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Abstract: The perception of others as safe or threatening informs how we 

respond to others in a social setting. These social affective behaviors require the 

detection of sensory stimuli and the appraisal of others’ affective states to 

orchestrate adaptive behavioral responses. This process is also informed by 

one’s own internal state and environment. The neural circuitry underlying this 

behavior consists of a wide network of brain regions that communicate to 

execute social behaviors.  However, the neural mechanisms mediating social 

affective behavior require further investigation. Therefore, the objective of this 

dissertation is to add detail to our understanding of the specific brain circuits 

involved in social affective behavior. The insula is a key node within this circuitry, 

necessary for approach and avoidance behaviors in a social affective preference 

(SAP) test where adult rats prefer interactions with stressed juveniles but avoid 

interactions with stressed adults. Here, I investigated the roles of a basolateral 

amygdala projections to the insula and insular projections to the PL in SAP 

testing and present evidence indicating the necessity of both these tracts to 

social affective behaviors. The results described here along with the reviewed 

literature support a potential amygdalar-insular-prefrontal circuit responsible for 

detecting social valence, integrating external stimuli with internal states, and 

selecting and executing context-appropriate social affective behaviors. 
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Chapter 1: An introduction to social affective behavior and its neural 

correlates 
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1.1 Social Affective Behavior  

 Social behaviors are an essential component of life; necessary for the 

survival, proliferation, and enrichment of a species (Rilling and Sanfey, 2011). 

These behaviors are diverse and range from innate and habitual to complex and 

goal-directed (Wei et al., 2021). Innate social behaviors include defensive 

responses to predatory cues such as odors or vocalizations (Blanchard et al., 

1990; Dielenberg and McGregor, 2001), or parental behaviors towards offspring 

(Kohl and Dulac, 2018). Affiliative behaviors, which are characterized by actions 

promoting social bonds and cooperation, represent more adaptive and flexible 

social behaviors. This includes behaviors such as grooming, vocalizations, and 

physical contact, which strengthen bonds between individuals (Lim and Young, 

2006; Stoesz et al., 2013; Walker and McGlone, 2013). Conversely, agonistic 

behavior involves competitive or conflict-driven interactions that range from overt 

aggression to social dominance (Kudryavtseva, 2000). These behaviors provide 

the framework for hierarchies within social groups (Qu et al., 2017). Cooperative 

behaviors, which are essential for tasks like foraging and raising offspring, 

provide another example of social behavior’s importance to both the success of 

individuals and the greater community (Schuster, 2002; Jiang et al., 2021). 

Reproductive behavior is especially important to species survival and 

proliferation and encompasses inherently social aspects like courtship rituals, 

mate selection, and copulation (Anholt et al., 2020). Finally, altruistic behaviors, 

where individuals sacrifice their own well-being for the benefit of others, further 

exemplify the complexity and adaptability of social interactions (Wrighten and 
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Hall, 2016). These diverse types of social behavior shape the dynamics and 

longevity of populations and influence species evolution over time.  

 Successful coordination of behavior amongst social groups depends on a 

number of factors. First, the behaviors of individuals reflect their own internal 

states and motivations. Second, other group members observe those behaviors. 

Third, to interpret the behavior of others, the observer must also incorporate 

information about the interaction context and their own internal states. 

Understanding what the expressions of others mean and using that information 

to orchestrate social responses is crucial to many aspects of social life (Spunt 

and Adolphs, 2019). To understand how internal states relate to behaviors, the 

circumplex model of affect describes moment-to-moment changes in affective 

state as a product of the interaction between arousal and valence. Emotional 

experiences, then, fall along a continuum of pleasure-to-displeasure and 

activation-to-deactivation (Posner et al., 2005). Affective states can be thought of 

as the foundation for behaviors such as facial expressions, vocalizations, or 

odors that others may use to make inferences about the affective states (or 

emotions) of others (Sterley and Bains, 2021). When an observer detects these 

behaviors in others he or she may make predictions about the nature of the 

other’s affective state. Often, the expression of affect, or social affect, elicits 

behaviors in the observer which are shaped by 1) the prediction about the other’s 

affect, 2) the observer’s own affective state, and 3) the specific interaction 

context. Here, I  will define the overt behaviors that are elicited upon exposure to 

conspecifics with different affective states as social affective behaviors.  
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In humans, social affective behaviors involve complex processes such as 

theory of mind and perspective-taking, both of which contribute to empathy, a key 

facet of social motivation (Preckel et al., 2018; Weisz and Zaki, 2018). Social 

affective behaviors in rodents include emotion contagion, social approach and 

avoidance, social buffering and consoling (Meyza et al., 2017; Keysers et al., 

2022). Going further, perturbations to internal states including hunger, stress, 

sickness, and sleep are also known to influence social affective 

behaviors(Pettijohn et al., 2012; Beattie et al., 2015; Beery and Kaufer, 2015; 

Eisenberger et al., 2017). Given the importance of social affective behaviors to 

the wellness and proliferation of social species, understanding the underlying 

neurobiology is a fundamental goal. 

The flexibility of social affective behavior is the product of the coordinated 

activity of complex neural circuits within the brain that allow for rapid responses 

to changing environmental and social contexts. Importantly, dysfunction of this 

neural circuitry contributes to disordered cognitive, emotional, and social 

processes (Fernández et al., 2018; Wang et al., 2023). Social impairments 

arising from neural dysfunction are characteristic symptoms of neuropsychiatric 

disorders such as autism spectrum disorder (ASD) and schizophrenia (Brüne, 

2005; Baslet et al., 2009; Lai et al., 2014; Fernández et al., 2018). Researchers 

have dedicated years to exploring the mechanisms underlying social behaviors in 

an effort to understand how these behaviors manifest across species. In doing 

so, researchers also aim to gain insight into how circuit disruption contributes to 
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the social deficits commonly present in patients with ASD or schizophrenia to 

begin developing targeted interventions aimed at alleviating these symptoms.  

 

1.2 Network models of social affective behavior 

In humans, much of what is known about the circuits governing social 

behaviors comes from fMRI studies examining BOLD activation across brain 

regions during a variety of social tasks (Insel and Fernald, 2004; Masten et al., 

2011). While these studies have informed our fundamental understanding of the 

brain regions and functional connectivity orchestrating social behavior, limitations 

in cognitive neuroscience techniques prevent investigation of the specific circuits 

and cellular and molecular processes underlying this behavior. Many anatomical 

substrates of social behavior are conserved across species, including rodents 

which display behavioral correlates of affective social behavior seen in humans 

(Bartal et al., 2011), making them a suitable model for translational social 

affective research. For example, “observer” rats will exhibit stress-related 

behavior such as social avoidance when housed with a rat that previously 

underwent social defeat stress (Carnevali et al., 2017), indicating emotional 

contagion. Rats presented with a novel tone in presence of a rat previously 

conditioned to be fearful of that tone will show increased freezing to that tone the 

following day, indicating social transfer of fear (Bruchey et al., 2010). Broadly, a 

large body of work using rodents reveals the capacity for social transmission of 

information in a number of tasks (Monfils and Agee, 2019). This evidence of 

social affective behavior in rodents in conjunction with technological 
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advancements in molecular, cellular, and viral genetic techniques has paved the 

way for uncovering the neural mechanisms of social affective behaviors (Roth, 

2016; Haggerty et al., 2020; Roth and Ding, 2020).  

The explosion in research dedicated to identifying neural correlates of 

social behavior has led to the proposal of multiple models of the “social brain” 

(Prounis and Ophir, 2020a), including the Social Decision Making Network 

(SDMN) (O’Connell and Hofmann, 2011a) and the Cognitive Social Brain (CSB) 

(Prounis and Ophir, 2020b). Prior to the establishment of the SDMN, Newman 

(1999) proposed the Social Brain Network (SBN), consisting of limbic forebrain 

and midbrain structures. While investigating the role of the medial amygdala in 

rodent sexual behavior, Newman recognized that this region acted as a node in a 

larger network responsible for executing a number of social behaviors, including 

male reproductive behaviors. A region was included in the SBN if it met the 

following three criteria: it was reciprocally connected to other regions in the 

network, it contained sex steroid hormone receptors, and it was identified as an 

important regulator of more than one social behavior. Newman established that 

social behaviors are not the product of any one region or circuit but the result of a 

pattern of activation in a network of regions (Newman, 1999). While this 

description represented a major advance in how the neural substrates of social 

behavior are understood, the functionality of the SBN was limited to the 

regulation and execution of these behaviors and did not account for the 

evaluation of various external stimuli. This limitation led to the proposal of the 

SDMN by O’Connell and Hofmann (2011). Using comparative biology, they 
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proposed a network consisting of the mesolimbic reward system and the SBN 

that is conserved across species (O’Connell and Hofmann, 2011a). The 

mesolimbic reward system has been shown to mediate attention, detect salient 

stimuli, and drive motivated behaviors (Alcaro et al., 2007; Wickens et al., 2007) 

while the SBN is hypothesized to organize multiple social behaviors (Newman, 

1999). Additionally, these two networks share common structures in the lateral 

septum and bed nucleus of the stria terminalis (BNST). The classification of this 

integrated SDMN provided an anatomical and evolutionary foundation for 

studying the neural basis of social decision-making across species. The SDMN 

serves as a framework for investigating both the motivation behind and execution 

of social behaviors at the circuit level.  

 A strength of the SDMN is its use of comparative anatomy to propose a 

network of conserved regions involved in social decision-making and to 

demonstrate how these structures have evolved over time. Many less-complex 

organisms lack neocortical structures that are conserved between rodents and 

humans, leading to the omission of these structures in the SDMN. These 

neocortical regions contribute to sensory integration and goal-directed behaviors 

in rodents (Gogolla et al., 2014; Howland et al., 2022) and higher-order social 

cognition in humans and non-human primates (Adolphs, 2001; Amodio and Frith, 

2006).  

