication, 

induced by various causes such as stress or genetics, may represent a common 

denominator underlying many psychiatric and neurodevelopmental disorders (Bennett, 

2008; Spronsen and Hoogenraad, 2010). However, the exact mechanisms underlying 

stress-induced remodeling and modification of neural circuits involved in psychiatric 

disorders and accompanying behavioral symptoms remain elusive. Remodeling of 

neuronal circuits induced by stress and implicated in various psychiatric disorders 

probably involves the functional disruption of synaptic protein interactions that play a 

crucial role in the organization and maintenance of neuronal circuits and interact with the 

cytoskeleton and intracellular machinery of the pre- and postsynaptic compartments, 

rendering neuronal cell adhesion molecules as promising candidates for the mediation of 

these stress effects (Sandi, 2004). 
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1.4. Neuronal cell adhesion molecules 

The diversity of synapses is based on differences in the organization of neurotransmitter 

release and receptor machinery composition, a process that is critically influenced by 

neuronal cell adhesion molecules (nCAMs) (Südhof, 2008). The controlled spatial and 

temporal expression of selective cell adhesion molecules on neuronal cell surfaces is 

crucial for the establishment of synaptic connections and specializations within neuronal 

circuits and their appropriate functioning (Shapiro et al., 2007). Synapse formation and 

specification involves the initial recognition of the target cell by the neural growth cone, 

the formation of synaptic junctions with recruitment of synaptic components and the 

final maturation of the synapse in an activity-dependent fashion and specification of 

circuit-specific properties (Südhof, 2008). Members of several nCAM families, such as 

cadherins, integrins, immunoglobulins and neuroligin/neurexin, are particularly attractive 

candidate mediators of synaptogenesis due to their ability to bidirectionally coordinate 

molecular and morphological synapse differentiation (Dalva et al., 2007). The interaction 

across the synaptic cleft and signaling of nCAMs can induce the formation of new 

synapses as well as the modulation of existing synapses, synaptic receptor function, 

synaptic plasticity and dendritic spine morphology (Figure 1.3; Aplin et al., 1998; Benson 

et al., 2001; Dalva et al., 2007).  
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tissue specifications, among others (Benson et al., 2001; Nakagawa and Takeichi, 1998; 

Shapiro et al., 2007; Takeichi, 1991). 

Integrins are a family of cell surface receptors mainly responsible for adhesion to the 

extracellular matrix but also for cell-cell-adhesion (Aplin et al., 1998; Hynes, 1992). They 

consist of heterodimers of single-transmembrane α- and β-subunits and are linked to the 

actin-based microfilament and intermediate filament cytoskeleton (Albelda and Buck, 

1990; Hynes, 2002; Shapiro et al., 2007). Integrins, which appear in more than 20 distinct 

forms, have crucial functions in neuromuscular junctions, brain development, immune 

responses and leukocyte trafficking (Hynes, 1992; Hynes, 2002).  

The superfamily of immunoglobulin cell adhesion molecules (IgCAMs) is one of the most 

ancient and diverse CAM families with more than 100 members and various alternative 

spliced isoforms (Beckerle, 2001; Shapiro et al., 2007). IgCAMs are single-span type I 

transmembrane proteins and characterized by the presence of one or more 

immunoglobulin folds near the N-terminus (Aplin et al., 1998; Johnson, 1991; Williams 

and Barclay, 1988). Protein modules, such as fibronectin type III (FN III) repeat domains, 

provide linkers to the plasma membrane surface (Williams et al., 1989). The binding 

properties of members of this superfamily are quite diverse, ranging from mainly calcium-

independent homophilic or heterophilic binding specificity to interactions with different 

CAMs such as integrins (Brady et al., 2011; Johnson, 1991; Shapiro et al., 2007). IgCAMs 

may function as transmembrane proteins or as secreted soluble proteins, that are 

generally produced as alternatively spliced variants of transmembrane IgCAMs (Rougon 

and Hobert, 2003). The most important context for IgCAM functioning is the developing 

nervous system, where many members of the IgCAM family are involved in axon guidance 

and the establishment and maintenance of neuronal connections (Aplin et al., 1998; 

Baldwin et al., 1996; Dalva et al., 2007). One of the most prominent members of the 

IgCAM superfamily is the Neural Cell Adhesion Molecule (NCAM). 
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NCAM engages in homophilic binding, but also in heterophilic interactions with other 

proteins including the fibroblast growth factor receptor (FGFR) and brain-derived 

neurotrophic factor (BDNF) (Aonurm-Helm et al., 2008a; Stewart et al., 2010). NCAM 

clustering and heterophilic binding, e.g. to FGFR, activates intracellular downstream 

signaling cascades that eventually lead to rearrangements of the cytoskeleton and gene 

transcription modifications that are required for neurite outgrowth and neuronal 

migration (Maness and Schachner, 2007). NCAM has been associated with many 

neurodevelopmental processes such as cell migration, axon outgrowth, formation and 

remodeling of synaptic contacts, modulation of long-term potentiation (LTP) and 

neurogenesis (Aonurm-Helm et al., 2008a). The most relevant post-translational 

modification of NCAM is the addition of polysialic acid (PSA), which modifies NCAM 

functioning by rendering it less adhesive and decreasing homophilic and modulating 

heterophilic interactions (Calandreau et al., 2010; Maness and Schachner, 2007). NCAM-

polysialylation markedly decreases during development until adulthood, where it remains 

detectable in sites of active neurogenesis like the dentate gyrus (Maness and Schachner, 

2007). PSA-NCAM has been implicated in neurite growth, cell migration and promoting 

synaptic plasticity (Calandreau et al., 2010; Cremer et al., 2000; Kiss and Rougon, 1997; 

Ronn et al., 2000). 

In vivo studies showed that a NCAM-knockout (NCAM-KO) in animals results in LTP 

deficits and, in line with this, defects in hippocampus-dependent long-term memory 

(Bukalo et al., 2004; Dalva et al., 2007). NCAM deletion has further been associated with 

severe impairments in cognition, including spatial learning and memory, and fear 

conditioning as well as enhanced anxiety, exploratory and aggressive behavior (Bisaz et 

al., 2009a; Stork et al., 1997; Stork et al., 2000; Stork et al., 1999). Additionally, NCAM-KO 

animals show morphological changes in cytoarchitecture of the hippocampus including 

mossy fiber growth and fasciculation (Cremer et al., 1997; Cremer et al., 1998; Sandi, 

2004). Chronic stress, which leads to cognitive and neuronal alterations as mentioned 

above, has been shown to reduce NCAM expression in the hippocampus (Bisaz et al., 

2011; Sandi et al., 2001; Venero et al., 2002). Both chronic stress and NCAM deletion in 

mice as well as interference with NCAM function result in similar effects on behavior, 

cognition and hippocampal structure (Sandi, 2004). Thus, it appears not surprising that 
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disturbances in NCAM signaling or genetic predispositions regulating NCAM expression or 

polysialylation have been associated with psychiatric disorders like depression and 

schizophrenia (Barbeau et al., 1995; Brennaman and Maness, 2010; Chekhonin et al., 

2008; Cunningham et al., 1987; Poltorak et al., 1995; Sandi and Bisaz, 2007; Vawter et al., 

1999; Vawter et al., 1998). Strikingly, a conditional NCAM-deletion leading to diminished 

NCAM expression in the forebrain from postnatal day (pnd) 22 onwards and thus not 

affecting developmental processes involving NCAM has been shown to increase the 

vulnerability to stress (Bisaz and Sandi, 2012). The interaction effects of reduced 

postnatal NCAM expression as a vulnerability factor and stress in adulthood on emotional 

and social behavior, especially aggression, reflecting symptoms of human psycho-

pathology, require further investigation and may underline the importance of NCAM as 

therapeutic target. 
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Neurexins/Neuroligins 

Neurexins (nrxns) were initially discovered in the 1990's as receptors for α-latrotoxin, a 

neurotoxin in the black widow spider venom that induces massive neurotransmitter 

release (Südhof, 2008; Ushkaryov et al., 1992; Ushkaryov et al., 2008). Pioneering work of 

Peter Scheiffele and Thomas Südhof have further characterized nrxns and their 

postsynaptic binding partners neuroligins (nlgns) with regard to their ability to induce pre- 

and postsynaptic differentiation and to guide synapse formation (Craig and Kang, 2007; 

Scheiffele et al., 2000; Südhof, 2008). Neurexins are type I membrane proteins generated 

by alternative splicing of mRNA transcripts from six promotors in three different genes. 

Larger α-nrxns are expressed from the upstream promotor of each gene, while the 

smaller β-nrxns are expressed from the downstream promotor (Craig and Kang, 2007; 

Shapiro et al., 2007). The cytoplasmic tails and carboxy-terminal transmembrane regions 

are identical, but extracellularly, α-nrxns contain six LNS (laminin/neurexin/sex hormone-

binding globulin) domains while β-nrxns have a single LNS domain (Südhof, 2008). 

Extensive activity- and region-dependent alternative splicing generates an enormous 

diversity of nrxns, which determines their role at the synapse (Tabuchi and Südhof, 2002). 

The members of the nlgn family, nlgn1-4, are endogenous nrxn ligands and encoded by 

four genes in mammals (Ichtchenko et al., 1995). Nlgns are single transmembrane (type I) 

proteins and contain a large extracellular catalytically inactive acetylcholinesterase (AChe) 

domain, which enables homo- and heterodimerization of nlgns (Chen et al., 2008; Südhof, 

2008). The lateral dimerization is essential for nlgn functioning in terms of synaptogenic 

properties but not for binding to nrxns (Bang and Owczarek, 2013). Nlgns form a trans-

synaptic complex with α-nrxns and β-nrxns in an alternative splicing-dependent manner, 

e.g. unspliced nlgns can bind β-nrxns but not α-nrxns, by attachment of the AChe domain 

to the respective nrxn LNS domain (the sixth LNS domain of α-nrxns corresponds to the 

single LNS domain of β-nrxns) (Comoletti et al., 2006; Dean and Dresbach, 2006; Südhof, 

2008). Different isoforms of nlgns are localized in different postsynaptic specializations of 

synapses. While nlgn1 is predominantly present in excitatory glutamatergic synapses, 

nlgn2 localizes mainly in inhibitory GABAergic synapses (Figure 1.5; Huang and Scheiffele, 

2008; Song et al., 1999; Varoqueaux et al., 2004). Nlgn3 seems to be present in both types 
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The expression levels of nlgns are low throughout rodent embryonic development, but 

rapidly increase between pnd 0 and 3. When most synapses are formed during pnd 5-8, 

nlgn expression reaches a plateau and remains at high levels in adulthood (Bang and 

Owczarek, 2013; Varoqueaux et al., 2006). Evidence from cell studies suggested a critical 

role of nrxns and nlgns in the very first steps of synaptogenesis, since the presentation of 

nrxns on dendrites or nlgns on the surface of non-neuronal cells triggered the 

differentiation of pre- and postsynaptic specializations (Bottos et al., 2011; Graf et al., 

2004; Scheiffele et al., 2000). However, in vivo studies demonstrated nrxns and nlgns 

being rather involved in synapse maturation and regulating synaptic transmission 

characteristics. The knockout of nlgns or nrxns in animals leads to deficits in synaptic 

transmission, but not to a loss of synapses or changes in their structure (Bang and 

Owczarek, 2013; Missler et al., 2003; Varoqueaux et al., 2006). Specifically, the deletion of 

nlgn2 in mice results in altered postsynaptic specializations at inhibitory synapses and 

decreases inhibitory synaptic responses (Bang and Owczarek, 2013; Chubykin et al., 2007; 

Poulopoulos et al., 2009).  

Mutations in the nrxn and nlgn genes have been associated with the pathology of ASD 

and schizophrenia (Carroll and Owen, 2009; Jamain et al., 2003; Liu et al., 2012; Novak et 

al., 2009; Rujescu et al., 2009; Sun et al., 2011). As previously described, both diseases are 

likely neurodevelopmental disorders and even though they have different symptom 

presentations, age of onset and developmental course, a common characteristic is the 

impairment in social functioning and cognition (Pinkham et al., 2008). Further psychiatric 

disorders, such as depression, bipolar disorder and antisocial personality disorders, share 

these symptom characteristics of impaired social and emotional behavior ranging from 

social withdrawal to escalated aggression (Carroll and Owen, 2009; Veenema and 

Neumann, 2007). Altered synaptic function and changes in neuronal connectivity have 

been proposed as common biological basis in the pathogenesis of these disorders 

(Brennaman and Maness, 2010; McGlashan and Hoffman, 2000; Sun et al., 2011). Indeed, 

mouse models with genetic manipulations of nlgns have revealed behavioral alterations 

related to the diseases described above. The constitutive deletion of nlgn1, resulting in 

reduced excitatory synaptic transmission, has been shown to lead to deficits in social 

behavior and repetitive, stereotyped behavior, a potential autism-relevant abnormality, 
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as well as deficits in synaptic plasticity, spatial learning and memory (Blundell et al., 

2010). The conditional overexpression of nlgn1, consequently resulting in increased 

excitatory synaptic activity, also led to deficits in spatial learning and synaptic plasticity, 

but no changes were observed in social and emotional behavior (Dahlhaus et al., 2010). 

Concerning nlgn2, a constitutive knockout has been shown to lead to the delay of 

developmental features and increased anxiety-related behavior in mice, but social 

behaviors remained unchanged (Blundell et al., 2009; Wöhr et al., 2013). However, 

transgenic mice with enhanced expression of nlgn2 showed stereotyped jumping 

behavior, increased anxiety-like behavior and impaired social interactions (Hines et al., 

2008). Importantly, the expression levels of nlgn2 in the hippocampus have been shown 

to be altered following stress, a key risk factor for developing neuropsychiatric disorders 

as mentioned above, and was accompanied by changes in social behavior and aggression 

(Sandi et al., 2011; van der Kooij et al., 2014). These findings highlight the importance of a 

precise balance within neuronal circuitries throughout life. Disturbances of neuronal 

circuits, evoked by genetic or environmental factors, involved in regulating social 

behaviors, such as the PFC, the amygdala and also the hippocampus, during critical 

developmental periods may underlie these behavioral dysfunctions (Gogolla et al., 2009; 

Hasan et al., 2013; Nunes et al., 2009). Unraveling the actions and interactions of nlgns at 

the synapse may not only help to understand the fundamental mechanisms of synaptic 

cell adhesion but also elicit the molecular determinants of neural circuit characteristics 

and, considering their implication in the aforementioned diseases, give rise to potential 

new diagnostic and therapeutic possibilities. 
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1.5. Aim of the thesis 

In the current thesis, we aimed to investigate the involvement of selected nCAMs in 

mediating the effects of stress on social behavior and social cognition. In detail, we first 

validated the contribution of a conditional NCAM-KO in mice as vulnerability factor to 

stress regarding emotional and social behavior (chapter 2.1). Next, we characterized and 

validated the impact of an early-life stress model on social behavior and on the 

transcriptional regulation of a recently identified nCAM family, namely nlgns, in the adult 

mouse hippocampus (chapter 2.2). The role of hippocampal nlgn2 in mediating the 

effects of stress on social behavior and social cognition was further elucidated by virally 

overexpressing or knocking down nlgn2 expression levels in adult mice with subsequent 

behavioral testing (chapter 2.3). In chapter 2.4, we investigated the potential of reducing 

hippocampal nlgn2 expression following early-life stress to attenuate stress-induced 

behavioral changes in adult mice. Eventually, we analyzed the impact of manipulated 

nlgn2 expression levels on emotional and social behavior in adult rats (chapter 2.5). Taken 

together, this thesis will provide profound evidence for the involvement of nCAMs, 

especially NCAM and nlgn2, in the mediation of stress-induced changes in social behavior, 

related to shared symptoms of various neuropsychiatric disorders. The results will further 

point to a promising future direction for the development of novel therapeutic strategies 

based on the interference with nCAM interactions and signaling.  
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Abstract 

The neural cell adhesion molecule (NCAM) is a key regulator of brain plasticity. 

Substantial evidence indicates that NCAM is down-regulated by exposure to sustained 

stress and chronic stress seems to lead to increased aggression. In addition, constitutional 

NCAM-deletion in mice has been shown to lead to increased intermale aggression and 

altered emotionality. Forebrain-specific postnatal NCAM-knockout was previously shown 

to impair cognitive function, particularly when animals were exposed to subchronic 

stress, but the effects on emotional and social behavior remain unclear. In this study, we 

investigated the potential interplay of a forebrain-specific postnatal NCAM-deletion and 

exposure to different lengths of repeated stress (i.e., subchronic: 14 days; chronic: 29 

days) on aggressive and emotional behavior. Our results show that postnatal deletion of 

NCAM in the forebrain leads to increased aggression and altered emotionality depending 

on the duration of stress, whereas the conditional NCAM-knockout has no basal impact 

on these behaviors. These findings support the involvement of NCAM in the regulation of 

emotional and aggressive behaviors, suggesting that diminished NCAM expression might 

be a critical vulnerability factor for the development of these behavioral alterations under 

repeated exposure to stress. 
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Introduction 

Neural cell adhesion molecule (NCAM), a prominent member of the immunoglobulin 

superfamily of adhesion molecules, is one of the best-characterized cell adhesion 

molecules (CAMs) with regard to its involvement in brain plasticity, remodeling and 

formation of synapses, and its ability to modulate synaptic characteristics (Aonurm-Helm 

et al., 2008a; Cunningham et al., 1987). The expression levels of NCAM and its binding 

properties are crucial for neural remodeling and synaptic function. Disturbances in NCAM 

expression and dysregulation of NCAM signaling have been linked to various psychiatric 

disorders, such as depression, bipolar disorder and schizophrenia in humans (Brennaman 

and Maness, 2010; Chekhonin et al., 2008; Cunningham et al., 1987; Poltorak et al., 1995; 

Vawter et al., 1999), as well as with changes in emotional and social behaviors in animal 

models (Conboy et al., 2010; Stork et al., 2000; Stork et al., 1999). Of specific interest is 

pathological aggression, a key symptom in mental disorders (such as antisocial personality 

disorder and borderline personality disorder) which is also characteristic of many other 

psychiatric diseases, such as mood disorders and schizophrenia (Haller and Kruk, 2006; 

Neumann et al., 2010; Veenema and Neumann, 2007). Constitutive knockout of NCAM 

has been shown to increase intermale aggression (Stork et al., 1997). Furthermore, a 

deficiency in polysialic acid (PSA) during early development, which renders NCAM less 

adhesive, has been linked to changes in social motivation and increased aggression 

(Calandreau et al., 2010).  

The interaction of genetic risk factors and environmental conditions appears to be a 

necessary requirement for the development of personality and psychiatric disorders. In 

particular, exposure to chronic or severe stress increases the incidence of such disorders 

(de Kloet et al., 2005; Lupien et al., 2009; Wingenfeld et al., 2010) and can act as a trigger 

for impaired social behaviors, especially aggression (Cordero et al., 2012; Craig, 2007; 

Craig and Halton, 2009; Marquez et al., 2013; Mineur et al., 2003; Neumann et al., 2010; 

Wood et al., 2003). While brief periods of controllable stress result in mostly adaptive 

physiological and behavioral changes, chronic exposure to stress has been shown to have 

deleterious effects on several brain structures involved in regulating social behavior, 

including the hippocampus, prefrontal cortex and amygdala (McEwen, 2002; Nunes et al., 

2009; Rossi et al., 2012; Sandi, 1998; Sandi, 2004; van der Kooij and Sandi, 2012). A large 



Research article 1 

 
32 

body of evidence implicates the differential expression of CAMs, particularly NCAM, in 

the mediation of stress effects on brain and behavior. Due to their location both pre-and 

postsynaptically and their function in synapse maturation and specialization (Dalva et al., 

2007; Shapiro et al., 2007), CAMs might represent ideal candidate molecules for stress-

induced plasticity and circuit remodeling in the brain (Sandi, 2004). Chronic stress has 

been shown to affect the expression of NCAM, among others, in multiple brain regions, 

including the hippocampus, prefrontal cortex and amygdala (Sandi et al., 2001; Sandi, 

2004; Venero et al., 2002; Wolf et al., 2009). Furthermore, altered expression of different 

CAMs has been associated with the modulation of social behaviors, including aggression 

(chapter 2.5; Calandreau et al., 2010; Dahlhaus and El-Husseini, 2010; Hines et al., 2008; 

Stork et al., 1997). Additionally, subchronic unpredictable stress has been shown to 

induce depression-like behavior and cognitive deficits in conditional NCAM-knockout 

mice, but not in wild-type littermates, rendering NCAM-deficient mice more vulnerable to 

stress (Bisaz and Sandi, 2012). Therefore, we reasoned that a similar stress-related, time-

dependent effect could be observed for NCAM-dependent social behaviors.  

We aimed to determine whether there was an interaction of the conditional NCAM-

knockout and the extent of exposure to repeated stress (i.e. subchronic versus chronic) 

on aggression. To test this hypothesis, we employed a ‘gene- environment’ experimental 

design to determine if conditional NCAM-KO mice, lacking postnatal forebrain NCAM 

expression, are more vulnerable to the development of an aggressive phenotype 

following subchronic and/or chronic stress than their wild-type littermates. 
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Material and methods 

Animals 

All experiments were conducted on age-matched (13-15 months) conditional NCAM-

deficient male mice (NCAMff+, further referred to as “NCAM-cKO”) and their wild-type 

littermates (NCAMff-, further referred to as “WT”) derived from in-house breeding at the 

animal facility of the École Polytechnique Fédérale de Lausanne (EPFL). The generation of 

these conditional NCAM-deficient mice has been previously described (Bukalo et al., 

2004). Briefly, homozygous NCAM-floxed females were bred with homozygous NCAM-

floxed males expressing cre-recombinase under the control of the promoter of the α-

subunit of the calcium–calmodulin-dependent protein kinase II (αCaMKII). The offspring 

were homozygous for the NCAM-floxed alleles, with approximately 50% carrying the 

αCaMKII-cre transgene; the remainder were wild-type littermates. All mice were 

backcrossed for more than 10 generations to the C57BL/6J background. 

All animals were housed in groups of two to four in standard plastic cages (19 x 27 x 13 

cm) on a 12 h light/dark cycle (lights on at 07:00 a.m.). Temperature and humidity in the 

animal housing room were maintained at 23 ± 1°C and 50 ± 15%, respectively. Food and 

water were available ad libitum. All procedures described were conducted according to 

the Swiss National Institutional Guidelines of Animal Experimentation and were approved 

through a license issued by the Cantonal Veterinary Authorities (Vaud, Switzerland). All 

efforts were made to minimize animal suffering during the experiments. 

 

Experimental design 

Experiment 1: 

Male animals of both genotypes (n(WT)=8; n(NCAM-cKO)=12) were characterized for anxiety-

like and exploratory behavior as well as aggression, to investigate the possible influence 

of the conditional forebrain NCAM-deletion under basal conditions.  

After the transfer to the animal facility for behavioral testing, the animals were given 2.5 

weeks to habituate to the new facility. All animals were then characterized for anxiety-
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like behavior in the elevated plus maze (EPM). Subsequently, we tested the animals for 

exploratory and emotional behavior in the open field test (OF), followed by the bedding 

preference test (BP) to verify no alterations in olfaction and the resident-intruder test (RI) 

to investigate aggression-like behavior. Animals were allowed to rest 1-2 days between 

each test. Seven days after the last test, all animals were sacrificed. 

 

Experiment 2: 

To investigate whether exposure to stress interacts with the gene knockout on the 

development of aggressive behaviors, a second batch of animals (n(WT)=9; n(NCAM-cKO)=13) 

was subjected first to an unpredictable stress paradigm for 14 days and then to another 

period of unpredictable stress that was administered for 15 days. The first stress period 

was defined as ‘subchronic’ stress, while after both unpredictable stress periods the level 

of stress exposure was defined as ‘chronic’ (Bisaz and Sandi, 2012). Anxiety-like behavior, 

exploratory behavior and aggression were tested after each stress period to investigate if 

the animals were differentially affected depending on the duration of the stress.  

After the transfer from the breeding facility, the mice were allowed to habituate to the 

animal facility before phenotyping and were then characterized using the EPM for 

anxiety-like behavior and the BP test for olfaction. Four days later, all animals were 

subjected to the first period of unpredictable stress (further referred to as subchronic 

stress). On the day after the last stressor, the animals were tested for exploration and 

emotional behavior in the OF test; 2 days later they were tested in their home cage using 

the RI test for aggressive behavior towards an unknown intruder. The second period of 

unpredictable stress (further referred to as chronic stress) began on the day after the RI 

test, and lasted for 15 days. Again, all animals were tested in the OF and RI test and 

sacrificed 8 days after the RI test. A schematic overview of both experiments is shown in 

figure 1. 
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days of an inverted light/dark cycle, and a 6 minutes forced swim task. Body weight was 

monitored before subjecting the animals to stress, after the first period of stress 

(subchronic) as well as following the second period of stress (chronic). 

 

Behavioral analyses 

In all behavioral tests, video-recording (MediaCruise, Canopus Co., Ltd., Kobe, Japan) was 

performed, and an automated-tracking system (Ethovision 3.1, Noldus IT) was used.  

 

Elevated plus maze 

The elevated plus maze (EPM) was used to assess the animals’ baseline anxiety-like 

behavior. The apparatus, made of black PVC with white inlays, consisted of an elevated 

platform (71 cm above the ground) with two opposing open arms (30 x 5 cm), two 

opposing closed arms (30 x 5 x 14 cm) and a central platform (5 x 5 cm) in the shape of a 

plus sign. Light conditions were set to 14-15 lux in the open arms and 3-4 lux in the closed 

arms. All mice were individually placed onto the maze facing one of the closed arms. 

Animals were allowed to explore the apparatus for 5 minutes. Parameters of interest 

were the percentage of time spent in the open arms, the latency to enter the open arms 

and the distance moved in the whole apparatus. The maze was cleaned with 7% ethanol 

after every run. 

 

Bedding preference test  

As olfaction is crucial for social behavior, all animals were tested in the bedding 

preference test (BP), performed in the dark phase under red light conditions (after 7 

p.m.). Two transparent perforated plastic drinking bottles (6 cm in diameter, 14 cm high) 

were placed on opposite sides of the open field arena described below. One bottle was 

filled with a mixture of bedding from cages with untreated, adult male C57Bl/6 mice, 

whereas the other contained clean bedding. The animals were introduced to the arena 
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near the wall and allowed to freely explore it for 10 minutes. The arena was cleaned with 

7% ethanol after every run. All videos were manually scored and analyzed by an 

experimenter blind to condition for the percentage of time spent sniffing each bottle. 

 

Open field test  

We performed the open field test (OF) to investigate the animals’ emotional and 

exploratory behavior at baseline condition or following subchronic and chronic stress on 

the day after the last stressor. The test was conducted in a rectangular open arena (50 x 

50 cm, 40 cm high). The animal was placed near the wall and allowed to freely explore the 

apparatus for 30 minutes. The open field was virtually divided in two parts: a center zone 

in the middle of the arena (25 x 25 cm) and an outer zone along the walls of the arena. 

The parameters analyzed were the total distance traveled during the test, the percentage 

of time spent in the center zone, and the changes in those measures between the two 

testing sessions in experiment 2. The open field arena was cleaned with 7% ethanol after 

every test. 

 

Resident-intruder test  

Seven days after OF testing in experiment 1 and two days after the OF test in 

experiment 2, all animals were evaluated for aggressive behavior using the resident-

intruder (RI) paradigm. The test was conducted in the dark phase (after 7 p.m.), under red 

light conditions. An unfamiliar Balb/c mouse (intruder) was introduced to the 

experimental animal’s home cage for 2 trials (10 minutes each) with an inter-trial interval 

of 2 minutes. All intruders were matched for anxiety based on EPM results for each 

experimental group, as well as for body weight for the respective resident. All videos 

were manually scored after test completion by an experimenter blind to the conditions. 

Offensive behavior was scored in terms of attack duration and tail rattling and expressed 

as the percentage of the total test duration. For experiment 2, we additionally calculated 

the change in offensive behavior between the two testing sessions (i.e., the one following 

subchronic to the one following chronic stress conditions). 
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Statistics  

All results are shown as mean + SEM and were analyzed using the software SPSS 17.0 

(SPSS Inc., Chicago, IL). Comparisons of the two groups in experiment 1 and comparison 

of EPM data and changes in aggressive behaviors in experiment 2 were performed using 

independent t-tests, while comparisons of two parameters within one group were 

analyzed with paired t-tests (bedding preference test: comparison between male bedding 

and clean bedding interaction). In experiment 2, comparisons of the groups following 

subchronic and chronic stress were conducted using repeated measures ANOVA with 

genotype as between-subjects factor and stress duration as within-subjects factor. 

Independent Student t-tests were performed as post-hoc tests when appropriate. In all 

analyses, the level of statistical significance was set at p < 0.05. 
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Results 

Conditional forebrain NCAM-deletion does not impact on body weight changes 

throughout subchronic and chronic stress 

Body weight changes were monitored throughout both periods of stress and compared to 

the initial body weight of animals prior to being subjected to any stress. Two-way 

repeated measures ANOVA revealed a significant effect of stress duration, but no 

genotype or stress duration by genotype interaction effects were detected (data not 

shown; stress effect-F(2,19)=41.831, p<0.001; genotype effect-F(1,20)=0.129, p>0.05; 

interaction-F(2,19)=1.050, p>0.05). 

 

Conditional forebrain NCAM-deletion does not affect anxiety-like behavior under basal 

conditions 

All animals were first characterized in the EPM for anxiety-like behavior. In the two 

experiments performed, we did not detect differences between the two genotypes in the 

percentage of time spent in the open arms (exp.1: t(18)=1.266, p>0.05; exp.2: 

t(18.316)=0.928, p>0.05; data not shown), the latency to enter the open arms (exp.1: t(18)= 

-0.503, p>0.05; exp.2: t(21)=-1.349, p>0.05; data not shown) or the distance traveled in the 

apparatus (exp.1: t(18)=1.410, p>0.05; exp.2: t(18.085)=0.123, p>0.05; data not shown). 

