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Abstract 

Tirth Nimishbhai Patel 
INVESTIGATING THE ROLE OF VASOPRESSIN RECEPTOR 1A EXPRESSING 

NEURONS IN MOUSE DORSAL RAPHE 
2022-2023 

Daniel Chandler, Ph.D. 
Doctorate in Cell Biology and Neuroscience 

 
 

Human social interactions heavily impact our physical and mental wellbeing. 

Arginine-vasopressin (Avp) and serotonin have both been implicated in modulation of 

social behaviors ranging from affiliation to aggression. In male mice, Avp neurons in the 

bed nucleus of stria terminalis (BNST) show increased activity during prosocial behavior. 

BNST sends Avp afferents to the dorsal raphe (DR) in the midbrain, a home to a large 

portion of serotonin neurons in the mouse brain. Previous data suggests that DR is activated 

during male prosocial behavior with a female stimulus, and Avp indirectly excites serotonin 

neurons. We hypothesized that DR contains a population of vasopressin receptor 1a-

expressing (Avpr1a) cells that may be involved in the regulation of social behavior. Our 

Fos expression data revealed that DR Avpr1a cells are active during an exposure to a female 

stimulus, suggesting that DR Avpr1a neurons may influence prosocial behavior. Using a 

novel Avrp1a-Cre mouse, we characterized the neuroanatomy of DR Avpr1a neurons. 

Then, hM4Di-mediated inhibition of DR Avpr1a neurons showed reduced social behavior, 

but unaltered nonsocial behavior, during interactions with a female stimulus in both male 

and female subjects. Interestingly, inhibition of DR Avpr1a neurons increased aspects of 

social behavior selectively in males exposed to a male stimulus.  Overall, our studies 

provide insights into the role of DR Avpr1a cells during social behavior and establish a 

novel mouse model that is poised to accelerate research on the mouse Avp system.  
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Chapter 1 

Introduction 

1.1 The Mental Health Crisis is a Global Issue 

Mental health is a critical aspect of our overall well-being as it affects how we think, 

feel, and ultimately behave. Mental illnesses are prevalent across various ages, sex, and 

race (Figure A1. 1). Approximately one in five adults in the U.S. experience mental illness 

each year, with the prevalence slightly higher among females (27.2% vs. 18.1%) than males 

(SAMHSA, 2022).  

Globally, mental health has also emerged as a significant issue. According to the 

World Health Organization (WHO) report, mental health conditions affect approximately 

one in eight people globally. In 2019, approximately 970 million people globally were 

affected by a mental disorder, a figure that increased dramatically after the COVID-19 

pandemic. In both males and females, two of the most common categories of mental health 

psychopathologies are anxiety and depressive disorders—with anxiety disorders more 

common in earlier age and depressive disorders more common in older adults (WHO, 

2022).  

 

1.2 Social Behavior Impacts Human and Societal Health 

Social behavior is a major factor in the development of children and remains critical 

to mental health in adults. Studies show that the quality of social networks impacts health 

and development of adolescents (Ali & Dwyer, 2010; Haas & Schaefer, 2014; 

Hatzenbuehler et al., 2012; Hill et al., 2015). A positive interaction, such as thinking of a 

romantic partner, increases positive affect and blood glucose levels (Stanton et al., 2014). 
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Furthermore, an individual with a healthy social group has an increased probability of 

recovering from and decreased risk of developing depressive disorders (Hill et al., 2015). 

Just as positive social interactions are important for one’s well-being, negative interactions 

like bullying in childhood increase the risk of developing somatic health issues as well as 

anxiety and depressive disorders (Gini & Pozzoli, 2009; Wolke & Lereya, 2014, 2015). In 

sum, social behavior and human mental health show a reciprocal relationship where a 

change in one inevitably alters the other.  

Mental health disorders alter one’s ability to think, feel, act, and interact with others. 

Such deviations from the norm in social behavior result in a poor quality of life and 

diminished ability to contribute to society. Since the onset of the 21st century, depressive 

and anxiety disorders were among the top ten causes of “global years” lived with disability, 

a metric used to measure disease burden on society. Moreover, approximately twelve 

billion workdays per year are lost due to poor productivity resulting from anxiety and 

depression alone (Chisholm et al., 2016). According to WHO, mental health conditions 

incurred a global economic loss of $2.5 trillion in 2010, a figure expected to rise to $6 

trillion by 2030. This amount is greater than the projected cost of chronic respiratory 

disease, cancer, and diabetes combined. Therefore, improvement in the mental health of an 

individual is for the benefit of all. Figure A1. 2 depicts multi-faceted benefits that can be 

derived from improving mental health (WHO, 2022).  

Several studies have recommended organizational changes to ameliorate the 

societal burden caused by mental illnesses. For example, a Canadian study with ten 

companies showed that investment in workplace programs to improve mental health can 

yield positive results in as little as three years (Kangasniemi, 2019). Furthermore, a study 
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in Denmark showed that an increase in mental well-being is associated with lower cost of 

care, leading to a significant decrease in governmental welfare support (Santini et al., 

2021). Recently, a systematic review concluded that systemic mental health interventions 

lead to improved economic outcomes related to education and employment (Lund et al., 

2018). While interventions in the workplace and education systems are clearly helpful and 

necessary for one’s psychological well-being, the neurobiology that underlies normal (and 

abnormal) social behavior should also be considered.  

 

1.3 Social Behavior has a Biological Basis  

As highlighted by the DSM-5 (APA, 2022), a standard clinical guide in psychiatric 

medicine, aberrant social behavior is a common symptom in numerous mental illnesses. 

Some examples of disorders that exhibit disrupted social behaviors are mood disorders, 

autism spectrum disorder, and schizophrenia. Conversely, disruption of social interaction, 

like the social isolation caused by the COVID-19 pandemic, can also be a contributing 

factor in causing mental illnesses like depressive and anxiety disorders. While 

environmental factors play a large role in social development, biological factors like 

genetics are also major determinants of normal and abnormal social behavior. Because 

social behavior is at the center of many psychiatric disorders, understanding the biological 

basis of social behavior is a critical first step in understanding the underpinnings of those 

same psychiatric disorders. This fact drives the imperative that we identify regions of the 

brain involved in social behavior and work to understand the complex neurophysiological 

networks that govern social behavior.  
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Current pharmacologic treatments provide some insight into the potential 

biological systems that go awry in mental disorders with dysfunctional social behavior. 

Selective monoamine (serotonin, norepinephrine, or dopamine) reuptake inhibitors are 

widely used to manage a variety of mood disorders (Caldwell et al., 2008; Egashira et al., 

2007; Ferris et al., 1997; Lucki, 1998; Veenema, 2009), implicating the monoaminergic 

systems in regulation of mood. Further, psychotic disorders like schizophrenia that display 

a severe disturbance in social behavior are treated with antipsychotic drugs that primarily 

bind to receptors mediating serotonin and dopamine neurotransmission (Siafis et al., 2018). 

However, these drugs also display off target binding to a variety of neurotransmitter 

receptors including histaminergic (H1), adrenergic (α1), and acetylcholinergic (M3) 

receptors (Correll et al., 2011; Guenette et al., 2013; Michl et al., 2014; Montastruc et al., 

2015), which can induce many undesired side effects like dizziness, movement effects, 

weight gain, glucose intolerance, and dyslipidemia (Siafis et al., 2018). Such a diverse 

profile of side effects highlights the low specificity in targeting the responsible biological 

system, mainly due to a lack of a clear understanding for the neurobiological networks that 

govern normal social behavior.   

 

1.4 Arginine Vasopressin (Avp) is a Neuropeptide Produced in Several Major Brain 

Regions and Transported Widely throughout the Brain 

In addition to serotonin which has been a major focus of research studies 

investigating social behavior and anxiety, Avp has been implicated in modulation of social 

behaviors in many animal species including humans (Caldwell et al., 2008; Veenema, 

2009). Avp is a nine amino acid peptide found throughout the central nervous system. Avp 
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is produced as a prepropeptide that is cleaved into and co-released as three distinct parts: 

Avp, neurophysin II, and Avp-associated glycopeptide (Gainer et al., 1977; Land et al., 

1982). Avp functions similar to classical neurotransmitters: electron microscopy showed 

Avp within synapses in areas with Avp-immunoreactive (ir) fibers and its release is calcium 

dependent (Buijs & Swaab, 1979; Buijs & Van Heerikhuize, 1982). Avp exerts its actions 

by binding to one of three subtypes of Avp receptors: 1a (Avpr1a), 1b (Avpr1b), and 2 

(Avpr2; a more detailed discourse of receptors follows below) (Lolait et al., 1992; Morel 

et al., 1992; Saito et al., 1995).   

In most mammals, Avp is produced in three major hypothalamic nuclei: the 

supraoptic (SON), paraventricular (PVN), and suprachiasmatic (SCN) (De Vries & 

Panzica, 2006; Rood & De Vries, 2011). In mice, as in numerous other species, the BNST 

and medial amygdala (MeA) are two other major sites of Avp production (Correll et al., 

2011; Rood & De Vries, 2011; Rood et al., 2013)). There are other discrete regions that 

produce Avp, like the anterior commissural and periventricular nucleus. Avp-producing 

cells (referred to throughout as “Avp cells”) are described to be magnocellular (large) in 

the PVN and SON, and parvocellular (small) in the SCN, BNST, and MeA (Castel & 

Morris, 1988; Rood & De Vries, 2011).  

While there are five major Avp nuclei in the mouse brain, Avp-ir fibers are found 

throughout the mouse brain, ranging from the forebrain to spinal cord (see (Rood & De 

Vries, 2011) for a detailed discussion of Avp innervation of the mouse brain). Furthermore, 

(Rood et al., 2013) performed extensive studies to distinguish site of origin and sex 

differences in mouse Avp innervation. By leveraging the fact that BNST and MeA Avp 

production is gonadal steroid dependent (de Vries et al., 1984; De Vries et al., 1994; Mayes 
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et al., 1988), gonadectomies were used to eliminate steroid dependent Avp-ir fibers, which 

occurred largely in subcortical structures near the midline like the lateral septum (LS), 

mediodorsal thalamus (MD), or raphe nucleus (Figure A1. 3). BNST and MeA also 

contained a sexually dimorphic male-biased population of Avp-ir cells. Combination of 

gonadectomy and electrolytic lesion of SCN revealed a prevalence of widespread 

projection of Avp throughout the brain to both midline (e.g., periaqueductal gray) and 

lateral brain (e.g., mesencephalic reticular formation) structures, presumably from the PVN 

and SON.  

 

1.5 Avp Receptors 

As mentioned previously, Avp exerts its action through three known subtypes of 

Avp receptors: Avpr1a, Avpr1b, and Avpr2.  Avp binding to Avpr2 receptor stimulates 

cyclic AMP system via Gs protein (Jard et al., 1987) to cause transduction of Avp in the 

renal collecting duct of the kidney (Bankir, 2001).  

Next, while Avpr1b was originally described to be most prominent in the anterior 

pituitary where it potentiates adrenocorticotropin hormone release (Antoni, 1984; Yates et 

al., 1971), Avpr1b mRNA and Avpr1b-immunoreactive cell bodies have been found in 

regions like the olfactory bulb, septum, cerebral cortex, hippocampus, SCN, PVN, piriform 

cortical layer II, cerebellum, and red nucleus (Hernando et al., 2001; Lolait et al., 1995; 

Saito et al., 1995; Stemmelin et al., 2005; Vaccari et al., 1998). Furthermore, another study 

using in situ hybridization found prominent levels of Avpr1b mRNA in the hippocampal 

field CA2 pyramidal neurons (Young et al., 2006). 
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Of the three subtypes, Avpr1a has the most diverse expression profile within the 

CNS. Receptor autoradiography in the rat brain showed Avpr1a binding in neocortical layer 

IV, LS, hippocampal formation, amygdala, hypothalamus, ventral tegmental area (VTA), 

substantia nigra, superior colliculus, DR, nucleus of the solitary tract, and inferior olive 

(Johnson et al., 1993). In addition to these structures, mouse brain autoradiography also 

showed labeling in the ventral pallidum, medial septum, supramammillary nuclei, and 

periaqueductal gray (PAG) (Caldwell et al., 2008). In addition to the structures described 

in receptor binding studies, in situ hybridization showed Avpr1a expression in the rat 

olfactory bulb, lateral habenula, and locus coeruleus (Ostrowski et al., 1994; Szot et al., 

1994). Since then, Avpr1a expression has been studied in many different species and the 

pattern of expression is strikingly similar, though differences do exist (Caldwell et al., 

2008). Aside from the CNS Avpr1a localization, the receptors are observed in the liver and 

kidney as well as blood vessels peripherally (Caldwell et al., 2008) where they partake in 

vasoconstriction mediated blood pressure control (Demotes-Mainard et al., 1986; Oliver & 

Schafer, 1895). Lastly, both Avpr1a and Avpr1b function through Gq GTP binding protein. 

Therefore, Avpr1a and Avpr1b activate phospholipase C activity and in turn increase 

metabolism of inositol phospholipid which ultimately increases intracellular calcium levels 

(Shewey & Dorsa, 1988; Stephens & Logan, 1986). 

 

1.6 Avp is Implicated in Human Social Behavior 

Although Avp is well known to regulate blood pressure and volume peripherally 

(Turner & Pallone, 1997),  Avp is produced in and transported to several different locations 

within the central nervous system (CNS) in humans, and its role in behavioral networks 
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within the CNS is less well understood. A few clinical studies have provided some link 

between Avp and human social behavior. In one study, intranasal administration of Avp 

caused males to respond agonistically and females to respond favorably when presented 

with neutral faces (Thompson et al., 2006). This study suggests two things about Avp in 

humans: Avp plays some role in social behavior and that it does so in a sex specific manner 

(Thompson et al., 2006). Moreover, association studies have found that variations in 

repetitive sequences within the 5’ flanking region of Avpr1a contribute to increased risk for 

autism spectrum disorder (ASD) (Kim et al., 2002; Meyer-Lindenberg et al., 2011; Wassink 

et al., 2004; Yirmiya et al., 2006), possibly via the modulation of gene transcription (Knafo 

et al., 2008) or variable receptor distribution throughout the brain (Young et al., 1999). In 

healthy individuals, studies have found that individuals homozygous for the 334-base pair 

(bp) allele of RS3 (a type of promoter-region repetitive sequence) are associated with both 

decreased fidelity in men (Walum et al., 2008) and age of first sexual intercourse in men 

and women (Prichard et al., 2007), which are factors of a human social experience. While 

the mechanistic importance of RS3 polymorphism is not completely understood, (Knafo et 

al., 2008) found an association of higher Avpr1a human post-mortem hippocampal mRNA 

levels in individuals with 334-bp RS3 allele. Furthermore, a study conducted in healthy 

adults indicates a connection between the 334-bp RS3 allele and heightened activation of 

amygdala, a region recognized for its significance in pair-bonding behavior (Meyer-

Lindenberg et al., 2009). Although correlative data linking Avp and its receptor to social 

behavior have begun to emerge from human studies, mechanistic data on Avp’s effects in 

human social behavior is still elusive and difficult to study. Now the question is not whether 

Avp plays a role in social behavior, but how. 
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1.7 Avp Binds to Avp Receptor 1a in Numerous Brain Regions to Facilitate Social 

Behaviors in a Variety of Species 

While human studies of Avp provide evidence of its potential role in pathologies 

with disrupted social behavior such as ASD (Kim et al., 2002; Meyer-Lindenberg et al., 

2011; Wassink et al., 2004; Yirmiya et al., 2006), animal studies allow us to learn where 

Avp fits into the complex neurobiological networks that execute social behavior. Animal 

studies have suggested that Avp affects social behaviors like social memory, aggression, 

and affiliation. For example, (Dantzer et al., 1988) found that injection of Avp into the 

lateral septum of rats increases social memory. In contrast, injection of Avpr1a antagonists 

into the lateral septum decreases social memory in male rats, but not in female rats. In 

Avpr1a knock-out mice, which display impaired social recognition and reduced anxiety-

like behaviors (Bielsky et al., 2004), re-expression of Avpr1a using viral injections to the 

lateral septum rescues social recognition (Bielsky et al., 2005). Additionally, (Ferris et al., 

1997) injected Avp into the anterior hypothalamus of golden hamsters and observed 

reduced latency to bites and increased biting attacks (i.e., increased aggression).  

Although these studies uncover a link between Avp in a brain region to specific 

social behaviors, more convincing evidence implicating Avpr1a in social behavior came 

from studying two evolutionary related vole species: monogamous, paternal prairie voles 

and promiscuous montane voles. Microinjection of Avp to the lateral septum of sexually 

naïve male prairie voles increases pro-social behaviors like grooming and crouching over 

pups (i.e., increased paternal response) (Wang et al., 1994). In contrast to the highly social 

and paternal prairie vole males (Bamshad et al., 1994; Wang et al., 1994), montane vole 
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males are not social, paternal, or monogamous (Shapiro & Dewsbury, 1990) and do not 

increase pro-social behaviors after Avp administration to the lateral septum (Young et al., 

1999). Using autoradiography, (Young et al., 1999) showed a difference in distribution of 

Avpr1a within the brain between prairie and montane voles and predicted that differential 

expression of the Avp receptor 1a may play a role in producing such varied social behavior 

profile between the two closely related species. They, then, produced transgenic mice with 

Avpr1a gene with its regulatory elements from the highly social prairie vole species and 

observed prairie vole-like Avpr1a distribution and increased prosocial behavior after 

microinjections of Avp in the transgenic mice (Young et al., 1999). While social interaction 

includes complex patterns of behavior involving multiple factors, the studies discussed 

above suggest that some component of pro-social behavior is, in fact, affected by Avp, and 

more particularly by the distribution of Avpr1a within the brain. 

Briefly, there are several accounts of Avpr1b mediated effects on social behavior. 

For example, Avpr1b knockout (KO) male mice display reduced social aggression and 

social memory preference, but no change to sexual behaviors (Wersinger et al., 2002). The 

reduced aggression in KO mice was rescued upon lentiviral delivery of the Avpr1b gene 

into the dorsal CA2 (Pagani et al., 2015). On the other hand, social memory is enhanced 

through optogenetic activation of Avp terminals in the dorsal CA2 during memory 

acquisition, an effect that is blocked by an Avpr1b antagonist (A. S. Smith et al., 2016). 

While Avpr1b is implicated in some social behaviors like aggression and social memory in 

mice, Avpr1a has been more widely implicated in social behaviors across many species.  
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1.8 Avp Nuclei in the Mouse Brain and Implications for Social and Anxiety-Like 

Behaviors 

Another way to study the role of Avp in social behavior is to manipulate the distinct 

Avp cell groups. Rigney, Petrulis, and colleagues conducted several studies to study 

contributions of Avp cells from BNST, PVN, and SCN on mouse social behavior (reviewed 

in (Rigney et al., 2023a)). Using genetic techniques, they selectively ablated (caspase-9 

mediated) Avp cells in each nucleus and investigated any potential ensuing behavioral 

deficits. Ablation of BNST Avp neurons in male mice decreased social investigation of a 

male stimulus in the three-chamber test and increased urine marking in response to a female 

stimulus, but did not alter ultrasonic vocalizations (USVs), aggression, mating behavior, 

anxiety-like behavior, investigation of a female, or olfactory discrimination. In female 

subjects, ablation caused slightly fewer male mounting attempts and increased latency to 

mount in a copulation test, but the rest of the behaviors described previously were 

unaffected. A potential reason for the observed sex-specific effects on social behavior may 

be the fact that BNST Avp neurons are sexually dimorphic, with males having a greater 

number of cells and denser projections (Rigney et al., 2019; Rood et al., 2013). Next, 

conducting the same battery of behavior tests following ablation of PVN Avp neurons 

caused an increase in anxiety-like behaviors in males and increased social investigation of 

both a male and female stimulus in females (Rigney et al., 2021). 

While MeA Avp neurons are also sexually dimorphic (male > female) and gonadal 

steroid dependent like BNST Avp neurons, MeA Avp cells are less well studied in the 

context of social behavior. A few studies have looked at this Avp cell population in the 

context of predator odors in mice and reproductive behavior in rats. Ablation of MeA Avp 
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cells and overexpression of Avp in male mice increases and decreases aversion to cat odors 

respectively (Tong et al., 2021). More work is needed to study Avp population in the MeA 

in the context of other social behaviors as MeA at large has been implicated in aggression, 

social communication, and sexual behaviors (Raam & Hong, 2021). Similarly, SON Avp 

neuron population in mice is severely understudied in the context of social behavior despite 

evidence of modulation of aggression and social communication in rats and hamsters 

(Rigney et al., 2023a). Moreover, while SCN Avp cells are implicated in coordination of 

behavioral circadian rhythms (Mieda et al., 2015; Tsuji et al., 2017), ablation of Avp cells 

within the SCN does not directly affect social behavior but increases anxiety-like behavior 

(Whylings et al., 2021). In summary, studies manipulating the Avp cell groups indicate that 

among various Avp nuclei, BNST Avp neurons have the greatest impact on mouse social 

behavior.  

While studies using Avp cell ablation have provided novel insights into the role of 

Avp cells in BNST, PVN, and SCN, this technique does not come without limitations. Each 

Avp nucleus has various projections that are simultaneously eliminated, making 

mechanistic interpretations difficult, if not impossible. Interpretations are further 

complicated by the fact that behavioral deficits seen after ablation of Avp cells cannot be 

attributed to Avp function alone since Avp cells may co-release other neurotransmitters 

unrelated to the Avp system. The need to study Avp function with more selective methods 

is underscored by the finding that downregulation of Avp expression in the BNST shows a 

decrease in male copulatory and aggressive behaviors, whereas ablation of Avp cells in 

BNST did not (Rigney et al., 2022). Furthermore, Ho and colleagues (Ho et al., 2010) 

performed resident-intruder and copulation experiments and found that Avp-producing 
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neurons (referred to throughout as “Avp neurons”) in the posterior part of the medial BNST 

show increased Fos (a neuronal activation marker) positivity during mating behavior and 

unchanged activity during aggressive behavior. More specifically, copulation increased 

Avp-Fos co-localization from a baseline 5% to 70% and non-aggressive male-male 

interaction increased the co-localization significantly to 11%, whereas aggressive male-

male interaction did not significantly increase co-localization (Ho et al., 2010). Figure A1. 

4 highlights potential roles of Avp nuclei on social behavior based on functional studies.   

In sum, Avp cells from multiple nuclei have been implicated in various social 

behaviors in mice. However, of all Avp nuclei, the BNST presents as the most compelling 

region in control of mouse social behavior, especially in a sex-specific manner. This 

assertion is strengthened by the fact that BNST Avp cells are sexually dimorphic, with male 

mice having a significantly higher number than female mice, and sensitive to gonadal 

steroid hormones. BNST sends Avp projections to many regions that have been implicated 

in Avp-mediated regulation of social behavior such as social recognition and pair-bonding. 

However, aside from the lateral septum and anterior hypothalamus which have been 

extensively studied, other sites that receive innervation from BNST Avp neurons remain 

understudied. Particularly, there is a dearth of studies examining the physiological and 

functional attributes of Avp-responsive cells throughout the mouse brain, in part, due to 

lack of tools to adequately characterize, target, and manipulate Avp-responsive (i.e., Avp 

receptor-expressing) cells. Receptor autoradiography and in situ hybridization studies have 

provided us with a general accounting of where Avpr1a cells may exist throughout the 

brain; however, no studies, to our knowledge, have reported cellular resolution data on 

Avpr1a cells in the mouse CNS. Studying the role of Avp-responsive cells that receive 
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projections from BNST Avp neurons will increase our understanding of the mechanism of 

action of the Avp system in the regulation of social behavior.  