In their recent review, Prounis and Ophir (2020) work to bridge the gap 

between the SDMN and another view of the social brain that they term the 

Cognitive Social Brain (CSB) (Prounis and Ophir, 2020b). The CSB was initially 
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proposed by Brothers (1990) and was defined primarily through the study of 

social behaviors in non-human primates (Brothers, 1990). By this account, the 

social brain consists of a network of regions that include the basolateral 

amygdala (BLA) and more cortical structures like the insula, the anterior 

cingulate cortex (ACC), and the medial prefrontal cortex (mPFC). The CSB 

orchestrates appropriate social behavior through the accurate perception and 

evaluation of affective information conveyed by social targets (Brothers, 1990).  

Taken together, the SDMN is positioned to integrate elementary components of 

social motivation (safety, danger, reproductive potential, etc.) with the proximate 

mediators of behavioral response (approach, avoidance), while the CSB is 

positioned to shape these behaviors with perception, expectation, memory, and 

cognitive emotional components that give social interactions their typical 

complexity.  

The establishment of these network models has provided a framework for 

studying the neural circuitry underlying social behavior. Knowing the anatomical 

and regional connectivity broadly dictating various social functions allows for 

more targeted investigation of specific brain regions and circuits. In the following 

sections, I will highlight three regions of note within this joint SDMN/CSB network 

and their roles in various non-social and social behaviors. The following chapters 

will detail experiments investigating the circuitry between these regions in social 

affective behavior.  
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1.3 Basolateral amygdala in valence detection and social motivation 

The BLA has received a considerable amount of attention due its role in a 

number of functions including fear memory formation and expression (Chen et 

al., 2019; Maren et al., 1996), reward behavior (Murray, 2007), threat detection 

(Amir et al., 2019; Sepahvand et al., 2023), and social behavior (Bickart et al., 

2014; Gangopadhyay et al., 2021). In the following sections, I will detail the BLA 

neuroanatomy that allows for this multifunctionality, as well as discuss its role in 

valence detection, which contributes to each of the functions mentioned above.  

1.3.1 Anatomical connectivity of the BLA  

The BLA is a cortically-derived nucleus in the heterogeneous amygdalar 

complex located within the medial temporal lobe (Swanson and Petrovich, 1998). 

BLA connections with both limbic and cortical structures inform its function (Davis 

and Shi, 2000). Thalamic input allows for the relay of sensory information 

(LeDoux et al., 1990), while connections with the striatum, specifically the 

nucleus accumbens (NAc), mediate reward-related behaviors (Ambroggi et al., 

2008). Further reciprocal connections are shared with the hippocampus, sensory, 

insular, and prefrontal cortices (Allen et al., 1991; McDonald, 1998; Sah et al., 

2003; Hoover and Vertes, 2007). Importantly, this region is also heavily 

interconnected with other amygdala subnuclei, including the central amygdala 

(CeA) (Swanson and Petrovich, 1998). BLA anatomy is conserved between 

humans and rodents (O’Connell and Hofmann, 2011a) and its intricate 

connectivity allows it to serve as a hub for integrating sensory stimuli, recognizing 
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affective information, and influencing various aspects of motivated behaviors 

(Smith and Torregrossa, 2021). 

1.3.2 BLA as valence detector   

A prominent view of BLA function is its role as a valence detector (Kyriazi 

et al., 2018; O’Neill et al., 2018; Zhang and Li, 2018; Pignatelli and Beyeler, 

2019). Given its thalamic and sensory afferents and striatal and cortical efferents, 

the BLA is well situated to assess the valence of stimuli in an environment to 

inform subsequent behavior. In humans, amygdala activity increases in response 

to both positive and negative stimuli compared to neutral stimuli (Garavan et al., 

2001; Anders et al., 2008). Olfactory cues ranging from pleasant-to-unpleasant 

are encoded within the amygdala (Jin et al., 2015) and the intensity of these cues 

alters activity (Winston et al., 2005). Additionally, appetitive and aversive tastes 

activate the amygdala (O’Doherty et al., 2001) and spatially distributed, valence-

specific modulation informs one’s choice in food (Tiedemann et al., 2020). 

Amygdala activity also increases in response to emotionally valenced faces (i.e. 

happy or fearful) (Morris et al., 1996). Interestingly, the perceived direction of 

another’s facial expression also modulates amygdala activity, with angry faces 

targeted toward an observer eliciting a greater amygdalar response than angry 

faces targeted toward a bystander (Sato et al., 2004). The amygdala’s ability to 

differentiate between opposingly valenced expressions also contributes to one’s 

judgment of another’s trustworthiness (Santos et al., 2016). Together, these 

findings suggest that amygdala activation is correlated with both the valence and 
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intensity of stimuli, potentially contributing to its role in affective processing that 

influences behavioral outcomes and aspects of social cognition in humans.  

 A number of non-human primate studies have also contributed to BLA 

valence encoding literature. During an operant conditioning task in which 

macaques learned to push or pull a joystick to avoid an aversive or accept an 

appetitive outcome, respectively, single unit recordings of BLA neurons revealed 

neurons that preferentially responded to the valence and intensity of a stimulus. 

Additionally, the behavioral response scaled with stimulus intensity, with 

macaques responding more quickly to stronger stimuli (Iwaoki and Nakamura, 

2022). In terms of social cognition, activity in the amygdala increases in response 

to threatening vs. appeasing facial expressions (Hoffman et al., 2007). The BLA 

also tracks the value of given rewards in a modified dictator game, influencing 

social choice (Grabenhorst et al., 2019). These studies provide further evidence 

that the amygdala is active in response to valenced stimuli.  

 The rodent literature on valence processing in the BLA is extensive and 

intersectional, investigating functionality at the cellular-, regional-, and circuit-

level (O’Neill et al., 2018; Pignatelli and Beyeler, 2019). At the cellular level, 

genetically-defined subsets of BLA neurons selectively respond to unconditioned, 

innate positive or negative stimuli (i,.e. foot shocks vs. opposite sex conspecific 

exposure, sucrose vs. quinine, etc) (Gore et al., 2015; Kim et al., 2016; Zhang 

and Li, 2018). Specific genetically-defined excitatory populations of these 

neurons are controlled by a local inhibitory circuit such that only one population 

may be excited at a given time. In this way, BLA neurons that preferentially 
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respond to a positively-valenced stimulus can be selectively excited to drive 

appetitive behaviors or inhibited when a negatively-valenced stimulus is 

presented and an aversive or avoidant outcome is necessary (Kim et al., 2016). 

These findings indicate that valence-responsive BLA neurons can be defined by 

their projection targets. These projection-defined neurons are responsible for 

learning to associate cues with positive or negative outcomes (Sangha et al., 

2013; Beyeler et al., 2018), further indicating this region’s role in assigning 

valence to stimuli and informing behavioral outcomes. At the regional level, BLA 

lesions impair the acquisition of a conditioned stimulus in fear conditioning 

(Maren et al., 1996). On the other hand, while BLA lesions do not prevent 

appetitive Pavlovian conditioning (Parkinson et al., 2000), photostimulation of this 

region during an appetitive conditioning task intensified responding to the CS 

compared to control conditions, suggesting that BLA activation can enhance the 

appetitive qualities of a stimulus (Servonnet et al., 2020). At the circuit level, BLA 

neuronal populations display distinct input-output circuits depending on their 

valence-specific behaviors (Zhang et al., 2021) and photostimulation of 

projections to the NAc and CeA facilitate positive and negative reinforcement, 

respectively (Beyeler et al., 2016, 2018). In sum, rodent studies have revealed 

both genetically and anatomically-defined populations of valence detecting 

neurons in the BLA that drive behaviors.  

1.3.3 Social motivation in the BLA 

 A lack of motivation for social engagement is a major symptom of 

disorders such as ASD, with amygdalar dysfunction commonly linked to this 
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behavioral deficit (Baron-Cohen et al., 2000; Zalla and Sperduti, 2013). A number 

of studies reveal the BLA’s essential role in social behaviors. Amygdala lesions in 

human patients impairs the recognition of emotions (Adolphs et al., 2002) and is 

necessary for social experiential learning, with patients suffering from bilateral 

BLA damage unable to adjust behaviors when interacting with trustworthy vs. 

untrustworthy partners (Santos et al., 2016; Rosenberger et al., 2019). In 

primates, BLA neurons signal social preferences in a modified dictator game 

(Chang et al., 2015) and simulate decision-making processes of partners via 

social learning (Grabenhorst et al., 2019). Social behavior is also bidirectionally 

modulated by the primate amygdala, with activation or inhibition of the BLA 

suppressing or increasing social behavior, respectively (Wellman et al., 2016). 

Similarly, decreasing GABA function, and thereby increasing excitatory 

transmission, in rodent BLA decreases social behavior (Paine et al., 2017). 

Social behavior in rodents is also modulated via BLA efferents. Activation of 

either BLA-mPFC or BLA-ventral hippocampus (vHPC) projections reduces 

social interaction while inhibition facilitates interaction (Felix-Ortiz and Tye, 2014; 

Felix-Ortiz et al., 2016). Chapter 2 details further work investigating this region’s 

role in social behavior, specifically linking its projections to the insula and 

valence-detecting properties to social affective preference behavior. In sum, the 

amygdala is likely involved in recognizing or responding to the valence of various 

social and nonsocial stimuli, potentially assigning affective significance to these 

stimuli that help to inform subsequent behavior.  
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1.4 Insula as a site of interoception, sensory integration and social affective 

processing 

 Social affective behavior requires the integration of internal and external 

signals to achieve an appropriate behavioral response. These signals are 

constantly changing as new non-social or social stimuli emerge in an 

environment or as internal motivations shift according to adjustments in bodily 

states. As a site of multisensory input, the insula is well-situated to monitor 

internal states and track changes in environmental stimuli.  