 

Conditional forebrain NCAM-deletion does not alter olfaction 

Animals were tested for olfaction to exclude any influence of the genotype that could 

underlie potential behavioral abnormalities in social behaviors. Under basal conditions 

(exp. 1), all mice preferred the soiled bedding over the clean bedding (Figure 2A: WT t(7)= 

-3.666, p<0.01; NCAM-cKO t(11)=-3.381, p<0.01) and no differences were found between 

the experimental groups (Figure 2A: male bedding t(10.077)=1.565. p>0.05; clean bedding 

t(18)=0.139, p>0.05). Similarly, all animals in the stress study (exp. 2) showed a preference 

for the soiled bedding over the clean bedding (Figure 2B: WT t(8)=-5.436, p<0.01; NCAM-
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stress. C, Aggressive behavior after chronic stress. We observed a significantly higher percentage of time of 

offensive behavior in NCAM-cKOs compared to WTs after the second period of stress. D, Change in 

aggression-related behavior depending on the stress duration. When calculating the change in offensive 

behavior from RI1 to RI2, a significantly higher increase in offensive behavior in NCAM-cKOs compared to 

WTs was evident. * p<0.01, # p<0.05 versus WT. 
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Discussion 

In the present study, we investigated the impact of a forebrain-specific conditional 

knockout of NCAM on aggressive behavior in mice, at baseline conditions and after two 

subsequent periods of repeated unpredictable stress. Under basal conditions and 

following subchronic exposure to stress (i.e. during 14 consecutive days), there were no 

differences in aggressive behavior between the two genotypes. However, following 

chronic exposure to stress (i.e. 29 days), NCAM-cKO mice, but not their wild-type 

littermates, showed increased offensive behavior towards an unknown intruder. 

Alterations in emotional but not exploratory behavior were observed in NCAM-cKO mice 

following stress exposure. 

As shown by Stork and colleagues (Stork et al., 1997), constitutive NCAM-KOs on the 

same genetic background display increased inter-male aggression towards an unfamiliar 

intruder in their home cage. In our study, no effect of the conditional NCAM-KO genotype 

was observed in the basal and subchronic stress condition, and the effects of the 

conditional NCAM-knockout only appeared after a stronger environmental challenge (i.e., 

chronic stress exposure), highlighting the importance of gene-environment interaction. A 

broad variety of studies have indicated a gene-environment interaction in the 

development of antisocial and especially aggressive behavior (Moffitt, 2005; Newman et 

al., 2005; Rutter et al., 1997; Rutter et al., 2006; Rutter and Silberg, 2002). While many 

findings concerning the development of antisocial or aggressive behaviors have been 

based on early-life adverse experiences (Caspi et al., 2002; Frazzetto et al., 2007; Kim-

Cohen et al., 2006), we show here that the combination of altered postnatal NCAM 

expression and prolonged stress in adulthood results in altered aggressive behavior. As 

chronic stress exposure in rats has been shown to lead to enhanced aggressive behavior 

towards cage mates (Wood et al., 2008) and NCAM expression has been shown to 

decrease after chronic stress exposure (Mineur et al., 2003; Sandi et al., 2005; Venero et 

al., 2002), this result further supports the possible role of decreased NCAM expression in 

the development of abnormal aggression. In our study, chronic, but not subchronic, stress 

induced differences in aggressive behavior, thus rendering the duration of the stress an 

important factor in the interaction of NCAM-deletion with environmental challenges. This 

might specifically account for aggression-related behavior because subchronic stress has 
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been previously shown to be sufficient to induce differences in depression-like behavior 

between wild types and NCAM-cKOs (Bisaz and Sandi, 2012). 

Exploration was not altered in stressed NCAM-cKOs when compared to WT littermates. 

Previously, increased exploratory behavior in the OF test has been associated with 

constitutive NCAM-KO (Aonurm-Helm et al., 2008a). Logically, a constitutive knockout of 

the NCAM gene (i.e. a total deletion of NCAM also during the entire life span including 

development) should have a stronger impact on behavioral characteristics compared to a 

conditional knockout. In our model, conditional deletion of NCAM begins at 

approximately 2.5 weeks of postnatal life, meaning NCAM is still present during the 

critical early pre- and postnatal development and is further restricted to the hippocampus 

and forebrain (Bukalo et al., 2004). Consequently, the increase in exploration in the 

constitutive NCAM-KOs might be due to the gene deletion during early development 

and/or to the overall deletion of the gene throughout the brain, including regions 

crucially involved in locomotion. With respect to emotional and anxiety-related behavior, 

constitutive NCAM-KOs were characterized with higher levels of anxiety in several tests, 

including the EPM, light-dark box and OF test (Aonurm-Helm et al., 2008a). However, 

previous studies have shown that NCAM-cKO is associated with decreased anxiety in the 

elevated zero maze in animals under basal conditions (Bisaz et al., 2011), whereas we did 

not find differences concerning the time spent in the center of the open field under 

baseline conditions, but following stress. Further studies are necessary to clarify the 

differential impact of conditional and constitutive NCAM-deletion together with stress 

exposure on anxiety-like behavior in mice.  

It has been suggested that some types of excessive aggression and violence can develop 

as a consequence of generally disturbed emotional regulation, such as abnormally high or 

low levels of anxiety (Haller et al., 2005; Haller et al., 2007; Neumann et al., 2010); thus, 

the effects observed in offensive behavior may be associated with the findings concerning 

emotionality. The consequences of chronic stress on aggression in NCAM-cKOs may be 

linked in a time- or duration-dependent manner to the development of emotional 

dysregulation. Whether these consequences may be present after prolonged stress 

remains a subject for further investigations. In addition, we cannot completely rule out a 
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possible contribution of the group-housing, involving social conflicts, on aggressive 

behaviors (Van Loo et al., 2001). 

It has been postulated that there is a decline of the plasticity of emotional and aggressive 

behavior with increasing age, which is most evident in the inadequate response to 

environmental challenges (Dean, 1962; Sapolsky et al., 1986). As the animals in our 

experiments were not young adults but rather middle-aged, the possibility that age-

related factors could have contributed to the observed vulnerability to stress warrants 

further investigation. 

In summary, here we provide evidence of a conditional and forebrain-specific 

involvement of NCAM in the regulation of aggressive behavior dependent on the duration 

of environmental challenges. Future studies will be devoted to address possible structural 

alterations in the brains of stressed NCAM-cKO mice, which may underlie the observed 

behavioral phenotype. 
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Abstract 

Early-life stress (ELS) is a well-known risk factor for developing psychiatric diseases 

associated with alterations in social behavior. Neuronal cell adhesion molecules have 

been strongly implicated in modulating social behaviors and in the pathophysiology of 

psychiatric disorders. Neuroligin-2 (nlgn2) is a cell adhesion molecule, located at the 

postsynaptic membrane of inhibitory synapses, and involved in synapse stabilization and 

maturation. Alterations in nlgn2 expression have previously been associated with changes 

in social behavior linked to psychiatric disorders, including schizophrenia and autism. In 

the present study, we examined the impact of fragmented maternal care during early-life 

on adult social behavior and the expression of neuroligins in the hippocampus in two 

independent cohorts. Early-life stressed animals showed impaired social memory 

performance as well as increased aggression in adulthood. Additionally, we observed an 

increase in nlgn2 expression levels in the hippocampus of mice exposed to stress early in 

life. Taken together, our results show that early-life stress by fragmented maternal care 

affects adult social behavior and suggest the involvement of nlgn2 in the hippocampus in 

modulating these effects. 
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Introduction 

It is widely known that, besides genetic predispositions, stress represents a key risk factor 

for the development of psychiatric disorders (Caspi et al., 2003; de Kloet et al., 2005; 

Kendler et al., 1999; Kessler, 1997; Maercker et al., 2004; Pine et al., 2002). Many of 

these, including schizophrenia and antisocial personality disorders, are characterized by 

alterations in social behavior, ranging from social withdrawal to escalated aggressive 

behavior (Bellack et al., 1990; Steinert et al., 1999). Chronic or severe stress has been 

shown to have deleterious consequences for several brain structures that are involved in 

modulating social behaviors, including hippocampus, amygdala and prefrontal cortex 

(McEwen, 2002; Nunes et al., 2009; Sandi, 1998; Sandi, 2004). 

Aversive events, especially when experienced early in life, are associated with an 

increased risk to develop adult psychopathology (McCrory et al., 2012; O'Mahony et al., 

2009). Childhood abuse or maltreatment and parental loss have been described to be 

highly linked to adult major depression and anxiety disorders (Heim and Nemeroff, 2002) 

as well as schizophrenia (Agid et al., 1999; Read et al., 2005) and antisocial behavior 

(Widom and Brzustowicz, 2006). Importantly, early-life stress (ELS) has been shown to 

promote excessive and impulsive aggression, a key symptom of these psychiatric diseases 

(Barnow and Freyberger, 2003; Dodge et al., 1990; Fonagy, 2004; Veenema, 2009). It has 

been demonstrated in animal models that ELS results in decreased exploration, increased 

anxiety as well as impairments in social interactions and depression-like behavior (Caldji 

et al., 2000; Huot et al., 2001; MacQueen et al., 2003; Veenema, 2009). In particular, early 

social environment and maternal care seem to be essential for learning how to 

appropriately utilize aggression (Loeber and Hay, 1997; Tremblay et al., 2005; Veenema et 

al., 2006). However, the mechanisms underlying the effects of ELS on social behavior and 

aggression remain largely unclear. 

Stress evokes structural remodeling of neuronal circuits. This adaptive structural plasticity 

involves growth and shrinkage of dendritic trees as well as turnover of synapses, among 

others, and therefore likely requires the functional destabilization of membrane proteins 

associated with synapse maintenance and functioning as well as intracellular signaling 

cascades (MacQueen et al., 2003; McEwen, 2005; McEwen, 2010; McEwen, 2012; Sandi, 
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2004). Neuronal cell adhesion molecules (nCAMs) are synaptic proteins that play an 

important role in synapse development, function and stabilization (chapter 2.1; Chubykin 

et al., 2007; Dalva et al., 2007; Lisé and El-Husseini, 2006). Changes in the expression of 

various nCAMs, genome-wide copy number variation studies and mutations of those 

genes have been linked to psychiatric and developmental disorders, including 

schizophrenia, depression and autism (Feng et al., 2006; Pardo and Eberhart, 2007; Saito 

et al., 2007; Sullivan et al., 2012; Sun et al., 2011). In animal models, disturbances of 

nCAM expression levels have been shown to alter social behaviors associated with 

symptoms of the above-mentioned diseases (chapters 2.1 and 2.5). These findings render 

nCAMs as potentially involved in the underlying mechanisms of stress-induced brain 

plasticity.  

Neuroligins are a family of nCAMs, located in the postsynaptic membrane, and associated 

to the cytoskeleton by interactions with scaffolding proteins and bind to presynaptic 

neurexins (Craig and Kang, 2007; Dean and Dresbach, 2006; Südhof, 2008). The mammal 

neuroligin (nlgn) family members, nlgn1-4, are differentially enriched in the postsynaptic 

side of the synapse. Nlgn1 localizes in excitatory synapses, whereas nlgn2 is found in 

inhibitory synapses and nlgn3 seems to be present in both (Bottos et al., 2011; Song et al., 

1999; Varoqueaux et al., 2004). Single nucleotide polymorphisms and mutations in the 

nlgn genes have been linked to autism and schizophrenia, among others, and 

manipulation of expression levels in animals were associated with related symptoms in 

rodents (chapter 2.5; Blundell et al., 2009; Blundell et al., 2010; Dahlhaus and El-Husseini, 

2010; Etherton et al., 2011a; Hines et al., 2008; Sandi et al., 2011; Sun et al., 2011). As an 

increasing body of evidence shows an involvement of the hippocampus in the modulation 

of emotional behavior and structural alterations have been associated with autism and 

pathological aggressive behavior (Hasan et al., 2013; Nunes et al., 2009; Rossi et al., 

2012), we aimed to investigate the impact of early-life stress on adult social behavior in 

mice and the possible involvement of nlgns in the hippocampus as potential mediators for 

the stress-induced behavioral effects. 
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Material and methods 

Animals 

All experiments were conducted on age-matched male C57Bl/6 mice derived from in-

house breeding at the École Polytechnique Fédérale de Lausanne (EPFL, Lausanne, 

Switzerland) or the Max Planck Institute of Psychiatry (MPIP, Munich, Germany). The first 

batch of animals was housed in the animal facility at the EPFL with the following 

conditions: ventilated cages; 12 h light/dark cycle (lights on at 07:00 a.m.); temperature 

and humidity in the animal housing room were maintained at 23 ± 1°C and 50 ± 15%, 

respectively; food and water were available ad libitum. The mice of the second batch 

were held under MPIP standard conditions: open cages; 12 h light/dark cycle (lights on at 

08:00 a.m.); temperature and humidity were kept at 23 ± 2°C and 50 ± 15%, respectively; 

and food and water also available ad libitum.  

All procedures described were conducted according to the Swiss National Institutional 

Guidelines of Animal Experimentation and were approved through a license issued by the 

Cantonal Veterinary Authorities (Vaud, Switzerland) and in accordance with the European 

Communities' Council Directive 2010/63/EU with approval by the Committee for the Care 

and Use of Laboratory animals of the Government of Upper Bavaria, Germany. All efforts 

were made to minimize animal suffering during the experiments. 

 

Experimental design 

In the first batch of animals (further referred to as the discovery cohort), we aimed to 

investigate the impact and long-term consequences of early-life stress on social behavior 

in adulthood. We therefore subjected the animals to either the early-life stress paradigm 

(16 pups chosen out of 8 litters) described below or left them in standard conditions 

(14 male pups chosen out of 5 litters). After weaning at the age of 26-28 days, all animals 

were singly housed in standard cages throughout the whole experiment. At the age of 17 

weeks, the behavioral testing started including tests for locomotion (open field test), 

olfaction (bedding preference test), sociability (social preference test), social memory 

(social memory test) and aggression (resident-intruder test). In all behavioral tests, video-
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Early-life stress  

The early-life stress paradigm (ELS) was carried out as previously described (Rice et al., 

2008; Wang et al., 2011b) from postnatal day 2 (pnd 2) to pnd 9; the day of birth being 

defined as pnd 0. Briefly, litters were culled to 4-6 pups thereby keeping as many males as 

possible. Animals subjected to the ELS were housed in cages with limited nesting and 

bedding material (half square of a nestlet, Indulab, Gams, Switzerland) with a fine-gauge 

aluminum mesh platform (McNichols, Tampa, FL, USA) on the cage floor. Control litters 

were kept under standard conditions with sufficient nesting and bedding material 

(2 nestlet squares). All animals were monitored but left undisturbed during pnd 2 to 

pnd 9. After the ELS on pnd 9, all stressed litters were put back in standard conditions. 

Male offspring were single-housed from weaning on pnd 26-28 onwards until the end of 

the experiments. Body weights were measured throughout the experiments as decreased 

body weight has previously been shown as reliable indicator for stressed pups (Rice et al., 

2008; Wang et al., 2012) 

 

Behavioral analysis 

Open field test  

We performed the open field test (OF) to investigate the animals' general locomotion and 

emotional behavior in adulthood. As previously described (chapter 2.1), the test is 

conducted in a rectangular open arena (50 x 50 cm, 40 cm high, illumination 5-6 lux). All 

mice were introduced to the apparatus near the wall and allowed to explore the 

apparatus for 5 minutes. The arena was virtually divided into a center zone in the middle 

of the arena (25 x 25 cm) and an outer zone along the walls of the arena. The apparatus 

was cleaned with 4% ethanol after each run. The distance traveled and the percentage of 

time spent in the center zone during the test were analyzed afterwards. 
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Bedding preference test 

As olfaction is a crucial feature for social behavior, we tested all animals in the bedding 

preference test (BP). Two transparent plastic containers, perforated with holes, were 

placed on opposite sides of the OF arena described above (illumination 2-3 lux). One 

container was filled with bedding taken from several cages with untreated, adult male 

C57Bl/6 mice, whereas the other was filled with clean bedding. Animals were introduced 

to the arena near the wall and allowed to freely explore the apparatus for 10 minutes. 

The arena was cleaned after every run. All videos were scored manually afterwards by an 

experimenter blind to the group conditions. For the analysis, we focused on the 

percentage of time spent sniffing each container. 

 

Social preference test  

Two days after the BP, we investigated the animals’ preference for either a social stimulus 

or an inanimate object in the social preference test (SP). The arena consisted of a 

rectangular, three-chambered box with a center compartment (12 x 25 x 35 cm) and two 

side compartments (19 x 25 x 35 cm) made of grey PVC. Dividing walls with retractable 

doorways were located between the compartments to allow or prevent access to the side 

chambers. In both side chambers, a wire cage was located (10.16 cm bottom diameter, 

11 cm high, bars spaced 0.5 cm apart, made of chrome, Kitchen Plus Galaxy Pencil & 

Utility cup), in order to prevent any type of direct physical contact, thereby still allowing 

olfactory contact and social approach to the respective stimulus enclosed in the wire 

cage. Every experimental animal was put in the center compartment with both doors 

closed to habituate to the apparatus for 5 minutes. The doors were then opened and the 

animal was allowed to explore the whole apparatus for 10 minutes; the side chambers 

containing either an object (black dummy mouse) or a juvenile C57Bl/6 (28 ± 2 days), 

respectively. The position of objects and juveniles was counterbalanced for different 

animals. Light conditions were kept at 2-3 lux with homogenous illumination in the 

chambers. The apparatus floor was covered with sawdust. All experimental animals were 

habituated to the apparatus for 10 minutes on two consecutive days before the actual 

testing and additionally, all juvenile mice were habituated to the cylinders for a minimum 
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of 30 minutes on 2 consecutive days prior to testing. The videos were scored manually 

afterwards regarding the percentage of time spent sniffing at each cylinder.  

 

Social memory test  

We used the social memory test (SM) in order to investigate the animals’ preference of an 

unknown over a familiar juvenile performed in the same apparatus as described above for 

the SP. Two days after the SP, each experimental mouse was again placed in the center 

compartment of the apparatus with both doors closed to acclimate for 5 minutes. The 

doors were opened to allow free exploration of the apparatus for 10 minutes. In each side 

chamber, an unknown juvenile C57Bl/6 (28 ± 2 days) was enclosed in the wire cage. After 

the completion of this acquisition phase, the animals were put back in their home cages 

for an inter-trial interval of 10 minutes. For the retrieval phase, animals were 

reintroduced to the apparatus, but with one of the juveniles exchanged against a new 

one, herewith providing the choice between the familiar juvenile from the acquisition 

trial and the newly introduced unknown juvenile. The location of stranger and familiar 

juveniles was counterbalanced for different animals. All videos were scored manually 

afterwards focusing on the percentage of time spent sniffing at each cylinder in each trial.  

 

Resident-intruder test  

We tested all animals for aggressive behavior towards an unknown intruder in the 

resident-intruder paradigm (RI) 4 days after SM. The test was performed in the dark 

phase, starting from 7 or 8 p.m., accordingly, under red light conditions. The experimental 

animals were confronted with an unfamiliar Balb/c mouse (intruder) in their home cages 

for 2 trials of 10 minutes separated by an inter-trial interval of 2 minutes. We matched all 

intruders regarding anxiety (assessed in the elevated plus maze, not described here) for 

every experimental group and for body weight to the respective resident. The videos 

were scored manually after the completion of the test for offensive behavior in terms of 

the duration of attacking plus tail rattling in trial 2, expressed as the percentage of the 

total trial duration.  
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Sampling procedures 

One week after the last test, all animals from the second batch were sacrificed by 

decapitation. Basal trunk blood samples were collected in 1.5 ml EDTA-coated 

microcentrifuge tubes (Kabe Labortechnik, Germany), kept on ice and later centrifuged at 

8000 rpm at 4 °C for 15 min. Plasma was then collected and stored at -20 °C until 

determining levels of corticosterone by radioimmunoassay (MP Biomedicals Inc; 

sensitivity 12.5 ng/ml). Brains were removed from the skull, divided into halves, snap-

frozen in isopentane at -40°C and stored at -80°C.  

 

In situ hybridization  

Brain slices from the dorsal and ventral hippocampus were taken by sectioning the brain 

halves (right hemisphere) in the coronal plane at 18 µm at -20°C in a cryotome. The 

sections were thaw-mounted on superfrost plus slides, dried and stored at -20°C. In situ 

hybridization (ISH) using 35SUTP-labeled ribonucleotide probes was carried out as 

previously described (Schmidt et al., 2007; Sterlemann et al., 2008). All primers used to 

generate an antisense RNA hybridization probe that recognizes the target genes are 

shown in table 1. All slides were exposed to Kodak Biomax MR films (Eastman Kodak 

Rochester, NY, USA) and developed. Autoradiographs were digitized and relative mRNA 

expression levels in the subregions of dorsal and ventral hippocampus were quantified 

using ImageJ (http://rsbweb.nih.gov/ij). 

 

 

probe forward primer reverse primer 

Neuroligin-1 GGGGATGAGGTTCCCTATGT GGATCATCCTGTTTGGCAGT 

Neuroligin-2 TGTGTGGTTCACCGACAACT CTCCAAAGTGGGCAATGTTT 

Neuroligin-3 CCATCATCCAAAGTGGCTCT TCAGTGAAGAGTGCCACCAG 

 
Table 1: primer sequences for in situ hybridization 
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Western blot  

The remaining brain halves (left hemisphere) from the second batch of animals were 

thawed on ice and the dorsal and ventral parts of the hippocampus were dissected. 

Western blot (WB) was performed as previously described (Sterlemann et al., 2008; Wang 

et al., 2011a). The samples were homogenized in ice-cold lysis buffer including protease 

inhibitor cocktail (Sigma-Aldrich, Germany) and centrifuged (12000 rpm, 30 min) at 4°C. 

Protein concentrations were determined with the help of a detergent compatible protein 

assay kit (Bio-Rad, Hercules, CA, USA). Protein samples were prepared in order to obtain 

equal concentrations (2 µg/µl), further resolved by 10% sodium dodecyl sulphate-

polyacrylamide gels, and then transferred onto nitrocellulose membranes (Invitrogen, 

Karlsruhe, Germany). After blocking in 5% albumin-bovine-serum (BSA), membranes were 

incubated with a primary rabbit anti-nlgn2-antibody (1:1000 in 1% BSA, polyclonal rabbit 

antibody, Synaptic Systems, Göttingen, Germany) overnight at 4°C. Subsequently, 

membranes were incubated with the secondary horseradish peroxidase-linked donkey 

anti-rabbit antibody (1:2000 in 1% BSA, DaKo, Heidelberg, Germany) for 2 hours at 4°C. 

Immunocomplexes were visualized using an enhanced chemiluminescence system 

(Amersham Biosciences, Freiburg, Germany). After rinsing, membranes were labeled with 

the primary goat anti-actin-antibody (1:1000 in 1% BSA, polyclonal goat antibody, Santa 

Cruz Biotechnology, Inc.) overnight at 4°C followed by the incubation with the secondary 

horseradish peroxidase-linked donkey anti-goat antibody (1:5000 in 1% BSA, Santa Cruz 

Biotechnology, Inc.) for 2 hours at 4°C. Again, immunocomplexes were visualized using an 

enhanced chemiluminescence system and all autoradiographs were subsequently 

digitized and quantified by densitometry (Quantity One 4.2, Bio-Rad). The values are 

presented as adjusted volumes, normalized to actin. 

 

Statistics  

All results are shown as mean + SEM and were analysed using the software SPSS 17.0. 

Comparisons of the two groups in both experiments were done using independent t-

tests, whereas comparisons of two parameters within one group were analysed with 

paired t-tests (BP: comparison between male bedding and clean bedding interaction; 
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SP: comparison between object and juvenile exploration; SM: comparison between 

stranger and familiar juvenile exploration). In all analyses, the level of statistical 

significance was set at p < 0.05. 
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Results 

Early-life stress and physiological, neuroendocrine and open field parameters 

We monitored body weight in all animals throughout the experiments. Stressed pups 

showed significantly decreased body weights after ELS on pnd 9 (discovery cohort 

t(53)=5.485, p<0.001, ctl 5.42 ± 0.09g, ELS 4.64 ± 0.11g; data for replication cohort not 

available). These differences persisted until weaning (discovery cohort t(28)=2.447, p<0.05, 

ctl 16.21 ± 0.57g, ELS 14.37 ± 0.50g; replication cohort t(19)=4.953, p<0.001, ctl 11.87 ± 

0.37g, ELS 9.13 ± 0.37g) and until adulthood in the discovery cohort (t(28)=2.457, p<0.05, 

ctl 32.84 ± 0.54g, ELS 30.53 ± 0.74g), but not significantly in the replication cohort 

(t(19)=0.733, p<0.05, ctl 27.33 ± 0.55g, ELS 26.83 ± 0.47g). 

We did not observe differences in basal levels of corticosterone in the replication cohort 

(t(24)=0.211, p>0.05, ctl 4.92 ± 2.04 ng/ml, ELS 4.46 ± 1.08 ng/ml). 

Before social testing, we examined general locomotion and anxiety-related behavior in 

adult mice. In both experiments, there were no differences between the control and the 

stressed group concerning the distance traveled in the open field arena (discovery cohort 

t(28)=0.192, p>0.05; replication cohort t(19)=1.807, p>0.05) as well as the percentage of 

time spent in the center zone (discovery cohort t(28)=1.570, p>0.05; replication cohort 

t(19)=-1.340, p>0.05; data not shown).  

 

Early-life stress does not affect olfaction 

All animals were tested for olfaction prior to social behavior testing in order to exclude 

any changes of the olfactory sense as confounding factor for social interactions. In both 

experiments, animals showed intact olfaction in terms of their significant preference for 

the male bedding over the clean bedding (Figure 2A: control t(13)=6.591, p<0.001; ELS 

t(15)=9.424, p<0.001; Figure 2B: control t(9)=4.234, p≤0.01; ELS t(10)=3.179, p≤0.01). The 

exploration time of male or clean bedding did not differ between the groups (Figure 2A: 

discovery cohort male bedding t(28)=-0.423, p>0.05; clean bedding t(28)=1.395, p>0.05; 

Figure 2B: replication cohort male bedding t(19)=1.120. p>0.05; clean bedding t(19)=0.570, 

p>0.05).  
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Discussion 

In the present study, we examined the impact of ELS on adult social behavior and the 

potential involvement of nlgns in mediating the stress-induced effects. We could show 

that early-life stress leads to impairments in the performance in a social cognition task as 

well as increased aggression in adult mice, whereas sociability was unaffected. In an 

independent cohort we could mostly replicate these findings and additionally, we found 

increased nlgn2 expression levels in the hippocampus of these mice.  

Early-life stress, i.e. in the form of maternal separation, has been previously shown to 

affect social behavior including aggression (Barnow and Freyberger, 2003; Dodge et al., 

1990; Fonagy, 2004; Franklin et al., 2011; Hildyard and Wolfe, 2002; Veenema, 2009; 

Veenema et al., 2006). In the present study, we used an etiologically relevant early-life 

stress paradigm by Rice and colleagues (Rice et al., 2008), in which inconsistent and 

fragmented maternal care is induced by limited nesting and bedding material. 

Consequently, maternal care is continuously hampered over the whole stress duration 

and cannot be compensated by the dam as it might occur after separation periods upon 

return, thereby resembling the human situation in which the mother is present but her 

interaction with the children might be varying and unpredictable (Rice et al., 2008). Rice 

et al. previously showed that the pups' body weight was decreased as a function of the 

number of dam sorties from the nest (Rice et al., 2008) and furthermore it has been 

shown that the body weights remain decreased until adulthood (Wang et al., 2012). In 

line with this, we observed a significant decrease in body weight in stressed animals 

compared to control mice, largely persisting until adulthood. To our knowledge, this is the 

first study demonstrating the impact of fragmented maternal care in early-life on adult 

social behaviors in mice. In both independent experiments, we showed that stressed 

animals show impairments in the social memory task (also known as social recognition), 

failing to discriminate between the familiar and the novel stranger juveniles. Notably, 

these effect may not be attributed to changes in HPA axis hyperactivation, locomotion or 

anxiety behavior, as we did not find differences in basal corticosterone levels and the 

open field test. Furthermore, olfaction was intact in all animals, thus ensuring the 

essential basic requirements for social behavior. 
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The memory for social interaction partners is a key component for establishing 

relationships and displaying appropriate behavioral actions towards the interaction 

partner based on previous encounters (van der Kooij and Sandi, 2012). Sociability 

behavior, the preference for a social stimulus over an inanimate object, was not affected. 

Our results are in line with previous findings, in which early-life stressed (by maternal 

separation) male mice of the same strain showed deficits in social memory performance 

but not in sociability behaviors (Franklin et al., 2011). In rats, ELS by maternal separation 

from pnd 1-14 also evoked impairments in social recognition in adult stages, but not in 

juvenile stages, whereas social approach in terms of the total time investigating the social 

stimuli was unaffected (Lukas et al., 2010). Early-life stress seems to influence specific 

aspects of adult social behaviors rather than generally disturbing these behaviors, thereby 

modulating interactions with conspecifics that might lead to the disability to establish 

functional relationships, potentially resembling the human pathological situation in 

autism, schizophrenia and depression, among others. 

