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Zusammenfassung

Das Verstindnis, wie molekulare Mechanismen das Sozialverhalten beeinflussen, ist von
zentraler Bedeutung, um Grundlagenforschung der Neurowissenschaften mit den klinischen
Symptomen psychiatrischer Storungen zu verkniipfen. Bei der heterogenen Auspriagung der
Schizophrenie ist diese Verknilipfung besonders wichtig, da Beeintrichtigungen im
Sozialleben gegeniiber aktuellen Behandlungsmethoden weiterhin resistent sind. Unter den
molekularen Faktoren, die an der Pathophysiologie beteiligt sind, hat sich das Gen Disrupted-
in-Schizophrenia-1 (DISC1) als konvergenter Schliisselfaktor herausgestellt, der die
dopaminerge Signaliibertragung und synaptische Organisation beeinflusst. Diese Arbeit
beschreibt die neurobehavioralen Folgen einer Uberexpression von DISCI1 in einem
transgenen Rattenmodell (tgDISC1), wobei ein besonderer Schwerpunkt auf der Rolle des

sozialen und belohnungsbezogenen Verhaltens liegt.

In zwei Studien an tgDISCI1-Ratten zeigten Verhaltens-, pharmakologische und
neurostrukturelle Analysen selektive Storungen bei der Bewertung sozialer Signale und deren
Modulation durch dopaminerge Signaliibertragung. tgDISC1-Ratten zeigten intaktes soziales
Interesse, aber beeintriachtigtes soziales Belohnungslernen. Zudem entwickelten sie keine
Priferenz fiir das Interagieren mit einem unbekannten Artgenossen gegeniiber einem bereits
bekannten — diese Beeintrachtigung konnte durch die Gabe eines Dopamin-Antagonisten mit
limbischer Spezifitit behoben werden. Damit itibereinstimmend wurden mittels Diffusions-
Tensor-Bildgebung = mikrostrukturelle =~ Verdnderungen  innerhalb  mesolimbischer
Knotenpunkte festgestellt. Diese Ergebnisse verkniipfen etablierte molekulare Storungen mit

ihren funktionellen Auspragungen im Sozialverhalten.

Eine dritte Studie an nicht-transgenen Ratten untersuchte ergédnzend die neurochemischen
und mechanistischen Grundlagen des sozialen Belohnungslernens und analysierte, wie
soziale Informationen das eigene Verhalten beeinflussen. Die Ergebnisse zeigen, dass dieser
Prozess stark von der Bekanntheit zwischen Individuen abhdngt und durch
neuromodulatorische Einfliisse von Oxytocin gepragt ist, was das Verstindnis der neuronalen

Grundlagen sozialer Kognition und Belohnungslernen erweitert.

Zusammenfassend integriert diese Ausarbeitung molekulare und verhaltensbezogene
Ansitze, um aufzukldren, wie konvergierende neurobiologische Mechanismen das
Sozialverhalten steuern. Somit wird eine translationale Verbindung zwischen den
Neurowissenschaften und der sozialen Dysfunktion bei psychiatrischen Erkrankungen

hergestellt.



Abstract

Understanding how molecular mechanisms shape social behavior is central to linking
basic neuroscience with the clinical phenomena observed in psychiatric disorders. In the
heterogeneous presentation of schizophrenia, this link is especially crucial as symptoms
affecting social functioning remain particularly resistant to current treatment. Among the
molecular factors implicated in its pathophysiology, Disrupted-in-Schizophrenia-1
(DISC1) has emerged as a convergent key factor, influencing dopaminergic signaling,
neurodevelopment and synaptic organization. Hence, this thesis outlines the
neurobehavioral consequences of DISC1 overexpression in a transgenic rat (tgDISC1)
model of sporadic schizophrenia, with a particular focus on the role of social and reward-

related behavior.

Across two complementary studies in tgDISCI rats, behavioral, pharmacological and
neurostructural analyses revealed selective disruptions in the valuation of social cues and
their modulation by dopaminergic signaling. tgDISC1 rats showed intact baseline
sociability but impaired social reward learning and failed to prefer novel over previously
encountered conspecifics. The later phenotype was rescued by amisulpride, a selective
dopamine antagonist with limbic specificity. Consistent with this, diffusion tensor
imaging identified microstructural alterations within mesolimbic key nodes. By
anchoring value processing within dopaminergic signaling, these findings connect
established molecular disturbances in schizophrenia to their functional manifestations in

social behavior and reward valuation.

In a third study, complementary research in non-transgenic rats provides insight into
(fundamental) mechanistic and neurochemical determinants of social reward learning by
focusing on underlying mechanisms that govern how social information guides own
behavior. The results demonstrate that this process is strongly sensitive to familiarity
between individuals and shaped by neuromodulatory influences of oxytocin, offering a

broader perspective on the neural foundations of valuation and social cognition.

In conclusion this work integrates molecular and behavioral perspectives to elucidate how
converging neurobiological pathways govern social reward learning, providing a
translational link between basic neuroscience and the social dysfunction in psychiatric

conditions.



Chapter 1 - Introduction

Psychiatric disorders remain among the leading causes of disability worldwide, largely
because mechanistic understanding has lagged behind clinical description.
Schizophrenia, for example, is characterized by profound disruptions in everyday
adaptation and social functioning, yet treatments remain only partially effective.
Addressing this gap requires approaches that link molecular mechanisms to behavioral
outcomes. As a first step, this thesis begins with an overview of dopamine, one of the
most consistently implicated systems in schizophrenia and psychiatric disorders more
broadly.

The Dopamine System

Dopamine (DA) is a key neurotransmitter in the mammalian (central) nervous system.
Within the brain, the DA system is widespread, but highly organized into distinct
canonical pathways (Bjorklund & Dunnett, 2007; Wise, 2004). Most prominent are the
midbrain dopaminergic cell bodies, distinct in the Ventral Tegmental Area (VTA) and
Substantia Nigra (pars compacta; SNc¢) (Kwon & Jang, 2014; Ungerstedt, 1971). From

there, axonal projection pathways emerge, aiming at various areas.

The mesocorticolimbic pathway contains VTA-originated DA neurons targeting
the Nucleus Accumbens (NAc), amygdala, septal nuclei, olfactory tubercle, and certain
areas of the Medial Prefrontal Cortex (mPFC; De Keyser et al., 1990). Furthermore, it is
often subdivided into the mesolimbic pathway, which comprises DA neurons of the VTA
that extend their projections to the NAc, located within the Ventral Striatum (VS), as well
as amygdala and septal nuclei (Bjorklund & Dunnett, 2007). The mesolimbic pathway is
described as a critical reward-pathway in the brain (Ikemoto, 2010; Russo & Nestler,
2013; Voorn et al.,, 1989). In extension, there is the mesocortical pathway which
comprises VTA neurons targeting parts of the mPFC exclusively (De Keyser et al., 1990;
Lindvall et al., 1978). It is important to note that this categorization is not uniform across
the literature, simply because the term "limbic (system)" itself is referring to a vague and
abstract definition (Roxo et al., 2011). For the context of this dissertation, the above-

mentioned definition of “mesolimbic” system is applied.

Lastly, a major dopaminergic projection contains cells from the SNc targeting the
dorsal part of the striatum, referred to as nigrostriatal pathway (Bjorklund & Dunnett,

2007). Though this description of major DA pathways is widely accepted and used in



neuroscience, advancing technologies continuously allow for more precise, even short-
circuit architecture and regional differences (Chen et al., 2023; Morales & Margolis,

2017; Roeper, 2013; Yang et al., 2018).

Actions of dopaminergic neurons are mediated by G-Protein coupled receptors,
which range from D1-receptors (D1R) to D5 receptors (D5R) (Sibley et al., 1993). These
receptors can be categorized into two subgroups: D1-type receptors (including DIR and
D5R), which stimulate neuronal activity, and D2-type receptors (comprising D2R, D3R
and D4R), which inhibit neuronal activity (J.-M. Beaulieu & Gainetdinov, 2011; Missale
et al., 1998). In addition, DA signaling is regulated by autoreceptors, which are located
at presynapses in projection terminals and somatodendritic at cell bodies in the midbrain.
They belong to the family of D2-type receptors and, as most commonly and best
described, consist of D2R (L’Hirondel et al., 1998). They coordinate DA synthesis,
release and reuptake (Anzalone et al., 2012; Benoit-Marand et al., 2001).

Dopaminergic Control of Behavior

The DA system has a broad variety of behavioral control in humans and animals alike.
The most prominent domain covers reward-related behavior (Matsumoto & Hikosaka,
2009; Schultz, 2015; Schultz et al., 1997)(Box 1). Early experiments suggested a uniform
response of DA neurons to rewards, or associated stimuli, and silencing upon aversion
(Mirenowicz & Schultz, 1996). However, more recent findings and methodological
developments show an intriguing heterogeneity in DA signaling, even within subregions
of anatomical structures (de Jong et al., 2019; Klawonn & Malenka, 2018; Lammel et al.,
2013; Matsumoto & Hikosaka, 2009). This work demonstrates that DA neurons are not
uniform in their coding properties: while some populations primarily signal rewarding
outcomes, others are selectively engaged by aversive events, and still others encode
motivationally salient stimuli independent of valence (Lammel et al., 2013; Morales &
Margolis, 2017). Hence, rather than acting as a uniform reward-signal, DA transmission
flexibly encodes the value of rewards, thereby affecting decision-making (Yawata et al.,

2012, Box 1).

In the mesolimbic system, DA has been suggested as a neuronal representation
for subjective reward value (Castrellon et al., 2019; St. Onge et al., 2012), as differences
in D2R availability were found to predict how strongly rewards are coded, both in humans

(Dang et al., 2018) and, more vaguely, in animals (Tournier et al., 2013). Altered DA



signaling can therefore shift reward preferences, thereby, biasing decision-making toward
higher or lower valued outcomes (Balleine et al., 2009). As a consequence, DA is directly
connected to motivation and goal-directed behavior (Ferguson et al., 2020; Grace et al.,
2007). These influences ultimately converge on the control of movement, ensuring that
motivational states are expressed through appropriate approach or avoidance, as
exemplified by the profound motor impairments that arise when DA pathways are
disrupted (Frank & Hutchison, 2009; Halbout et al., 2019). Hence, DA is understood as
a key modulator of valuation, motivation, and action, thereby enabling individuals to

convert perceived (reward) information into adaptive behavior (Kwak & Jung, 2019).

As DA builds the basis for coordinating engagement with the environment, it has
an innate and complex link to the modulation of social behavior, from insects to fish, to
mammals (Gunaydin et al., 2014; Kawamichi et al., 2016; Scaplen & Kaun, 2016).
Beyond guiding the pursuit of individual rewards, DA contributes to how organisms
engage with conspecifics, thus influencing sociability, affiliation, and the motivation to
interact (Bicks et al., 2015; Padilla-Coreano & Martinez-Rivera, 2025; Walsh et al.,
2022). Consistent with this, studies in rodents have demonstrated that VTA DA neurons
are activated during interactions with conspecifics, whether familiar or unfamiliar,
supporting the idea that social contact itself is processed as a rewarding and salient
stimulus (Soli¢ et al., 2021). Moreover, dopaminergic activity has been shown to facilitate
the learning of socially derived cues, allowing animals to extract information from
conspecifics about both, external conditions (e.g., food availability) and internal states
such as distress or arousal (Choleris et al., 2011; Li et al., 2025; Lichtenberg et al., 2018;
Paraouty et al., 2021; Suzuki & Lucas, 2015; Willuhn et al., 2014). Consistent with this,
impaired social behavior has been obserbed in experimental animal models with altered

dopaminergic signaling (Homberg et al., 2016).

Similarly, in humans, the dopaminergic system has been implicated in the
modulation of social preferences (Soutschek et al., 2017), social decision-making such as
cooperation and trust (Bellucci et al., 2020; Rutledge et al., 2015), and in the
reinforcement of prosocial behaviors including generosity and reciprocal exchange (Moll
etal., 2006; Phan et al., 2010). As an experimental example, Soutschek et al. (2017) found
that pharmacological reduction of D2R/D3R signaling would reduce prosocial choices in
an economic game, directly linking DA transmission to human social decision-making.

Thus, by assigning value to social stimuli, DA shapes how individuals’ approach (novel)

8



partners, establish relationships and even use information acquired from others to guide

own behavior (Insel & Fernald, 2004; Sotoyama et al., 2022).

DA modulates reward and social behaviors in concert with other neurotransmitter
and hormonal systems rather than acting in isolation. In main parts of the mesolimbic DA
system, e.g., the VTA, NAc and the amygdala, DA receptors often co-localize with
Oxytocin (OXT) receptors (OXTR) and they strongly regulate each other’s signaling
through forming heterocomplexes (Borroto-Escuela et al., 2022; de la Mora et al., 2016;
Jurek & Neumann, 2018; Petersson & Uvnéds-Moberg, 2024; Rappeneau & Castillo Diaz,
2024; Roeling et al., 1993; Romero-Fernandez et al., 2013). For instance, OXT release in
the VTA activated DA neurons (Xiao et al., 2017) and subsequently led to heightened
DA in the NAc (Shahrokh et al., 2010). Similarly, activation of DA terminals in the main
OXT hub, the periventricular nucleus, increased circulating OXT levels (Scott et al.,
2015), underscoring their tightly linked signaling. Thus, it is reasonable that OXT takes
a part in DA shaping behavioral responses (for review see Petersson & Uvnis-Moberg,

2024).

In summary, DA exerts a profound influence over both reward-related and social
behaviors, enabling organisms to evaluate stimuli, assign value, and translate
motivational and social signals into adaptive actions. These functions are yet further fine-
tuned through interactions with other neuromodulators (e.g., OXT), reflecting DA’s broad
role in shaping complex behavioral coordination. Importantly, the very processes by
which DA regulates valuation, motivation, and sociability are among the most disrupted
in psychiatric disorders. Dysregulated dopaminergic signaling has been consistently
implicated in schizophrenia, affective disorders, addictive behavior and autism spectrum
disorder (ASD), underscoring its position as a cornerstone of psychiatric
pathophysiology. Thus, the same mechanisms that allow DA to flexibly adapt behavior
to environmental and social demands can, when dysregulated, contribute to maladaptive

cognition and behavior.



Box 1. Definitions

Reward: Denotes the positive affect that an individual associate with an object, action or
internal state. It represents an outcome that elicits approach behavior, reinforces learning
and supports motivation through its capacity to signal beneficial consequences (Berridge
& Kringelbach, 2015; Schultz et al., 1997).

Value: Designates the evaluative or motivational weight assigned to an option, stimulus
or action. It expresses how strongly something is preferred, desirable or worth pursuing
and thereby guides choice and behavior (through distinct underlying neural and
psychological processes) (Balleine et al., 2009; Rangel et al., 2008).

Social Interest: Encompasses the motivation and tendency of individuals to seek out,
approach, and engage with conspecifics (apart from being driven by aggression or
reproduction) (Moy et al., 2004).

Social Novelty Preference: Refers to an individual’s tendency to preferentially
investigate a novel conspecific over a familiar one, when given a choice (Moy et al.,
2004).

Social (Reward) Learning, Social Transmission: Defines the process by which animals
acquire behaviors or preferences through (positive) social interactions and reinforcement
(For systematic review on Social Reward see Stijovic et al., 2024, for review on Social
Learning see Reader, 2016).

Social cognition: Conceptualizes the emotional and cognitive processes that enable
people to understand other’s (social) behavior (Adolphs, 2009; Javed & Charles, 2018;
Mancuso et al., 2011).

Social functioning: Describes an individual’s capacity to engage in social interactions
and to maintain interpersonal relationships across different (societal) roles (Abel et al.,
2021; Burns & Patrick, 2007; Ro & Clark, 2009).

10



Schizophrenia

While it is acknowledged to a growing extent that many disorders have fluid
boundaries, and are more of a spectrum than fitting into rigid categories, for further
use, the term “schizophrenia spectrum disorder” will be shortened to schizophrenia for
simplicity (American Psychiatric Association, 2013).

Schizophrenia (SZ) is a severe psychiatric condition with a complex and heterogeneous
presentation. The condition was first described by Emil Kraepelin and Eugen Bleuler,
independently, in the end of the 19" century. Kraepelin conceptualized the disorder as
dementia praecox, underlining the early cognitive deterioration and functional decline in
patients (Kendler, 2020). Later, Bleuler coined the term “schizophrenia” (from ancient
Greek: “split mind”) to capture what he considered the core feature in patients: a
fragmentation of thoughts, affect and cognition (Kyzirdis, 2005). Those early descriptions
reflect the striking abnormalities in behavior and experiences reported by patients,
ranging from disturbances in perception and reasoning to difficulties in sustaining social

relationships and daily functioning.

SZ occurs at relatively stable rates worldwide, throughout various populations,
which suggests an inherited vulnerability with a stable gene frequency (Castillejos et al.,
2018). Though the disorder has a marked genetic component, cases can still arise
sporadically. The onset typically manifests in early adulthood and psychiatric
comorbidities, such as depression or addiction, are frequently observed, adding further to

the complexity of the clinical picture (Buckley et al., 2009; A. 1. Green et al., 2003).

Although SZ has been studied for more than a century, its underlying mechanisms remain
elusive. Rather than resulting from the dysfunction of a single gene or pathway, the
disorder is increasingly understood as the outcome of multiple genetic risk factors,
probably interacting with environmental influences to disrupt neuronal trajectories (Karl
& Arnold, 2014; Owen & O’Donovan, 2017). These interactions converge on widespread
alterations in molecular networks, making SZ a phenotypically diverse and
mechanistically complex disorder (Orsolini et al, 2022). Among the many
neurobiological hypotheses, dysregulation of DA has been particularly influential in

framing SZ research.

11



The Dopamine Hypothesis of Schizophrenia

The DA hypothesis of SZ posits that dysregulated dopaminergic activity contributes
significantly to the disorder's pathophysiology (Seeman et al., 1976). Initially, this
hypothesis suggested that excessive DA transmission in the striatal pathways underlies
positive symptoms such as hallucinations and delusions (Seeman et al., 2005). This notion
was supported by findings that drugs that increase DA release, like amphetamines, can
induce psychosis-like behavior (Helmeste & Seeman, 1982; van Rossum & Hurkmans,
1964), and that antipsychotic medications, which block D2R, alleviate these symptoms
(Seeman & Lee, 1975).

Through time, the DA hypothesis of SZ has been revised several times (Davis et
al., 1991; Howes & Kapur, 2009). Subsequent refinements to the hypothesis introduced
the concept of a dual dopaminergic dysfunction: hyperdopaminergia in the striatal
pathways and hypodopaminergia in the prefrontal cortex. This imbalance is thought to
contribute to the positive and affective symptoms of schizophrenia, respectively (Davis
et al., 1991). Supporting this, post-mortem analysis of brain tissue and imaging studies in
patients have provided converging evidence for DA abnormalities, including altered
presynaptic DA synthesis and release, as well as changes in D2R or dopamine transporter
(DAT) availability, although findings remain heterogeneous across studies (for review
see Weinstein et al., 2016). Still, the complex symptomatology cannot be explained by
DA dysregulation alone: for instance, some patients exhibit minimal response to
antipsychotic medications and accumulating evidence indicates that interactions with
other neurotransmitters such as OXT, serotonin and glutamate are highly influential
(Iasevoli et al., 2023; G. P. Reynolds, 2021; Rosenfeld et al., 2011). Rather than negating
the DA hypothesis, such findings have prompted its refinement and integration with

models that incorporate additional neurotransmitter systems.

In summary, the DA hypothesis embodies one of the earliest efforts to provide a
foundational framework for SZ and ongoing research continues to refine our
understanding. Given that DA disturbances are consistently present in SZ patients
(Weinstein et al., 2016), and antipsychotic drugs continue to act on DA as their primary
target, DA signaling remains a plausible and promising focus for advancing our

understanding of the intricate neurobiological facets in SZ.
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Symptom Classes

Current classification of SZ by the International Classification of Diseases (ICD) embrace
distinct clinical categorization by the existence of positive symptoms (e.g., hallucination,
delusions), negative symptoms (amotivation, anhedonia, apathy and blunted affect,
Kirkpatrick et al., 2011), and cognitive symptoms (memory, attention, and executive
functions deficit) (Tamminga & Holcomb, 2004). In addition, motor symptoms including
abnormal involuntary movements, parkinsonism, catatonia or psychomotor slowing are

very frequently observed in schizophrenia (Walther & Strik, 2012).

Negative Symptoms: Reward & Social Impairments in Schizophrenia

While the hallmark positive symptoms in SZ usually begin in late adolescence and occur
episodically (Nazeer & Calles, 2015), negative symptoms, such as social deficits and mild
cognitive impairments, often emerge in prodromal stages and are more difficult to

capture.

From early on, the classification of negative symptoms in SZ patients has
emphasized apathy (reduced motivation) and anhedonia (inability to feel pleasure), and
these features remain central to clinical assessment and self-reporting questionnaires
(Andreasen, 1989; Chapman et al., 1980). However, this classical view has been
challenged by findings that patients report normal levels of in-the-moment pleasure and
show preserved hedonic responses to rewarding stimuli (Cohen & Minor, 2010; Kring &
Caponigro, 2010; Kring & Elis, 2013; Strauss et al., 2011). This dissociation has
broadened scientific attention toward aberrant reward-related processes (Strauss et al.,
2014; Ziauddeen & Murray, 2010). Converging evidence suggests that patients have
difficulties in updating or retrieving a mental representation of value (Fulford et al., 2018;
Martinelli et al., 2018; Strauss et al., 2014; Ziauddeen & Murray, 2010). Functional
imaging corroborates such findings, revealing attenuated VS activation during reward
processing (Esslinger et al., 2012) and corresponding impairments in reward-related
decision-making (Catalano & Green, 2023; Strauss et al., 2011). This evidence suggests
that, while hedonic responses remain intact, value-based modulation of behavioral output,
e.g., decision-making, reward anticipation or novelty-responding (Heerey & Gold, 2007;
Strauss et al., 2011, 2014) may be compromised in SZ (Winton-Brown et al., 2014).

Importantly, this dissociation likely contributes to the clinical presentation of apathy,

13



understood as diminished (goal-directed) motivation, even though hedonic responses to

stimuli remain largely preserved (L. L. Wang et al., 2021).

Social functioning (Box 1) may provide a particularly sensitive context in which
these valuation deficits manifest. Despite preserved social interest (Blanchard et al., 2015,
Box 1), individuals with SZ often struggle to recognize and interpret social cues such as
facial expressions, gestures (Billeke & Aboitiz, 2013; Corrigan & Nelson, 1998) and
other’s intentions, difficulties that also appear during passive observation of other’s
interactions (Cavieres et al., 2023). Thus, patients appear limited in their ability to benefit
from positive social interactions (Campellone et al., 2018; Catalano et al., 2018, Box 1).
For instance, it was demonstrated that patients exhibited dysregulated social reward
learning, when emotional facial expressions (such as smiling faces) served as affective

cues, indicating a reduced capacity to learn from rewarding social feedback (Liu et al.,

2022).

Unsurprisingly individuals with SZ report marked difficulties in participating in
society and maintaining relationships (Weittenhiller et al., 2021), and thus have smaller
social networks (Gayer-Anderson & Morgan, 2013). Nevertheless, they describe
comparable interest in social activities and value social relationships as highly as healthy
control individuals (Blanchard et al., 2015). Improving social functioning is therefore

rated among a top priority for therapy outcomes (Barnett et al., 2022).

These findings suggest that, rather than reflecting reduced capacity to enjoy social
interactions (Mote & Fulford, 2020), social impairments in SZ involve more nuanced
disruptions in the mechanism of social-affiliative-behavior. Whether such impairments
reflect a domain-general disruption in reward mechanisms or, instead, a domain-specific
vulnerability of social rewards, remains a matter of debate. Some studies support a
common dysfunction in reward valuation and learning (Butler et al., 2020; Hanssen et al.,
2020), whereas others suggest that social rewards may be differentially affected and
constitute a partly distinct domain of impairment (Campellone et al., 2018; Catalano et
al., 2018, 2020). In either case, these reward-related alterations interact with broader
impairments in social cognition and theory of mind (Lemmers-Jansen et al., 2023, Box
1), as well as with deficits in effort-based decision-making that reduce investment in
social exchanges (Barch & Dowd, 2010), further compounding difficulties in maintaining

successful social interactions. Collectively, this constellation of deficits fosters
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withdrawal and isolation (Schlosser et al., 2014) despite preserved social desire.
Importantly, this line of research also strengthens the need to distinguish between primary
social symptoms, reflecting innate aspects of the disorder, and secondary symptoms that
arise as consequences of other factors such as socially adverse experiences, medication

side-effects or co-morbidities (Carpenter et al., 1988; Gayer-Anderson & Morgan, 2013).

In summary, although hedonic experiences (Gard et al., 2014), and even the
recollection of positive emotions (Trémeau et al., 2010), are largely preserved in SZ,
patients nonetheless exhibit pronounced impairments in social functioning (Cohen &
Minor, 2010; Heegh et al., 2022). This paradox indicates that reduced social engagement
cannot be explained by diminished innate interest alone, challenging the broad
conceptualization of anhedonia as a negative symptom. Instead, it underscores the need
to move beyond broad labels such as “anhedonia” and instead differentiate between
primary and secondary symptoms (Catalano et al., 2020; M. F. Green et al., 2015; Kalin
et al., 2015; Weittenhiller et al., 2021). Importantly, manifestations of social impairments
and withdrawal may emerge more than a decade before first hospitalization (Velthorst et
al., 2016), offering potential value as early indicators of risk (Cornblatt et al., 2012) and

underlining their central role in defining negative symptoms.

Taken together, reward and social dysfunctions illustrate the heterogeneity of
negative symptoms in SZ. Patients may present only selected deficits, or multiple
domains may be affected simultaneously, making the clinical picture highly variable.
Previous attempts to utilize further subtypes of SZ have been dropped from current ICD-
11 due to poor stability and limited utility, underscoring the need for refined approaches.
Advancing both clinical assessment and mechanistic understanding beyond broad labels
of apathy and/or anhedonia will be crucial for capturing the complexity of negative

symptoms and for guiding more targeted interventions.
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Current Treatment of Schizophrenia

Current medications for SZ treat symptoms of patients, but they do not provide a cure.

Positive symptoms remain the primary therapeutic target (Arranz & De Leon, 2007).
Antipsychotics

The first generation of antipsychotics (FGA, or “typical” antipsychotics) acts mainly
through D2R antagonism (Seeman et al., 1976). While effective in controlling psychosis,
their potent blockade of DA signaling can induce severe side-effects: previously
described motor symptoms of SZ are even worsening under chronic medication, termed
extrapyramidal symptoms (Walther & Strik, 2012). Progress in drug discovery introduced
the second-generation antipsychotics (SGA, “atypical” antipsychotics), which act on a
broader range of targeted receptors beyond DA (Mauri et al., 2014). All SGAs bind to
DA as well as serotonin receptors but to varying extends and kinetics/dynamics,
depending on the drug (Mauri et al., 2014). Many further extend their receptor profiles to
muscarinic receptors, a-adrenergic receptors, or histamine receptors (Miyamoto et al.,
2012). This broader pharmacology reduces the risk of extrapyramidal symptoms
compared to FGAs, but at the cost of introducing significant metabolic side effects such
as weight gain and insulin resistance (Carli et al., 2021). Thus, while SGAs improved

tolerability for many patients, they brought new challenges in long-term management.

Crucially, both drug classes share major limitations. Negative symptoms and
cognitive impairments largely persist after remission of the psychotic symptoms. As a
result, antipsychotics are frequently prescribed in combination with antidepressants in an
effort to address these domains. Psychosocial interventions and psychotherapy can
complement pharmacological therapies, but still patients continue to face difficulties in
motivation, social functioning, and everyday adaptation even when psychosis is stabilized
(Barlati et al., 2024). Thus, the treatment of negative symptoms in particular remains a

critical and unresolved challenge.

Taken together, while antipsychotics remain the cornerstone of SZ treatment, they
provide an incomplete symptomatic relief, rather than a cure. Importantly, a considerable
proportion up to one quarter of first-episode patients do not respond adequately to
antipsychotic medication, placing them at risk for treatment-resistant SZ (Diniz et al.,

2023; Siskind et al., 2022). Combined with the considerable side-effect burden (Carli et

16



al., 2021; Pillinger et al., 2020), these limitations highlight the urgent need for a better

fundamental understanding of the precise mechanisms in etiology of disease.

Biomarkers

The limited efficacy of current treatments has underscored the lack of mechanistic
understanding (and common paths) in SZ etiology and the high demand for approaches
that move beyond symptom control. One promising strategy is to classify patients into
meaningful subgroups using shared biological diagnostic markers (biomarkers, Cagney
et al., 2017). Biomarkers are objectively measurable biological characteristics that serve
as indicators of underlying pathological condition, disease processes or therapeutic
effects of interventions (Atkinson et al., 2001). Clinically, such a characteristic may
include genetic variants, plasma parameters or neurobiological traits which can further be

detected by imaging or histological techniques (Aronson & Ferner, 2017).

In other fields of medicine, biomarkers already provide the basis for ascribing
patients into biologically meaningful subgroups and guiding targeted therapies, for
example, amyloid-f and tau levels in Alzheimer’s disease (Jack et al., 2018) or oncogenic
mutations in cancer (Collins & Varmus, 2015). By contrast, no biomarker has yet reached
routine clinical application within the broad field of psychiatry. For SZ, several
candidates have been proposed, including striatal DA synthesis capacity and VS
activation as imaging-based markers (Howes et al., 2012; Radua et al.,, 2015),
inflammatory cytokines in cerebrospinal fluid (CSF) or plasma (Frydecka et al., 2018;
Romeo et al., 2018) and genetic risk variants identified by genome-wide association

studies (GWAS) (Trubetskoy et al., 2022).

By increasing diagnostic precision, particularly in predicting treatment response,
biomarker-based approaches hold potential to overcome the limited efficacy of current
pharmacological options available (Kapur et al., 2012). Yet, it is unlikely that a single
marker will provide sufficient specificity to cover the puzzled molecular underpinnings
of SZ. Instead, clinical applications should rely on combined markers, each contributing
modest effects, to create diagnostically meaningful tests (Chan et al., 2015). Ultimately,
biomarker research aims to delineate neurochemical alterations within more homogenous

SZ subgroups, thereby refining our understanding of shared etiological pathways.
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Disrupted-In-Schizophrenia-1

The Disrupted-In-Schizophrenia-1 (DISCI) gene was first identified through a balanced
translocation of the chromosomes 1 and 11, which distorted the DISCI locus and thus
reduced its expression (St Clair et al., 1990). This translocation was inherited alongside
multiple major psychiatric disorders, including SZ, depression and bi-polar disorder,
within a large Scottish family, establishing DISCI as a milestone genetic finding in
psychiatric research (Millar et al., 2000). Although the gene was named Disrupted-in-
Schizophrenia-1, this designation is somewhat misleading, as subsequent research has
implicated DISCI! in the etiology of multiple psychiatric disorders beyond SZ (Porteous
etal., 2011).

DISC1 Protein and Functions

DISCI encodes a scaffold protein of the same name, which interacts with a large variety
of signaling proteins and, as such, regulates numerous cellular processes (Brandon &
Sawa, 2011; Camargo et al., 2006; Lipina & Roder, 2014). During neurodevelopment,
DISC1 plays crucial roles in neuronal migration, neurite outgrowth and synapse
formation (Brandon & Sawa, 2011; Tropea et al., 2018). It further regulates dendritic
branching, axonal development and synaptic plasticity, underlining its importance for the
establishment of neuronal circuitry (Kvajo et al., 2011; Soares et al., 2011; Tropea et al.,
2018). In the adult brain, DISCI is expressed in multiple (sub)cellular compartments,
including the nucleus, centrosome, cytoplasm, axons and synapses, consistent with its

multifaceted roles in neuronal signaling (Devine et al., 2016; Tropea et al., 2018).

Given its broad interaction profile, DISC1 has been studied across several
neurotransmitter systems, with DA signaling emerging as particularly prominent: DISC1
regulates both pre- and postsynaptic aspects of DA function via interactions with
transporters, receptors and associated signaling proteins (Dahoun et al., 2017; Tropea et

al., 2018).

Interactions with Dopamine Signaling

As a scaffold protein, DISC1 modulates signaling of several neurotransmitter systems,
including DA, glutamate and y-aminobutyric acid (GABA) (Tropea et al., 2018). Among
these, DA signaling has received particular attention. At the presynaptic level, DISCI
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plays a central role in vesicle transport by coordinating and strengthening the complexes
of motor proteins, cargo adaptors, and microtubules (Flores et al., 2011; Kamiya et al.,
2005). Importantly, it further contributes to the coordination and synchronization of
exocytosis, the process of releasing neurotransmitter out of the vesicles into the synaptic
cleft for signal transmission (Maher & Loturco, 2012; Tang et al., 2016). Moreover,
DISC1 influences DA homeostasis by regulating expression, trafficking and membrane
availability of DAT, thereby affecting extracellular DA concentrations (Dahoun et al.,
2017; Niwa et al., 2010).