1.4.1 Insula neuroanatomy  

 The insula is a cortical region that exhibits a complex neuroanatomy 

across species, located beneath the lateral sulcus in humans and primates and 

spanning the lateral surface of each hemisphere in rodents (Gogolla, 2017). 

Generally, despite some differences in scale and organization, human and rodent 

insula share connectivity with analogous regions (O’Connell and Hofmann, 

2011a; Rogers-Carter and Christianson, 2019). The insula receives input from a 

number of cortical regions, including the somatosensory and prefrontal cortices 

(Shi and Cassell, 1998), supporting the integration of sensory information. It also 

exhibits interhemispheric connectivity, which could be critical to social affective 

processing (Glangetas et al., 2022). Subcortical projections include the thalamus, 

basal ganglia, and hypothalamus (Allen et al., 1991), which allow for the 

regulation of autonomic processes. Emotion- and memory-related functions in 

this region are sustained via connections with the limbic system (Allen et al., 
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1991; Shi and Cassell, 1998), including the amygdala and hippocampus. The 

anatomical organization of the insula informs its role in sensory processing and 

interoception, two functions that contribute to social affective behavior.  

1.4.2 The interoceptive insula  

 Interoception refers to the awareness of one’s internal sensations, 

including cardiovascular signals, hunger, temperature, pain, and respiration 

((Bud) Craig, 2003; Chen et al., 2021b). Homeostatic regulation is critical as high 

interoceptive awareness contributes to anxiety disorders while low awareness 

contributes to depression and schizophrenia (Paulus and Stein, 2010). As 

detailed above, insula anatomy subserves its interoceptive properties so 

functional deficits may contribute to these neuropsychiatric disorders.  

In humans, insula activity is linked to the regulation of a number of 

autonomic functions, including heart rate (Chouchou et al., 2019; Keller et al., 

2020), blood pressure (Sanchez-Larsen et al., 2023) and respiration (Keller et al., 

2020). Deficits in attention to visceral interoceptive information is linked to 

decreased activity in bilateral insula and is correlated to increased depressive 

symptoms in patients with Major Depressive Disorder (Avery et al., 2014). 

Nociceptive and cortical inputs to the insula also contribute to its role in pain 

perception, linking pain sensation to emotional responses while also contributing 

to one’s reported empathy for pain in others (Mutschler et al., 2011). In this way, 

interoceptive awareness in the insula is inherently linked to socio-emotional 

behavior.  
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Rodent insula function is also integral to bodily awareness and 

homeostasis. Visceral sensations from the body are processed within the insula, 

with bilateral lesions resulting in significantly weakened visceral sensitivity 

following chronic restraint stress (Yi et al., 2014). Innate compensatory 

responses to signals of internal discomfort, such as “lying on belly” during 

gastrointestinal malaise, are also mediated by the insula (Aguilar-Rivera et al., 

2020). Insula inactivation blunts symptoms of malaise induced by acute lithium 

administration and reduces drug-seeking behavior in rats given amphetamines 

(Contreras et al., 2007). Representations of interoceptive states in the insula are 

also essential to balancing responses to fear-inducing stimuli and guiding 

behavior. Insula reactivity to a fear conditioned stimulus results from the 

integration of the predictive value of the cue with bodily signals arising during the 

acute freezing response (Klein et al., 2021). In mice, in vivo electrophysiological 

recordings within the posterior insula revealed that tachycardia increases activity 

within this region at both the cellular and population-level, while inhibition 

reduces the anxiogenic effects observed during tachycardia (Hsueh et al., 2023). 

Optogenetic activation of the posterior insula and its projections to the CeA 

triggers defensive behaviors and increases respiratory rate in mice, revealing a 

top-down mechanism for control of anxiety and aversive states (Gehrlach et al., 

2019a). These findings further point to the interconnectedness of interoception, 

exteroception, and overt behavior.  
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1.4.3 Exteroceptive sensory integration in the insula  

 Internal state signals and external stimuli are inextricably linked. This is 

because internal states are constantly informed and updated by incoming 

external cues. A key function of the insula is its ability to integrate these 

interoceptive signals as described above with relevant external stimuli.  

 Human studies have revealed the insula as a multimodal sensory 

processor. Intracerebral insula stimulation evokes somatosensory, auditory, 

olfactory and gustatory responses (Mazzola et al., 2006). In an fMRI study, 

anterior insula responded most strongly to the onset of nociceptive stimulation 

while posterior insula preferentially responded to sustained non-nociceptive 

input, indicating that the insula is specialized to respond to various 

somatosensory inputs along its rostral-caudal gradient (Hu et al., 2015). The 

insula also monitors changes in temperature (Craig et al., 2000), encodes and 

integrates representations of taste and smell (Small, 2010; Mazzola et al., 2017; 

Avery et al., 2020), responds to positively or negatively valenced auditory cues 

(Zhang et al., 2019), evaluates emotions of facial expressions (Motomura et al., 

2019), and processes both visual and vestibular stimuli (Frank et al., 2014).  

 Rodent insula is similarly situated to integrate multisensory inputs. Mice 

with neuropathic pain show increases in synaptic plasticity in the insula, 

indicating this region’s essential role in processing nociceptive input and 

modulating pain response (Qiu et al., 2013). The insula is also essential to taste 

representation (Yiannakas and Rosenblum, 2017; Chen et al., 2021a) and smell, 

with gustatory and olfactory chemosignals converging in rodent anterior insula 
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(Shipley and Geinisman, 1984; Mizoguchi et al., 2016). Lesions of the insula 

prevent the association of taste and smell in rats, further implicating this region in 

the integration of these two modalities (Sakai and Imada, 2003). There is also 

evidence for audio-tactile integration within this region with auditory stimuli 

activating the insula and concurrent administration of varying tones with air puffs 

enhancing this activation (Gogolla et al., 2014). Perhaps the most convincing 

evidence for multimodal sensory integration in the insula is the presence of 

distinct insular fields that respond to auditory, somatosensory, or multisensory 

cues, with responses in the multisensory field displaying non-linear summation of 

these two modalities. This suggests that specific interactions between auditory- 

and somatosensory-responsive cells are contributing to activity within this 

multisensory field and combining multisensory information (Rodgers et al., 2008). 

In sum, the insula processes features from a number of sensory modalities, 

integrating these external signals and updating internal states accordingly to 

respond to changes in environmental and social contexts.  

1.4.4 Social affective processing in the insula 

 Human neuroimaging studies have identified the insula as one of a few 

structures where activity is correlated with empathic processes. Insular resection 

in humans contributes to deficits in emotion recognition of facial expressions and 

a reduction in perspective-taking of others (Boucher et al., 2015). Functional 

specialization across the rostral-caudal gradient of the insula may also contribute 

to its ability to link sensation with emotion perception. Anterior insula is activated 

in response to pain experienced by oneself and pain experienced by a loved one 
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while posterior insula is only responsive to one’s own pain (Singer et al., 2004). 

Similarly, posterior insula responds to the sensory aspects of affective auditory 

tones while the anterior insula responds to the emotional contents of these cues 

(Zhang et al., 2019). Communication between anterior and posterior subregions 

of the insula are also essential to the processing of affective tactile stimuli, with 

functional connectivity increasing between posterior and anterior insula during 

pleasant stroking (Davidovic et al., 2019).  

 In rodents, the insula is crucial for conveying affective states via facial 

expressions, a critical component of social interactions and another example of 

interoception intersecting with affective behaviors (Dolensek et al., 2020).  

Anterior insula is implicated in a number of social behaviors: lesions prevent 

social recognition memory formation (Min et al., 2023), inhibition reduces 

targeted helping behavior (Cox et al., 2022a), activation restores rescue behavior 

following deficits induced by heroin self-administration (Tomek et al., 2020), and 

inactivation reverses hypernociception experienced by observer mice who’s 

cagemates had undergone sciatic nerve constriction (Zaniboni et al., 2018). 

Posterior insula is also essential to approach and avoidance behavior in specific 

social contexts (Rogers-Carter et al., 2018b) which will be reviewed in more 

detail below. Chapters 2 and 3 will discuss experiments aimed at investigating 

insula circuitry with the BLA and the prelimbic cortex (PL), respectively. These 

findings, along with the existing literature reviewed above, contribute to a growing 

view of the insula as a site of convergence for external and internal information, 
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assignment of affective significance, and modulation of behavioral outputs based 

on representations of one’s environment.  

 

1.5 Executive control and social cognition in the medial prefrontal cortex 

 As discussed in section 1.1 above, social behaviors can be habitual or 

goal-directed, with structures such as the medial amygdala or striatum potentially 

driving more habitual social behaviors and cortical regions like the mPFC 

mediating goal-directed behaviors. Goal-directed behaviors require an individual 

to evaluate environmental and internal stimuli to execute an optimal action in 

situations where automatic responses may not be most beneficial (Ceceli and 

Tricomi, 2018). Executive control mechanisms allow for behavioral flexibility and 

modulation of more automatic processes via top-down signaling. Deficits in 

executive control contribute to biases toward habit-based decisions in many 

neuropsychiatric disorders, including ASD and social anxiety disorder (Alvares et 

al., 2016). Due to its subcortical and cortical connections, the mPFC is a crucial 

node involved in executive control and guiding goal-directed decision-making.  

1.5.1 mPFC neuroanatomy across species 
 

The mPFC is a complex structure and researchers have long debated the 

anatomical and functional homology of the PFC across species, with some 

discussion over what potential PFC substrates in rodents directly correlate to 

non-human primates or humans (Preuss, 1995; Uylings et al., 2003) and whether 

these substrates are functionally similar. Though cognitive complexity differs 

between species, a substantial body of evidence has indicated rodents share 
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anatomically and functionally homologous PFC subregions with non-human 

primates and humans(Uylings et al., 2003; Bicks et al., 2015).  