Furthermore, we demonstrated that the experience of stress early in life results in 

increased aggression towards an unknown intruder in adulthood. This finding did not 

reach statistical significance in the replication cohort, though revealing the same trend 

towards increased aggression compared to non-stressed animals. Tactile stimulation and 

a high physical contact between mother and infant during early phases of life have been 

demonstrated to represent crucial factors influencing adult stress coping abilities 

including appropriately utilizing aggression (Meaney and Szyf, 2005). In the ELS model we 

used, mother-infant interactions are disrupted (Rice et al., 2008), thus promoting a more 

aggressive phenotype of stressed pups in adulthood. Our findings are in line with many 

studies in both humans and rodents, in which early aversive events significantly 

contribute to the development of excessive and pathological aggression (Barnow and 

Freyberger, 2003; Dodge et al., 1990; Fonagy, 2004; Lewis et al., 2006; Veenema, 2009; 

Veenema et al., 2006). It is important to note, that our experiments were carried out in 

two different laboratories and animal facilities with slight differences in housing and 

testing conditions. Strikingly, the observations regarding social behavior were largely 

identical, thus implying a robust impact of ELS on adult social memory and aggression 

behavior. 
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In parallel to the behavioral observations, we showed that the mRNA and protein 

expression levels of nlgn2, a synaptic cell adhesion molecule, were specifically increased 

in the ventral hippocampus. The hippocampus has been implicated in modulating 

appropriate context-dependent emotional behaviors as well as social behaviors and 

alterations in the hippocampus have been associated with pathological aggression 

(chapter 2.5; Fantin et al., 2012; Nunes et al., 2009; Phillips et al., 2003; van der Kooij et 

al., 2014). Lesions of the ventral hippocampus in early stages of life have been associated 

with dramatic changes in social behavior and aggression in an age-dependent manner 

(Becker et al., 1999). It was suggested that neurodevelopmental processes rather than 

the lesions per se account for the behavioral changes (Becker et al., 1999), rendering the 

molecular composition of the hippocampus early in life extremely important for adult 

social behavior. This is in line with our study, in which interference with processes in the 

brain in the early stages of life by stress may lead to changes in programming of the brain 

and thus result in profound alterations observed in social behavior and aggression. Nlgn2 

is crucially involved in the stabilization, function and maintenance of inhibitory synapses 

(Chubykin et al., 2007; Südhof, 2008; Varoqueaux et al., 2004) and might therefore be 

implicated in the stress-induced remodeling of neuronal circuits in the early phases of life 

that eventually leads to increased aggression and impaired social memory. The increase 

of nlgn2 mRNA expression reached significance in the ventral hippocampus, although the 

role of the dorsal hippocampus, in which nlgn2 levels showed similar tendencies, in the 

modulation of social memory cannot be ruled out and obliges further investigation. 

Interestingly, manipulation of nlgn2 expression in the hippocampus has previously been 

shown to modulate aggression-related behaviors (chapter 2.5). The potential of nlgn2-

overexpression to mimic the effects induced by stress in this study might give rise to 

further insights to the translation of early-life experiences on adult social behaviors.  

Taken together, we clearly demonstrated the detrimental impact of fragmented maternal 

care in the early stages of life on adult social memory performance and aggression. These 

aspects of social behavior are key components in the symptoms of a variety of psychiatric 

disorders including depression, antisocial personality disorders, autism and schizophrenia. 

The involvement of nlgn2 and its possible role in mediating the effects of stress on social 

behavior may represent a novel target for the treatment of these diseases.  
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Abstract 

Neuroligin-2 is a neuronal cell adhesion molecule, located at the postsynaptic side of 

inhibitory GABAergic synapses, and plays an important role in synapse maturation, 

stabilization and specification. Given its predominant expression in inhibitory synapses, 

nlgn2 has been implicated in controlling the balance of excitation and inhibition (E/I) in 

the brain. Changes in the expression of the nlgn2 have been linked to alterations in social 

behavior and aggression which are typically observed in several psychiatric and 

neurodevelopmental diseases like schizophrenia, antisocial personality disorder and 

autism. We recently demonstrated that increased nlgn2 expression levels in the 

hippocampus induced by early-life stress were accompanied by impaired social memory 

and increased aggression in mice. In this study, we investigated the potential of nlgn2-

overexpression and nlgn2-knockdown in the adult hippocampus to modulate social 

behavior and expression of nlgn2-related genes as well as genes associated with the E/I 

balance in the hippocampus. 
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Introduction 

Neuronal cell adhesion molecules (nCAMs) play an important role in synapse maturation, 

stabilization and specification (Chubykin et al., 2007; Dalva et al., 2007; Lisé and El-

Husseini, 2006; Sandi, 2004). They connect the pre-and postsynaptic compartments of 

synapses in the central nervous system (Chih et al., 2005). Neuroligins (nlgns) represent a 

family of postsynaptic nCAMs, that link presynaptic terminals to dendrites and spines by 

binding to neurexin (nrxn), their respective presynaptic binding partner (Craig and Kang, 

2007; Südhof, 2008). The different nlgn family members are encoded by four genes in 

mammals, nlgn1-4, and are present in different postsynaptic specializations (Südhof, 

2008). Nlgn1 provides a physical link between pre- and postsynaptic membranes in 

excitatory synapses associated with glutamatergic synaptic transmission, whereas nlgn2 

links both synaptic compartments in inhibitory GABAergic synapses. Nlgn3 seems to be 

present in both types of synapses and nlgn4 appears to be associated with glycinergic 

inhibitory synapses (Bottos et al., 2011; Budreck and Scheiffele, 2007; Eichler and Meier, 

2008; Hoon et al., 2009; Hoon et al., 2011; Song et al., 1999; Varoqueaux et al., 2004). 

Nlgns interact with the intracellular postsynaptic machinery and proteins associated with 

the cytoskeleton and receptor recruitment (Dalva et al., 2007; Giesemann et al., 2003; 

Levinson and El-Husseini, 2005; Sandi, 2004). In particular, nlgn2 has been shown to bind 

to gephyrin, a postsynaptic scaffolding protein in inhibitory synapses involved in GABAA-

receptor anchoring, and collybistin, a protein responsible for gephyrin tethering (Bang 

and Owczarek, 2013; Poulopoulos et al., 2009; Takacs et al., 2013). Modulation of nlgn2 

expression in the synapse has been demonstrated to result in altered synaptic 

transmission characteristics and furthermore to lead to changes in gephyrin clustering 

and activation of collybistin and thus to altered GABAA receptor recruitment (Chih et al., 

2005; Chubykin et al., 2007; Poulopoulos et al., 2009; Varoqueaux et al., 2006). Given the 

distinct expression and function of nlgns, especially nlgn1 and nlgn2, in excitatory and 

inhibitory synapses, respectively, they have been suggested to control the balance of 

excitation and inhibition (E/I) in the hippocampus (chapter 2.5; Chih et al., 2005). 

Disturbances of the E/I balance in the brain are associated with disorders like 

schizophrenia and autism among others (Bourgeron, 2009; Ey et al., 2011; Harrison and 

Weinberger, 2005; Paz et al., 2008; Südhof, 2008).  
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In vivo studies showed that altered expression of nlgn2 modulates aggression, anxiety, 

novelty exploration, developmental aspects and social behavior (chapter 2.5; Blundell et 

al., 2009; Hines et al., 2008; Wöhr et al., 2013), typically associated with symptoms 

observed in several psychiatric and neurodevelopmental diseases like schizophrenia, 

antisocial personality disorder and autism (Haller and Kruk, 2006; Larsson et al., 2005; 

Neumann et al., 2010; Sucksmith et al., 2011; Veenema and Neumann, 2007). 

Additionally, mutations in the nlgn2 gene have been linked to human schizophrenia and 

behavioral alterations reminiscent of several symptoms of autism in mice (Hines et al., 

2008; Sun et al., 2011). Increased nlgn2 expression levels in the hippocampus induced by 

stress in early stages of life have recently been associated with impaired social memory 

and increased aggression in mice (chapter 2.2). Emerging evidence implicates the 

hippocampus being involved in modulating contextually adequate emotional behaviors, 

social behavior, and aggression in addition to its implication in cognitive functions 

(chapter 2.5; Fantin et al., 2012; Guillot et al., 1994; Nunes et al., 2009; Phillips et al., 

2003; Rossi et al., 2012; Sala et al., 2011; van der Kooij et al., 2014). 

 Here, we aimed to elucidate the impact of viral manipulation of nlgn2 expression levels in 

the adult hippocampus on social behavior and genes associated with nlgn2 as well as with 

the E/I balance in the hippocampus. 
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Material and methods 

Animals 

All experiments were conducted on age-matched male C57Bl/6 mice derived from Charles 

River Laboratories (France). Animals were 8 weeks of age upon arrival in the animal 

facility of the École Polytechnique Fédérale de Lausanne (EPFL) and were allowed to 

habituate to the new environment for 4 weeks. All mice were single-housed in standard 

ventilated plastic cages (19 x 27 x 13 cm) on a 12 h light/dark cycle (lights on at 07:00 

a.m.) throughout the experiments. Temperature and humidity in the animal housing 

room were maintained at 23 ± 1°C and 50 ± 15%, respectively, with food and water 

available ad libitum. Body weight was monitored weekly. All procedures described were 

conducted according to the Swiss National Institutional Guidelines of Animal 

Experimentation and were approved through a license issued by the Cantonal Veterinary 

Authorities (Vaud, Switzerland). All efforts were made to minimize animal suffering during 

the experiments. 

 

Experimental design 

In order to investigate the potential of increased nlgn2 expression to mimic stress-

induced behavioral changes (experiment 1) as well as possible influences of decreased 

hippocampal nlgn2 on social behavior (experiment 2), we overexpressed (nlgn2-OE) or 

knocked down (nlgn2-KD) nlgn2 using adeno-associated virus (AAV) constructs in adult 

mice under basal conditions. Before surgery at the age of 12 weeks, male C57Bl/6 mice 

were characterized regarding their anxiety levels in the elevated plus maze to assign them 

to the experimental groups in a balanced fashion (Bisaz et al., 2011; Poirier et al., 2013; 

Timmer et al., 2011). For experiment 1, adult animals were injected with the nlgn2-OE 

construct (n=14, 1 animal was permanently excluded due to stereotypies throughout the 

experiment) or a control virus not containing the nlgn2 sequence (n=14). In experiment 2, 

the animals were either injected with a short-hairpin nlgn2 RNA construct (shRNA, n=14) 

leading to nlgn2 silencing via RNA interference, or a control virus carrying scrambled 

shRNA (n=13). At the age of 17-18 weeks, all animals were characterized regarding 
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CAG-EGFP-WPRE-BGH-polyA) in experiment 2. All viral constructs used were designed and 

produced by GeneDetect, New Zealand. The vectors included the following regulatory 

elements: rAAV2 inverted terminal repeat (ITR) sequences, a scaffold attachment region 

(SAR) element, the hybrid chicken B-actin/CMV enhancer (CAG) and U6 promoter region, 

a cis-acting woodchuck post-transcriptional regulatory element (WPRE) and a bovine 

growth hormone polyadenylation signal sequence (BGH-polyA). The mouse pCAG-HA-

tagged-Nlgn2 plasmid was kindly provided by Prof. Dr. Peter Scheiffele, University of 

Basel, Switzerland. In the empty vector, the same backbone but without the cDNA was 

used. Prior to surgery, animals were injected subcutaneously with an analgesic (temgesic, 

burprenorphin, Essex Chemie AG, Lucerne, Switzerland) and then anesthetized using 

isoflurane. Mice were installed in a stereotactic frame to avoid any head movements 

during the surgical procedure with constant flow of isoflurane/oxygen. A total of 0.5 µl of 

either nlgn2-OE or empty vector (titers: Nlgn2-OE: 1.4x1012 genomic particles/ml; empty: 

1.3x1012 genomic particles/ml) in experiment 1 and a total of 1 µl of either nlgn2-KD or 

SCR (scrambled) construct in experiment 2 (titers: nlgn2-KD: 1.3x1012 genomic 

particles/ml; SCR: 1.3x1012 genomic particles/ml) was bilaterally injected in the 

hippocampus using automated syringe pumps with a flow rate of 0.1 µl/min. The injectors 

were left in site for additional 5 minutes after the actual injection. For targeting the 

hippocampus following coordinates were used: 1.9 mm posterior to bregma, 2.0 mm 

from midline, and 2.0 mm ventral from skull. After removing the injectors, animals were 

placed back in the home cage and monitored until waking. All mice were treated with 

paracetamol (500 mg/500 ml H2O, Dafalgan, Bristol-Myers Squibb, Agen, France) via the 

drinking water for 5 days after the surgery. The animals were allowed to recover for 

5 weeks from surgery before the behavioral testing started. 

 

Behavioral analysis 

Elevated plus maze  

At the age of 10 weeks, animals were characterized in the elevated plus maze (EPM) 

regarding their anxiety level in order to distribute them in a balanced fashion to the 

respective experimental group, thereby ruling out shifted anxiety levels of the groups as 
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possible confounding factor affecting social behavior. The apparatus was made of black 

PVC with white inlays. Shaping a plus sign, it consisted of an elevated platform (71 cm 

above the ground) with two opposing open arms (30 x 5 cm), two opposing closed arms 

(30 x 5 x 14 cm) as well as a central platform (5 x 5 cm). Light conditions were kept at 14-

15 lux in the open arms and 3-4 lux in the closed arms. All animals were placed onto the 

maze facing one of the closed arms when the test started and were then allowed to 

explore the apparatus for 5 minutes. The maze was cleaned with 4% ethanol after every 

run. The parameter of interest as criterion for the balanced distribution to the 

experimental groups was the percentage of time spent in the open arms (data are not 

shown). 

 

Open field test  

After the recovery phase from surgery, we performed the open field test (OF), as 

previously described (chapter 2.2) in order to rule out any effects of the surgery on 

general locomotion and emotional behavior. The test was conducted in a rectangular 

open arena (50 x 50 cm, 40 cm high, 5-6 lux). Each animal was placed near the wall and 

allowed to freely explore the apparatus for 5 minutes. The open field was virtually divided 

into two parts: a center zone in the middle of the arena (25 x 25 cm) and an outer zone 

along the walls of the arena. The apparatus was cleaned with 4% ethanol after every 

animal. The parameters analyzed afterwards were the distance traveled and the 

percentage of time spent in the center zone during the test.  

 

Bedding preference test  

Intact olfaction represents a crucial basis for social behavior and therefore we tested all 

animals in the bedding preference test (BP) two days after the OF (chapter 2.1). Two 

transparent plastic bottles (6 cm in diameter, 14 cm high, perforated with holes) were put 

on opposite sides of the OF arena described above (illumination 2-3 lux). One of the 

bottles was filled with a mixture of bedding material from cages with untreated, adult 

male C57Bl/6 mice, whereas the other bottle was filled with clean bedding. The animals 
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were introduced to the arena near the wall and allowed to explore the setting for 10 

minutes. After every run, the arena was cleaned with 4% ethanol. All videos were scored 

manually afterwards by an experimenter blind to the experimental groups and 

subsequently, the percentage of time spent sniffing each bottle was analyzed. 

 

Social preference test 

In the social preference test (SP), the animals are given the choice between a social 

stimulus and an inanimate object (Moy et al., 2004; Moy et al., 2007). The test was 

performed two days after the BP test. The arena for this test consisted of a rectangular, 

three-chambered box with a center compartment (12 x 25 x 35 cm) and two side 

compartments (19 x 25 x 35 cm) made of grey PVC. The dividing walls between the 

compartments were equipped with retractable doorways to allow or prevent access to 

the side chambers. In each side chamber, a wire cage (10.16 cm bottom diameter, 11 cm 

high, bars spaced 0.5 cm apart, made of chrome, Kitchen Plus Galaxy Pencil & Utility cup), 

was located in order to prevent any type of direct physical contact, but to allow olfactory 

contact and social approach to the respective stimulus enclosed. Each experimental 

mouse was placed in the center compartment with both doors closed to habituate for 

5 minutes. Afterwards, the doors were opened and the animal was allowed to explore the 

whole apparatus for 10 minutes including the side chambers containing either an object 

(black dummy mouse) or a juvenile C57Bl/6 (28 ± 2 days) in the wire cages. The location 

of objects and juveniles was counterbalanced for different animals. The light was kept at 

2-3 lux with homogenous illumination in the chambers. The floor of the apparatus was 

covered with bedding material. All experimental animals were habituated to the 

apparatus for 10 minutes on two consecutive days before the actual testing. All juvenile 

mice were habituated to the cylinders for a minimum of 30 minutes on two consecutive 

days prior to testing. The videos were scored manually afterwards by an experimenter 

blind to the groups with a focus on the percentage of time spent sniffing at each cylinder.  
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Social memory test 

We tested all animals for social memory (SM) in the same apparatus as described above 

for the SP, in order to investigate the animals’ choice between an unknown and a familiar 

juvenile (chapter 2.2). Three days after the SP, the animals were individually placed in the 

center compartment with both doors closed to acclimate for 5 minutes. For the 

acquisition phase, the doors were opened and the animal was allowed to explore the 

whole apparatus for 10 minutes with each side chamber containing an unknown juvenile 

C57Bl/6 (28 ± 2 days) in the wire cages. After the completion of this trial, the animals 

were placed back in their home cages for an inter-trial interval of 10 minutes and then 

reintroduced to the apparatus for the retrieval phase with one of the juveniles exchanged 

against a new one. Thus, the animals were given the choice between the juvenile that is 

already familiar from the acquisition trial and a newly introduced stranger juvenile never 

encountered before. The location of stranger and familiar juveniles was counterbalanced 

for different animals. All videos were scored manually afterwards by an experimenter 

blind to the groups with a focus on the percentage of time spent interacting with each 

juvenile in each trial. 

 

Resident-intruder test 

All experimental animals were evaluated concerning aggressive behavior in the resident-

intruder paradigm (RI) two days after SM testing (chapter 2.1; Miczek et al., 2001). The RI 

took place in the dark phase, beginning from 7 p.m., under red light conditions. An 

unfamiliar Balb/c mouse (intruder) was introduced to the experimental animal’s home 

cage for 2 trials of 10 minutes each with an inter-trial interval of 2 minutes, in which the 

intruder was taken out of the cages. All intruders were matched for anxiety (as assessed 

in the EPM) for every experimental group and for body weight to the respective resident. 

All videos were scored manually after the completion of the test, by an experienced 

experimenter blind to the groups, for offensive behavior in terms of the percentage of 

time of attacking and tail rattling in trial 2. 



Research article 3 

 

 
81 

The RI further served as an acute stressor in order to determine stress response and 

recovery corticosterone levels in the plasma of the animals. Therefore, blood samples 

were taken by tail cut (Fluttert et al., 2000) 30 min (stress response) and 90 min (stress 

recovery) after the onset of the RI. For basal corticosterone levels, blood samples were 

collected on another day in the dark phase. All samples were collected in clean 

microcentrifuge tubes and stored on ice until later centrifugation at 8000 rpm at 4°C for 

15 min. Plasma was then transferred to new tubes and stored at -20°C until further 

processing in a radioimmunoassay (MP Biomedicals Inc.; sensitivity 12.5 ng/ml) to 

determine corticosterone levels. 

 

Sampling procedures 

Seven days after the last test, all animals were anesthetized with a lethal dose of 

pentobarbital (Esconarkon, Streuli Pharma AG, solution (150 mg/ml) provided by EPFL 

veterinarian) and transcardially perfused with Ringer’s solution/heparin and 4% para-

formaldehyde (PFA) for fixation. Brains were removed, post-fixed in 4% PFA overnight and 

cryoprotected in 30% sucrose/ H2Odd for 3 days. Brain slices from the dorsal and ventral 

hippocampus were taken by sectioning the brains coronally at 25 µm at -20°C in a 

cryotome for further processing in in situ hybridization and immunohistochemistry.  

 

In situ hybridization  

All sections for in situ hybridization (ISH) were thaw-mounted on superfrost plus slides, 

dried and stored at -20°C. ISH using 35SUTP-labeled ribonucleotide probes was performed 

as previously described (Schmidt et al., 2007; Sterlemann et al., 2008). All primers used to 

generate an antisense RNA hybridization probe recognizing the target genes are shown in 

table 1. The slides were exposed to Kodak Biomax MR films (Eastman Kodak Rochester, 

NY, USA) and developed. Autoradiographs were digitized and relative mRNA expression 

levels were quantified using ImageJ (http://rsbweb.nih.gov/ij). The mean of 4 

measurements of two different brain slices, subtracting the background signal measured 

from a nearby structure not expressing the target gene, was taken into account for each 
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animal. For the validation of successful virus expression we used slices from both dorsal 

and ventral hippocampus in order to visualize the spreading of the virus throughout the 

whole hippocampus. For the analysis of related gene expression, we focused on the 

ventral hippocampus due to the results from the previous study (chapter 2.2). 

 

probe forward primer reverse primer 

Neuroligin-1 GGGGATGAGGTTCCCTATGT GGATCATCCTGTTTGGCAGT 

Neuroligin-2 TGTGTGGTTCACCGACAACT CTCCAAAGTGGGCAATGTTT 

Neuroligin-3 CCATCATCCAAAGTGGCTCT TCAGTGAAGAGTGCCACCAG 

Neurexin AGTTGTACCTGGGTGGCTTG TCACACGTCCTGCATCTAGC 

Gephyrin ACCTCTGGGCATGCTCTCTA CTAAGGGAGGCTGTGTCTCG 
 

Table 1. primer sequences 

 

Immunohistochemistry 

Brain slices for immunohistochemistry (IHC) were thaw-mounted on superfrost slides, 

dried and stored at -20°C until IHC was performed as previously described (Wang et al., 

2011b). Briefly, all slices were thawed and removed from object slides in 0.1M phosphate 

buffer (PB) followed by three washing steps in 0.1M PB/0.3% TritonX-100. Slices were 

then incubated with 1% blocking serum (donkey serum, Abcam, Cambridge, United 

Kingdom) for 1 hour followed by the incubation with the primary antibodies (nlgn2: 

polyclonal rabbit antibody, 1:500, Synaptic Systems, Göttingen, Germany; GAD65 

(glutamic acid decarboxylase 65): polyclonal rabbit antibody, 1:250, Synaptic Systems, 

Göttingen, Germany; vGlut (vesicular glutamate transporter 1): mouse monoclonal 

antibody, 1:1000, Göttingen, Germany) overnight at 4°C. Sections were rinsed and labeled 

with AlexaFluor 647-conjugated donkey secondary antibody (for nlgn2 and GAD65: 

AlexaFluor 647 donkey anti-rabbit, 1:500 for nlgn2/1:250 for GAD65; Invitrogen, 

Darmstadt, Germany; for vGlut: AlexaFluor 647 donkey anti-mouse 1:500, Invitrogen, 

Darmstadt, Germany) for 2 hours at room temperature. After rinsing, sections were 

mounted on slides and coverslipped with Vectashield mounting medium containing 4'-,6'-

diamino-2-phenylindole (DAPI; Vector laboratories, Burlingame, CA, USA). Images were 

taken with an Olympus IX81 confocal microscope (Olympus, Tokyo, Japan) with identical 
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settings for laser power, photomultiplier gain and offset. Mean optical density was 

measured using the ImageJ software. For GAD65 and vGlut expression analysis, only slices 

from the ventral hippocampus were used due to the results in the previous study (chapter 

2.2). 

 

Statistics  

All results are shown as mean + SEM and were analyzed using the software SPSS 17.0. 

Comparisons of the two groups in each experiment were done using independent t-tests, 

while comparisons of two parameters within one group were analyzed with paired t-tests 

(BP: comparison between male bedding and clean bedding interaction; SP: comparison 

between object and juvenile exploration; SM: comparison between stranger and familiar 

juvenile exploration). In all analyses, the level of statistical significance was set at p < 0.05. 
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Results 

Open field 

We did not observe any differences between the groups in experiment 1, e.g. empty vs. 

nlgn2-OE, concerning the distance traveled and the time spent in the ‘anxiogenic’ center 

zone of the OF apparatus in the first 5 minutes of the test (distance traveled t(25)=0.580, 

p>0.05, time in center zone t(25)=-0.128, p>0.05; data not shown). In experiment 2, there 

were no differences in the distance traveled in the OF apparatus (t(17.110)=-0.842, p>0.05). 

Animals injected with the nlgn2-KD virus spent less time in the center zone during the 

analyzed test period (t(25)=2.800, p=0.049). 

 

Verification of Nlgn2-overexpression and Nlgn2-knockdown in the hippocampus 

Nlgn2 mRNA expression levels were assessed and quantified by ISH. Animals injected with 

the nlgn2-overexpressing virus showed significantly increased levels of nlgn2 mRNA 

expression in all subregions of the hippocampus except of the ventral CA1 (Figure 2A: 

dCA1 t(13.050)=-2.579, p<0.05; dCA3 t(21.334)=-4.198, p<0.001; dDG t(12.118)=-4.853, p<0.001; 

vCA1 t(16)=1.702, p>0.05; vCA3 t(18)=-2.159, p<0.05; vDG t(9.534)=-7.300, p<0.001). 

Representative images of the nlgn2 mRNA expression and nlgn2 protein expression as 

assessed by IHC are shown in Figure 2B and 2C, respectively.  

In experiment 2, nlgn2 was successfully knocked down as we observed significantly 

decreased nlgn2 mRNA expression levels in all subregions of the hippocampus except for 

the ventral CA1 area (Figure 2D: dCA1 t(17.943)=2.591, p<0.05; dCA3 t(24)=14.555, p<0.001; 

dDG t(17.671)=7.218, p<0.001; vCA1 t(20)=-0.791, p>0.05; vCA3 t(12.737)=3.597, p<0.01; vDG 

t(15.179)=7.676, p<0.001). Representative images of the nlgn2 mRNA expression and nlgn2 

protein expression as assessed in IHC are shown in Figure 2E and 2F, respectively. 
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Manipulation of nlgn2 and the expression of related genes 

Possible induced changes in the mRNA expression of related genes, as a consequence of 

the manipulation of nlgn2 expression in the ventral hippocampus, were investigated. The 

following genes were selected: Nlgn1 and nlgn3 as members of the neuroligin family, 

neurexin as the presynaptic binding partner and gephyrin as the postsynaptic scaffolding 

protein associated with nlgn2. We did not observe any differences between the empty 

and the nlgn2-OE group for nlgn1, nlgn3 and nrxn in any subregion of the ventral 

hippocampus (Table 2A). Gephyrin was significantly decreased in the ventral CA3 in nlgn2-

OE animals when compared to controls, whereas no changes were seen in the other 

subregions (Table 2A). The SCR and nlgn2-KD group did not differ in nlgn1, nrxn and 

gephyrin mRNA expression levels in any hippocampal subregion (Table 2B). We found 

nlgn3 significantly decreased in the ventral dentate gyrus of animals injected with the 

nlgn2-KD virus compared to the SCR group, but no differences were detected in any other 

subregion analyzed (Table 2B). 

 

A 

vCA1 (a.u.) vCA3 (a.u.) vDG (a.u.) 

gene empty Nlgn2-OE empty Nlgn2-OE empty Nlgn2-OE 

Nlgn1 

44.99 ± 1.56 
(n=9) 

36.65 ± 3.75 
(n=8) 

64.44 ± 2.59 
(n=9) 

54.52 ± 4.92 
(n=8) 

36.92 ± 2.00 
(n=9) 

33.71 ± 3.14 
(n=8) 

t(9.382)=2.051, p>0.05 t(15)=1.844, p>0.05 t(15)=0.880, p>0.05 

Nlgn3 

43.73 ± 3.96 
(n=9) 

43.81 ± 4.73 
(n=7) 

56.79 ± 4.05 
(n=9) 

52.50 ± 4.28 
(n=7) 

59.62 ± 2.64 
(n=9) 

68.92 ± 5.16 
(n=7) 

t(14)=-0.013, p>0.05 t(14)=0.722, p>0.05 t(14)=-1.715, p>0.05 

Nrxn 

37.64 ± 5.20 
(n=8) 

33.93 ± 3.56 
(n=8) 

46.77 ± 2.34 
(n=8) 

38.19 ± 4.71 
(n=8) 

28.45 ± 1.06 
(n=8) 

24.51 ± 2.48 
(n=8)  

t(14)=-0.590, p>0.05 t(14)=1.631, p>0.05 t(14)=1.461, p>0.05 

Gephyrin 

32.93 ± 1.60 
(n=10) 

28.10 ± 2.30 
(n=6) 

57.12 ± 1.76 
(n=10) 

44.16 ± 2.10 
(n=6) 

47.35 ± 1.55 
(n=10) 

43.26 ± 1.95 
(n=6) 

t(14)=1.780, p>0.05 t(14)=4.636, p<0.001 * t(14)=1.631, p>0.05 
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B 

vCA1 (a.u.) vCA3 (a.u.) vDG (a.u.) 

gene SCR Nlgn2-KD SCR Nlgn2-KD SCR Nlgn2-KD 

Nlgn1 

40.21 ± 2.80 
(n=8) 

42.37 ± 2.00 
(n=10) 

62.75 ± 3.82 
(n=8) 

65.80 ± 1.74 
(n=10) 

34.76 ± 2.49 
(n=8) 

33.80 ± 1.51 
(n=10) 

t(16)=-0.644, p>0.05 t(16)=-0.781, p>0.05 t(16)=0.347, p>0.05 

Nlgn3 

46.05 ± 4.20 
(n=9) 

44.32 ± 2.90 
(n=12) 

58.00 ± 4.18 
(n=9) 

55.15 ± 3.66 
(n=12) 

68.72 ± 2.45 
(n=9) 

58.09 ± 2.99 
(n=12) 

t(19)=0.351, p>0.05 t(19)=0.512, p>0.05 t(19)=2.612, p<0.05 * 

Nrxn 

33.87 ± 2.23 
(n=10) 

38.20 ± 1.65 
(n=11) 

38.52 ± 3.03 
(n=10) 

42.33 ± 1.59 
(n=11) 

22.68 ± 2.50 
(n=10) 

27.41 ± 2.08 
(n=11) 

t(19)=-1.583, p>0.05 t(19)=-1.145, p>0.05 t(19)=-1.463, p>0.05 

Gephyrin 

28.10 ± 2.14 
(n=12) 

28.21 ± 1.88 
(n=10) 

48.28 ± 1.99 
(n=12) 

48.36 ± 2.44 
(n=10) 

42.29 ± 2.12 
(n=12) 

37.44 ± 2.32 
(n=10) 

t(20)=-0.039, p>0.05 t(20)=-0.025, p>0.05 t(20)=1.543, p>0.05 
 

Table 2. mRNA expression levels of related genes. A, Experiment 1. No significant differences were 

detected between the groups with the exception of the ventral CA3, in which nlgn2-OE animals showed 

decreased levels of gephyrin mRNA expression. B. Experiment 2. Nlgn2-KD animals did not differ from SCR 

mice concerning the mRNA expression levels of nlgn1, nrxn and gephyrin. Regarding nlgn3 mRNA 

expression, we found a decrease in the ventral DG in nlgn2-KD mice compared to controls. Values are 

shown as means ± SEM. Nlgn1= neuroligin-1, Nlgn3= neuroligin-3, Nrxn= neurexin. * versus empty/SCR 

group. 