 

1.9 Serotonin, Social Behavior, and Dorsal Raphe 

The serotonin system has been shown to influence a diverse set of behavioral 

functions (Lesch, 2007; Lucki, 1998). Within the midbrain, the DR nucleus is distinguished 

for harboring the largest population of forebrain-projecting serotonin neurons (Lowry et 

al., 2008; Vertes & Crane, 1997). Initial indications of serotonin's behavioral impact 

stemmed from observations of remarkably reproducible motor manifestations like tremor, 

rigidity, and head shakes following the administration of L-5-hydroxytryptophan (a 

precursor molecule of serotonin) (Jacobs & Fornal, 1993). In cats, single-unit activity 

traces show that oral-buccal motor activity such as chewing or biting increases activity in 

approximately 25% of DR serotonin neurons (Jacobs & Azmitia, 1992).  In addition to its 

influences on motor function, the serotonin system via the serotonin transporter (SERT), 

which regulates the availability of serotonin within the synaptic cleft and therefore its effect 

on the post-synaptic neuron, has been implicated in the regulation of emotional states like 

depression and anxiety (Collier et al., 1996; Langer et al., 1981; Lesch, 2007). SERT has 

also been identified as one of the binding sites of tricyclic anti-depressant drugs (Raisman 

et al., 1979). Furthermore, transgenic mice deficient in SERT, compared to wild type mice, 

spend less time in the open arm of an elevated plus maze, more time in the dark chamber 

of light-dark exploration test, and less time in the center of an open field—collectively 

signifying an overall increase in anxiety-like behaviors (Holmes et al., 2003).   
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Given its pivotal role in regulating mood and emotional states (Lesch, 2007; Lucki, 

1998), it is unsurprising that the serotonin system exerts a significant influence over social 

behaviors encompassing maternal behavior, mating, and aggression. For example, maternal 

separation in rhesus monkeys causes a lasting impact on the serotonin system, 

demonstrated by low levels of 5-hydroxyindoleacetic acid (a metabolite of serotonin) in 

the cerebrospinal fluid (Lesch, 2007). Among rats, postpartum females with lesioned DR 

serotonin neurons are associated with increased pup mortality (Barofsky et al., 1983), 

perturbed nursing behavior patterns (e.g., reduced pup-licking), and attenuated maternal 

aggression (Holschbach et al., 2018). Additionally, global disruption in serotonin signaling 

in two distinct mouse lines displays aberrations in pup retrieval and nursing behaviors 

(Alenina et al., 2009; Lerch-Haner et al., 2008). Furthermore, male mice lacking 

tryptophan hydroxylase 2 (Tph2; transgenic mice referred to as Tph2-KO), an enzyme 

critical for serotonin biosynthesis, show a loss of sexual preference for female mice over 

male mice. Interestingly, following the injection of 5-hydroxytryptophan which 

circumvents the Tph2 deficiency to restore serotonin to wildtype level, Tph2-KO males 

prefer females over males, suggesting a role of serotonin signaling in male mating behavior 

(Liu et al., 2011). Central serotonergic function also influences aggression. 

Pharmacological studies suggest, in general, a reciprocal relationship between brain 

serotonin levels and predatory aggression in rats (Lucki, 1998; Miczek et al., 1989). In 

mice, administration of 3,4-methylenedioxymethamphetamine (MDMA), known to elevate 

monoamine but particularly serotonin levels, is associated with a dose-dependent decrease 

in inter-male aggression and increase in sociable acts (i.e., social sniffing and following) 

(Machalova et al., 2012). Employing intersectional genetic tools, (Niederkofler et al., 2016) 
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found that silencing a subset of DR serotonin neurons expressing the dopamine D2 receptor 

increases inter-male aggression in mice.  While both global and DR specific evidence 

implicates the serotonin system in the regulation of social behavior, the precise neural 

mechanisms underpinning the effects of serotonin remain elusive. Figure A1. 5 illustrates 

the anatomical divisions (from rostral to caudal) of the DR, differentiating the ventromedial 

(VMDR), dorsomedial (DMDR), and lateral wing (LWDR) clusters of serotonin neurons 

as well as the lateral DR which contains glutamate and GABA neurons. Figure A1. 5 also 

identifies the general location and inputs from BNST Avp neurons and summarizes major 

projection profiles of serotonin subfields. 

Given the well-documented effects of BNST Avp and the DR serotonin system on 

social behavior (Ho et al., 2010; Lucki, 1998; Rigney et al., 2019), coupled with the dense 

innervation of the DR by BNST Avp (Rigney et al., 2023b; Rood et al., 2013), the DR 

serotonin system is strategically positioned to receive information from BNST Avp neurons 

that may affect social behavior. However, although the DR nucleus is often thought to be 

synonymous with the serotonin system, the DR encompasses diverse groups of neurons 

distinguished by their chemical composition and projection profiles. In addition to 

serotonin neurons, DR is also comprised of neurons that synthesize neurotransmitters like 

GABA, glutamate, dopamine, or nitric oxide (Beitz et al., 1983; Johnson & Ma, 1993; 

Reichling & Basbaum, 1990; Simpson et al., 2003) and neuropeptides like enkephalin, 

neurotensin, cholecystokinin, substance P, and somatostatin (Beitz et al., 1983; Li et al., 

1990; Moss et al., 1983; Shipley et al., 1987). Moreover, serotonin neurons have been 

observed to co-synthesize the aforementioned neurotransmitters and neuropeptides (an 

exhaustive exploration of DR chemoarchitecture is available in (Lowry et al., 2008)). In 
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addition to the chemical diversity, the serotonin system displays a topographic organization 

in many species like lobster (Ma et al., 1992), fish (Lillesaar, 2011) and mammals (Azmitia 

& Segal, 1978; Bobillier et al., 1976; Jacobs & Azmitia, 1992; Muzerelle et al., 2016; Ren 

et al., 2018; Waterhouse et al., 1993). For example, in rats, the ventral part of the DR 

projects mainly to cortical areas like the sensorimotor cortex (Waterhouse et al., 1986), 

visual cortex (Waterhouse et al., 1993; Waterhouse et al., 1986), and ventrolateral orbital 

cortex (Coffield et al., 1992). In contrast, the dorsal part projects largely to subcortical areas 

associated with stress- and anxiety-related behaviors (Lowry et al., 2005) such as the 

hypothalamus (Commons et al., 2003), BNST (Commons et al., 2003; Petit et al., 1995), 

and amygdala (Li et al., 1990; Ottersen, 1981) (Figure A1. 5). 

 

1.10 Case for a Functional Interaction between BNST Avp Neurons and DR 

Serotonin Neurons during Social Interactions 

 We have noted that both BNST Avp and DR serotonin systems impact prosocial 

behaviors in mice. Given that DR receives a dense BNST Avp innervation, it would make 

sense logically if the Avp and serotonin systems functionally interact to regulate prosocial 

behaviors in mice. In fact, previous pharmacological studies have observed functional 

interactions between serotonin and Avp in the regulation of social behavior (Ferris et al., 

1997; Terranova et al., 2016). For instance, Avp application to the anterior hypothalamus 

of male Syrian hamsters increases in territorial aggression. However, this response is 

inhibited when the hamsters are pre-treated with a selective serotonin reuptake inhibitor 

(Ferris et al., 1997). More specifically for the DR, a patch clamp study in mice showed that 

bath applied Avp increases glutamatergic excitatory post-synaptic currents in DR serotonin 
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neurons (Rood & Beck, 2014), suggesting that glutamatergic Avp-responsive neurons are 

situated in or around the DR and that Avp increases serotonin neuron activity.  

 In 2010, Ho and colleagues found that BNST Avp neurons are activated (as 

measured by Fos quantification) in male mice during mating encounters but not during 

male-male aggressive interactions (Ho et al., 2010). Given that BNST Avp neurons react 

to prosocial mating cues, BNST Avp neurons innervate the DR, Avp administered to the 

DR induces an excitatory glutamate mediated excitatory response in serotonin neurons, and 

serotonin neurons are implicated in the regulation of prosocial behaviors, we hypothesize 

that DR Avp-responsive neurons will be active during prosocial interactions and perturbing 

their function will decrease social behavior. 

 

1.11 Summary 

 Both BNST Avp and DR serotonin systems are implicated in mouse social 

behaviors like mating and aggression. The DR contains a large majority of the serotonin 

neurons found in the CNS, and serotonin appears to play a role in promoting pro-social 

behavior. Likewise, the BNST Avp system is implicated in pro-social behaviors, and, 

important to our hypothesis, the DR is densely innervated by the BNST Avp neurons. 

Therefore, the DR is a likely site for Avp to influence social behavior. To effectively study 

the role of DR Avp-responsive neurons in social behavior, we introduce a novel transgenic 

Avpr1a-Cre mouse model which will allow for selective control over the putative Avpr1a 

cell population (validation in Chapter 2 and application in Chapter 4). Following validation 

of our new mouse model, we present data definitively showing neural activation of DR 

Avpr1a neurons in response to social interactions (Chapter 3). Then, we employ our new 
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mouse model to test the impact of inhibiting DR Avpr1a neurons on social interaction 

(Chapter 4). 
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Chapter 2 

Avpr1a-Cre Mouse & Dorsal Raphe Avpr1a Anatomy 

2.1 Introduction 

Vasopressin (Avp) has been implicated in regulation of multiple social behaviors in 

many species. For example, Avp impacts social memory in rats and mice (Bielsky et al., 

2005; Bielsky et al., 2004; Dantzer et al., 1988), paternal behavior in voles and mice 

(Bamshad et al., 1994; Wang et al., 1994; Young et al., 1999), and aggression in golden 

hamsters (Ferris et al., 1997). In mice, BNST Avp neurons and, less often, those in the PVN 

have been implicated in regulation of social behavior (Rigney et al., 2021; Rigney et al., 

2019). Loss-of-function studies in mice have indicated that BNST Avp is important for 

male-male social communication and male mating behavior (Rigney et al., 2019; Rigney 

et al., 2022), and correlative studies in hamster and mice have noted increased BNST Avp 

neuronal activation during prosocial, but not antagonistic, interactions (Kollack-Walker & 

Newman, 1995) and male mating behavior (Ho et al., 2010). Similarly, the DR serotonin 

system has been implicated in the regulation of social behaviors like mating and aggression 

(discussed in detail in Chapter 1). Because the DR receives a dense innervation from BNST 

Avp neurons, the serotonin system is an ideal target for the relay of social signals conveyed 

by BNST Avp neurons. While some BNST Avp projection sites like the lateral septum have 

been extensively studied, less is known about DR Avp-responsive neurons and their 

possible influence on social behavior.  
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2.2 Rationale 

In mice, Rood and colleagues (Rood & De Vries, 2011) performed extensive 

experiments to describe the distribution of Avp-ir fibers and cell bodies throughout the 

mouse CNS. Then, they conducted several more experiments to delineate the sites of origin 

of various Avp-ir fibers (Rood et al., 2013). Because Avp nuclei seem to divide into three 

functionally distinct groups (Rood et al., 2013), anatomical accounting of Avp neuron 

projection targets provides foundational knowledge for hypothesis generation when 

studying a particular brain region innervated by Avp (Patel et al., 2022). While the anatomy, 

morphology, and projection sites of Avp neurons are well studied, the accounting of Avp-

responsive neurons throughout the brain is less clear. Methods like receptor 

autoradiography and in situ hybridization have provided us with a general picture of where 

Avp binding or Avpr1a mRNA expression occurs, but detailed maps of Avpr1a and Avpr1b 

are lacking and data on the phenotype of these cell populations is limited (see section 1.5 

Avp receptors for more detail). Immunohistochemical staining methods could provide a 

refined picture of the morphology and distribution; but, to our knowledge, clear 

demarcation of Avpr1a cells is not possible with current tools (e.g., antibodies). 

Characterizing neurons expressing Avpr1a has been technically challenging.  

Recent advances in transgenic mouse models have been groundbreaking in 

providing access to previously inaccessible subtypes of neurons. One example of such 

technology is the integration of site-specific recombinase (SSR) enzyme systems into 

transgenic mouse models. While a thorough discussion of transgenic mouse models that 

utilize SSR technology is beyond the scope of this Chapter, a brief background on SSRs is 

warranted. “Cre-LoxP” system consists of “Cre”, one of several SSRs, that catalyzes 
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recombination between specific target sites named “LoxP”. Depending on the orientation 

of the target sites, Cre-mediated recombination can result in either splicing out or inversion 

of the intervening DNA sequence (Figure A2. 1; see (Branda & Dymecki, 2004) for a 

complete discussion of SSR technology and mouse genetics).  

One usage example that exploits the Cre-LoxP system is a model in which Cre 

expression is induced in a cell-type of interest by inserting a transgene using cell-type 

specific promoters and encoding the Cre gene into mice. Then using a viral strategy or 

breeding strategy with another transgenic mouseline, an effector gene (functionally 

relevant gene such as a fluorescent protein) can be unlocked by the DNA editing action of 

the Cre-recombinase. Using such a strategy in which a fluorescent reporter gene is 

expressed in a Cre-dependent manner, we can exploit this technology to visualize Avpr1a-

expressing neurons throughout the mouse brain. Because no Cre-recombinase model using 

Avpr1a regulatory sequences existed, we contracted Cyagen (Santa Clara, CA) to make a 

BAC transgenic Avpr1a-Cre mouse (C57BL/6J background) in which Cre recombinase 

expression is driven by the regulatory sequences of Avpr1a gene (Figure A2.2A). 

Presumably, in this mouse, Cre recombinase is present in the nucleus of cells that also 

express Avpr1a.  Ai14 (also referred to as RC-PTom) is a reporter mouse line that contains 

a LoxP-flanked “STOP” cassette preventing transcription of a red fluorescent protein 

variant (TdTomato) gene inserted into the Rosa26 locus (Figure A2.2B; JAX stock 

#007908, (Madisen et al., 2010)). When a Avpr1a-Cre mouse is bred with a RC-PTom 

mouse, resulting progeny carrying both transgenes (referred to as “Avpr1a-Cre::RC-

PTom”) should have Cre-mediated excision of the STOP cassette within cells that express 
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an active Avpr1a promoter, and the transcription of TdTomato reporter gene should be 

unlocked allowing for visualization of the red fluorescent protein (Figure A2. 2C).           

While the Cre-LoxP system may help characterize the Avpr1a neurons within the 

dorsal raphe (and in other regions of the brain), several important quality control questions 

must be answered. How strictly is Cre expression confined to Avpr1a cells? Is Cre 

recombinase functional? Is there a basal level of TdTomato protein expression independent 

of Cre-mediated recombination events? In this chapter, we have designed several 

experiments to answer the above questions. We will assess the specificity of Cre expression 

within Avpr1a cells and efficacy of Cre-mediated recombination. Then, we will use this 

double transgenic mouse model to perform immunohistochemistry to visualize the red 

fluorescent protein (RFP, i.e., putative Avpr1a neurons) and Tph2 (i.e., Serotonin neurons), 

and describe the anatomical distribution of DR Avpr1a neurons, with respect to serotonin 

neurons, through the rostral to caudal extent of the DR.   

 

2.3 Materials & Methods 

 

2.3.1 Animals 

For all experiments conducted in this chapter, adult (>postnatal day 60) male and 

female mice of C57BL/6J (WT), Avpr1a-Cre, RC-PTom, and Avpr1a-Cre::RC-PTom 

genetic backgrounds were used. The transgenic lines have undergone more than 10 

generations of backcrossing to the C57BL/6J strain. The animals used in these studies were 

produced through breeding pairs residing in the animal care facility at Rowan University 

School of Medicine (Rowan SOM). Animals were group housed under a 12:12 light/dark 
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cycle (lights on at 06:00 am) in ventilated cages with ad libitum access to food and water. 

All animals were used in accordance with the National Institutes of Health guide for the 

care and use of laboratory animals, and all experiments were approved by the Institutional 

Animal Care and Use Committee of Rowan University. 

 

2.3.2 Experiment 1: Assessing Cre Recombinase Efficacy and Specificity in Avpr1a-

Cre::RC-PTom Mice 

To use the Avpr1a-Cre mouse to gain access to Avpr1a neurons in a cell-specific 

manner, Cre expression must be efficacious in mediating recombination events and highly 

specific to cells that contain Avpr1a. To verify these assumptions, we designed an in situ 

hybridization experiment to assess the co-localization of Avpr1a and TdTomato mRNA in 

Avpr1a-Cre::RC-PTom mice. 

 

2.3.2.1 Tissue Collection. Avpr1a-Cre::RC-PTom double transgenic adult mice (n 

= 2 per sex) were decapitated following isoflurane anesthesia, and brains were harvested, 

and flash frozen in dry ice chilled 2-methyl butane. Brains were stored at -80℃ until 

sectioning. Next, brains were sectioned at 20 µM thickness, mounted directly on to 

SuperFrost Plus slides, and stored foil-wrapped at -80 ℃.  

 

2.3.2.2 In Situ Hybridization. In situ hybridization was performed on every third 

section (20 µM thickness) through the dorsal raphe (AP -4.24 mm to -4.92 mm from 

bregma), using the fresh frozen workflow and materials found in RNAscope fluorescent 

multiplex assay version 2 (Advanced Cell Diagnostics or ACD). The workflow consists 
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of several sequential steps (see ACD document # UM 323100 for a detailed protocol). 

Initially, sections are fixed for about 15 minutes in ice-chilled 4% paraformaldehyde 

(PFA, in 0.1 M PBS) and then dehydrated using ethanol for approximately 20 minutes. 

Following dehydration, 10 min of RNAscope hydrogen peroxide is applied to the 

sections, which are then subjected to a 30 min incubation step in RNAscope Protease IV 

to permeabilize cell membranes. The hybridization of probes (C1, C2, or C3) is the next 

step and is conducted over 2 hours. To amplify the signal for sufficient detection, there 

are serial incubation steps with RNAscope Multiplex FL v2 AMP 1 (30 minutes), 

RNAscope Multiplex FL v2 AMP 2 (30 minutes), and RNAscope Multiplex FL v2 AMP 

3 (15 minutes). Each probe (C1, C2, or C3) development includes three stages: the 

horseradish peroxidase (HRP) step, the fluorophore step, and the HRP blocker step. 

RNAscope Multiplex FL v2 HRP-C1 (-C2, or -C3) is applied for approximately 15 

minutes. Then, the 1st Opal Dye fluorophore is applied for 30 minutes, followed by 

RNAscope Multiplex FL v2 HRP blocker for approximately 15 minutes.  These steps are 

repeated for all probes used in the experiment.  Finally, the workflow concludes with 

application of DAPI-containing FluoromountG (Electron Microscopy Sciences, Hatfield, 

PA) to detect nuclei and coverslipping to preserve the tissue. In this experiment, probes 

used included Avpr1a (#418061-C1) and TdTomato (#317041-C3), paired with Opal dye 

520 (Akoya Biosciences, SKU FP1487001KT) and opal dye 620 (Akoya Biosciences, 

SKU) respectively.  

 

2.3.2.3 Image Acquisition and Data Analysis. Keyence BZ-X710 fluorescent 

microscope was used to acquire 20x images of the entire dorsal raphe in multiple 
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channels (DAPI, Avpr1a, and TdTomato). Images were stitched together using Keyence 

BZ-X710 analyzer software.  

DAPI channel images were used to draw an image mask (REGION) to capture the 

DR region. DAPI images were brightened in ImageJ to reduce background and maximize 

foreground and then fed into MATLAB nucleiSegmentationBot program ( (Cicconet et al., 

2017); Resize Factor = 0.5, Fragmentation = 0.9, Background Threshold = 0.3, and Grow 

= +2)) to create image masks of cells using watershed outlines of identified nuclei 

(CELLS).  For all probe images (PROBE), ImageJ was used to make a duplicate image on 

which a median filter with radius of 2 pixels was applied, then the duplicate image was 

subtracted from the original image to reduce background signal and maximize foreground 

signal. Image sets of REGION, CELLS, and PROBES (Avpr1a and TdTomato) were used 

in a Cell Profiler (Carpenter et al., 2006) pipeline to identify cell objects (using CELLS 

image masks) within the dorsal raphe (using REGION masks), count mRNA puncta for 

each probe (using PROBES images) by thresholding, and relate puncta counts to the 

identified cell objects; resulting data consisted of a table of all “parent” cells and associated 

“child” puncta for each probe. Next, the output data was imported into R software (version 

4.2.2) to count and categorize cells based on phenotype marker (Avpr1a or TdTomato). 

Based on counts from negative control slides, a minimum threshold of 5-or-more puncta 

was required to classify a cell to be “positive” for mRNA detection. Then, positive cells 

were further phenotyped based on the type of puncta in each cell (Avpr1a, TdTomato, or 

co-localized). 
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2.3.3 Experiment 2: Assessing TdTomato Expression in Avpr1a-Cre::RC-PTom, Avpr1a-

Cre, and RC-PTom  

To use TdTomato signal as indirect evidence of Cre-mediated recombination, it is 

important to control for any possible endogenous or Cre-independent RFP expression in 

Avpr1a-Cre or RC-PTom mouse lines respectively.  

 

2.3.3.1 Tissue Collection and Immunohistochemistry. Adult Avpr1a-Cre::RC-

PTom double, Avpr1a-Cre single, and RC-PTom single transgenic mice (n = 2/genotype) 

were used in this project. Mice were anesthetized with isoflurane and underwent 

intracardiac perfusion with 0.9% saline followed by 4% PFA. Next, brains were harvested 

and stored in 4% PFA at 4 ℃ for overnight fixation. Thereafter, brains were stored in 

30% sucrose at 4 ℃ until sectioning. Tissue was sectioned at a thickness of 40 µM and 

stored in cryoprotectant (30% sucrose and 30% ethylene glycol in 0.1M PB) until further 

processing. 

A series containing every third section was used for immunohistochemistry. Tissue 

was washed 3x for 10 min in PBS (in mM: NaH2PO4 17, Na2HPO4 83, NaCl 154) prior 

to incubation in PBST-BSA (PBS with 0.5% Triton-X100 and 0.04% bovine serum 

albumin) for 30 minutes. Next, tissue was incubated in PBST-BSA containing the primary 

antibody (rabbit anti-RFP, 1:2000, Rockland) overnight. Then, tissue was washed 3x for 

10 min in PBST-BSA followed by incubation in PBST-BSA containing the secondary 

antibody (donkey anti-rabbit Alex Fluor 594, 1:250, Invitrogen) for 4 hours. Tissue was 

washed 3x in PBS for 10 min each time and stored free-floating in PBS at 4 ℃ and covered 

to avoid light exposure.  Tissue was mounted onto SuperFrost Plus slides and coverslipped 
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using DAPI-containing FluoromountG mounting medium. Stained slides were stored at 

4℃ until image acquisition. 

 

2.3.3.2 Image Acquisition. Keyence BZ-X710 Fluorescent Microscope was used 

to capture 10x images of anatomically matched slices from each animal representing 

several key brain regions (i.e., LS, MD, and DR). Images were processed in ImageJ to 

optimize contrast and adjust pseudocoloring for presentation, and in Adobe Illustrator to 

annotate brain regions. Imaging data was analyzed qualitatively to describe the presence 

of TdTomato positive (or putative Avpr1a) cells in brain regions known to contain Avp-

immunoreactive fibers in each of the three genotypes. 