Human PFC is often divided into a number of subregions, including the 

dorsolateral and orbitofrontal PFC and ACC. Rather than provide a 

comprehensive anatomical review of each of these subregions here, I will briefly 

focus on medial PFC, which can be further subdivided into a dorsal and ventral 

portion that are functionally distinct but extensively interconnected (Bzdok et al., 

2013). Broadly, the dorsomedial portion of the PFC (dmPFC) shares connections 

with the inferior frontal gyrus, temporo-parietal junction, and middle temporal 

gyrus. These connections with high-order association and multimodal cortical 

areas contribute to the dmPFC’s role in more cognitive functions, including 

attentional processing, perspective-taking and moral judgement (Bzdok et al., 

2013; Isoda and Noritake, 2013). On the other hand, the ventromedial portion of 

human PFC (vmPFC) is preferentially connected with more limbic and reward-

related medial brain structures, including the ventral striatum and hippocampus. 

Subsequently, the vmPFC is associated with emotion regulation, value-based 

decision making, and the processing of self-relevant information (Bzdok et al., 

2013; Hiser and Koenigs, 2018).  

As discussed above, the existence of a rodent mPFC homologous to that 

in humans and non-human primates has been contentious. What is generally 

agreed upon is that rodent mPFC consists of multiple subregions, each with its 

own distinct connectivity profile and functional specialization (Laubach et al., 

2018). The mPFC in rodents can be categorized into a dmPFC and vmPFC 
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based on connectivity patterns that are broadly homologous to the anatomical 

connections discussed in human and non-human primates above (Oh et al., 

2014). Similar to humans and non-human primates, these broad subdivisions 

also delineate a cognitive vs. affective dorsal-ventral functional axis that is 

informed by differences in neuroanatomy. The dmPFC consists of the secondary 

motor cortex, the ACC, and the dorsal portion of the PL. Rodent dmPFC shares 

reciprocal connections with higher order sensory cortices, association areas, and 

motor systems that include the spinal cord and brainstem nuclei (Hoover and 

Vertes, 2007; Zingg et al., 2014; Hintiryan et al., 2016; Kamigaki, 2019), allowing 

for the processing and integration of external information and control over motor 

output. The vmPFC, which includes the ventral portion of the PL and the 

infralimbic cortex (IL), is less connected with sensory cortices, instead sharing 

denser reciprocal connections with limbic structures, including the hippocampal 

formation and amygdala (Vertes, 2004; Gabbott et al., 2005; Hoover and Vertes, 

2007). The vmPFC is also the primary target of the agranular insula (Mathiasen 

et al., 2023), further positioning this portion of the mPFC to evaluate visceral and 

affective information and guide motivated behavior. Regarding cortico-striatal 

connectivity, the dmPFC sends inputs to the dorsal striatum, supporting its role in 

outcome-dependent goal-directed behavior, while the vmPFC projects to the 

NAc, with the PL portion targeting the core and the IL portion targeting the shell 

(Berendse et al., 1992). Together, these vmPFC-striatal circuits support both 

appetitive goal-directed behavior and habit responding, respectively. In sum, the 

mPFC’s complex neuroanatomy and subregional specificity contributes to its 
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functional diversity and involvement in tasks related to working memory 

(Funahashi, 2017), attention (Rossi et al., 2009), executive control (Kesner and 

Churchwell, 2011; Kamigaki, 2019), goal-directed behaviors (Pinto and Dan, 

2015; Howland et al., 2022), and social behavior and cognition (Bicks et al., 

2015; Kietzman and Gourley, 2023). 

1.5.2 mPFC as a center for executive control and goal-directed behavior  

 Executive control refers to a set of processes that enable individuals to 

plan, initiate, monitor, and adjust their behavior in a goal-directed manner 

dependent on environmental and internal factors. These mental processes 

therefore require monitoring changes in sensory information and internal states in 

order to determine an optimal action while inhibiting multiple alternative 

outcomes. The PFC is well-positioned to serve this function, computing expected 

outcomes via bottom-up signals and executing adaptive responses via top-down 

control (Kamigaki, 2019). This function is evident in the mPFC’s activity during 

various aversive and appetitive tasks. In humans, the mPFC is involved in 

predicting and evaluating action outcomes (Alexander and Brown, 2011; Forster 

and Brown, 2011), a task which involves both appraising and interpreting various 

stimuli in order to direct behavior. In rodents, mPFC neural activity increases in 

response to cues and contexts that predict aversive or appetitive outcomes (Pratt 

and Mizumori, 2001; Gentry and Roesch, 2018), while inhibition of this region 

resulted in increased premature responding in a reaction time task (Risterucci et 

al., 2003), further implicating this region’s role in predicting and executing the 

most advantageous outcome out of all possible outcomes.   



 

24 

Cognitive flexibility, the ability to switch between tasks or behaviors or shift 

attention, is essential to executive control and is a core function of the mPFC. In 

humans, mPFC displays regional specialization depending on the cognitive 

flexibility required, with antero-dorsal prefrontal cortex involved in attentional set 

shifting and postero-ventral prefrontal cortex involved in reorganizing stimulus-

response associations (Nagahama et al., 2001; Kim et al., 2011). In rodents, 

mPFC disinhibition led to an impaired ability to track changes in reward 

outcomes in a reward-discounting choice task (Gruber et al., 2010). Lesions of 

the mPFC impaired attention in a visual discrimination task while inhibition of the 

PL also impaired rodents’ performance in a task in which the difficulty level was 

unpredictable, suggesting this region’s necessity in tasks requiring more attention 

(Williams et al., 1999; Kahn et al., 2012). Dopaminergic modulation of the mPFC 

also mediated attentional processes in rodents in a novel visual working memory 

task (Chudasama and Robbins, 2004) and ample evidence suggests cholinergic 

modulation of the mPFC is linked to attention and cue detection (Bloem et al., 

2014), indicating a role for neuromodulatory control of cognitive and behavioral 

flexibility within the mPFC.  

Another essential component of executive control mediated by the mPFC 

is response inhibition, which requires the suppression of certain actions that are 

inappropriate in a given context in order to execute adaptive goal-directed 

behaviors. In a Go/No-Go task, human mPFC displayed decreased activity 

during response inhibition, with greater deactivation corresponding to fewer 

errors in the response inhibition task (H. Rodrigo et al., 2014). In rodents, layer V 
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pyramidal neuron excitability within the PL decreased after acquisition of a 

response inhibition task and this was correlated with successful withholding of an 

inappropriate response (Hayton et al., 2010), suggesting a PL-specific role for 

action selection. Successful response inhibition was also associated with 

increased synaptic plasticity within cortico-striatal PL neurons and increased 

glutamatergic transmission to ventral striatum (Hayton et al., 2011), providing 

evidence for a circuit mechanism for top-down impulse control.  

Executive control is also essential to the short-term active maintenance of 

information, known as working memory. Human mPFC activity is linearly related 

to working memory load and maintenance (Braver et al., 1997; Kamiński et al., 

2017). Interestingly, dmPFC is more active during maintenance of emotional 

content vs visual content while maintenance of both of these requires 

suppression of vmPFC (Smith et al., 2018), indicating that executive control of 

working memory also requires communication within the mPFC itself. Inhibition of 

the mPFC in rodents results in impaired working memory in rats and it appears 

that aspects of working memory tasks coincide with increases in spiking 

frequencies and changes in neuronal firing synchrony within the mPFC (Yang et 

al., 2014). Neuronal ensembles within the mPFC encode various aspects of 

working memory in a T-maze, including spatial- , outcome-, and choice-related 

information (Yang and Mailman, 2018). This study conducted by Yang et al. not 

only identified strategic neuronal encoding during working memory but also 

revealed that these ensembles are specially tuned to compute and adjust 

behavioral outcomes. In the following section, I will discuss executive control in 
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the mPFC in relation to this goal-directed behavior, specifically in the context of 

social decision-making.  

1.5.3 Social cognition and decision-making within the mPFC 

 Certain social behaviors and interactions require a degree of decision-

making that is informed by environmental contexts and internal representations. 

Goal-directed social behavior aims to achieve social goals, including forming and 

maintaining relationships, navigating social hierarchies, and interpreting one’s 

affective state and intentions. With its ability to integrate bottom-up exogenous 

and endogenous information and compute an optimal decision out of many 

potential outcomes, the mPFC is well-situated to guide social decision-making 

behavior.  

 Both the dorsal and ventral portions of the PFC have been linked to 

various aspects of social cognition and decision making. The dmPFC in particular 

displays increased activation when forming impressions of an individual (Harris et 

al., 2007) and when taking on the perspective of another (D’Argembeau et al., 

2007), suggesting this region plays a role in interpreting or predicting the mental 

or emotional state of another. Patients with vmPFC lesions performed worse than 

healthy controls on theory of mind tasks (Xi et al., 2011), displayed decreased 

prosocial behavior in various social decision-making tasks(Krajbich et al., 2009), 

and exhibited social apathy and abnormal social decision making (Barrash et al., 

2000). This region is also active in healthy subjects when judging negatively 

valenced social scenarios, such as cutting a line (Grossman et al., 2010), when 

generating thoughts containing episodic or social features (Konu et al., 2020), 
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and when experiencing feelings of social acceptance (Gunther Moor et al., 2010), 

indicating that this region may inform social decisions based on moral 

judgements, self-generated thought, and desire to be liked. In primates, the PFC 

appears to maintain a representation of one’s social state that informs social 

decision-making (Fujii et al., 2009). In sum, the mPFC in human and non-human 

primates appears to generate representations of other’s emotional state or 

character, promote feelings of social reward, and judge social scenarios, all of 

which contribute to its ability to inform social decisions and interactions. 