 

Overexpression of nlgn2 has no effect on the expression of markers for excitatory and 

inhibitory synapses in the ventral hippocampus 

In order to test whether overexpressing nlgn2 in the hippocampus changes the E/I 

balance, we evaluated the protein expression levels of vGlut and GAD65 as markers for 

excitatory and inhibitory synapses, respectively. There were no differences between the 

groups neither in vGlut nor in GAD65 expression levels in the ventral hippocampus (Table 

3). 

vCA1 (a.u.) vCA3 (a.u.) vDG (a.u.) 

protein empty Nlgn2-OE empty Nlgn2-OE empty Nlgn2-OE 

vGlut 
335.97 ± 12.75 

(n=5) 
311.73 ± 17.13 

(n=6) 
334.11 ± 7.65 

(n=5) 
312.90 ± 17.14 

(n=6) 
356.53 ± 8.37 

(n=5) 
335.57 ± 10.55 

(n=6) 

t(9)=1.094, p>0.05 t(9)=1.052, p>0.05 t(9)=1.509, p>0.05 

GAD65 
309.93 ± 8.12 

(n=4) 
283.10 ± 17.60 

(n=6) 
304.76 ± 7.77 

(n=4) 
279.05 ± 18.41 

(n=6) 
314.88 ± 7.53 

(n=4) 
303.68 ± 18.82 

(n=6) 

t(8)=1.171, p>0.05 t(6.592)=1.287, p>0.05 t(6.452)=0.553, p>0.05 
 

Table 3. Expression of vGlut and GAD65. Values are shown as means ± SEM. vGlut= vesicular glutamate 

transporter, GAD65= glutamic acid decarboxylase 65.  
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Discussion 

We here examined the impact of modulated nlgn2 expression in the hippocampus on 

social behavior and the expression of related synaptic genes as well as indicator proteins 

for excitatory and inhibitory synapses. We could show that overexpression of nlgn2 in the 

hippocampus of adult mice results in impairments in social memory performance and 

increased aggression, whereas sociability was not affected. Regarding the expression of 

related genes, we found a decrease of gephyrin only in the ventral CA3 of nlgn2-OE 

animals. The E/I ratio as measured by the expression of GAD65 and vGlut in the ventral 

hippocampus remained unaffected by viral overexpression of nlgn2. 

The knockdown of hippocampal nlgn2 did not have any effect on the behaviors analyzed, 

the expression of E/I ratio markers or the related genes except for a minor effect on nlgn3 

expression in the ventral DG.  

Social recognition tasks are based on the animal's tendency towards olfactory 

investigation of novel conspecifics (Bielsky and Young, 2004). Olfaction was intact in all 

animals as assessed in the bedding preference test. The principle of the social memory 

task relies on the animal's affinity to investigate an unfamiliar conspecific more than a 

familiar one (Choleris et al., 2009; van der Kooij and Sandi, 2012). Both empty and nlgn2-

OE mice displayed equally distributed exploration of the two unknown juveniles in trial 1 

of the test. Strikingly, in the retrieval phase, only control animals showed a preference for 

the newly introduced stranger juvenile. Animals overexpressing nlgn2 in the hippocampus 

did not show this discrimination between the stranger juvenile and the already 

encountered familiar conspecific, interpreted as impaired social memory. 

Sociability behavior, as measured by the preference for a social stimulus over a non-social 

object, remained unaffected by manipulation of nlgn2 expression levels. Importantly, as 

there were no differences in the distance traveled and time spent in the center of the OF, 

the observations regarding social behavior cannot be assigned to a change in the animals’ 

general locomotion and anxiety. The results match previous findings in which early-life 

stress induced an increase in nlgn2 expression in the hippocampus and impairments in 

social memory performance without affecting sociability (chapter 2.2). Overexpression of 

nlgn2 in the adult hippocampus therefore seems to mimic the effects of stress on social 



Research article 3 

 

 
93 

memory performance, influencing rather specific aspects of social behavior than generally 

affecting these abilities. This may give rise to an incompetence in establishing social 

relationships as observed in various human disorders including autism and schizophrenia. 

Contrary to our study, the conditional overexpression of nlgn2 in the forebrain of mice led 

to reductions in sociability as those mice did not show a preference for the social stimulus 

over the inanimate object (Hines et al., 2008). The contribution of altered nlgn2 levels in 

brain regions such as the prefrontal cortex and the amygdala might account for the 

differences in sociability behavior in contrast to the specific overexpression of nlgn2 only 

in the hippocampus in our experiment.  

The knockdown of nlgn2 in the hippocampus did not affect sociability behavior or social 

memory performance. Additionally, general locomotion was unaltered and there was a 

negligible effect on anxiety-related behavior, meaning the effects in social behavior do 

not derive from changes in the latter behaviors. All animals spent more time investigating 

the social stimulus compared to the object in the social preference test. This is in line with 

constitutional nlgn2-knockout studies, in which sociability was unaffected by the total 

knockout as measured in various tests (Blundell et al., 2009). In the test for social 

memory, all mice spent similar amounts of time with the two unknown conspecifics in the 

acquisition phase as well as in the retrieval phase of the test. Normally, control animals 

(SCR) spend more time investigating the newly introduced juvenile compared to the 

familiar one. We did not observe this behavior in the SCR-injected animals as the test 

might not have worked due to unknown reasons, thus rendering the results not suitable 

for interpretation concerning the effect of the nlgn2-knockdown on social recognition. 

However, it has previously been shown that a constitutional knockout of nlgn2 does not 

impair social memory performance (Blundell et al., 2009). Still, further investigations may 

clarify the impact of knocking down nlgn2 in the adult hippocampus on social behaviors. 

An increasing body of evidence implicates the hippocampus in modulating aggression-

related behaviors (Guillot et al., 1994; Sala et al., 2011). Alterations in aggression 

represent further aspects of social behavior associated with psychiatric disorders like 

schizophrenia and neurodevelopmental diseases like autism (Ekinci and Ekinci, 2013; 

Maskey et al., 2013). Overexpressing nlgn2 in the hippocampus led to increased 

aggressive behaviors towards an unfamiliar intruder, whereas the knockdown of nlgn2 
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had no effect. Nlgn2-OE animals showed significantly increased offensive behavior in the 

RI test compared to control animals. To our knowledge, this is the first study 

demonstrating the involvement of nlgn2 in the hippocampus in modulating aggressive 

behavior in mice. The findings are in line with the previous study showing an increase of 

nlgn2 in the hippocampus induced by stress together with increased aggression-related 

behavior in stressed animals compared to standard-reared mice (chapter 2.2). Notably, 

corticosterone levels under basal conditions as well as following acute stress in the RI test 

did not differ between the respective groups, therefore the observed behavioral effects 

may not be attributed to changes in HPA axis functioning. Increased levels of nlgn2 in the 

hippocampus seem to mimic stress-induced effects on social behaviors, whereas 

decreased levels of nlgn2 in the hippocampus under basal conditions do not exert 

pronounced effects on these behaviors. Future studies should therefore investigate the 

potential impact of nlgn2-knockdown after exposure to stress on social behavior, 

especially social memory and aggression-related behavior.  

It is important to note that nlgn2-overexpression in the hippocampus of rats had opposite 

effects on offensive behavior in terms of decreased aggression-related behaviors in the RI 

test (chapter 2.5) and consistent with that, chronic stress led to decreased nlgn2 levels in 

the rat hippocampus accompanied with increased aggression (van der Kooij et al., 2014; 

Martina Fantin, personal communication). Further studies are required to unravel the 

underlying factors responsible for the differential impact of stress on hippocampal nlgn2 

expression in different species and additionally, for the differences in social behaviors 

induced by altered nlgn2 levels in the hippocampus of rats and mice. 

We examined whether manipulation of nlgn2 expression levels would lead to changes in 

related genes in the ventral hippocampus. The nlgn family members nlgn1 and nlgn3 

were not affected by altered nlgn2 levels, except of a minor decrease of nlgn3 in the 

ventral DG in animals with nlgn2-KD. The presynaptic binding partner nrxn was altered 

neither in nlgn2-OE nor in nlgn2-KD animals in any subregion of the ventral hippocampus. 

The effects observed on the behavioral level can therefore be specifically attributed to 

the changes in nlgn2 expression. However, we found a significant decrease of gephyrin in 

nlgn2-OE animals compared to controls in the ventral CA3 area of the hippocampus. 

Nlgn2 interacts directly with gephyrin and binds and activates collybistin, which 
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subsequently leads to the postsynaptic recruitment and assembly of GABAA receptors 

(Brose, 2013; Krueger et al., 2012). As a compensatory mechanism, gephyrin might be 

downregulated in nlgn2-OE animals. Decreased gephyrin expression has been shown to 

be involved in differential GABAA receptor clustering at the neuronal cell surface, without 

decreasing the number of GABAA receptors (Jacob et al., 2005). As GABA is associated 

with aggression and memory (de Almeida et al., 2005; Kalueff and Nutt, 1996), the 

changes in nlgn2 expression might disrupt GABAergic transmission in the hippocampus 

and related brain regions, eventually leading to the observed behavioral phenotype.  

A shift of the E/I ratio is a prominent feature of psychiatric disorders involving alterations 

in social behavior and aggression (Bourgeron, 2009; Ey et al., 2011; Harrison and 

Weinberger, 2005; Paz et al., 2008). We did not find differences in the expression of vGlut 

and GAD65, markers for excitatory and inhibitory synapses, respectively. GAD65, is 

enriched in nerve terminals of GABAergic inhibitory neurons and is the rate-limiting factor 

leading to the synthesis of GABA (Pillai-Nair et al., 2005). The overexpression of nlgn2 in 

our study might not induce changes in the number of inhibitory synapses as we found no 

difference in markers for the E/I ratio, but rather modulates GABAergic synaptic 

transmission and receptor clustering via modulation of scaffolding proteins and 

intracellular signaling cascades. In line with this, a constitutive deletion of nlgn2 in mice 

did not alter inhibitory synapse numbers, but rather in synapse function (Blundell et al., 

2009). Further studies are required to analyze the impact of nlgn2 expression changes in 

the hippocampus on GABAergic synaptic transmission characteristics, GABA receptor 

clustering on the synaptic membrane and potential effects on connected brain regions 

involved in modulating social and emotional behaviors such as the prefrontal cortex and 

the amygdala. 

In summary, we show that hippocampal nlgn2 is crucially involved in modulating social 

behaviors and aggression. An overexpression of nlgn2 in the hippocampus is capable of 

mimicking stress-induced effects in terms of impaired social memory and increased 

aggression, associated with psychiatric and neurodevelopmental disorders such as 

schizophrenia, antisocial personality disorder and autism.  
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Abstract 

Early-life stress (ELS) is a key risk factor for the development of neuropsychiatric 

disorders. Additionally, alterations in neuroligin-2 (nlgn2) expression and mutations in the 

nlgn2 gene have been associated with neuropsychiatric disorders like autism and 

schizophrenia, which are characterized by changes in social behavior, social cognition and 

aggression. In a recent study, we showed that ELS leads to impaired social memory and 

increased aggression in adult mice. Moreover, ELS resulted in increased expression levels 

of hippocampal nlgn2, a neuronal cell adhesion molecule in the postsynaptic 

compartment of GABAergic neurons with important functions in synapse maturation, 

stabilization and transmission characteristics. Viral overexpression of hippocampal nlgn2 

in adulthood has further been shown to mimic ELS-induced alterations in social behavior 

and social cognition. In the present experiment, we aimed at investigating if ELS-induced 

behavioral changes can be attenuated by virally knocking down nlgn2 in the adult 

hippocampus of mice and the possible contribution of expression changes of genes 

related to nlgn2. Remarkably, impairments in social memory and increased aggressive 

behaviors in stressed animals were reduced by the nlgn2-knockdown in adulthood. Gene 

expression data indicated altered inhibitory postsynaptic composition rather than 

changes in synapse number being involved in the observed phenotype. In summary, our 

results strengthen the importance of nlgn2 in the mediation of stress effects on social 

behavior and social cognition and the promising role as novel therapeutic target for 

neuropsychiatric disorders. 
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Introduction 

Synapse specificity and plasticity are essential basics for the formation and maintenance 

of complex neural circuits and networks in the brain (Dean and Dresbach, 2006; Dityatev 

and El-Husseini, 2006). The majority of synapses are formed during the early prenatal and 

postnatal development, until about one year after birth in humans, and the number, 

location and functional properties crucially contribute to the enormous complexity of 

synaptic circuits (Dityatev and El-Husseini, 2006). Synapse formation involves the initial 

recognition of the target cell and initiation of rough connections, the recruitment of 

synaptic components and the maturation of the synapse with activity-dependent 

stabilization for circuit-specific requirements (Südhof, 2008; Tarsa and Goda, 2002). 

Neuronal cell adhesion molecules (nCAMs) are located in the synapse and not merely 

static structural components linking the presynapse to the postsynapse, but are involved 

in regulating synapse function, synaptic properties and synaptic transmission 

characteristics, especially due to their potential to bidirectionally coordinate molecular 

and morphological synapse differentiation (Dalva et al., 2007; Südhof, 2008). The family 

members of neuroligins (nlgns) are postsynaptic type-I membrane proteins that link the 

postsynapse to the presynapse by binding to their presynaptic binding partners neurexins 

(nrxns) (chapters 2.2 and 2.3). Both nlgns and nrxn contain an intracellular PDZ domain to 

interact with scaffolding proteins and molecules linked to the pre- and postsynaptic 

intracellular machinery including the cytoskeleton and vesicle exocytosis machinery, 

among others (Dean and Dresbach, 2006; Missler et al., 2003; Missler and Südhof, 1998; 

Sandi, 2004). In inhibitory synapses, nlgn2 binds to the postsynaptic scaffolding protein 

gephyrin and to collybistin, which in turn are involved in GABAA-receptor anchoring at the 

postsynaptic density. Therefore, nlgn2 may influence GABAergic synaptic properties and 

herewith possibly the balance of excitation to inhibition (E/I) in the brain (Bang and 

Owczarek, 2013; Chih et al., 2005; Chubykin et al., 2007; Fritschy et al., 2008; Poulopoulos 

et al., 2009; Takacs et al., 2013; Tretter and Moss, 2008; Varoqueaux et al., 2006).  

A variety of studies indicate that synaptic dysfunction, arising from environmental factors 

and/or genetic influences that disturb developmental processes during early-life, is 

involved in the disease pattern of schizophrenia and autism, among others (Betancur et 
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al., 2009; Lewis and Levitt, 2002; McGlashan and Hoffman, 2000; Zoghbi and Bear, 2012). 

Environmental challenges, especially early in life, have a decisive impact on the adult 

phenotype and the individual's risk to develop psychiatric disorders (Kim and Cicchetti, 

2006; Larkin and Read, 2008; McCrory et al., 2012; Meaney and Szyf, 2005; O'Mahony et 

al., 2009; Schmidt et al., 2011). Early stress, i.e. childhood maltreatment or abuse, affects 

important developmental processes, including neurogenesis and synaptic overproduction 

and pruning. The long-term effects of early-life stress (ELS) on structure and function of 

brain regions involved in modulating social behaviors, like the hippocampus, the 

amygdala and the prefrontal cortex, have been hypothesized to increase the risk of 

developing psychiatric diseases (Teicher et al., 2002; Teicher et al., 2003). 

Stress-induced remodeling of neuronal networks involves breakdown and re-

establishment of synapses, probably engaging nCAMs associated with synapse 

maintenance, functioning and intracellular signaling (MacQueen et al., 2003; McEwen, 

2005; McEwen, 2010; McEwen, 2012; Sandi, 2004). Mutations in different nlgns have 

recently been implicated in the pathophysiology of autism and schizophrenia, which are 

characterized, among others, by a broad spectrum of altered social behavior, from social 

withdrawal to excessive aggressive behavior (Bellack et al., 1990; Larsson et al., 2005; 

Steinert et al., 1999; Sun et al., 2011). Shifts in nlgn2 expression levels have been shown 

to alter aggression-related behaviors as well as anxiety, exploration of novel stimuli and 

social behavior in animal models (chapter 2.5; Blundell et al., 2009; Hines et al., 2008; 

Wöhr et al., 2013), reflecting symptoms of many psychiatric disorders including those 

mentioned above (Haller and Kruk, 2006; Larsson et al., 2005; Neumann et al., 2010; 

Sucksmith et al., 2011; Veenema and Neumann, 2007). In the previous chapter (2.2), we 

showed an increase in nlgn2 expression levels in the adult hippocampus following ELS, 

which was accompanied by impairments in social memory and increased aggression, thus 

rendering the early postnatal period important for neurodevelopmental processes. 

Strikingly, in the following experiment (chapter 2.3), we demonstrated that 

overexpression of nlgn2 in the adult hippocampus was able to mimic early-life stressed 

induced effects on behavior in terms of impaired social memory and increased 

aggression. Because early-life stress is strongly associated with the development of 

neuropsychiatric disorders and nlgns are involved in modulating social behavior linked to 
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the above mentioned disorders, we hypothesized that nlgns may directly mediate the 

effects of stress on social behavior, possibly by changing inhibitory synapse 

characteristics. We therefore aimed to test this hypothesis by investigating the potential 

of knocking down nlgn2 in the adult hippocampus to reverse ELS-induced behavioral 

alterations. Furthermore, we measured expression changes of related genes and genes 

associated with the E/I ratio.  
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Material and methods 

Animals 

The experiments were conducted on age-matched male C57Bl/6 mice derived from in-

house breeding at the École Polytechnique Fédérale de Lausanne (EPFL, Lausanne, 

Switzerland). Animals were kept in ventilated cages with a 12 h light/dark cycle (lights on 

at 07:00 a.m.), temperature and humidity in the animal housing room were maintained at 

23 ± 1°C and 50 ± 15%, respectively; food and water were available ad libitum.  

All procedures described were conducted according to the Swiss National Institutional 

Guidelines of Animal Experimentation and were approved through a license issued by the 

Cantonal Veterinary Authorities (Vaud, Switzerland). All efforts were made to minimize 

animal suffering during the experiments. 

 

Experimental design 

In this study, we aimed to elucidate the potential of nlgn2-knockdown (nlgn2-KD) to 

normalize early-life stress-induced effects on social behavior. Therefore, about one half of 

the litters derived from in-house breeding were subjected to the early-life stress 

paradigm (described below in detail) or left in standard housing conditions. Male mice 

were weaned at the age of 26-28 days and then housed singly in standard cages 

throughout the whole experiment (29 pups chosen out of 11 control (ctl) litters; 32 pups 

chosen out of 13 ELS litters). Before surgery at the age of 12 weeks, all male mice were 

characterized regarding their anxiety levels (in the elevated plus maze test) for a balanced 

distribution to the respective virus group (nlgn2-KD vs. SCR) within their treatment group 

(ctl vs. ELS) (chapter 2.3). Animals of both treatment groups were then subjected to 

surgery for the injection of a virus expressing short-hairpin RNA (shRNA) leading to the 

silencing of nlgn2 (nlgn2-KD) or a virus expressing scrambled shRNA (SCR) as a control 

(nctl-SCR=15, nctl-nlgn2-KD=14, nELS-SCR=16, nELS-nlgn2-KD=16). After a recovery period of 5 weeks, 

we tested all mice in behavioral tests for locomotion, olfaction, sociability, social memory 

and aggression (in the open field, bedding preference, social preference, social memory 

and resident-intruder test with subsequent corticosterone analysis, respectively). One 
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male offspring were single-housed until the end of the experiments. Since decreased 

body weight has been reliably shown as indicator for stressed pups, we measured the 

animals' body weight throughout the experiment (Rice et al., 2008; Wang et al., 2012). 

 

Viral knockdown of nlgn2 

At the age of 12 weeks, all animals were subjected to surgery for viral knockdown of 

nlgn2 in the hippocampus using an adeno-associated AAV1/2 vector (http:// 

www.genedetect.com). The vector for nlgn2-KD contained a U6-nlgn2.shRNA-terminator-

CAG-EGFP-WPRE-BGH-polyA-expression cassette. Control animals were injected with a 

virus carrying scrambled shRNA (AAV1/2-U6-SCR.shRNA-terminator-CAG-EGFP-WPRE-

BGH-polyA). Both viral constructs used were designed and produced by GeneDetect, New 

Zealand. The vectors included the following regulatory elements: rAAV2 inverted terminal 

repeat (ITR) sequences, a scaffold attachment region (SAR) element, the hybrid chicken B-

actin/CMV enhancer (CAG) and U6 promoter region to drive the expression of EGFP and 

shRNA/SCR, respectively, a cis-acting woodchuck post-transcriptional regulatory element 

(WPRE) and a bovine growth hormone polyadenylation signal sequence (BGH-polyA).  

Surgeries were conducted as previously described (chapter 2.3). Briefly, mice were 

injected with an analgesic (temgesic, burprenorphin, Essex Chemie AG, Lucerne, 

Switzerland) and then anesthetized using isoflurane. All animals were installed in a 

stereotactic frame to prevent head movements during the surgical procedure with 

constant flow of isoflurane/oxygen. A total of 1 µl of either nlgn2-KD or SCR (scrambled) 

construct (titers: nlgn2-KD: 1.3x1012 genomic particles/ml; SCR: 1.3x1012 genomic 

particles/ml) was bilaterally injected in the hippocampus with a flow rate of 0.1 µl/min. 

The injectors were left in site for additional 5 minutes after the actual injection. The 

following coordinates were used: 1.9 mm posterior to bregma, 2.0 mm from midline, and 

2.0 mm ventral from skull. All animals were put back in their home cages and monitored 

until waking. All mice were treated with paracetamol (500 mg/500 ml H2O, Dafalgan, 

Bristol-Myers Squibb, Agen, France) via the drinking water for 5 days after the surgery. 

The animals were allowed to recover for 5 weeks from surgery before the behavioral 

testing started. 



Research article 4 

 

 
105 

Behavioral analysis 

Elevated plus maze  

Before surgery, all animals were characterized in the elevated plus maze (EPM) regarding 

their anxiety levels for an equal distribution to the respective virus group (SCR vs. nlgn2-

KD) within each treatment group (ctl vs. ELS). With this balance in anxiety levels of all 

groups, we can rule out shifted anxiety levels of the experimental groups as a possible 

confounding factor affecting social behavior. The EPM protocol was applied as previously 

described (chapters 2.1 and 2.3). Briefly, the apparatus, made of black PVC with white 

inlays, consisted of an elevated platform (71 cm above the ground) with two opposing 

open arms (30 x 5 cm), two opposing closed arms (30 x 5 x 14 cm) as well as a central 

platform (5 x 5 cm), resembling a plus sign. Light conditions were maintained at 14-15 lux 

in the open arms and 3-4 lux in the closed arms. All mice were introduced to the maze 

facing one of the closed arms upon start of the test. They were then allowed to explore 

the apparatus for 5 minutes. Cleaning with 4% ethanol occurred after every run. The 

parameter of interest as criterion for the balanced distribution to the experimental 

groups was the percentage of time spent in the open arms (data are not shown). 

 

Open field test  

We performed the open field test (OF) after the recovery from surgery in order to rule 

out any deleterious effects of the surgery on general locomotion and emotional behavior, 

possibly affecting social behavior. The test was conducted as previously described 

(chapters 2.1, 2.2 and 2.3), in a rectangular open arena (50 x 50 cm, 40 cm high) with an 

illumination of 5-6 lux. Each mouse was placed near the wall and allowed to freely 

explore the apparatus for 5 minutes. The arena was virtually divided into the following 

zones: a center zone in the middle of the arena (25 x 25 cm) and an outer zone along the 

walls of the arena. After every run, the apparatus was cleaned with 4% ethanol. The 

parameters analyzed afterwards were the distance travelled and the percentage of time 

spent in the center zone. 
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Bedding preference test  

We tested all animals in the bedding preference test (BP) to ensure intact olfaction as the 

crucial basis for social behavior. Two days after the OF, the test was performed as 

described for the previous experiments (chapters 2.1, 2.2 and 2.3). Briefly, the OF arena 

(illumination 2-3 lux) was equipped with two transparent plastic containers in opposite 

corners (6 cm in diameter, 14 cm high, perforated with holes), filled with either a mixture 

of bedding material from cages with untreated, adult male C57Bl/6 mice or with clean 

bedding. Each animal was introduced to the arena near the wall and allowed to explore 

the apparatus for 10 minutes. The arena was cleaned with 4% ethanol after every run. All 

videos were scored manually afterwards by an experimenter blind to the experimental 

groups and subsequently, the percentage of time spent sniffing each plastic container and 

the discrimination ratio (time with male bedding in % / time of total stimulus interaction 

in %) was analyzed. 

 

Social preference test 

The animals were given the choice between a social stimulus and an inanimate object 

(Moy et al., 2004; Moy et al., 2007) in the social preference test (SP) to assess sociability 

behavior. The arena for the SP consisted of a three-chambered box with a center 

compartment (12 x 25 x 35 cm) and two side compartments (19 x 25 x 35 cm) made of 

grey PVC. To allow or prevent access to the side chambers, the dividing walls between the 

compartments were equipped with retractable doorways (chapters 2.2 and 2.3). Each 

side chamber contained a wire cage (10.16 cm bottom diameter, 11 cm high, bars spaced 

0.5 cm apart, made of chrome, Kitchen Plus Galaxy Pencil & Utility cup) for olfactory 

contact and social approach to the respective stimulus enclosed, but preventing any type 

of direct physical contact. The test was performed two days after BP testing. Each animal 

was placed in the center with both doors closed for a habituation phase of 5 minutes. The 

retractable doors were then opened and the mouse was allowed to freely explore the 

whole apparatus for 10 minutes with the side chambers containing either an object (black 

dummy mouse) or a juvenile C57Bl/6 (28 ± 2 days) in the wire cages. Object and juvenile 

location was counterbalanced for different animals. Light conditions were kept at 2-3 lux 
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with homogenous illumination in the chambers and the floor of the apparatus was 

covered with bedding material. All animals were habituated to the apparatus for 10 

minutes on two consecutive days prior to testing. All juvenile stimulus mice were 

habituated to the cylinders for a minimum of 30 minutes on two consecutive days before 

testing. An experimenter blind to the groups manually scored all videos afterwards with a 

focus on the percentage of time spent exploring each stimulus and the discrimination 

ratio (time with juvenile in % / time of total stimulus interaction in %).  

 

Social memory test 

In the social memory (SM), the animals are given the choice between an unknown and a 

familiar juvenile (chapters 2.2 and 2.3). The test was performed in the SP arena described 

above, four days after SP testing, and animals were introduced to the center 

compartment without access to the side chambers for 5 minutes habituation. For the 

following acquisition phase, the doors were opened and each mouse was given 10 

minutes to freely explore each side chamber containing an unknown juvenile C57Bl/6 (28 

± 2 days) in the wire cages. After an inter-trial interval of 10 minutes in the animals' home 

cages, each mouse was reintroduced to the apparatus for the retrieval phase with one of 

the juveniles of the acquisition trial exchanged against a new one, thereby giving the 

animals the choice between the familiar juvenile a newly introduced stranger juvenile. 

The location of stranger and familiar juveniles was counterbalanced for different animals. 

All videos were scored manually afterwards by an experimenter blind to the groups, 

focusing on the percentage of time spent sniffing at each juvenile in each trial and the 

discrimination ratio (trial 1: time with juvenile 1 in %/ time of total juvenile interaction in 

%; trial 2: time with stranger juvenile in % / time of total juvenile interaction in %). 

 

Resident-intruder test 

We assessed the animals' aggressive behavior towards an unknown intruder in the 

resident-intruder test (RI) (chapters 2.1, 2.2 and 2.3; Miczek et al., 2001). Two days after 

SM testing, the RI was performed in the dark phase under red light conditions, starting 
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from 7 p.m.. Briefly, an unfamiliar Balb/c mouse (intruder) was introduced to the 

experimental animal’s home cage for 2 trials of 10 minutes each with an inter-trial 

interval of 2 minutes, in which the intruder was taken out of the cages. The intruders 

were matched for anxiety (assessed in the EPM) for every experimental group and for 

body weight to the respective resident. The parameter of interest was the offensive 

behavior in terms of the percentage of time of attacking and tail rattling in trial 2, 

manually scored by an experienced experimenter blind to the groups. 

The RI further served as an acute stressor for the determination of stress response and 

recovery corticosterone levels in the plasma of the animals. Blood samples were taken by 

tail cut (Fluttert et al., 2000) 30 min (stress response) and 90 min (stress recovery) after 

the onset of the RI. For basal corticosterone levels, blood samples were collected on 

another day in the dark phase. All samples were collected in clean microcentrifuge tubes 

and stored on ice until later centrifugation at 8000 rpm at 4°C for 15 min. Plasma was 

then transferred to new tubes and stored at -20°C until further processing in a 

radioimmunoassay (MP Biomedicals Inc.; sensitivity 12.5 ng/ml) to determine 

corticosterone levels. 

 

Sampling procedures 

Eight days after the last test, all animals were anesthetized with a lethal dose of 

pentobarbital (Esconarkon, Streuli Pharma AG, solution (150 mg/ml) provided by EPFL 

veterinarian) and transcardially perfused with Ringer’s solution/heparin and 4% para-

formaldehyde (PFA) for fixation. The brains were removed from the skull, post-fixed in 4% 

PFA overnight and cryoprotected in 30% sucrose/ H2Odd for 3 days. Brain slices from the 

dorsal and ventral hippocampus (dHC and vHC, respectively) were obtained by sectioning 

the brains in the coronal plane at 25 µm at -20°C in a cryotome for further processing in  

in situ hybridization and immunohistochemistry.  
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In situ hybridization  

In situ hybridization (ISH) using 35SUTP-labeled ribonucleotide probes was performed as 

previously described (chapters 2.2 and 2.3; Schmidt et al., 2007; Sterlemann et al., 2008). 