 

2.3.4 Experiment 3: Assessing Cre Recombinase Efficacy in Adult Avpr1a-Cre Mice with 

Cre-Dependent Viral Vectors Injected to the Dorsal Raphe   

 Given that TdTomato expression in Avpr1a-Cre::RC-PTom mice may be induced 

by Cre-mediated recombination at any point in development, it is important to rule out the 

possibility that a population of TdTomato positive neurons in the region of interest is not a 

result of conditional Cre-expression during development.  

 

2.3.4.1 Stereotaxic Injections. Adult WT and Avpr1a-Cre mice (n = 6 per 

genotype) received stereotaxic injections of one of three Cre-dependent viral vectors (n = 

2 per genotype): 1) pAAV-FLEX-TdTomato (TdTomato; Addgene #28306-AAV1, 

≥1x1013 vg/ml), 2) pAAV-hSyn-DIO-hM3D(Gq)-mCherry (hM3Dq; Addgene #44361-

AAV2, ≥6x1012 vg/ml ), or 3) pAAV-hSyn-DIO-hM4D(Gi)-mCherry (hM4Di; Addgene 
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#44362-AAV2, ≥5x1012 vg/ml). Animals were anesthetized using isoflurane (4% 

induction, 2% maintenance) to deliver Cre-dependent viral vectors into the Dorsal raphe 

by targeting the following bregma coordinates (Franklin & Paxinos, 2008): AP -4.48 mm, 

ML 0 mm, DV -3.15 mm.  150 nl of virus was injected at the rate of 50 nl / min. After 

injection, the needle remained undisturbed in the brain for 5 min to allow for virus 

dispersion. Finally, the needle was removed slowly (1 mm / min) to minimize leaking of 

the virus up the needle track. After the surgical procedure, post-operative care included 

administration of analgesia (2 mg/kg meloxicam every 24 hours for 3 days) for pain and 

assessment of the surgical site including observation of posture, hydration, and appetite. 

Staples were removed 7-10 days after the procedure. 

 

2.3.4.2 Tissue Collection, Immunohistochemistry, and Image Acquisition. 

Three weeks after surgery, tissue was extracted and then used to perform 

immunohistochemistry (as described previously in section 2.3.3.1) to detect the presence 

of mCherry or TdTomato (RFP; primary: rabbit anti-RFP, 1:2000, Rockland; secondary: 

donkey anti-rabbit Alex Fluor 594, 1:250, Invitrogen) and green fluorescent protein 

(GFP; primary: chicken anti-GFP, 1:1000, Abcam; secondary: goat anti-chicken Alex 

Fluor 488, 1:250, Invitrogen). Keyence BZ-X710 fluorescent microscope was used to 

capture 10x representative images in multiple channels, and exposure time for each 

channel was kept consistent across sections from different animals (WT vs. Avpr1a-Cre) 

infused with different viruses (TdTomato, hM3Dq, hM4Di). ImageJ was used to adjust 

brightness/contrast to optimize images for best visualization. 
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2.3.5 Experiment 4: Characterize the Putative Avpr1a Cells throughout the Rostro-

Caudal Extent of the Dorsal Raphe 

Because our data indicates a role of DR Avpr1a neurons in social behavior, and 

previous data indicates an interaction of Avp with the DR serotonin system, DR Avpr1a 

neurons might display a characteristic neuroanatomical distribution with respect to the DR 

serotonin neurons. Knowing this relationship can be useful in generation of circuit-level 

hypotheses. 

 

2.3.5.1 Tissue Collection, Immunohistochemistry, and Image Acquisition. 

Adult Avpr1a-Cre::RC-PTom mice (n = 7; 3 male, 4 female) were euthanized, brains 

were extracted, and resultant tissue used to performed immunochemistry (as described 

previously in section 2.3.3.1 Tissue collection and immunohistochemistry) to detect the 

presence of RFP (primary: rabbit anti-RFP, 1:2000, Rockland; secondary: donkey anti-

rabbit Alexa Fluor 594, 1:250, Invitrogen) and Tph2 (primary: goat anti-Tph2, 1:500, 

Abcam; secondary: donkey anti-goat Alexa Fluor 488, 1:250, Invitrogen). Keyence BZ-

X710 was used to capture 10x images of the stained sections in multiple channels. 

Images were analyzed qualitatively to characterize the anatomical position of putative 

Avpr1a cells throughout the rostro-caudal extent of the DR defined by the Tph2 stained 

serotonin cells. Using ImageJ, representative images of the dorsal raphe were optimized 

to maximize foreground and minimize background. Adobe Illustrator was used to 

annotate anatomical boundaries and label regions. 
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2.4 Experimental Results 

 

2.4.1 In Avpr1a-Cre::RC-Ptom Mice, Cre-Recombinase is Efficacious and Tdtomato 

Expression is Specific to Avpr1a-Positive Cells   

To effectively utilize Avpr1a-Cre mouse model to target Avpr1a cells specifically, 

we need to confirm specificity of Cre expression within cells expressing Avpr1a. Given the 

genetic construct in Avpr1a-Cre mouse, we predict that Cre-recombinase is present in 

Avpr1a cells (Figure A2. 2). However, it might be possible to observe Avpr1a, but not Cre, 

expression, which would curtail the effectiveness of the model when using Cre-mediated 

recombination to target Avpr1a cells. In contrast, it may also be possible to observe Cre 

expression in cells without Avpr1a expression, which could be an indication of ectopic 

expression of Cre recombinase and would reduce the ability to target Avpr1a cells 

specifically.  

Given that Cre expression should be specific to Avpr1a expressing cells, we 

hypothesize that TdTomato and Avpr1a mRNA will be largely co-localized. To test this 

hypothesis, we performed in situ hybridization (ISH) using probes against Avpr1a and 

TdTomato mRNA in tissue acquired from double transgenic Avpr1a-Cre::RC-PTom mice 

(Figure A2. 3A). Representative images of the periaqueductal gray, median raphe, and 

dorsal raphe (Figure A2. 3B) illustrate that signal from Avpr1a and TdTomato puncta is 

colocalized (blue arrow) in a majority of neurons; however, Avpr1a (yellow arrow) or 

TdTomato (magenta) puncta alone are also sparingly observed. Quantification of cell 

counts by phenotype (colocalized, Avpr1a or TdTomato alone) from 6025 “positive” cells 

(defined by 5 or more total puncta in a given cell; see section 2.3.3.2 Image acquisition for 
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rationale) across four animals (2 females and 2 males) indicates that approximately 64% 

of cells contain both Avpr1a and TdTomato puncta, and percentage of cells that contain 

Avpr1a or TdTomato puncta alone are approximately 25 and 11 respectively (Figure A2. 

3C). When this data is separated for each animal in the experiment, male subjects seem to 

have a greater percentage of colocalized cells than female subjects (67.29% vs. 58.15%; 

Figure A2. 3D). Furthermore, males show a larger percentage of cells that express 

TdTomato alone (14.88% vs. 4.56%) but a smaller percentage of cells that express Avpr1a 

alone (17.84% vs. 37.30%) when compared to females (Figure A2. 3D). Although this data 

may hint toward sex differences in specificity of Avpr1a-Cre model, this study is not 

powered to draw any statistical conclusion. 

 

2.4.2 Avpr1a-Cre::RC-Ptom, but not Avpr1a-Cre or RC-Ptom, Dorsal Raphe Sections 

Show Robust Tdtomato Staining 

While section 2.4.1 discusses the efficacy and specificity of Cre recombinase within 

Avpr1a neurons using the Avpr1a-Cre::RC-PTom double transgenic mouse, it is based on 

the assumptions that RC-PTom and Avpr1a-Cre single transgenic mice do not express 

TdTomato independently. Furthermore, it is important to test the efficacy of this model in 

different regions of the brain, as Cre-recombinase activity has been documented to differ 

between different tissue and regions (Gofflot et al., 2011). 

To verify that the RFP expression is specific to Cre function and to rule out the 

possibility of endogenous RFP expression in RC-PTom mice or Avpr1a-Cre mice alone, 

we performed immunohistochemistry to detect RFP expression in sections from single 

transgenic Avpr1a-Cre and RC-PTom mice and double transgenic Avpr1a-Cre::RC-PTom 
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mice. Assuming efficacious Cre-recombinase enzyme is present in cells with active Avpr1a 

promoter region, we hypothesized that we would observe robust RFP expression only in 

tissue from the Avpr1a-Cre::RC-PTom double transgenic, but not Avpr1a-Cre or RC-Tom 

single transgenic mouse lines. Figure A2. 4 shows IHC data from dorsal raphe sections 

from the three mouse lines. In the Avpr1a-Cre::RC-PTom mouse, RFP signal is robust and 

specific in regions known to contain Avp-immunoreactive fibers/terminals (Rood & De 

Vries, 2011) and/or Avpr1a cells (Patel et al., 2022), including the LS (Figure A2. 4A”), 

thalamus (Figure A2. 4B”), DR (Figure A2. 4C”), ventrolateral PAG (VLPAG, Figure A2. 

4C”), and median raphe (MR, Figure A2. 4D”). Importantly in Avpr1a-Cre and RC-PTom 

mice that lack TdTomato and Cre respectively, we observe no RFP positive cells in any 

region [LS (Figure A2. 4A, A’), thalamus (Figure A2. 4B, B’), DR (Figure A2. 4C, C’), 

VLPAG (Figure A2. 4C, C’), or MR (Figure A2. 4D, D’)]. This data suggests that Cre 

recombinase in the Avpr1a-Cre::RC-PTom mouse model carries out a recombination event 

at LoxP sites on the RC-PTom allele and induces reliable and robust TdTomato expression 

for specific visualization of Avpr1a cells. 

 

2.4.3 Assessing Cre Recombinase Efficacy in Adult Avpr1a-Cre Mice with Cre-

Dependent Viral Vectors Injected to the Dorsal Raphe   

In Avpr1a-Cre::RC-PTom mouse model, expression of TdTomato protein is 

unlocked within cells that had a transient activation of Avpr1a promoter at some point 

during development. Therefore, it is possible that a population of TdTomato positive cells 

may not have Avpr1a expression in adulthood, and thus present as “false positives”. To rule 

out this mechanism as a major driver for expression of TdTomato protein in the genetic 
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model, we injected Cre-dependent viral vectors into the dorsal raphe of adult Avpr1a-Cre 

mice. In Avpr1a-Cre mice, Cre recombinase would be present in cells with active Avpr1a 

promoter (Figure A2. 5A). We hypothesize that viral vectors with Cre-dependent genes will 

express in adult cells that have functional Cre-recombinase enzyme in Avpr1a-Cre, but not 

wildtype mice. To test this hypothesis, we stereotaxically injected virus with Cre-dependent 

TdTomato, hM3Dq-mCherry, and hM4Di-mCherry to the dorsal raphe of Avpr1a-Cre and 

WT (negative control) mice (Figure A2. 5B).  

Eleven of twelve animals that underwent stereotaxic surgery survived and 

recovered from the procedure with no noticeable functional change. Thus, group numbers 

for TdTomato, hM3Dq-mCherry, and hM4Di-mCherry injections were 4 (2 Avpr1a-Cre, 2 

WT), 3 (2 Avrp1a-Cre, 1 WT), and 4 (2 Avpr1a-Cre, 2 WT) respectively. Using 

immunohistochemistry, we visualized the expression of RFP and GFP (to detect Cre-GFP 

fusion protein). Five of six AAV injections in Avpr1a-Cre mice produced RFP positive cells 

in the DR (n = 1 TdTomato, 2 hM3Dq-mCherry, and 2 hM4Di-mCherry). One TdTomato 

AAV injection in Avpr1a-Cre mouse missed the DR but did display RFP positive cells in 

the MR (data not shown), which harbors RFP positive cells in the Avpr1a-Cre::RC-PTom 

mice (Figure A2. 4) and Avp-immunoreactive (-ir) fibers (Rood & De Vries, 2011). One 

hM3Dq-mCherry AAV injection in Avpr1a-Cre mouse showed RFP cells in the VLPAG 

(data not shown), as well as the DR, both locations known to contain Avp-ir fibers (Rood 

& De Vries, 2011) (Patel et al., 2022) and RFP positive cells in Avpr1a-Cre::RC-PTom 

mice (Figure A2. 4). In the DR sections from a TdTomato AAV injected animal, RFP 

positive cells are located bilaterally surrounding the midline (Figure A2. 5D), a pattern 

observed in DR sections from Avpr1a-Cre::RC-PTom mice (Figure A2. 4C). Furthermore, 
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RFP-positive fibers (Figure A2. 5D) are penetrating the midline where serotonin cells are 

typically located (data not shown), lending anatomical support to the hypothesis that BNST 

Avp neurons send signals to DR serotonin neurons through a distinct population of Avpr1a 

neurons in or near the DR. Importantly, injection of Cre-dependent viral vectors into the 

dorsal raphe of wildtype mice did not display RFP-positive cells in any of the five 

injections (n = 2 TdTomato, 1 hm3dq, 2 hm4di; Figure A2. 5E).  

 

2.4.4 Characterization of Putative Avpr1a Cells Throughout the Rostro-Caudal Extent 

of DR 

Because the topography of neurons within brain regions is often intimately linked 

to their function at a circuit level (Simpson et al., 2003; Waterhouse et al., 1993; 

Waterhouse et al., 1986), it is important to characterize the anatomical distribution of 

neurons within a given region of interest. The DR contains the majority of serotonergic 

neurons in the brain and generates the most serotonergic innervation of the rodent 

forebrain. The DR serotonin system has been associated with regulation of mood, anxiety, 

and social behaviors (Lucki, 1998; Rood & Beck, 2014). Recent studies in mice have 

revealed topographically distinct serotonin neuron clusters within the DR that have distinct 

projection sites with opposite function (Muzerelle et al., 2016; Ren et al., 2018). Given that 

the DR Avpr1a neurons potentially act as intermediate nodes relaying signals from BNST 

Avp neurons to DR serotonin neurons (Rood & Beck, 2014), it is important to characterize 

the neuroanatomical distribution of DR Avpr1a neurons. To examine the location of Avpr1a 

neurons in relations to the topography of serotonin neurons, we performed 

immunohistochemistry to visualize TdTomato and Tph2, an enzyme involved in serotonin 
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production and exclusive to serotonin neurons, in dorsal raphe sections from Avpr1a-

Cre::RC-PTom mice. 

Tissue from seven mice (4 females, 3 males) displayed a consistent pattern of RFP-

positive cells within the DR but also in other regions expected to contain Avpr1a-

expressing cells like the PAG. Figure A2. 6 shows representative images of the rostral to 

caudal extent of the DR ranging from anterior-posterior (AP) coordinates of -4.36 to -4.84 

mm from bregma. Maps of the DR were drawn using images from the DAPI channel. For 

the dorsal raphe, regional borders were drawn based on the cell density changes that mark 

borders of the DR (Franklin & Paxinos, 2008). Specifically, cells in the DR cluster in a 

highly cell dense region at the midline ventral to the cerebral aqueduct (Aq) and dorsal to 

medial longitudinal fasciculus (MLF). DR extends bilaterally to a less dense region 

marking the borders along the VLPAG (Figure A2. 6 left column).  

Serotonin neurons in the DR form 3 distinct clusters often described in the literature 

as the dorsomedial DR, ventromedial DR, and lateral wings of the DR. In some descriptions 

the serotonin neurons spreading down between the right and left medial lateral fasciculus 

are described separately as the interfascicular cluster. In our typical workflow, we identify 

5 distinct relatively evenly spaced sections (domains ~120 µm apart) that reflect distinct 

changes in serotonin neuron topography from rostral to caudal (Figure A2. 6A-E middle 

and right columns). In far rostral DR (AP -4.36 mm), serotonin cells concentrate along the 

midline between the cerebral aqueduct and medial longitudinal fasciculus in the dorsal-

ventral (DV) axis.  At this AP location, most Avpr1a cells are located lateral and adjacent 

to the dorsal two-thirds of serotonin neurons. In lower quantity, some Avpr1a cells are 

interspersed at the midline with the serotonin cells and a few sparingly extend laterally 
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towards the border of VLPAG (Figure A2. 6A). At around AP -4.48 mm from Bregma, DR 

serotonin neurons divide into two distinct subregions, dorsomedial DR (DMDR) and 

ventromedial DR (VMDR). At this point, most Avpr1a cells bilaterally flank the DMDR, 

and a moderate number of Avpr1a cells are in the gap between DMDR and VMDR. A 

smaller number of Avpr1a neurons are located in and around the VMDR (Figure A2. 6B). 

Moving further caudally, at around AP -4.60 mm from Bregma, serotonin cells begin to 

slightly spread out laterally towards borders of VLPAG forming the first hint of the lateral 

wings of the DR. Avpr1a cells are more interspersed with serotonin cells laterally, and, 

medially, there are only a few Avpr1a cells remaining at the midline in DMDR and even 

fewer in VMDR. Overall, the number of Avpr1a cells decreases compared to more rostral 

sections (Figure A2. 6C). In a more caudal section (AP -4.72 mm from Bregma), serotonin 

cells just below the aqueduct continue to spread out laterally and slightly dorsally toward 

VLPAG, segregating into a bilateral subdomain, lateral wing dorsal raphe (LWDR) (Figure 

A2. 6D). Here, some Avpr1a cells are located within the LWDR bilaterally, with cells still 

found within the DMDR, and in a smaller number in the VMDR. Of all rostro-caudal 

sections of the DR, Figure A2. 6D region seems to house the fewest number of Avpr1a 

cells, and in general, most of the Avpr1a cells in DR are found in rostral and far caudal 

sections of DR. In caudal DR (AP -4.84 mm from Bregma, Figure A2. 6E), serotonin cells 

are found more tightly at midline in a single continuous column bridging the gap between 

DMDR and VMDR like that in far rostral section (Figure A2. 6A). The LWDR serotonin 

cells extend farther laterally and dorsally. Overall number of serotonin cells decrease 

drastically compared to other rostral DR sections (Figure A2. 6A-D). As for the Avpr1a 

cells, most are seen within the LWDR, with very few found in DMDR and VMDR at 
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midline. Above, we describe the distribution of Avpr1a neurons that are in the closest 

proximity and appear to be within the anatomical borders ascribed to the dorsal raphe. 

While the DR contains distinct populations of Avpr1a cells, Avpr1a neurons are also found 

in varying amounts in regions surrounding the DR like the VLPAG, lateral PAG (LPAG), 

dorsolateral PAG (DLPAG), and dorsomedial PAG (DMPAG) (Figure A2. 6A-E middle 

panel). Of the subregions of PAG, VLPAG and DMPAG seem to contain the majority of 

PAG Avpr1a cells and DLPAG contains the least. In contrast to the regional patterns seen 

of DR Avpr1a cells, PAG Avpr1a cells increase in number in caudal sections compared to 

rostral sections (Figure A2. 6A-E middle panel). In caudal sections of the DR, there is a 

distinct cluster of Avpr1a neurons that forms somewhat separated from the VMDR and 

LWDR serotonin neurons; this region appears to correspond with the dorsal tegmental 

nucleus.   

 

2.5 Discussion 

 

2.5.1 Cre Recombinase is Efficacious and Specific to Avpr1a-Expressing Cells 

 The integration of Cre-Lox system into mouse genetics has revolutionized the study 

of behavioral neuroscience. The Cre-Lox system has enabled scientists to access select cell 

types of interest within specific brain regions using tools to characterize anatomy using 

reporter proteins or to alter neuronal activity and assess the impact on behavior. One way 

the Cre-Lox system is employed is through the creation of transgenic mouse models that 

express Cre recombinase under the control of a promoter specific to a cell type of interest. 

In the studies presented above, we validated a novel Avpr1a-Cre mouse in which Cre 
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expression is driven by the regulatory sequences of Avpr1a (Figure A2. 2). Upon breeding 

this mouse to a Cre-dependent reporter line like RC-PTom, RFP can be expressed within 

cells that express Avpr1a enabling easier anatomical characterization of Avpr1a cells 

throughout the mouse brain.  

While conceptually sound, this system must be validated to ensure reliable and 

reproducible results. First, Cre enzyme should be functional such that it recognizes and 

recombines DNA containing LoxP sites to, for example, excise the STOP cassette within 

the RC-PTom allele to induce TdTomato expression (Figure A2. 2). Second, Cre-

recombinase expression should be specific, expressed primarily within expected cell-types 

such as Avpr1a in our case. Last, to use RFP as a proxy signal for putative Avpr1a neurons, 

endogenous RFP expression without Cre-mediated recombination event must be minimal 

or, preferably, absent. We performed several experiments in this chapter to assess the 

validity of the above stated assumptions.  

 Several different experiments indicate that Cre-recombinase in the Avpr1a-Cre 

mouse is efficacious. First, ISH (Figure A2. 3) performed on DR sections from Avpr1a-

Cre::RC-PTom mice displays a robust TdTomato signal, indicating a high level of 

TdTomato expression following a Cre-mediated recombination event. The 

immunohistochemistry data (Figure A2. 4) in tissue from Avpr1a-Cre:RC-PTom, but not 

Avpr1a-Cre and RC-PTom mice, shows bright RFP signal in several brain regions that 

contain Avp-ir fibers (Rood & De Vries, 2011) and Avpr1a neurons (Patel et al., 2022). 

Lastly, injections of viral vectors containing a Cre-dependent reporter in the DR of Avpr1a-

Cre, but not wild type, mice show robust reporter expression (Figure A2. 5). In contrast, it 

is noteworthy to mention that GFP immunostaining fails to detect Cre-recombinase 
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directly. We separately performed ISH using probes to detect Cre and GFP mRNA (data 

not shown) which also showed no signal. A likely reason for this finding is that Cre-GFP 

might be expressed at a level that is suboptimal for detection via the methodologies 

employed. Similarly, a study using OxtR-Cre transgenic mice failed to directly detect Cre 

recombinase using immunohistochemistry but did report that Cre recombines at LoxP sites 

as expected (Inoue et al., 2022). Together, it is reasonable to conclude that even though 

Cre-GFP is produced at a sub-detection level (as indicated by the absence of Cre or GFP 

staining) in Avpr1a-Cre mice, Cre enzyme is highly efficacious in mediating a 

recombination event at loxP sites, whether they are found on a chromosome or are virally 

delivered.   

To assess the specificity of Cre expression, in situ hybridization to detect Avpr1a 

and TdTomato mRNA was conducted in dorsal raphe sections from Avpr1a-Cre::RC-PTom 

mice. We observed that approximately 64% of cells with positive puncta signal had both 

Avpr1a and TdTomato puncta (i.e., colocalized signal), 25% contained Avpr1a signal alone, 

and 11% contained TdTomato puncta alone. Furthermore, the data shows that 71.9% of all 

Avpr1a positive cells colocalize TdTomato signal whereas 85.3% of all TdTomato positive 

cells also display Avpr1a signal. In other words, the transgenic model appears to capture a 

majority of Avpr1a neurons, but may miss a quarter to a third of cells, and the potential for 

transgene expression in non-Avpr1a neurons (i.e. ectopic expression) is relatively low at 

about 15%.  