 An extensive body of work has investigated the mPFC’s role in rodent 

social behavior (for a thorough review that includes cross-species comparison 

see Kietzman and Gourley, 2023), particularly those behaviors that require a 

degree of social processing, including social motivation. Broadly, rodent mPFC is 

necessary for a number of social processes, including social recognition (Morici 

et al., 2015; Sakamoto and Yashima, 2022), dominance (Dulka et al., 2018; Li et 

al., 2023), memory(Xing et al., 2021), and affective discrimination (Scheggia et 

al., 2020). A number of in vivo recording experiments have linked mPFC 

neuronal activity to these various social behaviors: subsets of mPFC neurons are 

active during social approach to a novel mouse (Lee et al., 2016), non-

overlapping mPFC neural populations respond to the onset and offset of 

behavior in addition to encoding aspects of social salience and novelty (Liang et 

al., 2018), neurons in the dmPFC of mice encode features of conspecific sex 

across contexts and this predicts sex preferential social behavior (Kingsbury et 

al., 2020). There is also evidence for interbrain synchrony within the dmPFC 



 

28 

between mice during various social behaviors, with synchronous cells encoding 

one’s own behavior and the behavior of their partner (Kingsbury et al., 2019). 

Together, these findings indicate that mPFC activity is correlated with behavioral 

outputs, changes in social contexts, and various conspecific features and 

therefore may serve as a locus for social affective behavior in rodents    

Within the mPFC, local inhibitory microcircuits exhibit tight control over 

computational processes, long-range efferents and afferents, and behavioral 

outputs (Anastasiades and Carter, 2021; Yang et al., 2021), making the balance 

of excitatory and inhibitory neurotransmission within this region a crucial 

component of social behavior. For example, elevation of excitatory activation in 

the mPFC disrupted social interaction, while increasing inhibitory activation 

rescued this behavior (Yizhar et al., 2011). Accordingly, specific classes of 

GABAergic interneurons exhibit profound effects on social behavior. 

Optogenetically increasing the excitability of PV interneurons within the mPFC 

rescued social deficits in CNTNAP2 knockout mice, which exhibit autism-like 

phenotypes (Selimbeyoglu et al., 2017). Similarly, PV neurons within the dmPFC 

are specifically active directly prior to a social bout initiated by a focal mouse and 

activation of these populations promotes sociability (Bicks et al., 2020). 

Alternatively, photoinhibition of mPFC somatostatin (SOM) interneurons 

abolished affective state discrimination in mice (Scheggia et al., 2020), indicating 

specialized roles for specific classes of interneurons. These cell-type specific 

functions and microcircuity within the mPFC allow for even finer control of social 
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behavior, in some cases biasing social decisions based on the social affect of a 

conspecific.  

The mPFC’s anatomical connections with other nodes in the SBN also 

informs its role in social behavior. Projections from the BLA, a structure 

implicated in a number of anxiety-like behaviors, to the mPFC bidirectionally 

modulate social interaction in the resident-intruder test, with optogenetic 

stimulation of this pathway reducing interaction and inhibition facilitating 

interaction, indicating that this tract may convey internal state information related 

to anxiety that informs social behavior (Felix-Ortiz et al., 2016). Projections from 

the mPFC to downstream structures like the hypothalamus, a region essential to 

aggression, and PAG, a brainstem structure necessary for defensive behaviors, 

promote social dominance behavior and mediate social avoidance (Franklin et 

al., 2017; Padilla-Coreano et al., 2022). These circuits provide yet another 

example of the mPFC’s function as an executive controller, modulating social 

behaviors via top-down signals.  

Another important consideration when discussing mPFC social function is 

its subregional heterogeneity. Though many studies target the mPFC generally, 

there is sufficient evidence for functional specialization across subregions. For 

example, PL lesions, but not ACC lesions, impaired social recognition and 

investigation (Yashima et al., 2023). Broadly, the PL and IL have often been cited 

as having dissociable, opposing roles in fear expression, extinction, and reward 

behavior (Gourley and Taylor, 2016). Accordingly, projections from each of these 

regions to BLA appear to have opposing effects on social preference, with 
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activation of PL projectors and inhibition of IL projectors abolishing social 

preference behavior in mice. Further, it seems that PL-BLA neurons encode non-

social-specific negative valence that may influence the affective state of the 

subject, thereby affecting social behavior (Huang et al., 2020). The PL’s ability to 

encode multiple aspects of stimuli and contexts is evident in its projections to the 

NAc, which encode both social and spatial aspects of an environment. Activation 

of the PL-NAc pathway decreased social preference and subsets of these NAc-

projections neurons were responsive depending on the location of the social 

stimulus (Murugan et al., 2017). In sum, these findings point to the mPFC’s ability 

to differentially drive social behavior via its varied connectivity across subregions, 

and its capacity to synthesize information that includes valence and spatial 

location, and internal state signals. Chapter 4 expands on this literature, detailing 

a role for insula-PL circuitry in social affective preference behavior.  

 

1.6 Studying social affective behavior: The SAP test  

 Researchers use a number of behavioral paradigms to study different 

aspects of social interaction. Some paradigms, like the three-chamber and social 

preference test, quantify a rodent’s preference for social behavior generally and 

may reflect social motivation (Jabarin et al., 2022). The resident-intruder 

paradigm and social avoidance test measure a rodent’s aggression or avoidance, 

respectively, of a potentially threatening stimulus animal (Toth and Neumann, 

2013). In terms of social affective behavior, a few studies have demonstrated a 

rodent’s capacity for prosocial behaviors toward stressed others (Meyza et al., 
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2017), and these provide a good model for empathy-like behaviors in rodents (de 

Waal and Preston, 2017). Studying social affective behavior, however, provides a 

unique challenge in that many of the paradigms used require some form of 

learning or exposure to a conspecific experiencing pain, which may be driven by 

other motives, including a desire for social contact (Silberberg et al., 2014), or be 

a product of conditioned behavior (Kim et al., 2019). To minimize potentially 

tangled motivations when studying social affective behavior, our lab utilizes a 

Social Affective Preference (SAP) test to quantify the unconditioned behavior of 

an experimental rat toward conspecifics of varying affective states.  

 During SAP testing, which is discussed throughout this dissertation and 

described in detail in the methods sections of Chapters 2 and 3, experimental 

rats are presented with two conspecifics, one that experiences 2 mild 5s 

footshocks directly prior to testing, inducing a negative affective state, and one 

that is naïve to stress and in a neutral affective state. Time spent with each 

conspecific is recorded over the course of a 5 minute testing session. Preference 

behavior is modulated by the affective state and age of the conspecifics, among 

other factors. Experimental adult rats prefer stressed juveniles to naïve juveniles 

and this preference is flipped for adult conspecifics (Rogers-Carter et al., 2018b). 

A number of other factors modulate an experimental rat’s preference in this 

paradigm including familiarity and illness (Rogers-Carter et al., 2018a; Rieger et 

al., 2022c). Multiple neuromodulatory systems, including serotonin, corticotropin-

releasing factor (CRF), and oxytocin, modulate this behavior, specifically within 

the insula (Rogers-Carter et al., 2018b; Rieger et al., 2022a; Ng et al., 2023). 
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Optogenetic and chemogenetic inhibition of the insula (Rogers-Carter et al., 

2018b) and its projections to the NAc (Rogers-Carter et al., 2019) also abolishes 

the preference behavior observed in SAP testing, positioning the insula as a 

crucial node within a social affective brain network (Rogers-Carter and 

Christianson, 2019). This dissertation expands on this circuitry using the SAP 

test, implicating insula connectivity with both the BLA and PL subregion of the 

mPFC in this social affective behavior. 

 

1.7 Overview of Dissertation Aims  

 The overarching aim of this dissertation is to investigate whether the 

insula’s connections with other nodes within the SDMN and CSB are necessary 

for social affective behavior toward stressed others. This requires cell- and tract-

specific experimental manipulations that can only be performed in rodent models 

at the moment. The BLA and PL were identified as nodes of interest due to their 

connectivity with the insula (McDonald, 1998; Shi and Cassell, 1998; Hoover and 

Vertes, 2007; Gehrlach et al., 2020a; Mathiasen et al., 2023) and c-fos activation 

during social interactions with conspecifics of varying affect (Rogers-Carter et al., 

2018b). Therefore, the first goal of this work was to determine whether the BLA 

and its projections to the insula mediate social affective preference behaviors in 

male and female rats. The second goal was to focus on insula efferents to the PL 

and determine whether social affective behavior was dependent on this circuitry.  

 Chapter 2 will present findings published in Djerdjaj et al, 2022, and 

Djerdjaj et al, 2023 (Djerdjaj et al., 2022, 2023), detailing the role of the BLA, 
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insula, and the BLA-insula pathway in social affective behavior in male and 

female rats. In males, chemogenetic inhibition of both the BLA and its projections 

to the insula abolished social affective preference for stressed juveniles in the 

SAP test. In females, pharmacological inactivation of the BLA and the insula also 

abolished social affective preference behavior typically observed towards 

stressed juveniles and naïve adults. Interestingly, oxytocin administration into the 

BLA of females increased social exploration of both naïve juvenile and adult 

conspecifics while insular oxytocin administration had no effect on this behavior. 

This revealed a sex-specific effect of oxytocin, as insular oxytocin increased 

social investigation in male rats (Rogers-Carter et al., 2018b) but had no effect in 

females.  