Briefly, all sections were thaw-mounted on superfrost plus slides, dried and stored at  

-20°C. Upon fixation in 4% PFA, sections were acetylated in 0.25% acetic anhydride in 

0.1M triethanolamine/HCl. In an alcohol series with increasing concentrations, sections 

were dehydrated and subsequently treated with hybridization buffer containing 

approximately 1.5 x 106cpm 35SUTP-labeled ribonucleotide probe overnight. All primers 

used to generate an antisense RNA hybridization probe recognizing the target genes are 

shown in table 1. After several washing steps in different SSC (standard saline citrate) 

concentrations, treatment with RNase A and final dehydration in increasing alcohol 

concentrations, the slides were exposed to Kodak Biomax MR films (Eastman Kodak 

Rochester, NY, USA) and developed. Autoradiographs were digitized and relative mRNA 

expression levels were quantified with ImageJ (http://rsbweb.nih.gov/ij) measuring the 

mean optical density. The mean of 4 measurements of two different brain slices, 

subtracting the background signal measured from a nearby structure not expressing the 

target gene, was taken into account for each animal. For the verification of virus 

expression we used slices from both dorsal and ventral hippocampus in order to visualize 

the spreading of the virus throughout the whole hippocampus. Regarding the analysis 

related gene expression levels, we used only slices from the ventral hippocampus due to 

the results from the previous study (chapter 2.2), which indicate the ventral hippocampus 

as being involved in mediating the effects of stress on social behavior. 

 

probe forward primer reverse primer 

Neuroligin-1 GGGGATGAGGTTCCCTATGT GGATCATCCTGTTTGGCAGT 

Neuroligin-2 TGTGTGGTTCACCGACAACT CTCCAAAGTGGGCAATGTTT 

Neuroligin-3 CCATCATCCAAAGTGGCTCT TCAGTGAAGAGTGCCACCAG 

Neurexin AGTTGTACCTGGGTGGCTTG TCACACGTCCTGCATCTAGC 

Gephyrin ACCTCTGGGCATGCTCTCTA CTAAGGGAGGCTGTGTCTCG 
 

Table 1. primer sequences 
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Immunohistochemistry 

Brain slices of 6 animals per group were chosen for immunohistochemistry (IHC), thaw-

mounted on superfrost slides, dried and stored at -20°C until IHC was performed as 

previously described (chapter 2.3; Wang et al., 2011a). In short, the slices were thawed 

and removed from object slides in 0.1M phosphate buffer (PB) followed by washing steps 

in 0.1M PB/0.3% TritonX-100. Sections were incubated with 1% blocking serum (donkey 

serum, Abcam, Cambridge, United Kingdom) for 1 hour followed by the incubation with 

the following primary antibodies overnight at 4°C: nlgn2: polyclonal rabbit antibody, 

1:500, Synaptic Systems, Göttingen, Germany; GAD65: polyclonal rabbit antibody, 1:250, 

Synaptic Systems, Göttingen, Germany; vGlut: mouse monoclonal antibody, 1:1000, 

Göttingen, Germany. All slices were then rinsed and labeled with AlexaFluor 647-

conjugated donkey secondary antibody for 2 hours at room temperature (for nlgn2 and 

GAD65: AlexaFluor 647 donkey anti-rabbit, 1:500 for nlgn2/1:250 for GAD65; Invitrogen, 

Darmstadt, Germany; for vGlut: AlexaFluor 647 donkey anti-mouse 1:500, Invitrogen, 

Darmstadt, Germany). After rinsing, sections were mounted on slides and coverslipped 

with Vectashield mounting medium containing 4'-,6'-diamino-2-phenylindole (DAPI; 

Vector laboratories, Burlingame, CA, USA). Images were obtained with an Olympus IX81 

confocal microscope (Olympus, Tokyo, Japan) with identical settings for laser power, 

photomultiplier gain and offset. Mean optical density was measured using the ImageJ 

software. For the quantification of GAD65 and vGlut expression, only slices from the 

ventral hippocampus were used due to the results in the previous study (chapter 2.2). 

 

Statistics  

Results are shown as mean + SEM and were analyzed using the software SPSS 17.0. 

Comparisons of parameters within the respective groups were done using paired t-tests 

(BP: comparison between male bedding and clean bedding interaction; SP: comparison 

between object and juvenile exploration; SM: comparison between stranger and familiar 

juvenile exploration). Comparisons between the groups were performed using two-way 

analysis of variance (ANOVA), including post-hoc testing when appropriate, with condition 
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and virus as fixed factors and the respective parameter of interest as dependent variable. 

In all analyses, the level of statistical significance was set at p < 0.05. 
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Results 

Body weight and Open field 

Body weights were monitored throughout the experiments as reliable indicator for 

stressed pups as shown by Rice et al., 2008, and Wang et al., 2012. In line with their 

observations, stressed animals had significantly decreased body weights after ELS on pnd 

9 compared to control mice (t(103)=15.962, p<0.001; ctl 5.26 ± 0.06g, ELS 3.69 ± 0.08g). 

This decrease was still seen at weaning (t(57.433)=11.356, p<0.001; ctl 16.97 ± 0.20g, ELS 

12.66 ± 0.32g) and adulthood (t(53)=5.847, p<0.001; ctl 31.44 ± 0.36g, ELS 28.19 ± 0.42g). 

Two-way ANOVA confirmed the stress effect in adulthood (stress effect- F(1,51)=32.245, 

p<0.001, post-hoc tests p<0.01), but no virus or stress*virus interaction was revealed 

(virus effect- F(1,51)=0.119, p>0.05; interaction- F(1,51)=0.250, p>0.05). 

After surgery, we tested all animals in the open field test for locomotion and anxiety-

related behavior. Concerning locomotion, we found a significant stress effect but no virus 

effect or stress*virus interaction (stress effect- F(1,51)=17.518, p<0.001; virus effect- 

F(1,51)=0.779, p>0.05; interaction- F(1,51)=0.014, p>0.05). Post-hoc tests revealed that early-

life stressed animals displayed an increased in the distance traveled throughout the first 5 

minutes of the test (data not shown). Regarding anxiety-related behavior measured as 

time spent in the center zone during the first 5 minutes of the test, two-way ANOVA 

showed a significant stress effect (F(1,51)=4.557, p<0.05) and post-hoc testing revealed a 

marginal decrease of the time spent in the center of the open field of ELS-nlgn2KD mice 

compared to control-nlgn2KD animals (p=0.046, data not shown). We did not detect a 

virus effect or a stress*virus interaction (virus effect-F(1,51)=0.721, p>0.05, interaction-

F(1,51)=0.851, p>0.05).  

 

 

Verification of nlgn2-knockdown in the hippocampus 

The successful knockdown of nlgn2 in the hippocampus was investigated by measuring 

nlgn2 mRNA expression levels via ISH. Two-way ANOVA revealed significant virus effects 

in all subregions of the dorsal (dCA1, dCA3, dDG) and ventral hippocampus (vCA1, vCA3, 

vDG). We did not observe stress effects or interactions (Figure 2A: dCA1 stress effect- 
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F(1,51)=0.204, p>0.05; virus effect- F(1,51)=36.526, p<0.001; interaction- F(1,51)=0.534, p>0.05; 

dCA3 stress effect- F(1,51)=3.519, p>0.05; virus effect- F(1,51)=365.472, p<0.001; interaction- 

F(1,51)=0.933, p>0.05; dDG stress effect- F(1,51)=2.290, p>0.05; virus effect- F(1,51)=138.254, 

p<0.001; interaction- F(1,51)=3.772, p>0.05; vCA1 stress effect- F(1,43)=2.241, p>0.05; virus 

effect- F(1,43)=19.702, p<0.001; interaction- F(1,43)=1.895, p>0.05; vCA3 stress effect- 

F(1,43)=0.000, p>0.05; virus effect- F(1,43)=354.076, p<0.001; interaction- F(1,43)=0.212, 

p>0.05; vDG stress effect- F(1,43)=0.031, p>0.05; virus effect- F(1,43)=439.329, p<0.001; 

interaction- F(1,43)=0.047, p>0.05). Post-hoc testing showed that animals injected with the 

nlgn2-knockdown virus displayed significantly decreased nlgn2 mRNA expression the CA1, 

CA3 and dentate gyrus area of the dorsal and ventral hippocampus (Figure 2A). 

Representative images of the nlgn2 mRNA expression and nlgn2 protein expression as 

assessed by IHC are shown in Figure 2B and 2C, respectively. 
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Nlgn2-knockdown affects the expression of related genes in the ventral hippocampus 

We investigated changes in the expression levels of the following genes related to nlgn2: 

two members of the nlgn family, nlgn1 and nlgn3, the binding partner on the presynapse, 

nrxn, and gephyrin, which is a postsynaptic scaffolding protein associated with nlgn2 in 

inhibitory synapses. Two-way ANOVA revealed effects for nlgn3 and nrxn mRNA 

expression levels in the ventral CA1, CA3 and DG as well as for gephyrin mRNA expression 

in the ventral DG (Table 2). Post-hoc tests showed that control animals injected with the 

nlgn2-KD virus had decreased levels of nlgn3 expression in the vCA3 and vDG as well as a 

decrease in nrxn expression in the vCA3 but an increase in the vDG. Early-life stressed 

animals injected with the nlgn2-KD construct showed decreased nlgn3 mRNA expression 

levels in the vDG and decreased nrxn expression in the vCA1 and vCA3 (Table 2). 

Furthermore, we found decreased gephyrin mRNA expression in the vDG as compared to 

ELS animals with the SCR virus (Table 2). When comparing stressed animals versus control 

animals, we found differences in nlgn3 and nrxn expression in the vCA1 (Table 2). 

Gene Region 

ANOVA effect Expression levels (a.u.) 

treatment virus interaction ctl-SCR ctl-nlgn2KD ELS-SCR ELS-nlgn2KD 

Nlgn1 vCA1 n.s. n.s. n.s. 58.45 ± 2.90 62.14 ± 3.73 54.50 ± 3.10 60.44 ± 2.95 

 
vCA3 n.s. n.s. n.s. 77.87 ± 3.13 76.00 ± 3.40 70.23 ± 3.78 75.04 ± 2.50 

 
vDG n.s. n.s. n.s. 59.81 ± 3.18 51.77 ± 3.68 54.97 ± 3.41 54.63 ± 3.08 

Nlgn3 vCA1 p < 0.05 n.s. n.s. 83.26 ± 1.90 88.80 ± 2.03 81.61 ± 2.04 78.89 ± 4.16# 

 
vCA3 n.s. p < 0.01 n.s. 98.73 ± 1.56 88.23 ± 2.66* 92.60 ± 2.80 79.25 ± 6.40 

 
vDG n.s. p < 0.001 n.s. 101.22 ± 1.86 89.39 ± 2.29* 96.68 ± 3.20 83.71 ± 5.60* 

Nrxn vCA1 n.s. n.s. p < 0.001 82.22 ± 2.56 90.15 ± 2.87 91.58 ± 2.00# 77.77 ± 3.52*# 

 
vCA3 n.s. p < 0.01 n.s. 82.57 ± 2.67 61.50 ± 5.96* 86.70 ± 5.25 55.21 ± 4.73* 

 
vDG n.s. n.s. p < 0.05 53.89 ± 1.64 64.33 ± 3.20* 59.27 ± 2.91 57.52 ± 2.87 

Gephyrin vCA1 n.s. n.s. n.s. 66.60 ± 6.00 68.45 ± 7.98 72.42 ± 2.11 74.61 ± 4.21 

 
vCA3 n.s. p < 0.05 n.s. 94.58 ± 8.20 73.65 ± 9.20 98.81 ± 1.73 87.95 ± 7.30 

 
vDG n.s. p < 0.05 n.s. 79.82 ± 7.02 67.03 ± 7.81 83.91 ± 2.15 68.47 ± 5.58* 

 

Table 2. mRNA expression levels of nlgn2-related genes. Values are shown as means ± SEM.  

Nlgn1= neuroligin-1, Nlgn3= neuroligin-3, Nrxn= neurexin. n.s. = not significant, * p<0.05 versus SCR in same 

treatment (control: SCR vs. nlgn2-KD / ELS: SCR vs. nlgn2-KD), # p<0.05 versus same virus in different 

treatment. 
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Expression of markers for the E/I ratio remain unchanged after ELS or nlgn2-knockdown 

The expression of vGlut and GAD65, which are markers for excitatory and inhibitory 

synapses, respectively, were assessed and quantified by IHC. There were no stress, virus 

or stress*virus interaction effects as analyzed by two-way ANOVA (Table 3).  

Protein Region 

ANOVA effect Expression levels (a.u.) 

stress virus interaction ctl-SCR ctl-nlgn2KD ELS-SCR ELS-nlgn2KD 

vGlut vCA1 n.s. n.s. n.s. 28.58 ± 3.14 26.00 ± 4.13 26.77 ± 5.17 32.72 ± 5.72 

 
vCA3 n.s. n.s. n.s. 28.20 ± 3.25 24.05 ± 3.59 24.62 ± 4.96 30.70 ± 5.54 

 
vDG n.s. n.s. n.s. 28.79 ± 3.91 23.50 ± 4.12 27.16 ± 5.21 31.60 ± 5.62 

GAD65 vCA1 n.s. n.s. p < 0.05 26.31 ± 3.01 16.27 ± 4.98 19.88 ± 4.46 30.71 ± 5.54 

 
vCA3 n.s. n.s. n.s. 29.83 ± 2.27 22.65 ± 5.55 23.40 ± 4.84 29.62 ± 5.44 

 
vDG n.s. n.s. n.s. 27.76 ± 2.26 21.64 ± 5.57 20.93 ± 4.58 28.49 ± 5.34 

 

Table 3. Expression levels of vGlut and GAD65. Values are shown as means ± SEM. vGlut= vesicular 

glutamate transporter, GAD65= glutamic acid decarboxylase 65. n.s. = not significant. 
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Discussion 

We investigated the potential of knocking down nlgn2 in the adult hippocampus to 

attenuate early-life stress-induced effects on social behavior and examined expression 

changes of synaptic molecules. Remarkably, impairments in social memory elicited by ELS 

were prevented by the nlgn2-KD and furthermore, aggression was significantly reduced in 

stressed animals with the nlgn2-KD compared to SCR-injected animals. On the molecular 

level, we found partly decreased expression of nlgn3, nrxn and gephyrin in the ventral 

CA3 and DG caused by the nlgn2-KD. The expression of proteins indicative for the E/I ratio 

did not differ between the groups in the ventral subregions of the hippocampus. 

Social behavior and communication is based on the capability to recognize and 

discriminate between individuals which mostly employs olfaction (Bielsky and Young, 

2004; Lukas et al., 2010). In all animals, olfaction remained intact after ELS experience and 

virus injection, serving as essential precondition for subsequent social testing. The 

observation, that an experimental mouse displays increased exploration times with an 

unfamiliar conspecific and consequently less time interacting with a familiar mouse, is 

generally interpreted as individual recognition or social memory (Choleris et al., 2009; van 

der Kooij and Sandi, 2012). The animals of all groups spent equal durations exploring the 

two unknown juvenile mice during the acquisition phase of the SM. In the retrieval phase, 

control animals injected with the SCR construct significantly preferred investigating the 

newly introduced stranger juvenile compared to familiar one, herewith indicating social 

memory for the already encountered juvenile mouse. Animals which experienced ELS and 

were injected with the SCR virus did not show this preference for the stranger in the 

retrieval phase, reflecting impaired social memory in these animals. The same holds true 

for control animals injected with the nlgn2-KD virus, suggesting an undesirable influence 

of decreased nlgn2 levels in the adult hippocampus under non-stressed conditions. 

Strikingly, ELS animals with the nlgn2-KD significantly preferred the newly introduced 

juvenile over the familiar stimulus mouse. These results indicate that knocking down 

nlgn2 in the adult hippocampus attenuates social memory deficits induced by ELS and are 

in line with the previous experiments, in which ELS induced impairments in social 

memory, without affecting sociability, together with increased levels of nlgn2 expression 
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in the hippocampus (chapter 2.2). Moreover, these stress-induced behavioral alterations 

could be mimicked by nlgn2-overexpression in the hippocampus (chapter 2.3). 

In all animals, sociability behavior, i.e. the preference of a social stimulus over an 

inanimate object, was normal without any difference between the groups. This is in line 

with previous studies, which demonstrated that a constitutional knockout of nlgn2 does 

not influence sociability (Blundell et al., 2009; Wöhr et al., 2013), although one study 

showed that a conditional overexpression of nlgn2 resulted in reduced sociability (Hines 

et al., 2008). However, in all our studies (ELS, nlgn2-overexpression, nlgn2-knockdown), 

we consistently showed that sociability remained unaffected (chapters 2.2 and 2.3). 

Interestingly, we found higher locomotor activity in ELS animals compared to control 

reared mice, independent from the virus injected, and a negligible effect on anxiety was 

observed. This hyperlocomotion might represent a confounding factor for the results 

obtained in the sociability and social memory task. However, the increase in locomotion 

might possibly derive from the novel environment of the open field, whereas for social 

testing the animals were habituated to the testing apparatus on two days prior to testing, 

which may prevent novelty-induced effects on locomotion.  

Disturbances in aggression is, among others, a typical symptom of psychiatric and 

neurodevelopmental disorders such as antisocial and borderline personality disorder, 

schizophrenia and autism (Ekinci and Ekinci, 2013; Maskey et al., 2013; Siever, 2008). 

Both human and animal studies have confirmed an involvement of the hippocampus in 

modulating aggression-related behaviors (chapter 2.3; Gregg and Siegel, 2001; Guillot et 

al., 1994; Raine et al., 2004; Sluyter et al., 1994; Zetzsche et al., 2007). Strikingly, the 

knockdown of nlgn2 in the hippocampus led to a significant reduction of offensive 

behavior in the RI paradigm in the ELS condition when compared to ELS animals injected 

with the control virus. In line with this, we have previously shown that overexpressing 

nlgn2 in the hippocampus leads to increased offensive behavior (chapter 2.3). 

Additionally, we have demonstrated that ELS results in increased aggression and 

increased nlgn2 expression in the hippocampus (chapter 2.2). In the current study, 

however, ELS did not induce a statistically significant increase in offensive behavior 

compared to the control condition, independent from virus injection. Still, the results 

point in the same direction, indicating that ELS increases aggression-related behavior. 
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Similar to the observations in the SM test, nlgn2-KD tends to exert effects under control 

conditions leading to reduced offensive behavior, although not significant. Nonetheless, 

the main clinically relevant finding is that nlgn2-KD attenuated the effects of ELS. 

Importantly, there were no differences in plasma corticosterone concentrations under 

basal conditions and following stress, thus the effects seen in the behavior of the animals 

may not be ascribed to HPA axis dysfunction.  

We further investigated mRNA expression levels of genes related to nlgn2, which may be 

altered by the nlgn2-knockdown, and possibly contribute to the observed behavioral 

effects. There were no differences in nlgn1, a nlgn family member associated with 

glutamatergic synaptic transmission. Regarding nlgn3, the family member associated with 

both inhibitory and excitatory synapses, we found differences in the ventral CA3 and DG 

induced by nlgn2-KD. In a previous study, nlgn3 mRNA expression was also decreased in 

the ventral DG of nlgn2-KD animals compared to SCR-injected mice (chapter 2.3). The 

present findings emphasize the modulation of nlgn3 induced by manipulations of nlgn2 

expression. Nlgn3 has been associated with the pathophysiology of autism (Etherton et 

al., 2011a; Jamain et al., 2003; Tabuchi et al., 2007; Ylisaukko-oja et al., 2005), but the 

evidence in the literature seems controversial (Gauthier et al., 2005; Vincent et al., 2004; 

Wermter et al., 2008). Therefore, an involvement of altered nlgn3 expression might add 

on the modulative role of nlgn2 in the hippocampus and its projection regions in the 

brain. However, the detailed mechanism merits further experiments including AAV-

mediated overexpression or knockdown of nlgn3. Nrxn, as the presynaptic binding 

partner of nlgns, was altered in the ventral CA3 and DG under control conditions when 

comparing nlgn2-KD animals and SCR-injected mice. In stressed animals, nrxn expression 

was decreased in nlgn2-KD animals compared to SCR-animals in the vCA1 and vCA3. 

Moreover, nrxn levels were increased in ELS-SCR mice as compared to control animals 

injected with the same virus, but we found a decrease in nrxn levels in stressed animals 

with the nlgn2-KD compared to control-nlgn2-KD animals. Nlgns directly bind to nrxns on 

the presynaptic side and the nlgn-nrxn complex has been shown to regulate the 

presynaptic release of neurotransmitters (Sun et al., 2011). It seems plausible that 

knocking down nlgn2 on the postsynaptic side results in a decrease of nrxn on the 

presynaptic compartment. In contrast, nrxn expression was increased in the vDG of 
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control-nlgn2-KD animals compared to SCR mice. Interestingly, we observed a significant 

increase of nlgn2 in the ventral hippocampus following ELS in the previous experiment 

(chapter 2.2). In line with this, ELS-SCR animals showed increased levels of nrxn 

expression in the ventral CA1 compared to control animals injected with the same virus, 

possibly suggesting that ELS results in increased nlgn2 expression and therefore in 

increased nrxn expression throughout development and life until adulthood. 

Furthermore, stressed animals in the nlgn2-KD group showed decreased levels of nrxn 

expression compared to control-nlgn2-KD mice, underlining the close relationship of 

those two proteins. The differences in nrxn expression might therefore contribute to the 

effects elicited directly by the alterations in nlgn2 levels in terms of changes in the 

presynaptic neurotransmitter release. Further, we found a significant decrease of 

gephyrin in stressed animals with nlgn2-KD compared to SCR mice of the same condition 

in the ventral DG. A direct interaction between nlgn2 and gephyrin as well as collybistin 

has been established, which results in assembly and recruitment of GABAA receptors to 

the postsynapse (Brose, 2013; Krueger et al., 2012). Therefore, it seems plausible that 

nlgn2-KD results in a decrease in gephyrin expression, but still it appears puzzling that 

gephyrin expression levels in the ventral parts of the hippocampus were decreased both 

following nlgn2-KD and nlgn2-overexpression (chapter 2.3). This indicates that the 

modulation of nlgn2 alters further pathways which in turn are in involved in the 

regulation of gephyrin expression. Notably, we did not find an increase in nlgn2 mRNA 

expression in the hippocampus of stressed animals with the SCR construct injected 

compared to control animals, whereas we recently observed a significant increase of 

nlgn2 expression in the ventral hippocampus following ELS (chapter 2.2). The ELS effect 

might have been concealed by the surgical intervention at the age of 12 weeks, which 

represents a stressor, and therefore the differences between control animals and 

stressed mice might have been attenuated.  

Nlgn2 has been implicated in controlling the delicate balance of excitation and inhibition 

in the brain (Chih et al., 2005; Chubykin et al., 2007). We did not find differences in the 

expression of the vesicular glutamate transporter, vGlut, and the glutamic acid 

decarboxylase 65, GAD65, indicative for excitatory and inhibitory synapses, respectively. 

Our previous study showed, that also an overexpression of nlgn2 did not affect the 
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expression of these markers for the different types of synapses (chapter 2.3). Therefore, 

nlgn2 might not change the number of the respective synapses, but rather synaptic 

transmission characteristics. Further, manipulation of nlgn2 expression in the 

hippocampus probably leads to changes in synapse properties in hippocampus-projecting 

brain regions such as the amygdala and the prefrontal cortex. Interestingly, nlgn2 

expression has recently been associated with the regulation of the potassium-chloride 

cotransporter KCC2, an important factor for the functional switch of GABA from 

excitatory to inhibitory and in addition, it was shown that nlgn2-KD in mature neurons 

reverses GABA action to excitatory (Sun et al., 2013). This would be in line with the 

hypothesis of the potential of nlgn2 to shift the E/I ratio either towards inhibition by 

overexpression or to excitation by knockdown, during development and in adulthood, but 

remains subject for further investigations.  

Taken together, we show that knocking down nlgn2 in the adult hippocampus of stressed 

adult mice attenuates the deficits in social memory and the increase in aggression 

induced by early-life stress. This highlights nlgn2 as a potential target system for new 

treatments of psychiatric and neurodevelopmental disorders involving these behavioral 

alterations such as antisocial personality disorders, schizophrenia and autism.  
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Abstract 

Disturbances of the excitation/inhibition (E/I) balance in the brain were recently 

suggested as potential factors underlying disorders like autism and schizophrenia 

resulting in associated behavioral alterations including changes in social and emotional 

behavior as well as abnormal aggression. Neuronal cell adhesion molecules (nCAMs) and 

mutations in these genes were found to be strongly implicated in the pathophysiology of 

these disorders. Neuroligin-2 (nlgn2) is a postsynaptic cell adhesion molecule, which is 

predominantly expressed at inhibitory synapses and required for synapse specification 

and stabilization. Changes in the expression of nlgn2 were shown to result in alterations 

of social behavior as well as altered inhibitory synaptic transmission, hence modifying the 

E/I balance. In our study, we focused on the role of nlgn2 in the dorsal hippocampus in 

the regulation of emotional and social behaviors. To this purpose, we injected an AAV 

construct overexpressing nlgn2 in the hippocampus of rats and investigated the effects on 

behavior and on markers for the E/I ratio. We could show an increase in GAD65, a GABA-

synthesizing protein in neuronal terminals, and furthermore, reduced exploration of 

novel stimuli and less offensive behavior. Our data suggest nlgn2 in the hippocampus to 

be strongly implicated in maintaining the E/I balance in the brain and thereby modulating 

social and emotional behavior. 
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Introduction 

Cell adhesion molecules are crucially involved in synapse development and stabilization 

(Chubykin et al., 2007; Dalva et al., 2007; Lisé and El-Husseini, 2006). Neuroligins are 

postsynaptic neuronal cell adhesion molecules, which link the presynapse to the 

postsynaptic density by binding to their presynaptic partners neurexins in an alternative 

splice-dependent manner (Ichtchenko et al., 1996). They were initially thought to be 

required for synapse formation, but recent studies indicated a crucial involvement rather 

in synapse maturation and specification (Varoqueaux et al., 2006). Four genes encode for 

the different members of the neuroligin (nlgn) family in mammals, nlgn1-4, which are 

differentially enriched in postsynaptic specializations of synapses. Nlgn1 and nlgn2 

localize in excitatory and inhibitory synapses, respectively, and nlgn3 seems to be present 

in both (Bottos et al., 2011; Song et al., 1999; Varoqueaux et al., 2004). Consistent with 

this, knockout of nlgn1 was shown to impair NMDA-receptor mediated signalling, 

whereas nlgn2-KO was reported to result in deficits in inhibitory synaptic transmission 

(Chubykin et al., 2007; Südhof, 2008). Due to their differential expression in different 

types of synapses, neuroligins were implicated in the control of excitatory versus 

inhibitory synapse specification and herewith the regulation of the excitation/inhibition 

(E/I) balance in the hippocampus (Chih et al., 2005).  

Emerging evidence implicates neuroligins in autism spectrum disorders (ASD) and 

schizophrenia, neurodevelopmental conditions characterized, among other symptoms, by 

abnormal or impaired development in social interaction and communication and a 

markedly restricted repertoire of activity and interest (Larsson et al., 2005; Sucksmith et 

al., 2011). A disturbance of the E/I balance in the brain was put into the spotlight as 

important potential factor underlying these disorders (Bourgeron, 2009; Ey et al., 2011; 

Harrison and Weinberger, 2005; Paz et al., 2008; Südhof, 2008). Lately, genome-wide 

copy number variation studies identified mutations in different neuroligins (nlgn1, nlgn3 

and nlgn4) and their molecular partners in these disorders (Feng et al., 2006; Pardo and 

Eberhart, 2007; Sullivan et al., 2012). Furthermore, mutations in the genes encoding 

nlgn3 and nlgn4 were implicated in the pathophysiology of autism (Etherton et al., 2011a; 

Jamain et al., 2003; Südhof, 2008; Tabuchi et al., 2007; Zhang et al., 2009) and nlgn2 was 

shown to be associated with schizophrenia (Sun et al., 2011) and certain symptoms of 
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autism in mice (Hines et al., 2008). Nlgn2 has also been proposed as a potential candidate 

gene for mental retardation or ASD (Belligni et al., 2012).  

Nlgn2 expression has been shown to be altered in the hippocampus under a number of 

genetic (Belichenko et al., 2009) and life (Jackson et al., 2012; Sandi et al., 2011) 

conditions associated with changes in social behaviors. For example, transgenic mice 

overexpressing nlgn2 under the Thy1 promoter showed stereotyped jumping, anxiety-like 

behavior as well as impairments in social interactions (Hines et al., 2008). Although in this 

mouse model, nlgn2-OE was confirmed in cortex and limbic structures, such as amygdala 

and hippocampus, most attention was focused on the prefrontal cortex (PFC) that was 

confirmed to display overall reduction in the E/I ratio. In line with those findings, recent 

evidence has validated the importance of the E/I balance in the PFC in modulating social 

behavior (Yizhar et al., 2011). However, the possibility that alterations in nlgn2 content in 

other brain regions, such as the hippocampus, are involved in relevant behavioral 

alterations has to be explored. Besides its implications in cognitive function, the 

hippocampus represents an important candidate for regulating contextually appropriate 

emotional behavior (Phillips et al., 2003) and abnormalities in this brain structure have 

been implicated in pathological aggression and autism (Hasan et al., 2013; Nunes et al., 

2009; Rossi et al., 2012). Specifically, the dorsal hippocampus has been shown to mediate 

anxiogenic effects in the social interaction test (File et al., 1998). 