Postsynaptically, DISCI1 is enriched in the postsynaptic density, where it functions as a
molecular hub, enabling other messenger-proteins to interact with and/or activate each
other (Hayashi-Takagi et al., 2010; Tropea et al., 2018). Of particular importance, DISC1
interacts directly with D2R, forming physical complexes that enhances glycogen synthase
kinase-3 (GSK3) signaling and consequently prevents agonist-induced D2R
internalization (Su et al., 2014). By this interaction, DISC1 modulates the Akt-GSK3
pathway, a signaling cascade important in regulating DA transmission (J. M. Beaulieu et
al., 2005). In addition, DISC1 affects downstream processes such as cAMP/PKA
signaling and ERK/MAPK activation, thereby influencing synaptic plasticity and
neuronal excitation (Niwa et al., 2016; Park et al., 2017). Based on this evidence DISC1

has emerged as a key role in regulating DA signaling at the postsynaptic membrane.

In summary, DISC1 modulates DA signaling at multiple levels, from presynaptic release
and extracellular clearance to postsynaptic receptor signaling. This complex regulation
positions DISC1 as a central hub for protein-protein interactions and as an important

integrator of DA dependent signaling pathways.

DISCI in Psychiatric Pathology

While the findings from above underscore DISC1 as a critical molecular hub, its role as
a risk factor in psychiatric diseases has been less straightforward to demonstrate. Large-
scale GWAS have failed to identify common variants in the DISC/ locus as robust risk
factors for SZ - and the chromosomal translocation remains unique to the Scottish
pedigree (Trubetskoy et al., 2022). Consequently, the classification of DISCI as a risk
factor for SZ is still debated (Porteous et al., 2014; Sullivan, 2013).
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Nonetheless, various association studies across different populations worldwide
have linked DISCI variants (and its interactome) to SZ, as well as affective disorders,
maintaining considerable interest in the gene (Bradshaw & Porteous, 2012; Cannon et al.,
2005; Talib Norlelawati et al., 2015; Thomson et al., 2014). Converging support also
comes from pre-clinical models - including knock-out (KO), knock-down and missense
variants - which consistently demonstrate striking dopaminergic alterations and
behavioral phenotypes in multiple domains crucial for SZ symptomatology and beyond

(For review see Lipina & Roder, 2014 and Tomoda et al., 2016).

While genetic mutations of DISC! gained much attention in psychiatric research,
DISC1 protein-level pathologies have been less frequently studied. Insoluble DISCI
protein aggregates have been observed in post-mortem brain tissue and, more recently, in
CSF samples from patients with SZ and other psychiatric disorders (Leliveld et al., 2008;
Pils et al., 2023). Those pathological aggregations are proposed to result in a loss-of-
function, by sequestering DISC1 away from its normal interaction partners, alongside a
toxic gain-of-function, by recruiting soluble DISC1 into further aggregation (Atkin et al.,
2012; Leliveld et al., 2008, 2009; Ottis et al., 2011). The identifications of these
aggregates have led to the concept of “DISCopathies”, which frames DISC1 protein
disturbances and aggregation as a potential biomarker for subgrouping psychiatric
patients (Korth, 2009). Although still a relatively recent concept, it underscores the

potential relevance of DISC1 protein dysfunction in SZ.

As an experimental outset to investigate the involved mechanism in-vivo, a
translational rat model was generated that mimics DISCI1 overexpression and

aggregation, enabling the study of its impact on DA signaling and behavior.

Transgenic DISC1 Rat Model

The transgenic DISC1 (tgDISC1) rat provides a versatile platform to study how
alterations in DISC1 signaling contribute to the pathoetiology of psychiatric disorders.
The model expresses the full-length non-mutant human DISC/ gene at modest levels,
aiming to recapitulate protein misassembly phenomena observed in samples from SZ
patients (Trossbach et al., 2016). Since its development, the tgDISCI rat consistently

displayed cellular, neurochemical and behavioral alterations that converge on
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dopaminergic dysfunction, a central feature of SZ and other mental disorders
(Seidisarouei et al., 2022; Trossbach et al., 2016; Uzuneser et al., 2019; Wang et al., 2017;
A. L. Wang et al., 2019).

At the cellular and neuroanatomical level, the model exhibits a profound impact
on the DA system. tgDISC1 rats show an increased expression of D2R as well as an
increased DAT translocation to the plasma membrane, hence decreasing the DA
availability in the synaptic cleft (Trossbach et al., 2016). Neurochemical profiling
revealed reduced DA levels in the striatum, PFC, amygdala and hippocampus, alongside
alterations in other transmitter systems such as noradrenaline, serotonin and acetylcholine

(Trossbach et al., 2016; Uzuneser et al., 2019; Wang et al., 2017).

With regard to neuroanatomy, dopaminergic pathways are altered by a reduced
number of SNc¢ neurons, diminished nigrostriatal fiber density and an enlargement of the
striosomal compartment in the dorsal striatum (Hamburg et al., 2016). In the cortex, the
distribution of parvalbumin-positive (PV™) interneurons shows a migration-related shift
toward deeper layers in somatosensory areas (Hamburg et al., 2016), strongly suggesting
a developmental miswiring of cortical-subcortical circuits. Proteomic and bioinformatic
analysis further points to widespread synaptic dysregulation, including alterations in actin
cytoskeleton regulation, axon guidance and DARPP-32-mediated DA signaling (Sialana
etal., 2018). Taken together these findings suggest that DISC1 overexpression affects not
only DA levels but also impairs molecular networks that support synaptic plasticity and

connectivity.

Ultimately, these neurobiological disturbances are reflected in distinct behavioral
phenotypes. tgDISCI1 rats display a hyper-exploratory phenotype with augmented
investigation of novel objects and enhanced rearing (Trossbach et al., 2016; A. L. Wang
etal.,2019). While spatial and object learning remain intact (Uzuneser et al., 2019; Wang
et al., 2022), impairments are evident in learning of motor coordination (Trossbach et al.,
2016). Moreover, their above outlined abnormal DA homeostasis translates into a
hypersensitivity to the psychoactive stimulant amphetamine (Trossbach et al., 2016)
underscoring a mechanistic role of DA dysfunction that bridges molecular pathology with
behavior. Interestingly, assessment of aged tgDISCI1 rats (14-15 months) revealed
emerging problems in long-term memory and attentional deficits, while short-term

memory remained intact. Crucially, these deficits were rescued by intranasal DA
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administration, stressing dysfunctional DA signaling as a mechanistic contributor (Wang

etal., 2017).

Taken together, the tgDISCI1 rat integrates molecular and cellular neuropathology
with a subtle, yet robust phenotype in the positive domain and cognitive symptoms, which
widely converges on DA dysfunction. Beyond central phenotypes, peripheral
transcriptional profiling has revealed dysregulated immune-related gene networks,
overlapping with changes reported in a subset of SZ patients (Trossbach et al., 2019).
This finding highlights the model's potential to reflect biomarker-defined subgroups.
Against this background, extending the negative symptoms in the tgDISC1 rat represents
a promising next step: for now, results concerning social behavior are inconsistent, with
reports ranging from diminished interaction to unaltered functioning (Seidisarouei et al.,
2022; Uzuneser et al., 2019; Wang et al., 2022). The present work therefore focuses on
characterizing male tgDISCI rats in regard to social and reward-related behavior as a
potential proxy for negative symptoms, with the goal of advancing the model's

translational relevance in a biomarker-related framework.
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Chapter 2 - Research Objectives

As outlined in the preceding chapter, mechanisms underlying SZ are complex across
etiologic, symptomatic and therapeutic domains. There remains an urgent need for more
precise treatment, ideally guided by reliable biomarkers. In this context, the tgDISC1 rat
is of particular relevance as a model for sporadic SZ, characterized by modest DISC1
overexpression, resulting in protein aggregation and disrupted DA homeostasis. In the
following studies, the model is characterized in terms of social and reward-related
behaviors. In addition to behavioral testing, we sought to investigate neuronal mechanism
and consequences of DISC1 overexpression. To this end, we employed minimal to non-
invasive, translationally relevant approaches, including subcutaneous pumps to mimic
continuous drug administration and in-vivo imaging to detect neuropathological
hallmarks of DISC1 dysfunction. Further, complementary research in non-transgenic rats
provides insight into (fundamental) mechanistic and neurochemical determinants of

social behavior in a social reward learning-task.

Together, this thesis aims to disentangle DISCI1-related pathophysiology through an
integrative analysis across all three levels of translational validity (construct, face,
predictive) while extending the investigation beyond the transgenic model to illuminate

the broader neurobiological mechanisms underlying the integration of social reward.

m Study 1 presents behavioral data from tgDISCI rats. At baseline, they revealed intact
social interest toward an unfamiliar conspecific, comparable to wildtype littermates.
However, tgDISCI rats failed to develop a clear preference for interacting with an
additional, novel social stimulus. Importantly, this altered behavior was reversed by
continuous administration over two weeks of amisulpride, a relatively selective D2R/D3R
antagonist, delivered via subcutaneously implanted osmotic pumps. In contrast, the same

treatment paradigm with clozapine did not normalize behavior.

m Study 2 examined social reward learning in tgDISC1 rats using a paradigm designed to
assess how social cues influence the valuation of rewards, serving as a proxy for social
information integration (“social transmission”). In addition, we used an in-vivo imaging
approach to uncover microstructural alterations in tgDISCI1 rats in key subcortical

structures, many parts of, or related to, the mesolimbic DA system.
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m Study 3 did not focus on the phenotype of tgDISC1 rat. Here, instead, we aimed to
broaden our understanding of the neurobehavioral mechanisms (and principles) recruited
for social transmission. Specifically, we examined the role of familiarity between
interacting individuals, which emerged as a critical mediator of the strength of social
transmission. Further, pharmacological manipulation of OXT signaling modulated the
magnitude of this effect in a familiarity-dependent manner, stressing its contribution to

the intricate puzzle of social reward processing.

Finally, Chapter 4 synthesizes the findings from the preceding studies, discussing
potential mechanisms and neural circuits affected by the DISC1 overexpression and
underlying the observed behaviors. Their implications for translational research including
human studies and the identification of SZ subgroups, are considered. Additionally,
mechanistic insight into social reward learning is discussed, in the light of potential
translational use. Methodological limitations are outlined, alongside future research

directions, building on the knowledge generated in this work.

Please note that the subsequent sections summarize my own research articles.
Accordingly, parts of the text are identical to the respective manuscript. Individual author
contributions are specified at the beginning of each summary. Original figures from the
publications are included to facilitate comprehension and, in some cases, figures were
reorganized for clarity and consistency within the summaries. No other modifications

were made. The original articles are provided in the appendix.
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Chapter 3 - Summary of Research Projects

Study 1 - Amisulpride restores social deficits in a rat model of
schizophrenia featuring DISC1 protein aggregation
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The pharmacological treatment of negative symptoms in SZ remains a serious challenge
since they impede social reintegration after positive symptoms disappear upon
antipsychotic therapy. Among the negative symptoms, impairments in social functioning
such as social withdrawal and lack of social adaption are key since they shape compliance
with therapy and social interactions in therapeutic settings (Correll & Schooler, 2020;
Nuss & Tessier, 2010). Importantly, SZ patients report improvement of social
functioning as one of the top goals for therapy (Barnett et al., 2022) and show equal
interest in social contact as healthy individuals (Blanchard et al., 2015), a paradox that

underscores the limited understanding of negative symptoms in SZ.

The basis of these social impairments remains insufficiently studied, in part because they
may arise as secondary consequences, as described in the introduction. Therefore, we
aimed to expand the phenotyping of the tgDISC1 rat in the social domain. We employed
the 3-Chamber task (Fig.1), a well-established paradigm with high translational validity
for SZ since it probes dimensions directly relevant for diagnostic criteria — namely the
willingness to engage in social contact or the preference of social novelty (Ang et al.,
2021; Moy et al., 2004). In this paradigm, the first trial assesses social interest by
measuring the propensity to engage in social interaction with an unfamiliar conspecific.
The second trial quantifies social adaptability by testing the ability to shift preference
toward a novel social partner when an additional, unfamiliar conspecific is introduced. In
addition, we conducted multiple control tasks to ascertain that the phenotype observed in
the 3-Chamber task could not be explained by differences between genotype in
anhedonia, working memory, or preservative behavior, such as rigid exploration pattern

(Fig. 1). These tasks revealed no genotype-dependent differences.
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Figure 1 Study Overview A Experimental design B Simplified illustration of the 3-Chamber task and
apparatus. Dashed lines represent the bars which separated the subject animal (white) and demonstrators
(grey). Demonstrators were aged- and sex-matched and of the same strain (colors differ for visualization).

As results of the 3-Chamber task, we found comparable levels of social interest between
tgDISC1 rats and wildtypes, reflected by the time spent interacting with an unknown
conspecific in an otherwise empty apparatus. However, tgDISCI rats were deficient in
social novelty preference, as indicated by reduced interaction with a newly introduced

conspecific during the second trial.

This pattern suggests that the tgDISCI rat model is not characterized by generally
diminished social motivation, but rather a context-specific bias toward engaging with
previously encountered individuals, when given the choice. The tgDISCI1 rat may
therefore mirror the challenges faced by individuals with SZ and other psychiatric
disorders, where a reluctance to engage in novel social interactions may co-exist with
preserved social interest (Morrison et al., 2017; Weittenhiller et al., 2021): if patients
place less value on interacting with novel individuals, this may lead to rigid or
maladaptive responses to new group dynamics, consistent with descriptions of reduced
social effort or impaired social skills in individuals with SZ (Fulford et al., 2018).

Moreover, persistent engagement with familiar partners reduces opportunities for forming
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new social connections, a critical aspect of adaptive behavior in dynamic social
environments. In line with this, people with SZ have reported smaller social networks
(Gayer-Anderson & Morgan, 2013). Consequently, difficulties in adapting to novel
contexts and the tendency to over-focusing on familiar individuals may reinforce each
other, sustaining the hallmark of social anhedonia in schizophrenia despite preserved

social motivation for social contact.

Thus, we aimed to establish a pharmacological rescue of the deficits observed. For this
purpose, we employed osmotic pumps. These are subcutaneously implanted reservoirs
that allow continuous delivery of a steady drug dose, thereby mimicking medication in
patients. We tested two SGA compounds with distinct receptor profiles: amisulpride, a
rather selective D2R/D3R antagonist, and clozapine with a rather broad, but unspecific
receptor profile. Each drug was tested in different groups in different concentrations
(“low”,” high” for amisulpride, “low”,” medium” for clozapine). The results showed, that

the observed deficit in social novelty preference was rescued by application of

amisulpride (0.2 and 0.8 mg/kg/day for two weeks), but not by clozapine (Fig. 2).
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Figure 2 Effects of amisulpride or clozapine treatment on social behavior in the 3-Chamber task. A
Duration of social exploration during the social interest trial in the 3-Chamber task. Results of post-hoc
group comparisons are visualized. ns = not significant. B Social novelty preference in tgDISCI1 and
wildtype rats following amisulpride treatment. Social novelty preference was measured as an increased
interaction duration [s] with the novel conspecific compared to a familiar one. A linear mixed-effects model
revealed significant 3-way interactions (novelty * genotype* dose). Post-hoc two-sided t-test showed a
significant preference for the novel conspecific in wildtype vehicles (adjusted p = 0.018), whereas this
preference was absent int vehicle-treated tgDISCI rats (adjusted p = 0.431), indicating impaired social
novelty preference in tgDISCI animals. Notably, further post-hoc tests revealed intact social novelty
preference in tgDISCI rats after treatment with either dose of amisulpride. veh = vehicle C Duration of
social exploration during the social interest trial in the 3-Chamber task. No significant effects were
revealed in the analysis. D Social novelty preference in tgDISCI and wildtype rats following clozapine
treatment. A linear mixed-effects model revealed no significant effects. med = medium, veh = vehicle. Data
are presented as median + quartiles. *p < 0.05, **p < 0.01

Notably, by contrast, amisulpride rescued, rather than diminished, social novelty
preference in tgDISCI rats, presumably because D2R/D3R antagonism leads to more
efficient regulation of DA signaling in the case of D2R overexpression, as seen in

tgDISCI rats (Trossbach et al., 2016).
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In summary, we conclude that amisulpride pharmacotherapy may improve social deficits
in a subset of SZ patients characterized by aberrant DISC1 signaling, a subgroup for

which DISC1 aggregation has previously been proposed as a potential biomarker.

Building on those implications, the next study aimed at broadening the characterization
of impaired social behavior in tgDISCI rats beyond novelty preference, despite intact

social interest, which may help understanding trouble in social settings in SZ patients.
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Impaired social skills are a frequently described feature of patients with SZ (Fulford et
al., 2018). Consistently, patients show pronounced difficulties in interpreting social cues
during interactions, resulting in limited integration of social information (Billeke &
Aboitiz, 2013; Kohler et al., 2003). One explanatory account proposes that these deficits
arise from socially acquired information being insufficiently valued or incorporated into
one’s own behavior (Heerey et al., 2008). To test whether, such impairments manifest in
the context of modest DISC1 overexpression and aberrant DISC1 signaling, we examined
tgDISCI rats in a Social Transmission of Food Preference (STFP) (Galef et al., 1984)
paradigm specifically modified to probe social reward learning (Fig. 3) (Noguer-Calabus
etal., 2022).

In this paradigm, (observer) rats first reveal a preference for one out of two flavored
rewards over a time course of three days. Following this, they interact with an unfamiliar
individual (demonstrator), which has been fed with the food the observer rat did not
prefer. Information about the demonstrator’s diet is transmitted via semiochemicals in
their breath — and is thus, detectable for the observer. After the social interaction, the
observer’s preference for the two flavored rewards is tested again. A shift toward
increased consumption of the previously non-preferred food is taken as a proxy for social
reward learning. This is measured by a Preference Index (PI) (Noguer-Calabts et al.,

2022)

(preferred [g] — nonpreferred [g])
(preferred [g] + nonpreferred [g])

Preference Index =

The PI ranges from -1 to 1 and reflects the relative preference in relation to the total
amount consumed: -1 indicates exclusive consumption of the previously non-preferred
food, 1 indicates exclusive consumption of the innately preferred food and 0 shows
indifference between the options. This approach allowed the direct testing of whether the
tgDISC1 phenotype extends beyond deficits in social novelty and also includes

impairments in socially mediated reward learning.
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Figure 3 Study Design. Illustration of the experimental adaption of the Social Transmission of Food
Preferences-Paradigm by Galef et al. (1989) to assess the social influence on revaluation of food rewards
(Noguer-Calabus et al., 2022). In the example, the observer rat prefers flavor A over B. Habituation &
Pre-Interaction Preference Testing: During the Habituation & Pre-Interaction Testing phase, observer
rats were presented with two weighed cups on three consecutive days, each containing a different type of
flavored pellets (A or B). The testing lasted for 6 hours each day. After completing testing on Day 3,
individual preferences of the observer were quantified by weighing the amount consumed of each respective
reward. On Day 3, demonstrators were single housed and provided with a hanging feeder overnight
containing the pellets that were not preferred by their assigned observers. Demonstrators were age- and
sex-matched, unfamiliar wildtype rats of the same strain (for visualization purposes, colors differ). Social
Interaction: On Day 4, each matched pair of demonstrators and observers were allowed to interact freely
for 20 minutes. Post-Interaction Preference Testing: Immediately after the Social Interaction, observer
rats were returned to their individual cages and provided with two cups, each containing one of the two
pellet types. As in the Pre-Interaction Testing, the cups were removed after 6 hours to assess observers’
preferences. This procedure was repeated the next day. Habit. = Habituation. Illustrations were sourced
from SciDraw and adapted by the author.

We found that tgDISCI rats failed to update their reward preferences based on socially
transmitted information, whereas wildtype rats increased consumption of the food
demonstrated by the conspecific (Fig. 4). Importantly, behavior during the social
interaction did not differ between genotypes: tgDISCI rats and wildtypes initiated social

contact to a comparable extend, ruling out insufficient interaction as a confounding factor.

Further, in a series of control tasks, tgDISC1 rats showed intact olfaction as well
as the ability to discriminate between odors. Moreover, a separate batch of tgDISCI rats
showed normal performance in non-social reward learning and subsequent reversal
learning, suggesting, at least partly preserved cognitive flexibility and a rather nuanced
deficit in social reward learning. Hence, for tgDISC1 rats, the social context emerged as

a limiting factor for the modulation of flexible behavior.
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Figure 4 tgDISCI rats show no revaluation of reward values after social contact with a demonstrator.
A Preference index (Pl). The PI indicating the strength of preference for one reward over the other, for
both genotypes and before (pre) vs. after (post) Social Interaction. B Total pellet consumption over the
course of the STFP. No change in the total consumption of flavored pellets, regardless of the flavor (in
grams) from pre- to post-interaction for both genotypes. C Consumption of originally preferred food:
wildtype, but not tgDISCI rats decreased their mean consumption of the originally preferred food type (in
grams) from pre- to post-interaction. D Consumption of the originally non-preferred food: Wildtype, but
not tgDISC1 rats, increased the consumption of the originally non-preferred food type (in grams) from pre-
to post-interaction.Data are means * standard error of the mean (SEM.). *p < 0.05 and **p < 0.01 for
contact*genotype interaction.

Further, we aimed to characterize the tgDISC1 model on a neural bases for a better
understanding of underlying traits influencing their phenotype. A behaviorally naive
batch of rats was used to investigate such neuropathologies, in order to avoid any
confounding factors, like neuroplasticity, induced by prior behavioral testing. We used

in-vivo Diffusion-Tensor-Imaging (DTI) which quantifies microstructural integrity,
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based on the directionality and magnitude of water diffusion in tissue (Basser et al., 1994;
Le Bihan et al., 2001). Within the central nervous system, this is shaped by the
morphology of neurites, glia cells and myelin sheaths (Budde et al., 2011; Salo et al.,
2021). The index to measure this is called Fractional Anisotropy (FA), which can range
from 0 to 1 (Pierpaoli & Basser, 1996). Strictly organized diffusion, as an indicator of
microstructural brain integrity, corresponds to higher FA values. On the other hand, a
lower FA value is considered to indicate less integrity, reflecting neuropathology in white

and gray matter structures.

We checked integrity in regions previously implicated in social reward learning using the
(original) STFP paradigm. tgDISCI rats exhibited alterations in several brain structures,
including the NAc, SNc, Basolateral Amygdala (BLA), Cortical Amygdala (CoA) and
Thalamus (Fig. 5). Those results point to network-level alterations rather than selective
local impairments. This is in accordance with previous rodent studies demonstrating that
processing socially acquired information relies on distributed neural circuits. For
instance, a well-characterized BLA-prelimbic cortex—NAc circuit is critical for
integrating social cues into reward-based decisions in mice (Kietzman et al., 2022), a
process closely mirrored by the STFP paradigm. In tgDISCI rats, FA reductions these
same regions - many of which are downstream targets of mesolimbic DA - may reflect
the underlying vulnerability of this circuitry to disturbed DISCI1 signaling. Since both
animal and human studies have demonstrated a central role for DA in social reward
processing, revaluation, and decision-making (Burke et al., 2017; Castrellon et al., 2019;
Dang et al., 2018), it is plausible that the impaired social reward learning observed in

tgDISCI rats reflects dysregulated mesolimbic DA signaling.
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Figure 5 Changes in Fractional Anisotropy (FA) observed in tgDISCI rats compared to wildtypes.
Abbreviations: Nucleus Accumbens (NAc), Basolateral Amygdala (BLA), Cortical Amygdala (CoA),
Hippocampus (HPC), Infralimbic Cortex (IL), Lateral Septum (LS), Basal Forebrain (BF), Olfactory Areas
(OLF), Orbital Cortex (ORB), Piriform Cortex (PIR), Prelimbic Cortex (PL), Substantia Nigra pars
compacta (SNc), Thalamus (TH). Data are means £ SEM; ns = non-significant; *p < 0.05

In SZ patients, DTI studies revealed similar alterations, including reduced FA values in
the amygdala, thalamus and NAc (Cuesta et al., 2021; Hashimoto et al., 2009; Kalus et
al., 2005; Spoletini et al., 2011). Importantly, these findings have been interpreted as
impaired modulation of dopaminergic relay stations (Kalus et al., 2005) and disturbed

information flow between limbic and cortical systems (Spoletini et al., 2011).
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In conclusion, this study has a 2-sided approach: on the one hand we show that
DISC1 overexpression impairs social—but apparently not general—reward learning in
rats and on the other hand it is linked to specific microstructural alterations in a fine-
grained network of subcortical regions. Together, these results strengthen the face validity
of the tgDISC1 model by linking behavioral deficits to neuropathological signatures of
DISC1 dysfunction. Moreover, the identification of circuit-level alterations offers
potential for biomarker development, which may aid in defining SZ subgroups

characterized by aberrant DISC1 signaling.

In the next study, the focus shifted away from the translational properties of the tgDISCI
model toward a mechanistic dissection of social reward learning itself - a domain
sparsely investigated in animal research. We relied on the same STFP paradigm used in
Study 2, but focused on how social context, i.e. the familiarity between observer and
demonstrator rats, would shape the integration of social information. As a
pharmacological entry point, we manipulated OXT signaling in observer rats, given its
well-established role as a modulator of social behavior and as a social reinforcement
signal (Dolen et al., 2013). By integrating contextual and neurochemical dimensions, this

approach aimed to refine the mechanistic understanding of social reward learning.
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Study 3 - Oxytocin effects on socially transmitted food
preferences are moderated by familiarity between rats
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In this study, we applied the same STFP paradigm for social reward learning as described
in the previous study 2 (Fig. 3) but importantly, testing was restricted solely to non-
transgenic rats. Our aim was to expand understanding of contextual factors underlying
social reward learning by probing the role of familiarity between observer and
demonstrator rats. During the social interaction on day 4, observer rats were exposed
either to an unfamiliar, sex- and age-matched conspecific (“out-group”) as a
demonstrator, or their cagemate (“in-group”), with whom they have been housed together

before the separation for the STFP procedure (Fig. 6).
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Figure 6 Study Design. The Social Transmission of Food Preferences (STFP) paradigm was conducted
identically to the procedure shown in Fig. 3. During social interaction on day 4, observer rats were paired
either with an unfamiliar, sex- and age-matched conspecific (“out-group”) or with their former cagemate

“in-group ) as demonstrator, thereby manipulating demonstrator familiarity as an experimental variable
in the STFP. All rats were of the same strain (for visualization purposes, colors differ). Habit. =
Habituation. Illustrations were sourced from SciDraw and adapted by the author.

We found that observer rats showed a stronger shift in preference — that is an increased
consumption of non-preferred food - when the demonstrator was unfamiliar. In contrast,
information provided by cagemates exerted less influence on the magnitude of reward
revaluation (Fig. 7). Importantly, interaction times did not differ between the familiarity
conditions and therefore cannot account for the observed differences in STFP. Together,
these findings establish demonstrator familiarity as a key factor shaping the strength of

social reward learning.
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Figure 7 Socially transmitted food preferences are modulated by familiarity. Mean + SEM of the pellets
(originally preferred, circle; originally non-preferred, triangle) consumed on days 3 (pre-social
interaction) and day 4 (post-social interaction) by observers who interacted with a familiar demonstrator
(in-group (n = 31), black) or an unfamiliar one (out-group (n = 40), light gray). The change in consumption
of the originally non-preferred pellets pre- vs. post-interaction was stronger in the out-group than the in-
group, and a change in consumption of the originally preferred pellets was only found in the out-group.
*p <.05; **p <.01; ## out-group p < .01, n/s in-group p > .05

To begin uncovering the neurobiological mechanisms underlying this effect, we focused
on OXT, a key modulator of social behavior (Ddlen et al., 2013; Hung et al., 2017). To
this end, observer rats received systematic injections of either a vehicle solution or one of
two OXT doses (“low” or “high”), prior to encountering either their cagemate or a

stranger as demonstrators (Fig. 8).
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Figure 8 Study design with pharmacological manipulation. The experimental design was identical to that
shown in Fig. 6, but expanded by systematic injections administered to observer rats on day 4 prior to the
social interaction. Animals received either Saline or one of two oxytocin (OXT) doses before encountering
their cagemate (“in-group”) or an unfamiliar, sex- and age-matched conspecific (“out-group”) as

demonstrator. All rats were of the same strain (for visualization purposes, colors differ). Habit. =
Habituation. Illustrations were sourced from SciDraw and adapted by the author.

Strikingly, the effects of OXT were familiarity-dependent: in the out-group, treatment
with high-dose OXT prevented the increase in consumption of the previously non-
preferred food, thereby abolishing social transmission of information (Fig. 9). In the in-
group condition, by contrast, OXT-treated observers at both doses consumed the

previously non-preferred food at levels comparable to vehicle controls.
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Figure 9 Acute oxytocin (OXT) and intergroup effects on socially transmitted food preference (STFP).
STFP in the in-group (panel A), and the out-group (panel B). In both panels, the pellet consumption (mean
+ SEM) of the vehicle group is represented by the solid line and circle symbols, the low-dose OXT group
by the dashed line and triangles, and the large-dose OXT group by the dotted line and squared symbols.
The originally preferred pellets (upper lines) are indicated in a slightly transparent hue, and the originally
non-preferred pellets (lower lines) are in an opaque hue. In the in-group (panel A), rats in all treatment
conditions increased their consumption of the originally non-preferred pellets after social interaction on
day 4, thus exhibiting STFP. Unlike rats in the vehicle group, rats that received OXT injections prior to
social interaction decreased the consumption of the originally preferred pellets. In the out-group (panel
B), OXT administration prevented the increased consumption of the originally non-preferred pellets
observed in the vehicle group, thus blocking STFP. However, there were no differences between treatment
conditions in the consumption of the originally preferred pellets, which decreased between days 3 and 4. *
All treatments p < .05; ** all treatments p < .01; ### OXT-treated groups p < .001; 419 vehicle group p
<.001

Thus, both behavioral and pharmacological manipulation revealed familiarity-dependent
variation in the STFP task, underscoring the complexity of factors that shape social
reward learning. In conclusion, an intricate picture emerged with familiarity being a
significant driver for differences in STFP magnitude and OXT having a moderative add-

on effect.
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Chapter 4 - Discussion

The studies compiled in this dissertation collectively address the neurobiological
mechanisms that govern social and reward-related behavior. Building on this shared
framework, the first two studies employed the tgDISC1 rat - a model with relevance for
sporadic SZ - to examine how altered DISCI signaling influences social adaption and
reward learning, while the third study extended this approach to non-transgenic rats to
delineate contextual and neurochemical determinants of social reward learning. Together,
these investigations provide complementary perspectives on how social cues and
information are evaluated and integrated into own behavior, thereby linking mechanistic
insights from animal models to processes that are clinically relevant to human psychiatric

research.

Behavioral Consequences of DISC1 Overexpression

tgDISCI rats display a selective alteration in social reward valuation. While overall social
motivation was preserved, they failed to adequately respond to social novelty as they
formed no preference for a newly encountered conspecific. Further, they did not adjust
their flavor preference in the STFP task. These findings suggest that DISCI
overexpression disrupts how social experiences are assigned value, rather than reducing

social interest per se.

This dissociation between intact sociability and impaired novelty preference is
consistent with prior findings in genetic DISC1 mouse models. For instance, dominant-
negative DISC1 mutants and DISC1 knock-in mice with a rare mutation both showed
intact social interest but impaired novelty preference (Kaminitz et al., 2014; N. S. Kim et
al., 2021; Mahoney et al., 2024). In several cases, the altered phenotype was driven by
increased exploration of the familiar conspecific, not by missing interest in the novel
partner, closely matching what was observed in tgDISCI rats. Such convergence across
species and genetic variants strengthens the interpretation that impaired social novelty

valuation represents a robust feature of DISC1 dysfunction.

Further, the phenotype observed in the STFP paradigm provides an additional
indication of altered reward valuation in the social context. tgDISC1 rats were able to

assign value to a set of flavors - thus forming a preference for one over the others - but
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did not re-evaluate their choice based on socially transmitted information, whereas
wildtype rats reliably updated their preferences. Empirical evidence in wildtype rats
suggests that information transmission and the respective behavioral adaption in STFP
paradigms rely on unconscious processes (Burne et al., 2010; Valsecchi & Galef, Jr.,
1989). Thus, its disruption in tgDISCI rats indicates that DISC1 may regulate basic
evolutionary conserved mechanisms of integrating social information into own behavior.
While comparable paradigms have not (yet) been widely applied in other DISC1 models,
there is converging evidence from mice with striatal D2R overexpression — a molecular
trait also present in tgDISCI rats - who similarly failed to utilize reward-predictive cues
to adjust performance (Ward et al., 2015). This overlap strengthens the view that DISC1
overexpression converges on dopaminergic mechanisms, particularly D2R function, as

key drivers of altered social reward valuation.

Although the studies in this thesis were not designed to provide full phenotyping
of general reward functions in tgDISC1 rats, applied control tasks across various domains
showed no evidence for broader deficits. tgDISC1 rats readily expressed an innate
preference for a flavor in the STFP, they discriminated odors (Study 2), and preferred
larger over smaller rewards in the RMDT - even adapted flexibly during reversal learning.
These findings argue against a generalized impairment in reward processing, at least in
the paradigms employed. Instead, it is conceivable that social context places an additional
demand on neural circuity, for instance by recruiting broader circuit-networks, and that
this complexity makes reward valuation in social domains particularly vulnerable to
DISCI1 dysregulation. This perspective may contribute to the ongoing debate of whether
reward dysfunction in SZ emerges from general dysfunctions or separates from

pronounced deficits in social contexts.