 Chapter 3 will present experimental data investigating the insula-PL tract 

in social affective behavior. Pharmacological inhibition of the PL via muscimol 

abolished preference for stressed juveniles. Retrograde tracing confirmed 

projections to the PL arise most prominently from the anterior insula followed by 

the posterior insula. A relatively novel anterograde, transsynaptic, chemogenetic 

viral strategy was implemented to specifically inhibit cells of the PL that receive 

monosynaptic input from either the anterior or posterior insula during SAP 

testing. These two tracts were targeted separately due to functional differences 

evident across insula subregions. Chemogenetic inhibition of PL cells that are 

postsynaptic to the insula, regardless of whether they originated in anterior or 

posterior insula, abolished social affective preference behavior toward stressed 

juveniles and naïve adults. To determine whether these PL populations are 
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specifically recruited to guide behavior in more complex social contexts, 

experimental rats underwent opposite sex preference tests. Chemogenetic 

inhibition of PL cells postsynaptic to insula had no effect on male experimental 

rats’ preference for female conspecifics. Due to the importance of the E/I balance 

in the mPFC to social behavior, immunohistochemical staining was used to 

classify PL cells postsynaptic to the extent of the insula as either glutamatergic or 

GABAergic. This revealed the insula preferentially targets glutamatergic neurons 

within the PL, with anterior insula inputs representing a significantly larger 

population of cells.  

 Overall, these findings reflect the initial overarching aim of this project: 

expanding on our prior knowledge of the insula’s role in social affective behavior, 

I report evidence for both a BLA-insula and an insula-PL circuit that are 

necessary for the detection and appraisal of the affective states of others and for 

the orchestration of appropriate behavioral output. These results lend support to 

the hypothesis that the insula represents a crucial node within a larger social 

affective brain network and its connections with limbic and cortical structures is 

an essential component of rodent social affective decision making.  
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Chapter 2: Basolateral amygdala and insula circuitry underlie social 

affective behavior in male and female rats 

 
The contents of this chapter have been published in the following research 

articles: 

 

Djerdjaj, A., Ng, A. J., Rieger, N. S. & Christianson, J. P. The basolateral 

amygdala to posterior insular cortex tract is necessary for social interaction with 

stressed juvenile rats. Behavioural Brain Research 435, 114050 (2022). 

 

Djerdjaj, A. et al. Social affective behaviors among female rats involve the 

basolateral amygdala and insular cortex. PLOS ONE 18, e0281794 (2023). 
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2.1. Forward 

 The use of animal models allows us to perform translational research, 

granting us mechanistic insight into the neural systems underlying behavioral 

processes such as social affective behavior (Möhrle et al., 2020; Jabarin et al., 

2022). The circuitry connecting nodes within both the SDMN and SBN is 

conserved between rodents and humans and regions in these networks share 

general functions across species (O’Connell and Hofmann, 2011a; Prounis and 

Ophir, 2020a), allowing for the use of rats as a model organism for human 

behavior. As discussed in Chapter 1, the insula, a proposed node within the 

SDMN (Rogers-Carter and Christianson, 2019), is involved in a number of 

sensory and behavioral processes, including integration of multimodal sensory 

information (Benarroch, 2019), salience detection (Uddin, 2015), interoception 

(Livneh et al., 2020), and social affective behaviors (Singer et al., 2009). It is also 

bidirectionally connected to the BLA (Shi and Cassell, 1998), a region essential 

to fear- and reward-related behaviors (Wassum and Izquierdo, 2015; Sun et al., 

2020), valence detection (Smith and Torregrossa, 2021), and social behavior 

(Gangopadhyay et al., 2021). A number of studies in rodents link insula-BLA 

circuit activity to social affective behaviors, including the encoding of 

observational pain (Zhang et al., 2022b). These regions also display functional 

connectivity in human neuroimaging studies when processing emotional faces 

(Stein et al., 2007; Pohl et al., 2013). While these regions independently have 

clear roles in recognizing or appraising positive and negative cues and 
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orchestrating behavioral responses to various stimuli, few studies have tackled 

the role this pathway specifically plays in social affective behavior. In the 

following chapter, I present behavioral findings from experiments targeting and 

inhibiting BLA, insula, and BLA→insula circuitry during SAP testing in rats.  

The first portion of this chapter was published in Behavioral Brain 

Research and focuses on the functional role of the BLA and its projections to the 

insula in male rats during social affective behavior. In 2019, we published a 

paper detailing the role of the insula to nucleus accumbens (NAc) pathway in 

social affective behavior in male rats. This paper, which I had worked on as a 

research technician, had a huge influence on this first project of mine. When 

conceiving of this initial project, I was interested in continuing to identify insula 

circuitry underlying this behavior, specifically how afferents to the insula may 

contribute to or modulate social decision making behavior. The BLA immediately 

stood out as a region of interest, with its inclusion in the SDMN, its known 

bidirectional projections to the insula, and its multifunctionality in a variety of 

valence-related behaviors. Additionally, BLA projections to the nucleus 

accumbens mediate reward-seeking behavior (Ambroggi et al., 2008), positioning 

this region as yet another potential node within our lab’s growing framework of a 

social affective brain network. When determining the experimental approach I 

would take for this study, I considered techniques we utilized in the insula-NAc 

experiments. Here, we used both chemogenetic and optogenetic methods to 
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achieve inhibition of NAc-projecting insula terminals but determined that 

chemogenetic manipulation provided the best method for neuronal inhibition 

because it allowed for free movement during social interactions and had been 

used in prior studies investigating related circuitry (Venniro et al., 2017; Jaramillo 

et al., 2018b). All of this contributed to the conception of this BLA-insula project, 

which found that this region and pathway is necessary for social approach to 

stressed juveniles in the SAP paradigm. 

When beginning this BLA-insula project, my intention was to use both 

male and female Sprague-Dawley rats to account for any potential sex 

differences in the function of this circuitry. Based on prior work from our lab, in 

the absence of any manipulation, age and affect had similar effects on SAP 

behavior in males and females (Rogers-Carter et al., 2018b). Familiarity 

modulated this behavior in a sex-specific way, with females spending significantly 

more time investigating stressed adult cagemates (Rogers-Carter et al., 2018a). 

However, we had no evidence that this behavior was insula-dependent in female 

rats. I first sought to determine insula’s social affective function in female rats 

before beginning to include them in my BLA-insula project. With the help of an 

undergraduate, Natalie Cortapassi, I conducted a study wherein 6 female rats 

received insula lesions and 6 received a sham surgery. Three weeks after 

surgeries, these rats underwent SAP testing with juvenile conspecifics. The 

results of this study yielded no significant results, with rats displaying no clear 

preference for either juvenile conspecific in either the sham or lesion group. 

While we performed surgeries, post-operative care, handling, and SAP testing as 
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we had in males, there is evidence that sex differences, strain differences, and 

even vendor differences, exist in stress responses to handling and general 

husbandry (Weinberg et al., 1978; Bs et al., 2003; Tsuda et al., 2020), pain 

response post-surgery (DeLeo and Rutkowski, 2000), and general response to 

anesthesia (Siegal and Dow-Edwards, 2009). Measures of anxiety also vary 

across sex depending on the test used, though estrous cycle in females does not 

contribute to this sex difference (Scholl et al., 2019). A recent review article has 

also stressed considering sex differences in the use of various neuroscience 

tools, including chemogenetics (Cea Salazar et al., 2024). 

Due to our inability to replicate the SAP behavior that we typically observe 

in males in female rats post-surgery and a lack of knowledge of the insula’s role 

in female SAP behavior, I proceeded to run the BLA-insula studies in male 

subjects exclusively. The COVID shutdown later put a halt to animal studies for a 

period of time, by which point I had completed the male studies for the BLA-

insula project. I published these findings with the intention of reevaluating how 

SAP testing was run with females once the lab reopened in order to eventually 

replicate these findings in female rats.  

The second portion of this chapter was published in PLOS ONE and 

focuses on these female SAP studies, specifically the role of the insula and BLA 

in social affective behavior. For these studies, I implanted indwelling cannula into 

either the BLA or insula of female rats to reversibly inactivate these regions via 

mircoinjection of muscimol, a GABAA agonist, prior to SAP testing. Based on 

literature detailing potential sex differences in female rat’s response to post-
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operative care and handling, I extended the amount of recovery time allowed 

between surgery and testing from 3 weeks to 4 weeks and increased the amount 

of handling prior to SAP testing from 5 days to 15 days. This approach proved to 

be effective in replicating SAP behavior in female control rats and allowed for the 

findings detailed below.  

 

2.2.  The basolateral amygdala to posterior insular cortex tract is necessary 

for social interaction with stressed juvenile rats 

2.2.1. Introduction 

Situationally appropriate social interactions require that an individual use 

the information contained in the behaviors and characteristics of social targets to 

make inferences about the age, sex, motivations and emotions of the other. This 

process is thought to be the product of neural activity distributed across the 

central nervous system that detects and evaluates social information and links it 

to social behaviors. Several conceptions of so-called “social brain networks” exist 

to capture the elementary neuroanatomical, neurochemical and neurobiological 

basis for social behavior (also referred to as the Social Behavior Network, 

Cognitive Social Brain, etc.) (Brothers, 1990; Goodson, 2005; Prounis and Ophir, 

2020a; Newman, 1999). Building on the pioneering and influential social brain 

models of Newman (1999) and Goodson (2005), O’Connell and Hofmann (2011) 

used a comparative biology approach to describe a Social Decision Making 

Network (SDMN) which incorporated the social brain models of Newman and 

Goodson with the mesolimbic reward circuit, expanding the framework for a 
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wider range of psychological factors (e.g. attention, salience, motivation) to social 

behavior (O’Connell and Hofmann, 2011a).  