In the present study, we focused on the role of nlgn2 in the adult dorsal hippocampus and 

asked whether a viral overexpression of nlgn2 in the adult dorsal hippocampus of rats 

leads to alterations in emotional and social behaviors. With this approach, we aimed at 

directly addressing the role of this molecule when manipulated at adulthood, avoiding 

possible developmental effects that can be expressed in nlgn2-OE animals in which 

overexpression is already present during development.  
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Material and methods 

Animals 

All experimental animals were the male offspring of Wistar rats obtained from Charles 

River Laboratories (France). After birth, all animals stayed with the dam until weaning on 

postnatal day 21. Male rats from different litters were housed in groups of three under 

standard conditions in plastic standard cages (42 x 28 x 20 cm) with a 12h light-dark cycle 

(lights on at 7:30 a.m.) and controlled temperature and humidity (22 ± 2°C; 50 ± 20%). 

Food and water were available ad libitum. All procedures described were conducted 

according to the Swiss National Institutional Guidelines of Animal Experimentation and 

were approved through a license issued by the Cantonal Veterinary Authorities (Vaud, 

Switzerland). All efforts were made to minimize animal suffering during the experiments. 

 

Experimental design 

After assessing anxiety levels at the age of 11 weeks, animals were equally distributed to 

two groups with comparable anxiety-like behavior and then subjected to surgery with 

injection of an empty vector (n=10) or a nlgn2-overexpressing construct (nlgn2-OE, n=10). 

Following a recovery period of approx. 5 weeks, animals underwent behavioral testing. All 

behavioral tests were performed between 08:00 a.m. and 02:00 p.m., except of the 

resident-intruder test which took place in the dark phase, starting from 07:30 p.m.. We 

measured the body weight of all animals in a weekly fashion throughout the experiment, 

beginning on the day of surgery for the respective virus injection. A schematic overview of 

the experiment is depicted in Supplemental Figure S1. In all behavioral tests, video-

recording (MediaCruise, Canopus Co., Ltd.) and an automated-tracking system (Ethovision 

3.1, Noldus IT) were used.  

 

Viral overexpression of nlgn2 

At the age of 12 weeks, animals were subjected to surgeries for the viral overexpression 

of nlgn2 in the dorsal hippocampus, wherein an adeno-associated AAV1/2 vector (http:// 
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www.genedetect.com) containing a CAG-HA-tagged-nlgn2-WPRE-BGH-polyA- expression 

cassette was used. Control animals were injected with an empty construct (AAV1/2-CAG-

Null/Empty-WPRE-BGH-polyA). All viral constructs used were designed and produced by 

GeneDetect, New Zealand. The vector incorporated the following regulatory elements: 

rAAV2 inverted terminal repeat (ITR) sequences, a scaffold attachment region (SAR) 

element, the hybrid chicken B-actin / CMV enhancer (CAG) promoter region, a cis-acting 

woodchuck post-transcriptional regulatory element (WPRE) and a bovine growth 

hormone polyadenylation signal sequence (bgh-polyA). The mouse pCAG-HA-tagged-

Nlgn2 plasmid was kindly provided by Prof. Dr. Peter Scheiffele, University of Basel, 

Switzerland. For the empty vector, the same backbone without the cDNA was used.  

Initially, animals were anaesthetized with an intraperitoneal injection of ketamine 

(100 mg/kg body weight) and xylazine (10mg/kg body weight) and installed in a 

stereotactic frame to avoid any head movements during the surgical procedure. A total of 

2 µl of either nlgn2-OE or empty vector (titres: Nlgn2-OE: 1.4 × 1012 genomic particles/ml; 

empty: 1.3 × 1012 genomic particles/ml) was bilaterally injected (two injection sites per 

side, 1 µl each) in the dorsal hippocampus using automated syringe pumps with a flow 

rate of 0.2 µl/min. The injectors were left in site for additional 5 minutes after the actual 

injection. To target the dorsal area of the hippocampus, following coordinates were used: 

3.5 mm posterior to bregma, 1.5 mm and 3.5 mm from midline, 3.5 mm ventral from 

skull. After removing the injectors, animals were injected with an antisedant (0.1 mg/kg 

body weight, Antisedan, Pfizer). All rats were treated with paracetamol (500 mg/700 ml 

H2O, Dafalgan, Bristol-Myers Squibb, Agen, France) via the drinking water for 7 days after 

the surgery. The animals were allowed to recover for 5 weeks from surgery before the 

behavioral testing was started. 

 

Behavioral analysis 

Elevated plus maze (EPM) 

To assess the animals’ anxiety-related behavior before surgery, the elevated plus maze 

was used. The apparatus consisted of a plus-shaped elevated platform (42 cm above the 
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ground) with two opposing open arms (50 x 10 cm), two opposing closed arms (50 x 10 x 

38 cm) and a central platform (10 x 10 cm), made of black PVC. Light conditions were set 

to 15-16 lux in the open arms and 5-6 lux in the closed arms. The rats were individually 

placed onto the maze facing one of the closed arms and were allowed to explore the 

apparatus for 5 minutes. The maze was cleaned with 2% ethanol after every run. 

According to the percentage of time spent in the open arms, animals were grouped for 

AAV surgeries.  

 

Open field – Novel object (OF-NO) 

The open field-novel object test was performed to evaluate any effects of nlgn2- 

overexpression after surgery on the animals’ emotional and exploratory behavior. The 

open field test (OF) was conducted in a circular open arena (1 m in diameter, 40 cm high) 

by placing the animal near the wall and leave it to freely explore the apparatus for 

10 minutes. The OF was virtually divided in three parts: center zone in the middle of the 

arena with a diameter of 25 cm, an intermediate zone with a diameter of 75 cm and the 

remaining wall zone along the walls of the arena. The parameters analyzed were the total 

distance travelled during the test, the percentage of time spent in each zone and the 

number of rearings.  

Immediately after the OF testing, an object (white plastic bottle) was introduced to the 

center of the arena and each animal was given another 5 minutes to explore the whole 

arena including the novel object. Parameters of interest in this test were the percentage 

of time spent in each zone, the total distance and the number of rearings. The arena was 

cleaned with 2% ethanol after every animal. 

 

Sociability – Social Memory test (SP-SM) 

The arena for this test consisted of a rectangular, three-chambered box with a center 

compartment (20 x 35 x 35 cm) and two side compartments (30 x 35 x 35 cm) made of 

grey PVC. The dividing walls between the compartments were equipped with retractable 
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doorways to allow or prevent access to the side chambers. In each side chamber was a 

cylinder (14 cm in diameter, 35 cm high) made of transparent plastic and supplied with 

holes (1.5 cm in diameter) to prevent any type of direct physical contact, but to allow 

olfactory contact and social approach. The light was kept at 2-3 lux with homogenous 

illumination in the chambers. 

The test was performed 1 week after the OF-NO test. The combined version of sociability 

and social memory test consisted of two trials after a short habituation period. Each rat 

was placed in the center compartment with both doors closed to acclimate for 2 minutes. 

For the first test trial, the doors were opened and the animal was allowed to explore the 

whole apparatus for 5 minutes with the side chambers containing either an object (yellow 

box) or a juvenile Wistar rat (J1, age of 28 ± 2 days) in the cylinder. After an inter-trial 

interval of 30 minutes, the animal was reintroduced to the arena for the second test trial 

of 5 minutes, in which the object of trial 1 was exchanged against another juvenile rat 

(J2). The location of objects and juveniles was counterbalanced for different animals. All 

juvenile rats were habituated to the cylinders for a minimum of 20 minutes on 

2 consecutive days prior to testing. Cleaning with 2% ethanol occurred after every trial. All 

videos were scored manually with a focus on the percentage of time spent sniffing at 

each cylinder in each trial.  

The sociability test was performed again 3 days after the RI test to assess any impact of 

an aggressive encounter on the animals’ sociability. Each rat was placed in the center 

compartment without access to the side chambers for 2 minutes until the doors were 

opened to allow free exploration of the whole arena for 5 minutes. This test consisted 

only of one trial in which the animal was given the choice between an object and an 

unfamiliar juvenile rat, which were enclosed in the cylinders in the side compartments. 

The locations of object and the juvenile were counterbalanced for different animals. All 

juvenile rats had been habituated to the cylinders for a minimum of 20 minutes on 

2 consecutive days prior to the sociability-social memory testing. The arena was cleaned 

with 2% ethanol after every test. All videos were scored manually and the parameters 

analyzed were the percentage of time spent sniffing at the cylinders containing the object 

and the juvenile.  
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Resident-intruder test (RI) 

Two days after SM-SP testing, all animals were separated and housed with a female. The 

resident-intruder test was performed on the 10th day of cohabitation. On the testing day, 

the female was removed from the cage 30 minutes before the start of the test (07:30 

p.m.) in the dark cycle. An unfamiliar Wistar rat (intruder) was introduced to the 

experimental animal’s home cage for 30 minutes. All intruders were balanced for anxiety, 

as measured in the EPM, for every experimental group and matched for body weight to 

the respective resident. All videos were scored manually after the completion of the test 

and parameters of interest for the analysis of aggressive behavior included: the number 

of attacks, the latency to attack, lateral threat, keeping down, and offensive upright. The 

analysis for general social behavior included sniffing, mounting, grooming the intruder 

and self-grooming. 

For the analysis of corticosterone levels following stress, blood samples were taken 0 and 

30 minutes after the RI test. Therefore, a small incision in the tail of the animals was done 

and blood was collected in lithium heparin-coated tubes (Microvette CB 300 LH, Sarstedt 

AG, Nümbrecht, Germany). The samples were kept on ice and later centrifuged at 10000 

rpm for 4 minutes at 4 °C. Plasma was transferred to new 0.5 ml microcentrifuge tubes 

and stored at -20°C until further processing. 

 

Bedding preference test (BP) 

As olfaction is a crucial feature for social behavior, animals were tested in the bedding 

preference test. Two cylinders (14 cm in diameter, 35 cm high, perforated with holes of 

1.5 cm in diameter) were placed on opposite sides of the previously described OF arena. 

One cylinder was filled with a mixture of bedding from cages with untreated, adult male 

Wistar rats, whereas the other was filled with clean bedding. The animals were 

introduced to the arena near the wall and allowed to freely explore the whole setting for 

10 minutes. The arena was cleaned with 2% ethanol after every test. The videos were 

scored manually afterwards with the subsequent analysis of the percentage of time spent 

sniffing each cylinder. 
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Sampling procedures 

Five days after the last test, 6 animals of each group were sacrificed by decapitation. 

Brains were removed from the skull, snap-frozen in isopentane at -40°C and stored at  

-80°C until further processing. For western blots and qPCR, these brains were thawed on 

ice and the dorsal and ventral hippocampus were dissected. The dissected parts of the 

left hemisphere were further processed for qPCR, whereas the right dorsal/ventral 

hippocampus was utilized for western blot analysis. The remaining four animals of each 

group were anesthetized with a lethal dose of pentobarbital (Esconarkon, Streuli Pharma 

AG, 150 mg/kg body weight, solution provided by EPFL veterinarian) and transcardially 

perfused with phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA) 

for fixation. The brains were removed, post-fixed in 4% PFA for two days and 

cryoprotected in 30% sucrose/PBS for 4 days. Brain sections (30 µm) were taken in the 

coronal plane from the dorsal and the ventral part of the hippocampus and stored in 

cryoprotectant medium. A series of one in eight free-floating sections were used for 

immunohistochemistry for nlgn2.  

 

Western blot analyses 

The samples for western blot were prepared as previously described (Bisaz et al., 2009a). 

Briefly, samples were homogenized in an homogenizer (Jencons Ltd.) containing ice-cold 

homogenization buffer (10 mM Hepes, 1 mM EDTA, 0.5 mM DTT, 2 mM EGTA, 0.1 mM 

PMSF, pH 7.5) and a Proteinase inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, 

Germany). The homogenates were filtrated using a nylon membrane (Sefar AG, 

Switzerland) followed by 2 times filtration with 5 µm millipore membrane (Durapore 

membrane filters, Merck Millipore, Switzerland). The samples were then centrifuged and 

the resulting pellet was resuspended in homogenization buffer containing 1% SDS and 

stored at -20°C for synaptoneurosomal analysis. All samples were quantified using the 

Bio-Rad DC protein assay (Bio-Rad Laboratories). Protein samples were prepared in order 

to obtain equal concentrations by H2O dilution and mixed with 33% SDS blue loading 

buffer (New England Biolabs Inc, USA) containing DTT. Proteins were resolved on a 10% 

polyacrylamide gel and transferred onto a nitrocellulose membrane (Whatman Protran, 



Research article 5 

 

 
137 

Dassel, Germany). After blocking with 5% non-fat dry milk in PBS containing 0.2% Triton-X 

(PBS-T), membranes were incubated with the primary antibody/5% milk/PBS-T (nlgn2: 

1:3000, Synaptic Systems, Göttingen, Germany; actin: 1:5000, Sigma-Aldrich) overnight at 

4°C. Subsequently, membranes were incubated with the secondary horseradish 

peroxidase-linked antibodies (for nlgn2: goat-anti rabbit, Invitrogen; for actin: goat anti-

mouse, Calbiochem, USA) diluted in 5% milk/PBS-T for 1 hour. Immunocomplexes were 

visualized using a chemiluminescence peroxidase substrate (SuperSignal West Dura 

Extended Duration Substrate, ThermoScientific, USA). The immunoreactivity was detected 

using the ChemiDoc XRS system (Bio-Rad Laboratories). For the densitometrical analysis 

of the bands, Quantity One 4.6.3 software (Bio-Rad Laboratories AG, Switzerland) was 

used. The values are represented as adjusted volumes, normalized to actin. 

 

Immunohistochemistry 

After incubation in 0.3% H2O2/PBS to block endogenous peroxidases, the floating sections 

were blocked in 10% donkey serum/PBS-T and incubated overnight with the primary 

antibody against nlgn2 (1:6000, Synaptic Systems) at 4°C. Sections were rinsed in PBS-T 

and then incubated with the secondary antibody (biotinylated anti-rabbit IgG, 1:2000, 

Vector Laboratories, USA) for 2 hours. Afterwards sections were treated using an ABC kit 

(Vectastain ABC Kit, Vector Laboratories, USA), followed by further washes in PBS until 

colour development using 3,3’-diaminobenzidine (DAB substrate kit for peroxidase, 

Vector laboratories). Images were taken with the Olympus VS120-SL slide scanner using a 

10x objective for whole brain images and 20x objective for hippocampus images.  

 

RNA extraction and isolation, cDNA synthesis and quantitative polymerase chain reaction 

(qPCR) 

Dorsal and ventral hippocampi were dissected and total RNA (tRNA) was extracted using 

the Trizol (Invitrogen) method. Briefly, tissues were disrupted and homogenized by using 

a disposable pellet mixer and cordless pestle (VWR) with 400 µl of Trizol on ice. After an 

incubation of 30 minutes, chloroform was added and samples were shaken vigorously. 
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The resulting mixture was centrifuged and the supernatant was transferred into a new 

tube, in which isopropanol was added. Samples were then mixed, centrifuged and the 

resulting RNA precipitates were washed with 75% ice-cold ethanol. RNA pellets were air-

dried and resuspeded in RNAse-free water. 500 ng of tRNA was converted into cDNA 

using the SuperScript VILO cDNA Synthesis kit (Life Technologies) according to the 

supplier’s recommendation. For quantitative PCR, PCR reactions were performed in 

triplicates of cDNA using SYBR green PCR Master Mix (Applied Biosystems) in an ABI Prism 

7900 Sequence Detection System (Applied Biosystems). Two genes were used as internal 

controls: γ-actin (actg1) and eukaryotic elongation factor-1 (eef1). Primers for the 

different genes of interest were designed using the Assay Design Center software from 

the Roche Applied Science website. Primer sequences are shown in Table 1. Gene 

expression was analyzed with qBase 1.3.5 software using the comparative cycle threshold 

method, yielding [delta][delta]Ct = [delta]Ct,sample- [delta]Ct,reference.  

gene Forward primer reverse primer 

Nlgn2  5’-ccaaagtgggctgtgacc-3’ 5’- ccaaaggcaatgtggtagc-3’ 

Nrxn1  5’-ccgagctcaggtgggttag-3’ 5’-gctagactcccggatcacct-3’ 

Gephyrin 5’- aggagaacattctaagagccagtc-3’ 5’- actgtaatgaaggctttgtccat-3’ 

GAD65 5’- tcttggctgtagctgacatctg-3’ 5’- cgagacatcagtaaccctcca-3’ 

GAD67 5’- tacaacctttggctgcatgt-3’ 5’- tgagtttgtggcgatgctt-3’ 

vGlut 5’- gtcatgactatcatcgtacccatc-3’ 5’- gtagcttccatcccgaaacc-3’ 

actg1 5’- tagttcatgtggctcggtca-3’ 5’- gctggggactgactgacttt -3’ 

eef1 5’-tgtggtggaatcgacaaaag -3’ 5’-cccaggcatacttgaaggag -3’ 
 

Table 1. primer sequences for qPCR 

 

Quantification of plasma corticosterone levels 

Plasma samples (dilution 1/40) were assayed by a commercially available enzyme-linked 

immunoabsorbent assay (ELISA, Corticosterone EIA Kit, Enzo Life sciences, Switzerland). 

The intra-assay coefficient of variation was 8% and 6.6% for low and high concentrations, 

respectively. The inter-assay coefficient of variation was 13.1% and 7.8% for low and high 

concentrations, respectively. 
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Statistics  

All results are shown as mean + SEM and were analyzed using the software SPSS 17.0. 

Comparisons of the two groups were done using independent t-tests, whereas repeated 

measures analysis of variance (ANOVA) was used for comparisons of stimulus preferences 

(sociability, social memory, bedding preference; stimulus as within-subjects factor, virus 

as between-subjects factor). Time-dependent behavioral parameters were analyzed using 

2-way repeated measures analysis of variance (ANOVA). Thereby, virus was taken as 

between-subjects factor and time as a within-subjects factor. In all analyses, the level of 

statistical significance was set at p < 0.05.  
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(vHC) of empty virus controls (upper panel) and nlgn2-OE animals (bottom panel). Empty n= 6, nlgn2-OE 

n=5. ns= Not significant, * significantly different from empty animals. 

 

Hippocampal Nlgn2-overexpression does not affect body weight gain 

We did not observe differences in body weight between the groups throughout the 

experiments. In all groups, there was a gain in body weight over time, but the injection of 

nlgn2-OE virus did not affect this development as compared to empty virus animals 

(Supplemental Figure S2). 

 

Hippocampal Nlgn2-overexpression reduces novel object exploration 

To investigate any influence of the viral overexpression of nlgn2 on locomotion and 

exploratory behavior, rats were subjected to the OF-NO test. We did not observe 

differences between animals injected with the empty virus and the overexpressing 

construct in terms of locomotor activity in the OF and NO trial (Figure 2A&D). The time 

spent in the center compartment of the open field is generally considered as an aspect of 

anxiety-like behavior. Here, we didn’t see any differences between the animals in the OF 

test (Figure 2B). All of them spent significantly more time in the wall zone compared to 

the center zone. Concerning the number of rearings, we did not see differences between 

the groups (Figure 2C).  

When a novel object was introduced to the center of the apparatus, nlgn2-OE rats spent 

significantly less time exploring the center containing the novel object compared to 

animals injected with the empty virus (Figure 2E). Additionally, they spent more time in 

the wall zone compared to the center zone with the newly introduced object (Figure 2E). 

We observed a significantly decreased number of rearings in nlgn2-OE animals when 

compared to animals injected with an empty construct at this stage of the test (Figure 2F). 



142142 

Research article 5

 

Figure 2. Open field

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

4694.12 ± 363.56, 

wall zone than in the center zone (empty p<

groups could be found (F

(empty 34.0 ± 3.56, nlgn2

novel object trial.

1676.04 ± 147.7, 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

nlgn2

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

(p=0.055). 

during the NO trial compared to nlgn2

n= 10, Nlgn2

different from center zone.

 

Hippocampal Nlgn2

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Research article 5

Figure 2. Open field

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

4694.12 ± 363.56, 

wall zone than in the center zone (empty p<

groups could be found (F

(empty 34.0 ± 3.56, nlgn2

novel object trial.

1676.04 ± 147.7, 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

nlgn2-

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

(p=0.055). 

during the NO trial compared to nlgn2

n= 10, Nlgn2

different from center zone.

Hippocampal Nlgn2

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Research article 5

Figure 2. Open field

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

4694.12 ± 363.56, 

wall zone than in the center zone (empty p<

groups could be found (F

(empty 34.0 ± 3.56, nlgn2

novel object trial.

1676.04 ± 147.7, 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

-OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

(p=0.055). 

during the NO trial compared to nlgn2

n= 10, Nlgn2

different from center zone.

Hippocampal Nlgn2

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Research article 5

Figure 2. Open field

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

4694.12 ± 363.56, 

wall zone than in the center zone (empty p<

groups could be found (F

(empty 34.0 ± 3.56, nlgn2

novel object trial.

1676.04 ± 147.7, 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

(p=0.055). F, Number of rearings

during the NO trial compared to nlgn2

n= 10, Nlgn2

different from center zone.

Hippocampal Nlgn2

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Research article 5

Figure 2. Open field

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

4694.12 ± 363.56, 

wall zone than in the center zone (empty p<

groups could be found (F

(empty 34.0 ± 3.56, nlgn2

novel object trial.

1676.04 ± 147.7, 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

F, Number of rearings

during the NO trial compared to nlgn2

n= 10, Nlgn2-OE n=9. ns= Not significant. * significantly different from empt

different from center zone.

Hippocampal Nlgn2

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Research article 5

Figure 2. Open field

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

4694.12 ± 363.56, 

wall zone than in the center zone (empty p<

groups could be found (F

(empty 34.0 ± 3.56, nlgn2

novel object trial. The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

1676.04 ± 147.7, t

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

F, Number of rearings

during the NO trial compared to nlgn2

OE n=9. ns= Not significant. * significantly different from empt

different from center zone.

Hippocampal Nlgn2

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Research article 5 

Figure 2. Open field-Novel object. A

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

4694.12 ± 363.56, t-test ns). 

wall zone than in the center zone (empty p<

groups could be found (F

(empty 34.0 ± 3.56, nlgn2

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

t-test ns). 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

F, Number of rearings

during the NO trial compared to nlgn2

OE n=9. ns= Not significant. * significantly different from empt

different from center zone.

Hippocampal Nlgn2

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

 

Novel object. A

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

test ns). 

wall zone than in the center zone (empty p<

groups could be found (F(1,17

(empty 34.0 ± 3.56, nlgn2

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

test ns). 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

F, Number of rearings

during the NO trial compared to nlgn2

OE n=9. ns= Not significant. * significantly different from empt

different from center zone.

Hippocampal Nlgn2-overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Novel object. A

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

test ns). 

wall zone than in the center zone (empty p<

(1,17)=0.461, p=0.506). 

(empty 34.0 ± 3.56, nlgn2-OE 32.3 ± 5.41, 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

test ns). 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

F, Number of rearings

during the NO trial compared to nlgn2

OE n=9. ns= Not significant. * significantly different from empt

different from center zone. 

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Novel object. A

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

test ns). B, Time spent in zones of the open

wall zone than in the center zone (empty p<

)=0.461, p=0.506). 

OE 32.3 ± 5.41, 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

test ns). E, Time spent in the zones during the NO trial. 

spent more time in the center e

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

F, Number of rearings

during the NO trial compared to nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Novel object. A

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

wall zone than in the center zone (empty p<

)=0.461, p=0.506). 

OE 32.3 ± 5.41, 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

spent more time in the center exploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

animals (empty 28.44 ± 3.47, nlgn2-

more time in the wall zone compared to the center zone, but this effect did not reach significance 

F, Number of rearings. Animals injected with the empty virus showed significantly more rearing 

during the NO trial compared to nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

Novel object. A-C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

wall zone than in the center zone (empty p<

)=0.461, p=0.506). 

OE 32.3 ± 5.41, 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

-OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

during the NO trial compared to nlgn2-

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

wall zone than in the center zone (empty p<

)=0.461, p=0.506). 

OE 32.3 ± 5.41, 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

-OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

wall zone than in the center zone (empty p<

)=0.461, p=0.506). 

OE 32.3 ± 5.41, t-

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

wall zone than in the center zone (empty p<0.001, nlgn2

)=0.461, p=0.506). C, Number of rearings.

t-test ns). 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

0.001, nlgn2

C, Number of rearings.

test ns). 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juven

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

0.001, nlgn2

C, Number of rearings.

test ns). 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

subjects spent more time exploring the juvenile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

0.001, nlgn2

C, Number of rearings.

test ns). D-F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

0.001, nlgn2-OE p<0.001), but no difference between the 

C, Number of rearings.

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open

OE p<0.001), but no difference between the 

C, Number of rearings.

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

B, Time spent in zones of the open-field. 

OE p<0.001), but no difference between the 

C, Number of rearings.

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE 49.06 ± 5.18, p<0.01). Nlgn2-OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

field. 

OE p<0.001), but no difference between the 

C, Number of rearings. 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

field. All animals spent more time in the 

OE p<0.001), but no difference between the 

 No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE animals (empty 18.1 ± 1.49, nlgn2-OE 8.9 ± 2.16, p<0.01). Empty 

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

E, Time spent in the zones during the NO trial. Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

OE n=9. ns= Not significant. * significantly different from empt

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

OE n=9. ns= Not significant. * significantly different from empty animals, # significantly 

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

C, Open field. A, Distance travelled in the open-field apparatus.

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compa

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

field apparatus.

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

OE 30.03 ± 4.35, p<0.001) and significantly more time in the wall zone compared to empty virus 

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

overexpression has no impact on sociability and memory

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

field apparatus.

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

red to empty virus 

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

overexpression has no impact on sociability and memory 

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

field apparatus.

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled d

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

red to empty virus 

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

field apparatus.

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

F Novel object. D, Distance travelled during the 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2

Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

red to empty virus 

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

field apparatus. 

differences were observed concerning exploration between the groups (empty 5141.94 ± 202.83, nlgn2-

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

uring the 

The groups did not differ in terms of travelled distance (empty 1864.98 ± 72.31, nlgn2-

Empty virus control animals 

xploring the object than in the wall zone (p<0.01), whereas nlgn2-

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

red to empty virus 

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

 

 No 

-OE 

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

uring the 

-OE 

Empty virus control animals 

-OE 

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

red to empty virus 

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 

No 

OE 

All animals spent more time in the 

OE p<0.001), but no difference between the 

No differences between the groups 

uring the 

OE 

Empty virus control animals 

OE 

animals spent significantly less time in the center compared to empty virus animals (empty 49.41 ± 2.86, 

red to empty virus 

OE rats showed a strong trend to spend 

more time in the wall zone compared to the center zone, but this effect did not reach significance 

Animals injected with the empty virus showed significantly more rearing 

OE 8.9 ± 2.16, p<0.01). Empty 

y animals, # significantly 

Animals were subjected to the combined test for sociability and social memory. All 

ile compared to the object in the sociability 

test (Figure 3A). Regarding the social memory trial, all animals spent more time sniffing at 



 

 

the wire cage containing the stranger juvenile compared to the already familiar one 

(Figure 3B).

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

could be se

Figure 3. Social 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

(F(1,18)

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

signifi

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

 

Hippocampal Nlgn2

In the resident

nlgn2

with the nlgn2

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

aggression

For keeping down 

observe that nlgn2

the wire cage containing the stranger juvenile compared to the already familiar one 

(Figure 3B).

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

could be se

Figure 3. Social 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

(1,18)

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

signifi

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

Hippocampal Nlgn2

In the resident

nlgn2

with the nlgn2

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

aggression

For keeping down 

observe that nlgn2

the wire cage containing the stranger juvenile compared to the already familiar one 

(Figure 3B).

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

could be se

Figure 3. Social 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

(1,18)=65.40, p<

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

significantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

Hippocampal Nlgn2

In the resident

nlgn2-OE animals compared to control animals (Figure 4A). Moreover, animals injected 

with the nlgn2

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

aggression

For keeping down 

observe that nlgn2

the wire cage containing the stranger juvenile compared to the already familiar one 

(Figure 3B).

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

could be se

Figure 3. Social 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

=65.40, p<

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

Hippocampal Nlgn2

In the resident

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

with the nlgn2

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

aggression

For keeping down 

observe that nlgn2

the wire cage containing the stranger juvenile compared to the already familiar one 

(Figure 3B). 

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

could be seen (Figure 3C).

Figure 3. Social 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

=65.40, p<

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

Hippocampal Nlgn2

In the resident

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

with the nlgn2

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

aggression-related types of 

For keeping down 

observe that nlgn2

the wire cage containing the stranger juvenile compared to the already familiar one 

 

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

en (Figure 3C).

Figure 3. Social behavior

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

=65.40, p<0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

Hippocampal Nlgn2

In the resident-intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

with the nlgn2-overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

related types of 

For keeping down 

observe that nlgn2

the wire cage containing the stranger juvenile compared to the already familiar one 

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

en (Figure 3C).

behavior

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

Hippocampal Nlgn2

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

related types of 

For keeping down 

observe that nlgn2

the wire cage containing the stranger juvenile compared to the already familiar one 

After cohabitation w

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

en (Figure 3C).

behavior

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time.

Hippocampal Nlgn2-overexpr

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

related types of 

For keeping down behavior

observe that nlgn2-OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

After cohabitation with females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

en (Figure 3C).

behavior. A

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

stranger interaction time. 

overexpr

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

related types of 

behavior

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

en (Figure 3C). 

. A-B Sociability

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

overexpr

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

related types of 

behavior

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

 

B Sociability

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

overexpression inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

related types of behavior

behavior, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

B Sociability

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

behavior

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

B Sociability

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. 

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

behavior

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

B Sociability-social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

between the groups could be detected. C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

behavior: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the i

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

overexpressing virus attacked the intruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F

groups we did not observe any differences. Empty n= 10, Nlgn2

ession inhibits aggression

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

more the stranger juvenile compared to the familiar juvenile (F(1,18)

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test.

cantly more time with the juvenile compared to the object (F(1,18)

groups we did not observe any differences. Empty n= 10, Nlgn2-

ession inhibits aggression 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

1,18)=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

C, Sociability after RI test. 