Taken together, DISC1 overexpression produces a reproducible and selective
impairment in integrating social novelty and socially transmitted information. The
consistency with other DISC1 models and the mechanistic overlap with D2R
overexpressing models strongly suggests that DISC1 plays a critical role in encoding how
social cues acquire value. Interestingly, in addition to our results matching with previous
reports of genetic DISC1 rodent models, a recent study in transgenic fruit flies expressing
human full-length DISC1 show impaired social structures and interaction networks,

which closely resembles phenomena postulated by this thesis (SamardZzija et al., 2024).
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Mechanistic Interpretation of Behavioral Findings

Building on the behavioral alterations described above, the present methodological
approaches provide mechanistic insight into the circuit- and molecular-level
consequences of DISC1 overexpression. The findings of this thesis corroborate earlier
reports of dopaminergic alterations in tgDISC1 rats (Trossbach et al., 2016) and extend
them by highlighting the mesolimbic pathway as a potential critical site of dysfunction.
Evidence for this conclusion derives from three complementary lines of investigation: 1)
behavioral readouts pointing to DA-dependent alterations in social behavior, 2)
neurostructural analyses revealing changes in subcortical integrity, and 3)
pharmacological rescue experiments demonstrating selective efficacy of a limbic-targeted
antipsychotic. Together, these converging approaches suggest that DISC1 overexpression
renders particular vulnerability within mesolimbic circuitry, thereby linking the observed

behavioral phenotype to a defined neurobiological substrate.

Behavioral Evidence: Mesolimbic Control of Social Novelty and Social Transmission

In the broad picture of social behavior, DA wildly contributes to sociability (Molas et al.,
2024), motivation and approach toward conspecifics (Dai et al., 2022). More selectively,
DA has been associated with the two behaviors impaired in tgDISCI rats: social novelty
preference (Millan et al., 2007; Molas et al., 2017, 2024; Watson et al., 2011) and the
mechanisms underlying social transmission (Choleris et al., 2011; Matta et al., 2017;

Wong et al., 2012).

Evidence indicates that these behaviors depend on distinct but partly overlapping
neural systems: during the initial encounter with an unknown conspecific, extracellular
DA levels rise in both, the mPFC and the NAc, reflecting general novelty detection (De
Leonibus et al., 2006; Molas et al., 2024). However, in situations where both, a familiar
and a novel conspecific, are present, increased DA release is restricted to the NAc,
highlighting this region’s selective role in encoding social novelty value (De Leonibus et
al., 2006). Optogenetic studies corroborate this interpretation, demonstrating that NAc
activity, rather than mPFC signaling, is critical for distinguishing (novel) conspecifics
(Gunaydin et al., 2014). The role of DA in STFP is less well established, yet several
convergent findings implicate the NAc in this process: recently, a lesion study

demonstrated that integrity of the NAc is crucial for the STFP employed in Study 2
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(Noguer-Calabus et al., 2022). In support, studies indicate that the NAc, in close
interchange with the amygdala, supports the updating of stimulus value based on socially
acquired cues, which represents the core mechanism underlying STFP designs (Cardinal
et al., 2002; Hall et al., 2001; Mannella et al., 2013). In contrast, evidence for frontal
cortical involvement is limited: for instance, a study using a neuronal activity-marker
found little engagement of frontal regions following socially transmitted reward

information in rats (Agee et al., 2023).

Taken together, these findings suggest that DA release in the NAc plays a more
prominent role in regulating social behaviors than DA signaling in the mPFC, at least for
the experimental designs employed here (Gunaydin et al., 2014; but see Huang et al.,
2020). Disruption of subcortical mesolimbic pathways may therefore represent a
plausible mechanism underlying the altered social behaviors observed in tgDISCI rats.
At the same time, the contribution of prefrontal regions cannot be excluded as a
contributing factor, given the close anatomical and functional interconnectivity of
mesolimbic and cortical circuits (Haber & Knutson, 2010; Hui & Beier, 2022). This
interdependence complicates the attribution of the observed phenotype to a single
pathway, yet the evidence presented here indicates that mesolimbic dysfunction

represents a characteristic feature of the tgDISC1 model.

Neurostructural Alterations: Network-level Disruption of Mesolimbic Pathways

Examination of microstructural integrity in tgDISCI1 brains revealed several regions
showing significant alterations compared to wildtypes (Study 2). Rather than reflecting a
single localized defect, these findings point toward a network-level dysfunction. Notably,
the affected areas were part of, or closely connected to, the mesolimbic DA system. Such
a pattern 1s in line with the established role of DISC1 in neurodevelopment (Kamiya et
al., 2005) and, more specifically, in the development of dopaminergic circuits (Dahoun
et al., 2017; Hamburg et al., 2016; Su et al., 2014). This pattern suggests that DISC1
misassembly due to overexpression may primarily disrupts the organization of subcortical
gray matter structures. Supporting this interpretation, prior studies have reported deficient
subcortical DA signaling in genetic DISC1 models (Jaaro-Peled et al., 2013), as well as
structural changes in striato-nigral circuitry following D2 receptor overexpression

(Cazorla et al., 2014).
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Additional evidence comes from DTI studies in rodents, which have linked alterations in
subcortical structures such as the SN¢, amygdala and thalamus to modulation of social
behavior (S. Kim et al., 2012). The overlap between these regions and alterations detected
in tgDISCI1 rats therefore provides converging support for mesolimbic structural
vulnerability as a substrate of the selective impairment in social reward valuation: for
instance, mechanistic evidence showed that impaired pruning of synapses in the NAc
would increase exploration of a familiar conspecific at the expense of social novelty
preference (Kirkland et al., 2024), while reduced amygdala activation has been linked to
deficient integration of social information in the STFP (Huang et al., 2014). Interestingly,
no significant microstructural alterations were detected in cortical regions, with the
exception of the CoA. While this observation requires further investigation, it is
consistent with previous findings of preserved cortical thickness (Hamburg et al., 2016)
and partly preserved cognitive functions in tgDISCI rats, including working memory and
reversal learning (Uzuneser et al., 2019; but see Wang et al., 2017). Collectively, these
findings reinforce the notion that DISC1 overexpression preferentially disrupts
subcortical networks, implicating (meso)limbic dysfunction as a core feature of the

model.

Regional Distinction in Dopamine Projections and Pharmacological Rescue

Pharmacological rescue of the social novelty preference deficit in tgDISCI rats through
the D2R/D3R antagonist amisulpride (Study 1) provides a window into plausible regional
vulnerabilities of DISC1-related DA dysfunction. Due to the methodological constrains
in the application of clozapine in Study 1, conclusions are restricted to the amisulpride

condition.

Amisulpride possesses several mechanistic features that distinguish it from other
SGAs. It exhibits functional limbic selectivity (Kiss et al., 2019; Mdller, 2003; Natesan
et al., 2008) and acts on dopaminergic transmission in a dose-dependent manner
(Schoemaker et al., 1997). Several experimental studies in rodents demonstrated that, at
low doses, amisulpride promotes DA release by disinhibiting presynaptic autoreceptors
(Perrault et al., 1997), thereby increasing extracellular DA (Di Giovanni et al., 1998;
Schoemaker et al., 1997). In contrast, only at substantially higher concentrations are
postsynaptically receptors engaged (Bressan et al., 2003; Schoemaker et al., 1997). This

pharmacodynamic profile positions amisulpride as a compound capable of (selectively)
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modulating presynaptic D2R/D3R control of DA signaling, particularly within limbic
circuits (D1 Giovanni et al., 1998; Mdller, 2003).

The functional selectivity of antipsychotic compounds has been attributed to
regional heterogeneity across dopaminergic projection targets, regarding DA release
capacities, synthesis as well as re-uptake mechanisms (Kapur et al., 2001; L. M. Reynolds
& Flores, 2021). Mesolimbic terminals contain a dense population of D2 autoreceptors
that tightly regulate DA synthesis and release (Ford, 2014; Galloway et al., 1986; Nolan
et al., 2020; Wolf & Roth, 1987). Similarly, DAT are highly expressed, constituting the
principal mechanism for DA re-uptake and thus the temporal coordination of
dopaminergic signaling (Holloway et al., 2019). Notably, autoreceptors have been shown
to influence DAT membrane expression (Bolan et al., 2007; Cass & Gerhardt, 1994; Ford,
2014; Lycas et al.,, 2022), suggesting a coupled regulatory mechanism between
autoreceptors activity and DA clearance efficiency by DAT. Such interdependency may
render mesolimbic terminals particularly sensitive to pharmacological agents targeting
presynaptic D2 autoreceptors. In contrast, mesocortical projections show sparse
autoreceptors expression and low DAT density (Bannon et al., 1982; Bannon & Roth,
1983; Chiodo et al., 1984; Holloway et al., 2019). Consequently, extracellular DA in the
cortex is primarily cleared through enzymatic deactivation rather than re-uptake,
rendering cortical terminals relatively resistant to autoreceptor-mediated modulation
(Zald, 2023). Thus, the balance between autoreceptors and DAT regulation is understood
as a defining feature of mesolimbic versus mesocortical DA signaling (Holloway et al.,

2019; Zald, 2023).

Within this framework, the molecular phenotype of tgDISCI rats - characterized
by increased expression of both D2R and DAT (Trossbach et al., 2016) - may suggests a
state of excessive dopaminergic self-inhibition (Fig.10B): enhanced autoreceptors
signaling would elevate DAT surface availability, accelerating DA clearing and
producing a locally hypodopaminergic tone, particularly within circuits with heightened
DA abundance such as the (ventral) striatum (Holloway et al., 2019; Sulzer et al., 2016).
This mechanism would offer a plausible substrate for the observed behavioral deficit and
its pharmacological rescue by amisulpride. In tgDISCI rats, amisulpride treatment may
counteract this imbalance by blocking presynaptic D2 autoreceptors, thereby relieving

inhibitory feedback on DA release, speculatively promoting DAT internalization. The
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resulting prolongation of synaptic DA signaling would normalize dopaminergic
transmission at postsynapses and restore the capacity to encode the value of social novelty

(Fig. 10D).

While this mechanism remains speculative and requires experimental validation, it
provides a coherent framework to interpret the bidirectional effects observed in tgDISC1
and wildtype rats upon amisulpride treatment. In wildtype animals, amisulpride abolishes
social novelty preference, likely due autoreceptors blockade, possibly alongside DAT
internalization, leading to excessive mesolimbic DA (Fig. 10C). Indeed, increased DA in
the NAc has been shown to prevent preferring social novelty (He et al., 2024), supporting
the notion that this behavior is critically D2R dependent (Millan et al., 2007; Molas et al.,
2024). Importantly, D2R-antagonism does not affect total time of investigation, but
specifically shifts the allocation of novelty versus familiarity (Watson et al., 2011).
Consistent with this, low D2R availability has been linked with increased novelty-seeking

in both animals (Tournier et al., 2013) and humans (Zald et al., 2008).
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Figure 10 Functional framework for divergent mechanisms of amisulpride application in wildtypes and tgDISCI1
rats. A Schematic illustration of physiological dopamine transmission in wildtypes. B Hypodopaminergic state in
tgDISCI rats due to overexpression of Dopamine D2 receptors (D2R) and elevated Dopamine Transporter (DAT)
translocation to the plasma membrane. C In wildtype rats, application of D2R antagonist amisulpride and its
interaction with D2R receptors on the presynapse (autoreceptors) favor a hyperdopaminergic state, speculatively
through stimulating DAT internalization. D Amisulpride application in tgDISCI rats possibly enhances dopamine
transmission in the synaptic cleft by blocking presynaptic autoreceptors.

Together, these observations suggest that D2 (auto)receptor signaling and DAT
regulation jointly determine the dopaminergic value of social novelty. In tgDISCI rats,
pathological upregulation of this system may produce rather selective hypofunction,
which can be transiently normalized through targeted pharmacological disinhibition, as

exemplified by amisulpride.
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Interim Summary - tgDSC1 Rats

In conclusion, tgDISC1 rats displayed intact basic sociability but consistent impairments
in social reward valuation, evident across both the social novelty preference and the STFP
task. These behavioral alterations were accompanied by microstructural changes which
indicate that mesolimbic projections may represent a key site of vulnerability to DISC1
misassembly, as those regions show abnormalities in DTI of tgDISCI1 rats. The data
expand the understanding of the cellular and receptor-level mechanisms contributing to
the behavioral phenotype of the model. Specifically, they point toward future work
clarifying whether D2R overexpression may preferentially occur pre- or postsynaptically.
Given that the D2-type is the only DA receptor subtype expressed as autoreceptors, and
the D2R-subtype is specifically elevated in tgDISC1 rats, it remains a promising
candidate for targeted investigation. Furthermore, the observation that DISCI1
aggregation may serve as a molecular biomarker, and that tgDISCI rats successfully
respond to treatment with amisulpride, strengthens the predictive validity for negative

symptom-related dysfunction.

Finally, the identification of mesolimbic vulnerability provides a feasible
mechanistic framework for understanding how DISC1 misassembly contributes to the
emergence of social impairments. This integrative view links molecular aggregation,
circuit-level dysregulation and behavioral output, offering a promising translational

perspective on the pathophysiology of SZ and related disorders.
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Neuromodulatory Convergence in Social Behavior

Although Study 3 was not conceived with a translational framework in mind, it provides
mechanistic insight into how OXT shapes social reward learning. In this experiment,
systematic OXT administration selectively disrupted social transmission when the
demonstrator was unfamiliar, but not when the cagemate demonstrated the information
to be transmitted. These findings indicate that OXT acts as a context-sensitive modulator
of social information use, underscoring that neuromodulatory influences on social

behavior cannot be dissociated from the context in which they occur.

Considering the close functional relationship between OXT and DA, these results may be
worth interpreting in the context of dopaminergic mechanisms known to be differentially
engaged by familiarity versus novelty. DA release in the NAc is robustly enhanced by
novel stimuli, but decreased when stimuli become familiar, suggesting that DA’s
contribution to reward learning itself is likely context-dependent. This matches with
findings in mouse models, where deficits in social novelty preference, caused by
diminished DA-induced OXT release, could be rescued by OXT administration in a DA-
receptor dependent manner (Fujiwara et al., 2016, 2021). Conversely, pharmacological
DAT inhibition restored social novelty preference only, when OXT receptor (OXTR)
signaling was intact (Fujiwara et al., 2021). Such evidence points to a bidirectional

dependency between DA and OXT systems.

The relevance of these findings becomes apparent when placed alongside the tgDISC1
phenotype: tgDISCI rats exhibit impairments in social novelty preference and in the
integration of socially acquired information — interestingly, these two domains converge
in Study 3, where social transmission itself was revealed to be familiarity dependent.
Thus, while the primary interpretation of tgDISC1 deficits center upon dopaminergic
imbalance due to elevated D2R and DAT expression (and the resulting hypodopaminergic
state) (Trossbach et al., 2016), it is plausible that secondary disturbances in OXT
signaling contribute to these impairments. Consistent with this interpretation, rodent
models with OXT and OXTR KO, as well as mice with experimentally induced OXT
disturbances, all fail to form a social novelty preference, despite intact social interest —
closely mirroring the tgDISC1 phenotype. Thus, Study 3, while not designed for

translational application, complements the tgDISC1 work by stressing that disruptions in
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either DA or OXT systems are sufficient to impair social behavior, and that their

interaction may be crucial for intact function.

Taken together, these findings support the idea that tgDISC1 rats may not only model
dopaminergic disturbances but could also reveal downstream consequences for OXT
signaling. Investigating OXTR function and signaling in tgDISC1 rats may therefore
illuminate how DISC1 misassembly alters the processing of social cues, and potentially
identify intervention points at the DA-OXT axis/intersection. This perspective is of
particular relevance as DA-OXT interactions gain increasing attention in psychiatric
research (Baskerville & Douglas, 2010) and OXT-based interventions are already in focus
for ameliorating social deficits in ASD. This interpretation is consistent with the finding
that in individuals with SZ, higher plasma OXT levels predicted more accurate integration
of social cues (Strauss et al., 2015) and elevated circulating OXT was associated with

stronger prosocial behavior (Rubin et al., 2010).

By integrating the findings from Study 3 with those from the tgDISCI1 experiments, a
coherent picture emerges in which DA-OXT interplay may constitute a common
mechanistic substrate of social dysfunction. Notably, in patients with SZ, OXT influences
appear relatively specific to social cognition, with little effect on general cognitive
performance (M. F. Green et al., 2015; Meyer-Lindenberg et al., 2011; Rimmele et al.,
2009). Moreover, social context itself profoundly modulates affective state and social
motivation (Badal et al., 2021), suggesting that neuromodulatory effects of OXT are
inseparable from the environments in which social information is processed. Together
these insights underscore the clinical relevance of context-sensitive neurochemical
interactions and strengthen OXT as a potential therapeutic target for ameliorating social

impairments across psychiatric conditions.
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Limitations

Like any experimental work, the present studies were conducted within methodological
and conceptual constraints. Acknowledging these boundaries is important for interpreting
the findings in their proper context as well as for identifying directions future research

should address.

General Methodological and Conceptual Limitations

A first consideration concerns the restriction to the use of male animals only. While this
choice reduced variability across cohorts, it inevitably limits the generalizability of the
findings. Addressing sex as a biological variable will be an important step in future

research, expanding prior work in tgDISCI1 rats (Uzuneser et al., 2019).

Second, in Study 2, while amisulpride produced a clear behavioral rescue, the intervention
with clozapine remained inconclusive, due to the emerging problems in drug application.
Refining the parameters for optimized solubility and thus continuous drug infusion via
osmotic pumps will be essential to assess whether broader antipsychotic mechanisms can

normalize the tgDISC1 phenotype.

Relatedly, the present work focused primarily on behavioral and imaging outcomes,
whereas complementary, biochemical analysis are missing. Measures, such as receptor or
transporter expression following pharmacological treatment in tgDISC1 rats would
provide a crucial mechanistic bridge between behavioral rescue effects and underlying
neurochemical features. However, those data are not yet available at the time point writing

this thesis.

Lastly, from a methodological perspective, it is important to note that “familiarity” was
operationalized differently across the studies presented here: as repeated encounter with
the same partner in Study 1 versus pre-existing demonstrator-observer relation in Study
3. Although driven by paradigm-specific necessity, these differences should be
considered when comparing those results. Therefore, employing experimental paradigms
using tgDISC1 rats and their respective cagemates will help to clarify role of familiarity,
and potentially social bonding, in shaping their behavior. In the 3-Chamber task, for
instance, the absence of a social novelty preference might become even more pronounced
when given the choice between interacting with an unfamiliar conspecific or their own

cagemate. In contrast, speculation on the role of familiarity in the STFP paradigm remains
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limited by the lack of task performance in tgDISCI rats and is therefore not elaborated
further here.

Reconciling Divergent Findings on teDISC1 Social Behavior

A further limitation stems from prior work using the tgDISC1 model in social
experiments, which yielded findings that appear to be contradictory to those presented
here. This research reported reduced social interest in tgDISCI1 rats in a multi-level
decision-making task, which was carefully coined as “social anhedonia” (Seidisarouei et
al., 2022). At first sight, this contrasts with the intact baseline social interest and selective

alterations described in this thesis.

However, the studies differ in crucial ways: in the previous study, social contact was
placed in direct competition with sucrose rewards — after an extended training phase in
which animals learned about the hedonic value of different sucrose concentrations. Such
a design may strongly shape motivational priorities toward consummatory rewards and
may thereby reduce the relative value of a novel social stimulus. By contrast, the present
work assessed social behavior in contexts where such direct competition in motivational

states was absent.

Importantly, it was shown that the repeated exposure to sucrose rewards strongly
influences the D2R density in the NAc and dorsal striatum (Bello et al., 2002). Such
plasticity may have divergent mechanistic consequences depending on genotype, given
the D2R overexpression in tgDISCI rats. Thus, tgDISCI rats may be more sensitive to
the reinforcing, or “addictive”, nature of repeated exposure to a highly rewarding

consummatory stimulus.

Viewed in this light, these results are not necessarily contradictory but may instead be
complementary — they suggest that tgDISCI rats do not display a global deficit in social
interest but instead a shift in motivational balance, as they may preferentially upvalue
consummatory rewards along the training phase and thus display “social anhedonia”
when social and hedonic stimuli compete on the test trial. This perspective integrates both
sets of findings into a broader framework of altered reward valuation (upon social

context) in tgDISCI rats.
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Future Outlook

The behavioral tasks applied in this thesis provide a foundation for identifying
mechanisms underlying the tgDISC1 phenotype, and several avenues for future research

emerge from the present findings.

First, given that tgDISCI rats failed to adapt their preference in the STFP task and
that amisulpride successfully rescued social novelty preference, testing whether the same
intervention can normalize STFP performance would be of considerable interest. Such
experiments could clarify whether mesolimbic dysfunction underlies both phenotypes
and would extend current knowledge of tgDISC1-associated disruptions. This hypothesis
is supported by reports that amisulpride was reported to modulate subcortical brain nuclei
connectivity (Grimm et al., 2020), and the large brain network disturbance discovered in
tgDISCI rats (Study 2). Since integrating social cues represents a complex phenomenon
rarely probed in animal models, pharmacological modulation in this domain could

provide valuable translational insight.

Further, expanding the insight on DA-OXT interactions in tgDISCI rats may provide a
promising avenue for understanding their genuine social phenotype. Oxytocin-based
pharamcological interventions may exert therapeutic effects by modulating dopaminergic

signaling at critical mesolimbic nodes, as shown previoulsy (Fujiwara et al., 2016, 2021).

Second, the role of mesolimbic DA dysfunction in aversive contexts warrants
further investigation. DA activity signals both reward and aversion depending on regional
inputs (de Jong et al., 2019), suggesting that tgDISC1 rats may also display altered
responses in aversive learning paradigms. Social defeat, early separation, or prolonged
isolation could be particularly informative, as such conditions probe social processing in
negatively valanced contexts. This line of inquiry is highly relevant given that traumatic
or aversive experiences constitute crucial risk factors for psychiatric illness in humans

and may interact with DISC1-related vulnerability as a “second hit.”

Finally, methodological extensions of the structural work would offer additional
opportunities. DTI, traditionally applied to assess white matter integrity, is increasingly
used to characterize gray matter microstructure. DISC1 plays an established role in pre-
and postnatal dendritic development (Kamiya et al., 2005), and dysregulated signaling

could therefore contribute to altered dendritic morphology detectable with advanced
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diffusion models. Neurite Orientation Dispersion and Density Imaging (NODDI)
represents one promising approach, as it captures dendritic branching and density more
directly. Applying such methods could refine the link between DISCl-associated
neurodevelopmental changes and the microstructural differences observed here.
Employing NODDI in the regions identified as altered in our DTI analyses may further
help elucidate our observed behavioral phenotype — notably, inhibiting synaptic plasticity
during neurodevelopment increased familiar exploration during the social novelty
preference trial (Kirkland et al., 2024) and recently, a critical window in
neurodevelopment was proposed for social reward learning, based on synaptic plasticity

(Nardou et al., 2023).

In summary, future work should expand on the present findings by probing
pharmacological rescue in complex social behaviors, exploring aversive learning
paradigms, and employing advanced imaging techniques to capture neuropathological
alterations with greater specificity. Together, these approaches hold the potential to
deepen our understanding of how DISC1 overexpression shapes social reward processing

across developmental, circuit, and molecular levels.
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Chapter 5 - Conclusion

The findings gathered throughout this thesis demonstrate that modest overexpression of
human no-mutant DISC1 protein in rats leads to selective alterations in social reward
learning and associated reward-signaling, reflecting dysfunctions in how social cues are
valued and used to guide adaptive choices. The specificity of this behavioral phenotype,
together with its reversal by a D2R/D3R antagonist and the microstructural alterations in
limbic key nodes, point toward a conceivable dopaminergic dysregulation centered on
limbic control. At a broader level, these data underscore the need to view dopaminergic
dysfunction in SZ not as a uniform abnormality but as a circuit-and context-dependent
phenomenon. Thus, distinct symptom domains may ultimately arise from differential
vulnerability for disruptions across DA projection sites, explaining why tgDISCI rats
show a rather selective impairment in social novelty preference and social reward

learning.

Complementary work further indicates that social reward learning is strongly
sensitive to familiarity between individuals and shaped by neuromodulatory influences
of OXT, offering a broader perspective on the neuroscientific foundations of social
cognition. While the present work centers on the dopaminergic mechanism, the tgDISC1
rat may, in future studies, also serve to explore how highly interconnected systems such
as DA and OXT jointly influence the valuation of social information. Such investigations
could refine our understanding of how coordinated neuromodulator orchestration

regulates complex social behaviors.

In conclusion, the tgDISCI rat constitutes a highly integrative framework in
which molecular, structural and behavioral alterations converge on pathophysiological
domains relevant to primary negative symptoms of SZ. Its translational value lies not only
in reproducing a feature of impaired social cognition and dopaminergic control, but also
in offering a foundation for biomarker-guided patient stratification and precision
treatment approaches: within a biologically defined SZ subgroup, aggregated DISCI
protein and disrupted DISCI signaling may even present with prominent presynaptic
dysregulation and selective responsiveness to compounds with a high affinity for
D2R/D3R, such as amisulpride. In patients, assessing whether DISC1-related molecular
perturbations translate into behavioral dysfunctions may help identify vulnerabilities in

domains where reward-related and social processes intersect.
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Abstract

The pharmacological treatment of negative symptoms in schizophrenia remains a major
unmet need. Among these symptoms, impairments in social functioning — manifesting as
reduced adaptability and social withdrawal — are particularly disabling, as they persist
beyond remission of positive symptoms and impede social reintegration. To address the
neurobiological basis of such social deficits, we employed the tgDISC1 rat, a translational
model overexpressing the human non-mutant Disrupted-in-Schizophrenia-1 (DISC1)
gene. This overexpression results in DISC1 protein aggregation and signaling
disturbances — molecular features found in a subgroup of schizophrenia patients identified
by elevated DISC1 aggregates in cerebrospinal fluid. Behaviorally, the tgDISCI1 rats
exhibited a selective loss of social novelty preference in the 3-Chamber task while
maintaining intact social interest, indicating a specific deficit in social adaptability rather
than social motivation. Here, we tested whether continuous administration of atypical
antipsychotics amisulpride or clozapine would rescue social deficits in tgDISCI rats.
Both drugs were delivered subcutaneously via osmotic pumps, to mimic continuous
medication in patients. Treatment with amisulpride (0.2 and 0.8 mg/kg/day for two
weeks) fully restored social novelty preference, whereas clozapine had no effect. Control
tasks for anhedonia, short-term working memory, and explorative behavior confirmed
that their phenotype was not secondary to global motivational or cognitive impairments.
Together, these findings demonstrate that amisulpride, a selective D2/D3 receptor
antagonist, rescues social adaptability deficits linked to aberrant DISC1 signaling. The
results highlight dopaminergic modulation of social adaption as a promising therapeutic
target and suggest that amisulpride may be particularly effective in biomarker-defined

schizophrenia subgroups characterized by DISC1 aggregation.



Introduction

Schizophrenia is a complex psychiatric disorder characterized by a spectrum of positive
symptoms that include psychotic episodes, negative symptoms and a variety of subtle
cognitive impairments. Among the negative symptoms, deficits in social behavior
significantly impact patients' quality of life and functional outcomes (Correll & Schooler,
2020; Nuss & Tessier, 2010). Although the exact mechanisms underlying social
impairments in schizophrenia are not yet fully understood, dopaminergic dysregulation is
widely recognized as a key contributing factor (McCutcheon et al., 2020). In particular,
the Dopamine-2-Receptor (D2R) is a prominent candidate of interest, as its activity was
found to predict social behavior across a variety of species, including humans (Chen et
al., 2024; Ike et al., 2023; Martinez et al., 2009; Morgan et al., 2002; Soutschek et al.,
2017). A wide range of studies, including PET-scans as well as post-mortem tissue
analysis, revealed disrupted D2R patterns and even a correlation of striatal expression
with reported negative symptoms in schizophrenia patients (Goldsmith et al., 1997;
Kubota et al., 2017; Seeman, 2013). Thus, the D2R is a strong candidate, not only for
psychosis, but also to investigate formation of social impairments as a symptom of

schizophrenia (Collo et al., 2020).

Given the central role of D2R in schizophrenia pathology, it is a primary target of
antipsychotic medications. While typical antipsychotics primarily antagonize D2R to
alleviate positive symptoms, they tend to express side-effects and have limited efficacy
against negative symptoms, including social deficits (Correll & Schooler, 2020; Moller,
2005). Atypical, or “second-generation”, antipsychotics, such as amisulpride and
clozapine, offer distinct pharmacological profiles that prove to be more effective in
addressing symptoms (Huhn et al., 2019). Clozapine is the prototype of second-
generation antipsychotics and remains the only medication prescribed in treatment-
resistance-schizophrenia (Khokhar et al., 2018). It has a unique wide-ranging affinity
profile including histaminergic, cholinergic, and muscarinergic receptors. Prominently,
at serotonergic receptors, it works as a serotonin 2 receptor (5-HT2R) antagonist and a 5-
HTIR agonist (Marinho, 2024). In addition, it’s antagonizing effect on alpha-adrenergic
receptors has been linked to enhanced noradrenaline release (Devoto et al., 2003). In
terms of dopamine signaling, it has a remarkably higher affinity for the D4R than D2R,
but the entirety of its effect on dopamine are yet to be elucidated (Tauscher et al., 2004).



In contrast, amisulpride exhibits high selectivity as a dopamine D2/D3R antagonist.
Although initially believed to act exclusively on dopaminergic targets, it also
demonstrates antagonistic activity at serotonergic 5-HT2 and 5-HT7 receptors (Abbas et
al., 2009). Notably, amisulpride’s pharmacological effects are dose-dependent, engaging
distinct mechanisms of action (low dose: < 300mg/day, high dose: < 800mg/day in
patients, according to Laux, 2022). At low doses, it preferentially blocks presynaptic
D2/D3 autoreceptors in frontal regions, leading to enhanced dopamine release and
alleviation of depressive symptoms (Schoemaker et al., 1997). Conversely, at higher
doses, it primarily antagonizes postsynaptic D2R in the mesolimbic system, thereby
reducing psychotic symptoms in schizophrenia (Perrault et al., 1997; Schoemaker et al.,
1997). Thus, the multifaceted mechanisms of atypical antipsychotics highlight the
necessity for further research to refine treatment strategies, ensuring a more personalized

approach that accounts for differentiated patient subgroups and symptom profiles.

The Disrupted-in-Schizophrenia-1 (DISC1) gene encodes a scaffold protein which
orchestrates key cellular pathways involved in neuronal migration, dendritic arborization,
and synaptic function (Brandon & Sawa, 2011; Yerabham et al., 2013). Importantly, DISCI
has been closely linked to D2R expression and D2R-mediated signaling (Jaaro-Peled et
al., 2013; Onishi et al., 2018; Su et al., 2014). Thus, DISC1-dependent signaling (at the
protein level) which is at the crossroads of many behavior-relevant signaling pathways
may embody a central role in the pathophysiology of schizophrenia, particularly when
dysfunctional, for example due to aggregation or other posttranslational modifications. In
line with that, DISC1 aggregates were observed in post-mortem tissue of a subset of
patients (Leliveld et al., 2008) as well as in cerebrospinal fluid of first episode patients
(Pils et al., 2023). Therefore, we used a transgenic model overexpressing the human non-
mutant DISCI1 (tgDISC1) to mimic a non-genetic DISC1 protein dysfunctionality and
signaling due to DISCI protein misassembly. In tgDISCI rats, this leads to an increased
proportion of high-affinity D2R, increased intracellular translocation of the dopamine
transporter, thus generating an altered dopaminergic state as a key mechanism in their
pathophysiology (Trossbach et al., 2016). Hence, tgDISC1 rats represent a face valid

animal model for sporadic forms of DISC1 protein-linked behavioral disorders.

Social symptoms in schizophrenia are difficult to classify and challenging to translate into
animal modeling for the evaluation of antipsychotic therapy (Nuechterlein et al., 2005).

However, the tgDISC1 rat has repeatedly been validated as a model for impaired social



behavior across different settings (Seidisarouei et al., 2022; Uzuneser et al., 2019; Wang
etal., 2022). The 3-Chamber task is a widely used paradigm for assessing social behavior,
demonstrating strong translational validity in rodents for modelling social impairments
observed in neuropsychiatric disorders (Ang et al., 2021). The task allows subjects to
freely explore an apparatus with distinct chambers, in which different familiar or
unfamiliar conspecific rats are presented across trials. While direct physical contact is
restricted, key social interactions such as whisker and snout contact remain possible. By
relying on voluntary social preference rather than reactive responses, this assay provides
a nuanced assessment of innate sociability and social motivation —domains which are
crucial for classifying negative symptoms in schizophrenia. These characteristics make it
a valuable tool for investigating the neurobiological underpinnings of social dysfunction

in translational models (Ang et al., 2021; Kaidanovich-Beilin et al., 2011).

Here, to investigate whether behavioral impairments in the tgDISC1 model were
pharmacologically reversible, we administered two-week continuous treatment with the
atypical antipsychotics clozapine and amisulpride. Using sub-cutaneous Alzet osmotic
pumps, a continuous drug delivery system, tgDISCI1 rats received either clozapine or
amisulpride at two dosages, or a vehicle compound. Animals underwent a behavioral test
battery to assess social interaction and adaptability, including the 3-Chamber task. We
report that amisulpride but not clozapine restores social behavior alterations observed in

tgDISCI.