Observation of Avpr1a signal alone could be due to several reasons. First, if Avpr1a 

promoter is not highly active, then Cre recombinase in some Avpr1a cells may not be 

expressed in sufficient quantity to catalyze efficient recombination at LoxP target sites. In 
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fact, our in situ hybridization data suggest that Avpr1a is indeed expressed at quite low 

levels based on the number of Avpr1a puncta observed per cell, especially when compared 

to other expressed genes such as TdTomato, discussed above, or mRNAs related to 

glutamate and GABA phenotypes (Patel et al., 2022). Second, it could also be due to less 

than 100% efficiency of Cre in mediating the recombination event. Cre recombinase 

performs excision at LoxP sites in 80-100% of the cells in which Cre is transiently 

expressed (Gagneten et al., 1997; Sauer, 1993). Furthermore, the expression of native 

Avpr1a may be modulated by distant regulatory sequences (e.g., enhancers and repressors) 

that are not near enough the Avpr1a gene to be included in the contig used to generate the 

BAC transgenic Avpr1a-Cre mouse, which would likely result in more limited expression 

from the transgene. We believe the limitations of the BAC method may be the most likely 

reason for the number of observed Avpr1a-only cells. A knock-in mouse line, in which Cre 

expression would be driven by native regulatory sequences of target gene, may have shown 

a more efficient expression of the trans gene (Gofflot et al., 2011). Next, recombination 

efficiency can be dependent on the locus of the target sites and has been documented to 

differ based on the reporter line used (Gofflot et al., 2011; Vooijs et al., 2001). Because the 

location of recombination event (i.e., LoxP sites on RC-PTom allele) in the double 

transgenic mouse model is within the chromosomal DNA, efficiency can also depend on 

differences in the chromatin structure, DNA methylation, and transcriptional activity at the 

locus of interest (Gofflot et al., 2011). While the state of chromatin structure or DNA 

methylation may explain the less than perfect efficiency, it is unlikely to be the 

transcriptional activity of the promoter since TdTomato expression in the RC-PTom allele 

is driven by a highly active, ubiquitous CAG promoter (Madisen et al., 2010).  
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 Our data shows a small percentage of TdTomato-only (14.7%) suggesting a small 

amount of off-target TdTomato expression. TdTomato signal without Avpr1a signal could 

represent a population of cells with ectopically expressed Cre-recombinase; we 

demonstrated that the RC-PTom mouse line itself does not have expression in the absence 

of Cre. An alternative explanation for observing TdTomato-only cells is that Avpr1a 

expression is below detectable levels. Although unlikely given our own results suggesting 

no expression of TdTomato in the absence of Cre, other studies using the RC-PTom mouse 

line have noted a low level of TdTomato expression independent of Cre-mediated 

recombination (Madisen et al., 2010). Due to the high sensitivity of RNAscope in situ 

hybridization, cells exhibiting minimal levels of Cre-independent TdTomato expression 

could be identified as TdTomato-only cells. Despite the low level of leaky expression of 

TdTomato, we only observe 14.7% TdTomato-only cells. In fact, RFP 

immunohistochemistry data from the double transgenic mouse model shows a robust 

expression of TdTomato protein in a pattern closely aligned to that seen in studies of Avp-

ir fibers and putative Avpr1a cells from Avpr1a-GFP mice (Patel et al., 2022; Rood & De 

Vries, 2011). TdTomato protein expression is absent in anatomically matched regions in 

tissue from Avpr1a-Cre and RC-PTom mouse. In the latter single transgenic mouse, a faint, 

non-specific signal is observed in certain regions like the caudate putamen, which could be 

due to a low level of TdTomato expression independent of Cre recombinase, as mentioned 

earlier. However, the noticeable enhancement in TdTomato signal following the Cre-

mediated recombination event is very robust as described by other studies (Madisen et al., 

2010). Finally, it is worth noting that a portion of the TdTomato-only cells could be 

attributed to potential transient expression of Cre during development. Though, 
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developmental transient activation is a less likely explanation because the pattern of RFP-

positive cells (Figure A2. 4 and Figure A2. 6) is remarkably restricted to regions that in 

adulthood are known to contain Avp-ir fibers (Rood & De Vries, 2011) and putative Avpr1a 

neurons (Patel et al., 2022) like the lateral septum, thalamus, and raphe nucleus. Use of a 

virally delivered Cre-dependent effector gene revealed that there is sufficient Cre-

expression to drive recombination and unlocking of fluorescent reporters and other effector 

genes. While this finding does not eliminate the potential for a fate-mapping problem (i.e., 

cells express Cre developmentally, but not in adulthood), the expression of virally delivered 

effector proteins suggests the problem is limited at least for the dorsal raphe, which is the 

focus of experiments described in Chapters 3 and 4. 

Performing electrophysiology studies to verify Avp-induced responses in the 

majority, if not all, RFP-positive cells will offer further support for precise Cre expression 

in Avpr1a cells and reduce the likelihood of ectopic RFP expression. In Avpr1a-GFP mice, 

a transgenic mouse model with a similar construction to that of the Avpr1a-Cre mouse, 

patch clamp study showed that 10 out of 12 GFP+ cells were responsive to Avp (Patel et 

al., 2022).  

 Examination of Cre line validations presented in the literature reveals substantial 

variability in the quantity and quality of evidence presented. Further, evidence presented is 

often exclusively qualitative, and a consensus regarding the threshold of evidence deemed 

acceptable for evaluating a mouse line’s utility remains elusive. For example, in a Vil1-

CreERT2 mouse line, Cre expression is directed to the epithelium of intestinal crypts. A 

study bred Vil1-CreERT2 to a reporter line to analyze the specificity of Cre recombinase 

to intestinal epithelium and qPCR analysis found that the excised allele was detected at a 
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relative proportion of 15% to 30% instead of the predicted 50% (50% floxed allele and 

50% WT allele), far from a perfect Cre recombinase efficiency (Gofflot et al., 2011). 

Further, (Zhuang et al., 2005) produced both DAT-Cre (dopamine neuron specific) and 

SERT-Cre (serotonin neuron specific) lines and provided extensive validation data. Upon 

crossing both lines to the Cre-dependent YFP reporter line, the authors noted that 92% of 

YFP cells in the VTA also colocalized TH and 99% of YFP cells in the raphe colocalized 

Tph2. Our data shows that of all TdTomato positive cells, 85.3% also colocalize Avpr1a 

signal in the DR. While studies on other DAT-Cre lines (Backman et al., 2006; Turiault et 

al., 2007) and OxtR-Cre (oxytocin receptor) line (Inoue et al., 2022) demonstrate primarily 

overlapping cell-specific markers with Cre-dependent reporter proteins, there are also 

instances of single-labeled cells. Unfortunately, these studies did not provide quantitative 

data regarding the percentage of cells exhibiting colocalization versus single labeling. 

Overall, analysis of Cre line validation studies exposes significant variability in presented 

evidence, with no established consensus on the acceptable evidence threshold for assessing 

a mouse line's utility. Given the variation in Cre-recombinase efficiency reported across 

regions, tissues, and cell types of interest in the literature (Gofflot et al., 2011) and our 

focus largely on the DR, quality control experiments to assess specificity and efficacy 

should be performed for other brain regions of interest when using the Avpr1a-Cre mouse. 

 In summary, Cre expression in our Avpr1a-Cre and Avpr1a-Cre::RC-PTom mice is 

highly efficacious and specific to Avpr1a cells in the dorsal raphe. First, the IHC study in 

Avpr1a-Cre::RC-PTom mice shows that Cre recombinase is highly efficacious in 

recombining LoxP sites on the RC-PTom allele to allow the expression of TdTomato 

protein in an anatomical pattern like that found for Avp-ir fibers (Rood & De Vries, 2011; 
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Rood et al., 2013) and Avpr1a cells (Patel et al., 2022). Second, we show a similar pattern 

of RFP expression in the DR with a viral delivery of Cre-dependent reporter in Avpr1a-Cre 

mice. Third, the ISH study in Avpr1a-Cre::RC-PTom mice displays that 71.9% of all 

Avpr1a positive cells also show TdTomato signal and 85.3% of all TdTomato positive cells 

colocalize Avpr1a. While data suggests a 14.7% ectopic expression rate for TdTomato 

protein in the Avpr1a-Cre::RC-PTom mice, there are multiple potential factors that could 

account for the expression of TdTomato in the absence of Avpr1a including leaky 

expression of stop-Loxed TdTomato in RC-PTom. Because we can utilize Cre-dependent 

viral construction in the Avpr1a-Cre mouse, the possibility of leaky expression from the 

RC-PTom presenting as a confounding variable is avoided altogether, further increasing 

the utility of the single transgenic line. Furthermore, because we observe a remarkable 

increase in intensity of fluorescence following Cre-dependent recombination on the RC-

PTom allele, Avpr1a-Cre::RC-PTom mice provide a convenient means of visualizing 

putative Avpr1a-expressing neurons in the dorsal raphe, facilitating the examination of the 

anatomical distribution of this cell population and enabling future investigations into the 

electrophysiological and gene expression profile of DR Avpr1a neurons. Having observed 

efficacious and specific expression of Cre during the validation of the Avpr1a-Cre mouse 

model, we believe it represents a pioneering tool in the field of vasopressin research, 

offering access to Avpr1a cells across the entire mouse brain.  

 

2.5.2 Distribution of Avpr1a Neurons in the DR 

While the validation of the Avpr1a-Cre mouse was the major goal of work presented 

in this chapter, we also provide a careful analysis of Avpr1a neuron distribution in the DR 
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as this neuron population is the focus of projects described in subsequent chapters. In 

general, Avpr1a neurons were more numerous rostrally, but were present at all rostral to 

caudal levels of the DR. In rostral areas, Avpr1a neurons mostly clustered lateral to 

serotonin neurons, which were visualized by staining for Tph2. Moving caudally, Avpr1a 

cells tended to cluster in the midline separation between the VMDR and DMDR to insert 

sparsely amongst the clusters of serotonin neurons. Avpr1a cells interspersed with Tph2 

cells were more common in caudal sections of the dorsal raphe. In describing the location 

of Avpr1a neurons in relation to serotonin neurons and in delineating the raphe in figures, 

we have largely used the terms ventromedial, dorsomedial, and lateral wings of the DR. 

These terms are most often applied in reference to the 3 distinct clusters of serotonin 

neurons in mice and rats. Many Avpr1a neurons lay outside of the actual serotonin neuron 

clusters. As indicated in our drawing the DR, we characterize the dorsal raphe as the cell 

dense region below the aqueduct and above the medial lateral fasciculus. The lateral edges 

are defined by an area of slightly lower cell density. When viewed with Tph2, the lateral 

extent of the defined region starts at the dorsal edge of Tph2 staining and travels down and 

outward meeting the ventral edge of the gray matter about where the medial lateral 

fasciculus ends laterally. The region encapsulates many neurons that are not serotonergic, 

which may generate question about nomenclature. 

The serotonin system exhibits a topographical arrangement across various species 

including mammals (Azmitia & Segal, 1978; Bobillier et al., 1976; Jacobs & Azmitia, 

1992; Lillesaar, 2011; Ma et al., 1992; Muzerelle et al., 2016; Ren et al., 2018; Waterhouse 

et al., 1993). Figure A2. 7 depicts DR serotonin neurons’ efferent topography in mice. For 

instance, DMDR and VMDR serotonin neurons exhibit stark differences in their efferent 
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projections, with the former favoring subcortical areas (e.g., the hypothalamus, BNST, and 

central amygdala (CeA)) and the latter projecting to cortical areas like the orbitofrontal 

cortex (OFC) (Commons et al., 2003; Muzerelle et al., 2016; Ren et al., 2018). This 

suggests the possibility of at least two functionally distinct serotonin systems within the 

DR. In fact, Ren and colleagues (Ren et al., 2018) found that chemogenetic activation and 

conditional Tph2 depletion in DMDR serotonin neurons projecting to the CeA increases 

and decreases anxiety-like behaviors respectively. In contrast, chemogenetically activating 

OFC-projecting serotonin neurons located largely in the VMDR promotes escape behavior 

in the forced swim test while conditional Tph2 depletion in the same cell population shows 

the opposite effect, implying a role of subset of VMDR serotonin neurons in active coping 

(Ren et al., 2018). Since the putative Avpr1a neurons are found mainly surrounding the 

DMDR compared to the VMDR, DR Avpr1a neurons may be more likely to play a role in 

anxiety-like behaviors than in active coping, an area that should be further explored in 

future studies. Lastly, there are other groups of Avpr1a cells in the DR that are unlikely to 

interact with serotonin neurons, particularly in the caudal DR, based on the 

electrophysiological data (Rood & Beck, 2014). Together, these data hint at the presence 

of functionally distinct populations of Avpr1a neurons that may interact with different 

neurotransmitter systems along the rostral to caudal extent of the DR. Using the Avpr1a-

Cre::RC-PTom mouse, we can design novel studies to distinguish between clusters of 

Avpr1a cells that might differ phenotypically within the DR, which may enhance our 

understanding of the Avp system and behavior.  

The distribution of Avpr1a neurons in the DR reported here matches closely to the 

location of Avp-ir fibers identified previously in the DR, and Avpr1a fibers (i.e., RFP 
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positive fibers) are found highly dispersed surrounding the DR serotonin cells (Figure A2. 

7), further giving credence to the hypothesis that DR Avp impacts serotonin systems 

through intermediate neurons expressing Avpr1a. Next, most Avp-responsive serotonin 

neurons (Figure A2. 8) were found in rostral areas similar to where we see the largest 

numbers of Avpr1a cells in the present experiments (Figure A2. 7).  
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Chapter 3 

Social Interactions and Dorsal Raphe 

Note: This chapter is adapted from:  

Patel, T. N., Caiola, H. O., Mallari, O. G., Blandino, K. L., Goldenthal, A. R., Dymecki, S. 

M., & Rood, B. D. (2022). Social Interactions Increase Activation of Vasopressin-

Responsive Neurons in the Dorsal Raphe. Neuroscience, 495, 25-46.  

https://doi.org/10.1016/j.neuroscience.2022.05.032 

Author Contributions: T.N.P. and B.D.R designed projects. T.N.P., H.O.C., O.G.M., 

K.L.B., and B.D.R. performed research. T.N.P., H.O.C., and B.D.R. analyzed data. S.M.D. 

guided some projects. B.D.R. wrote the paper. 

 

3.1 Introduction 

Social interactions are part of our everyday life. They are fundamental to our 

maturation, and maintenance of healthy lifestyles as adults. Broadly, social networks are 

the backbone of a functional society. Therefore, mental illnesses that disrupt social 

behavior are not only cumbersome to the individuals affected but also society at large. 

Despite the overwhelming importance of social behavior, our understanding of the 

neurobiological mechanisms that drive social behaviors or their disruptions in 

psychopathologies remains incomplete. Multiple brain regions and neurotransmitter 

systems across many species are implicated in the regulation of social behaviors. In this 

Chapter, we explore small population of vasopressin (Avp)-responsive (Avpr1a-

expressing) neurons in the dorsal raphe (DR) and their potential role in the regulation of 

prosocial behavior.  

https://doi.org/10.1016/j.neuroscience.2022.05.032
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3.2 Rationale 

As discussed extensively in Chapter 1, Avp has been implicated in the regulation of 

social behaviors like parental care, mating, and aggression in a variety of species. In 

contrast, manipulations of suprachiasmatic nucleus Avp neurons have implicated Avp in 

non-social behaviors like locomotion especially in reference to circadian rhythms (Delville 

et al., 1998). Overall, data suggest three functionally distinct Avp systems at play in the 

mouse brain: paraventricular and supraoptic nuclei for the regulation of physical and 

psychosocial stress; bed nucleus of the stria terminalis (BNST) and medial amygdala 

(MeA) for the regulation of social behavior; and suprachiasmatic nucleus for circadian 

rhythms (Rood et al., 2013). While Avp nuclei have been studied at length in the last decade 

(Rigney et al., 2023a), the role of Avp-responsive neurons remains less well studied. We 

believe that to obtain a mechanistic understanding of the Avp system and its effects on 

social behavior, it is equally important to study the role of Avp-responsive cells (i.e., 

downstream targets of Avp), specifically cells that express Avpr1a.  

A projection of both BNST and MeA Avp neurons, the DR in the midbrain is 

particularly interesting as it houses a large group of forebrain-projecting serotonin neurons 

(Lucki, 1998; Rood & Beck, 2014). The serotonin system is well-known to play a role in 

mood regulation. For example, many current treatments for mood and behavior-altering 

psychiatric disorders focus on altering the serotonin system within the brain (Berman et 

al., 1997; Lucki, 1998). In addition, numerous studies have indicated a role for serotonin 

in modulating aggression. In rats, electrolytic lesion of the DR increases levels of 

aggression (Jacobs & Cohen, 1976). Near complete reduction of brain serotonin production 

by knockout of the Tph2 gene (Mosienko et al., 2012), disruption of serotonin neuron 
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differentiation and maturation by knockout of the transcription factor Pet-1 (Hendricks et 

al., 2003), and chemical silencing of serotonin neurons using genetically controlled 

expression of the neurotransmitter release-inhibiting tetanus toxin light chain (Niederkofler 

et al., 2016) all result in elevated levels of aggression in mice. Mounting evidence suggests 

that subtypes of serotonin neurons may be selectively critical for aggression or perhaps 

regulate different types or aspects of aggression. Silencing of a relatively small subset 

(~500 neurons) of DR serotonin neurons that express the dopamine D2 receptor results in 

elevated aggression similar to that produced by silencing of the entire DR (Niederkofler et 

al., 2016), and knocking out D2 receptors in this neuron population alters social dominance 

interactions (Lyon et al., 2020). Because disruptions to serotonin neuron function result in 

elevated aggression, increasing excitation of DR serotonin neurons could potentially help 

promote a more affiliative or prosocial pattern of behavior. 

Several studies have noted functional interactions between Avp and serotonin 

systems (Ferris et al., 1997; Terranova et al., 2016). Rood and colleagues (Rood & Beck, 

2014) performed patch clamp studies of DR serotonin neurons and found that bath 

application of Avp increased excitatory post synaptic currents (EPSCs) in serotonin 

neurons. Because application of the AMPA/kainate glutamate receptor antagonist DNQX 

and tetrodotoxin eliminated the EPSCs, an intermediate glutamate neuron functioning in 

an action potential-dependent manner must be involved. It is likely that this intermediate 

neuron linking Avp to serotonin neurons expresses Avpr1a, as the response was eliminated 

with application of Avpr1a antagonists (Rood & Beck, 2014). Together, these data indicate 

that glutamatergic, Avp-responsive neurons are present in ex-vivo slices containing the DR 

and that these neurons increase the activity of serotonergic neurons in response to Avp and 
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may, therefore, be associated with decreased aggression or increased prosocial behaviors. 

Further, studies from Chapter 2 more clearly identify the presence of Avpr1a neurons in the 

DRL bilaterally surrounding the DR serotonin neurons at the midline. 

In addition, because Ho and colleagues (Ho et al., 2010) found that mating behavior 

in male mice is associated with increased Fos-positive Avp neurons in the BNST (see 

section 1.8 for a detailed discussion), and because BNST Avp neurons project to the DR 

(Rood et al., 2013), it is possible that mating behaviors may increase Fos positivity in the 

DR. To test this hypothesis, Rood and colleagues conducted a similar social interaction 

assay to that in (Ho et al., 2010) by exposing male mice to a sexually-receptive female 

stimulus or unfamiliar male and measuring Fos activity in the DR using 

immunohistochemistry (Patel et al., 2022). Males exposed to a female stimulus, compared 

to those exposed to a male stimulus and homecage or handling controls, show an increased 

number of Fos-positive cells in the DR (Figure A3. 1).  Further analysis of Fos positive 

neurons by subregions of the DR showed that most Fos-expression occurred in DRL 

bilaterally surrounding the Tph2 positive cells in the DMDR where putative Avpr1a 

neurons are located (Figure A3. 1; see Figure A2. 7 for an anatomical schematic of DR 

subfields).  

Overall, a discrete population of neurons in the DR is active when male mice are 

exposed to sexually receptive females (i.e., mating behavior), a finding like that of BNST 

Avp neurons (Ho et al., 2010).  Because Avp indirectly activates DR serotonin neurons 

through Avpr1a suggesting the presence of DR Avpr1a neurons (Rood & Beck, 2014) and 

the fact that DR neurons were activated in response to a female stimulus, we predicted that 

if Avpr1a neurons play a role in prosocial behaviors, then DR Avpr1a neurons would be 
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among those activated in response to social stimuli. To test this, we replicated the 

experiment by (Ho et al., 2010) with some modifications allowing us to assess Avpr1a and 

Tph2 phenotypes in additions to Fos activation.  

 

3.3 Materials & Methods 

 

3.3.1 Animals  

Adult (> postnatal day 60) male and female wildtype C57BL/6J mice were used as 

both subjects and stimulus animals. The animals used were bred and maintained in the 

animal care facility at Rowan SOM. Experimental subjects (n = 5 per sex per group) were 

single housed seven days prior to test day. Stimulus animals were group housed prior to 

behavior testing. Both subject and stimulus mice were housed in filter top mouse cages (7 

in x 15 in x 5 in) under a 12-hour light/dark cycle (lights on at 6:00 am) with ad libitum 

access to food and water. All animal procedures were conducted in accordance with the 

guidelines outlined in the National Institutes of Health's guide for the care and use of 

laboratory animals and were approved by the Institutional Animal Care and Use Committee 

of Rowan University. 

 

3.3.2 Social Interaction Test  

Subject mice were habituated to the behavior room two hours/day for three days 

leading to the test day.  An interaction test consisted of a twenty-minute session of a subject 

mouse in a homecage (7.25 in x 11.625 in x 4.875 in) exposed to one of four stimulus 

conditions: opposite sex, same sex, handling control, or no stimulus homecage control. 
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Subject animals in the handling control group received a simulation of placement and 

removal of a stimulus animal at the beginning and end, respectively, of the 20 min test. 

Subjects in the homecage control were euthanized without any testing. For social and 

handling conditions, behavior during the 20-minute test period was video recorded for later 

analysis. 

 

3.3.3 Tissue Extraction 

Seventy minutes after the onset of the behavior test, the subject mice were 

anesthetized using isoflurane (Covetrus, Inc., Portland, ME), euthanized by decapitation, 

and brains were extracted and flash frozen in dry ice-chilled 2-methyl butane (Thermo 

Fisher Scientific, Inc.). Frozen brains were stored at -80 ℃ until sectioning. Using a 

cryostat, the DR region (AP coordinates from approximately bregma -4.24 mm to -4.92 

mm) of each brain was sectioned at 16 µm thickness and tissue was directly mounted onto 

SuperFrost Plus slides (VWR) and stored at -80 ℃ until processing.   

 

3.3.4 In Situ Hybridization and Image Acquisition 

Every third tissue section was subjected to in situ hybridization using the fresh 

frozen tissue workflow of RNAscope fluorescent multiplex assay according to the 

manufacturer’s instructions (Version 1, Advanced Cell Diagnostics (ACD)). Workflow for 

version 1 kit (ACD document # 320293-USM for a detailed protocol) is similar to the one 

for version 2 kit (as described in section 2.3.2.2 In situ hybridization), with a few 

exceptions mentioned below. Version 1 used in this experiment did not use opal dyes for 

fluorescence labeling, hence the hydrogen peroxide, HRP, opal dye fluorescence, and HRP 
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blocker incubation steps found in the Version 2 workflow were omitted. Instead, in version 

1, fluorescence is coupled with a fourth AMP step (~15 min) using a specific AMP solution 

(A, B, or C). Probes recognizing Avpr1a (probe #418061-C2), Tph2 (probe #318691-C1), 

and cfos (probe #316921-C3) mRNA were fluorescently labeled using AMP 4 Alt A 

solution (C1-Alexa 488, C2-Atto 550, C3-Atto 647). DAPI-containing FluoromountG 

(Electron Microscopy Sciences, Hatfield, PA) was used to detect nuclei and preserve tissue 

following coverslipping. Keyence BZ-X710 fluorescent microscope was used to acquire 

20x images of the entire dorsal raphe in multiple channels to accommodate different 

fluorophores. Images were stitched together using Keyence BZ-X analyzer software.  