(1,18)

-OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

 The animals of both groups spent 

(1,18)=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

social memory. A, Sociability. Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

0.001), but there was no difference between the groups. B, Social memory.

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

B, Social memory.

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive 

OE animals spent less time keeping down the intruder compared to 

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

B, Social memory.

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, the strongest parameter for offensive behavior

OE animals spent less time keeping down the intruder compared to 

Research article 5

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

B, Social memory.

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

behavior

OE animals spent less time keeping down the intruder compared to 

Research article 5

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

B, Social memory.

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

behavior

OE animals spent less time keeping down the intruder compared to 

Research article 5

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

B, Social memory.

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

behavior

OE animals spent less time keeping down the intruder compared to 

Research article 5

the wire cage containing the stranger juvenile compared to the already familiar one 

ith females and the aggressive encounter in the resident-

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

B, Social memory. Interaction 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

behavior, we could 

OE animals spent less time keeping down the intruder compared to 

Research article 5

the wire cage containing the stranger juvenile compared to the already familiar one 

-intruder 

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

Interaction 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, we could 

OE animals spent less time keeping down the intruder compared to 

Research article 5

the wire cage containing the stranger juvenile compared to the already familiar one 

intruder 

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

Interaction 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, we could 

OE animals spent less time keeping down the intruder compared to 

Research article 5

the wire cage containing the stranger juvenile compared to the already familiar one 

intruder 

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

Interaction 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, we could 

OE animals spent less time keeping down the intruder compared to 

Research article 5 

the wire cage containing the stranger juvenile compared to the already familiar one 

intruder 

test, we tested all animals again for sociability. Animals of both groups spent more time 

investigating the juvenile compared to the object, but no differences between the groups 

 

Interaction times with stranger 

juvenile and object. All animals spent more time investigating the juvenile compared to the object 

Interaction 

times with stranger and familiar juveniles in the social memory trial. Both groups significantly explored 

=19.614, p<0.001), which they already 

encountered in the first trial for the sociability test. No differences concerning the interaction times 

The animals of both groups spent 

=58.023, p<0.001), but between the 

OE n=9. # significantly different from 

intruder test, the latency to attack the intruder was significantly longer in 

OE animals compared to control animals (Figure 4A). Moreover, animals injected 

ntruder less often compared to animals 

injected with the empty construct (Figure 4B). Besides the actual attacks, we also scored 3 

: keeping down, lateral threat and offensive upright. 

, we could 

OE animals spent less time keeping down the intruder compared to 

143143 



1444 

Research article 5

 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

Figure 4. Aggression

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

± 206.73, nlgn2

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

3.62, nlgn2

significantly less keeping down 

nlgn2

observed concerning the aggression

26.08, 

Empty n= 10, Nlgn2

 

Hippocampal Nlgn2

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

responsible for 

to the clean bedding without any differences betwe

not shown).

Research article 5

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

Figure 4. Aggression

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

± 206.73, nlgn2

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

3.62, nlgn2

significantly less keeping down 

nlgn2-

observed concerning the aggression

26.08, 

Empty n= 10, Nlgn2

Hippocampal Nlgn2

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

responsible for 

to the clean bedding without any differences betwe

not shown).

Research article 5

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

Figure 4. Aggression

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

± 206.73, nlgn2

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

3.62, nlgn2

significantly less keeping down 

-OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

26.08, t-test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

Empty n= 10, Nlgn2

Hippocampal Nlgn2

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

responsible for 

to the clean bedding without any differences betwe

not shown).

Research article 5

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

Figure 4. Aggression

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

± 206.73, nlgn2

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

3.62, nlgn2-OE 1.44 ± 0.67, p<0.05). 

significantly less keeping down 

OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

Empty n= 10, Nlgn2

Hippocampal Nlgn2

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

responsible for 

to the clean bedding without any differences betwe

not shown).

Research article 5

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

Figure 4. Aggression

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

± 206.73, nlgn2-

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). 

significantly less keeping down 

OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

Empty n= 10, Nlgn2

Hippocampal Nlgn2

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

responsible for 

to the clean bedding without any differences betwe

not shown). 

Research article 5

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

Figure 4. Aggression

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

-OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). 

significantly less keeping down 

OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

Empty n= 10, Nlgn2

Hippocampal Nlgn2

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

responsible for 

to the clean bedding without any differences betwe

 

Research article 5 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

Figure 4. Aggression-related 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). 

significantly less keeping down 

OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

Empty n= 10, Nlgn2-OE n=9. ns= Not significant. * significantly different from empty animals.

Hippocampal Nlgn2

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

responsible for behavioral

to the clean bedding without any differences betwe

 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences bet

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

related 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). 

significantly less keeping down 

OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

Hippocampal Nlgn2-overexpression 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

behavioral

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

were no differences between the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

related 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). 

significantly less keeping down 

OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

overexpression 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

behavioral

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

related behavior

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). 

significantly less keeping down behavior

OE 64.89 ± 18.90, p<0.05). 

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

overexpression 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

behavioral 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

behavior

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). 

behavior

OE 64.89 ± 18.90, p<0.05). D-

observed concerning the aggression

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

overexpression 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

 abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

behavior

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE 1.44 ± 0.67, p<0.05). C, Keeping down 

behavior

-E, Lateral threat (D) and offensive upright (E). 

observed concerning the aggression-related 

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

overexpression 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

behavior. A, Latency to attack. 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

C, Keeping down 

behavior to

E, Lateral threat (D) and offensive upright (E). 

related 

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

overexpression 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

. A, Latency to attack. 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

C, Keeping down 

towards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

related behaviors

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

overexpression does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown).

. A, Latency to attack. 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE 1332.06 ± 208.10, p<0.05). B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

C, Keeping down 

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

behaviors

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

minutes after the RI test (data not shown). 

. A, Latency to attack. 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

C, Keeping down 

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

behaviors

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

 

. A, Latency to attack. 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

C, Keeping down 

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

behaviors 

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

. A, Latency to attack. 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

C, Keeping down behavior

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

 lateral threat (empty 19.91 ± 9.7

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

. A, Latency to attack. 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

behavior

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

lateral threat (empty 19.91 ± 9.7

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences betwe

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

. A, Latency to attack. In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

behavior. 

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

lateral threat (empty 19.91 ± 9.7

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

to the clean bedding without any differences between the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E).

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

. Rats with the nlgn2

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

lateral threat (empty 19.91 ± 9.7

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

ween the groups (Figure 4D & 4E). 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

Rats with the nlgn2

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

lateral threat (empty 19.91 ± 9.7

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

Rats with the nlgn2

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

lateral threat (empty 19.91 ± 9.7

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2

OE n=9. ns= Not significant. * significantly different from empty animals.

does not affect olfaction 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI.

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

Rats with the nlgn2

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

lateral threat (empty 19.91 ± 9.7

test ns) and offensive upright posture (empty 66.80 ± 11.11, nlgn2-

OE n=9. ns= Not significant. * significantly different from empty animals.

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

B, Number of attacks during RI. Animals injected with nl

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

Rats with the nlgn2

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). 

lateral threat (empty 19.91 ± 9.7

-OE 94.51 ± 16.08, t

OE n=9. ns= Not significant. * significantly different from empty animals.

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

Animals injected with nl

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

Rats with the nlgn2

wards the intruder compared to controls (empty 143.26 ±20.08, 

E, Lateral threat (D) and offensive upright (E). No differences could be 

lateral threat (empty 19.91 ± 9.7

OE 94.51 ± 16.08, t

OE n=9. ns= Not significant. * significantly different from empty animals.

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

Animals injected with nl

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

Rats with the nlgn2-OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

lateral threat (empty 19.91 ± 9.79, nlgn2

OE 94.51 ± 16.08, t

OE n=9. ns= Not significant. * significantly different from empty animals.

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

Animals injected with nl

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

lateral threat (empty 19.91 ± 9.79, nlgn2

OE 94.51 ± 16.08, t

OE n=9. ns= Not significant. * significantly different from empty animals.

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

Animals injected with nl

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

9, nlgn2

OE 94.51 ± 16.08, t

OE n=9. ns= Not significant. * significantly different from empty animals. 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

Animals injected with nl

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

9, nlgn2-OE 32.16 ± 

OE 94.51 ± 16.08, t

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

Animals injected with nl

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

OE 32.16 ± 

OE 94.51 ± 16.08, t-test ns). 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

In line with the number of attacks, nlgn2-

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

Animals injected with nlgn2

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

OE 32.16 ± 

test ns). 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

 

-OE 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

gn2-

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

OE 32.16 ± 

test ns). 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 

controls with the empty virus (Figure 4C). In lateral threat and offensive upright, there 

We did not find differences in corticosterone levels in the plasma samples taken 0 and 30 

 

OE 

animals had significantly longer latencies to attack the unfamiliar intruder than empty animals (empty 689.0 

OE virus showed significantly less attacks towards the intruder compared to control animals (empty 10.9 ± 

OE construct showed 

wards the intruder compared to controls (empty 143.26 ±20.08, 

No differences could be 

OE 32.16 ± 

test ns). 

All animals were tested for olfaction in order to exclude any alterations of olfaction being 

abnormalities. All rats preferred the male bedding compared 

en the two experimental groups (data 



 

 

Hippocampal Nlgn2

After 

and brain halves were taken to investigate mRNA 
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differences between the groups concerning the expression levels of Neurexin1 (nrxn1), 

the presynaptic binding partner for nlgn2, and gep

partner of nlgn2 in inhibitory synapses. We checked for two forms of the glutamate 

decarboxylase, GAD65 and GAD67, as markers for GABAergic synapses. We found an 

increase of GAD65 in the dorsal hippocampus in nlgn2

injected with the empty virus, but GAD67 was not differentially expressed. Regarding 

vGlut as marker for glutamatergic nerve terminals, we did not find differential expression 

levels of the two groups. In the ventral hippocampus, no

were detected.
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Discussion 

In the present study, we evaluated the impact of overexpressing nlgn2 specifically in the 

dorsal hippocampus of adult rats using an adeno-associated virus. We found altered 

behavior in terms of reduced novelty-induced exploration and decreased offensive 

behavior, whereas sociability and social memory remained unchanged. Additionally, we 

found GAD65 expression levels to be increased specifically in the dorsal hippocampus of 

nlgn2-OE animals. Expression of GAD67, or other nlgn2-interacting partners and the 

excitatory marker vGlut explored, did not differ between groups. 

In the OF test, rats overexpressing nlgn2 revealed normal locomotor activity and anxiety-

related behavior, but in the novel object trial they spent significantly less time exploring 

the novel stimuli compared to control animals and additionally showed thigmotaxis as 

demonstrated by the higher percentage of time spent in the wall zone. Consistently, mice 

with conditional nlgn2-overexpression showed thigmotaxis in the open field test, while 

the distance travelled throughout the arena was unchanged (Hines et al., 2008). 

Additionally, the overexpression of nlgn2 led to a reduced number of rearings in the novel 

object trial, but not in the open field, which is in line with the reduced time exploring the 

novel object. In contrast, animals with the conditional overexpression of nlgn2 showed 

more rearings in the OF task (Hines et al., 2008), but since the nlgn2-OE is not restricted 

to the hippocampus and occurs throughout development, this effect might be due to 

compensatory mechanisms or changes in nlgn2 levels in other brain regions. Rearing 

behavior is considered as a parameter for exploration, mostly in response to novel stimuli 

(Crusio, 2001), meaning that the nlgn2-OE decreased exploratory behavior both in terms 

of time spent exploring a novel object and rearing behavior. The hippocampus has been 

shown to be associated with exploratory behavior (Crusio et al., 1989; Crusio, 2001), 

rendering the specific manipulation of nlgn2 levels in the hippocampus most likely 

responsible for these behavioral changes. The observations mentioned are in line with 

behavioral alterations shown in animal models of autism and may be analogous to 

restricted interests in humans with autism (Moy et al., 2008; Silverman et al., 2010). 

We did not find an effect of the overexpression of hippocampal nlgn2 on social 

interaction or social memory. A few studies showed an association of altered nlgn2 
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expression with social behavior (Sandi et al., 2011) and manipulation of nlgn2 expression 

led to reduced social interactions (Hines et al., 2008). However, deletion of nlgn2 did not 

have any effect on social behavior (Blundell et al., 2010). In our experiment, we used a 

very specific approach in terms of timing and location of the overexpression, which might 

not be comparable to longer lasting or more widespread manipulations of nlgn2. 

Several lines of evidence show an involvement of the hippocampus in aggression-related 

behavior (Guillot et al., 1994; Sala et al., 2011), which is another aspect of social behavior 

implicated in autism and schizophrenia (Ekinci and Ekinci, 2013; Maskey et al., 2013). We 

found reduced aggressive-like behavior in rats with viral nlgn2-overexpression. Especially, 

the number of attacks was reduced, while the latency to attack was increased. Animals 

with nlgn2-OE showed decreased time of keeping down the intruder, which represents 

one of the strongest parameters for offensive behavior. This is, to our knowledge, the first 

demonstration of the involvement of nlgn2 in the hippocampus in aggression-related 

behavior. Further studies with manipulated levels of nlgn2 like a viral knockdown could 

confirm our results and the hypothesis of a modulating role of nlgn2 in the hippocampus. 

Many studies so far focused on the prefrontal cortex and its influence on social and 

emotional behavior (Baumann and Turpin, 2010; Lewis et al., 2006). The implication of 

the hippocampus in social behavior and aggression is relatively new, but in support of 

previous data from our laboratory (Fantin et al., 2012; Sandi et al., 2011) and the 

literature (Comai et al., 2012; Dell'Osso et al., 2010; Gregg and Siegel, 2001; Guillot et al., 

1994; Sala et al., 2011). Yet, it is unclear how a shift in the balance of the E/I ratio impacts 

on altered aggressive behavior, but there is evidence linking enhanced GABAergic 

transmission with reduced aggressive-like behavior (Sustkova-Fiserova et al., 2009). 

Reduced aggression-related behavior after shifting the E/I ratio towards inhibition in the 

hippocampus by nlgn2-OEis in line with these observations and might render the 

hippocampus as potential candidate to exert inhibitory effects on aggression. 

On the molecular level, overexpression of nlgn2 in the hippocampus was found to lead 

specifically to altered expression of inhibitory synapse-associated molecules. In detail, we 

found increased levels of GAD65, but not GAD67. These two isoforms of GAD, which 

catalyze the decarboxylation of glutamate to GABA, derive from two independently 
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regulated genes (Soghomonian and Martin, 1998). GAD65 preferentially synthesizes 

GABA in the synaptic terminal for vesicle release, whereas GAD67 preferentially 

synthesizes cytoplasmic GABA (Zhang et al., 2010). We did not observe changes in 

excitatory synaptic markers as vGlut expression was not altered by nlgn2-overexpression. 

Regarding the enrichment of nlgn2 specifically at inhibitory synapses and its association 

with the modulation of inhibitory synapse function (Chih et al., 2005; Chubykin et al., 

2007; Dean and Dresbach, 2006; Song et al., 1999; Varoqueaux et al., 2004; Varoqueaux 

et al., 2006), our results indicate an increase of inhibitory synaptic transmission by means 

of enhanced vesicle GABA release after nlgn2-overexpression. In line with our findings, 

nlgn2-OE in vitro was shown to increase inhibition and nlgn2-knockout in vitro and in vivo 

resulted in decreased inhibitory synaptic responses with no effect on excitatory responses 

(Blundell et al., 2010; Chubykin et al., 2007). Additionally, paired recordings in the primary 

somatosensory cortex in mice lacking nlgn2 revealed decreased inhibitory postsynaptic 

current amplitudes in single fast-spiking interneurons but not in single somatostatin-

positive inhibitory interneurons, suggesting nlgn2 not being necessary for establishing 

unitary inhibitory synaptic connections but being selectively required for “scaling up” 

those connections (Gibson et al., 2009). Further, conditional overexpression of nlgn2 in 

the forebrain of mice also resulted in increased levels of VGAT, a marker for inhibitory 

synapses, together with augmented vGlut levels (Hines et al., 2008). The latter might be a 

compensatory effect over time for the increased inhibitory synaptic transmission caused 

by enhanced nlgn2 levels.  

As we did not find changes in the expression of the nlgn2-interacting molecule gephyrin 

on the postsynaptic side and neurexin1 in the presynapse, the precise modulatory effect 

of inhibitory synaptic transmission might be specifically mediated by nlgn2. Modulation of 

nlgn2 levels may affect only selected pre- and postsynaptic structural features and 

mechanisms, whereas the precise effects of altered nlgn2 levels on its linked pathways 

remain unclear (Belichenko et al., 2009; Fu and Vicini, 2009; Hoon et al., 2009; Jedlicka et 

al., 2011). 

An imbalance of excitation and inhibition in the brain is implicated in several psychiatric 

disorders as possible cause for behavioral alterations (Bourgeron, 2009; Harrison and 

Weinberger, 2005; Paz et al., 2008; Südhof, 2008). Conditional nlgn2-OE mice showed 
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disturbances of this E/I balance in the brain (Hines et al., 2008). Our results might 

represent a similar shift towards inhibition in terms of increased GAD65 but unchanged 

vGlut. 

Regarding the dynamics of nlgn2 expression levels during early life stages (Varoqueaux et 

al., 2004), nlgn2 might possibly be involved in the development of social and emotional 

behavior. Therefore, further investigation in young animals might elicit the effect of 

altered nlgn2 expression during early-life on social behavior. Further, given the close 

functional interaction of the hippocampus with the amygdala, and the known important 

role of the amygdala in responses to novel objects and contexts as well as aggression and 

violence (Miczek et al., 2007; Moses et al., 2002), it may be possible that some of the 

observed behavioral effects are mediated, at least in part, via the amygdala. 

Taken together, rats with an overexpression of nlgn2 in the hippocampus show increased 

inhibition in novelty-induced exploration and reduced aggressive behavior. Alterations in 

aggression are implicated in several diseases like schizophrenia, depression and autism. A 

shift of the E/I balance in the brain was proposed as an underlying mechanism for those 

diseases. Indeed, the results of our study might be in line with this notion of a shift 

towards inhibition as animals with nlgn2-overexpression also showed increased GABA-

synthesizing GAD65 in nerve terminals, whereas vGlut as marker for excitatory synapses 

and nlgn2-interaction partners in pre- and postsynapse, gephyrin and neurexin1 

respectively, remained unchanged. Our data add to the growing evidence of a 

hippocampal involvement in social behavior and suggest nlgn2 as a potential target for 

treatment interventions. 
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3. General discussion 

A variety of signal transduction pathways, neurotransmitter and neuropeptide systems 

have been investigated regarding their involvement in stress-related effects on the brain 

and behavior (Bale, 2006; Herman and Cullinan, 1997; Joels and Baram, 2009; Lightman, 

2008). In addition, research on the stress-induced remodeling of neural circuits for 

functional and structural changes has highlighted the importance of neuronal cell 

adhesion molecules. Functional destabilization of nCAM interactions may trigger the 

separation of pre- and postsynaptic membranes and thus the disassembly of synaptic 

connections for subsequent redirected synapse establishment. Importantly, nCAMs are 

intracellularly connected to scaffolding proteins linked to the cytoskeleton (as necessary 

for neural migration and neurite outgrowth) and signaling cascades for gene transcription 

regulation involved in neuritogenesis (Maness and Schachner, 2007; Sandi, 2004). They 

have been implicated in regulating synaptic plasticity, synapse maintenance, maturation 

and organization as well as pre- and postsynaptic structural and functional properties.  

In the current thesis, we provide substantial evidence for the involvement of specific 

nCAMs, namely NCAM and nlgn2, in stress, social behavior and social cognition. NCAM is 

a well-characterized cell adhesion molecule and its regulation has been linked to stress. 

So far, NCAM has been widely studied concerning its role in learning and memory. We 

broadened the knowledge about NCAM by examining the impact of a conditional NCAM-

knockout on emotional and aggression-related behavior and as a vulnerability factor in 

the interplay with stress (chapter 2.1). We further investigated the role of neuroligins, a 

recently identified family of cell adhesion molecules, in mediating the effects of early-life 

stress (ELS) on social behavior, social cognition and aggression. Therefore, we first 

introduced and validated the effects of an ELS paradigm of impoverished maternal care 

on adult sociability, social memory and aggression and the expression of nlgn family 

members. We identified nlgn2 as a promising candidate molecule involved in the 

mediation of ELS-induced social impairments (chapter 2.2). Further extensive 

investigations elucidated the influence of nlgn2 expression levels in the hippocampus on 

social behavior and aggression (chapters 2.3, 2.4 and 2.5). With the use of viral 

manipulation, we could show the potential of increased hippocampal nlgn2 expression to 
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mimic ELS-induced behavioral alterations (chapter 2.3) and moreover, the capacity of 

decreased nlgn2 expression in the adult hippocampus to attenuate ELS-induced changes 

in social behavior in mice (chapter 2.4). In rats, we could show that nlgn2 is strongly 

involved in the regulation of novelty reactivity and aggression (chapter 2.5). 

Our results clearly demonstrate a crucial role of nCAMs in stress, social behavior, 

especially aggression, and social cognition. Given the link to various neuropsychiatric 

disorders, which share symptomal similarities in social behaviors, nCAMs might be 

critically involved in the pathophysiology of these disorders and represent promising 

targets for the development of novel therapeutic strategies. 
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3.1. Stress as a risk factor for pathological alterations in social 

behavior 

 

Many studies over the recent years have demonstrated that stress exposure throughout 

life exerts enduring effects on brain function and behavior, thereby probably facilitating 

the pathogenesis of several neuropsychiatric disorders (Bale, 2006; Bisaz et al., 2011; 

Campos et al., 2013; de Kloet et al., 2005; Lupien et al., 2009). Besides the contribution of 

genetic predispositions, the experience of stress influences emotional states, cognitive 

abilities and promotes the development of antisocial behaviors and aggression (Craig, 

2007; Marquez et al., 2013; McLaughlin et al., 2009). Aggressive symptoms and 

alterations in social behavior are found in a series of neuropsychiatric disorders, including 

schizophrenia, autism and depression (Barnow et al., 2001; Carroll and Owen, 2009; 

Mineur et al., 2003; Pinkham et al., 2008). In this thesis, we applied chronic stress in 

adulthood as well as stress in the early postnatal period of mice and mainly focused on 

the consequences on social behavior (chapters 2.1, 2.2 and 2.4). We could clearly 

demonstrate that the exposure to stress in both life periods leads to alterations in social 

behavior, especially aggression. We first investigated the impact of chronic unpredictable 

stress (CUS) in adulthood, which is a very promising and valuable model to study 

persisting stress-related behavioral alterations in animals (chapter 2.1; Mineur et al., 

2003). The CUS paradigm has primarily been established as an animal model of 

depression, based on the realistic simulation of varying stressors in daily life, and has 

been shown to provide a unique combination of face validity (mirroring several symptoms 

of depression), predictive validity (reversal of CUS-induced effects by repeated 

antidepressant treatment) and construct validity (decrease in reward sensitivity/ 

anhedonia) (Campos et al., 2013; Willner, 1997). So far, studies mostly focused on 

depression- and anxiety- related behavior as well as cognitive deficits induced by CUS. 

Only few studies investigated the effects of CUS on aggression, but their results were 

equivocal, mostly pointing to the opposite direction of what is observed in humans 

(Willner, 2005). Importantly, the study by Mineur and colleagues examined the effects of 

CUS on aggression and consistently showed an increase of aggression-related behaviors 

induced by CUS in several mouse strains, indicating a robust behavioral manifestation 

(Mineur et al., 2003). We could additionally show that genetic vulnerability factors, e.g. 
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predispositions leading to diminished NCAM expression, contribute to the susceptibility 

to CUS in adulthood resulting in increased aggressive behaviors. With our experiment, we 

extend and refine the current knowledge by adding evidence for the influence of CUS on 

social behavior in the interplay with the individual genetic asset (chapter 2.1).  

The experience of stressful events early in life, such as physical abuse or emotional 

neglect, can lead to an increased risk for neuropsychiatric disorders later in life and the 

development of social deficits, violent and antisocial behaviors (Cirulli et al., 2009; Craig, 

2007; Fumagalli et al., 2007; Heim and Nemeroff, 2001). In rodents, ELS by maternal 

separation was shown to induce impairments of social cognition, as important aspect 

underlying social interactions, and increased aggression (Lukas et al., 2011; Pinkham et 

al., 2008; Veenema et al., 2006; Veenema and Neumann, 2009). The consideration of the 

early etiology of persistent antisocial behaviors is crucial for unraveling the underlying 

biological processes that may vary depending on the nature of the stressor and its 

respective impact on sensitive interactions of neuronal circuits of social behavior. With a 

recently developed, highly etiological approach, we could confirm that ELS results in 

impairments in social cognition and increased aggression (chapters 2.2 and 2.4). Our 

findings support the existing literature of ELS effects on adult social phenotypes, and 

provide the first evidence for long-lasting effects on social cognition and aggression 

induced by an animal stress paradigm modeling the human situation of neglect and 

impoverished maternal care. This ELS model has so far been characterized regarding its 

impact on anxiety and cognitive function as well as neuroendocrine parameters and gene 

expression and revealed similar alterations as observed in human psychopathology, thus 

providing good face and construct validity (Rice et al., 2008; Wang et al., 2011b; Wang et 

al., 2013). Together with our striking results on social cognitive abilities and aggression, 

this model represents a powerful tool for the investigation of ELS closely approximating 

the human situation and the consequences on brain structures, neuronal circuit 

functioning and behavioral phenotypes. Taken together, our findings underline the 

current knowledge about stress, both early in life and in adulthood, as a key risk factor for 

behavioral alterations associated with psychopathology and further add substantial 

evidence for a crucial impact on social cognition and aggressive behavior (Figure 3.1, see 

page 168).  
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3.2. Social behavior and the hippocampus 

 

The hippocampus is a highly plastic brain structure, involving dendritic remodeling, 

synaptic turnover and neurogenesis, and represents a main target of stress given its high 

density of receptors for stress mediators (McEwen, 2001a). The association with stress-

related psychiatric disorders sharing symptoms of social dysfunction renders the 

hippocampus likely involved in the regulation of social behaviors. In this thesis, we 

provide compelling evidence for the implication of the hippocampus in social behaviors 

both early in life as well as in adulthood (chapters 2.1, 2.2, 2.3, 2.4 and 2.5). Specific 

manipulations within the hippocampus led to altered social cognition and aggression 

(chapters 2.1, 2.3 and 2.5) and moreover, ELS-induced behavioral deficits could be 

attenuated by specific interventions in the adult hippocampus (chapter 2.4). Additionally, 

stress-induced changes of synaptic proteins were found in the ventral hippocampus in our 

mice accompanied by impaired social cognition and increased aggression (chapter 2.2). 

The hippocampus is primarily considered an important structure in episodic, declarative, 

spatial and contextual learning and memory (Kim and Diamond, 2002; McEwen, 2001). 

Although research on the neural basis of social behavior has mainly focused on the frontal 

cortex and the amygdala, increasing evidence suggests the hippocampus being implicated 

in modulating social behavior and neuropsychiatric disorders (Amaral, 2003; Amodio and 

Frith, 2006; Becker and Grecksch, 2000; Beer and Ochsner, 2006; Guillot et al., 1994; Sala 

et al., 2011; Teicher et al., 2003; Uekita and Okanoya, 2011). However, the specific role of 

the hippocampus in social behavior remains unclear as the results of hippocampal lesion 

studies so far appear puzzling. Lesions in the ventral hippocampus of neonatal rats have 

been reported to result in a decrease in social interactions and an increase in aggressive 

behavior in adulthood, whereas lesions of the dorsal or ventral hippocampus in 

adolescent rats had no effects on social behavior, indicating the early stage of life being 

critically sensitive to interventions with neurodevelopmental processes (Becker et al., 

1999; Becker and Grecksch, 2000; Sams-Dodd et al., 1997). Conversely, some studies in 

adult animals showed impaired social memory, but not increased aggression, after 

lesioning both the dorsal and ventral hippocampus, while others reveal no effect on social 

memory or found differential effects on aggression and emotion-related behavior 
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depending on the lesion in the dorsal or ventral part (Bannerman et al., 2001; Kogan et 

al., 2000; McHugh et al., 2004; Squires et al., 2006; Uekita and Okanoya, 2011). Distinct 

roles have been postulated for the dorsal and ventral hippocampus in cognitive processes 

of learning/memory and motivational/affective processes, respectively (Fanselow and 

Dong, 2010). Nevertheless, both dorsal and ventral parts of the hippocampus may be 

needed for the appraisal of social situations involving contextual and emotional aspects, 

which subsequently leads to the generation of respective reactions. In line with this 

hypothesis, the hippocampus has been implicated in the regulation of contextually 

appropriate emotional states and the initiation and termination of behaviors depending 

on the demands of the environment (Maaswinkel et al., 1997; Phillips et al., 2003). This 

suggests a crucial role for the hippocampus in the integration of complex stimuli and thus 

the contextual and emotional evaluation of social situations for subsequent adjustments 

of respective behaviors. In our experiments, stress and its consequences on synaptic 

proteins, as well as manipulation of these molecules regulating synaptic properties, might 

have hampered hippocampal functioning in terms of inadequate integration of social 

stimuli and thus leading to altered behavior.  