Materials and Methods
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Figure 1: Experimental design.



Animals & Housing

65 male tgDISCI1 rats on Sprague Dawley background and 66 of their male wildtype
littermates (hereafter “wildtype”) were tested. Animals were bred at the ZETT facility
(Zentrale Einrichtung fiir Tierforschung und wissenschaftliche Tierschutzaufgaben) at
the Heinrich Heine University in Diisseldorf, Germany. Additionally, 24 male aged-
matched wildtype Sprague Dawley rats (Janvier Labs, Le Genest-Saint-Isle, France) were
used as social demonstrators for the 3-Chamber task. Rats were maintained in Type 4
cages on wood chipped bedding (LASvendi, Soest, Germany). For enrichment, a wooden
block and a red PVC tube were added. Food (Ssniff, Soest, Germany) and water were
provided ad libitum. The animals were kept at approximately 22+ 2°C and 55+ 5%
humidity in a reverse 12-hour light-dark rhythm. All animal procedures were approved
by the local authority LANUV (Landesamt fiir Natur-, Umwelt- und Verbraucherschutz
North Rhine-Westphalia, Germany). The final sample for analysis consisted of 97 rats

after applying exclusion criteria (see Supplementary information for detailed description).
Implantation of Osmotic Pumps

After arrival at the lab, the rats were given 1 week to acclimate before the implantation
surgery (Fig. 1). Animals were pseudorandomly assigned to either the vehicle group or
one of the experimental groups (see below). Alzet® osmotic pumps (model: 2ML4,
Durcect, Cupertino, USA) were used to ensure a steady delivery of fluid. Pumps were
weighted before filling, after filling and after removal to check for residues and calculate
the net injected drug. Detailed descriptions of surgical procedures, recovery, perfusion

and post-mortem blood-level analysis can be found in Supplementary information.

Experimental Groups:

Vehicle
The vehicle group received osmotic pumps filled with 2 ml saline and 50% Dimethyl

sulfoxide (DMSO; Sigma-Aldrich,St. Louis, USA) as a control solution.
Amisulpride

Animals were pseudorandomly assigned to either a low-dose or a high-dose group.
Amisulpride (CBS-FA17868, Biozol, Hamburg, Germany) solutions were prepared in
50% DMSO and saline, with the high-dose concentration adjusted to remain just below

the solubility limit of 5.54 pug/ul, ensuring a delivery of 0.8 mg/kg/day based on individual



bodyweights. For the low-dose, the concentration was set to 1.4 pg/ul, which corresponds

to a delivery of 0.2 mg/kg/day.
Clozapine

Animals were pseudorandomly assigned to either a low-dose, medium-dose or high-dose
group. Osmotic pumps were filled with clozapine hydrochloride (CBS-FC20526-25G,
Biozol, Hamburg, Germany) diluted in Saline and 50% DMSO, with the high-dose
concentration adjusted to remain just below the solubility limit (39.98 pg/ul), ensuring a
delivery of 6 mg/kg/day based on individual bodyweights. For the low-dose, the
concentration was adjusted to 8 ug/ul, which corresponds to a delivery of 1.2 mg/kg/day
based on individual bodyweights. Note that we encountered problems in dissolving
clozapine in the high-dose condition (see exclusion criteria), thus, we decided to include
a medium-dose group (med-dose clozapine) with a concentration of 30 pg/ul and a

delivery of 4 mg/kg/day.
Behavioral Testing

Before the start of the experiment, the animals were brought into the experimental room
for habituation for 30 minutes. Between trials, the experimental set-ups were cleaned with
70% ethanol. Experiments were conducted during the animals’ dark phase, over a course
of one week. Detailed descriptions of additional control tasks and their respective

exclusion criteria are provided in the Supplementary Information.

3-Chamber task

The 3-Chamber task was employed to assess sociability and preference for novel social
stimuli (Sukoff Rizzo & Crawley, 2017). The apparatus consisted of a rectangular arena
(60 cm x 60 cm % 39 cm, PVC) with two compartments (20 cm x 20 cm x 39 cm) located
in the left and right corners (See Fig. 2). These compartments were enclosed by bars,
allowing olfactory and limited tactile interaction with conspecifics while preventing full
physical contact. The task was conducted in three consecutive trials. During the
habituation, the subject rat was placed in the central arena and allowed to freely explore
the set-up for 5 minutes before being returned to its home cage. Following a 10-minute
inter-trial interval (ITI), the social interest trial was conducted. An unfamiliar
demonstrator rat was placed in one of the compartments, and the subject rat was

reintroduced to the apparatus. The subject was allowed to explore and interact freely for



5 minutes before both rats were returned to their home cages. After another 10-minute
ITI, the initial demonstrator was returned to its designated compartment, and a novel,
unfamiliar demonstrator was placed into the remaining chamber. The subject rat was then
placed back in the arena for an additional 5-minute exploration period. This is called the
social novelty preference trial. All trials were recorded using a video camera (Conrad
Electronic SE, Hirschau, Germany). Locomotor parameters were quantified using
EthoVision XT 11.5 (Noldus, Wageningen, Netherlands). Social interaction behaviors,
defined as direct contact or sniffing towards the demonstrators, were manually scored by
a blinded experimenter using Solomon Coder (Solomon Coder beta 19.08.02, Andras
Péter). Social novelty preference was measured as an increased interaction duration with
the novel demonstrator compared to the familiar one. Animals were excluded from
analysis of the social novelty preference trial if the subject rat did not interact with one or

both of the demonstrators. Two animals were excluded from analysis.

Statistical Analysis

Statistical analyses were performed using RStudio (v2023.06.2), with significance set at
p<0.05. Normality of the data was assessed using the Kolmogorov-Smirnov test.
Depending on distribution, group comparisons used unpaired t-tests or Mann-Whitney U
test. Pearson or Spearman correlations were applied based on normality. Robust linear-
models (RLM) assessed main and interaction effects of multiple independent variables
and linear mixed-effect models where used for repeated measures. When post-hoc
pairwise comparisons were necessary, the Benjamini-Hochberg false discovery rate
(FDR) procedure was applied to adjust for multiple comparisons. Statistical figures were

created using GraphPad Prism 9.5.0 (GraphPad Software, Boston, USA).

Results

Behavior

In order to investigate the effects of antipsychotics amisulpride and clozapine on social
behavior we conducted the 3-Chamber task. It offers a high translational validity for
social impairments in neuropsychiatric disorders and covers multiple social domains
(Silverman et al., 2010; Sukoff Rizzo & Crawley, 2017; Yang et al., 2011). First, it covers

the dimension of social interest by assessing the willingness to engage in social interaction



with an unfamiliar conspecific. It also measures the level of social adaptability and
curiosity by quantifying the social novelty preference when an unfamiliar conspecific is
introduced. We also conducted multiple control tasks to ascertain that the drug effects on
behavior in the 3-Chamber task could not be explained by differences between genotype
and drug conditions in anhedonia, working memory, or preservative behavior, such as
rigid exploration patterns. To control for a general deficit in reward-related behaviors, we

compared sucrose consumption in all animals but did not find differences (Supplemental

Figure S1A).

Social Interest Social Novelty Preference

10 Minutes

5 Minutes 5 Minutes

Figure 2 : Experimental scheme of the 3-Chamber task and apparatus. Dashed lines represent the bars
which separated the subject animal (white) and demonstrators (grey, brown). Demonstrators were aged-
and sex-matched and of the same strain (colors differ for visualization).

Social Novelty Preference

For amisulpride treatment, we used a linear mixed-effects model to examine the main and
interaction effects of novelty (within-subject factor), dose (between-subject factor), and
genotype (between-subject factor) on social novelty preference. The analysis revealed a
significant 3-way interaction at both doses (novelty * genotype * low-dose: b =-42.84 +
21.12, t(115) = -2.03, p = 0.045; novelty * genotype * high-dose: b = -54.72 £ 21.27,
t(115)=-2.57, p=0.011). Post-hoc two-sided t-tests revealed that wildtype vehicles had
a significant preference for the novel conspecific (adjusted p = 0.018). In contrast, vehicle
tgDISC1 rats did not significantly prefer a novel conspecific over the familiar one
(adjusted p=0.431), confirming that tgDISC1 rats have altered social novelty preference.
Notably, we found that both the low-dose and high-dose treatment of amisulpride
increased social novelty preference in tgDISCI1 animals (low-dose: adjusted p = 0.002;

high-dose: adjusted p = 0.021, Fig.3). Conversely, we found no significant evidence that



wildtype animals treated with either amisulpride dose preferred the novel conspecific
(low-dose: adjusted p = 0.395; high-dose: adjusted p = 0.129, Fig. 3). This suggests that

the rescue-like effect of amisulpride was specific to tgDISC1 animals.

Regarding the total duration of social exploration, an RLM revealed no significant main
effects or dose-by-genotype interactions (all p > 0.263), suggesting that the effects
amisulpride were specific to novelty exploration and not general exploratory social
behavior. RLMs for locomotor activity revealed dose-dependent reductions in distance
traveled and average velocity, but these effects were not genotype-dependent.
Specifically, amisulpride significantly reduced distance traveled at low doses in both
genotypes (b = -355.74 + 176.03, t(58) = -2.02, p = 0.048; interaction: b = 220.65 +
237.80, t(58) = 0.93, p = 0.356). Similarly, velocity was reduced at low doses (b =-1.33
+ 0.61, t(58) =-2.18, p = 0.033; interaction: b= 0.97 + 0.82, t(58) = 1.18, p = 0.243).

These findings highlight a genotype-dependent rescue effect of amisulpride in transgenic
animals, as evidenced by increased novelty preference following treatment. This effect
was absent (even inverted) in wildtype control animals, supporting the specificity of
amisulpride’s action in rescuing DISCl-related impairments in social adaption.
Importantly, amisulpride-induced reductions in locomotor activity were dose-dependent
but not genotype-dependent, suggesting that the rescue effect on social novelty
exploration occurred independently of locomotor suppression. Total exploration duration
remained unaffected, underscoring the targeted nature of the rescue by amisulpride

concerning novelty exploration.

In summary, we found that, compared to wildtype controls, tgDISC1 rats had
significantly impaired social novelty preference which was rescued by amisulpride

treatment.
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Figure 3 Effects of amisulpride treatment on social behavior in the 3-Chamber task. (A) Social novelty
preference in tgDISC1 and wildtype rats following amisulpride treatment. Social novelty preference was
measured as an increased interaction duration [s] with the novel conspecific compared to a familiar one.
A linear mixed-effects model revealed significant 3-way interactions (novelty * genotype* dose). Post-hoc
two-sided t-test showed a significant preference for the novel conspecific in wildtype vehicles (adjusted p
= 0.018), whereas this preference was absent int vehicle-treated tgDISCI rats (adjusted p = 0.431),
indicating impaired social novelty preference in tgDISC1 animals. Notably, further post-hoc tests revealed
intact social novelty preference in tgDISCI rats after treatment with either dose of amisulpride. veh =
vehicle (B) Amisulpride blood-levels did not significantly correlate with social exploration of neither the
novel (diamond) nor a familiar (bold circle) conspecific in tgDISCI rats. (C) Duration of social exploration
during the social interest trial in the 3-Chamber task. Results of post-hoc group comparisons are visualized.
ns = not significant. Data are presented as median + quartiles. *p < 0.05, **p < 0.01

The linear mixed-effects model of clozapine treated animals revealed no significant main
or interaction effects on social novelty preference (all p-values > 0.061, Fig. 4). In
addition, further analysis of total exploration duration or locomotion yielded no
significant results in any of the parameters measured (all p-values > 0.098). Thus,
treatment with clozapine did not influence social novelty preference behavior of tgDISC1

(or wildtypes) to a significant extent.
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Figure 4 Effects of clozapine treatment on social behavior in the 3-Chamber task. (4) Social novelty
preference in tgDISCI and wildtype rats following clozapine treatment. Social novelty preference was
measured as an increased interaction duration [s] with the novel conspecific compared to a familiar one.
A linear mixed-effects model revealed no significant effects. med = medium; veh = vehicle (B) Clozapine
blood-levels did not significantly correlate with social exploration of the novel or familiar conspecific in
tgDISC1 rats. (C) Duration of social exploration during the social interest trial in the 3-Chamber task. No
significant effects were revealed in the analysis. Data are presented as median + quartiles.

Social Interest

In the social interest trial of the 3-Chamber task, RLMs were used to analyze genotype-
and dose-dependent effects in the time rats spent in the social chamber, interacting with
the unfamiliar conspecific. No significant baseline differences in social contact between
vehicle wildtype and tgDISC1 rats were revealed (wildtype vehicle vs. tgDISC1 vehicle,
adjusted p = 0.075; descriptively, tgDISCI1 rats had higher social contact durations than
wildtypes).



For treatment with amisulpride, a significant dose-genotype interaction was found for the
low-dose (b=45.07 £ 18.57, t(60) =2.43, p = 0.018). Post-hoc comparisons revealed that
tgDISCI rats treated with low-dose amisulpride spent significantly less time in the social
chamber than the vehicle tgDISCI rats (adjusted p = 0.033, Fig. 3), while this effect was
absent in wildtypes. However, a comparison between genotypes treated with low-dose of
amisulpride did not show significant differences (wildtype low-dose vs. tgDISC1 low-
dose, adjusted p = 0.096, Fig. 3), suggesting no differences in sociability between both
genotypes. For high-dose treatment, the RLM did not show a significant dose-genotype
interaction effect on time spent in the social chamber (b = 11.08 = 18.29, t(60) = 0.61, p
=0.544).

For clozapine-treated animals, we found no significant dose-genotype interaction effects
in the social interest task. Neither low-dose nor medium-dose clozapine significantly
affected social interaction in the social chamber in any group (all p > 0.713). However,
medium-dose clozapine was associated with a significant genotype-dependent reduction
in wildtypes for distance traveled (b = -562.84 + 239.23, t(48) = -2.35, p = 0.023) and
velocity (b =-2.03 £ 0.89, t(48) = -2.28, p = 0.027).

Sucrose Preference

The Sucrose Preference task revealed no baselines differences between the vehicle
groups, indicating no anhedonia in tgDISC1 rats. Further, Amisulpride had no significant
effect on 10% sucrose consumption in either genotype or at low/high doses (all p >0.109).

Similarly, clozapine did not alter sucrose intake across genotypes or doses (all p > 0.126).
T-Maze

In the T-maze task, amisulpride had no effect at either dose in either genotype on
cognitive performance measures - score, triplets, direct/indirect revisits, and first error
(all p-values > 0.085). Likewise, general activity readouts (arm entries, distance traveled,
velocity) were unaffected by treatment or genotype (all p-values > 0.161). For clozapine,
results were similar, with no dose-dependent or genotype-related effects on any variable
(triplets, direct/indirect revisits, score, first error, arm entries, distance and velocity; all p-
values > 0.051). Together, these findings indicate that neither amisulpride nor clozapine
notably altered cognition and exploratory behavior, spatial learning, or short-term

working memory performance.



Open Field

In the Open Field task, amisulpride treatment did not influence behavioral metrics in any
of the tested conditions. The RLMs revealed no significant main effects of drug dose or
genotype, or their interactions, on locomotor activity, overall distance traveled, individual
velocity, or number and duration of visits to the center-zone, as a proxy for exploratory
drive (all p-values > 0.531). Likewise, the treatment of clozapine had no significant

effects on neither genotype in any of these parameters (all p-values > 0.225).
Blood-levels

As a manipulation check, analysis of the blood-levels of the drugs revealed significant
differences in drug concentrations of amisulpride between the low- and high-dose
conditions, both in wildtype (t[20] =6.62, p <0.0001) and tgDISC1 rats (U =9, p=0.001,
Fig. S2). The same was found in clozapine-treated rats (wildtype: t[13] = 2.55, p = 0.023;
tgDISC1: U=0, p <0.001, Fig. S2). Further, analysis of bodyweights revealed that none

of the drugs or their concentrations affected weight gain (all p-values > 0.068).

Lack of correlations of drug plasma levels with behavioral read-outs

We exploratively examined whether the behavioral task read-outs correlated with
individual blood-levels of amisulpride or clozapine. Amisulpride concentrations were
negatively associated with locomotor activity across genotypes in the T-maze task, as
reflected in reduced distance traveled (wildtypes: r =-0.49, p=0.018; tgDISC1: r =-0.46,
p = 0.032) and velocity (wildtypes: r = -0.48, p = 0.022; tgDISC1: r = -0.46, p = 0.034).
In tgDISCI rats, higher amisulpride levels also correlated with fewer arm entries (r = -
0.51, p=0.017) and triplets (p =-0.48, p = 0.024). No other behavioral correlations were
found for amisulpride. For clozapine, higher blood-levels were linked to reduced social

interaction in wildtypes during the 3-Chamber social interest trial (r =-0.52, p = 0.044).



Discussion

We investigated a distinctive social impairment in male tgDISC1 rats in the 3-Chamber
task, specifically their reduced preference for interacting with a novel social conspecific
over a familiar one. This deficit in social novelty preference was successfully restored
after a two-week treatment with the D2R/D3-receptor antagonist amisulpride. In contrast,
treatment with clozapine, acting on a broader receptor profile, did not rescue this social
phenotype. These results highlight a critical role of dopaminergic modulation in driving
the social-behavioral alteration of tgDISC1 rats. This gives important insights into the
face validity of tgDISCI rats, while the rescue-effect of amisulpride allows us to make
critical mechanistic and therapeutic distinctions that have direct implications for (a subset

of) schizophrenia patients.

Our results suggest that tgDISCI1 rats show no generalized anhedonia or cognitive
alterations and even retain the interest to engage with social stimuli comparable to
wildtypes, a critical distinction from models of severe negative symptoms (Wilson &
Koenig, 2013). The social tgDISCI1 phenotype was restricted to a lack of social novelty
preference. This suggests that our rat model is not characterized by generally diminished
social functioning, but rather a context-specific bias toward engaging with familiar
individuals. The tgDISC1 rat thus mirrors the challenges faced by individuals with
schizophrenia and other psychiatric disorders, where a reluctance to engage in novel
social interactions may co-exist with preserved social interest (Morrison et al., 2017;
Weittenhiller et al., 2021): if patients place less value on interacting with unfamiliar
individuals, this may lead to rigid or maladaptive responses to new group dynamics,
which have previously been described as reduced social effort or impaired social skills in

individuals with schizophrenia (Fulford et al., 2018).

Various studies reported markedly improvement of social functioning and social adaption
in schizophrenia patients treated with amisulpride (Carriere et al., 2000; Juruena et al.,
2010; Krause et al., 2018; Mortimer, 2009; Saleem et al., 2002). Social novelty preference
is underlying dopaminergic control (Molas et al., 2024). Even more specific, studies in
rats revealed a strong regulation of D2R rather than D3R. Several studies selectively
injecting antagonists of either D2R or D3R, revealed impairments in social novelty
preference for D2R antagonist or no effects for D3R antagonist in this task (Millan et al.,
2007; Watson et al., 2011). Here, we extend this line of research by our observation that

social novelty preference in wildtype rats is disrupted by antagonizing D2R/D3R with



amisulpride. Notably, by contrast, amisulpride rescued, rather than diminished, social
novelty preference in tgDISCI rats, presumably because D2R/D3R antagonism leads to
more efficient regulation of dopamine signaling in the case of D2R overexpression, as

seen in tgDISCI rats (Trossbach et al., 2016).

Our findings are consistent with the observation in human patients that behavioral
symptoms and motor side effects do not exhibit a straightforward correlation with plasma
concentrations of antipsychotics (Horvitz-Lennon et al., 2017). While exploratory
analyses revealed a correlation between blood-levels of amisulpride and reduced
locomotion during the T-maze task, this effect was neither genotype-dependent nor
sufficiently robust to yield significant differences compared to vehicle-treated groups.
Overall, amisulpride demonstrated good tolerability with no persistent side effects,
aligning with its established profile of a lower incidence of extrapyramidal symptoms

compared to other antipsychotics (Huhn et al., 2019).

The absence of treatment effects of clozapine on the social tgDISC1 phenotype is
important as clozapine has a unique receptor profile and remains the only medication for
treatment-resistant-schizophrenia (Chakos et al., 2001; Pandey & Kalita, 2022). Still, the
results of the presented study need to be interpreted with caution due to the relatively
small sample size and measured blood-level concentrations, which were rather low (about
100-fold lower), compared to the concentrations considered therapeutically relevant in
psychotic patients. However, an early pharmacokinetic study of clozapine in rats proved
pronounced species differences between humans and rats, with much shorter half-life
times of clozapine and its active metabolites in rodents, requiring continuous dosing
which we addressed in this study by using Alzet pumps (Baldessarini et al., 1993). In
addition, a receptor occupancy study in rats showed that continuous clozapine
administration is significantly less effective than single injections, requiring up to fivefold
higher doses for comparable occupancies (Kapur et al., 2003), and, notably, does not lead
to drug accumulation despite chronic treatment — contrasting with typical patterns seen in
humans (Baldessarini et al., 1993; Wilk & Stanley, 1978). Here, the highest clozapine
dosage used was constrained by the need to maintain continuous solubility over weeks,
which remained below 50 mM even in 50% DMSO, consistent with previous findings
(Kapur et al., 2003), adding another explanation for the low blood-levels. Of note,
previous literature on the usage of low-dose clozapine in rat indicates that dosages even

smaller than those used here result in pronounced behavioral effects in rats (Ilg et al.,



2018). In line with that, we were able to discover significant correlations of measured
clozapine blood-levels and sucrose consumption (Fig. S1) arguing that behavioral effects
were observable despite the relatively low concentrations achieved. Nevertheless, we
cannot completely rule out that higher clozapine concentrations would have led to
different effects on the social phenotype of tgDISC1 rats. It is our impression that animal
experimental reports on clozapine administration are difficult to compare between each
other and to humans and further research is needed to standardize experimental

approaches of clozapine administration in animals.

The tgDISC1 rat model bridges a gap between subtle alterations in critical signaling
pathways and resulting behavioral phenotypes in psychiatric research. By focusing on
social novelty preference, tgDISCI rats may model a critical yet underexplored domain
of social adaptability. The ability of amisulpride—but not clozapine— to restore social
novelty preference in tgDISC1 rats highlights the centrality of dopaminergic
dysregulation in their behavioral phenotype, offering a valuable target for precise
therapeutic interventions in patients with DISCl-related alterations, for whom we
previously proposed potential biomarkers (Leliveld et al., 2008; Pils et al., 2023). Future
studies should explore how sporadic DISC1-alterations disrupt connectivity and plasticity
within dopaminergic circuits of novelty processing and clarify the strong effects of

amisulpride on social behavior.
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Supplementary Materials and Methods

Genotyping & Re-Genotyping

The procedure for genotype assessment was following established qPCR protocols (Trossbach et
al., 2016). After termination of animals, we performed a re-genotyping to ascertain correct group

assignment.
Surgery & Recovery

Prior to surgery, rats received analgesia (5 mg/kg carprofen s.c.). For anesthesia, inhalation was
induced with 5% isoflurane until rats lost mobility, and then, isoflurane levels were lowered to
2% to 3% for maintaining anesthesia. Upon reaching surgical state, rats were fixed with their teeth

into a stereotactic apparatus (David Kopf Instruments, Los Angeles, USA).

The fur was shaved on pseudorandomly assigned left or right dorsal flank and a ca. 2cm long
incision was made for subcutaneous placement of the osmotic pump. The wound was closed with
stitches and treated with antiseptic spray. In addition, blood samples were collected. Bodyweights
were taken the day of the surgery as well as the first and second day following. Rats had one week

of recovery before the start of the behavioral experiments. One rat died during surgery.
Perfusion & Tissue Preparation

Approximately three weeks (21 — 24 days) after receiving the pumps, rats were terminated. At
termination, rats were injected with pentobarbital and deeply anesthetized with isoflurane until
reaching surgical state. Blood was drawn to check blood-level concentration of drugs. Following,
cerebrospinal fluid was collected and half of the rats had their brains removed that got

immediately snap frozen in Isopentane.

The other half of the rats was perfused transcardially with 4% paraformaldehyde in 0.1 M
phosphate buffer. Brains were immediately removed (and snap frozen) and stored at -80°C. In
addition, rats in the treatment groups had cerebral spinal fluid collected. Osmotic pumps were
removed and weighted to check for any residuals of leftover drugs and to calculate the net amount

injected over the implanted period.
Post-mortem Blood-level Analysis

Amisulpride and clozapine were quantified by isotope dilution mass spectrometry (IDMS) using
an AB Sciex QTrap 5500 (AB Sciex™ DH Tech., Framingham, MA 01701, US) with a Shimadzu
prominence HPLC-System (Shimadzu, Duisburg, Germany) as front end. Method was adapted to
the method previously published (Kirchherr & Kiihn-Velten, 2006). In short, 10 ul of serum was
mixed with 40 ul water and 150 pl precipitation solution (70 % methanol, 30 % acetonitrile (v/v))



containing internal standards. Internal standards were fluoxetine D5 (Toronto Research
Chemicals Inc. North York, Kanada and amisulpride D5 (Alsachim; Shimadzu Chemistry &
Diagnostics, Illkirch Graffenstaden, France). 5 to 10 ul of supernatant (10000*g, 10 minutes)
were injected into the LCMS system. Separation was carried out on an Onyx C18 column (100 x
3.0 mm; Phenomenex, Aschaffenburg, Germany) by gradient elution. Starting with 90 % mobile
phase A: water purified by Milli-Q® IQ 7000 purification system (Merck Chemicals
GmbH Darmstadt, Germany) buffered with 0,1 % acetic acid and 12,5 mM NH4+OAc (both Merck
KGaA, Darmstadt, Germany) changing to 100 % mobile phase B: LCMS-grade methanol (Th.
Geyer GmbH & Co. KG. Renningen, Germany) buffered equal to mobile phase A. After 5 minutes
concentration was set back to 90 % phase A. Total run time was 6.5 minutes. Quantification was
performed by peak integration in MRM mode. 3PLUS1® Multilevel Plasma Calibration Set
Neuroleptics 1 and 2 (Chromsystems GmbH, Miinchen, Germany) were utilized. Mass transition
370.2/242.0 was used to quantify amisulpride and 327.2/192.1 to quantify clozapine.
Quantification was controlled by MassCheck® Neuroleptics 1 Plasma Control and MassCheck®
Neuroleptics 2 Plasma Control, two levels each (Chromsystems GmbH, Miinchen, Germany).
With the selected dilution a lower limit of quantification (LOQ) of 0.5 ng/ml for amisulpride and

0.1 ng/ml for clozapine was achieved.
Exclusion Criteria

Despite reports of sufficient clozapine solubility in DMSO (W. Huang et al., 2021) at the highest
concentrations used (6 mg/kg/day in 2.2 ml saline and 50% DMSO), clozapine formed visible,
insoluble precipitates over the three-week treatment. This resulted in incomplete emptying of the

pump (weighed at termination), indicating no diffusion into the rat bodies.

Individuals were excluded from further analysis if their blood-levels of amisulpride or clozapine
were below 0.1 ng/ml (i.e. detection limit). Initial checks revealed that all nine animals tested
until then that received the highest clozapine dose (6 mg/kg/day) met the exclusion criteria due
to precipitates or undetectable blood levels, leading us to discontinue the high-dose treatment.
After completing data collection, we found that seven of 24 rats in the low-dose group (1.2
mg/kg/day) and ten of 24 in the medium-dose group (4 mg/kg/day) also met the exclusion criteria
and were subsequently removed from analysis. Furthermore, six rats were excluded due to
incorrect genotyping (heterozygotes), and one rat was terminated after meeting termination

criteria.



Behavioral Testing

Open Field

An Open Field test was conducted to assess potential differences in locomotion and exploration
between the groups. Rats were placed in the center of a square arena (50 cm x 50 cm x 45 cm,
PVC) and could freely explore it for 10 min while being recorded by a camera (Conrad Electronic

SE, Hirschau, Germany) from above.

The tracking software EthoVision XT 11.5 (Noldus, Wageningen, Netherlands) was used for
behavioral read-outs. The number of visits to the center zone were used as a measure for
exploratory drive and the total distance moved as well as the average velocity of an individual

were measured to assess locomotor activity and potential deficits.
T-Maze

To assess short-term working memory and (rigid) pattern exploration, we utilized a T-maze task.
The T-shaped apparatus consisted of three arms (57 cm x 16 cm x 37 cm each, PVC) and a center
zone (37 cm x 37 cm x 37 cm, PVC). For distinction, each arm of the T-maze had unique visual
cues on the walls. The animals were placed in the center zone facing a wall. For a period of five
minutes, the animals could explore the maze freely and the order of arm entries were noted. The
trials were recorded (Conrad Electronic SE, Hirschau, Germany). Parameters measured were
numbers (#) of: total arm entries, triplets, direct re-visits, indirect re-visits, number of the first

error entry, as well a performance Score. The Score was calculated as follow:

# triplets
(# total entries-2)

Score =

In addition, EthoVision XT 11.5 (Noldus, Wageningen, Netherlands) was used to

measure total distance travelled and average velocity as locomotion readouts.

Sucrose Preference

The Sucrose Preference Task assesses anhedonic phenotypes by measuring the preference
for a sucrose solution over water (Scheggi et al., 2018). Animals were single housed the
night prior to the test and had free access to water and food by distributing food pellets
into the cage. The following morning, a 10% sucrose solution (Roth, Karlsruhe,
Germany) was prepared. The bottles containing the sucrose and an additional bottle of
water were placed in a random order on the cage lids. The weight of the bottles was

measured before presenting them to the animals and after 6 hours. After the 6-hour period,



rats were put back into their home cage. The weight measurements were analyzed.
Individuals were excluded from analysis if any of the presented bottles happened to spill.

Seven animals were excluded from analysis.



Figure S1 Methods. This task-design is based on a previous publication about the social
phenotype in the tgDISCI rats (Seidisarouei et al., 2022). Here, we made an attempt to
adapt a one-shot version of the paradigm, challenging different motivational states by
presenting two different reward types at the same time. Thus we were able to compare
the time allocation of rats in each reward zone. In brief, during a 10 minute trial, rats had
the chance to freely explore a rectangular apparatus (154 cm x 16 cm x 37 cm, PVC). In
the far ends, either a bottle containing 10% sucrose solution or a restrainer, holding an
unfamiliar conspecific of the same age and sex, were placed. The restrainer was made out
of bars, allowing olfactory and limited tactile interaction with the conspecific while
preventing full physical contact. The duration of social interaction and time spent
drinking the sucrose solution were manually scored. In addition, bottles containing the
sucrose solution were weighed before and after the experiments to determine the amount
of consumption. Note that rats of each genotype treated with the vehicle compound
preferred social contact over sucrose consumption and thus did not differ in their time
allocation between the two rewards.
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Figure S4: Comparison of different reward types in wildtype and tgDISCI rats. During the task, rats had the chance
to freely explore an apparatus which far ends offered either a bottle containing 10% sucrose solution or the interaction
with an unfamiliar conspecific of the same age and sex. Data is show as mean * standard error of mean (SEM). (A)
Duration spent in each reward zones. Amisulpride treatment did not significantly effect behavior of either genotype.
(B) Duration spent in each reward zones. Clozapine treatment did not significantly effect behavior of either genotype.
(C) Correlation of clozapine blood-levels and sucrose consumption in wildtypes. Higher blood-levels of clozapine were
significantly correlated with higher sucrose consumption. (D) Correlation of clozapine blood-levels and sucrose

consumption in tgDISCI. Higher blood-levels of clozapine were significantly negatively correlated with sucrose
consumption.
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Figure S2: Blood-levels of amisulpride and clozapine, in wildtype and tgDISCI rats. (A) Blood concentration levels
(mean + SEM) of amisulpride in wildtype and tgDISCI rats following low- and high-dose treatment. The blood
concentrations differed significantly between the low- and the high-dose conditions in both genotypes (wildtype: p <
0.0001; tgDISCI: p = 0.001). (B) Blood concentration levels (mean £ SEM) of clozapine in wildtype and tgDISCI rats
following low- and medium-dose treatment. The blood concentrations differed significantly between the low- and the
medium-dose conditions in both genotypes (wildtype: p = 0.023; tgDISCI1: p < 0.001). *p < 0.05, **p < 0.01, ***p <
0.001
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Abstract

Social deficits are a hallmark of schizophrenia, often characterized by impairments in
processing and integrating socially transmitted information. However, translational models that
accurately capture these deficits remain scarce. The Disrupted-in-Schizophrenia 1 gene
(DISCT), a key susceptibility factor implicated in the etiology of psychiatric disorders, has been
shown to cause DISC1-protein aggregation and dysfunctional signaling when modestly
overexpressed, ultimately resulting in aberrant dopamine homeostasis. In this study, we
employed a transgenic rat model overexpressing human DISC1 (tgDISC1 rats) to investigate
social reward learning and microstructural integrity in the brain. Using a modified Social
Transmission of Food Preference (STFP) task, we report that male tgDISC1 rats failed to
update reward preferences based on social information, despite intact non-social reward
learning—suggesting a specific deficit in social reward learning. Diffusion tensor imaging (DTI)
in a behaviorally naive cohort revealed reduced fractional anisotropy (FA) in key subcortical
regions, including the nucleus accumbens, amygdala, and substantia nigra, as well as areas
mediating cortical-subcortical communication as the thalamus. Structural alterations in
corresponding neuroanatomical areas have also been described in DTl of schizophrenia
patients. Our findings link aberrant DISC1 signaling with impaired connectivity in parts of the
mesolimbic system, critical for integrating social information into decision-making. This model
recapitulates both behavioral and structural endophenotypes of schizophrenia and suggests
that social impairments may stem from a fine-grained circuit-selective dysfunction rather than
a generalized reward processing deficit. The tgDISC1 rat thus offers a translational platform

for probing the neural substrates of social dysfunction in psychiatric disorders.
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Significance Statement

Disrupted-in-Schizophrenia-1 (DISC1) is a scaffold-protein regulating various functions related
to psychiatric disorders. Its overexpression causes DISC1-protein aggregation and altered
signaling, impairing dopamine pathways and behavior. We investigated whether DISC1
overexpression affects social influence on reward valuation using a modified Social
Transmission of Food Preference (STFP)-task. Wildtype rats shift preferences after social
interaction, favoring an initially non-preferred reward. In contrast, DISC1-overexpressing
(tgDISC1) rats did not shift their preference based on social information. In-vivo diffusion-
tensor-imaging (DTI) in a behaviorally naive cohort of tgDISC1 rats revealed structural
changes in limbic areas, potentially favoring the deficits in STFP. These findings highlight the
importance of DISC1-signaling and related circuits for integrating social cues during decision-

making, offering insights into impaired social reward learning in psychiatric disorders.
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Introduction

Schizophrenia is a complex psychiatric disorder of heterogenous biological origin marked by
a spectrum of symptoms, including pronounced deficits in social behavior. While social
withdrawal and anhedonia are well-documented features, patients also show impairments in
social learning—specifically, the ability to integrate social cues to guide behavior and decision-
making (Bellack et al., 1990; Catalano et al., 2020; Morrison et al., 2017). For instance,
individuals with schizophrenia exhibit reduced sensitivity to social rewards (Fett et al., 2019),
likely impeding their ability to adapt to social environments and contributing to the broader
social dysfunction characteristic of the disorder (van't Wout et al., 2009). Yet, translational
models mimicking these deficits remain limited. To address this gap, we employed a modified
version of the Social Transmission of Food Preference (STFP; Galef et al., 1984) paradigm,
which has recently been adapted as a model for social reward learning (Noguer-Calabus et
al., 2022). In this task, observer rats first express a preference between two differently flavored
rewards. A demonstrator rat is then fed the observers non-preferred flavor, after which both
rats briefly interact. Following this interaction, the observer's preference is reassessed.
Typically, observers shift their preference toward the previously non-preferred reward—
reflecting integration of social information into their own value representation. This
ethologically relevant paradigm thus enables investigation of social reward learning

mechanisms and their potential disruption in psychiatric conditions.