 

3.3.5 In Situ Hybridization Data Analysis  

DAPI channel images were used to draw an image mask (REGION) to capture the 

DR region. Borders of the DR were defined by the aqueduct dorsally, medial longitudinal 

fasciculus ventrally, and more cell-dense regions of the ventrolateral periaqueductal gray 

laterally. DAPI images were brightened in ImageJ to reduce background and maximize 

foreground and then fed into MATLAB nucleiSegmentationBot program ( (Cicconet et al., 

2017); Resize Factor = 0.5, Fragmentation = 0.9, Background Threshold = 0.3, and Grow 

= +2)) to create image masks of cells using watershed outlines of identified nuclei 

(CELLS).  For all probe images (PROBE), ImageJ was used to make a duplicate image on 

which a median filter with radius of 2 pixels was applied, then the duplicate image was 

subtracted from the original image to reduce background signal and maximize foreground 

signal. Image sets of REGION, CELLS, and PROBES (Avpr1a, Tph2, and cfos) were used 

in a Cell Profiler (Carpenter et al., 2006) pipeline to identify cell objects (using CELLS 
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image masks) within the dorsal raphe (using REGION masks), count mRNA puncta for 

each probe (using PROBES images) by thresholding, and relate puncta counts to the 

identified cell objects; resulting data consisted of a table of all “parent” cells and associated 

“child” puncta for each probe. Next, the output data was imported into R software (version 

4.2.2) to count and categorize cells based on phenotype marker (Avpr1a, Tph, or cfos). 

Based on counts from negative control slides, a minimum threshold of 5-or-more puncta 

was required for classification.  

 

3.3.6 Behavior Video Analysis 

Twenty-minute video recordings of social interactions or handling controls were 

manually scored by a trained experimenter using ANY-Maze software (Stoelting Co.). 

Bouts and durations of the following behaviors were recorded: digging, grooming, 

exploring, rearing, investigating, allogrooming, chasing (referred to as “following” in 

chapter 4), fighting, and mounting. Following the end of the interaction test, subjects were 

allowed to explore the homecage for another fifty minutes, and locomotor activity was 

measured using the motion tracking feature of ANY-Maze.   

 

3.3.7 Statistical Analyses 

Data summaries and graphs were generated, and statistical tests were performed 

using Statistica software (TIBCO). Graphs and tables were annotated using Adobe 

Illustrator. Behavioral data were expressed as mean ± SEM in figures and text and analyzed 

using a two-way ANOVA with SEX (male or female) and TREATMENT (For non-social 

behaviors: same sex, opposite sex, handling control, or homecage control; social behaviors: 
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same sex or opposite sex) as between-subject factors. Where appropriate, multiple 

comparisons were adjusted using a SNK post-hoc test, with a p value ≤ 0.5 considered 

significant. Relevant statistics are also outlined in the figure legends and results section. 

 

3.4 Experimental Results 

Given the finding from (Ho et al., 2010) that BNST Avp neurons are activated in 

response to mating behaviors, we hypothesized that mating behaviors may also activate 

neurons in the DR, which receives projections from BNST and/or MeA Avp neurons (Rood 

et al., 2013). Our lab previously simulated a similar behavioral paradigm to the (Ho et al., 

2010) study and exposed male mice to either an ovariectomized and hormonally primed 

female (sexually receptive) or male stimulus animal. Immunohistochemistry performed on 

brain sections of the male subject mice revealed increased Fos-positive cells in the DR, 

particularly the rostral dorsomedial DR, following exposure to a female, but not a male 

stimulus animal (Patel et al., 2022).  

Based on the finding from our first experiment, we hypothesize that the Avpr1a-

expressing neurons in the DR also increase Fos positivity in response to mating behaviors 

(i.e., male subjects exposed to female stimulus, and possibly, female subjects exposed to 

male stimulus). To test this hypothesis, we performed a similar behavioral paradigm, with 

the addition of female subjects (see 3.3.2 Social interaction test for more details), and 

performed in situ hybridization using probes against Avpr1a, cfos, and Tph2 (serotonin 

marker) mRNA on sections of the rostral DR.  
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3.4.1 Analysis of Non-Social and Social Behaviors 

Non-social (Table A3. 1) as well as social (Table A3. 2) behavior was scored 

manually, and behavior duration and bouts were measured. ANOVA of SEX (male or 

female) and TREATMENT (opposite sex, same sex, handling or homecage control) as 

independent factors and overall activity (sum of all active behaviors) as a dependent factor 

revealed a main effect of TREATMENT (F2,24= 3.52, p = 0.046) with handling group 

displaying less overall activity than the same sex group (1029.78 ± 25.41 sec vs. 1130.61 

± 27.73 sec; SNK post-hoc tests, p ≤ 0.05). Additionally, opposite sex group did not differ 

from handling or same sex group. 

Time spent engaged in non-social behaviors (sum of digging, grooming, exploring, 

and rearing) were significantly higher in the handling group compared to other groups 

(TREATMENT: F2,24 = 7.89, p = 0.002; SNK post-hoc, p ≤ 0.05). In contrast, for social 

behaviors, there were no observed significant main effects of or interactions between SEX 

or TREATMENT in duration or latency to start of social behaviors (sum of investigating, 

allogrooming, chasing, fighting, and mounting). Lastly, analysis of general activity in the 

post-test period showed less overall activity in handling group (661.89 ± 173.06 sec) than 

both opposite sex (1362.31 ± 198.74 sec) and same sex groups (1573.02 ± 251.98 sec; 

TREATMENT: F2,24 = 6.24, p = 0.007; SNK post-hoc, p ≤ 0.05). 

Analysis of digging, exploring, and rearing showed no differences between groups 

or sex; however, there was a main effect of TREATMENT in grooming time (F2,24 = 11.07, 

p ≤ 0.001) with handling group spending more time grooming than the other groups (Table 

A3. 1; SNK post-hoc, p ≤ 0.05). Next, analysis of social behaviors individually revealed no 

significant main effects or interactions (Table A3. 2). Conspecific investigation (sniffing) 
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and chasing were observed in all tests and did not differ between groups. Allogrooming 

was observed at low levels across both groups and did not differ. Fighting mainly occurred 

in male–male interactions and still did not significantly differ between groups. Fighting 

behavior was also observed at low levels, with two out of five male–male interactions 

engaging in no bouts of fighting. Similarly, mounting was also a low frequency behavior 

in male–female interactions (6 out of 10 interactions) and nonexistent in male-male or 

female-female interactions. In summary, social behaviors were not significantly different 

between groups. 

 

3.4.2 Male and Female Mice Have Greater Fos Positive DR Cells with Exposure to a 

Female Stimulus 

Because immunohistochemistry of tissue from male mice exposed to female 

stimulus showed increase DR Fos activity within the rostral regions, we chose sections 

from the rostral DR (Figure A3. 1) for the in situ hybridization analysis (Figure A3. 2). 

Data from two animals (a male from same sex group and a female from opposite sex group) 

were excluded from the analysis due to the lack of acceptable anatomically matched 

sections, resulting in a sample size of four for the Male - Same Sex and Female - Opposite 

Sex groups. All other groups had a sample size of five. The analysis of total cfos expression 

irrespective of cell phenotype using a two-factor ANOVA (Figure A3. 2C) revealed a 

significant main effect of TREATMENT (F3,30 = 6.2, p = 0.002) and an interaction between 

TREATMENT and SEX (F3,30 = 3.7, p = 0.023). Further SNK post-hoc tests (p ≤ 0.05) 

revealed that for female mice, a female stimulus induced significantly more Fos expression 

compared to females from Homecage and Handling groups; similarly in males, exposure 
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to a female stimulus induced more Fos expression than those from Homecage control with 

other groups being intermediate (Figure A3. 2C). These results replicate male data from 

our previous experiment (Figure A3. 1) and show that females have increased Fos 

expression in response to Same Sex, not Opposite Sex, stimuli. 

 

3.4.3 Tph2 Positive Cells Do Not Show Increased Fos Positivity in Any Groups  

Next, we used Tph2 and Avpr1a puncta to differentiate between serotonergic and 

Avpr1a neurons, respectively. We found that ~ 20% of Tph2 cells (n = 6525) contained 

puncta for Avpr1a (n = 1346). However, most Avpr1a cells in the DR do not contain Tph2, 

with only about 10% of Avpr1a neurons (n = 11,058) containing Tph2 (n = 1346). Together, 

this data suggests a definitive subpopulation of serotonin neurons that contain Avpr1a 

mRNA. As for Fos expression, Tph2 and Tph2 + Avpr1a cells contained a low quantity of 

Fos signal across all groups (~ 0 to 15 cells across all subjects, Figure A3. 2D). ANOVA 

with TREATMENT (opposite sex, same sex, handling, or homecage control) or SEX (male 

or female) as factors revealed a main effect of TREATMENT (F3,30 = 4.6, p = 0.009), with 

both opposite and same sex groups having higher Fos + Tph2 cells than the homecage 

control (SNK post-hoc, p ≤ 0.05), but not handling control. As for Fos + Tph2 + Avpr1a 

cells, there were no differences across the groups. 

 

3.4.4 Male and Female Mice Have Greater Fos Positive DR Avpr1a and Non-

Serotonergic, Non-Avpr1a Neurons with Exposure to a Female Stimulus 

Counts of Fos puncta in non-serotonergic cells were substantially higher than those 

in serotonergic cells, ranging from 0 to 236 Fos positive cells. The pattern of Fos expression 
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in response to different stimuli was similar in Avpr1a cells and Fos-only (i.e., non-Avpr1a, 

non-Tph2 positive) cells (Figure A3. 2 E & F), and largely mirrored the pattern seen in all 

Fos positive cell (Figure A3. 2C). Two-factor ANOVA displayed a significant main effect 

of TREATMENT (Fos + Avpr1a: F3,30 = 5.8, p = 0.003; Fos-only: F3,30 = 4.9, p = 0.007) 

and interaction between SEX and TREATMENT (Fos + Avpr1a: F3,30 = 3.9, p = 0.018; Fos-

only: F3,30 = 3, p = 0.048). Female mice that interacted with a same sex stimulus had greater 

Fos + Avpr1a cells than those in homecage and handling control groups, and male mice 

exposed to an opposite sex stimulus had more Fos + Avpr1a cells than those in homecage 

control group (Figure A3. 2E, SNK post-hoc, p ≤ 0.05). Post-hoc analyses (SNK, p ≤ 0.05) 

for Fos-only cell data revealed that exposure of male mice to an opposite sex conspecific 

and female mice to a same sex conspecific had greater positive cells than males and females 

in homecage control group respectively (Figure A3. 2F).       

 

3.5 Discussion 

The studies in this chapter were designed to investigate the mouse dorsal raphe in 

the context of prosocial and aggressive behavior. Moreover, we aimed to confirm the 

presence of Avpr1a-expressing neurons in the DR and investigate whether cells in the DR, 

like BNST Avp neurons (Ho et al., 2010), activate during prosocial behavior (i.e., male–

female interactions) but not aggressive encounters (i.e., male–male interactions). 

Preliminary work by others indicated that male mice exposed to a sexually receptive female 

do show increased Fos-positive cells mainly in DMDR in the rostral extent of the DR 

(Figure A3. 1).  
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 Our in situ hybridization data suggest the presence of a discrete population of 

Avpr1a-expressing cells within the DR (Figure A3. 2A) that show increased cfos mRNA 

colocalization in male and female subjects exposed to a female stimulus animal (Figure 

A3. 2E). Furthermore, we also observed cells expressing cfos, but not Avpr1a or Tph2, 

mRNA that are active during interactions with a female stimulus, indicating another 

population with unknown phenotype that may play a role in social behavior (Figure A3. 

2F). Lastly, the homecage control group showed fewer Tph2 + Fos cells than either 

opposite or same sex groups, but the same vs. opposite sex did not differ from one another 

(Figure A3. 2D).  

Surprisingly, our hypothesis that females, like males, would show heightened Fos 

expression when presented with an animal of the opposite sex (i.e., strictly mating group) 

turned out to be incorrect. Instead, female subjects exhibited heightened neural activity 

when exposed to another female, but not to a male. The similarity in the response of both 

male and female subjects to a female stimulus may be due to several possibilities. One 

explanation could be that DR cells, including those that express Avpr1a, may play a role in 

detection of a female, regardless of the sex of the subject. Or perhaps certain aspects of 

behavioral interaction that are comparable between female-female and male-female as 

opposed to female-male and male-male interactions are regulated by the DR.   

Simple sex discrimination is unlikely to be the sole function of DR Avpr1a-neuron 

signaling to serotonin neurons. Sex specific cue detection beginning at the main olfactory 

bulb and vomeronasal organ is quickly distributed across multiple targets including the 

BNST and MeA and is integrated with numerous other inputs (Dong et al., 2001; Kunkhyen 

et al., 2017; Lin et al., 2005; Pankevich et al., 2004). Studies examining neural activation 
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in response to odor cues suggest that olfactory bulb neurons as well as neurons in olfactory 

processing regions such as MeA and BNST respond to male and female odor cues. 

However, there are subtle and complex differences with multiple studies suggesting the 

presence of differential responding based on factors such as sex, estrous cycle in females, 

or hierarchical social status in males (Aste et al., 2003; Borelli et al., 2009; Kang et al., 

2009; Veyrac et al., 2011). Disruption of higher-order target areas appears to disrupt 

stimulus-specific behavior while leaving olfactory discrimination of sex-specific cues 

intact. For example, female Syrian hamsters with excitotoxic lesions of the principal 

nucleus of the BNST (BNSTpr) maintain the ability to discriminate between male and 

female urine but will scent mark indiscriminately in response to male or female stimuli 

(Martinez & Petrulis, 2011). In mice, chemogenetic activation of aromatase-expressing 

BNSTpr neurons disrupts the patterning of male mating behavior toward a female and 

greatly increases mounting attempts directed toward a male stimulus animal (Bayless et 

al., 2019). Critical to our data, the BNSTpr is where BNST Avp neurons are located. The 

BNST to DR signal is likely influenced by the sex of the stimulus animal. However, sex 

discrimination is not dependent on the BNST, and BNST modulation leads to complex 

changes in behavior suggesting the BNST signal likely carries more information than sex 

alone. There are limited data for the impact of olfactory cues or social interactions on DR 

neural activation in mice, although multiple studies using rats suggest that various social 

interactions impact DR Fos expression (Paul et al., 2011; van Kerkhof et al., 2014).  

If sex specific cues are not a likely explanation for the Fos response observed in the 

DR of male and female mice exposed to a female stimulus, then perhaps some aspect or 

quality of the behavioral interaction should be considered. A simple explanation of time 
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spent interacting is not likely as latency to interact and time spent interacting were not 

different between any social behavior groups. General activity itself may have had some 

impact on Fos expression as the Handling group tended to be intermediate between social 

stimulation and Homecage groups. Our data suggest that in both male and female mice, 

exposure to a female most strongly induced Fos expression in the DR overall and 

specifically in Avpr1a neurons. However, it is important to note that significant differences 

revealed by post-hoc tests were in comparison to the no stimulation (Homecage) groups. 

In some cases, exposure to Handling or to a male resulted in an intermediate level of 

responding such that subjects did not differ from female exposed animals or Homecage 

controls. It is possible that there was a low level of Fos activation induced by handling or 

a male stimulus, but the female stimulus definitively induced the most robust levels of Fos 

expression. The study was limited by a low sample size, and it is possible that a larger 

number of subjects could resolve group differences further. Fos expression also does not 

appear to be due to overall activity or the amount of social behavior as there were no 

differences in latency to interact or duration of social interaction or in any of the specific 

behaviors recorded (i.e., allogrooming, chasing, investigation, and fighting) except for 

mounting which only occurred in male–female pairings. Mating alone is unlikely to be the 

cause of higher Fos expression as females had higher Fos expression in female-female 

pairings, where there were no mounting attempts. As noted previously, handling groups 

consistently showed intermediate levels of Fos expression, and so in future studies, it would 

be interesting to see if lower general activation versus stimulus-specific activation recruited 

different cell types in the DR or just more of each cell type. An important next step for 

investigating DR Avpr1a neurons is to functionally manipulate them in behaving mice. 
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However, it has been a difficult task for the Avp field to gain access to Avpr1a neurons. To 

address this, we validated an Avpr1a-Cre mouse line that allows selective control over the 

putative Avpr1a cells (hereafter referred to as Avpr1a cells or neurons) throughout the 

mouse brain. In Chapter 4, we use this mouse line to express inhibitory chemogenetic 

receptors specifically in Avpr1a neurons of the DR allowing us to disrupt the function of 

Avpr1a cells and assess the impact on social behavior. 
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Chapter 4 

Dorsal Raphe Avpr1a Neurons & Behavior 

4.1 Introduction 

The role of Avp in social behavior has been extensively studied for decades (see 

Chapter 1). In one of the earliest studies of Avp function, peripheral administration of Avp 

alone restored a conditioned response in neurohypophysis-removed rats that exhibit a 

shuttle-box avoidance response (De Wied, 1971). While this study demonstrated a 

definitive behavioral impact of Avp, the peripheral injection approach lacked the ability to 

pinpoint brain regions involved. With the emergence of specific Avp receptor agonists and 

antagonists, researchers were able to target specific brain regions to study behavioral 

effects of Avp. For example, (Ferris & Potegal, 1988) used a guide cannula to deliver 

Avpr1a antagonist d(CH2)5Tyr(Me)Avp to the anterior hypothalamus of adult male 

hamsters and observed a reduction in aggressive behavior when subjects were exposed to 

smaller “intruder” hamsters in a resident-intruder paradigm. In prairie voles, injections of 

Avp and Avp receptor antagonists into the lateral septum of male voles increased and 

decreased paternal behaviors (i.e., grooming, crouching, over, contacting, and retrieving 

pups) respectively (Wang et al., 1994). Electrolytic lesions of discrete Avp nuclei have also 

added valuable insight into our understanding of the contributions of different Avp nuclei 

to the control of social behavior. For example, (Delville et al., 1998) electrolytically 

lesioned the SCN in golden hamsters and found that although removal of SCN disrupted 

the circadian rhythm of locomotion (as determined by wheel running), flank-marking 

behavior (i.e., a type of social communication / territorial behavior that involves scent 
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marking objects often the test arena itself with glands located near the animal’s flank) was 

not affected, and thus must be regulated by Avp from regions other than SCN.  

Advances in genetic tools have created new approaches to delve into the 

mechanisms by which Avp impacts social behavior and other processes. For instance, 

knock-out (KO) mouse lines with Avpr1a or Avpr1b genes removed have contributed to 

our understanding of overall action of Avp through these receptors. For example, Avpr1b-

KO but not Avpr1a-KO mice display a significant impairment in expression of aggression 

(longer latency and fewer attacks) compared to controls (Wersinger, Caldwell, 

Christiansen, et al., 2007; Wersinger, Caldwell, Martinez, et al., 2007; Wersinger et al., 

2002; Wersinger et al., 2004). Avpr1a-KO mice display impaired social recognition and 

reduced anxiety-like behaviors (Bielsky et al., 2004). Together these data suggest that Avp 

may affect distinct social behaviors, in part, through different Avp receptors. While 

numerous techniques and approaches have contributed greatly to our understanding of Avp 

and its role in social behavior, each new method has its limitations as in, for example, 

determining the spread of microinjected compounds, the unintended damage to fibers of 

passage in lesion studies, or the unknown role of compensatory mechanisms during 

development in phenotypes of constitutive gene knock-out models.  

New chemogenetic and optogenetic techniques allow for transient modulation and 

predictable spatial and temporal control over regions of interest. As such, they may serve 

as an alternative or complementary approach to conventional methods for gain- and loss-

of-function studies. Further, cell-type specific control of effector expression can be 

achieved by using gene-specific promoters, which in the living organisms are the 

mechanism of cell-type specific expression (Kim et al., 2017; K. S. Smith et al., 2016). 
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Recently, Avp-Cre transgenic mice, in which Cre expression is driven by the promoter of 

the Avp gene, in combination with Cre-dependent viral constructs that cause caspase-

mediated cell death were used to study the effects of loss of Avp containing neurons in 

distinct regions like PVN, BNST, and SCN of adult mice (Rigney et al., 2021; Rigney et 

al., 2019; Whylings et al., 2021). There are several advantages of this combinatorial 

approach. Methods like Cre-dependent caspase-mediated cell death or chemogenetics in 

Cre transgenic mice are minimally invasive during behavior testing and achieve cell-type 

specificity. Chemogenetic or optogenetic manipulations are acute, temporary, and lessen 

the effects of compensatory mechanisms that may be involved in other methods that cause 

permanent alterations to cells of interest.  While optogenetic approaches offer a better 

temporal control over the neurons of interest, chemogenetics confers less damage to 

surrounding brain structures (i.e., no lasting track damage like in optogenetics) and is a 

more suitable approach for experiments where multiple animals are simultaneously tested 

(e.g., social interaction test). Because of the advantages highlighted above, in this chapter, 

our goal is to utilize chemogenetics to temporarily inhibit the DR Avpr1a neurons in 

behaving mice and monitor for behavioral changes.   

 

4.2 Rationale 

The DR region in the midbrain is of particular interest when it comes to social 

behavior. DR houses a large population of serotonergic cells, and serotonin is known to 

play a role in mood regulation and social behaviors, including aggression. Studies have 

shown that manipulating serotonin levels or disrupting serotonin neuron function leads to 

increased aggression in rodents (Mosienko et al., 2012; Niederkofler et al., 2016). Given 
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the link between decreased serotonin neuron function and aggression, increasing the 

excitation of DR serotonin neurons may work in the opposite direction and promote 

prosocial behaviors. The DR receives projections from Avp cells in the BNST and MeA, 

which are also implicated in a variety of prosocial behaviors. Previous work in patch clamp 

studies demonstrated that Avp bath applied to a slice containing the DR indirectly activated 

patch clamped serotonin neurons. Further characterization of the response demonstrated 

that Avp invoked an increase in glutamate mediated excitatory post-synaptic currents in 

some serotonin neurons and that the response was dependent on the Avpr1a receptor and 

required the Avp-responsive cell to be in the same slice as the patched serotonin cell 

(response was sensitive to tetrodotoxin) (Rood & Beck, 2014).  In work presented here and 

published in (Patel et al., 2022), we found that the DR contains Avpr1a expressing cells 

that are activated (as measured by fos expression), in both male and female mice, during 

an exposure to a female stimulus (Chapter 3), a finding similar to that of the BNST Avp 

neurons observed in male mice exposed to a female subject. We also confirmed the 

existence of DR Avpr1a neurons in an Avpr1a-Cre mouse model through the detection of 

TdTomato protein in DR of Avpr1a-Cre::RC-PTom mice and the recombination of an AAV 

encoding a Cre-dependent TdTomato gene injected into the DR of Avpr1a-Cre mice. 