One region of interest within this SDMN is the amygdala, a heterogeneous 

region made up of cortically- and striatally-derived nuclei located within the 

medial temporal lobe (Swanson and Petrovich, 1998). The basolateral amygdala 

(BLA), in particular, is a collection of nuclei that has received attention for its role 

in a number of functions, including fear memory formation and expression (Chen 

et al., 2019; Maren et al., 1996) and reward behavior (Ambroggi et al., 2008). It 

receives sensory input from both the thalamus and the cortex and sends 

projections to a number of subcortical and cortical structures, including the insula 

(Davis and Shi, 2000). A prominent view about BLA function is that it is a valence 

encoder (Beyeler et al., 2018; Pignatelli and Beyeler, 2019; Smith and 

Torregrossa, 2021; Zhang et al., 2021). Subsets of BLA neurons selectively 

respond to positive or negative valence cues and these seem to be anatomically 

organized (Sangha et al., 2013; Namburi et al., 2015; Kim et al., 2016; Beyeler et 

al., 2018; Zhang et al., 2021). For instance, thalamic and cortical inputs relay 

sensory information to the BLA (LeDoux et al., 1990) which contains projections 

to the central amygdala and bed nucleus that mediate fear/threat related 

processes (Hartley et al., 2019) and projections to the nucleus accumbens (NAc) 

that contribute to reward valuation and appetitive behaviors (Ambroggi et al., 

2008). 

Regarding social behavior, the BLA is included in the SDMN because of 

its high expression of social hormone receptors (Chang et al., 2015) and 
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interconnections with other nodes in the social brain (O’Connell and Hofmann, 

2011b). Roles for the BLA in regulating social anxiety (Felix-Ortiz et al., 2016) 

suggest that the BLA may influence social approach and avoidance behaviors 

and that anxiogenic circumstances (e.g. stressors) can shift appraisal of social 

cues to be more negative (Christianson et al., 2010). At the circuit level, BLA 

inputs to the ventral hippocampus, another region in the SDMN, exhibit 

bidirectional control over social behavior in rodents: inhibition of BLA terminals in 

this region increased social interactions in a behavioral paradigm while activation 

reduced social interactions (Felix-Ortiz and Tye, 2014). In non-human primates, 

activation of the BLA also suppressed social behavior (Wellman et al., 2016). 

The BLA’s ability to distinguish between valenced stimuli and influence sociability 

at the circuit-level position this region as key to understanding how emotion 

shapes social behavior. 

The comparative biology approach used to define the SDMN necessarily 

excluded brain regions, such as neocortex, that do not have obvious homology 

across taxa. In mammals, neocortical regions contribute to sensory integration 

(Gogolla et al., 2014) and social cognition (Adolphs, 2001; Amodio and Frith, 

2006), and neuroimaging studies suggest that functional connectivity between 

amygdala and cortical regions is fundamental to socioemotional behaviors (Baas 

et al., 2008; von dem Hagen et al., 2013; Gorka et al., 2015). Of the cortical 

structures innervated by the BLA, the insula is of particular interest to the 

investigation of social decision making. The insular cortex spans the lateral 

surface of each hemisphere in rodents. Along its rostral-caudal axis, the insula 
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consists of granular, dysgranular, and agranular subdivisions that differ in 

cytoarchitecture and projection patterns (Allen et al., 1991; Gogolla, 2017). The 

insula receives visceral, gustatory, nociceptive, and thermal sensory inputs 

(Kobayashi, 2011), positioning it as a hub for sensory integration (Rodgers et al., 

2008; Gogolla et al., 2014) and salience detection (Menon and Uddin, 2010a). 

Insula projections are varied but include a number of cortical and subcortical 

regions important to social behavior including the medial prefrontal cortex 

(mPFC), the NAc, and the BLA. Similar to the BLA, insula connectivity informs 

function (Rogers-Carter and Christianson, 2019). For example, projections to the 

mPFC may be linked to pain perception (Euston et al., 2012), while NAc 

projections are implicated in reward-seeking behavior (Jaramillo et al., 2018b, 

2018a; Gehrlach et al., 2019a). Generally, the anterior portion of the insula is 

associated with emotional awareness in humans (Lamm and Singer, 2010; Gu et 

al., 2013a) and appetitive behaviors in rodents (Peng et al., 2015; Pushparaj et 

al., 2015; Haaranen et al., 2020), while the posterior portion is implicated in 

interoception in humans (Kuehn et al., 2016) and in aversive state processing 

(Gehrlach et al., 2019a) and social decision-making in rodents (Rogers-Carter et 

al., 2018b). Importantly, the posterior insula also receives a dense fiber input 

from the posterior BLA, positioning it as a site for the integration of external 

valence information with internal states (Allen et al., 1991; Kobayashi, 2011; 

Gehrlach et al., 2020a). Human neuroimaging studies strongly associate insula 

function and connectivity with social affective processes including emotion 

recognition and empathy (Wicker et al., 2003; Singer et al., 2009).  
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In a social affective preference (SAP) test, a paradigm in which social 

emotions shape experimental behaviors, rats prefer interactions with stressed, 

isosexual juveniles but avoid interactions with stressed, isosexual adults 

compared to their naïve counterparts. This behavior is dependent on insula 

activity as treatments that interfere with insula function eliminate or reverse the 

social preferences typically observed in the SAP test (Rogers-Carter et al., 

2018b, 2019; Rieger et al., 2022c, 2022a). The goal of the current study was to 

investigate the contributions of the BLA and its anatomical projections to the 

posterior insular cortex in social emotional behavior in the SAP test with juvenile 

conspecifics. Because the BLA is thought to encode the emotions of others 

(Phelps and LeDoux, 2005) and the valence of stimuli (Beyeler et al., 2018; 

Pignatelli and Beyeler, 2019; Smith and Torregrossa, 2021; Zhang et al., 2021) 

while the insula integrates interoceptive sensory information (Gogolla et al., 

2014; Rogers-Carter and Christianson, 2019) and coordinates social approach 

and avoidance (Rogers-Carter et al., 2018b, 2019; Rieger et al., 2022c, 2022a), 

we predicted that chemogenetic inhibition of the BLA and BLA-insula neurons 

would interfere with the social approach to stressed juvenile conspecifics that is 

typical of rats in the SAP test. 

 

2.2.2. Materials and Methods 

2.2.2.1 Subjects  

Male Sprague-Dawley rats were purchased from Charles River Laboratories 

(Wilmington, MA) and allowed to acclimate to the vivarium in the Boston College 
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Animal Care Facility for at least 7 days before any procedure was carried out. 

Adult experimental rats arrived weighing 225-250g and juvenile conspecifics 

arrived at PN21. Experimental rats were housed in pairs while juvenile 

conspecifics were housed in triads. The vivarium maintained a 12h light/dark 

cycle and food and water were available ad libitum. Behavioral testing was 

conducted within the first 4 hours of the light cycle. All procedures were approved 

by the Boston College Institution Animal Care and Use Committee and adhered 

to the Public Health Service Guide for the Care and Use of Laboratory Animals. 

 

2.2.2.2 Chemogenetic Procedures  

To inhibit the BLA and the terminals of BLA-insula neurons during SAP tests, we 

used a chemogenetic approach. Chemogenetics involve the transduction of a 

viral vector carrying the gene encoding a modified receptor that is coupled to the 

Gɑi G-protein receptor signaling cascade (hM4Di) (Roth, 2016). We used the 

same parameters reported for chemogenetic control of the insula-NAc tract 

(Rogers-Carter et al., 2019). The first set of experiments focused on local 

inhibition of the BLA. Experimental adult male rats underwent surgery under 

inhaled anesthesia (2-5% v/v isoflurane in O2) and a virus containing hM4Di 

under a neuron specific promoter (pAAV5-hSyn-hM4D(Gi)-mCherry; Addgene 

catalog #50475-AAV5; titer: 9 x 1012GC/mL) was microinjected bilaterally into the 

BLA of experimental rats (from bregma: A/P -2.5, M/L +/- 5.0, D/V -8.5) at a rate 

of 100nL/min to a total volume of 500nL per side. Five minutes were allowed for 

diffusion. Systemic administration of the hM4Di actuator, clozapine-N-oxide 



 

46 

(CNO), should cause hyperpolarization of hM4Di containing neurons in the BLA 

(Armbruster et al., 2007; Roth, 2016). The second experiment focused on 

inhibition of BLA terminals in the posterior insular cortex. As above, hM4Di-

containing virus was injected bilaterally into the BLA. To direct CNO to the BLA 

terminals, indwelling cannula (Plastics One) were implanted in the posterior 

insular cortex (from bregma: A/P -1.8, M/L +/- 6.5, D/V -6.9) and fixed in place 

with stainless steel screws and acrylic cement. Cannula were fitted with stylets to 

maintain patency. Subsequent microinjection of CNO to the insula should reduce 

terminal neurotransmitter release from BLA terminals in the insula, preventing the 

relay of information from the BLA to insula (Mahler et al., 2014; Rogers-Carter et 

al., 2019). Importantly, in our prior studies we verified that CNO hyperpolarized 

hM4Di expressing neurons in whole cell patch clamp recordings and reduced 

Fos immunoreactivity (Rogers-Carter et al., 2019). A control group entailing rats 

that have either no virus or a sham virus were not included in this study because 

in our experience the dose of CNO and route of injection, i.p. or intracerebral 

microinjection did not influence SAP behavior in rats without hM4Di (Rogers-

Carter et al., 2019). After surgery, rats were administered meloxicam (1 mg/kg, 

Eloxiject; Henry Schein) and the antibiotic penicillin (1 mg/kg, Combi-Pen; Henry 

Schein). Rats were allowed 2-3 weeks of recovery before undergoing behavior 

testing as described below. To inhibit the BLA, experimental rats received either 

an intraperitoneal (I.P.) vehicle injection (DMSO in Saline) or CNO (3 mg/kg; 

Tocris) 45 minutes prior to SAP testing. This dose is consistent with prior work in 

which 3 mg/Kg CNO was behaviorally active when injected into subjects 
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expressing chemogenetic receptors but inert in sham controls(Roth, 2016). To 

inhibit BLA-insula terminals, either 0.5µL of vehicle (sterile PBS) or CNO (1 µM) 

was microinjected to the insula 30 minutes prior to testing. We used a CNO dose 

of 1 µM previously to inhibit insula neuron terminals in the NAc with behavioral 

effects in hM4Di expressing rats and no effect in sham controls (Rogers-Carter et 

al., 2019) which is consistent with similar approaches reported by others (Mahler 

et al., 2014; Stachniak et al., 2014). 