Dopaminergic signaling plays a central role in social learning—especially in the encoding of
reward value and guiding social decision-making in both humans and animals (Bayer &
Glimcher, 2005; Castrellon et al., 2019; Kalenscher & Pennartz, 2008; Soutschek et al., 2017;
Terenzi et al., 2022). Impaired sensitivity to social rewards in schizophrenia has been linked
to alterations in dopaminergic brain regions (Butler et al., 2020), supporting the relevance of

dopamine pathways in the disorder’s social deficits (Kapur et al., 2005).

The Disrupted-in-Schizophrenia 1 (DISC1) protein is of particular interest in psychiatric

research, given its strong link to dopamine signaling, brain development and cellular
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processes, such as synaptic plasticity and spine formation (Brandon & Sawa, 2011; Dahoun

et al., 2017).

There is substantial evidence supporting the pathogenic relevance of DISC1 protein
dysfunction for schizophrenia and other mental illnesses, as insoluble DISC1 protein
aggregates have been found in post-mortem brain tissue and CSF in a subset of patients
(Leliveld et al., 2008; Pils et al., 2023). DISC1 aggregation has also been reported in human
cell-lines and mouse brains, following proteostasis disruption by influenza A infection
(Marreiros et al., 2020). This suggests that aberrant DISC1 protein handling and aggregation
are a disease-relevant mechanism, even in the absence of overt gene mutation or widespread

overexpression in the general schizophrenia population.

To model the DISC1 related pathology, a transgenic (tgDISC1) rat line was developed in which
the human, non-mutant DISC1 protein is modestly overexpressed. Due to the protein’s
intrinsic propensity to misfold and aggregate (Cukkemane et al., 2025; Leliveld et al., 2008),
the model is suitable to mimic cases of DISC1 multimerization observed in patients and
investigate mechanistic effects. Supporting this, tgDISC1 rats exhibits dysregulated dopamine
homeostasis—evidenced by increased dopamine transporter availability and elevated high-
affinity dopamine D2 receptor expression—alongside behavioral phenotypes resembling

psychiatric symptoms (Nani et al., 2020; Trossbach et al., 2016; Uzuneser et al., 2019).

Based on this, we hypothesized that DISC1 protein aggregation would disrupt the function of
dopaminergic circuits involved in social reward learning, leading to impaired performance of
tgDISC1 rats in the STFP paradigm. To further characterize the tgDISC1 model on a
neurostructural level, we conducted in vivo diffusion tensor imaging (DTI) in a test-naive rat
cohort. This analysis aimed to identify microstructural alterations associated with disrupted
DISC1 signaling. Specifically, we assessed structural integrity across key neuroanatomical
regions relevant to the STFP paradigm. This two-sided approach— investigating behavioral

assessment and structural imaging— provides a comprehensive characterization of the



139  tgDISC1 rat, including features potentially relevant to schizophrenia-related social dysfunction

140  and/or associated hallmarks of microstructural brain pathophysiology.
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Materials & Methods

Animals & Housing

A total of 96 male Sprague Dawley rats, aged 3 to 6 months, were tested. The animals included
transgenic homozygous DISC1 rats, as well as their wildtype littermates matched as siblings
of the same parents (hereafter referred to as wildtype). Before testing, wildtype rats were
assigned to either serve as controls or social demonstrators. The animals were bred at the
ZETT (Zentrale Einrichtung fiir Tierforschung und wissenschaftliche Tierschutzaufgaben,
Dusseldorf, Germany) of the Heinrich Heine University in Disseldorf, Germany. The animals
were maintained in Type 4 cages on wood chipped bedding (LASvendi, Soest, Germany) at
approximately 22+ 2°C and 55+ 5% humidity. Rats were paired-housed unless described
differently (see below). For enrichment, a wooden block and a red PVC tube were added. The
animals were kept in a reverse 12-hour light-dark rhythm. Rats were supplied with laboratory
rodent chow (Ssniff, Soest, Germany) and water ad libitum, unless stated otherwise in the
behavioral task descriptions. All animal procedures were conducted in accordance with the
German Tierschutzgesetz (Animal Welfare Act) and were approved by the local authority
LANUV (Landesamt fiir Natur-, Umwelt- und Verbraucherschutz North Rhine-Westphalia,

Germany).

Genotyping

The generation and genotyping of the tgDISC1 model has been described to great detail
previously (Trossbach et al., 2016). Briefly, for genotyping, small parts of the tail tips were
lysed in a buffer (100 mM Tris [pH 8], 5 mM EDTA, 0.2% SDS, 200 mM NaCl, and 100 mg/ml
proteinase K). After overnight incubation in 500ul of lysis (50°C, 800rpm), genomic DNA was
precipitated (100% isopropanol;70% ethanol), centrifuged for 30 min with 14.000rpm at 4°C
and subsequently solubilized in distilled water. For gqPCR detection, primers targeting PrP
promoter region (forward: 5-CTGATCTCCAGAAGCCCAAA 3'; reverse: 5-

CAGGCCTATTCCTTGACAGC-3) and rat B-actin (forward: 5'
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GCAACGCGCAGCCACTGTCG-3'; reverse: 5 '-CCACGCTCCACCCCTCTAC-3') as a
reference gene were utilized. For polymerase chain reaction (PCR; 10 min at 95°C, followed
by 40 cycles of 10 s at 95°C, 20s at 60°C, and 30 s at 72°C), DNA samples, either PrP or -
actin primers, SYBR Green | SuperMix (Roche, Mannheim, Germany), FactorQ and distilled
water were mixed. PCR products were analysed via gel electrophoresis and LightCycler 480

software (Roche, Mannheim, Germany), with B-actin used for normalization.

Procedure

Rats were tested in a modified variant of the STFP as well as in a number of control tasks.
The tasks were conducted in a fixed, chronological order: all observer rats first completed the
3-Chamber task, followed by the Odor Discrimination task, and then the STFP task (see below
for task descriptions). The Reward Magnitude Discrimination and Reversal task were
performed by a separate batch of rats. In general, all rats were handled for 5 minutes on 3
consecutive days before starting the first experiments. Before the start of the experiments, the
animals were brought into the experimental room for habituation. Between ftrials, the
experimental set-ups were cleaned with.70% ethanol. Experiments were conducted during the

animals’ dark-phase.

Social Transmission of Food Preference Task

The experimental design and analysis were performed as described by Noguer-Calabus et al.
(2022) (Fig. 1). Three days prior to the STFP, rats were single-housed in type 4 cages with
enrichment (wood block and tube) and acclimatized to the experimental setup. During this
period, they were provided with custom-made metal hanging feeders containing two bowls

with either 10 grape-flavored or 10 banana-flavored pellets (TestDiet, Richmond, USA).

The STFP protocol was implemented in several stages: Habituation to the experimental
procedure (Day 1), Pre-Interaction Preference Testing (Days 2 and 3), Social Interaction (Day

4), and Post-Interaction Preference Testing (Days 4 and 5).
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During the entire course of the STFP, rats were subjected to mild food restriction, maintaining
them at 85% of their free-feeding body-weight. Standard laboratory chow was removed each
morning on test days and returned after the 6-hour preference measurements were

completed. Water was available ad libitum.

Pre-Interaction Preference Testing

Each day during the Pre-Interaction Preference Testing, the observer rats were offered two
food cups containing two different reward flavors (grape and banana). The rats had
unrestricted access to the food cups for 6 hours. Afterward, the cups were removed. Cups

were weighed before and after testing.

Consumption was quantified individually for each observer rat by calculating the difference in
cup weight before and after the 6-hour testing period. On Day 3, following the 6-hour
measurement, individual preferences were determined based on the quantity of each pellet
type consumed. The flavor consumed in greater quantity during Pre-Interaction Preference

Testing was designated as the individual's preferred flavor (see exclusion criteria below).

After observers’ preferences were quantified on Day 3, demonstrator rats were single-housed
(with enrichment) and provided with a hanging feeder containing the pellets that were not
preferred by their assigned observers. Demonstrators had access to the feeder all night
preceding the Social Interaction on Day 4 (see below). Demonstrators were age- and sex-

matched, unfamiliar wildtype rats of the same strain.

Social Interaction

On Day 4, it was confirmed that demonstrators had consumed the flavored pellets before
interaction by inspecting if any pellets were left in the cups. To enhance the odor that was to
be transmitted, crushed pellets were gently rubbed onto the demonstrators’ back, snout and
genital area. Subsequently, the demonstrator was marked with a black pen on the back for
identification purposes. A matched pair of demonstrators and observers were then allowed to

interact freely in an open field (50x50x45 cm, PVC, illuminated to 5-15 lux) for 20 minutes.

10
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The interaction was recorded (Conrad Electronic SE, Hirschau, Germany), and an
experimenter blinded to the genotypes scored the social initiation behavior of the observer

using Solomon Coder (Solomon Coder beta 19.08.02 © Andras Péter).

Post-Interaction Preference Testing

Immediately after Social Interaction on Day 4, the observer rats were placed back into their
individual cages. As in the Pre-Interaction Preference Testing, they were given two separate
cups, each filled with one of the two pellet flavors. The cups were removed and weighed after
a 6-hour interval. This preference test was repeated the next day. After completion, all animals

were returned to their previous group housing conditions.

Analysis

A daily Preferences Index (PIl) was calculated as described below (Noguer-Calabus et al.,
2022):

(preferred [g] — nonpreferred [g])

Preference Index = (preferred [g] + nonpreferred [g])

with preferred[g] and nonpreferred[g] referring to the amount eaten of the respective preferred
and non-preferred reward in grams. Individual indices were used to compare Pre-Interaction
and Post-Interaction preference strengths. A Pl-value of 1 means exclusive consumption of
the originally preferred reward, a Pl-value of -1 means exclusive consumption of the originally
non-preferred reward, and a Pl-value of 0 means indifference (equal consumption of both

rewards).

Exclusion Criteria

Observer rats were excluded from analysis if they did not consume any of the flavored pellets
during the Habituation and Pre-Interaction Preference Testing. Further, rats with inconsistent
Pre-Interaction preferences were also excluded from the analysis. This criterion applied if the

reward type preferred on Day 3 was different from the preferred reward on Day 2. The reason

11
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for being strict about the consistency of the observer’s food preference across Pre-Interaction
days was to make sure that demonstrators were fed with the food that truly contrasted with
the observer’s original preference. Six rats of each genotype group were excluded from further

analysis due to inconsistent preferences, or not consuming any flavored pellets at all.

- Insert Figure 1 here -

Control tasks

We employed a number of control tasks described below. All observer rats were tested in all

control tasks, except the Reward Magnitude Discrimination & Reversal task.

3-Chamber task

The 3-Chamber task is a well-established method for examining sociability and general
interest in an unfamiliar conspecific (Ku et al., 2016). The apparatus consisted of an open field
(60 cm x 60 cm x 39 cm, PVC, 5-10 lux) with two 20 cm x 20 cm compartments located in the
left and right corners, separated by bars that allowed snout to snout contact. The task was
performed in two trials, both trials were video-recorded (Conrad Electronic SE, Hirschau,
Germany). The first trial was a habituation trial during which the observer rat was placed in
the starting. chamber and was allowed to freely explore the box for 5 minutes before being
returned to its home cage. After a 10-minute inter-trial interval (ITl), a second, unfamiliar rat
was placed in one of the compartments, and the observer rat was again placed in the starting
chamber. This social trial lasted for 5 minutes. We pseudo-randomly counterbalanced across
observers into which compartment the second rat was placed. The recorded trials were
analyzed using EthoVision XT 9 (Noldus, Wageningen, Netherlands), which measured
locomotion, the time the observer spent in the interaction zone with the second rat, and the

time spent exploring the empty compartment.
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Odor Discrimination

To control for rats' ability to identify and discriminate between specific odors, an Odor
Discrimination task was implemented prior to testing the modified STFP. The protocol was
adapted from Noguer-Calabus et al. (2022). All trials were video-recorded (Conrad Electronic
SE, Hirschau, Germany). Initially, the rats were placed into an open field (50x50x45 cm, PVC,
illuminated to 5-15 lux) for 10 minutes to allow habituation to the arena. On the following day,
during the sample trial, two customized 3D-printed bowls were placed at randomized corners
of the open field. These bowls contained crushed pellets, either grape or banana (TestDiet,
Richmond, USA), mixed with water in a 1:3 ratio to a volume of 10 ml. During the sample trial,
both bowls contained the same odor; the choice of odor was pseudo-randomized across rats.
A 3D-printed grid cover on the bowls prevented the animals from consuming the liquid,
allowing only olfactory exploration for 5 minutes before the rats were returned to their home
cage. Following a 15-minute ITI, the test trial was conducted. In this trial, two bowls were
placed in the same positions as in the sample trial. One bowl contained the familiar odor from
the sample trial, while the other contained a novel odor. The location and type of odor were
pseudo-randomized across rats. Recorded trials were analyzed using EthoVision XT 11.5
(Noldus, Wageningen, Netherlands). During the habituation phase, exploratory drive was
measured by the number of visits to the center zone. In the sample and test trials, olfactory
exploration of the bowls was evaluated by the number of nose touches and by comparing the

total exploration duration between genotypes.

Reward‘Magnitude Discrimination and Reversal

The Reward Magnitude Discrimination and Reversal task were used to assess potential
differences between genotypes in goal-directed motivation, reward magnitude discrimination,
and reversal learning. Rats were food-restricted to 85% of their free-feeding body weight but
remained pair-housed throughout the experiment. Because this task involved the consumption
of sucrose pellets, which might interact with performance in the STFP, we used rats from a

different batch that were not tested in the STFP.
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A customized T-maze was used (Ugo Basile S.R.L., Gemonio, Italy). The T-maze featured
automatic sliding doors that separated each arm, which were equipped with a pellet dispenser
(Noldus, Wageningen, Netherlands) and a light signal at the far end. One arm of the T-maze
was designated as the "start arm" (consistent for each animal), while the remaining two arms
served as choice-arms. The doors were independently operable, allowing access to one arm
at a time during forced trials (see below). The entire apparatus was controlled by EthoVision

XT 11.5 (Noldus, Wageningen, Netherlands).

Habituation and training

The training procedure followed the protocol previously described and consisted of three

stages: Habituation, Shaping 1, and Shaping 2 (Zech et al., 2022).

Habituation: During Habituation, rats were allowed to explore the T-maze for 10 minutes.
When a rat entered a choice-arm, the associated automatic sliding door closed, and a food
reward (sucrose pellet, 20 mg dustless precision pellets; Bio-Serv, Flemington, USA) was
delivered by the pellet dispenser, accompanied by a 1-second light flash. After a short delay,
the door reopened, allowing the rat to return to the start box to begin a new trial. There was

no restriction on the number of pellets delivered during Habituation.

Shaping 1: Shaping 1 was conducted over four days, with a maximum session duration of 40
minutes per day. Each session allowed a maximum of 16 free trials per rat, where both arms
were accessible and provided the same reward (one sucrose pellet). A session ended either
when all free trials were completed or when the maximum session duration was reached. The

number of completed free trials were compared each day between genotypes.

Shaping 2: In the Shaping 2 stage, rats first completed six forced trials where only one arm (in
pseudo-random order; three trials allocated to each choice-arm) was accessible, followed by
16 free trials where both arms were accessible. The maximum session duration remained 40
minutes. The reward in both arms continued to be 1 pellet. The number of completed free trials

was compared each day between genotypes. Although Shaping 2 was planned to last for 4
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days, technical issues on the final day resulted in the doors not responding adequately.
Consequently, data from Day 4 of Shaping 2 were excluded from the analysis. To control for
side bias, the number of free trials completed in each choice-arm was compared across

genotypes, with data from Day 3 being used for this comparison.
Reward Magnitude Discrimination Task (RMDT)

Upon completing the training phase, rats were subjected to the Reward Magnitude
Discrimination Task (RMDT) over the course of three days. In this task, the arms of the T-
maze were associated with either a small reward (1 pellet) or a large reward (8 pellets). The
assignment of reward amounts to arms was pseudo-randomized between individuals and
remained consistent throughout the RMDT. Each session consisted of 6 forced trials followed
by 16 free trials, with a maximum session duration of 40 minutes. The percentage of large

reward choices was recorded and compared between genotypes daily.
Reversal learning

Following the completion of the RMDT, rats underwent a reversal learning session. In this
session, the location of the arm delivering the large reward was swapped for each individual.
The number of forced trials, free trials, and the maximum session duration remained
unchanged from the previous tasks. The reversal learning was conducted over a period of 3
days. The percentage of large reward selections was compared between genotypes on a daily

basis.

Exclusion Criteria

Rats were excluded from the tasks if they failed to complete a minimum of 10 free trials on
two consecutive days. One animal had to be excluded from the reversal learning.
Magnetic resonance imaging and diffusion tensor imaging

A total of 34 rats underwent magnetic resonance imaging (MRI) examination. All MRI

measurements were performed in a horizontal 11.7 T 16-cm bore magnet (Bruker Biospin,
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Bruker, Karlsruhe, Germany) using a transmit-receive 40 mm volume coil. The animals were
anesthetized by 1.5-2% isoflurane in pure O2 delivered via a nose cone during the whole

imaging session.

First, a high-resolution T2-weighted rapid acquisition with relaxation enhancement (RARE)
anatomical scan was performed with the following parameters: repetition time (TR) / echo time
(TE) = 2800/ 30 ms, field of view (FOV) = 22 x 15 mm?, in-plane resolution 156 pmx 156 pym,
slice thickness 1 mm, number of signal averages 4. The images were used as a quality control

to check for any volumetric deviations or structural abnormalities.

DTI data acquisition

After performing magnetic field shimming, DTI images were acquired with a spin-echo echo
planar imaging sequence with the following parameters: TR/ TE = 3200 / 21 ms, 30 diffusion
gradient directions, b = 1000 s/mm?, FOV = 22 x 15 mm?, in-plane resolution 156 ym x 156
Mm, slice thickness 1 mm, 4 averages in order to increase the signal-to-noise ratio. Five

additional DTI images with b = 0 s/mm? were also obtained.

Volumetric Segmentation

As slight changes in ventricle size has been an established feature of the tgDISC1 rat
(Trossbach et al., 2016), we used volumetric analysis to ensure comparability between
genotypes in this regard. First, manual segmentation of the right and left lateral ventricles was
performed on MR images using ITK-SNAP (Yushkevich et al., 2006). The ventricles were
segmented from coronal slices along a 5.88 mm section, from Interaural 11.28 mm / Bregma
2.28 mm to Interaural 5.40 mm / Bregma -3.60mm (Paxinos & Watson, 2013). The start and
end points of the segmentation were best marked by the appearance of the corpus callosum
and inferior lateral ventricles respectively. Prior to segmentation, MR images were thresholded
and binarized to show only the top 1% of voxel intensities, which should correspond to CSF

on a T2-weighted MR image. All MRI analysis was carried out by a single operator, but showed
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excellent intra-rater consistency with a Dice co-efficient 0.99 + 0.002 across two independent

segmentations using all images available in the dataset.

DTI data processing

DTI data were post-processed using DSI Studio (http://dsi-studio.labsolver.org). Raw Bruker
data were imported and corrected for distortions. Next, the quality of the data (number of bad
slices indicated by DSI Studio) was checked. Masks were specified in order to eliminate
background signals. Further, image orientation was corrected in order to align the measured
volume with the rat brain atlas implemented in DSI Studio (Johnson et al., 2021). Generalized
Q-Sampling Imaging (GQI) was used in order to reconstruct fractional anisotropy (FA), axial
diffusivity (AD) and radial diffusivity (RD) maps, as measures of microstructural integrity and
structural properties of the measured tissue. FA, AD, and RD maps were registered to the
implemented atlas and values of FA, AD, and RD were computed in the regions of interest
(ROIs, Fig. 2), selected based on their potential implication in social transmission of food
preference (see Table S2): nucleus accumbens (NAc), basolateral amygdala (BLA), cortical
amygdala (CoA), hippocampus (HPC), infralimbic cortex (IL), lateral septum (LS), diagonal
band of broca (DB; as representative of a major cholinergic structure of the basal forebrain,
Berger-Sweeney et al., 2000), olfactory areas (OLF), orbital cortex (ORB), piriform cortex

(PIR), prelimbic cortex (PL), substantia nigra pars compacta (SNc) and the thalamus (TH).

- “Insert Figure 2 here -

Exclusion Criteria

One rat died while under anaesthesia for MRI scan and three rats with visible abnormalities
(ventricular enlargements) in the anatomical images were excluded from further DTI
measurements. Subsequent volumetric segmentation measurement uncovered substantial
ventricular enlargement, in another two animals, which were also excluded from further
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analysis (see Figure S1). Importantly, the ventricular enlargement was not restricted to one
genotype, but found in both wildtypes and tgDISC1 rats (wildtype n = 3; tgDISC1 n = 2),
suggesting it is likely attributable to spontaneous variation within the background strain, as
reported by other researchers, too (Mulla et al., 2012; Tu et al., 2014, 2017). Five more rats
were excluded due to inability to finish DTI acquisition because of movement and one rat was
excluded due to poor quality of the scan, indicated by DSI Studio. Finally, 22 rats

(n=11/genotype) were included into the DTI data analysis.

Data analysis

For all parameters, data are presented as means + standard errors of the mean (SEM).
Calculations were performed with RStudio (Version 2023.06.2) and GraphPad Prism 9.5.0
(GraphPad Software, Boston, USA). Graphs were generated with GraphPad Prism 9.5.0
(GraphPad Software, Boston, USA). For statistical analysis, differences in the dependent
variables between genotypes were compared with unpaired t-tests, or by non-parametric
Mann-Whitney U-tests, dependent on the (lack of) normal distribution, as assessed with
Kolmogorov—Smirnov tests. Mixed-Effect models with Restricted Maximum Likelihood
estimation were used to compare the influence of multiple fixed factors. If applicable, post-hoc
analyses were calculated, corrected with Benjamini-Hochberg False Discovery rate (FDR) for

multiple comparisons. The statistical significance level was set to a = 0.05.
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Results

Behavior

tgDISC1 rats fail to update reward values after social contact with a

demonstrator

We calculated an individual Preference Index before and after Social Interaction, indicating
the strength of preference for one reward flavor over the other in each respective task phase
(Noguer-Calabus et al., 2022). We computed a mixed-effect model of the PI, with contact (Pre-
Interaction vs. Post-Interaction) as within-subject factor and genotype (wildtype vs. tgDISC1)
as between-subject factor. The analysis revealed a main effect of contact as well as an
interaction effect of contact and genotype (contact: F[1, 26] =15.62, p =.0005; genotype: F[1,
26]=1.93, p=.1769; contact*genotype: F[1, 26]=8.89, p=.0062, Fig. 3). Post-hoc tests
demonstrated a difference in Pl for wildtype rats depending on social contact (p < .0001),
indicating that these rats shifted their food preferences following Social Interaction. This result
supports the occurrence of social transmission of food preferences in wildtype rats.
Conversely, tgDISC1 rats showed no difference in Pl before and after interaction (p = .4967),

suggesting that tgDISC1 rats failed to show socially transmitted food revaluation.

We additionally assessed total pellet consumption, i.e., the sum of both pellet types, to test for
potential differences in hunger or satiation between genotypes. We found that total
consumption of flavored pellets did not differ before or after the Social Interaction or between
genotypes, as revealed by a mixed effect model (contact: F[1, 26]=2.63, p =.1168; genotype:
F[1, 26]=0.53, p=.37; contact*genotype interaction: F[1, 26]=0.43, p=.5181). This
suggests that the genotype-dependent differences in the propensity to show social
transmission cannot be explained by differences in general appetite, satiation, or food

consumption (Fig. 3).
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We further analyzed the average amount consumed of the originally preferred and non-
preferred flavors separately, using mixed-effects models with contact as the within-subject
factor and genotype as the between-subject factor. For the originally preferred reward flavor,
there was a main effect of contact (F[1, 26] = 7.41, p = .0114) and a contact*genotype
interaction (F[1, 26] = 4.65, p = .0405). Post-hoc comparisons showed a decrease in preferred
reward consumption in wildtype rats after interaction (p = .0039), but no change in tgDISC1

rats (p = .6924).

For the non-preferred rewards, the mixed-effects model also revealed a main effect of contact
(F[1, 26] = 19.25, p = .0002) and a contact*genotype interaction (F[1, 26] = 7.48, p = .0111).
Wildtype rats increased their consumption of the non-preferred reward after Social Interaction
(p < .0001), whereas tgDISC1 rats showed no change (p = .2530). Thus, following Social
Interaction, wild-type rats increased their intake of the previously non-preferred reward and
reduced their consumption of the initially preferred one. In contrast, tgDISC1 rats showed no

change in their reward preferences.

- Insert Figure 3 here —

An overview of the conducted test battery of the control tasks and control variables, and
respective parameters is listed in Supplementary Table S1. None of the comparisons revealed

any significant differences in any of the variables between genotypes.
tgDISC1 rats show intact social interest and motivation compared to wildtype

controls

To investigate potential social behavior impairments in tgDISC1 rats, we manually scored
several aspects of social behavior initiated by the observer during the STFP task, including

snout to snout contact, partner exploration, allogrooming, social play, following, and genital
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exploration. Comparisons between tgDISC1 and wildtype rats revealed no significant
differences in any of these behaviors (Fig. 4; statistics for the group comparisons are
summarized in Table S1). Stereotypical behaviors, such as repetitive self-grooming and
rearing, were also compared as indicators of arousal. Again, no significant differences were

observed between genotypes (Fig. 4 and Table S1).

Prior to the STFP task, the 3-Chamber task was conducted to assess whether general social
interest in an unfamiliar conspecific differed between genotypes. During the habituation phase,
we recorded the observers’ locomotion, measured by total distance traveled, and their average
velocity, with no significant differences between genotypes (Table S1). In the social interest
phase, a mixed-effects model with genotype as the between-subject factor and chamber
(conspecific vs. empty) as the within-subject factor showed a main effect of chamber on
exploration duration (F[1, 76] = 58.46, p < .0001), but no main effect of genotype (F[1, 76] <
0.01, p =.9934) nor a interaction effect (F[1, 76] = 2.95, p =.0898). These results suggest that
we have no evidence to assume that tgDISC1 rats have impaired social interest in the 3-

Chamber task.

- Insert Figure 4 here —

Olfactory capacity and odor discrimination are not altered in tgDISC1 rats

To control for potential olfactory impairments that could influence the transmission of reward
preference, we used an Odor Discrimination task to assess the olfactory capacity of tgDISC1
rats. During habituation in the open field, the number of visits to the center zone and general

locomotion were measured, with no significant differences between genotypes (Table S1).

In the sample trial, two bowls containing the same odor were presented, and a mixed-effects
model with genotype as the between-subject factor and bow! as the within-subject factor was

used to compare the number of nose touches. No differences were found between genotypes
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(genotype: F[1, 38] = 0.95, p = .34; bowl: F[1, 38] = 0.44, p = .51; bowl*genotype interaction:
F[1, 38] = 1.29, p = .26). We also found no significant difference in total exploration time

between genotypes (Table S1).

In the test trial, which introduced a novel odor alongside a familiar one, a mixed-effects model
with genotype as the between-subject factor and novelty as the within-subject factor revealed
a main effect of novelty on number of nose touches (F[1, 38] = 6.99, p = .0118), but no main
effect of genotype (F[1, 38] = 0.54, p = .465) nor an interaction effect (F[1, 38] = 0.52, p =
474). These results indicate that tgDISC1 rats show functional olfactory behavior and are
capable of odor discrimination, suggesting that olfactory processing is not impaired in these

animals (Fig. 5).

- Insert Figure 5 here —

Goal-directed motivation and reward magnitude discrimination are not

different between tgDISC1 and wildtype rats

We assessed goal-directed motivation and reward magnitude discrimination in tgDISC1 rats
using the Reward Magnitude Discrimination Task (RMDT) in a T-maze setup. We found no
significant difference between genotypes in the number of free trials performed during the two
Shaping phases (Table S1), suggesting no evidence for a difference in learning speed and

ability.

On Day 3 of the second Shaping phase, a Wilcoxon matched-pairs signed rank test was
conducted for each genotype to determine if there were potential side biases toward one arm
of the T-maze. No side biases were found in neither wildtype (p = .500) nor tgDISC1 rats (p =

187).
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In the RMDT, we analyzed the daily percentages of choices of the arm containing the larger
reward. No significant differences in large reward choices were observed between genotypes

on any of the three days of testing (Fig. 5, Table S1).

No difference between tgDISC1 and wildtype rats in reversal learning

Following the RMDT, we evaluated cognitive flexibility with a reversal learning task. Over the
course of three days, we compared, between genotypes, the daily percentage of large reward
choices after reversing the magnitude-to-arm contingencies. No significant differences
between genotypes were detected on any of the three days, indicating that tgDISC1 rats

exhibit similar learning strategies and cognitive flexibility as wildtype rats (Fig. 5, Table S1).

Magnetic resonance imaging
tgDISC1 rats display impaired organization of tissue in multiple limbic areas

To investigate differences in brain (micro)structures between wildtype and tgDISC1 rats, we
performed in vivo DTl in a behaviorally naive cohort of rats. FA, AD, and RD, reflecting tissue
structural properties, were compared on group-level between tgDISC1 and wildtype rats.
tgDISC1 rats had significantly lower FA values in regions of (or closely related to) the limbic

system, including the NAc, amygdala (BLA and CoA), LS, DB, OLF, SNc and TH (Fig. 6; Table

1).

- Insert Figure 6 here —

There were no significant differences in AD and RD after correcting for multiple comparisons
(Table 1). The observed reductions in FA, in the absence of changes in AD or RD, suggest
subtle disruptions in microstructural organization rather than gross abnormalities in tissue

diffusion. These results indicate that tgIDSC1 rats exhibited compromised tissue organization
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in key regions, potentially associated with social reward, rather than widespread structural

impairments.

- Insert Table 1 here —
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Discussion

This study aimed to characterize behavioral and structural consequences of DISC1
overexpression, leading to DISC1 protein aggregation, in a rat model of schizophrenia, with a
particular focus on social reward learning and brain microstructure integrity. Using a modified
version of the Social Transmission of Food Preference (STFP) paradigm, we examined
whether tgDISC1 rats could update subjective reward values based on social information. In
line with our hypothesis, tgDISC1 rats failed to change their initial reward preference after
interacting with a demonstrator rat fed with the observers’ non-preferred food, indicating a
selective impairment in socially mediated reward value updating. Notably, performance in a
non-social reward learning task was unimpaired, suggesting that the deficit was specific to the
social domain rather than reflecting general learning or motivational dysfunction. This
behavioral phenotype mirrors findings in schizophrenia patients, who show reduced sensitivity
to social, but not non-social, rewards (Catalano et al., 2018; Lee et al., 2019), and difficulties

integrating cognitive and affective information during decision-making (Heerey et al., 2008).