Neuronal circuits regulating emotional and social behaviors are highly interconnected 

(Neumann et al., 2010). The hippocampus is connected to a variety of brain structures 

involved in social and emotional behaviors of which two important regions will be 

addressed here: the amygdala and the prefrontal cortex (PFC). Anatomical and functional 

connections between the hippocampus and the amygdala, which is crucially involved in 

emotional and social behavior including aggression, have been reported (Fanselow and 

Dong, 2010; Kishi et al., 2006; Krettek and Price, 1978; Packard et al., 1994). The 

connections of the ventral hippocampus and the amygdala seem to be of specific 

importance for the regulation of social and emotional behavior (Felix-Ortiz and Tye, 2014; 

Kjelstrup et al., 2002; Orsini et al., 2011). The hippocampus as well as the amygdala is 

connected to the PFC, which is a key region for cognitive flexibility, the executive control 

of cognitive and social behavior, and inhibition of inappropriate thoughts, actions and 

feelings (Baumann and Turpin, 2010; Fuster, 2001; Fuster, 1988). The PFC receives various 

afferents that convey information about the internal environment, the level of arousal 

and the motivational states. The input of the hippocampus and the amygdala appear to 
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be of special importance to regulate the individual's emotional state and appraisal of a 

stimulus/stressor (Adolphs, 2001; Fuster, 2001). Thus, structural and functional 

alterations in the hippocampus might not solely account for the observed behavioral 

changes in our experiments, but rather influence the fine-tuned network of brain regions 

responsible for the regulation of social and emotional behavior. The impact of genetic 

variants and stress on synaptic plasticity and transmission, involving differential 

expression of nCAMs, may crucially affect the intra- and interconnections of the 

hippocampus. These disturbances may alter hippocampal functions regarding contextual 

and emotional evaluation of social encounters and influence the complex interplay of 

various brain regions for the adjustment of social behavior depending on information of 

the internal state and the stimulus (Figure 3.1, see page 168). 
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3.3. Potential mechanisms linking nCAMs with stress and 

psychopathology 

 

The current thesis provides an excellent illustration of the impact of stress on the 

expression of nCAMs (chapter 2.2) and the potential of altered nCAM expression levels to 

contribute or even mimic stress-induced effects on behavior (chapters 2.1 and 2.3). 

Additionally, counteracting the stress-induced changes in nCAM expression can attenuate 

behavioral dysfunctions (chapters 2.4 and 2.5). The regulation of nCAM expression is 

influenced by various mechanisms and appears to be crucially associated with the 

development of behavioral alterations related to human psychopathology. 

The exposure to chronic or severe stress early in life has been linked to structural and 

functional changes in stress-related brain regions including the hippocampus, the 

amygdala and the PFC (Joels et al., 2007; McEwen, 1999). It has been demonstrated that 

stress leads to a reduction of dendritic complexity and atrophy of apical dendrites, 

reduction of spines, rearrangement of synaptic vesicles in presynaptic terminals, and 

changes in postsynaptic receptor composition (Magarinos et al., 1997; McEwen, 1999). 

nCAMs are not solely static structural components linking pre- and postsynaptic 

compartments, but are critically involved in the structural and functional organization and 

maturation of the synapse, particularly via bidirectional coordination of molecular and 

morphological characteristics of synapses (Dean and Dresbach, 2006; Missler et al., 2003; 

Sandi, 2004; Südhof, 2008). Thus, nCAMs are likely involved in the mediation of stress 

effects on synapse morphology and function. Several studies have demonstrated that 

stress markedly affects the expression of nCAMs and the genetic manipulation of nCAM 

expression resulted in strikingly similar effects as observed following stress, both 

regarding morphological and behavioral alterations (Hines et al., 2008; Sandi, 2004; Sandi 

and Bisaz, 2007; van der Kooij et al., 2014). In a serial analysis of gene expression (SAGE), 

several stress-responsive genes in the hippocampus were identified that moderate the 

actions of stress mediators on hippocampal function (Datson et al., 2001). Indeed, NCAM 

was found to be regulated by the activation of the glucocorticoid receptor (GR). The GR 

was suggested to affect the transcription of NCAM indirectly by interaction with 

transcription factors that subsequently leads to diminished NCAM expression (Sandi, 
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2004). Further stress-activated mechanisms and molecules might play in concert with the 

GR to regulate the expression of nCAMs. The specific regulation of nlgn2 expression by 

stress mediators such as glucocorticoids remains to be investigated, but the results in this 

thesis provide strong indications for stress-related mechanisms underlying nlgn2 

expression. 

Besides the influence of stress on the expression of nCAMs, mutations or polymorphisms 

in the respective genes have been associated with various stress-related disorders 

(Brennaman and Maness, 2010; Südhof, 2008; Sun et al., 2011; Tabuchi et al., 2007). It is 

well known that genetic variants interact with environmental influences such as stress in 

the development of a vulnerable phenotype (Binder and Nemeroff, 2010; Caspi et al., 

2003; Heim and Nemeroff, 2001). The individual's vulnerability to stress can be 

potentiated by single nucleotide polymorphisms (SNPs) or other mutations (e.g. copy 

number variants) in the nCAM genes. These genetic modifications may alter binding of 

activating transcription factors to the promoter and thus lead to differential transcription 

of the respective gene, or result in differentially expressed or folded proteins with a loss 

or gain of function. For instance, Comoletti and colleagues could show that an autism-

associated point mutation in the nlgn3 gene, which causes the substitution of an arginine 

for a cysteine amino acid, compromises the processing of the nlgn3 protein in 

biosynthesis and hence the transport to the cell membrane (Comoletti et al., 2006). The 

small fraction of 10% of this protein that reaches the cell membrane was suggested to 

exert powerful gain-of-function effects on synaptic properties. Several studies in animals 

then demonstrated altered synaptic transmission characteristics and structural properties 

of neurons as consequence of this gain-of-function point mutation (Etherton et al., 2011a; 

Etherton et al., 2011b; Tabuchi et al., 2007). A variety of both gain-of-function as well as 

loss-of-function mutations in the nrxn and nlgn genes have been associated with the 

occurrence of neuropsychiatric disorders, thus suggesting a crucial contribution of 

sensitively balanced expression levels and altered protein functions caused by genetic 

predispositions to the pathogenesis of these diseases (Etherton et al., 2011a; Jamain et 

al., 2003; Südhof, 2008; Sun et al., 2011). Hence, differential expression of nCAMs may 

not only arise from stress exposure but also from genetic variants that cause altered gene 

transcription and processing. Furthermore, we concluded that diminished NCAM 
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expression throughout the forebrain, especially in the hippocampus, may represent a 

vulnerability factor to stress (chapter 2.1). The postnatal reduction of NCAM expression in 

our conditional KO mice might reflect effects of genetic variants on transcriptional 

changes of the NCAM gene. Under basal conditions, this may not affect the individual, as 

seen in our experiments, but in the interplay with stress, this genetic alteration could act 

as a vulnerability factor leading to differential regulation of NCAM and possibly further 

molecular and cellular processes involved in the stress response. The current thesis 

therefore reveals substantial evidence for the contribution of altered nCAM expression, 

caused by genetic and/or environmental factors, to the development of behavioral 

changes associated with neuropsychiatric disorders (Figure 3.1, see page 168). 

Long-term effects of stress on region-specific gene expression patterns have led to the 

investigation of epigenetic mechanisms involved in gene regulation. Epigenetic alterations 

cause the selective activation or inactivation of the transcription of functional genes 

(Turek-Plewa and Jagodzinski, 2005). The addition of a methyl group to cytosines within 

the DNA sequence is considered as potentially enduring epigenetic modification leading 

to gene silencing, while posttranslational modifications of histone proteins (including 

acetylation, methylation and phosphorylation) appear more dynamic and are associated 

with both transcriptional activation and inactivation (Feng et al., 2006; Gudsnuk and 

Champagne, 2012; Jaenisch and Bird, 2003; Peterson and Laniel, 2004; Quina et al., 2006). 

Epigenetic changes, including DNA methylation and histone modifications, have been 

observed in stress-related genes, such as CRH and BNDF, in early-life and chronically 

stressed animals in adulthood (Covington et al., 2009; Curley et al., 2011; Franklin et al., 

2010; Roth et al., 2011). The temporal and spatial pattern as well as the amount of nCAM 

expression may be influenced by epigenetic mechanisms elicited by stress or genetic 

predispositions (Figure 3.1, see page 168). Thus, epigenetic modifications induced by ELS 

(chapter 2.2 and 2.4) or triggered by influences in adulthood (as reflected by viral 

manipulation in chapter 2.3) might account for the region-specific changes in nlgn 

expression in our experiments and should be investigated further in the future.  
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3.4. Possible actions of nCAMs underlying behavioral alterations 

 

Altered signaling mechanisms induced by changes in nCAM expression and function likely 

modify morphological properties and transmission characteristics of synapses. NCAM 

interactions engage several intracellular cascades that may account for structural and 

functional synaptic properties, but the exact mechanisms are not yet elucidated (Stewart 

et al., 2010). The constitutive deficiency of NCAM has been demonstrated to result in 

reduced axon fasciculation, shrinkage of spines and atrophy of synapses (Cremer et al., 

1997; Sandi, 2004). In line with this, NCAM clustering at the neuronal membrane has 

been shown to stimulate the activating phosphorylation of mitogen-activated protein 

kinases (MAPKs) and the transcription factor CREB (cyclic AMP response-element binding 

protein), which is required for neurite outgrowth (Maness and Schachner, 2007; Schmid 

et al., 1999). However, the genes activated by transcription factors downstream of NCAM 

remain to be identified (Maness and Schachner, 2007). Furthermore, NCAM expression 

levels are considered to represent a reliable marker of synaptic plasticity (Sandi, 2004). 

Although the structural analysis of the hippocampus in conditional NCAM-KO mice did not 

show marked synaptic abnormalities under basal conditions, a decrease in synaptic 

plasticity and altered synaptic transmission properties has been found (Bukalo et al., 

2004). In chapter 2.1, we did not observe significant alterations in social behavior in our 

experiments in non-stressed animals. Slight deficits in synaptic plasticity and synapse 

function under baseline conditions might be counteracted by compensatory mechanisms 

of other CAMs (e.g. L1, integrins, and cadherins) in the regulation of social behavior. 

However, the crucial contribution of NCAM becomes prominent upon chronic stress 

exposure. Reductions in NCAM expression may disturb the cooperation of several 

determinants of synaptic plasticity and thus potentiate the effects of stress by hampering 

synapse remodeling for adaptive changes. This might trigger behavioral abnormalities as 

observed in chronically stressed conditional NCAM-KO animals. 

An imbalance of excitatory/inhibitory synaptic transmission has been implicated in 

neuropsychiatric disorders such as autism and schizophrenia (Bang and Owczarek, 2013; 

Dean and Dresbach, 2006). Due to the differential localization of nlgn1 (and nlgn3) and 

nlgn2 in excitatory and inhibitory synapses, respectively, nlgns have been suggested to 
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control the balance of excitation to inhibition in the brain, (Chih et al., 2005; Hines et al., 

2008; Südhof, 2008). Specifically, in vitro studies have shown that the downregulation of 

nlgn2 in hippocampal neurons resulted in a reduction of inhibitory terminals (Chih et al., 

2005). Accordingly, overexpressing nlgn2 led to a moderate increase of inhibitory 

synapses and a marked increase in inhibitory synaptic responses (Chubykin et al., 2007). 

However, in vivo investigations revealed an unclear picture so far. Enhanced nlgn2 

expression throughout the forebrain of mice resulted in increased size and number of 

inhibitory synaptic contacts, suggesting a decrease of the E/I ratio, in the frontal cortex 

(Hines et al., 2008). On the contrary, the constitutive nlgn2-KO in mice did not induce 

changes in inhibitory synapse numbers in the hippocampus, but rather in synapse 

function as indicated by decreased expression of the vesicular GABA transporter (VGAT) 

(Blundell et al., 2009). This molecule is considered to mediate the accumulation of GABA 

into synaptic vesicles in the presynaptic compartment (Chaudhry et al., 1998). In the 

current thesis, we investigated whether the manipulation of nlgn2 would disturb the E/I 

balance in mice, but did not find differences in the expression of vGlut and GAD65 as 

indicators for excitatory and inhibitory synapses, respectively (chapters 2.3 and 2.4). 

VGlut is responsible for the uptake of glutamate into synaptic vesicles and GAD65 is an 

enzyme that catalyzes the decarboxylation of glutamate to GABA in the synaptic 

terminals (Thompson et al., 2005; Zhang et al., 2010). On the one hand, our results 

confirm the general hypothesis, that nlgn2 is implicated rather in synapse function 

instead of synapse establishment as we found no differences regarding the markers for 

excitatory and inhibitory synapses between control animals and mice with enhanced or 

reduced nlgn2 expression. On the other hand, these results indicate that the presynaptic 

mechanisms involved in GABA release are differently influenced by nlgn2 and their 

interactions with presynaptic binding partners. The synthesis of GABA might not be 

affected, as measured by GAD65, whereas the accumulation and release of GABA might 

be indirectly affected by changes in nlgn2 expression. However, changes in the E/I ratio 

might not only result from presynaptic characteristics, but from differences in 

postsynaptic properties. Nlgn2 interacts with the scaffolding protein gephyrin, which is 

critical for the localization of GABAA receptors, and collybistin, which is responsible for 

gephyrin tethering at the membrane (Bang and Owczarek, 2013; Poulopoulos et al., 2009; 

Takacs et al., 2013). The gephyrin-collybistin complexes are activated by nlgn2 and thus 
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induce the recruitment of GABAA receptors to the postsynaptic membrane (Poulopoulos 

et al., 2009). Deletion of nlgn2 or collybistin in vitro has been shown to perturb gephyrin 

and GABAA receptor recruitment and consequently inhibitory synaptic transmission 

(Papadopoulos et al., 2007; Poulopoulos et al., 2009). These observations indicate that 

changes in nlgn2 expression affect inhibitory synaptic transmission through differential 

GABAA receptor recruitment. Future experiments should include electrophysiological 

measurements in order to reveal changes in inhibitory currents triggered by altered nlgn2 

expression, which might contribute to a shift of the E/I ratio. Furthermore, alterations in 

inhibitory synaptic transmission might affect the E/I ratio or transmitter release 

properties in brain regions connected with the hippocampus, such as the PFC and the 

amygdala. It appears to be important to include the whole network rather than focusing 

on a single brain region or solely functional or morphological parameters. 

Notably, it remains puzzling that both the overexpression as well as the knockdown of 

nlgn2 in our experiments led to decreased expression of gephyrin (chapters 2.3 and 2.4). 

This suggests that both enhanced and reduced expression of nlgn2 contribute to 

disturbances in postsynaptic organization and function. Indeed, as shown for Rett 

syndrome, a disorder related to autism, both increased and diminished expression of 

affected genes have been shown to cause typical behavioral alterations (Collins et al., 

2004; Gemelli et al., 2006). However, the effects of enhanced and reduced nlgn2 

expression on behavior were opposite, indicating that nlgn2 expression influences social 

behavior in a correlative manner, but the exact molecular mechanisms need to be further 

elucidated. It remains to be investigated how nlgn2 affects inhibitory synaptic 

transmission, including gephyrin, collybistin and GABAA receptor regulation, and which 

additional regulatory mechanisms might possibly be involved in disturbed synaptic 

transmission processes. Importantly, it seems to be crucial to maintain a delicate balance 

of synaptic connectivity in the sensitive neural circuitry of social behavior and slight 

deviations in the equilibrium can have severe consequences and promote the occurrence 

of neuropsychiatric disorders. 

GABA is the main inhibitory transmitter in the CNS of adult mammals (Miczek et al., 

2003). However, in neonatal hippocampal neurons, GABA has been shown to exert 

depolarizing and thus excitatory actions, due to higher intracellular Cl- concentrations in 



General discussion 

 
166 

immature neurons (Cherubini et al., 1991). During early brain development, the 

functional switch of GABA from excitatory to inhibitory is mediated by the upregulation of 

KCC2, a potassium-chloride transporter, which is responsible for maintaining low 

intracellular Cl- concentrations and thus establishing the Cl- gradient in neurons (Ben-Ari et 

al., 2012). Recently, nlgn2 has been shown to regulate the expression of KCC2. Knocking 

down nlgn2 has been demonstrated to result in decreased levels of KCC2 and a significant 

delay of the functional switch of GABA during early development (Sun et al., 2013). 

Additionally, nlgn2 appeared to be required for maintaining GABA inhibitory function in 

mature neurons, since nlgn2-knockdown reversed GABA actions to excitatory (Sun et al., 

2013). In our experiments, early intervention with developmental processes in the brain 

by ELS and viral manipulation in adulthood may lead to changes in KCC2 and thus GABA 

functioning. Furthermore, nlgn2-overexpression and -knockdown could potentially shift 

the E/I ratio towards inhibition or excitation, respectively, both during development and 

in adulthood, through regulation of KCC2 and thus GABA functioning.  

The modulation of GABA release, signaling and functioning of nlgn2 may be implicated in 

the regulation of aggressive behaviors. Intriguingly, increased GABA levels have been 

associated with both reduced and increased aggressive behaviors, and positive 

modulators of the GABAA receptors have been shown to both reduce but also increase 

aggressive behavior (de Almeida et al., 2005; Miczek et al., 2003). The exact role of nlgn2 

and its modulatory influence on GABA and GABA receptors needs to be further 

investigated. Additionally, nlgn2 may interact with other neurotransmitter systems that 

possibly mediate the behavioral effects as observed in our studies. The serotonin (5-HT) 

system has been suggested as an important player in regulating aggression and 

associated with neuropsychiatric disorders (Breier, 1995; Caspi et al., 2003; de Almeida et 

al., 2005; Owens and Nemeroff, 1994; Richardson-Jones et al., 2010; van Winkel et al., 

2013). Originating from the raphe nuclei, serotonergic projections innervate virtually all 

regions including the hippocampus, amygdala and frontal cortex (Moore et al., 1978; 

Moore and Halaris, 1975). Low levels of 5-HT are generally associated with excessive 

aggression and violence, whereas the actions of 5-HT are mediated by different subtypes 

of 5-HT receptors and transporters, whose activation may either decrease or increase 

aggressive behavior (de Almeida et al., 2005; Neumann et al., 2010). 5-HT and its 
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receptors modulate synaptic communications by affecting both the timing and strength of 

the connection and the release of neurotransmitters such as GABA in the hippocampus 

(Lesch and Waider, 2012). Deficits in 5-HT moderation of synaptic signaling have been 

implicated in disturbances of network processes underlying social behavior and the 

pathophysiology of neuropsychiatric disorders (Lesch and Waider, 2012). Remarkably, 

regulatory interactions and colocalization of 5-HT and related receptors and transporters 

with nCAMs, including nrxns, nlgns and NCAM, have been reported (Lesch and Waider, 

2012; Nelson and Chiavegatto, 2001; Ye et al., 2014; Ran Ye, personal communication). 

Differential nlgn2 expression may influence 5-HT moderation of GABAergic signaling in 

the hippocampus, which may ultimately lead to alterations in social behavior and 

aggression. However, the impact of modified nlgn and NCAM expression on the 5-HT 

system and its interactions with GABA-mediated transmission still needs to be clarified in 

detail. 

Taken together, brain function is ultimately dependent on a specific pattern of synaptic 

connections between certain neuronal populations within functional neuronal circuits. 

Altered synaptic connectivity in terms of morphological changes or loss of synapses, 

decreased synaptic strength, reduced synaptic plasticity and changes in synaptic 

transmission properties or transmitter release may cause disturbances in the sensitive 

interplay of various factors and brain regions involved in regulating social behaviors. In 

the current thesis, we provide substantial evidence for the involvement of nCAMs, which 

are able to bidirectionally modify synaptic properties, in the modulation of social 

behavior, especially aggression, although the exact underlying mechanisms remain to be 

clarified (Figure 3.1). 
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3.5. Social behavior across different species 

 

In the present work, we revealed marked differences in social behavior elicited by 

modulated nlgn2 expression between mice and rats (chapters 2.2, 2.3, 2.4 and 2.5). In 

mice, nlgn2 expression was increased following ELS and accompanied by impaired social 

cognition and increased aggression (chapter 2.2). In line with this, we could show that the 

overexpression of nlgn2 mimicked the effects elicited by ELS and with the knockdown of 

nlgn2 in the adult hippocampus we could attenuate the ELS-induced impairment in social 

memory and the increase in aggression (chapter 2.3 and 2.4). On the contrary, nlgn2-

overexpression resulted in decreased aggressive behavior in rats and no effects were 

observed in social cognition (chapter 2.5). In accordance with our results, chronic stress 

has previously been shown to decrease nlgn2 expression in the hippocampus of rats and 

to elicit increased aggression (van der Kooij et al., 2014; Martina Fantin, personal 

communication). These observations suggest different factors underlying the regulation 

of nlgn2 and downstream targets of nlgn2 and thus a differential influence on social 

behavior.  

Lesions in the hippocampus of different species and their effect on social cognition and 

behavior have shown controversial results, ranging from no effects to severe impairments 

in social cognition and aggression (Bannerman et al., 2002; Bannerman et al., 2001; 

Becker et al., 1999; Becker and Grecksch, 2000; Blanchard et al., 1970; Feinberg et al., 

2012; Gray and McNaughton, 1983; Kogan et al., 2000; Uekita and Okanoya, 2011). These 

results may indicate that social behavior is differentially regulated across species. For 

instance, social memory in mice is considered being far superior to that of rats. While 

social memory can last for days in mice, it declines after 30-60 minutes in rats (van der 

Kooij and Sandi, 2012). Even among distinct strains in mice, differences may occur as 

observed in social organization and aggressive behavior in Balb/c and C57Bl/6 mice 

(Bisazza, 1981; Cambon et al., 2004; Mineur et al., 2003; Schneider et al., 2006). Strain 

differences have been reported for a variety of behaviors in both rats and mice including 

anxiety, novelty-induced and baseline activity-related behavior (Clemens et al., 2014; van 

Gaalen and Steckler, 2000). This indicates a considerable contribution of the genetic 

background to species- and strain-specific behavior. 
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Squires and colleagues have proposed a crucial influence of social environment on social 

recognition, since lesions in the hippocampus of socially housed rats did not influence 

social cognition compared to singly housed rats (Squires et al., 2006). Social housing was 

further suggested to increase the duration of social memory through the influence of 

vasopressin and oxytocin. (Bielsky and Young, 2004; Le Moal et al., 1987; Squires et al., 

2006; Winslow and Insel, 2004). However, this could not be confirmed for all species 

(Andersen and Sams-Dodd, 1997; Squires et al., 2006). Importantly, the neuroanatomical 

distribution of vasopressin and oxytocin receptors have been shown to be profoundly 

different across species with distinct social behavior, indicating unique circuits underlying 

social behavior in different species (Ferguson et al., 2002; Young et al., 1999). Hence, the 

effects of social environment, associated neuropeptides and the influence of the 

hippocampus on social behavior have not been consistent among experiments and 

species (Bannerman et al., 2001; Kogan et al., 2000; Squires et al., 2006). In our 

experiments, both species-specific genetic background and housing conditions may have 

contributed to the differential behavioral phenotypes as mice were kept singly and rats 

were housed in groups. It appears to be crucial to investigate the characteristic features 

of social behavior and its underlying neuronal circuitry in different species in order to 

draw conclusions. 

Variances regarding aggression, as observed in our experiments, may also arise from the 

differential use and motivation of these behaviors. There are several subtypes of 

aggression, including offensive aggression (competition for or protecting resources like 

food, territory and mating), defensive aggression (upon the attack of a conspecific or 

predator), and predatory aggression (hunting prey for food), which are differentially 

utilized among species (Blanchard et al., 2003; Veenema and Neumann, 2009). Rats 

mostly display aggressive behavior during the formation of a dominance hierarchy within 

a group to ensure their relative priority for resources and genetic transmission into the 

next generation, whereas territorial aggression, in order to mark and guard a territory, is 

often seen in mice and tree shrews (de Almeida et al., 2005). Different characteristic 

postures observed during aggressive encounters underline the species-specific 

communication and rules in social behavior (Grant and Mackintosh, 1963; Neumann et 

al., 2010). In humans, unique verbal communication, cognitive skills and cultural aspects 
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are of specific importance in regulating social behavior and aggression and may be 

difficult to model in animals (Ramirez, 2000). However, human aggression seems to be 

similarly oriented towards a direct control of others or the enhancement of one's position 

in social hierarchies and associated with similar molecular underlying mechanisms 

(Blanchard et al., 2003; Nelson and Chiavegatto, 2001). The differences in aggression as 

observed in our experiments with mice and rats may be influenced by different 

motivation and utilization of aggressive behaviors in those species in the context of the 

resident-intruder paradigm. While rats may use aggressive behaviors for establishing a 

social hierarchy, mice might forcefully try to drive off any intruder from their territory. 

An important aspect that needs to be considered in the research of stress and social 

behavior in rodents is adaptation. Stress and artificial manipulations of genes that 

possibly mimic or counteract the effects of stress, may elicit adaptive behavioral changes. 

These adaptations crucially depend on the life history, genetic background and 

environmental factors. ELS-induced emotional, social and cognitive alterations may 

prepare the individual for potentially stressful conditions later on (Veenema and 

Neumann, 2009). Aggressive behaviors induced by early stress may be interpreted as 

adaptation to ensure survival in a more harsh environment in which social competition 

may likely occur (Veenema and Neumann, 2009). Furthermore, aggression can be 

considered an adaptive behavior as long as it serves a specific purpose such as securing 

food and safe sleeping places, protection of pups, reproductive function and avoidance of 

injuries (de Almeida et al., 2005). In our experiments, the changes in aggressive behaviors 

may be adaptive alterations in the context of species, environmental (experience 

throughout life) and genetic factors, which are possibly accompanied by certain trade-offs 

like impairments in social memory or altered exploration of novel stimuli. For instance, 

impaired social memory and thus a deficit in establishing social connections may be 

indispensible to allow increased aggressive behavior, which in turn ensures survival and 

the access to resources. In animal models, behavioral alterations are often implicitly 

interpreted as pathological alterations related to human disorders (Koolhaas et al., 2011), 

although these changes in behavior may represent adaptive processes. Observations in 

animals should be interpreted carefully and thoroughly when related to human 

conditions. Individual differences in education, experience and genetic make-up may 
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promote certain personality traits, such as social dominance, agreeableness and 

emotional stability (Donnellan et al., 2007; Roberts et al., 2006). Unstable conditions in 

childhood may render different people more or less ready to utilize aggression in order to 

ensure survival. These personality traits may not necessarily represent pathological 

alterations, but rather adaptive behavioral changes. Human psychopathology may 

therefore involve a complex symphony of neuronal circuits, affected by individually 

different genes, environmental factors and personal life history. Although animal models 

may not capture the complexity of human social behavior and pathophysiology, they 

provide valuable insights in the mechanisms underlying social behavior and potential 

intervention strategies.  

Nonetheless, our results show that nlgn2 influences social behavior and aggression in 

both rats and mice, rendering nlgn2 crucially involved in regulating these behaviors. 

Moreover, loss- and gain-of function mutations of the nlgn genes have been found human 

psychopathology, though the underlying mechanisms remain unclear. Research on the 

involvement of nlgns in the regulation of social behavior and human psychopathology 

may therefore ultimately lead to the development of novel therapeutic strategies. 
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3.6. nCAMs as potential novel treatment targets 

 

NCAM has been consistently shown to be decreased by stress, and genetic manipulation 

leading to reduced NCAM expression has been demonstrated (and further confirmed in 

this thesis) to represent a vulnerability factor for increased stress susceptibility. The 

reduction of NCAM expression resulted in morphological and behavioral changes as 

observed following stress, including deficits in cognition, synaptic plasticity, anxiety, 

aggression, and depression-like behavior (chapter 2.1; Aonurm-Helm et al., 2008b; Bisaz 

et al., 2011; Bisaz and Sandi, 2012; Bukalo et al., 2004; Sandi, 2004; Stork et al., 1997; 

Stork et al., 1999; Touyarot and Sandi, 2002). NCAM-derived synthetic peptides were 

recently generated to modulate NCAM function in vitro and in vivo as potential novel 

treatment strategy. NCAM homophilic binding induces neurite outgrowth and the 

synthetic peptide C3 has been shown to interfere with homophilic NCAM binding and 

mimic the effects in terms of increased neurite outgrowth in vitro, but induced 

impairments in memory formation in vivo (Berezin and Bock, 2004; Berezin and Bock, 

2010; Foley et al., 2000; Hartz et al., 2003; Kiryushko et al., 2003; Ronn et al., 2002). 

Interestingly, the FGL peptide that mimics heterophilic NCAM binding and activation of 

the FGFR has been shown to promote neuronal survival and neurite outgrowth in vitro 

(Neiiendam et al., 2004; Skibo et al., 2005). Strikingly, in vivo studies have shown that FGL 

enhances cognitive abilities under normal conditions and ameliorate deficits in 

neurogenesis, cognition and depression-related behavior (Aonurm-Helm et al., 2008a). 

Moreover, decreased activation of the FGFR in constitutive NCAM-KO mice has been 

demonstrated to be restored by FGL treatment (Aonurm-Helm et al., 2010). These 

findings may serve as a pharmacological proof of principle and give rise to the 

development of novel strategies for the treatment of neuropsychiatric disorders involving 

NCAM-mediated signaling. 

In the current thesis, we clearly showed a stress-associated regulation of nlgn2 and the 

potential of modulated nlgn2 expression to either mimic or reverse stress-induced effects 

on social behavior (chapters 2.2, 2.3, 2.4 and 2.5). In mice, changes in nlgn2 caused by ELS 

resulted in long-lasting impaired social memory and increased aggression. The 

enhancement of nlgn2 expression in the hippocampus at adulthood strikingly mimicked 



General discussion 

 
174 

the effects of ELS on social memory and aggression. Moreover, behavioral effects that 

were induced by stress early in life were attenuated by knocking down nlgn2 in the adult 

hippocampus. In rats, enhanced nlgn2 expression led to decreased aggression which is 

exactly in line with the regulation of nlgn2 by stress in this species. So far, only one study 

has shown the influence of chronic stress on nlgn2 expression in the rat hippocampus and 

the potential of pharmacological interference with nlgn2 to mimic stress-induced effects 

(van der Kooij et al., 2014). Our results not only show the crucial involvement of nlgn2 in 

social behavior, but the capacity of adult intervention with nlgn2 expression to reverse 

behavioral alterations that were induced by environmental factors during childhood. 

Elucidating the mechanisms underlying these nlgn2-mediated effects may help to 

understand the regulatory determinants of social behavior, which may be disturbed in 

neuropsychiatric disorders. 

Taken together, nCAMs are critically involved in mediating the effects of stress on social 

behavior and represent promising targets for the development of therapeutic 

interventions for neuropsychiatric disorders associated with dysfunctional social 

behavior. 
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