Furthermore, in situ hybridization data shows that TdTomato mRNA is highly colocalized 

with Avpr1a mRNA in the DR of Avpr1a-Cre::RC-PTom mice (Chapter 2). Together, these 

data indicate a distinct population of neurons expressing Avpr1a in the mouse dorsal raphe 

which may have some role in social behaviors, specifically prosocial behavior. However, 

it is not clear what aspect of an interaction with a female stimulus seems to drive the 

increased activation in DR Avpr1a neurons and whether DR Avpr1a neurons are 
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functionally necessary for any part of an interaction with a female stimulus. Therefore, in 

this chapter our goal is to study the functional effects of silencing DR Avpr1a cells during 

tests of social behavior, especially in response to a female stimulus. We predict that 

chemogenetic inhibition of the DR Avpr1a neurons will decrease prosocial, and possibly 

increase aggressive behavior in mice. We will test this hypothesis using a battery of 

behavior tests that allow for the assessment of various aspects of 1) social behaviors 

including sociability (i.e., propensity of an organism to be social), novelty preference, 

following a conspecific, sniffing, huddling, mating, and fighting, and 2) non-social 

behaviors like grooming, rearing, exploring, and general locomotion. 

 

4.3 Materials & Methods 

 

4.3.1 Animals and Surgery 

Adult Avpr1a-Cre (~8-16 weeks; male = 17, female = 19) and WT (stimulus 

animals) mice were used in this study. The Avpr1a-Cre mouse line has undergone more 

than 10 generations of backcrossing to the C57BL/6J strain, and all animals used were bred 

in the animal care facility at Rowan School of Osteopathic Medicine (Stratford, NJ). 

Animals were group housed in a 12-h light/dark cycle (lights on at 06:00 am) with ad 

libitum access to water and food. We targeted DR Avpr1a neurons by injecting an AAV that 

encodes Cre-dependent hM4Di-mCherry, a modified G-protein coupled receptor protein 

that can decrease neuronal excitability temporarily when activated by an exogenous ligand, 

clozapine-N-oxide (CNO) (Alexander et al., 2009; Armbruster et al., 2007; Krashes et al., 

2011). Avpr1a-Cre mice underwent stereotaxic surgery during which they received 
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injections of AAV encoding Cre-dependent hM4Di-mCherry (pAAV-hSyn-DIO-

hM4D(Gi)-mCherry; Addgene #44362-AAV2, ≥5x1012 vg/ml) into the dorsal raphe at 

coordinates AP -4.48 mm, ML 0 mm, DV -3.15 mm (described in detail in Section 2.3.4.1). 

All animals were used in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals, and all materials and procedures were approved by 

the Institutional Animal Care and Use Committee of Rowan University. 

 

4.3.2 Behavior 

After surgery, subject animals were single-housed and given three weeks to recover 

allowing time for expression of hM4Di-mCherry. Following recovery, subjects were tested 

in a three-chamber social behavior test, an opposite-sex social interaction test, and a same-

sex social interaction test over a 3-week period (Figure A4. 1). All behavior testing was 

conducted using a within-subject design, with each subject tested twice (one time per day 

for two consecutive days), receiving CNO (1 mg/kg) or vehicle (0.9% NaCl). The order of 

CNO and vehicle administration was randomized and counterbalanced. Although stimulus 

animals were used in multiple behavior tests, subjects only interacted with a specific 

stimulus animal once (i.e., stimulus animals were different each test day for a given 

subject). 

 

4.3.2.1 Three-Chamber Social Behavior Test. The 3-chamber social behavior test 

(Figure A4. 2) has become a staple in the study of social behavioral deficits observed in 

animal models of autism spectrum disorder (Kaidanovich-Beilin et al., 2011; Moy et al., 

2004) and social behavior in general. There are two distinct parts to this test: sociability / 
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social interest and social memory / social novelty preference. The apparatus consists of 3 

distinct chambers made with transparent Plexiglas, with two doors separating the middle 

chamber from the side chambers on each side. Subject mice were habituated to the 

apparatus for 15 mins each day for 3 days prior to the first social behavior test. On test day, 

the subject was placed in the middle chamber and allowed 5 minutes to acclimate. During 

this period, entry to side chambers was blocked by clear Plexiglas barrier (Figure A4. 2A). 

After the acclimation period, an unfamiliar stimulus, a diestrus female, was placed in a 

wire cage in one of the two side chambers and the wire cage in the opposite chamber was 

left empty (Figure A4. 2B). Then, the barriers between the side chambers were removed 

and the subject animal was able to explore the entire apparatus for 10 mins. This part tested 

for animal’s “sociability”, which is defined by the animal’s preference to spend more time 

with the stimulus animal than in the empty cage chamber (Kaidanovich-Beilin et al., 2011). 

Following a brief intermission in which the animal was returned to the closed middle 

chamber, a second round of testing was conducted in which a second unfamiliar diestrus 

female was placed in the previously empty wire cage (Figure A4. 2C). Mice generally 

prefer to investigate a novel over familiar stimulus requiring them to remember the 

stimulus animal from the first 10 min. of the test (i.e., spend more time in the second 

stimulus chamber); (Kaidanovich-Beilin et al., 2011; Moy et al., 2004)). Therefore, this 

second part tests a preference for social novelty or social memory. For both parts of the 

test, behavior was videotaped and videos were analyzed using motion tracking features of 

ANY-Maze behavior analysis software (Stoelting Co.). Measurements included time spent 

within each chamber and time in which subject’s head was within 3cm of and pointed at 

the stimulus cage. Other general behavioral data such as activity measures, number of 
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entries into each chamber, and latency measures were also recorded. One potential 

advantage of the 3-chamber test comes from the fact that the stimulus animals are 

surrounded by wired cages. This still allows for auditory, olfactory, and visual investigation 

between the subject and stimulus while eliminating some extreme social interactions like 

sexual and/or aggressive encounters (Moy et al., 2004). However, we were also interested 

in tests with direct social interaction, which are described below. 

 

4.3.2.2 Opposite Sex Social Interaction. A subject mouse was placed in a novel 

cage, which had the same dimensions as the home cage but did not contain bedding. 

Animals were allowed to acclimate to and explore the new cage for 10 min. Thereafter, an 

unfamiliar stimulus of the opposite sex was placed in the cage, and the mice were allowed 

to interact freely for 20 min. Female stimuli animals were only included in the test if they 

were in diestrus stage of estrus cycle to minimize any confounding effects of estrus 

females. The interaction was video recorded for manual scoring of social and non-social 

behaviors using ANY-Maze keylogging features. Social behaviors scored included sniffing 

anogenital region (head-to-rear sniffing), head-to-head sniffing, following, allogrooming, 

huddling, mounting, fighting, and lateral attacks. Non-social behaviors observed and 

scored included grooming (i.e., self-grooming), rearing, and exploring. ANY-Maze output 

included number of bouts, total duration, and latency to first occurrence of each behavior 

scored.  

 

4.3.2.3 Same Sex Social Interaction. This test was run just like the opposite sex 

social interaction test, with one difference—the sex of the stimulus animal in this test was 
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the same as that of the subject. Behavior was recorded and manually scored for the same 

set of behaviors scored in the opposite sex test. 

 

4.3.2.4 Activity Assay. Before opposite and same sex interaction tests, each subject 

was allowed to acclimate and explore the novel cage for 10 min before the stimulus animal 

was placed in the cage. Activity during this period was recorded and automated motion 

tracking analyses using ANY-Maze were calculated to get general activity measures 

including distance travelled and average speed of movement. 

 

4.3.3 Virus Expression Verification 

Following the end of behavior testing, mice were euthanized by intracardiac 

perfusion with 0.9% saline followed by 4% paraformaldehyde in phosphate buffered saline 

and brains were collected and stored in 4% paraformaldehyde overnight followed by a 30% 

sucrose solution until sectioning. Tissue was sectioned at 40 um on a cryostat, and every 

3rd section was stained using immunohistochemistry procedures similar to those described 

in Section 2.3.3.1 to visualize mCherry (primary: rabbit anti-RFP, 1:2000, Rockland; 

secondary: donkey anti-rabbit Alexa Fluor 594, 1:250, Invitrogen) as a proxy for viral 

spread, and Tph2 (primary: goat anti-Tph2, 1:500, Abcam; secondary: donkey anti-goat 

Alexa Fluor 488, 1:250, Invitrogen) to identify serotonin neurons.  

A Keyence BZ-X710 with a 10x objective was used to capture images of dorsal 

raphe sections. Multi-panel images of entire brain sections were acquired and then stitched 

using an ImageJ macro utilizing Grid/Collection Stitching plugin (Preibisch et al., 2009). 

DAPI and Tph2 images were used to visualize the anatomy of each section including the 
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location of serotonin neurons, and a region map encapsulating the dorsal raphe was drawn 

(according to boundaries shown in Figure A2. 6; Mouse Brain Atlas (Franklin & Paxinos, 

2008)). RFP images were then used in conjunction with the region map to quantify the RFP 

positive cells in and around the dorsal raphe.  

To optimize images for cell counting, each RFP image was modified using ImageJ. 

First the RFP image was duplicated, converted to 8-bit, and passed through a gaussian blur 

filter (sigma = 20) and the resulting image was subtracted from the original; this process 

removes background pixel information creating better contrast of image foreground pixels, 

in other words, RFP cell bodies.  The Otsu method was then used to threshold cell bodies 

creating a mask image, a watershed filter was applied to separate clustered cells, and, 

finally, the analyze particle feature (size = 30-500 pixels2, circularity = 0.2-1) was used to 

quantify cells, which were then assigned to appropriate anatomical regions. 

 

4.3.4 Statistical Analyses 

R software (version 4.2.2; (RCoreTeam, 2022)) was used for all data analyses. Data 

summaries were generated using the tidyverse package (version 2.0.0), statistical tests were 

performed using the rstatix package (version 0.7.2), and plots were graphed using the 

ggplot2 package (3.4.1). Figures, graphs and tables were annotated as needed using Adobe 

Illustrator.  

Behavioral data were expressed as means ± SEM in figures and text. Data were 

analyzed using a two-way mixed-model ANOVA with SEX (male or female) as a between-

subjects factor and DRUG (CNO or Saline) as a within-subjects factor. Post hoc tests were 

performed to study the effect of DRUG (within-subject factor) on social behaviors that are 
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substantially different between the two sexes. Where appropriate, Benjamini-Hochberg 

method (False Discovery Rate, 5%; (Benjamini & Hochberg, 1995)) was used to control 

multiple comparisons. The criterion for statistical significance was set at p ≤ 0.05.  Relevant 

statistics are also outlined in the figure legends and results sections. 

 

4.4 Experimental Results 

To test the hypothesis that Avpr1a-expressing cells in the DR modulate social 

behavior, we designed an experiment in which we could examine the impact of 

chemogenetic inhibition of DR Avpr1a cells on multiple aspects of social behavior 

displayed in the three-chamber social behavior test, opposite sex social interaction test 

(mating), and same sex social interaction test (resident-intruder).  

 

4.4.1 Histological Verification of Cre-Dependent Hm4di Virus Expression in DR 

For chemogenetic inhibition of DR Avpr1a neurons, Avpr1a-Cre mice (n = 36) 

underwent stereotaxic injections of Cre-dependent hM4Di-mCherry virus into the DR. 

Confirmation of target accuracy was accomplished by qualitative and quantitative analyses 

of immunofluorescent detection of mCherry (Figure A4. 3). Of the 36 animals receiving 

injections, 29 mice (12 males, 17 females) displayed accurate viral expression centered in 

the DR; seven mice had off-target injections and were excluded from further analyses. Of 

the seven missed injections, three (1 male, 2 females) displayed no mCherry expression. 

The remaining four had injections centered in the median raphe (one male), periaqueductal 

gray (one male), inferior colliculus (one male), or superior colliculus (one male). 

Quantification of DREADD-mCherry expressing cells in the DR revealed an average of 
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263 labeled cells per animal (272 for males, 257 for females), with a minimum and 

maximum of 96 and 542 respectively (Figure A4. 3H). It is important to note that every 3rd 

section was collected for histology, thus actual impacted cell number would be ~3X higher 

than reported. We further characterized the rostro-caudal spread of the viral infection by 

dividing the DR into five prominent regions based on patterns of serotonin neurons: 

Bregma A) -4.36 mm, B) -4.48 mm, C) -4.60 mm, D) -4.72, and E) -4.84 mm (Figure A4. 

3B-G) and quantified mCherry positive cells within each of the five anatomically matched 

rostro-caudal (A – E) regions. We found that most animals displayed viral spread 

throughout most of the DR regions (average number of mCherry positive cells: 30 in A, 30 

in B, 25 in C, 42 in D, 37 in E; Figure A4. 3H). 

 

4.4.2 DREADD Inhibition of DR Avpr1a Cells Did Not Alter Sociability or Novelty 

Preference 

To analyze behavioral data including the three-chamber test here and interaction 

with male and female stimulus animals in an open arena presented in subsequent sections, 

we employed a two-factor mixed model ANOVA with the between-subjects factor SEX 

(male or female) and the within-subjects DRUG treatment (CNO or saline). For the 

sociability test, we first examined the percent time spent in the stimulus chamber versus 

empty chamber ([time spent in stimulus chamber / (time spent in stimulus chamber + time 

spent in empty chamber)] * 100). There was a significant main effect of SEX (F1,27 = 

14.795, p = 0.0007) with male mice spending a greater percentage of time in the stimulus 

chamber (65.8 ± 2.0% vs. 55.7 ± 1.6%) compared to female subjects (Figure A4. 4A). There 

was no significant main effect of DRUG (F1,27 = 0.088, p = 0.77) or interaction between 
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SEX and DRUG (F1,27 = 0.049, p = 0.83). We also examined percent time spent 

investigating the stimulus animal (time spent investigating stimulus animal / (time spent 

investigating stimulus animal + time investigating empty cup) * 100); investigating was 

defined as being within 3 cm of the stimulus cup. We again found a significant effect of 

SEX (F1,27 = 12.670, p = 0.001) with males, compared to females, spending a greater 

percent time investigating the stimulus animal (67.0 ± 2.4% vs. 55.9 ± 1.9%, Figure A4. 

4B), but we did not observe main effect of DRUG (F1,27 = 0.162, p = 0.691) or an interaction 

between SEX and DRUG (F1,27 = 0.165, p = 0.688).  

Next, we examined the percent of entries into the stimulus chamber (entry into the 

stimulus chamber / (entry into the stimulus chamber + entry into the empty chamber) * 

100) and percent of stimulus investigation bouts (bouts of stimulus investigation / (bouts 

of stimulus investigation + bouts of empty cup investigation) * 100). Interestingly, CNO 

treatment (F1,27 = 5.287, p = 0.029) significantly increased the percent of entries into the 

stimulus chamber (58.6 ± 2.3% vs. 50.6 ± 2.5%) compared to saline treatment irrespective 

of sex (SEX: F1,27 = 2.375, p = 0.135; SEX x DRUG: F1,27 = 0.654, p = 0.426; Figure A4. 

5). Male mice had a greater percentage of stimulus investigation bouts than females (64.6 

± 2.4% vs. 55.2 ± 2.2%; F1,27 = 7.540, p = 0.011) but no differences in response to treatment 

for either males or females (treatment: F1,27 = 0.595, p = 0.447; sex and treatment: F1,27 = 

2.365, p = 0.136).  

Lastly, we examined the activity level of animals by measuring the distance traveled 

during the test. There were no significant main effects (SEX: F1,27 = 1.819, p = 0.189; 

DRUG: F1,27 = 0.534, p = 0.471) or interactions (F1,27 = 0.067, p = 0.798) in distance 

traveled during the sociability stage of the test (Figure A4. 6). 
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In the second stage of the three-chamber test, the same animal from the sociability 

test remains in one stimulus cup and an unfamiliar/novel mouse is placed in the previously 

empty cup. The interval between sociability and novelty tests can be increased to tax social 

memory, but here we used a short interval of ~5 min. We tested the effects of silencing DR 

Avpr1a neurons on novelty preference. First, we examined effects of sex or treatment on 

percent time spent in the novel chamber (time in novel chamber / (time in novel chamber 

+ time in familiar chamber) * 100) as well as percent time spent investigating the novel 

animal (time investigating novel animal / (time investigating novel animal + time 

investigating familiar animal) * 100). We observed no significant effects of SEX (F1,27 = 

0.00054, p = 0.982) or DRUG (F1,27 = 1.15, p = 0.293) nor any interaction between SEX 

and DRUG (F1,27 = 0.045, p = 0.834) on time spent in the novel chamber (Figure A4. 7A). 

Males and females spent approximately 53.7 ± 2.2% and 53.8 ± 2.3% time respectively in 

the chamber with a novel animal, whereas CNO and saline treated subjects spent 55.6 ± 

2.2% and 51.9 ± 2.4% time in the novel chamber. Similarly, there were no SEX or DRUG 

main effects or interactions in percent entry into the novel chamber (Figure A4. 7B), time 

investigating (Figure A4. 7C), or bouts of investigation (Figure A4. 7D) of the novel 

animal. 

 

4.4.3 In Male and Female Subjects, Chemogenetic Inhibition of DR Avpr1a Cells 

Decreased Prosocial Behavior When Exposed to a Female Stimulus in Social Interaction 

Test 

In our previous experiments, both male and female mice exposed to a female 

stimulus mouse had more cells with colocalized Avpr1a and Fos compared to exposure to 
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male mouse or non-social controls. Therefore, we hypothesized that chemogenetic 

silencing of DR Avpr1a cells might decrease prosocial behaviors in male and female mice 

exposed to a female stimulus animal in a social interaction test.  

First, we analyzed locomotion as a general measure of activity during the 10-min 

acclimation period before introducing a social stimulus into the test cage. For distance 

traveled, two-way ANOVA with SEX (between-subject) and DRUG treatment (within-

subject) as factors revealed a main effect of SEX (F1,27 = 7.955, p = 0.009), with males 

traveling a greater distance (15.483 ± 1.124 m vs. 12.172 ± 0.819 m) than females (Figure 

A4. 8A), but no significant effect of DRUG (F1,27 = 2.273, p = 0.143) or interactions 

between SEX and DRUG (F1,27 = 0.005, p = 0.945). Similarly, males, compared to females, 

displayed a greater mobile time (368.7 ± 16.6 sec vs. 303.3 ± 18.6 sec; SEX: F1,27 = 7.176, 

p = 0.012) irrespective of CNO treatment (DRUG: F1,27 = 2.761, p = 0.108; SEX x DRUG: 

F1,27 = 0.509, p = 0.482; Figure A4. 8B).  

Next, we examined social (Table A4. 1) and non-social behaviors (Table A4. 2) of 

male and female subjects exposed to a female stimulus. Recorded social behaviors included 

behaviors readily displayed by both sexes sniffing (by the subject; head-to-head and head-

to-rear), following, allogrooming (by subject and stimulus animal), and huddling behaviors 

as well as behaviors displayed predominantly by males: mounting and fighting. For total 

social behavior (summarized in Table A4. 1), the summation of individual behaviors 

(excluding male-predominant behaviors, i.e., mounting and fighting), we found a 

significant main effect of DRUG with subjects receiving CNO spending less time engaged 

in social behaviors (F1,27 = 8.971, p = 0.006). There were no SEX or SEX by DRUG 

interactions (Figure A4. 9). While not statistically significant, there was a trend toward 
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decreased number of bouts of social behavior following CNO treatment (225.379 ± 14.144 

vs. 246.448 ± 16.125; treatment: F1,27 = 3.436, p = 0.075), but there was a main effect of 

SEX with males having significantly more displays of social behavior than females 

(274.292 ± 16.27 vs. 208.824 ± 12.438; sex: F1,27 = 6.572, p = 0.016). The interaction was 

not significant (SEX x DRUG: F1,27 = 1.442, p = 0.240). 

Head-to-rear sniffing and following behaviors were both highly impacted by CNO 

treatment (Table A4. 1 and Figure A4. 10). For head-to-rear sniffing, CNO reduced the time 

subjects spent sniffing (DRUG: F1,27 = 8.636, p = 0.007), and males spent more time 

engaged in sniffing than did females (SEX: F1,27 = 7.715, p = 0.01); the interaction was not 

significant. For following behavior time, there were significant main effects of SEX (F1,27 

= 27.554, p = 1.56 x 10-5) and DRUG (F1,27 = 5.969, p = 0.021) as wells as a significant 

interaction (F1,27 = 4.469, p = 0.044).  

Females overall displayed very little following behavior. Subgroup analysis 

suggests that the effect of DRUG is largely driven by a decrease in following time in males 

given CNO, whereas females had similarly low following times. Post hoc test of DRUG 

separated by SEX showed that, within male subjects, CNO treatment causes a strong trend 

towards reducing following behavior (BH, t11 = 2.09, p = 0.061). Next, the number of bouts 

of head-to-rear sniffing were significantly decreased in response to CNO treatment 

(DRUG: F1,27 = 8.636, p = 0.044) and males subjects showed more bouts of behavior than 

females (SEX: F1,27 = 13.624, p = 0.001). Further, the number of bouts of following 

behavior showed a trend towards a reduction in response to CNO treatment (DRUG: F1,27 

= 3.383, p = 0.08) with males displaying a higher frequency of the behavior (SEX: F1,27 = 

14.087, p = 0.00085). Huddling behavior (Table A4. 1) was more prevalent in female 
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subjects (SEX: F1,27 = 10.13, p = 0.004) as male subjects showed very low levels of 

huddling during interactions with a female stimulus, with a mean huddling time of 21.82 

sec, and mean huddling bouts of 5.6 (collapsed across treatment). There was a strong trend 

suggesting that CNO reduces huddling time in female-female interactions (t16 = 2.01, p = 

0.0618), but not huddling bouts (30.6 ± 4.4 vs. 36.3 ± 4.2; t16 = 1.02, p = 0.322) with CNO 

treatment. 

Head-to-head sniffing, allogrooming, mounting, and fighting behavior time or 

bouts did not differ in response to DRUG (behavior time displayed in Table A4. 1). In 

general, allogrooming, mounting, and fighting behaviors were observed at very low levels, 

with CNO (vs. saline) treated animals displaying an average of approximately 6.69 (vs. 6), 

10.3 (vs. 12.8), and 0.7 (vs. 0.3) bouts respectively. Additionally, head-to-head sniffing, 

allogrooming, and fighting behavior did not differ between sex (Table A4. 1). Mounting 

behavior time and bouts showed a significant main effect of sex, but female subjects, 

unsurprisingly, displayed no mounting behavior (Table A4. 1).  

Non-social behavior measures included grooming, rearing, and exploring 

behaviors, which were summed to obtain total non-social behavior times. For non-social 

behavior time, no significant main effects or interactions were found (Table A4. 2 and 

Figure A4. 11A). However, males displayed more bouts of non-social behaviors than 

females (304 ± 14.5 vs. 242.4 ± 12.5; SEX: F1,27 = 6.670, p = 0.016), but CNO treatment 

had no observable impact (DRUG: F1,27 = 0.458, p = 0.504; SEX x DRUG: F1,27 = 0.086, 

p = 0.772). Analysis of individual nonsocial behaviors revealed that CNO treatment had no 

impact on time grooming, rearing, or exploring, but there were differences in these 
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behaviors depending on the sex of the animal, with males exploring and rearing more and 

females grooming more (Table A4. 2).  

 

4.4.4 Chemogenetic Inhibition of DR Avpr1a Neurons Increases Social Behavior In 

Male Mice Exposed to a Male Stimulus  

Because our Fos experiment data showed that male and female subjects exposed to 

a female stimulus show increased Avpr1a + Fos mRNA positive cells in the DR, we 

hypothesized that chemogenetic silencing of this population of cells may cause a reduction 

in social behavior. We did, in fact, observe a decrease in social behavior in CNO treated 

male and female subjects exposed to a female stimulus. In contrast, our Fos experiment did 

not show activation of DR Avpr1a neurons in male and female subjects exposed to a male 

stimulus. Our interpretation of the Fos experiment was that perhaps DR Avpr1a cells are 

active during pro-social behaviors for both sexes (i.e., male and female subjects exposed 

to a female stimulus). Because it seems that an exposure to a male stimulus is antagonistic 

or not pro-social, we hypothesized that chemogenetic inhibition of DR Avpr1a neurons 

would decrease pro-social behaviors overall and potentially even increase aggression in 

male-male interactions. 