To further characterize the tgDISC1 model on a neural level, we conducted in vivo DTl in a
separate cohort of behaviorally naive animals. This design choice allowed us to assess
baseline alterations caused by disrupted DISC1 signaling without the confounding effects of
behavioral testing, which has been shown to rapidly modulate DTI readouts within 1-hour past
testing (Blumenfeld-Katzir et al., 2011; Ding et al., 2013). ROIs were selected based on their
previously established involvement in social learning in an STFP task (Table S2). Our analysis
revealed significant structural changes in tgDISC1 rats, evident by decreases in FA values in
key limbic structures, including the NAc, amygdala (BLA; CoA), LS, and SNc. We observed
additional alterations in nodes controlling cortical-subcortical communication, such as the TH
and the basal forebrain (Cruz et al., 2022; Gielow & Zaborszky, 2017). These changes in FA
values conform with the known biological roles of DISC1, which is critically involved in synaptic

trafficking, dendritic arborization, and neurodevelopment (Brandon & Sawa, 2011; Lipina &
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Roder, 2014), and support the interpretation that DISC1 protein aggregation may lead to
altered microstructural organization in these ROIs. Importantly, the current results extend and
replicate prior neuropathological findings in tgDISC1 rats, including divergent dopaminergic
cell counts in the substantia nigra (Hamburg et al., 2016). Further, the absence of significant
differences in other DTl measures suggests that the observed FA reductions are unlikely to
stem from myelin or axonal deficits but rather reflect alterations in neurite organization within
these subcortical regions. Although speculative, this aligns with the idea that FA in grey matter
is more sensitive to dendritic complexity and synaptic architecture rather than traditional white
matter integrity markers (Mdller et al., 2019). Together, these data suggest that tgDISC1 rats
display a network-level disruption in subcortical nodes which likely is the result from a subtle

impairment of brain development (Brandon & Sawa, 2011; Kamiya et al., 2005).

Social information processing critically depends on the coordinated interaction of distributed
neural circuits (Huang et al., 2020; Kalenscher et al., 2025; Kietzman et al., 2022; Menon et
al.,, 2021; O’Connell & Hofmann, 2012; Poggi et al., 2024; Wang et al., 2021). A well-
characterized BLA—-PL—NACc circuit, for instance, is critical for integrating socially acquired
information into reward-based decisions in mice (Kietzman et al., 2022), a process closely
mirrored in our STFP paradigm. The critical involvement of BLA-PL-NAc is in line with work
demonstrating that the NAc is essential for STFP, as male rats with exocytotic lesions of the
NAc Shell were unable to revalue the originally non-preferred reward (Noguer-Calabus et al.,
2022). Importantly, neither the disruption of the BLA-PL-NAc circuit nor the NAc Shell lesion
affected odor discrimination or general social interest, paralleling the presented phenotype of
tgDISC1 rats. Similarly, previous studies stressed the importance of the amygdala and its
subregions for the social transmission, as lesioning the BLA prevented associating social with
olfactory cues (Wang et al., 2006). In addition, the CoA plays a unique role in integrating social
and olfactory information, as it was engaged during STFP but not when social or olfactory
stimuli were presented in isolation (Liu et al., 2024). In our model, FA reductions in these same

regions—many of which are downstream targets of mesolimbic dopamine—may reflect the
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underlying vulnerability of this circuitry to disturbed DISC1 signaling. Indeed, aberrant DISC1
signaling via modest DISC1 protein aggregation has been shown to impair dopamine
homeostasis (Trossbach et al., 2016) and monoamine levels in post-mortem NAc and
amygdala tissue in tgDISC1 rats (Uzuneser et al., 2019; Wang et al., 2017). In summary, since
both, animal and human studies, have demonstrated a central role for dopamine in social
reward processing, revaluation, and decision-making (Burke et al., 2017; Castrellon et al.,
2019; Dang et al., 2018), it is plausible that the impaired social reward learning observed in

tgDISCA1 rats results from dysregulated mesolimbic dopaminergic signaling.

In studies involving human patients, several of the regions showing reduced FA in our rat
model have also been implicated in the pathophysiology of schizophrenia across multiple MRI
modalities. DTI studies previously reported reduced FA values in the amygdala, TH and NAc
(Cuesta et al., 2021; Hashimoto et al., 2009; Kalus et al., 2005; Spoletini et al., 2011).
Importantly, these findings have been interpreted as impaired modulation of dopaminergic
relay stations (Kalus et al., 2005) and disturbed information flow between limbic and cortical
systems (Spoletini et al., 2011). Further, reduced FA along the NAc-TH pathway, regions also
found altered in our model, has been observed in individuals at high risk for psychosis,
suggesting an early involvement of these tracts in schizophrenia pathophysiology (Chen et al.,
2025). Beyond structural abnormalities, consistent evidence from patient fMRI studies
revealed altered functional connectivity in the same regions, including the amygdala (Kim et
al., 2020), the TH (Avram et al., 2018), the SNc and ventral striatum (White et al., 2015).
Further, Martino et al. (2018) identified decreased connectivity within subcortical circuits
overlapping with areas included in our results, strongly supporting the idea of broader
functional network disruptions in schizophrenia (Metzner et al., 2024). Importantly, the
aforementioned study also emphasizes the importance of dopamine dysregulation in regard
to changed connectivity (Martino et al., 2018). Supporting this, a combined PET-fMRI study
revealed a causal link between dopaminergic receptor binding potential, along with abnormal

dopamine release, and altered connectivity patterns in subcortical-cortical regions in
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schizophrenia (Horga et al., 2016). Hence, empirical evidence from patient data suggests
strong parallels with the altered brain regions and aberrant dopamine signaling observed in
our tgDISC1 rats, even across a methodological variety, which further supports the clinical

relevance of our findings.

Previous studies in healthy individuals have uncovered DISC1-dependent differences in the
volume of brain regions closely related to our findings (Muhle et al., 2017), corroborating our
conclusion that disruptions in DISC1 signaling influence regional brain structure and function.
Interestingly, these changes were found to be sex-dependent. Other research has proposed
that estradiol may exert a beneficial effect on altered DISC1 function (Erli et al., 2020). Thus,
it would be worthwhile to investigate this further in female tgDISC1 rats. While current literature
reports no sex differences in social or memory behavior in this model (Uzuneser et al., 2019),
it has not yet examined more nuanced interactions, such as those involving our adapted STFP

paradigm or microstructural integrity.

Finally, the specificity of the social deficit in tgDISC1 rats’ contributes to an ongoing discussion
about whether social impairments in schizophrenia reflect a general reward processing deficit
or a more selective dysfunction in integrating social information (Butler et al., 2020; Fett et al.,
2019; Hanssen et al., 2020; Lee et al., 2019). Our data support the latter view, suggesting that
while basic reward processing may remain intact, the ability to flexibly integrate social cues in
decision-making is compromised (Catalano et al., 2020; Lee et al., 2019) - a challenge that
may arise from impaired communication within circuits to integrating emotional, cognitive, and

social information to guide behavior (Heerey et al., 2008).

In conclusion, this study shows that DISC1 overexpression leading to DISC1 protein
aggregation and altered DISC1 signaling impairs social, but not general, reward learning and
is linked to specific microstructural alterations in a fine-grained network of subcortical regions
critical for social reward learning. Future research should try to establish a mechanistic link

with a focus on region- and circuit-specific interventions, as well as cellular analyses, to test
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(regional) causal links between DISC1 protein dysfunction and impaired social value
computation. Given that current clinical assessments of social deficits in patients rely heavily
on subijective self-report, animal models may provide an outset for quantifiable behavioral
markers that link hallmarks of subcortical pathology to functionally relevant endophenotypes.
The tgDISC1 model thus provides translational value for understanding circuit-level

vulnerabilities that may underlie social dysfunction in psychiatric disorders like schizophrenia.

29



659

660

661
662
663
664

665
666
667

668
669
670

671
672
673

674
675
676
677

678
679
680

681
682
683
684

685
686
687

688
689
690
691

692
693
694
695

696
697
698
699

700
701

References

Avram, M., Brandl, F., Bauml, J., & Sorg, C. (2018). Cortico-thalamic hypo- and
hyperconnectivity extend consistently to basal ganglia in schizophrenia.
Neuropsychopharmacology, 43(11), 2239. https://doi.org/10.1038/S41386-018-
0059-Z

Bayer, H. M., & Glimcher, P. W. (2005). Midbrain Dopamine Neurons Encode a
Quantitative Reward Prediction Error Signal. Neuron, 47(1), 129-141.
https://doi.org/10.1016/J.NEURON.2005.05.020

Bellack, A. S., Morrison, R. L., Wixted, J. T., & Mueser, K. T. (1990). An analysis of
social competence in schizophrenia. British Journal of Psychiatry, 156(JUNE),
809-818. https://doi.org/10.1192/BJP.156.6.809,

Berger-Sweeney, J., Stearns, N. A., Frick, K. M., Beard, B., & Baxter, M. G. (2000).
Cholinergic Basal Forebrain Is Critical for Social Transmission of Food
Preferences. https://doi.org/10.1002/1098-1063(2000)10:6

Bessiéres, B., Nicole, O., & Bontempi, B. (2017). Assessing recent and remote
associative olfactory memory in rats using the social transmission of food
preference paradigm. Nature Protocols 2017 12:7, 12(7), 1415-1436.
https://doi.org/10.1038/nprot.2017.050

Blumenfeld-Katzir, T., Pasternak, O., Dagan, M., & Assaf, Y. (2011). Diffusion MRI of
Structural Brain Plasticity Induced by a Learning and Memory Task. PLOS ONE,
6(6), e20678. https://doi.org/10.1371/JOURNAL.PONE.0020678

Boix-Trelis, N., Vale-Martinez, A., Guillazo-Blanch, G., & Marti-Nicolovius, M. (2007).
Muscarinic cholinergic receptor blockade in the rat prelimbic cortex impairs the
social transmission of food preference. Neurobiology of Learning and Memory,
87(4), 659-668. https://doi.org/10.1016/J.NLM.2006.12.003

Brandon, N. J., & Sawa, A. (2011). Linking neurodevelopmental and synaptic theories
of mental iliness through DISC1. Nat Rev Neurosci, 12(12), 707-722.
https://doi.org/10.1038/NRN3120

Burke, C. J., Soutschek, A., Weber, S., Raja Beharelle, A., Fehr, E., Haker, H., &
Tobler, P. N. (2017). Dopamine Receptor-Specific Contributions to the
Computation of Value. Neuropsychopharmacology, 43(6), 1415-1424.
https://doi.org/10.1038/npp.2017.302

Burton, S., Murphy, D., Qureshi, U., Sutton, P., & O’Keefe, J. (2000). Combined
Lesions of Hippocampus and Subiculum Do Not Produce Deficits in a Nonspatial
Social Olfactory Memory Task. The Journal of Neuroscience, 20(14), 5468.
https://doi.org/10.1523/JNEUROSCI.20-14-05468.2000

Butler, P. D., Hoptman, M. J., Smith, D. V, Ermel, J. A., Calderone, D. J., Lee, S. H., &
Barch, D. M. (2020). Grant Report on Social Reward Learning in Schizophrenia.
Journal of Psychiatry and Brain Science, 5, €200004.
https://doi.org/10.20900/JPBS.20200004

Carballo-Marquez, A., Vale-Martinez, A., Guillazo-Blanch, G., & Marti-Nicolovius, M.
(2009a). Muscarinic receptor blockade in ventral hippocampus and prelimbic

30



702
703

704
705
706
707

708
709
710
711
712

713
714
715
716

717
718
719

720
721

722
723
724
725
726
727
728

729
730
731

732
733
734
735
736

737
738
739
740

741
742
743

744
745

cortex impairs memory for socially transmitted food preference. Hippocampus,
19(5), 446—-455. https://doi.org/10.1002/HIPO.20530

Carballo-Marquez, A., Vale-Martinez, A., Guillazo-Blanch, G., & Marti-Nicolovius, M.
(2009b). Muscarinic transmission in the basolateral amygdala is necessary for the
acquisition of socially transmitted food preferences in rats. Neurobiology of
Learning and Memory, 91(1), 98—101. https://doi.org/10.1016/J.NLM.2008.09.014

Carballo-Marquez, A., Vale-Martinez, A., Guillazo-Blanch, G., Torras-Garcia, M., Boix-
Trelis, N., & Marti-Nicolovius, M. (2007). Differential effects of muscarinic receptor
blockade in prelimbic cortex on acquisition and memory formation of an odor-
reward task. Learning & Memory (Cold Spring Harbor, N.Y.), 14(9), 616-624.
https://doi.org/10.1101/LM.597507

Castrellon, J. J., Young, J. S., Dang, L. C., Cowan, R. L., Zald, D. H., & Samanez-
Larkin, G. R. (2019). Mesolimbic dopamine D2 receptors and neural
representations of subjective value. Sci Rep, 9(1). https://doi.org/10.1038/S41598-
019-56858-1

Catalano, L. T., Green, M. F., Wynn, J. K., & Lee, J. (2020). People With Schizophrenia
Do Not Show the Normal Benefits of Social Versus Nonsocial Attentional Cues.
https://doi.org/10.1037/neu0000642

Catalano, L. T., Heerey, E. A., & Gold, J. M. (2018). The Valuation of Social Rewards in
Schizophrenia. https://doi.org/10.1037/abn0000366.supp

Chen, Z., Bo, Q., Zhao, L., Ding, Y., Wang, Y., Jiang, Q., Li, F., Zhou, Y., & Wang, C.
(2025). White matter abnormalities of the frontal—striatal-thalamic circuit in
individuals with attenuated positive symptom syndromes: a probabilistic
tractography study. Schizophrenia, 11(1), 1-8. https://doi.org/10.1038/S41537-
025-00635-
9;SUBJMETA=1799,378,3920,476,53,631,692,699;KWRD=BIOMARKERS,NEUR
AL+CIRCUITS,SCHIZOPHRENIA

Cruz, K. G., Leow, Y. N, Le, N. M., Adam, E., Huda, R., & Sur, M. (2022). Cortical-
subcortical interactions in goal-directed behavior. Physiological Reviews, 103(1),
347. https://doi.org/10.1152/PHYSREV.00048.2021

Cuesta, M. J., Lecumberri, P., Moreno-lzco, L., Lopez-llundain, J. M., Ribeiro, M.,
Cabada, T., Lorente-Omenaca, R., De Erausquin, G., Garcia-Marti, G., Sanjuan,
J., Sanchez-Torres, A. M., Goémez, M., & Peralta, V. (2021). Motor abnormalities
and basal ganglia in first-episode psychosis (FEP). Psychological Medicine,
51(10), 1625-1636. https://doi.org/10.1017/S0033291720000343

Cukkemane, A., Becker, N., Kupreichyk, T., Heise, H., Willbold, D., & Weiergraber, O.
H. (2025). Tracing the aggregation pathway of the scaffold protein DISC1:
Structural implications for chronic mental ilinesses. Journal of Structural Biology:
X, 11, 100128. https://doi.org/10.1016/J.YJSBX.2025.100128

Dahoun, T., Trossbach, S. V., Brandon, N. J., Korth, C., & Howes, O. D. (2017). The
impact of Disrupted-in-Schizophrenia 1 (DISC1) on the dopaminergic system: A
systematic review. Transl Psychiatry, 7(1). https://doi.org/10.1038/tp.2016.282

Dang, L. C., Samanez-Larkin, G. R., Castrellon, J. J., Perkins, S. F., Cowan, R. L., &
Zald, D. H. (2018). Individual Differences in Dopamine D2 Receptor Availability

31



746
747

748
749
750
751
752

753
754
755
756
757

758
759
760
761

762
763
764
765

766
767
768
769

770
771
772

773
774
775

776
777
778
779
780

781
782
783
784

785
786
787
788
789
790

Correlate with Reward Valuation. Cogn Affect Behav Neurosci, 18(4), 739-747.
https://doi.org/10.3758/S13415-018-0601-9

Décarie-Spain, L., Liu, C. M., Lauer, L. T., Subramanian, K., Bashaw, A. G., Klug, M.
E., Gianatiempo, I. H., Suarez, A. N., Noble, E. E., Donohue, K. N., Cortella, A. M.,
Hahn, J. D., Davis, E. A., & Kanoski, S. E. (2022). Ventral hippocampus-lateral
septum circuitry promotes foraging-related memory. Cell Reports, 40(13).
https://doi.org/10.1016/J.CELREP.2022.111402

de Valliére, A., Lopes, A. C., Addorisio, A., Gilliand, N., Nenniger Tosato, M., Wood, D.,
Brechbuhl, J., & Broillet, M. C. (2022). Food preference acquired by social
transmission is altered by the absence of the olfactory marker protein in mice.
Frontiers in Nutrition, 9, 1026373.
https://doi.org/10.3389/FNUT.2022.1026373/BIBTEX

Ding, A. Y., Li, Q., Zhou, I. Y., Ma, S. J., Tong, G., McAlonan, G. M., & Wu, E. X.
(2013). MR Diffusion Tensor Imaging Detects Rapid Microstructural Changes in
Amygdala and Hippocampus Following Fear Conditioning in Mice. PLOS ONE,
8(1), €51704. https://doi.org/10.1371/JOURNAL.PONE.0051704

Erli, F., Palmos, A. B., Raval, P., Mukherjee, J., Sellers, K. J., Gatford, N. J. F., Moss,
S. J., Brandon, N. J., Penzes, P., & Srivastava, D. P. (2020). Estradiol reverses
excitatory synapse loss in a cellular model of neuropsychiatric disorders.
Translational Psychiatry, 10(1), 16. https://doi.org/10.1038/S41398-020-0682-4

Fett, A. K. J., Mouchlianitis, E., Gromann, P. M., Vanes, L., Shergill, S. S., &
Krabbendam, L. (2019). The neural mechanisms of social reward in early
psychosis. Social Cognitive and Affective Neuroscience, 14(8), 861.
https://doi.org/10.1093/SCAN/NSZ058

Galef, B. G., Kennett, D. J., & Wigmore, S. W. (1984). Transfer of information
concerning distant foods in rats: A robust phenomenon. Animal Learning &
Behavior, 12(3), 292-296. https://doi.org/https://doi.org/10.3758/BF03199970

Gielow, M. R., & Zaborszky, L. (2017). The Input-Output Relationship of the Cholinergic
Basal Forebrain. Cell Reports, 18(7), 1817-1830.
https://doi.org/10.1016/J.CELREP.2017.01.060

Hamburg, H., Trossbach, S. V., Bader, V., Chwiesko, C., Kipar, A., Sauvage, M., Crum,
W. R., Vernon, A. C., Bidmon, H. J., & Korth, C. (2016). Simultaneous effects on
parvalbumin-positive interneuron and dopaminergic system development in a
transgenic rat model for sporadic schizophrenia. Sci Rep, 6.
https://doi.org/10.1038/srep34946

Hanssen, E., Krabbendam, L., Robberegt, S., & Fett, A. K. (2020). Social and non-
social reward learning reduced and related to a familial vulnerability in
schizophrenia spectrum disorders. Schizophrenia Research, 215, 256—-262.
https://doi.org/10.1016/J.SCHRES.2019.10.019

Hashimoto, R., Mori, T., Nemoto, K., Moriguchi, Y., Noguchi, H., Nakabayashi, T., Hori,
H., Harada, S., Kunugi, H., Saitoh, O., & Ohnishi, T. (2009). Abnormal
microstructures of the basal ganglia in schizophrenia revealed by diffusion tensor
imaging. The World Journal of Biological Psychiatry : The Official Journal of the
World Federation of Societies of Biological Psychiatry, 10(1), 65-69.
https://doi.org/10.1080/15622970701762536

32



791
792
793

794
795
796
797
798

799
800
801

802
803
804

805
806
807
808
809
810

811
812
813

814
815
816
817

818
819
820
821
822

823
824
825

826
827
828
829

830
831
832
833
834
835

Heerey, E. A., Bell-Warren, K. R., & Gold, J. M. (2008). Decision-Making Impairments
in the Context of Intact Reward Sensitivity in Schizophrenia. Biological Psychiatry,
64(1), 62. https://doi.org/10.1016/J.BIOPSYCH.2008.02.015

Horga, G., Cassidy, C. M., Xu, X., Moore, H., Slifstein, M., Van Snellenberg, J. X., &
Abi-Dargham, A. (2016). Dopamine-Related Disruption of Functional Topography
of Striatal Connections in Unmedicated Patients With Schizophrenia. JAMA
Psychiatry, 73(8), 862—870.
https://doi.org/10.1001/JAMAPSYCHIATRY.2016.0178

Huang, W. C., Zucca, A, Levy, J., & Page, D. T. (2020). Social Behavior Is Modulated
by Valence-Encoding mPFC-Amygdala Sub-circuitry. Cell Reports, 32(2).
https://doi.org/10.1016/j.celrep.2020.107899

Johnson, G. A,, Laoprasert, R., Anderson, R. J., Cofer, G., Cook, J., Pratson, F., &
White, L. E. (2021). A multicontrast MR atlas of the Wistar rat brain. Neurolmage,
242, 118470. https://doi.org/10.1016/J.NEUROIMAGE.2021.118470

Kalenscher, T., Lipken, L. M., Stoop, R., Terburg, D., & Honk, J. van. (2025). Steeper
social discounting after human basolateral amygdala damage. Proceedings of the
National Academy of Sciences of the United States of America, 122(16),
€2500692122.
https://doi.org/10.1073/PNAS.2500692122/SUPPL_FILE/PNAS.2500692122.SAP
P.PDF

Kalenscher, T., & Pennartz, C. M. A. (2008). Is a bird in the hand worth two in the
future? The neuroeconomics of intertemporal decision-making. Prog Neurobiol,
84(3), 284—315. https://doi.org/10.1016/j.pneurobio.2007.11.004.

Kalus, P., Slotboom, J., Gallinat, J., Wiest, R., Ozdoba, C., Federspiel, A., Strik, W. K.,
Buri, C., Schroth, G., & Kiefer, C. (2005). The amygdala in schizophrenia: a
trimodal magnetic resonance imaging study. Neuroscience Letters, 375(3), 151-
156. https://doi.org/10.1016/J.NEULET.2004.11.004

Kamiya, A., Kubo, K. |., Tomoda, T., Takaki, M., Youn, R., Ozeki, Y., Sawamura, N.,
Park, U., Kudo, C., Okawa, M., Ross, C. A., Hatten, M. E., Nakajima, K., & Sawa,
A. (2005). A schizophrenia-associated mutation of DISC1 perturbs cerebral cortex
development. Nature Cell Biology, 7(12), 1067-1078.
https://doi.org/10.1038/NCB1328;KWRD=LIFE+SCIENCES

Kapur, S., Mizrahi, R., & Li, M. (2005). From dopamine to salience to psychosis—
linking biology, pharmacology and phenomenology of psychosis. Schizophrenia
Research, 79(1), 59-68. https://doi.org/10.1016/J.SCHRES.2005.01.003

Kietzman, H. W., Trinoskey-Rice, G., Blumenthal, S. A., Guo, J. D., & Gourley, S. L.
(2022). Social incentivization of instrumental choice in mice requires amygdala-
prelimbic cortex-nucleus accumbens connectivity. Nature Communications 2022
13:1, 13(1), 1-11. https://doi.org/10.1038/s41467-022-32388-9

Kim, W. S., Shen, G., Liu, C., Kang, N. I, Lee, K. H., Sui, J., & Chung, Y. C. (2020).
Altered amygdala-based functional connectivity in individuals with attenuated
psychosis syndrome and first-episode schizophrenia. Scientific Reports, 10(1), 1—
9. https://doi.org/10.1038/S41598-020-74771-
W;SUBJMETA=308,378,631,692;KWRD=MEDICAL+RESEARCH,NEUROSCIEN
CE

33



836
837
838
839

840
841
842
843

844
845
846
847
848

849
850
851
852
853

854
855
856

857
858
859

860
861
862
863
864

865
866
867
868
869
870

871
872
873
874
875
876

877
878
879

Ku, K. M., Weir, R. K., Silverman, J. L., Berman, R. F., & Bauman, M. D. (2016).
Behavioral Phenotyping of Juvenile Long-Evans and Sprague-Dawley Rats:
Implications for Preclinical Models of Autism Spectrum Disorders. PloS One, 11(6).
https://doi.org/:10.1371/journal.pone.0158150

Lee, J., Jimenez, A. M., Reavis, E. A., Horan, W. P., Wynn, J. K., & Green, M. F.
(2019). Reduced Neural Sensitivity to Social vs Nonsocial Reward in
Schizophrenia. Schizophrenia Bulletin, 45(3), 620-628.
https://doi.org/10.1093/SCHBUL/SBY 109

Leliveld, S. R., Bader, V., Hendriks, P., Prikulis, 1., Sajnani, G., Requena, J. R., & Korth,
C. (2008). Insolubility of disrupted-in-schizophrenia 1 disrupts oligomer-dependent
interactions with nuclear distribution element 1 and is associated with sporadic
mental disease. J Neurosci, 28(15), 3839-3845.
https://doi.org/10.1523/JNEUROSCI.5389-07.2008

Lesburguéres, E., Gobbo, O. L., Alaux-Cantin, S., Hambucken, A., Trifilieff, P., &
Bontempi, B. (2011). Early tagging of cortical networks is required for the formation
of enduring associative memory. Science, 331(6019), 924-928.
https://doi.org/10.1126/SCIENCE.1196164/SUPPL_FILE/LESBURGUERES-
SOM.PDF

Lipina, T. V., & Roder, J. C. (2014). Disrupted-In-Schizophrenia-1 (DISC1) interactome
and mental disorders: Impact of mouse models. Neuroscience & Biobehavioral
Reviews, 45, 271-294. https://doi.org/10.1016/J.NEUBIOREV.2014.07.001

Liu, Z., Sun, W., Ng, Y. H., Dong, H., Quake, S. R., & Sudhof, T. C. (2024). The cortical
amygdala consolidates a socially transmitted long-term memory. Nature 2024
632:8024, 632(8024), 366—374. https://doi.org/10.1038/s41586-024-07632-5

Loureiro, M., Achargui, R., Flakowski, J., Van Zessen, R., Stefanelli, T., Pascoli, V., &
Lascher, C. (2019). Social transmission of food safety depends on synaptic
plasticity in the prefrontal cortex. Science, 364(6444), 991-995.
https://doi.org/10.1126/SCIENCE.AAW5842/SUPPL_FILE/AAW5842-LOUREIRO-
SM.PDF

Marreiros, R., Muller-Schiffmann, A., Trossbach, S. V., Prikulis, I., Hansch, S.,
Weidtkamp-Peters, S., Moreira, A. R., Sahu, S., Soloviev, I., Selvarajah, S.,
Lingappa, V. R., & Korth, C. (2020). Disruption of cellular proteostasis by H1N1
influenza A virus causes a-synuclein aggregation. Proceedings of the National
Academy of Sciences of the United States of America, 117(12), 6741-6751.
https://doi.org/10.1073/PNAS.1906466117,

Martino, M., Magioncalda, P., Yu, H., Li, X., Wang, Q., Meng, Y., Deng, W., Li, Y., Li,
M., Ma, X., Lane, T., Duncan, N. W., Northoff, G., & Li, T. (2018). Abnormal
Resting-State Connectivity in a Substantia Nigra-Related Striato-Thalamo-Cortical
Network in a Large Sample of First-Episode Drug-Naive Patients With
Schizophrenia. Schizophrenia Bulletin, 44(2), 419-431.
https://doi.org/10.1093/SCHBUL/SBX067

Menon, R., SuR, T., Elias, V., Oliveira, M., Neumann, I. D., & Bludau, A. (2021).
Neurobiology of the lateral septum: regulation of social behavior.
https://doi.org/10.1016/j.tins.2021.10.010

34



880
881
882
883

884
885
886

887
888
889
890
891

892
893
894
895

896
897
898
899
900
901
902

903
904
905
906
907
908

909
910
911

912
913
914

915
916

917
918
919
920
921

922
923
924

Metzner, C., Dimulescu, C., Kamp, F., Fromm, S., Uhlhaas, P. J., & Obermayer, K.
(2024). Exploring global and local processes underlying alterations in resting-state
functional connectivity and dynamics in schizophrenia. Frontiers in Psychiatry, 15,
1352641. https://doi.org/10.3389/FPSYT.2024.1352641/BIBTEX

Morrison, K. E., Pinkham, A. E., Penn, D. L., Kelsven, S., Ludwig, K., & Sasson, N. J.
(2017). Distinct Profiles of Social Skill in Adults with Autism Spectrum Disorder and
Schizophrenia. Autism Res, 10, 878-887. https://doi.org/10.1002/aur.1734

Mdahle, C., Kreczi, J., Rhein, C., Richter-Schmidinger, T., Alexopoulos, P., Doerfler, A.,
Lenz, B., & Kornhuber, J. (2017). Additive sex-specific influence of common non-
synonymous DISC1 variants on amygdala, basal ganglia, and white cortical
surface area in healthy young adults. Brain Structure and Function, 222(2), 881—
894. https://doi.org/10.1007/S00429-016-1253-6/METRICS

Mulla, M. S. A,, Goyal, V. K., Jana, S., & Nirogi, R. (2012). Spontaneous Congenital
Hydrocephalus in Sprague Dawley Rat. Scand. J. Lab. Anim. Sci., 39(1), 65-68.
https://www.researchgate.net/publication/297507596_Spontaneous_Congenital_H
ydrocephalus_in_Sprague_Dawley_Rat/stats

Mdaller, H. P., Brenner, D., Roselli, F., Wiesner, D., Abaei, A., Gorges, M., Danzer, K.
M., Ludolph, A. C., Tsao, W., Wong, P. C., Rasche, V., Weishaupt, J. H., &
Kassubek, J. (2019). Longitudinal diffusion tensor magnetic resonance imaging
analysis at the cohort level reveals disturbed cortical and callosal microstructure
with spared corticospinal tract in the TDP-43 G298S ALS mouse model.
Translational Neurodegeneration, 8(1). https://doi.org/10.1186/S40035-019-0163-
Y

Nani, J. V., Fonseca, M. C., Engi, S. A., Perillo, M. G., Dias, C. S. B., Gazarini, M. L.,
Korth, C., Cruz, F. C., & Hayashi, M. A. F. (2020). Decreased nuclear distribution
nudE-like 1 enzyme activity in an animal model with dysfunctional disrupted-in-
schizophrenia 1 signaling featuring aberrant neurodevelopment and amphetamine-
supersensitivity. J Psychopharmacol, 34(4), 467-477.
https://doi.org/10.1177/0269881119897562

Noguer-Calabus, |., Schable, S., & Kalenscher, T. (2022). Lesions of nucleus
accumbens shell abolish socially transmitted food preferences. Eur J Neurosci,
56(10), 5795-5809. https://doi.org/10.1111/EJN.15827

O’Connell, L. A., & Hofmann, H. A. (2012). Evolution of a vertebrate social decision-
making network. Science, 336(6085), 1154—-1157.
https://doi.org/10.1126/SCIENCE.1218889/SUPPL_FILE/OCONNELL.SM.PDF

Paxinos, G., & Watson, C. (2013). The Rat Brain Stereotaxic Co-Ordinates (7th ed.).
Elsevier. https://doi.org/10.1016/B978-0-12-547620-1.50006-0

Pils, M., Rutsch, J., Eren, F., Engberg, G., Piehl, F., Cervenka, S., Sellgren, C.,
TroRRbach, S., Willbold, D., Erhardt, S., Bannach, O., & Korth, C. (2023). Disrupted-
in-schizophrenia 1 protein aggregates in cerebrospinal fluid are elevated in
patients with first-episode psychosis. Psychiatry Clin Neurosci, 77(12), 665—671.
https://doi.org/10.1111/pcn.13594

Poggi, G., Bergamini, G., Dulinskas, R., Madur, L., Greter, A., Ineichen, C., Dagostino,
A., Kukelova, D., Sigrist, H., Bornemann, K. D., Hengerer, B., & Pryce, C. R.
(2024). Engagement of basal amygdala-nucleus accumbens glutamate neurons in

35



925
926

927
928
929
930

931
932
933
934

935
936
937

938
939
940
941

942
943
944
945
946

947
948
949
950

951
952
953
954

955
956
957
958
959
960
961

962
963
964
965
966

967
968

the processing of rewarding or aversive social stimuli. European Journal of
Neuroscience, 59(5), 996—1015. https://doi.org/10.1111/EJN.16272

Portero-Tresserra, M., Cristébal-Narvaez, P., Marti-Nicolovius, M., Guillazo-Blanch, G.,
& Vale-Martinez, A. (2013). D-cycloserine in Prelimbic Cortex Reverses
Scopolamine-Induced Deficits in Olfactory Memory in Rats. PLOS ONE, 8(8),
e70584. https://doi.org/10.1371/JOURNAL.PONE.0070584

Quet, E., Cassel, J.-C., Cosquer, B., Galloux, M., Vasconcelos, A. P. De, & Stéphan, A.
(2020). Ventral midline thalamus is not necessary for systemic consolidation of a
social memory in the rat. Https://Doi.Org/10.1177/2398212820939738, 4,
239821282093973. https://doi.org/10.1177/2398212820939738

Ross, R. S., McGaughy, J., & Eichenbaum, H. (2005). Acetylcholine in the orbitofrontal
cortex is necessary for the acquisition of a socially transmitted food preference.
Learning & Memory, 12(3), 302-306. https://doi.org/10.1101/LM.91605