For social behavior time, an outlier test (box-plot method) identified two male 

subjects (during saline treatment) with social behavior time of 690.4 sec and 666.6 sec that 

were removed from further analysis of social behavior time (n = 10 males). A similar 

analysis on social behavior bouts showed one male (treated with saline) to be an outlier 

(473 bouts) and was also removed from further analysis (n = 11 males). Next, we examined 

total social behavior time and bout number as well as individual social behaviors. Time 
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spent engaged in social behaviors are summarized in Table A4. 3, with two-factors ANOVA 

with SEX as a between-subjects factor and DRUG as a within-subjects factor. There was 

an effect of SEX (male: 319.7 ± 26.2 s > female: 219.6 ± 17.1 s), DRUG (CNO: 283.8 ± 

23.2 s > Sal: 229.5 ± 20.6 s), and an interaction between the two on social behavior time 

(Table A4. 3; Figure A4. 11B), with the analysis of DRUG by SEX showing that within 

male subjects CNO treatment increased social behavior time (BH adj, p =0.036; Figure A4. 

11).  

Similarly, analysis of bouts of social behaviors revealed that male, compared to 

female, subjects engaged in a significantly higher number of social behavior encounters 

(258.1 ± 14.8 vs. 136.0 ± 8.6) with a male stimulus (F1,26 = 45.78, p = 3.52x10-7), and CNO 

treatment, though not significant, showed a trend towards increasing bouts of social 

behavior (male-CNO: 284.5 ± 18.3 > male-Sal: 231.6 ± 21.0) in males but not females 

(SEX x DRUG: F1,26 = 6.618, p = 0.016; BH post-hoc for male-CNO vs. male-Sal: p=0.07, 

Figure A4. 11D). Together, this data may indicate stimulus sex-specific function of DR 

Avpr1a neurons as treatment of CNO seemed to decrease social behavior in response to a 

female and increase social responding to male stimulus animal. Further, male subjects, in 

general, spent significantly more time engaging in head-to-head sniffing, head-to-rear 

sniffing, following, allogrooming, huddling, and fighting (Table A4. 3). Female subjects 

exposed to a male stimulus showed a minimal engagement in following, allogrooming, 

huddling, mounting, and fighting behaviors (Table A4. 3). Males did not engage and 

females scarcely participated in mounting behaviors (Table A4. 3). Fighting behavior was 

entirely seen in male subjects (Table A4. 3), though at low levels as only 6 out of 12 males 

from the CNO and saline groups engaged in more than 5 bouts of fighting behavior. 
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Therefore, although CNO treatment in males trended toward decreasing fighting time and 

bouts, paired t-test to compare male-CNO to male-Sal for fighting time (t11 = 1.63, p = 

0.132) and bouts (t11 = 1.34, p = 0.209) showed no statistical differences.  

Total non-social behavior time did not differ between groups (Table A4. 4; Figure 

A4. 11), but there was a significant main effect of sex for number of bouts of non-social 

behavior (F1,27 = 6.656, p =0.016; Figure A4. 11), with males, compared to females, 

engaging in more non-social behavior events (315.5 ± 21.1 vs. 235.4 ± 15.6). There were 

no DRUG or SEX differences or any interactions in time spent grooming or rearing (Table 

A4. 4). Exploring behavior did not show any SEX or DRUG differences but did reveal an 

interaction between the two (Table A4. 4). Post hoc comparisons by SEX revealed that 

female, but not male, subjects spent less time exploring with CNO treatment (BH 

adjustment, p = 0.02, Table A4. 4). As for bouts, rearing behavior showed no effect of SEX, 

DRUG, or any interaction; in contrast, male mice displayed more grooming behavior (48.8 

± 4.9 vs. 34.6 ± 2.1; SEX: F1,27 = 6.794, p = 0.015) and exploring (203.5 ± 15.5 vs. 136.3 

± 10.7; SEX: F1,27 = 9.086, p = 0.006) events than females, and CNO treatment reduced 

bouts of exploration in female but not male mice (SEX x DRUG: F1,27 = 4.859, p = 0.036; 

BH adj, p = 0.029).   

 

4.5 Discussion 

 We designed the experiments described above based on the finding that dorsal raphe 

Avpr1a neurons are active in male and female mice when exposed to a female, but not 

male, stimulus animal. Though active, as measured by Fos expression, it is not known 

whether DR Avpr1a neurons play a role or are functionally necessary for any aspect of 
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social interaction. To examine the functional role of DR Avpr1a neurons, we used a 

transgenic mouse model, Avpr1a-Cre, that allows for genetic access to cells that express 

Avpr1a. AAV injections resulted in expression of the inhibitory DREADD receptors in 

putative DR Avpr1a neurons. We then examined the impact of chemogenetically inhibiting 

the DR Avpr1a neurons on different aspects of mouse social behavior like social 

investigation and novelty preference in the three-chamber test, and social interactions with 

a male stimulus and female stimulus in a social interaction assay. Because our Fos data 

indicated that DR Avpr1a neurons seem to be active during an interaction with a female 

stimulus in both male and female mice, we predicted that chemogenetic inhibition of DR 

Avpr1a neurons will decrease prosocial behaviors with a female stimulus, and possibly 

increase aggressive behavior in male-male interactions. 

 

4.5.1 DR Avpr1a Neurons are Involved in Male-Female Interactions 

 Our results indicate that chemogenetic inhibition causes a decrease in social, but 

not non-social, behaviors in male and female mice during interactions with a female 

stimulus. This is the first study that functionally implicates DR Avpr1a neurons in the 

regulation of social behavior during interactions with a female stimulus. Specifically, we 

identified that there was a significant reduction in male-female (subject-stimulus) head-to-

rear sniffing behavior in a social interaction assay. In male mating behavior, a characteristic 

sequence of behaviors includes head-to-rear sniffing, following, and mounting attempts 

(Grant & Mackintosh, 1963; Terranova & Laviola, 2005). This sequence is usually repeated 

until successful mounting and ejaculation is achieved. In our data head-to-rear sniffing was 

significantly decreased after chemogenetic inhibition of DR Avpr1a neurons. Additionally, 
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following behavior showed a strong trend towards decreasing, but mounting attempts were 

unaffected. These results are in line with what we know about the role of BNST Avp 

neurons in male mating behaviors, where copulatory, but not aggressive, behavior increases 

Fos expression (Ho et al., 2010) and shRNA-mediated knockdown of Avp reduces number 

of intromissions and ejaculations (Rigney et al., 2022).Together, the data suggest that both 

BNST Avp neurons and, one of their targets, DR Avpr1a neurons are important for 

components of male mating behaviors (i.e., a prosocial behavior).  

For female-female interactions, head-to-rear sniffing is part of normal pattern of 

investigation of a conspecific but does not typically lead to mounting behavior as 

confirmed in our study. Because our data indicate a significant main effect of treatment on 

head-to-rear sniffing, it is possible that regardless of the end goal (mating for male subjects, 

and social affiliation/huddling for female subjects) during an interaction with a female 

stimulus, DR Avpr1a neurons may promote or facilitate head-to-rear sniffing behavior. In 

addition, it is important to note that alternations in head-to-rear sniffing and following 

behaviors are stimulus specific (i.e., female stimulus) as they were unaltered in interactions 

with a male stimulus. Female rodents often display prosocial behaviors like huddling 

(Bowen & McGregor, 2014) and allogrooming (Li et al., 2021). Though not statistically 

significant, our data indicates that chemogenetic inhibition of DR Avpr1a neurons caused 

a strong trend toward reducing female-female huddling (p = 0.06). As for allogrooming, 

we did not see any differences, though it is worth noting an already low baseline level of 

allogrooming behavior in saline treated subjects. In fact, studies that examine allogrooming 

behavior in female rodents often do so in the context of “consolation” where the 

conspecific is stressed prior to interaction with the subject, increasing the baseline level of 
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allogrooming (Li et al., 2021). Our study design did not utilize such interventions, which 

may explain the low baseline level of allogrooming. As with allogrooming, huddling 

behavior is often studied in some specific context such as defensive aggregation in response 

to a predator threat, like cat odor (Bowen & McGregor, 2014). Using contexts that boost 

female-female interactions could potentially amplify the impact of silencing DR Avpr1a 

neurons in specific female-female prosocial interactions. While certain social behaviors 

were affected during female stimulus interactions where animals were able to physically 

interact, general sociability is unaffected in both male and female mice as the time spent in 

the stimulus chamber or directly investigating the stimulus in the three-chamber test was 

unaffected by the treatment of CNO. These findings are, in fact, in line with a 

pharmacological study in which (Rigney et al., 2020) applied an Avpr1a antagonist to the 

dorsal raphe and found that social investigation in the three-chamber test is not altered in 

male or female mice when exposed to a female stimulus. Similarly, novelty preference is 

also unaltered. One important observation was that although baseline novelty preference 

level is above 50%, it is quite lower than the expected value (~ 60-70%) based on previous 

studies (Kaidanovich-Beilin et al., 2011; Moy et al., 2004) possibly indicating a flaw in our 

experimental design. In fact, a recent study from (Liu et al., 2023) indicates that while 

social isolation in mice, as for our mice post-surgery, promotes higher social “need,” it 

simultaneously eliminates the preference for novel over familiar mice compared to that 

observed in group-housed subject mice.   

Lastly, there were significant sex differences in many of the behaviors we tested 

that are previously unreported in the field, in part, due to the lack of female subjects in 

experiments. In the three-chamber test with a female stimulus, our data indicates that male 
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subjects display a higher level of sociability and novelty preference as compared to 

females. (Rigney et al., 2020) included male and female stimuli for female subjects in the 

three-chamber test and saw that female subjects displayed an even lower level of activity 

when the stimulus was a male compared to a female. Furthermore, male (vs. female) 

subjects tend to exhibit higher levels of social behaviors in interaction assays. Irrespective 

of sex of the stimulus animal, male subjects engaged in head-to-rear sniffing and following 

behavior far more than female subjects. In interactions with a male stimulus, male subjects 

spent more time exhibiting head-to-head sniffing, huddling, social behavior, and 

allogrooming compared to female subjects. When exposed to a female stimulus, male (vs. 

female) subjects displayed a higher level of rearing and exploring whereas female (vs. 

male) subjects spent more time grooming and huddling. The seemingly more robust impact 

of silencing DR Avpr1a neurons on expression of social behaviors by male subjects could 

partly be explained due to higher level of activity in male subjects, but could also depend 

on sex differences in physiology of the BNST Avp system. BNST Avp neurons are more 

numerous in the BNST of male mice (Rood et al., 2008) and Avp-ir fiber density is greater 

in the dorsal raphe of male mice (Rood et al., 2013). Our results also highlight a need for 

more research of female specific behavior in tests of social behavior and the special 

consideration of factors that specifically impact female specific social behavior. We noted 

that huddling and possibly allogrooming, using interventions to raise the baseline levels of 

said behavior (described in (Bowen & McGregor, 2014) for huddling and (Li et al., 2021) 

for allogrooming), are robustly displayed by female subjects with a female stimulus.  

In summary, our data suggest that DR Avpr1a neurons are involved in male-female social 

interactions and specifically impact head-to-rear sniffing and possibly following a 
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conspecific but are not necessary for the expression of preference for a social (vs. avoidant) 

or novel (vs. familiar) stimulus. Furthermore, DR Avpr1a neurons likely play a role in 

female-female prosocial behaviors as well.  

 

4.5.2 DR Avpr1a Neurons May Decrease Male-Male Social Behavior 

 In mice and many other mammals, male–male interactions often result in displays 

of aggressive behaviors like fighting, biting, and chasing. DR serotonin neurons are highly 

implicated in regulation of aggressive behavior in mice with most studies suggesting that 

serotonin neurons reduce aggression (Ferris et al., 1997; Hendricks et al., 2003; Jacobs & 

Azmitia, 1992; Lucki, 1998; Niederkofler et al., 2016). Because downregulation of DR 

serotonin tends to increase aggression for the most part, and because Avp indirectly 

activates DR serotonin neurons (Rood & Beck, 2014), we speculated that Avpr1a neuronal 

action on serotonin neurons may potentially lower aggression. In theory, then, 

chemogenetic silencing of DR Avpr1a neurons may cause an increase in aggressive 

behaviors, and possibly a reduction in prosocial behaviors. Surprisingly, our data indicated 

the opposite. We found that chemogenetic inhibition of DR Avpr1a neurons significantly 

increased social behaviors in male-male interactions, possibly indicating that DR Avpr1a 

neurons normally may be important in male mice to limit interactions with other males. In 

fact, a previous study (Rigney et al., 2020) has reported that Avpr1a antagonism in the DR 

reduces urine marking in male mice exposed to another unfamiliar male, indicating a role 

of DR Avpr1a neurons in male-male competitive but not aggressive behavior. Our data also 

indicates that fighting behavior was mostly unaltered with a weak trend toward a reduction 

in response to chemogenetic inhibition of DR Avpr1a neurons; though, it is important to 
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note the already low levels of fighting behavior in most male subjects. Therefore, 

interventions to increase intermale aggression like combination of sexual experience and 

isolation (Rigney et al., 2020) prior to loss-of-function studies might be helpful in teasing 

apart any potential effects on aggression.  

It is likely that DR Avpr1a neurons only influence a subset of DR serotonin neurons. 

Perhaps, then, the manipulation of DR Avpr1a neurons may not adequately perturb the DR 

serotonin system involved in modulation of aggressive behavior. This explanation for why 

aggressive behavior is unaffected by chemogenetic inhibition of the DR Avpr1a neurons is 

further supported by the studies in Chapter 2, which show that most DR Avpr1a neurons 

are organized mainly in the DRL bilaterally surrounding the serotonin neurons in the 

DMDR within rostral-mid DR levels. Moreover, electrophysiological data suggest that 

most DR serotonin cells that respond to Avp bath application are located mainly in the 

DMDR and dorsal part of VMDR within rostral-mid DR (Rood & Beck, 2014). DR 

serotonin neurons also exhibit topographic organization within the subfields of DR that 

have efferent connections to functionally distinct regions (Lowry et al., 2008; Muzerelle et 

al., 2016; Ren et al., 2018; Waterhouse et al., 1993). Therefore, it is plausible that the DR 

Avpr1a neurons have limited or no connections to the serotonin neurons involved in the 

regulation of aggression, and therefore the DR Avpr1a neurons may instead exert a more 

nuanced influence on male-male social interactions.  

Our data indicate that inhibiting DR Avpr1a neurons decreases social interaction in 

male subjects exposed to a female but increases social responding in response to a male 

stimulus. In contrast, female social interaction toward another female is reduced when DR 

Avpr1a neurons are silenced, but no changes in social behavior are detected with a male 
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stimulus. These findings present an unexpected yet interesting potential role of the DR 

Avpr1a neurons in accentuating or differentiating responses in a stimulus specific manner 

dependent on both the sex of the subject and the sex of the stimulus.  

 

4.5.3 CNO Can Convert to Clozapine to Cause Off-Target Effects 

A limitation in our study is the lack of experimental groups to control potential 

CNO off-target effects. In brief, CNO, originally thought to exclusively bind to DREADDs, 

can convert to clozapine in the peripheral circulation (Gomez et al., 2017; Manvich et al., 

2018), and then cross the blood brain barrier to bind many endogenous receptors (Schotte 

et al., 1993) to confound DREADD studies. Neurochemical side effects of CNO 

administration in Wistar rats, regardless of DREADDs, include increased extracellular 

levels of glutamate and dopamine (Rodd et al., 2022). Furthermore, low doses of CNO (as 

low as 1 mg/kg) can reduce startle and amphetamine-induced locomotion in rats 

(MacLaren et al., 2016).  

Despite these findings, we believe that there are several reasons our interventions 

are unlikely to be off-target effects of CNO. First, since 1 mg/kg but not lower dose of 

clozapine has been known to alter locomotor behavior, plasma clozapine concentration in 

our experiments is likely far below levels needed to affect locomotion (Gomez et al., 2017). 

Accordingly, we see no effects of CNO on locomotion in any of our tests and CNO dose 

of 1 mg/kg has been used successfully without any documented off-target effects in 

experiments that study social behaviors (Li et al., 2021; Ren et al., 2018). Furthermore, the 

effects on male-female social behavior we see after chemogenetic inhibition of the DR 

Avpr1a neurons are aligned with data from 1) a Fos study of DR Avpr1a neurons (Patel et 
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al., 2022), 2) a Fos study of BNST Avp neurons (Ho et al., 2010), and 3) shRNA-mediated 

downregulation of BNST Avp neuronal function (Rigney et al., 2022), adding credence that 

our data is not a result of CNO impact on endogenous receptors. 
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Chapter 5 

Summary and Conclusion 

The studies in this dissertation were designed to test the role of dorsal raphe (DR) 

vasopressin (Avp)-responsive neurons in the regulation of social behavior in male and 

female mice. Lacking tools to directly access and thereby manipulate Avpr1a neurons, we 

worked to validate a new mouse model that carries a BAC transgene encoding Cre 

recombinase under the control of Avpr1a gene regulatory elements (Chapter 2). Having 

determined that the DR contains a distinct population of cells expressing Avpr1a, we 

demonstrated that DR Avpr1a neurons are activated in both male and female subjects 

exposed to a female, but not a male, stimulus (Chapter 3). Confident with our new 

transgenic mouse model, we then used AAVs to deliver inhibitory DREADD receptors to 

the dorsal raphe resulting in a region and cell-type specific expression of DREADDs. Now 

with genetic access to DR Avpr1a neurons, we were able to demonstrate that silencing these 

neurons resulted in a decrease in aspects of prosocial interaction in both male and female 

subjects toward a female stimulus, and counter-intuitively, increased aspects of prosocial 

behavior between males (Chapter 4). Below, we discuss our findings within the context of 

the broader literature and identify how our findings enhance our understanding of the Avp 

system and its impact on social behavior.  

 

5.1 Role of Dorsal Raphe in Social Interaction 

Recently, electrophysiological data showed that DR Avpr1a neurons are excited by 

Avp (Patel et al., 2022) and serotonin neurons have increased glutamatergic excitatory post-
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synaptic currents in response to Avp (Rood & Beck, 2014). In theory, BNST Avp activation 

should activate a subset of DR serotonin neurons via Avpr1a neurons.  

What role do serotonin neurons play in social interaction? In Tph2-KO mice, which 

exhibit depletion of brain serotonin, the ability of mice to differentiate between male or 

female odors is intact (Angoa-Perez et al., 2015), but male mice show altered sexual 

behavior patterns (Liu et al., 2011). While WT mice typically prefer a female over male 

mouse, Tph2-KO males lose this preference, which is rescued following the rescue of brain 

serotonin to WT levels by administration of 5-hydroxytryptophan which circumvents the 

Tph2 step in serotonin biosynthesis (Liu et al., 2011). However, in another study, Tph2-

KO males maintain their preference for a female over male (Angoa-Perez et al., 2015). 

Furthermore, Tph2-KO males show aggression toward both males and females, whereas 

WT males are only aggressive toward the male stimulus (Angoa-Perez et al., 2015). In 

another study with constitutively silenced serotonin neurons using genetically controlled 

expression of the neurotransmitter release-inhibiting tetanus toxin light chain, male mice 

show higher levels of aggression compared to controls (Niederkofler et al., 2016). While 

female mice typically show low levels of aggression, (Angoa-Perez et al., 2015) found that 

both Tph2-KO and WT males had more successful mounting attempts with Tph2-KO 

females than WT females suggesting that disruption of the serotonin system made female 

mice more permissive (i.e., more amenable to male subjects). These data suggest that under 

normal conditions, there may be a more antagonistic response by females in response to 

males in mating tests. In fact, antagonistic behavior patterns are well documented in the 

rodent sex behavior literature where research shows that, if able to, female rats and mice 

will control the pattern of mating by escaping from and returning to the male between 
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mounting attempts, and if the apparatus is constrained to prevent escape, female mice tend 

to ‘‘reject” (i.e. bite or turn away from) the male (Erskine, 1985; Johansen et al., 2008). 

Therefore, although the female–male (subject–stimulus) pairing is traditionally viewed as 

a prosocial interaction, parts of the interaction for the female subject may be antagonistic. 

Overall, it seems that serotonin is important for normal sexual behavior and aggression in 

males and possibly aggression in females under certain conditions.  

Taken together all these data suggest that the DR may be important in driving or 

modifying stimulus specific responses so that behavioral output matches stimulus input. 

Fos expression occurred in the DR in males and females exposed to females, interactions 

that lead to prosocial behaviors from the perspective of the subject, whereas the reverse 

groupings lead to more antagonistic encounters. While sex specific cues are likely 

integrated in the BNST-to-DR signal, that signal may also convey information about the 

valence (i.e., positive or negative value) of the perceived stimulus. In support of this 

hypothesis, recent studies suggest that DR serotonin neurons are critical for social reward. 

Fiber photometry data from male mice shows that DR 5HT neurons Ca2+ signals slightly 

increase during chasing a female, rapidly peak during mounting a female, and slightly 

increase during non-aggressive encounters with a male conspecific (Li et al., 2016). In 

contrast, aversive stimuli do not activate DR 5HT neurons (Li et al., 2016). In another study 

by (Dölen et al., 2013), conditional deletion of OxtR containing projections from the dorsal 

raphe to the nucleus accumbens (NAc) prevents social conditioned placed preference 

(CPP), indicating that presynaptic OxtRs on dorsal raphe axons terminals within the NAc 

are required for social reward. Histochemical data suggests a substantial innervation of 

NAc by DR 5HT-producing cells. Furthermore, socially rewarding interactions and 
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application of oxytocin induce long term depression in excitatory post synaptic currents in 

NAc medium spiny neurons (MSNs), which are similarly induced by a 5HT1B agonist and 

prevented by a 5HT1B antagonist application to the NAc (Dölen et al., 2013). Together 

these data show that DR serotonin neurons are active during socially rewarding interactions 

and their projections to the NAc are required for social reward (Dölen et al., 2013; Li et 

al., 2016). In theory, then, could BNST-Avp signal during male mating behaviors, but also 

during other socially rewarding interactions, convey a positive-valence specific signal to 

the DR serotonin neurons? 

One interpretation of our data is that positive valence social interactions 

significantly increase DR Fos expression, at least in part, in Avpr1a neurons, and negative 

social interactions do not. Furthermore, we show that chemogenetic silencing of DR 

Avpr1a neurons decreases male-female and, surprisingly, increases in male-male social 

behaviors and causes no noticeable effect on aggression. The latter result contrasts with 

our hypothesis. At first, we speculated that chemogenetic inhibition of DR Avpr1a neurons 

may cause an increase in aggressive behavior due to reduced stimulation of the serotonin 

system. However, it seems that serotonin’s effect on aggression might be independent of 

or only partly dependent on Avp-Avpr1a input. Overall, inhibition of Avpr1a neuronal 

output seems to increase male-male social behaviors but not aggression. (Rigney et al., 

2020) found that application of an Avpr1a antagonist to the DR reduces urine marking by 

a male, but not female, subject exposed to a male stimulus, while causing no change to the 

onset of male-male aggression. Given that chemogenetic inhibition of DR Avpr1a neurons 

decreased male-female but increased male-male interactions, under normal conditions DR 

Avpr1a neurons may be responsible for forming a specific pattern of behavior in male mice 
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that favors interactions with a female stimulus, reconciling nicely with the Fos data of male 

subjects. As for female subjects, chemogenetic inhibition of DR Avpr1a neurons does not 

show any robust changes in social behaviors towards male or female stimuli.  

 

5.2 Multiple Sub-Types of Avpr1a-Expressing Neurons are Found in the Dorsal 

Raphe 

Roughly half of the neurons expressing Fos following social interactions expressed 

Avpr1a. Although multiple studies have explored the phenotypes of GABAergic and 

serotonergic neurons in the DR (Challis et al., 2013; Rood & Beck, 2014), Avpr1a-

expressing neurons represent an unexplored phenotype. In a recent study from our lab 

(Patel et al., 2022), RNAseq and in situ hybridization data suggest that there are multiple 

potential Avpr1a neuron phenotypes in the DR. RNAseq data from pooled cell samples 

contained counts of serotonin neuron markers (tryptophan hydroxylase and serotonin 

transporter), glutamate markers (vesicular glutamate transporter 2 and 3), and GABA 

markers (glutamate decarboxylase 1 and 2). In situ hybridization results show evidence for 

these same phenotypes (i.e., glutamate, GABA, and serotonin specific genes). Additionally, 

patch clamp studies (Patel et al., 2022) identified properties consistent with fast-spiking 

interneurons in other brain regions including short duration action potentials, rapid after-

hyperpolarization (AHP), and high firing rates (Connors & Gutnick, 1990). Because most 

patched cells were located lateral to the midline, it is unlikely that any Avpr1a-expressing 

serotonin neurons were included in the cell phenotype data. Although we do not know the 

GABA/glutamate phenotype of recorded Avpr1a neurons, it is of note that almost all 

Avpr1a neurons recorded (40 of 44) had a fast AHP, which is not typically observed in 
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either DR serotonin neurons or DR Gad2 neurons (Aghajanian & Vandermaelen, 1982; 

Challis et al., 2013; Patel et al., 2022; Rood & Beck, 2014). It is possible that Avpr1a 

GABA neurons are distinct from other DR GABA neurons. In summary, DR Avpr1a 

neurons may be a heterogeneous population, hinting at distinct subpopulations of Avpr1a 

neurons that either participate in functionally discrete systems or signal to distinct neuron 

types (i.e., serotonin and non-serotonin) to coordinate specific aspects of behavior. 

The fact that there are multiple distinct subtypes of Avpr1a neurons within the 

dorsal raphe underscores the physiological and behavioral complexity of the Avp system 

within the DR. Overall, the interneuron phenotype and anatomical positioning of Avpr1a 

neurons fits with the hypothesis that they relay signals from the BNST to nearby serotonin 

neurons but also possibly may exert influence non-serotonin cells.  

 

5.3 Summary and Future Directions 

Our data confirm the presence of Avpr1a-expressing neurons in the DR and identify 

multiple subtypes. Avpr1a neurons constitute about half of DR neurons activated during 

social interactions, more specifically during prosocial versus antagonistic interactions, in 

both male and female mice. DR Avpr1a neurons had characteristics of fast-spiking 

interneurons fitting with their predicted role in relaying an Avp-dependent excitatory signal 

from the BNST to serotonin neurons. Our chemogenetic study also revealed a significant 

role of the DR Avpr1a in favor of male-female and possibly female-female social behavior. 

How DR Avpr1a neurons accomplish this is still unclear. We believe that DR Avpr1a 

neurons, in part, accomplish the prosocial behavior patterning by exerting a glutamatergic 

influence on DR serotonin neurons. While we answered some critical questions about the 
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role of Avp-responsive cells in the DR, our findings in conjunction with recent studies in 

the field of social behavior raise some interesting questions to further investigate. Are the 

DR Avpr1a neurons activating DR serotonin neurons? What is the significance of discrete 

subtypes of Avpr1a neurons in the DR? Does Avp released from the BNST into other target 

brain regions have a similar impact on behavior as in the DR? 

Evidence for an interaction between Avp and DR serotonin system stemmed from 

an electrophysiological study in which bath application of Avp on DR slices elicited EPSCs 

in serotonin neurons (Rood & Beck, 2014). Our data from Chapter 2 indicates that putative 

Avpr1a neurons exist not only in the DR but also in the PAG (and other nearby regions). 

Therefore, while the DR Avpr1a neurons are closest to the DR serotonin neurons, it is 

possible that bath application of Avp activates the DR serotonin neurons by the way of PAG 

(or other nearby regions containing) Avpr1a neurons instead. To directly answer this 

question, we could express a Cre-dependent optogenetic construct in the DR, PAG, or other 

nearby regions in Avpr1a-Cre mice and assess the impact of optogenetic activation of a 

given Avpr1a neuron population on the excitability of DR serotonin neurons using ex-vivo 

patch clamp electrophysiology. 

RNAseq and ISH data indicate that Avpr1a neurons also contain markers for 

serotonin (Tph2 and SERT), glutamate (Vglut 2 and 3), and GABA (GAD 1 and 2). First, 

a simple ISH study in Avpr1a-Cre::RC-PTom mice would allow for the assessment of co-

labeling of GABA or Glutamate markers with RFP (i.e., putative Avpr1a). This data would 

further add to the anatomic characterization of DR Avpr1a neurons. Furthermore, serotonin 

neurons are likely influenced by Avp in glutamate-dependent manner (Rood & Beck, 

2014). This prompts further inquiry into the role of Avpr1a+GABA neurons. Could they be 
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responsible for normally dampening male-male interactions which enhanced upon 

chemogenetic inhibition of DR Avpr1a neurons? Using the latest INTERSECT technology 

(Fenno et al., 2020), we can begin to access subtypes of Avpr1a neurons within the DR and 

design gain-of-function and/or loss-of-function studies to determine the functional role of 

subtypes of Avpr1a neurons. These studies investigating subtype specific Avpr1a cells in 

the DR would be fruitful in adding to our understanding of the complex role of DR Avpr1a 

neurons uncovered by the studies in this dissertation.  
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Appendix 

Figures & Tables 

 

 

Figure A1. 1 Prevalence of mental illness among US adults in 2021. NH/OPI = 
Native Hawaiian / Other Pacific Islander. AI/AN = American Indian / Alaskan 
Native. Adapted from Substance Abuse and Mental Health Services 
Administration (SAMHSA, 2022). 
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Figure A1. 2 Flowchart of social and economic benefits of investing in mental 
health. Figure adapted from (WHO, 2022). 
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Figure A1. 3 Schematic of a sagittal section through the midline of a mouse 
brain depicts the BNST and MeA Avp nuclei and their projection sites. Gray 
spherical objects represent other Avp nuclei (SCN, PVN, and SON) and their 
projections are also in gray. PS = Parastrial Nucleus; MPOA = Medial Preoptic 
Area; VP = Ventral Pallidum; BNST = Bed Nucleus Stria Terminalis; LS = 
Lateral Septum; LH = Lateral Septum; MDthal = Mediodorsal Thalamus; LHb 
= Lateral Habenula; VTA = Ventral Tegmental Nucleus; MR = Median Raphe; 
DR = Dorsal Raphe; SCN = Suprachiasmatic Nucleus; PVN = Paraventricular 
Nucleus; SON = Supraoptic Nucleus. Adapted from data published in (Rood et 
al., 2013). 
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Figure A1. 4 Sources of vasopressin relevant for social behavior based on 
direct evidence. Figure adapted from a published review by (Rigney et al., 
2023a). 
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Figure A1. 5 DR consists of serotonin neurons topographically organized 
within subfields. The schematic displays coronal sections of the mouse DR, 
with rostral-caudal levels ranging from -4.36 to -4.84 mm. Anatomical 
boundaries of the DR (as indicated by dashed black lines) were drawn 
according to those in the mouse atlas published by (Franklin & Paxinos, 2008). 
Serotonin neurons are displayed as green circles and colored objects represent 
Avp fiber distribution and serotonin efferent projections (as denoted in the 
“KEY” panel). Figure created using data from several studies denoted by the 
following symbols in the Key panel: * (Muzerelle et al., 2016); # (Ren et al., 
2018); $ (Rood & De Vries, 2011; Rood et al., 2013). Aq = cerebral aqueduct; 
DRL = lateral dorsal raphe; DMDR = dorsomedial dorsal raphe; VMDR = 
ventromedial dorsal raphe; LWDR = lateral wings dorsal raphe. 
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Figure A2. 1 Schematic of recombination reactions mediated by Cre 
recombinase. A. Target sites (loxP) oriented directly (i.e., in the same 
direction) produces an excision of “B”, intervening genetic region. B. In 
contrast, target sites (loxP and alternative loxP) oriented inversely (i.e., in the 
opposing direction) causes an inversion of intervening region.   
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Figure A2. 2 Schematic of transgenic mouse lines used throughout this 
manuscript. A. Avpr1a-Cre mouse contains an allele with cre-gfp driven by the 
Avpr1a promoter upstream. B. RC-PTom mouse contains a construct consisting 
of CAG promoter followed by a “STOP” cassette flanked by loxP sites followed 
by tdTomato red fluorescent protein gene in the rosa26 locus. C. In progenies 
of Avpr1a-Cre and RC-PTom mating pair with both transgenes, Cre 
recombinase mediates excision of the STOP cassette from the RC-PTom allele 
within cells with active Avpr1a promoter. 
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Figure A2. 3 In situ hybridization indirectly shows Cre recombinase expression 
is specific to Avpr1a expressing cells in Avpr1a-Cre::RC-PTom mice. A. 
Illustration of Avpr1a-Cre::RC-PTom mouse model. B. ISH representative 
images from PAG (left), MR (middle), and DR (right) show that majority of 
Avpr1a (yellow) and TdTomato (magenta) puncta are co-localized (light blue 
arrows). Some single labeled Avpr1a (yellow arrows) and TdTomato (magenta 
arrows) puncta are also observed.  C. Pie chart shows percentages of cells with 
Avpr1a (yellow), TdTomato (magenta), or co-localized (light blue) puncta. D. 
Stacked bar chart displays data from C separated by each animal in the 
experiment. PAG = Periaqueductal gray. MR = Median Raphe. DR = Dorsal 
raphe. 
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Figure A2. 4 TdTomato protein expression is driven by Cre-recombinase 
function within putative Avpr1a neurons. Paired images show anatomically 
matched brain sections from Avpr1a-Cre (A, B, C, D), RC-PTom (A’, B’, C’, 
D’), and Avpr1a-Cre::RC-PTom (A”, B”, C”, D”) mice. Scale bars = 200 µM. 
Several regions that receive BNST vasopressin innervation are displayed: the 
LS (A, A’, A”; bregma = 0.74), thalamus (B, B’, B”; bregma = -0.6), DR (C, 
C’, C”; bregma = -4.48), and MR (D, D’, D”; bregma = -4.48). LV = lateral 
ventricle. ac = anterior commissure. LS = lateral septum. D3V = dorsal 3rd 
ventricle. MD = mediodorsal thalamus. sm = stria medullaris. PV = 
paraventricular thalamus. Aq = cerebral aqueduct. mlf = medial longitudinal 
fasciculus. DR = dorsal raphe. VLPAG = ventrolateral periaqueductal gray. 
xscp = decussation of superior cerebellar peduncle. ts = tectospinal tract. MnR 
= Median Raphe. 
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Figure A2. 5 Expression of viral vectors with Cre-dependent constructs in adult 
Avpr1a-Cre but not C57BL/6J mice.  A. Illustration of Avpr1a-Cre mouse in 
which Cre-GFP expression is driven by an Avpr1a promoter. B. Representation 
of stereotaxic injection of three viral vectors containing Cre-dependent 
constructs into the mouse dorsal raphe. Immunohistochemistry shows RFP 
positive cells (D) but no GFP positive cells (C) in Avpr1a-Cre mice. E. displays 
absence of RFP positive cells in dorsal raphe of wildtype mice. Scale bar = 200 
µM. DR = dorsal raphe. Aq = Aqueduct. mlf = medial longitudinal fasciculus. 
Graphics in (A) and (B) made with BioRender.com. 
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Figure A2. 6 Immunohistochemistry of DR sections from Avpr1a-Cre::RC-
PTom mouse shows organization of putative Avpr1a (TdTomato) and Serotonin 
(Tph2) neurons throughout the rostro-caudal extent of the DR. A-E. display 
dorsal raphe sections from rostral DR (AP from bregma = -4.36 mm) to caudal 
DR (AP from bregma = -4.84 mm). Nuclei (DAPI) are visualized in the first 
(left) column and used to annotate anatomical regions adapted from (Franklin 
& Paxinos, 2008). Second (middle) column displays combination of regional 
outlines and immunostaining. The green rectangle in the second column 
represents the DR region magnified and viewed in the third (right) column. 
Scale bars = 200 µm.  DMPAG = dorsomedial periaqueductal gray. DLPAG = 
dorsolateral periaqueductal gray. LPAG = lateral periaqueductal gray. VLPAG 
= ventrolateral periaqueductal gray. DR = dorsal raphe. DMDR = dorsomedial 
dorsal raphe. VMDR = ventromedial dorsal raphe. LWDR = lateral wings dorsal 
raphe. Aq = aqueduct. mlf = medial longitudinal fasciculus. xscp = decussation 
of superior cerebral peduncle. 
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Figure A2. 7 Organization of serotonin and Avpr1a neurons within the DR. The 
schematic displays coronal sections of the mouse DR, with rostral-caudal 
levels ranging from -4.36 to -4.84 mm. Anatomical boundaries of the DR (as 
indicated by dashed black lines) were drawn according to those in the mouse 
atlas published by (Franklin & Paxinos, 2008). Serotonin neurons are displayed 
as green circles, putative Avpr1a neurons are displayed as red circles, and 
colored objects represent Avp-ir fiber distribution and neuronal projection 
sites (as denoted in the “KEY” panel). Figure created using data from several 
studies denoted by the following symbols in the Key panel: * (Muzerelle et al., 
2016); # (Ren et al., 2018); $ (Rood & De Vries, 2011; Rood et al., 2013). Aq 
= cerebral aqueduct; DRL = lateral dorsal raphe; DMDR = dorsomedial dorsal 
raphe; VMDR = ventromedial dorsal raphe; LWDR = lateral wings dorsal 
raphe. 
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Figure A2. 8 Serotonin neurons display excitatory post synaptic currents 
(PSC) in response to bath application of AVP in the DR. Recordings were made 
from 122 serotonin neurons spread across the rostral to caudal extent of the 
ventromedial (vm) and dorsomedial (dm) subfields of the DR. Most AVP-
responsive neurons were located rostrally in the dmDR and upper part of the 
vmDR. The relative locations of recorded cells are shown with yellow dots 
indicating neurons that had an increase in PSC frequency >1 Hz following 
AVP administration and red dots indicating a response less than 1 Hz or a 
decrease in PSC frequency. Scale bars in the bottom right corner of all images 
are equal to 100 µm. Aq=cerebral aqueduct; lwDR=later wings of the DR; 
mlf=medial longitudinal fasciculus; PAG=periaqueductal gray. Figure adapted 
from (Rood & Beck, 2014). 
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Figure A3. 1 Fos expression increases in dorsal raphe of male mice exposed 
to a female mouse. A. Representative images illustrate the rostral to caudal 
sections of the dorsal raphe chosen for analysis and the approximate region 
analyzed (dotted squares). Aq = cerebral aqueduct, DMDR = dorsomedial part 
of dorsal raphe, LWDR = lateral wings of DR, mlf = medial longitudinal 
fasciculus, VMDR = ventromedial part of DR. B. Representative images of 
the rostral dorsomedial region illustrate Fos cells (orange) surrounding 
serotonin neurons (blue, stained for Tph2) in the brain of a male subject 
exposed to a female (Opposite Sex), a male (Same Sex), an empty cage 
(Handling), or no stimulus (Homecage). C. Total Fos cell counts collapsed 
across the raphe for serotonin and non-serotonin neurons. Letters indicate 
results of SNK post-hoc tests (p < 0.05). D. Analysis of Fos-only cells by 
region. Letters indicate significant Treatment differences for the DMDR; there 
were no Treatment differences in VMDR or LWDR. (*) For Homecage, 
Handling, and Opposite Sex groups, DMDR had more Fos cells than VMDR 
or LWDR. (#) For Same Sex group, DMDR and LWDR were significantly 
different from VMDR, but not each other. All box plots include the median 
(line), 25–75 quartiles (box), and 5–95 percentiles (whisker). Adapted from 
(Patel et al., 2022). 
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Table A3. 1  
 
Analysis of Non-Social Behaviors. Adapted From (Patel et al., 2022) 
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Table A3. 2  
 
Analysis of Social Behaviors. Adapted From (Patel et al., 2022) 
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Figure A3. 2 Interaction with a female increases fos expression in both male 
and female subjects. A. Representative photomicrograph from a female subject 
exposed to a female stimulus (left) or no stimulus (right) and B. a male subject 
exposed to a female stimulus (left) or no stimulus (right); Tph2 (green), Avpr1a 
(magenta), and Fos (cyan). Scale bar = 50 µm. C. Total number of Fos-
expressing cells in male and female subjects in Same and Opposite Sex social 
stimulus groups and Handling and Homecage control groups. D- F. show the 
number of Fos expressing cells for different cell phenotypes including Fos + 
Tph2 (D), Fos + Avpr1a (E), and Fos-only (F; did not have Tph2 or Avpr1a 
puncta). For analyses (C, E, and F), there were significant interactions 
between SEX and TREATMENT and letters indicate significant differences 
between TREATMENT groups separately for male and female (‘) subjects 
based on SNK post-hoc tests (p < 0.05). For the analysis in (D), there was only 
a significant effect of TREATMENT; thus, letters indicate TREATMENT 
differences collapsed across SEX based on SNK post-hoc tests (p < 0.05). All 
box plots include the median (line), 25–75 quartiles (box), and 5–95 percentiles 
(whisker). Adapted from (Patel et al., 2022). 
 

 

  



 

143 
 

 

 

 

 

  

Figure A4. 1 Schematic of experimental timeline for chapter 4. 
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Figure A4. 2 Schematic of the three-chamber social test. A. 5 min Habituation 
stage B. 10 min Sociability stage. C. 10 min Novelty stage. Made with 
Biorender.com 
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Figure A4. 3 Immunohistochemistry shows expression of red fluorescent 
protein as a marker to verify Cre-dependent hM4Di viral injection accuracy 
and spread in the DR of Avpr1a-Cre mice. A. Schematic displays a general 
timeline of this chapter’s experiments, starting with viral injections to 
behavior experiments to virus expression verification. B. Rostral to caudal 
(from Bregma -4.36 to -4.84 mm) atlas sections of the DR expected to contain 
the virus expression (magenta fill). C-G. display representative images from 
immunohistochemistry used to detect mCherry (magenta) and Tph2 (yellow; 
Serotonin marker) from sections along the rostro-caudal extent of the DR. 
Scale bar = 200 µM. H. Heatmap characterizes virus expression (mean 
mCherry-positive cell count) through rostro-caudal regions of DR in animals 
(each row; 12 males, 17 females) with successful DR injections.  Aq = cerebral 
aqueduct. DR = dorsal raphe. DMDR = dorsomedial dorsal raphe. VMDR = 
ventromedial dorsal raphe. LWDR = lateral wing DR. Mlf = medial 
longitudinal fasciculus. 
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Figure A4. 4 Male mice, compared to female mice, show greater sociability 
for a female stimulus in the three-chamber social test. Baseline sex 
differences in time spent in the chamber with a female stimulus (A) and time 
spent directly investigating the stimulus (B) were observed. Drug treatment 
(Sal or CNO) had no observable effect. Dashed lines represent 50% mark, 
above which is considered preference toward sociability. Data shown as mean 
± SEM. ***p≤0.001, main effect of sex. 
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Figure A4. 5 CNO treatment in Avpr1a-Cre mice with chemogenetic inhibition 
of the DR Avpr1a neurons increases the percentage of entries into the stimulus 
chamber (vs. the empty chamber) in the three-chamber social test. A. depicts 
the effect of CNO treatment on percentage of entry into the stimulus chamber 
irrespective of sex. *p≤0.05, main effect of Drug. Dashed line represents 50% 
mark, above which is considered preference toward sociability. CNO treatment 
divergently impacts the number of entries into the stimulus (B) and empty 
chamber (C). Data shown as mean ± SEM. 
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Figure A4. 6 Distance traveled does not differ due to chemogenetic 
inhibition of the DR Avpr1a neurons. Distance index (distance traveled / 
duration of test) calculated to normalize for variation in duration of test 
between a few subjects. Two way ANOVA (between-subject factor: Sex; 
within-subject factor: Drug) revealed no main effects or interaction. 
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Figure A4. 7 Novelty preference does not alter in response to CNO 
treatment or sex in Avpr1a-Cre mice with chemogenetic inhibition of the 
DR Avpr1a neurons. Percentage of time spent in the novel chamber (A), 
entries into the novel chamber (B), time spent investigating the novel 
animal (C), and bouts of investigating the novel animal (D) in response to 
CNO or Saline treatment by male and female mice are displayed. Two-way 
ANOVA with Sex as between-subjects and Drug as within-subjects factors 
revealed no significant main effects or interactions. Data shown as mean ± 
SEM. Dashed lines represent 50% mark, above which is considered 
preference toward novelty. 
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Figure A4. 8 Male mice display a higher level of locomotor activity than 
female mice in a social interaction apparatus. General locomotion assessed by 
measuring distance traveled (A) and total mobility time (B). **p≤0.01 and 
*p≤0.05 denote significant main effect of sex. Data shown as mean ± SEM. 
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Figure A4. 9 Chemogenetic silencing of DR Avpr1a neurons reduces social 
behavior in both males and females while interacting with a female stimulus. 
Non-social behavior time (A) and social behavior time (B) are displayed in 
response to treatment. Non-social (C) and social (D) behavior bouts are shown 
by sex. Two-way ANOVA with Sex (between) and Drug (within) factors was 
performed. **p≤0.01, significant main effect of Drug. #p≤0.05, significant 
main effect of Sex. Data shown as mean ± SEM. 
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Table A4. 1  

Analysis of Social Behaviors During an Interaction with a Female Stimulus 
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Figure A4. 10 Chemogenetic inhibition of DR Avpr1a neurons decreases head 
to rear investigative and following behavior in males and females exposed to 
a female stimulus. Head to rear sniffing time (A) and bouts (B), and following 
behavior time (C) and bouts (D) in both male and female subjects by saline 
and CNO treatment groups. Results of 2-factor ANOVA shown. **p≤0.01 and 
***p≤0.001 denote significant main effect of sex. ##p≤0.01 mark significant 
main effect of Drug. Data shown as mean ± SEM. 
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Table A4. 2  

Analysis of Nonsocial Behaviors During an Interaction with a Female Stimulus 
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Figure A4. 11 Chemogenetic silencing of DR Avpr1a neurons increases social 
behavior in mice interacting with a male stimulus. Non-social behavior time 
(A) and social behavior time (B) are displayed in response to treatment for 
both male and female subjects. Non-social (C) and social (D) behavior bouts 
are shown. Two-way ANOVA with Sex (between) and Drug (within) factors 
was performed. *p≤0.05, **p≤0.01, and ***p≤0.001, significant main effect 
of sex. #p≤0.05, post-hoc t-test (BH adjustment). Data shown as mean ± SEM. 
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Table A4. 3  

Analysis of Social Behaviors During an Interaction with a Male Stimulus 
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Table A4. 4  

Analysis of Nonsocial Behaviors During an Interaction with a Male 
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