Smith, C. A, East, B. S., & Colombo, P. J. (2010). The orbitofrontal cortex is not
necessary for acquisition or remote recall of socially transmitted food preferences.
Behavioural Brain Research, 208(1), 243—-249.
https://doi.org/10.1016/J.BBR.2009.12.001

Soutschek, A., Burke, C. J., Raja Beharelle, A., Schreiber, R., Weber, S. C., Karipidis, I.
I., Ten Velden, J., Weber, B., Haker, H., Kalenscher, T., & Tobler, P. N. (2017).
The dopaminergic reward system underpins gender differences in social
preferences. Nature Human Behaviour 2017 1:11, 1(11), 819-827.
https://doi.org/10.1038/s41562-017-0226-y

Spoletini, I., Cherubini, A., Banfi, G., Rubino, I. A., Peran, P., Caltagirone, C., &
Spalletta, G. (2011). Hippocampi, thalami, and accumbens microstructural damage
in schizophrenia: a volumetry, diffusivity, and neuropsychological study.
Schizophrenia Bulletin, 37(1), 118—130. https://doi.org/10.1093/SCHBUL/SBP058

Terenzi, D., Madipakkam, A. R., Molter, F., Mohr, P. N. C., Losecaat Vermeer, A. B.,
Liu, L., & Park, S. Q. (2022). Neural Correlates Underlying Social-Cue-Induced
Value Change. J Neurosci, 42(32), 6276-6284.
https://doi.org/10.1523/JNEUROSCI.2405-21.2022

Trossbach, S. V., Bader, V., Hecher, L., Pum, M. E., Masoud, S. T., Prikulis, 1.,
Schable, S., De Souza Silva, M. A., Su, P., Boulat, B., Chwiesko, C., Poschmann,
G., Stuhler, K., Lohr, K. M., Stout, K. A., Oskamp, A., Godsave, S. F., Mlller-
Schiffmann, A., Bilzer, T., ... Korth, C. (2016). Misassembly of full-length
Disrupted-in-Schizophrenia 1 protein is linked to altered dopamine homeostasis
and behavioral deficits. Mol Psychiatry, 21(11), 1561-1572.
https://doi.org/10.1038/mp.2015.194

Tu, Lescher, J. D., Williams, R. A., Jikaria, N., Turtzo, L. C., & Frank, J. A. (2017).
Abnormal injury response in spontaneous mild ventriculomegaly wistar rat brains:
A pathological correlation study of diffusion tensor and magnetization transfer
imaging in mild traumatic brain injury. Journal of Neurotrauma, 34(1), 248—-256.
https://doi.org/10.1089/NEU.2015.4355/ASSET/IMAGES/LARGE/FIGURE7.JPEG

Tu, Turtzo, L. C., Williams, R. A, Lescher, J. D., Dean, D. D., & Frank, J. A. (2014).
Imaging of Spontaneous Ventriculomegaly and Vascular Malformations in Wistar

36



969
970

971
972
973
974
975

976
977
978
979

980
981
982
983

984
985
986
987
988

989
990
991
992
993

994
995
996

997
998
999
1000
1001

1002
1003
1004

1005
1006
1007
1008

1009
1010
1011
1012

Rats: Implications for Preclinical Research. J Neuropathol Exp Neurol, 73(12),
1152-1165. https://academic.oup.com/jnen/article/73/12/1152/2917696

Uzuneser, T. C., Speidel, J., Kogias, G., Wang, A. L., De Souza Silva, M. A., Huston, J.
P., Zoicas, I., Von Hérsten, S., Kornhuber, J., Korth, C., & Miller, C. P. (2019).
Disrupted-in-schizophrenia 1 (DISC1) overexpression and juvenile immune
activation cause sex-specific schizophrenia-related psychopathology in rats. Front
Psychiatry, 10. https://doi.org/10.3389/fpsyt.2019.00222

Vale-Martinez, A., Baxter, M. G., & Eichenbaum, H. (2002). Selective lesions of basal
forebrain cholinergic neurons produce anterograde and retrograde deficits.in a
social transmission of food preference task in rats. The European Journal of
Neuroscience, 16(6), 983—998. https://doi.org/10.1046/J.1460-9568.2002.02153.X

van't Wout, M., van Rijn, S., Jellema, T., Kahn, R. S., & Aleman, A. (2009). Deficits in
Implicit Attention to Social Signals in Schizophrenia and High Risk Groups:
Behavioural Evidence from a New lllusion. PLoS ONE, 4(5).
https://doi.org/10.1371/journal.pone.0005581

Vuékovi¢, M. G., Wood, R. I., Holschneider, D. P., Abernathy, A., Togasaki, D. M.,
Smith, A., Petzinger, G. M., & Jakowec, M. W. (2008). Memory, mood, dopamine,
and serotonin in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned mouse
model of basal ganglia injury. Neurobiology of Disease, 32(2), 319-327.
https://doi.org/10.1016/J.NBD.2008.07.015

Wang, Fazari, B., Chao, O. Y., Nikolaus, S., Trossbach, S. V., Korth, C., Sialana, F. J.,
Lubec, G., Huston, J. P., Mattern, C., & de Souza Silva, M. A. (2017). Intra-nasal
dopamine alleviates cognitive deficits in tgDISC1 rats which overexpress the
human DISC1 gene. Neurobiol Learn Mem, 146, 12-20.
https://doi.org/10.1016/j.nIm.2017.10.015

Wang, Fontanini, & Katz, D. B. (2006). Temporary basolateral amygdala lesions disrupt
acquisition of socially transmitted food preferences in rats. Learning & Memory,
13(6), 794. https://doi.org/10.1101/LM.397006

Wang, J., Li, J., Yang, Q., Xie, Y. K., Wen, Y. L., Xu, Z. Z., Li, Y., Xu, T., Wu, Z. Y.,
Duan, S, & Xu, H. (2021). Basal forebrain mediates prosocial behavior via
disinhibition of midbrain dopamine neurons. Proceedings of the National Academy
of Sciences of the United States of America, 118(7).
https://doi.org/10.1073/PNAS.2019295118/-/DCSUPPLEMENTAL

Wang, Liu, Ng, & Sudhof, . (2020). A Synaptic Circuit Required for Acquisition but Not
Recall of Social Transmission of Food Preference. Neuron, 107(1), 144-157 .e4.
https://doi.org/10.1016/J.NEURON.2020.04.004

White, T. P., Wigton, R., Joyce, D. W., Collier, T., Fornito, A., & Shergill, S. S. (2015).
Dysfunctional Striatal Systems in Treatment-Resistant Schizophrenia.
Neuropsychopharmacology 2016 41:5, 41(5), 1274—1285.
https://doi.org/10.1038/npp.2015.277

Yushkevich, P. A., Piven, J., Hazlett, H. C., Smith, R. G., Ho, S., Gee, J. C., & Gerig, G.
(2006). User-guided 3D active contour segmentation of anatomical structures:
significantly improved efficiency and reliability. Neurolmage, 31(3), 1116-1128.
https://doi.org/10.1016/J.NEUROIMAGE.2006.01.015

37



1013
1014
1015

1016

1017
1018

Zech, M. P., Schable, S., & Kalenscher, T. (2022). Discounting of Future Rewards and

Punishments in Rats. ENeuro, 9(6). https://doi.org/10.1523/ENEURO.0452-
21.2022

Sources for lllustrations in Figure1:

https://doi.org/10.5281/zenodo.3926077
https://doi.org/10.5281/zenodo0.3926414

38



Figure Legends

Figure 1 Study Design. lllustration of the experimental adaption of the Social Transmission of Food Preferences-
Paradigm by Galef et al. (1989) to assess the social influence on revaluation of food rewards (Noguer-Calabus et
al., 2022). In the example, the observer rat prefers flavor A over B. Habituation & Pre-Interaction Preference
Testing: During the Habituation & Pre-Interaction Testing phase, observer rats were presented with two weighed
cups on three consecutive days, each containing a different type of flavored pellets (A or B). The testing lasted for
6 hours each day. After completing testing on Day 3, individual preferences of the observer were quantified by
weighing the amount consumed of each respective reward. On Day 3, demonstrators were single housed and
provided with a hanging feeder overnight containing the pellets that were not preferred by their assigned observers.
Demonstrators were age- and sex-matched, unfamiliar wildtype rats of the same strain (for visualization purposes,
colors differ). Social Interaction: On Day 4, each matched pair of demonstrators and observers were allowed to
interact freely for 20 minutes. Post-Interaction Preference Testing: Immediately after the Social Interaction,
observer rats were returned to their individual cages and provided with two cups, each containing one of the two
pellet types. As in the Pre-Interaction Testing, the cups were removed after 6 hours to assess observers’
preferences. This procedure was repeated the next day. Habit. = Habituation. lllustrations were sourced from
SciDraw and adapted by the author.

Figure 2 Representative weighted color maps of Fractional Anisotropy (FA). A FA weighted color maps from
slices displaying regions of interest (ROIs). The ROIs were bilaterally selected from the atlas implemented in DSI-
Studio (based on Johnson et al., 2021). Nucleus Accumbens (NAc), Basolateral Amygdala (BLA), Cortical
Amygdala (CoA), Hippocampus (HPC), Infralimbic Cortex (IL), Lateral Septum (LS), Diagonal Band of Broca
(DB), Olfactory Areas (OLF), Orbital Cortex (ORB), Piriform Cortex (PIR), Prelimbic Cortex (PL), Substantia Nigra
pars compacta (SNc¢) and the Thalamus (TH). B Exemplary 3D illustration of ROIs across the brain. Note that
olfactory areas and piriform cortex are excluded for simplified visualization, as they cover the majority of the
ventral areas. C Individual streamlines of a weighted color map. The color represents the direction of the
structural organization in which red is medial-lateral, green is anterior—posterior, and blue is dorsal-ventral
direction.

Figure 3 tgDISC1 rats show no revaluation of reward values after social contact with a demonstrator.
A Preference index (Pl). The PI indicating the strength of preference for one reward over the other, for both
genotypes and before (pre) vs. after (post) Social Interaction. While wildtype rats decreased their preference for
the originally preferred reward, thus showing social transmission of food preference, the Pl did not change in
tgDISC1 rats. B Consumption of originally preferred food: wildtype, but not tgDISC1 rats decreased their mean
consumption of the originally preferred food type (in grams) from pre- to post-interaction. C Consumption of the
originally non-preferred food: Wildtype, but not tgDISC1 rats, increased the consumption of the originally non-
preferred food type (in grams) from pre- to post-interaction. D Total pellet consumption over the course of the
STFP. No change in the total consumption of flavored pellets, regardless of the flavor (in grams) from pre- to post-
interaction for both genotypes. Data are means + SEM. *p < 0.05 and **p < 0.01 for contact*genotype interaction.

Figure 4 Behavior during the Social Interaction in the STFP. tgDISC1 rats do not significantly differ from wildtype
rats in any of the measured social (A-F) or stereotypical behaviors (grooming and rearing; G-H) during STFP
interaction. All data for social initiation by the observer in seconds. A Duration of snout to snout sniffing. B Duration
of unspecific partner exploration by sniffing. C Duration of allogrooming. D Duration of social play. E Duration of
following. F Duration of genital exploration. G Duration of self-grooming. H Duration of rearing. All data are means
* standard error of the mean.

Figure 5 No impaired social interest, odor discrimination, motivation or cognitive flexibility in tgDISC1 rats. A Social
interest to approach an unknown conspecific in the 3-Chamber task. The duration of exploration in the apparatus
shows a significant main effect of chamber (empty vs. conspecific), but there was no significant difference in
exploration of the conspecific between genotypes. B Odor discrimination between a novel and a familiar odor. We
found a significant effect of novelty on the number of nose touches at both odors, but no difference between
genotypes. C The ability to distinguish large and small food rewards and the motivation to obtain them was tested
in the Reward Magnitude Discrimination Task (RMDT). Percentages to choose the large food rewards in 16 free
trials did not significantly differ between genotypes (cf. Table 1). Red line indicates chance-level of 50%. D Flexible
adaptation to changed reward contingencies during a reversal phase. Percentages to choose the large food
rewards in 16 free trials did not significantly differ between genotypes (cf. Table 1). Red line indicates chance-level
of 50%. *p < 0.05, **** p < 0.0001.

Figure 6 Changes in Fractional Anisotropy (FA) observed in tgDISC1 rats compared to wildtypes. Abbreviations:
Nucleus Accumbens (NAc), Basolateral Amygdala (BLA), Cortical Amygdala (CoA), Hippocampus (HPC),
Infralimbic Cortex (IL), Lateral Septum (LS), Basal Forebrain (BF), Olfactory Areas (OLF), Orbital Cortex (ORB),
Piriform Cortex (PIR), Prelimbic Cortex (PL), Substantia Nigra pars compacta (SNc), Thalamus (TH). Data are
means * standard error of the mean; ns = non-significant; *p < 0.05

39



1078

1079
1080
1081

Table Legends

Table 1 Summary of results of group-level comparisons in Fractional Anisotropy (FA), Axial Diffusivity (AD) and

Radial Diffusivity (RD) values of brain regions implicated for Social transmission of Food Preference (STFP)

performance. SEM = Standard error of the mean. Significant adjusted values are indicated in bold.

wildtype tgDISC1
Mean + Mean + SEM Adjusted
Brain Region SEM p-value p-value
FA
Nucleus Accumbens 0.30 £ 0.01 0.27 £ 0.01 0.017 0.041
Diagonal Band of Broca 0.34 £ 0.01 0.31 £ 0.01 0.013 0.041
Basolateral Amygdala 0.30 + 0.01 0.26 + 0.01 0.019 0.041
Cortical Amygdala 0.36 £ 0.01 0.34 £ 0.00 0.013 0.041
Hippocampus 0.30 £ 0.01 0.26 £ 0.01 0.057 0.082
Infralimbic Cortex 0.29 £ 0.01 0.29 £ 0.01 0.572 0.62
Lateral Septum 0.31£0.01 0.28 £ 0.01 0.03 0.049
Olfactory Areas 0.35+0.01 0.30 £ 0.01 0.003 0.02
Orbital Cortex 0.30 £ 0.01 0.27 £ 0.01 0.117 0.138
Piriform Cortex 0.31 £ 0.01 0.30 £ 0.01 0.089 0.116
Prelimbic Cortex 0.29 £ 0.01 0.29 £ 0.01 0.997 0.997
Thalamus 0.32 £ 0.01 0.28 £ 0.01 0.03 0.049
Substantia Nigra 0.36 £ 0.01 0.31 £ 0.01 0.001 0.013
AD
Nucleus Accumbens 0.98 £0.02 0.94 £ 0.01 0.176 0.656
Diagonal Band of Broca 1.04 £ 0.02 1.02 £ 0.01 0.307 0.656
Basolateral Amygdala 1.03 £ 0.04 0.98 £ 0.02 0.268 0.656
Cortical Amygdala 1.15 £ 0.04 1.05 £ 0.02 0.034 0.358
Hippocampus 1.12 £ 0.04 1.10 £ 0.03 0.724 0.798
Infralimbic Cortex 0.96 £ 0.02 0.97 £ 0.03 0.796 0.798
Lateral Septum 1.12 £ 0.03 1.09 £ 0.01 0.353 0.656
Olfactory Areas 1.23 £ 0.04 1.50 £ 0.12 0.055 0.358
Orbital Cortex 0.98 £ 0.02 0.96 £ 0.02 0.607 0.798
Piriform Cortex 1.06 £ 0.02 1.06 £ 0.02 0.798 0.798
Prelimbic Cortex 1.07 £ 0.03 1.05 £ 0.03 0.792 0.798
Thalamus 1.13+£0.05 1.07 £ 0.02 0.235 0.656
Substantia Nigra 1.09 £ 0.03 1.06 £ 0.02 0.49 0.796
RD
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Nucleus Accumbens 0.63 + 0.01 0.63 + 0.01 0.951 0.951
Diagonal Band of Broca 0.62 £ 0.01 0.63 £ 0.01 0.932 0.951
Basolateral Amygdala 0.66 £ 0.02 0.68 £ 0.01 0.486 0.94
Cortical Amygdala 0.67 £ 0.02 0.63 £ 0.01 0.099 0.358
Hippocampus 0.71 £ 0.01 0.74 + 0.01 0.1 0.358
Infralimbic Cortex 0.64 £ 0.01 0.63 £ 0.01 0.738 0.951
Lateral Septum 0.71 £0.02 0.73 £ 0.01 0.506 0.94
Olfactory Areas 0.70 £ 0.03 1.04 £0.13 0.025 0.325
Orbital Cortex 0.63 £ 0.01 0.64 £ 0.01 0.468 0.94
Piriform Cortex 0.67 £ 0.01 0.67 £ 0.01 0.7 0.951
Prelimbic Cortex 0.68 £ 0.02 0.68 £ 0.02 0.908 0.951
Thalamus 0.70 £ 0.02 0.71 £ 0.01 0.705 0.951
Substantia Nigra 0.65 £ 0.01 0.68 £ 0.01 0.066 0.358
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Abstract

Rationale In the socially transmitted food preference (STFP) paradigm, rats change their preference for food rewards after
socially interacting with a conspecific who has been fed with the originally non-preferred food. Here, we asked if oxyto-
cin (OXT), a neuropeptide known for its role in social affiliation and social behavior, plays a role in STFP. Since OXT’s
influences on social behavior can be familiarity-dependent, we further asked if OXT effects on STFP are moderated by the
familiarity between rats.

Objectives Does OXT modulate rats’ socially transmitted food choices in a familiarity-dependent way.

Methods We systemically injected either vehicle, low-dose (0.25 mg/kg) of OXT, or large-dose (1.0 mg/kg) of OXT before
social interaction with either a familiar cagemate (in-group) or an unfamiliar conspecific from a different cage (out-group).
Results We found an intergroup bias in STFP: vehicle-treated rats showed larger socially transmitted changes in food prefer-
ence in the out-group than the in-group condition. OXT modulated STFP in a familiarity-dependent way: OXT prevented the
increase in the consumption of the non-preferred food in the out-group, and decreased the consumption of the preferred food
in the in-group. These effects were dose-dependent and observed under acute OXT action, but also on the subsequent day
when acute OXT effects dissipated, suggesting long-lasting social learning effects of OXT. Additional analyses suggest that
the familiarity and dose-dependent effects of OXT on STFP cannot be attributed to OXT’s anorexic actions or differences in
the duration of the social interactions.

Conclusions OXT modulates STFP in a familiarity-dependent way.

Keywords Familiarity - Food preference - Group bias - Oxytocin - Reward revaluation - Social behavior.

Introduction transmitted food preference (STFP) paradigm where one rat

(the observer) reveals a preference for a flavored food after

What we eat is a daily decision that is influenced by our
knowledge of the available resources and our dietary prefer-
ences. To make these decisions, we gather relevant infor-
mation either from our own experience or through social
learning. Relying on social information to choose food has
proven to be an adaptive foraging strategy in many situa-
tions and in several species (Kendal et al. 2005). To opera-
tionalize social food learning in animals in a laboratory
setup, Galef and Wigmore (1983) established the socially

D4 Irina Noguer-Calabiis
noguerca@hhu.de

Comparative Psychology, Institute of Experimental
Psychology, Heinrich-Heine University Diisseldorf,
Universitétsstrafe 1, 40225 Diisseldorf, Germany

interacting with a demonstrator who recently ate it. Years
of research using the STFP paradigm have provided solid
evidence for socially transmitted food preferences, which
occur independent of the observer’s energy state (food-
deprived or fed ad-libitum) or the demonstrator’s charac-
teristics, such as health (poisoned, anesthetized or controls)
or age (Galef et al. 1983, 1984; Galef and Wigmore 1983;
Galef and Whiskin 2004, 2008a). Aligning food preferences
to those of conspecifics is a phenomenon found in many
mammals including humans (Nook and Zaki 2015).

Here, we asked what the psychopharmacological mecha-
nism of socially transmitted food preference is. One strong
neuromodulator candidate is oxytocin (OXT). OXT is a
neuropeptide primarily synthesized in the paraventricular
hypothalamic nucleus and the supraoptic nucleus of the
hypothalamus that modulates neural activity in many parts

@ Springer
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of the brain (Ferris et al. 2015; Salvi et al. 2018; Liu et al.
2021). It is prominently involved in social behavior, such as
reproduction, social recognition and memory, pair bonding,
and prosociality, as well as the regulation of fear, anxiety and
food consumption (Jurek and Neumann 2018; Sakamoto et
al. 2019; but see Berendzen et al. 2023). OXT can modulate
social cognition at different levels. Enhanced OXT release
in olfactory circuits increases social exploration and social
recognition without interfering with other olfactory-depen-
dent behaviors (Oettl et al. 2016). However, the modulation
of social recognition by OXT subcutaneous injections fol-
lows an inverted U-shaped dose-response curve. Interme-
diate doses facilitate social recognition to a greater extent
than low or high doses (Popik et al. 1992). In non-human
primates, OXT boosts own- and other-regarding preferences
(Chang et al. 2012), and in humans, OXT has been shown to
promote social cognition and prosocial behavior, too (Jurek
and Neumann 2018; Marsh et al. 2021). OXT in mice is
also implicated in social learning (Dolen et al. 2013; Choe
et al. 2015). For instance, systemic administration of OXT
and vasopressin prolonged the memory recall of socially
transmitted changes in drink preference (Popik and Van Ree
1993), suggesting OXT is indeed important for at least some
cognitive aspects of STFP. However, direct evidence for the
effects of OXT on STFP is, so far, elusive ( Lindeyer et al.
2013; but see Popik and Van Ree 1993).

In humans, OXT effects on social behavior have been
shown to be subject to intergroup-biases: OXT promotes
empathy, cooperation, trust and conformity with members
of the same social group, but it fosters defensive behav-
iors and social distancing against members of a competing
social group (De Dreu et al. 2010; Scheele et al. 2012; De
Dreu and Kret 2016; Strang et al. 2017). Interestingly, in
rodents, group affiliation seems to matter for social behav-
ior, too. For instance, rats exhibit intergroup biases in proso-
ciality (Ben-Ami Bartal et al. 2021), and there is evidence,
although weak and inconclusive, that STFP also depends
on the familiarity, i.e., group affiliation in a wider sense,
between the observer and the demonstrator rat (Galef et
al. 1984; Galef and Whiskin 2008a; Agee et al. 2019). It is
therefore plausible to assume that any putative OXT effect
on STFP might depend on the familiarity between demon-
strator and observer.

In the current study, we therefore hypothesized that STFP
in rats is modulated by OXT action, and that the predicted
OXT effects on STFP are dependent on the familiarity
between observer and demonstrator rats.

We trained rats in an adapted within-subject variant of
the STFP paradigm (Galef and Whiskin 2008b; Jolles et
al. 2011; Noguer-Calabus et al. 2022) that allowed us to
quantify the individual magnitude in the change of socially
transmitted food preference after relative to before social
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interaction. Briefly, observer rats reveal their original food
preferences by choosing between two appetitive, differ-
ently flavored food rewards. Subsequently, they interact
with a demonstrator rat who has been fed the food that was
revealed non-preferred by the observer. After social interac-
tion, we measure the observer rats’ food preferences again.
Observers typically increase the consumption of the origi-
nally non-preferred pellets and/or decrease the consump-
tion of the originally preferred pellets (Galef and Whiskin
2008b; Noguer-Calabus et al. 2022).

We manipulated familiarity, as a proxy of group affilia-
tion, between observers and demonstrators (Ben-Ami Bartal
et al. 2014; Agee et al. 2019), as follows: during the social
interaction phase of the STFP task, observers were either
paired with a familiar cagemate demonstrator (in-group) or
with an unfamiliar demonstrator from a different cage (out-
group). To evaluate OXT effects on STFP, observers in the
in-group and the out-group conditions received one of three
treatments: vehicle injections, low-dose OXT, or large-dose
OXT, systemically injected prior to social interaction. We
measured the observers’ revealed food preferences before
and immediately after social interaction, hence during acute
OXT action, as well as one day later, when the exogenous
OXT effects on the brain can be assumed to have faded. The
second day of post-interaction preference testing allowed
us to test whether OXT facilitates, or hampers, long-term
social learning, and to rule out alternative explanations of
putative changes in STFP.

Materials and methods
Subjects

We trained and tested 239 observer and 140 demonstra-
tor Long-Evans male rats (Charles River, Germany) for
this study, about 9—10 weeks old at arrival and weighing
410+ 50 g on the injection day. 28 observers met the exclu-
sion criteria (see below) and had to be removed from the
analysis, leaving a final sample size of n=211 observers.
The temperature in the housing room was maintained at
22°C £ 2°C, with humidity set at 55% + 2%. Subjects were
kept under an inverted 12:12 light-dark cycle. Rats were
supplied with laboratory rodent food (Sniff, Germany) and
water ad libitum except for the STFP testing period when
rats were food-restricted to 85% of their free-feeding body
weight and fed daily after finishing the experimental pro-
cedure. All rats were handled for 5 min/day for 3 days
before starting the experiment. All animal procedures were
conducted in accordance with the German Welfare Act and
were approved by the local authority LANUV (Landesamt
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fiir Natur-, Umwelt- und Verbraucherschutz North Rhine-
Westphalia, Germany).

Socially transmitted food preference task
Housing and habituation

Three days before the start of the STFP task, all rats under-
went a 10-minute habituation session in an open field
(50%50x45 cm, PVC, illumination to 5-15 Ix). To this end,
cagemates were placed together in the open fields. Upon
habituation to the open field, all subjects were henceforth
housed individually and were food-restricted. To habituate
rats to the feeder setup, for three days, all rats were pro-
vided with hanging feeders in their home cages containing
10 grape-flavored and 10 banana-flavored pellets (TestDiet,
USA). Then, rats were tested in the STFP task. The STFP
protocol involved three stages: individual preference testing
(days 1, 2, 3), social interaction (day 4), and post-interaction
preference testing (days 4 and 5).

Individual preference testing

On testing day one, observer rats were provided with two
weighed cups, each of them containing a different pel-
let type (grape and banana). These cups were positioned
in hanging feeders (pictured in Fig. 1), and observers had
unrestricted access for 6 h. Subsequently, the cups were
removed and weighed. This process was replicated over the
next two days. The observers’ consumption was quantified
individually and daily as the difference in cup weight before
and after the 6-hour testing period. Upon concluding the
pre-interaction testing, original individual preferences were
determined by how much of each pellet type was consumed
on day 3 (see exclusion criteria below).

e

N\

Social interaction

On the fourth day of the STFP task, both observers and dem-
onstrators were relocated to a room adjacent to the social
interaction room. Demonstrators were fed with those pellets
that were not revealed preferred on day 3 by their assigned
observers. To enhance the corresponding odor, crushed pel-
lets were spread to the demonstrator’s back, snout, and anal
area. Then, demonstrators and observers were allowed to
freely interact in the open field for 15 min. The interaction
between the observer and demonstrator was recorded and
an evaluator analyzed the time spent by the observer explor-
ing the demonstrator using Solomon Coder (Solomon Coder
beta 19.08.02 © Andras Péter).

Post-interaction preference testing

Following the interaction, observer rats were promptly
returned to their individual cages and provided with two
cups, each containing one of the two banana- and grape-
flavored food types. Similar to the pre-interaction testing,
the cups were taken out and weighed after a 6-hour interval.
The same preference test was repeated the next day. Sub-
sequently, all animals were reintegrated into prior group
housing.

Exclusion criteria

If a rat revealed preferred a particular pellet type on day 3
that was different from the pellet type revealed preferred on
days 1 and 2, we assumed that this rat’s preferences were
inconsistent since it was not evidently clear what the truly
preferred reward was on day 3. Rats with inconsistent pref-
erences were excluded from further analysis. For example,
if a rat preferred grape pellets on days 1 and 2, but banana

[/

Fig. 1 Photo example of the individual cage with the metal hanging feeder and two cups containing grape and banana pellets
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pellets on day 3, it would be excluded from analysis since
we could not tell with certainty if this rat truly preferred
banana, or grape. The reason for this exclusion criterion is
to make sure that demonstrators were fed with the truly non-
preferred food, and to avoid accidentally feeding the dem-
onstrator with actually preferred food.

Familiarity group assignment

We operationalized group affiliation as familiarity between
observers and demonstrators (Ben-Ami Bartal et al. 2014).
Therefore, there were two familiarity groups: the in-group
and the out-group. In the in-group condition, pairs of observ-
ers and demonstrators (n = 100) were housed together in one
cage upon arrival at the animal housing. In the out-group
condition, pairs of observers were housed together, but in
separate cages from the demonstrators (three demonstrators
per cage) to prevent contact before the STFP interaction.
The out-group consisted of 111 observers and 40 demon-
strators. In general, rats were housed according to this group
assignment protocol for 2-3 weeks upon arrival in the ani-
mal facility; at the start of the experiment, they were housed
individually (see below).

Oxytocin treatment

Within each familiarity group, observers were randomly
assigned to one of three treatment groups: the control group
(vehicle=saline), the group treated with low-dose OXT
(0.25 mg OXT/ml), and the large-dose OXT group (1.0 mg
OXT/ml), with an injection volume of 1 ml/kg. All observ-
ers received a single intraperitoneal injection immediately
before the social interaction phase during the STFP.

Data analysis

Weused amixed analysis of variance (ANOVA; SPSS 27.0.1,
IBM, USA; R 4.0.2; R Core Team, 2020, special usage of
the ggbreak package for plotting (Xu et al. 2021) with the
dependent variable pellet consumption (grams eaten), and
the within-subject factors pellet preference (originally pre-
ferred vs. non-preferred pellets), day (pre-interaction day 3
vs. post-interaction day 4 vs. post-interaction day 5), and the
between-subject factors familiarity (in-group vs. out-group)
and treatment (vehicle vs. low-dose OXT vs. large-dose
OXT). Post hoc analyses were performed with two-sided
t-tests. Benjamini—Hochberg correction was applied to cor-
rect for multiple comparisons.

Occasionally, rats exhibited very strong STFP, resulting
in a full preference reversal post- vs. pre-interaction. Prefer-
ence reversals were defined as higher consumption of the
originally non-preferred food than the originally preferred
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food after the social interaction on day 4. We compared the
frequency of full preference reversals between conditions
with a Fisher’s exact test.

Finally, we measured the time the observer spent socially
exploring the demonstrator during the social interaction
phase of the STFP. We examined observer behavior exclu-
sively because existing literature indicates minimal effects
of the demonstrator’s behavior on the observers’ STFP per-
formance (Galef and Wigmore 1983; Galef and Whiskin
2008a). To detect differences in social interaction times
between groups and conditions, we employed a mixed
ANOVA and its corresponding post-hoc two-sided t-tests
and corrections for multiple comparisons.

Results
Familiarity modulates STFP in vehicle rats

To evaluate how familiarity modulates STFP in general, i.¢.,
in the absence of OXT effects, we compared the amount of
pellets eaten by vehicle observers between days 3 and 4, i.e.,
before vs. immediately after social interaction, as a func-
tion of familiarity (in- vs. out-group) and pellet preference
(originally preferred vs. non-preferred pellets; Fig. 2). The
mixed ANOVA showed a simple main effect of pellet pref-
erence on amount consumed (F|; ¢7,=136.816, p=.000)
and a simple main effect of day (F|; 7,=23.969, p=.000),
as well as an interaction effect between pellet preference
and day (£ ¢=21.837, p=.000), suggesting that rats
showed STFP. Importantly, we also found a significant
interaction effect between pellet preference and familiarity
(F[1, 67=8.405, p=.005). The post-hoc tests (all post-hoc
tests were corrected for multiple comparisons) indicated
that both familiarity groups increased their consumption
of the originally non-preferred pellets on day 4 compared
to day 3 (in-group: #35) = -3.16, p=.005; out-group: 737,
= -5.53, p=.000), suggesting that STFP was found in both
familiarity groups. However, a between-group comparison
showed that consumption of the originally non-preferred
pellets was higher in the out-group than the in-group on
day 4 (in- vs. out-groups: g6, = -2.19, p=.032), imply-
ing stronger STFP in the out-group than the in-group. Con-
sistent with this conclusion, only the out-group decreased
the consumption of their originally preferred pellets on day
4 compared to day 3 (out-group: {[3;;=3.14, p=.005; in-
group: f377=0.48, p=.635) and compared to the in-group
(day 4 in- vs. out-groups: f¢s,=3, p=.004). Accord-
ingly, the change in consumption of the originally pre-
ferred pellets, but not non-preferred pellets, from day 3 to
4 differed between familiarity groups (difference in origi-
nally preferred pellets: f469) = -2.05, p=.044; originally
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Fig. 2 Vehicle-treated observers’ socially transmitted food prefer-
ences are modulated by familiarity. Mean (+standard error of the
mean; SEM) of the pellets (originally preferred, circle; originally
non-preferred, triangle) consumed on days 3 (pre-social interaction)
and day 4 (post-social interaction) by observers who interacted with a
familiar demonstrator (in-group (n=31), black) or an unfamiliar one

non-preferred pellets: 745 7)=1.56, p=.124). Hence, both
familiarity groups exhibited socially transmitted food pref-
erences, but the effect was significantly more pronounced in
the out-group than the in-group (Fig. 2).

Full preference reversal

Rats occasionally exhibited very strong STFP, resulting in a
full preference reversal on day 4 vs. day 3. We computed the
proportion of vehicle-treated observers who fully reversed
their pellet preferences, and compared the proportion of pel-
let preference reversals between familiarity groups (Fig. 3).
In the in-group, only 10% of rats (3/31) fully reversed their
pellet preferences, in contrast to the out-group, where 39%
of rats (15/38) did so. Hence, consistent with the conclusion
of the previous paragraph, these data suggest stronger social
transmission of food preferences in the out-group than the
in-group condition (Fisher’s exact test; p =.006, two-sided).

(out-group (n=40), light gray). The change in consumption of the
originally non-preferred pellets pre- vs. post-interaction was stronger
in the out-group than the in-group, and a change in consumption of the
originally preferred pellets was only found in the out-group. * p <.05;
** p<.01; ## out-group p <.01, n/s in-group p > .05

Further analyses are available in the supplemental materials,
Fig. 1.

Oxytocin effects on social transmission of food
preference are modulated by familiarity

To find out if the OXT treatment had an effect on STFP,
possibly in a familiarity-dependent way, we ran a four-way
mixed ANOVA with pellet preference (originally preferred
vs. non-preferred), familiarity (in- vs. out-group), treat-
ment (vehicle vs. low-dose OXT vs. large-dose OXT), and
day (days 3 vs. 4 vs. 5) as independent variables on pel-
let consumption. We found a significant simple main effect
of pellet preference (F; ,0,;=440.333, p=.000), a sig-
nificant simple main effect of treatment (F, 50,;=9.079,
p=.000), and a significant simple main effect of day
(Flo, 409=16.129, p=.000), and a significant four-way
interaction between pellet preference, familiarity, treatment
and day (F[3 51 354.66)=3-029, p=.023).
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Fig. 3 Frequency of full preference reversals, in percent, after social interaction (day 4 vs. day 3). The frequency of full preference reversals was

significantly higher in the out-group than in the in-group

To unpack this complex interaction effect, we ran a suite
of post-hoc tests (again, all post-hoc tests were corrected
for multiple comparisons). To understand the acute effects
of OXT on STFP, we, first, zoomed in on what happened
on day 3 vs. day 4 (Fig. 4; individual data plots in Fig. 2
in the supplemental materials). In the in-group (panel A of
Fig. 4), we found a significant decrease in consumption of
the originally preferred pellets on day 3 vs. day 4 in both
OXT groups (low-dose OXT: #35=5.69, p=.000; large-
dose OXT: #35,=6.69, p=.000), but not in the vehicle group
(130;=0.48, p=.714). There was a significant increase in
consumption of the originally non-preferred pellets from
day 3 to day 4 in all treatment groups (vehicle: 735 = -3.16,
p=.01; low-dose OXT: #3; = -2.93, p=.013; large-dose
OXT: f35) = -3.4, p=.007), and we found no significant
difference in their consumption over days 3 and 4 between
treatment groups (vehicle vs. low-dose OXT: {594 =
-0.476, p=.636; vehicle vs. large-dose OXT: 7494y = -1.61,
p=.232; low-dose OXT vs. large-dose OXT: 745 = -1.16,
p=.38). This analysis suggests that, in the in-group, OXT
administration led to a stronger decrease in consumption of
the originally preferred pellets relative to vehicle adminis-
tration, but had no marked effect on the consumption of the
originally non-preferred pellets.

The picture was different in the out-group (panel B of
Fig. 4). Here, we found a significant decrease in consump-
tion of the originally preferred pellets on day 3 vs. day 4 in
all treatment groups, including the vehicle group (vehicle:
i37=3.14, p=.006; low-dose OXT: 733,=3.82, p=.002;
large-dose OXT: 735,=6.14, p=.000). There was no signifi-
cant difference in the change in consumption of the origi-
nally preferred pellets between any of the treatment groups
(vehicle vs. low-dose OXT: (g9 3; = -0.087, p=.931; vehicle
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vs. large-dose OXT: #66,; = -0.97, p=.504; low-dose OXT
vs. large-dose OXT: 745 57 = -0.969, p=.504). By contrast,
we found a significant and steep increase in consumption
of the originally non-preferred pellets from day 3 to day
4 in the vehicle group (f37; = -5.53, p=.000), but no sig-
nificant increase in either OXT group (low-dose OXT: 735
= -2.12, p=.061; large-dose OXT: 735 = -1.7, p=.136).
Accordingly, vehicle observers in the out-group condition
consumed significantly more of the originally non-preferred
pellets than the OXT-treated observers (vehicle vs. low-
dose OXT: f533=3.15, p=.024; vehicle vs. large-dose
OXT: t1454=4.77, p=.000; low-dose OXT vs. large-dose
OXT: f[s45y=1.74, p=.226). This analysis suggests that in
the out-group, OXT had different effects on STFP than in
the in-group. In the out-group condition, relative to vehicle
administration, OXT dampened the increase in consumption
of the originally non-preferred pellets, but it had no marked
effect on the consumption of the originally preferred pellets.

Oxytocin has long-term effects on social
transmission of food preferences

So far, we presented the results of day 3 (before social
interaction) vs. day 4 (immediately after social interaction
and immediately after OXT injection, i.e., with acute OXT
effects on the rats’ system). To understand if OXT had long-
term effects on STFP (Fig. 5; individual data plots in Fig. 3
in the supplemental materials), beyond its acute action,
we extended our post-hoc analysis to day 5, i.e., one day
after OXT or vehicle injection. In the in-group (panel A of
Fig. 5), there was no significant difference in originally pre-
ferred pellets consumption between day 4 and day 5 in any
of the treatment groups (vehicle: 735 = -0.222, p=.826;
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Fig. 4 Acute oxytocin (OXT) and intergroup effects on socially trans-
mitted food preference (STFP). STFP in the in-group (panel A),
and the out-group (panel B). In both panels, the pellet consumption
(mean + SEM) of the vehicle group is represented by the solid line
and circle symbols, the low-dose OXT group by the dashed line and
triangles, and the large-dose OXT group by the dotted line and squared
symbols. The originally preferred pellets (upper lines) are indicated
in a slightly transparent hue, and the originally non-preferred pellets
(lower lines) are in an opaque hue. In the in-group (panel A), rats in
all treatment conditions increased their consumption of the originally

low-dose OXT: {35 = -1.9, p=.091; large-dose OXT: 735,
= -1.22, p=.292). By contrast, both OXT groups, but not
the vehicle group, showed a continued increase in consump-
tion of the originally non-preferred pellets from day 4 to
day 5 (vehicle: 735,=1.19, p=.292; low-dose OXT: {3,
= -2.38, p=.043; large-dose OXT: 735 = -2.26, p=.045),
even though the amount of originally non-preferred pellets
consumed on day 5 did not differ between OXT and vehicle
groups (vehicle vs. low-dose OXT: 7s7) = -1.28, p=.635;
vehicle vs. large-dose OXT: #¢5) = -1.02, p=.635; low-dose
OXT vs. large-dose OXT: 7, 1;=0.404, p=.843). Hence, in
the in-group, the pattern of effects on STFP observed under
acute OXT effects (day 4) persisted, or even increased, on

In-group

low-dose OXT = = * |arge-dose OXT

Out-group

non-preferred pellets after social interaction on day 4, thus exhibiting
STFP. Unlike rats in the vehicle group, rats that received OXT injec-
tions prior to social interaction decreased the consumption of the origi-
nally preferred pellets. In the out-group (panel B), OXT administration
prevented the increased consumption of the originally non-preferred
pellets observed in the vehicle group, thus blocking STFP. However,
there were no differences between treatment conditions in the con-
sumption of the originally preferred pellets, which decreased between
days 3 and 4. * All treatments p <.05; ** all treatments p <.01; ###
OXT-treated groups p <.001; 99 vehicle group p<.001

day 5, when the acute OXT effects on the organism can be
assumed to have waned.

In the out-group (panel B of Fig. 5), we found a significant
increase in consumption of the originally preferred pellets
in the large-dose OXT group from day 4 to day 5, but not in
the low-dose OXT or vehicle groups (vehicle: #37;=0.944,
p=.395; low-dose OXT: t[33]:0.366, p=.717; large-dose
OXT: f3) = -3.35, p=.004). Although we had found sig-
nificant OXT effects on the consumption of the originally
non-preferred pellets on day 4 (see above), this difference
disappeared on day 5 for the low-dose OXT (vehicle vs.
low-dose OXT: t7,77=0.565, p=.861) and only remained
significant for the large-dose OXT (vehicle vs. large-dose
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Fig. 5 Long-term oxytocin (OXT) and familiarity effects on socially
transmitted food preference (STFP). Line and panel representations
are the same as Fig. 4. In the in-group (panel A), rats treated with
OXT on day 4 (immediately after social interaction and OXT injec-
tion) increased the consumption of the originally non-preferred pellets
on day 5 (one day after social interaction and OXT injection) following
the previous tendency (from day 3 to day 4). By contrast, the consump-
tion of the vehicle group was relatively constant across days. The con-
sumption of the originally preferred pellets was constant for all treat-

OXT: t[736=3.01, p=.024; low-dose OXT vs. large-dose
OXT: tie43y=2.31, p=.086). In line with this observation,
the low-dose OXT group showed an increase in consump-
tion of the originally non-preferred pellets from day 4 to day
5 ({331 = -2.45, p=.033), but, the large-dose OXT group
continued to show no significant change in consumption of
the originally non-preferred pellets from day 4 to 5 (¢34 =
-0.608, p=.579), suggesting that they never acquired STFP.
In sum, also in the out-group, we found a complex pattern
of results suggestive of the fact that the effects of OXT on
STFP outlasted its acute action. Hence, overall, our results
suggest that OXT effects on STFP were dependent on famil-
iarity with the demonstrator and reflect long-lasting changes
in social learning.
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In-group

low-dose OXT = == + large-dose OXT

Out-group

ment conditions. In the out-group (panel B), only the low-dose OXT
group increased the consumption of the originally non-preferred pel-
lets from day 4 to day 5. By contrast, the OXT effects on the large-dose
OXT group were long-lasting, suggesting that the OXT-related block-
ing of STFP was stable over time. Regarding the originally preferred
pellets, only the large-dose OXT group increased their consumption
once acute OXT effects dissipated on day 5; the other treatment condi-
tions remained unchanged. # OXT-treated groups p <.05; § low-dose
OXT group p<.05; XX large-dose OXT group p<.05

Familiarity-modulated OXT effects on STFP
cannot be explained by anorexic effects or social
exploration time

Acute OXT action has anorexic effects, especially on pal-
atable food (Olszewski et al. 2010; Herisson et al. 2014).
It is therefore possible that the complex pattern of OXT
effects on STFP reported here can simply be explained by
its anorexic effects. Indeed, we found that OXT injections
decreased total pellet consumption (originally preferred and
non-preferred pellet types combined) on the day of injec-
tions (mixed ANOVA with the factors familiarity, treatment
and day; main effect of treatment, F}, ,02;=9.079, p=.000;
significant simple main effect of day, F, 404=16.129,

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Psychopharmacology (2025) 242:361-372

369

p=.000, and a significant interaction effect between treat-
ment and day, Fly 404 =21.241, p=.000, Fig. 4 supplemen-
tal material). However, these anorexic effects were restricted
to day 4, i.e., the day of OXT injection, and did not extend to
day 5 (post-hoc test: day 3 vs. day 5; in- low-dose OXT: 73y,
= -1.6, p=.165; in- large-dose OXT: 735,=0.276, p=.802;
out- low-dose OXT: f33,=0.252, p=.802; out- large-dose
OXT: #35=1.25, p=.284). In addition, even though we
found group-dependent OXT effects on STFP (see analy-
sis above), OXT effects on total pellet consumption did not
differ between in-group and out-group (F|; ,02=0.352,
p=.554). Our analysis presented above showed that OXT
effects on STFP were group-dependent and long-lasting, but
OXT effects on total pellet consumption were neither group-
dependent, nor long-lasting, suggesting that the reported
OXT effects on STFP cannot be straightforwardly explained
by its anorexic effects (Table 1 supplemental material; see
discussion for further elaboration).

In addition to OXT anorexic effects, OXT and/or famil-
iarity may have modulated the time observers spent inter-
acting with, or socially exploring, the demonstrators. A
mixed ANOVA revealed a significant simple main effect
of OXT treatment, but not familiarity, on social explora-
tion time (treatment: F, ,4,=7.247, p=.000; familiarity:
Fly, 204=1.364, p=.244): rats treated with the large-dose
of OXT explored the demonstrators less than the other
treatment groups (vehicle vs. low-dose OXT: #149,=0.763,
p=.44T7; vehicle vs. large-dose OXT: #145,=3.55, p=.000;
low-dose OXT vs. large-dose OXT: #45;=2.7, p=.012;
Fig. 5 supplemental material). Even though the observation
that the demonstrator’s novelty in the out-group, relative
to the in-group, did not lead to a significantly longer dura-
tion of partner exploration is somewhat surprising (Oettl
et al. 2016), the lack of evidence for a difference in social
exploration time suggests that exploration time unlikely
explains the familiarity effects on STFP reported above.
Likewise, although we did find OXT effects on exploration
time, we did not find a significant interaction between OXT
and familiarity, suggesting that the complex interaction of
OXT and familiarity on STFP cannot be explained by social
exploration.

Discussion

In this study, we measured the effects of systemic injections
of OXT and the familiarity between observer and demon-
strator on STFP. First, our results showed that vehicle rats
revealed stronger changes in food preference when encoun-
tering an unfamiliar than a familiar demonstrator. Second,
we found that systemic OXT administration influenced
STFP dependent on whether the demonstrator was familiar

or not: when the demonstrator was familiar (in-group), OXT
led to a decreased consumption of the originally preferred
pellets after social interaction with the demonstrator, but had
no effect on the consumption of the originally non-preferred
pellets. By contrast, we found opposite effects of OXT on
STFP when the demonstrator was unfamiliar (out-group):
OXT, relative to vehicle, did not change the consumption
of the originally preferred pellets, but, notably, prevented
the increase in consumption of the originally non-preferred
pellets. These familiarity-dependent OXT effects on STFP
could still be found one day later, at least after large OXT
doses, when the acute effects of OXT on the organism
most likely had waned, suggesting that OXT action during
social interaction has long-term effects on STFP. Our results
uncover a new mechanism how OXT modulates familiar-
ity-dependent socially transmitted preferences and social
reward revaluation.

Previous literature identified an acute anorexic effect
after OXT administration in male rats, resulting in less
food consumption (Arletti et al. 1989, 1990; Benelli et al.
1991). Our results also show a decrease in total pellet con-
sumption (originally preferred + non-preferred) by the OXT
groups. Although anorexic effects might explain our pattern
of results, we believe this is not the case. First, if OXT’s
anorexic effects were the only mechanism, it should reduce
consumption of both preferred and non-preferred pellets
equally, but we did not find this to be the case (see results
above). Second, OXT effects depended on the demonstra-
tor’s familiarity — an observation that is also difficult to
reconcile with the anorexia hypothesis. Third, and perhaps
most importantly, we found that OXT effects on STFP out-
lasted the acute OXT effects on total pellet consumption,
suggesting that OXT action had long-lasting effects on
STFP beyond its acute anorexic effects. We, hence, con-
clude that the results reflect group-dependent OXT effects
on social learning, and not merely an OXT-related reduction
in hunger or appetite.

Can the observation that vehicle rats showed stron-
ger STFP with unfamiliar than familiar demonstrators be
explained by differences in social exploration times? A fea-
sible explanation of this phenomenon in rats is their prefer-
ence for social novelty. Rats typically interact longer with
an unfamiliar individual, which could enhance the chance
of olfactory transmission of the demonstrator’s food prefer-
ence via its breath (Galef et al. 1988; Galef and Whiskin
2008a). However, a more recent study could not find support
for this explanation, as a more detailed analysis showed that
observers spent equal time sniffing the face of their dem-
onstrator or in direct nose contact regardless of familiarity
(Agee et al. 2019). In agreement with that, our vehicle rats
in both in- and out-group conditions spent equal time sniff-
ing their demonstrator, suggesting that other mechanisms
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than merely olfactory recognition or social interaction time
accounted for STFP.

So, how can we explain the familiarity- and OXT-depen-
dent changes in consumption of the originally preferred
and originally non-preferred pellets? One possibility is that
OXT affected the decision weight the observers’ placed on
the specific kind of social information transmitted by the
demonstrator in a familiary-dependent way: in the out-
group condition, unlike the control observers, OXT-treated
observers simply ignored the food information that was
socially transmitted by the demonstrator, and, hence, con-
tinued to consume their originally preferred pellets the same
way as they did before the social interaction. By contrast, in
the in-group condition, OXT-treated observers began to dis-
like the pellets that were not eaten by the demonstrator, and,
consequently, reduced the consumption of those pellets.

However, there are alternative explanations for the com-
plex familiarity- and OXT-dependent effects on STFP that
seem equally plausible. For example, one could argue that
the information that is transmitted by the demonstrator in
STFP would be the palatability of the originally non-pre-
ferred reward, but there would be no information transmit-
ted about the originally preferred reward; after all, observer
rats smell the scent of the originally non-preferred reward
in the demonstrators’ breath (Galef et al. 1988), but do not
have any social information on the originally preferred pel-
lets. Hence, STFP would mainly manifest as an increase in
consumption of the originally non-preferred reward. Since,
in vehicle rats, total pellet intake (preferred + non-preferred
pellets) usually remains constant after social interaction, the
decrease in consumption of the originally preferred reward
in STFP would just be the logical, secondary consequence
of the increased consumption of the originally non-pre-
ferred rewards: if rats eat more of food B after social inter-
action, they necessarily have to eat less of food A, unless
they change their total food intake. According to this view,
the difference in consumption of the originally preferred
pellets between OXT and vehicle rats in the in-group might
just reflect a secondary satiation effect: as mentioned, OXT
led to a decreased total amount of pellets eaten on day 4,
after the social interaction (see results and supplemental
material). OXT-treated rats in the in-group showed STFP
much like the vehicle rats, and accordingly ramped up their
consumption of the originally non-preferred pellets (Fig. 4),
while, at the same time, reducing their overall pellet con-
sumption due to OXT’s anorexic action. Hence, the OXT-
related decrease in consumption of the originally preferred
pellets on day 4 (Fig. 4) may simply reflect satiation effects:
[reduced total consumption] minus [increased non-preferred
consumption] = [reduced preferred consumption]. Note that
this explanation may account for the pattern of results found
in the in-group results, but cannot account for our out-group
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results. Future research needs to disentangle whether the
familiarity- and OXT-dependent changes in pellet consump-
tion reported here reflect familiarity-dependent differences
in the decision weights attached to social information about
the preferred and the non-preferred rewards, or differential
satiation effects.

OXT’s role in diverse modes of social information pro-
cessing has become a focus of emerging research, making it
a strong candidate for regulating social transmission of food
value (Popik and Van Ree 1993; Choleris et al. 2009; but see
Lindeyer et al. 2013). A study demonstrated the pivotal role
of centrally released OXT in social cue processing, which
integrates both odor extraction and social recognition. OXT
affected genuine social aspects of social cue processing, as
evidenced by the fact that inhibiting OXT signaling in the
anterior olfactory nucleus (AON) resulted in compromised
social recognition, while object and non-social odor recog-
nition abilities remained unaffected (Oettl et al. 2016). In
agreement with the notion that OXT facilitates the olfactory
detection of information transmitted by a conspecific, fur-
ther studies elaborated on that topic. It was shown that OXT
signalling in the olfactory sensory cortex is crucial for the
association between neutral odors and socially meaningful
cues (Choe et al. 2015). Even more strikingly, meeting a
conspecific differing in either age or sex activated discrete
patterns of OXT neurons in the lateral septum and/or medial
amygdala in male rats, hinting at independent subcircuits
for certain social modalities (Lukas et al. 2013). While these
findings do not explicitly address the different familiarity-
dependent OXT effects on STFP in the in- and out-group
conditions reported here, it may be reasonable to assume
that demonstrators’ familiarity, too, activates specialized
OXT subcircuits, explaining our observed intergroup dif-
ferences in flexible social preference revaluation. The dif-
ferences in STFP between the in-group and out-group
conditions might also be suggestive of familiarity effects
on the recollection success of social reward revaluation.
This familiarity-moderated recollection of reward value
might involve hippocampal circuits as they are necessary
for STFP (Alvarez et al. 2001; Winocur et al. 2001; Clark
et al. 2002; but see Burton et al. 2000; Thapa et al. 2014)
though selective OXT effects on GABA action in hippocam-
pus (Maniezzi et al. 2019).

In conclusion, the current study provides evidence that
STFP is modulated by OXT in a familiarity and dose-depen-
dent manner. While the socially transmitted changes in food
preference were stronger when interacting with strangers,
large OXT dosage blocked the integration of social infor-
mation during reward revaluation. The presented study is in
line with the current understanding that OXT can modulate
sensitivity to socially significant cues. The interpretation of
these cues is affected by contextual elements, particularly
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the familiarity of the demonstrator, suggesting that OXT
has social effects beyond facilitating prosocial behavior
(Anacker and Beery 2013; Olff et al. 2013; Love 2014; Piva
and Chang 2018). These results add a layer of complexity
to our knowledge of the influence of OXT in social learn-
ing. Exploring responsible neuronal areas and their specific
dependency requires further investigation.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00213-
024-06682-x.

Acknowledgements The project was supported by a grant from the
German Research Foundation (Deutsche Forschungsgemeinschaft,
DFQG, grant no. KA 2675/5—3) to TK.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability Raw data supporting the findings presented in the
study is openly available in OSF at https://osf.io/sfg3x/.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Agee LA, Jones CE, Monfils MH (2019) Differing effects of famil-
iarity/kinship in the social transmission of fear associations and
food preferences in rats. Anim Cogn 22:1013-1026. https://doi.
org/10.1007/s10071-019-01292-z

Alvarez P, Lipton PA, Melrose R, Eichenbaum H (2001) Differential
effects of damage within the hippocampal region on memory for
a natural, nonspatial odor-odor association. Learn Mem 8:79-86.
https://doi.org/10.1101/Im.38201

Anacker AMJ, Beery AK (2013) Life in groups: the roles of oxytocin
in mammalian sociality. Front Behav Neurosci 7:1-10. https://
doi.org/10.3389/fnbeh.2013.00185

Arletti R, Benelli A, Bertolini A (1989) Influence of oxytocin on
feeding behavior in the rat. Peptides 10:89-93. https:/doi.
0rg/10.1016/0196-9781(89)90082-X

Arletti R, Benelli A, Bertolini A (1990) Oxytocin inhibits food and
fluid intake in rats. Physiol Behav 48:825-830. https:/doi.
org/10.1016/0031-9384(90)90234-U

Ben-Ami Bartal I, Rodgers DA, Bernardez Sarria MS et al (2014) o.,
Pro-social behavior in rats is modulated by social experience.
Elife 3:e01385. https://doi.org/10.7554/eLife.01385

Ben-Ami Bartal I, Breton JM, Sheng H et al (2021) Neural correlates
of ingroup bias for prosociality in rats. Elife 10:e65582. https://
doi.org/10.7554/eLife.65582

Benelli A, Bertolini A, Arletti R (1991) Oxytocin-induced inhibition
of feeding and drinking: no sexual dimorphism in rats. Neuropep-
tides 20:57-62. https://doi.org/10.1016/0143-4179(91)90040-P

Berendzen KM, Sharma R, Mandujano MA et al (2023) Oxytocin
receptor is not required for social attachment in prairie voles. Neu-
ron 111:787-796. https://doi.org/10.1016/j.neuron.2022.12.011

Burton S, Murphy D, Qureshi U et al (2000) Combined lesions of hip-
pocampus and subiculum do not produce deficits in a nonspatial
social olfactory memory task. J Neurosci 20:5468—5475. https://
doi.org/10.1523/JNEUROSCI.20-14-05468.2000

Chang SWC, Barter JW, Ebitz RB et al (2012) Inhaled oxytocin ampli-
fies both vicarious reinforcement and self reinforcement in rhesus
macaques (Macaca mulatta). Proc Natl Acad Sci U S A 109:959—
964. https://doi.org/10.1073/pnas.1114621109

Choe HK, Reed MD, Benavidez N et al (2015) Oxytocin medi-
ates entrainment of sensory stimuli to social cues of oppos-
ing valence. Neuron 87:152-163. https://doi.org/10.1016/j.
neuron.2015.06.022

Choleris E, Clipperton-Allen AE, Phan A, Kavaliers M (2009) Neuro-
endocrinology of social information processing in rats and mice.
Front Neuroendocrinol 30:442-459. https://doi.org/10.1016/j.
yfrne.2009.05.003

Clark RE, Broadbent NJ, Zola SM, Squire LR (2002) Anterograde
amnesia and temporally graded retrograde amnesia for a non-
spatial memory task after lesions of hippocampus andsSu-
biculum. J Neurosci 22:4663-4669. https://doi.org/10.1523/
jneurosci.22-11-04663.2002

De Dreu CKW, Kret ME (2016) Oxytocin conditions intergroup rela-
tions through upregulated in-group empathy, cooperation, con-
formity, and defense. Biol Psychiatry 79:165-173. https://doi.
org/10.1016/j.biopsych.2015.03.020

De Dreu CKW, Greer LL, Handgraaf MJJ et al (2010) The neuropep-
tide oxytocin regulates parochial altruism in intergroup conflict
among humans. Science 328:1408—-1411. https://doi.org/10.1126/
science.1189047

Délen G, Darvishzadeh A, Huang KW, Malenka RC (2013) Social
reward requires coordinated activity of nucleus accumbens oxy-
tocin and serotonin. Nature 501:179—184. https://doi.org/10.1038/
naturel2518

Ferris CF, Yee JR, Kenkel WM et al (2015) Distinct BOLD activa-
tion profiles following central and peripheral oxytocin adminis-
tration in awake rats. Front Behav Neurosci 9:245. https:/doi.
org/10.3389/fnbeh.2015.00245

Galef BG, Whiskin EE (2004) Effects of environmental stability and
demonstrator age on social learning of food preferences by young
Norway rats. Anim Behav 68:897-902. https://doi.org/10.1016/].
anbehav.2003.10.029

Galef BG, Whiskin EE (2008a) Effectiveness of familiar kin and unfa-
miliar nonkin demonstrator rats in altering food choices of their
observers. Anim Behav 76:1381-1388. https://doi.org/10.1016/j.
anbehav.2008.07.004

Galef BG, Whiskin EE (2008b) Conformity in Norway rats?
Anim  Behav  75:2035-2039.  https://doi.org/10.1016/j.
anbehav.2007.11.012

Galef BG, Wigmore SW (1983) Transfer of information concerning
distant foods: a laboratory investigation of the information-centre
hypothesis. Anim Behav 31:748-758. https://doi.org/10.1016/
S0003-3472(83)80232-2

Galef BG, Wigmore SW, Kennett DJ (1983) A failure to find
socially mediated taste aversion learning in Norway rats

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



372

Psychopharmacology (2025) 242:361-372

(R. Norvegicus). J Comp Psychol 97:358-363. https://doi.
org/10.1037/0735-7036.97.4.358

Galef BG, Kennett DJ, Wigmore SW (1984) Transfer of information
concerning distant foods in rats: a robust phenomenon. Anim
Learn Behav 12:292-296. https://doi.org/10.3758/BF03199970

Galef BG, Mason JR, Preti G, Bean NJ (1988) Carbon disul-
fide: a semiochemical mediating socially-induced diet
choice in rats. Physiol Behav 42:119-124. https://doi.
org/10.1016/0031-9384(88)90285-5

Herisson FM, Brooks LL, Waas JR et al (2014) Functional relation-
ship between oxytocin and appetite for carbohydrates versus
saccharin. NeuroReport 25:909-914. https://doi.org/10.1097/
WNR.0000000000000201

Jolles JW, de Visser L, van den Bos R (2011) Male Wistar rats show
individual differences in an animal model of conformity. Anim
Cogn 14:769-773. https://doi.org/10.1007/s10071-011-0395-4

Jurek B, Neumann ID (2018) The oxytocin receptor: from intracellu-
lar signaling to behavior. Physiol Rev 98:1805—1908. https://doi.
org/10.1152/physrev.00031.2017

Kendal RL, Coolen I, van Bergen Y, Laland KN (2005) Trade-offs in
the adaptive use of social and asocial learning. Adv Study Behav
35:333-379. https://doi.org/10.1016/S0065-3454(05)35008-X

Lindeyer CM, Meaney MJ, Reader SM (2013) Early maternal care
predicts reliance on social learning about food in adult rats. Dev
Psychobiol 55:168—175. https://doi.org/10.1002/dev.21009

Liu CM, Spaulding MO, Rea JJ et al (2021) Oxytocin and food intake
control: neural, behavioral, and signaling mechanisms. Int J Mol
Sci 22:10859. https://doi.org/10.3390/ijms221910859

Love TM (2014) Oxytocin, motivation and the role of dopamine.
Pharmacol Biochem Behav 119:49-60. https://doi.org/10.1016/j.
pbb.2013.06.011

Lukas M, Toth I, Veenema AH, Neumann ID (2013) Oxytocin
mediates rodent social memory within the lateral septum and
the medial amygdala depending on the relevance of the social
stimulus: male juvenile versus female adult conspecifics. Psy-
choneuroendocrinology 38:916-926. https://doi.org/10.1016/j.
psyneuen.2012.09.018

Maniezzi C, Talpo F, Spaiardi P et al (2019) Oxytocin increases phasic
and tonic GABAergic transmission in CA1 region of mouse hip-
pocampus. Front Cell Neurosci 13:1-17. https://doi.org/10.3389/
fncel.2019.00178

Marsh N, Marsh AA, Lee MR, Hurlemann R (2021) Oxytocin and
the neurobiology of prosocial behavior. Neurosci 27:604-619.
https://doi.org/10.1177/1073858420960111

Noguer-Calabus I, Schible S, Kalenscher T (2022) Lesions of nucleus
accumbens shell abolish socially transmitted food preferences.
Eur J Neurosci 1-15. https://doi.org/10.1111/ejn.15827

Nook EC, Zaki J (2015) Social norms shift behavioral and neural
responses to foods. J Cogn Neurosci 27:1412—-1426. https://doi.
org/10.1162/jocn_a 00795

@ Springer

Oettl L-L, Ravi N, Schneider M et al (2016) Oxytocin enhances
social recognition by modulating cortical control of early olfac-
tory processing. Neuron 90:609-621. https://doi.org/10.1016/j.
neuron.2016.03.033

OIff M, Frijling JL, Kubzansky LD et al (2013) The role of oxytocin
in social bonding, stress regulation and mental health: an update
on the moderating effects of context and interindividual differ-
ences. Psychoneuroendocrinology 38:1883-1894. https://doi.
org/10.1016/j.psyneuen.2013.06.019

Olszewski PK, Klockars A, Olszewska AM et al (2010) Molecular,
immunohistochemical, and pharmacological evidence of oxyto-
cin’s role as inhibitor of carbohydrate but not fat intake. Endo-
crinology 151:4736—4744. https://doi.org/10.1210/en.2010-0151

Piva M, Chang SWC (2018) An integrated framework for the role of
oxytocin in multistage social decision-making. Am J Primatol
80:¢22735. https://doi.org/10.1002/ajp.22735

Popik P, Van Ree JM (1993) Social transmission of fla-
vored tea preferences: Facilitation by a vasopressin ana-
log and oxytocin. Behav Neural Biol 59:63—68. https://doi.
org/10.1016/0163-1047(93)91173-K

Popik P, Vetulani J, van Ree JM (1992) Low doses of oxytocin facili-
tate social recognition in rats. Psychopharmacology 106:71-74.
https://doi.org/10.1007/BF02253591

Sakamoto T, Sugimoto S, Uekita T (2019) Effects of intraperitoneal
and intracerebroventricular injections of oxytocin on social
and emotional behaviors in pubertal male mice. Physiol Behav
212:112701. https://doi.org/10.1016/j.physbeh.2019.112701

Salvi D, Moyet L, Seigneurin-Berny D et al (2018) Behavioral phar-
macology of neuropeptides: oxytocin

Scheele D, Striepens N, Giintiirkiin O et al (2012) Oxytocin modulates
social distance between males and females. J Neurosci 32:16074—
16079. https://doi.org/10.1523/JNEUROSCI.2755-12.2012

Strang S, Gerhardt H, Marsh N et al (2017) A matter of distance—
the effect of oxytocin on social discounting is empathy-depen-
dent. Psychoneuroendocrinology  78:229-232.  https://doi.
org/10.1016/j.psyneuen.2017.01.031

Thapa R, Sparks FT, Hanif W et al (2014) Recent memory for socially
transmitted food preferences in rats does not depend on the hip-
pocampus. Neurobiol Learn Mem 114:113-116. https:/doi.
org/10.1016/j.nlm.2014.05.006

Winocur G, McDonald RM, Moscovitch M (2001) Anterograde
and retrograde amnesia in rats with large hippocampal lesions.
Hippocampus 11:18-26. https://doi.org/10.1002/1098-
1063(2001)11:1%3C18::AID-HIPO1016%3E3.0.CO;2-5

Xu S, Chen M, Feng T et al (2021) Use ggbreak to effectively utilize
plotting space to deal with large datasets and outliers. Front Genet
12:774846. https://doi.org/10.3389/fgene.2021.774846

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature™).

Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not:

1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access
control;

2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is
otherwise unlawful;

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in
writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal
content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at

onlineservice(@springernature.com



mailto:onlineservice@springernature.com