 

2.2.2.3 Social Affective Preference (SAP) test 

This procedure allows for the observation of a rodent’s behavior when presented 

with conspecifics of varying social affect. The SAP paradigm takes place in a 

large plastic arena (50 x 40 x 20 cm; L x W x H) with beta chip bedding and a 

transparent plastic lid. Juvenile conspecifics were individually placed into clear 

acrylic chambers (18 x 21 x 10cm; L x W x H) comprised of acrylic rods spaced 1 

cm apart to allow for direct interaction. These chambers are placed at opposite 

ends of the plastic arena during testing. Testing consists of 2 habituation days 

followed by 2 test days. On day 1, experimental rats were placed into their own 

plastic arena and allowed 60 minutes of acclimation. On day 2, experimental rats 

were placed in their arena for 60 min and then underwent 5 minutes of behavior 

testing where they were presented with two naïve juvenile conspecifics in the 

acrylic chambers. Days 3 and 4 test the experimental rats’ social affective 

preference after injection of vehicle or CNO, as described above. On day 3, rats 

were placed in the arena for 60 min and then presented with a pair of unfamiliar 
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conspecifics. One conspecific received an acute stressor of 2 footshocks (5s, 1 

mA, inter-shock interval of 50s); the other conspecific was naïve to any 

treatment. A trained observer quantified the amount of time the experimental rat 

spends investigating each conspecific. Social investigation was defined as time 

spent sniffing or touching the conspecific through the acrylic bars. Testing on day 

4 proceeded identically to day 3 with rats receiving the opposite drug treatment 

from the day prior in a counterbalanced, within-subjects design. Conspecifics 

were used for no more than 3 days of testing. All tests were recorded in digital 

video. Recordings were scored by a trained observer blind to the experimental 

conditions to establish inter-rater reliability.  

 

2.2.2.4 Histology  

At the end of behavioral testing, experimental rats were overdosed with 

tribromoethanol and perfused with cold 0.01 M heparinized PBS followed by 4% 

paraformaldehyde. Dissected brains were stored in 4% paraformaldehyde for 24 

h and then transferred to 30% sucrose for at least 2 days. 40 µm coronal 

sections were obtained in series on a freezing cryostat (Leica). Insula sections 

were directly mounted on gelatin-coated slides and stained with cresyl violet for 

verification of cannula placement. BLA sections were directly mounted onto 

slides and coverslipped with Vectashield containing DAPI (Vector Laboratories) 

to visualize mCherry, a genetically encoded fluorescent protein fused to hM4Di, 

and determine the spread of hM4Di under a fluorescent microscope (Zeiss 

Axiomanger Z.2). Additional sections containing posterior insular cortex were 
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used to verify expression of the mCherry fusion protein with 

immunohistochemistry stain exactly as described in Rogers-Carter et al (2019). 

 

2.2.2.5 Statistical Analysis  

Data from rats receiving stereotaxic injections were only included when site-

specificity criteria were met. For BLA injections, rats were included if mCherry 

expression was brightest in the posterior BLA and LA (-2.5mm posterior from 

bregma or further). The virus frequently spread to the central amygdala (CeA), 

potentially due to the large injection volume or the interconnectedness of these 

two regions. Although hM4Di-mCherry expression spread into the CeA in some 

rats, the CeA does not project to posterior insula (Allen et al., 1991; Shi and 

Cassell, 1998; Swanson and Petrovich, 1998; Gehrlach et al., 2020a), allowing 

us to conclude that the behavioral effects of insular  CNO were caused by 

inhibition of axon terminals of neurons with soma in the BLA (Allen et al., 1991; 

Shi and Cassell, 1998; Swanson and Petrovich, 1998; Gehrlach et al., 2020a). 

Inclusion criteria for BLA-insula terminal inhibition experiments required evidence 

of i.) bilateral expression of hM4Di in the BLA, ii.) bilateral cannula placement in 

the posterior insular cortex and iii.) mCherry expression in the posterior insula 

confirmed through immunohistochemical stains. Sample sizes were determined 

by conducting a priori power analyses in G*Power using effect sizes observed 
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previously (Rogers-Carter, 2018) and N = 12 was determined to be appropriate 

to achieve power ≥ 0.70. Several cohorts of rats went through these procedures 

to reach the target sample size. Datasets were tested for normality and sphericity 

prior to analysis and found to be suitable for t-test and analysis of variance. 

Social exploration times were compared using repeated measures two-way 

Analysis of Variance (ANOVA) with conspecific stress and drug treatment 

(vehicle or CNO) as within-subjects variables. Main effects and interaction effects 

were deemed significant at p<0.05 and post-hoc analysis consisted of Tukey’s 

multiple comparison test. Preference for the stressed conspecific in each 

condition was calculated as a percentage of time investigating the stressed 

conspecifics relative to the total time spent investigating both conspecifics and 

compared using paired t-tests. Statistical analyses were conducted in Prism 8 

(Graphpad Software). 

2.2.3. Results 

2.2.3.1 BLA is necessary for social investigation of stressed juveniles. 

To determine the effect of BLA inhibition on social affective preference, 

adult male experimental rats received bilateral injections of a viral vector 

containing an hM4Di receptor into the BLA and later underwent SAP tests with 

juvenile conspecifics after systemic vehicle or CNO injection (Figure 2.1A). After 

review of virus placement, 12 rats were found to meet criteria for inclusion based 

on placement (Figure 2.1B&C). The amount of time the experimental rat spent 
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investigating the naïve and stressed conspecific (defined as direct physical 

touch) was analyzed with ANOVA where drug treatment (vehicle vs. CNO) and 

conspecific affect (naïve vs. stressed) were treated as within-subjects factors. 

One additional rat was excluded from analyses because of unusually high social 

investigation in the SAP test (greater than 60s total, identified as an outlier by 

Grubb’s Test) resulting in a final sample size N=11. Experimental rats preferred 

interaction with stressed juveniles after vehicle injection but appeared to lose this 

preference after CNO (Figure 2.1D). There was a main effect of social affect 

(F(1,10)=19.03, p=0.001) but the drug by affect interaction did not reach 

significance (F(1, 10)=2.47, p=0.147). Post-hoc analysis using Tukey’s multiple 

comparison test revealed a significant difference between social investigation of 

naïve and stressed conspecifics in the vehicle condition (p=0.047) but no 

difference between naïve and stressed in the CNO condition (p=0.81) suggesting 

that the main effect was carried primarily by preference for stressed juveniles in 

the vehicle condition. The preference for the stressed conspecific was calculated 

as a percentage of the total time spent investigating both conspecifics (Figure 

2.1E). A paired samples t-test revealed a significant preference for the stressed 

juvenile under vehicle compared to CNO (t(10)= 2.462, p=0.034). In summary, 

BLA inhibition by hM4Di interfered with social approach to stressed juveniles. 
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Figure 2.1 Chemogenetic inhibition of the BLA reduced social preference for 
stressed juveniles. A. Schematic diagram of the experimental design. AAV containing 
the gene coding for hM4Di was bilaterally injected into the BLA and, 2 weeks later, rats 
received vehicle (V) or CNO injections 45 min before SAP tests with juvenile conspecifics. 
B. Intended target for virus in BLA (left) and representative mCherry expression in the BLA 
(right, blue= DAPI, red= native mCherry). C. Map of viral expression in BLA from 
experimental rats (N=11, each rat represented by a different color). D. Mean (with 
individual replicates) time spent exploring the naïve and stressed conspecifics during the 
5 min. SAP test. After vehicle injections, rats preferred social investigation of stressed 
juveniles compared to naïve juveniles (p=0.047), which was abolished after CNO 
treatment (3mg/kg). E. Data from D presented as a preference for the stressed conspecific 
as a percentage of total social interaction. Experimental rats preferred interaction with the 
stressed juvenile under vehicle treatment, which was abolished after CNO treatment 
(p=0.034). *p<0.05. Diagram in A created with BioRender.com. Atlas images recreated 
from Paxinos & Watson (1998), use pending permission. 
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2.2.3.2 BLA inputs to the insular cortex mediate social approach to stressed 

juveniles. 

To determine if insula-projecting BLA neurons are necessary for social 

approach to stressed juveniles, experimental rats received bilateral injections of a 

viral vector containing an hM4Di receptor in the BLA and bilateral cannula 

implants in the posterior insular cortex and later received SAP tests after vehicle 

or CNO infusion to the insula (Figure 2.2A). After inspection of cannula 

placement, BLA terminal expression in the posterior insula, and mCherry 

expression in the BLA, the amount of time the experimental rat spent 

investigating each conspecific was analyzed in n=14 rats which met the criteria 

for inclusion (Figure 2.2B&C). After vehicle injections, experimental rats spent 

more time investigating the stressed juvenile; no preference was evident after 

CNO injections (Figure 2.2D). A 2-way ANOVA analyzing social interactions 

across conditions revealed a main effect of social affect, (F(1,13) = 5.622, 

p=0.034), and a drug by social affect interaction, (F(1, 13) = 14.25, p=0.0023). 

Post-hoc analysis revealed a significant difference between social investigation 

of naïve and stressed conspecifics in the vehicle condition (p=0.0057) and social 

investigation of naïve conspecifics in the vehicle and CNO conditions (p<0.05). 

The preference for the stressed rat was calculated as described above. A paired 

t-test revealed a significant difference (t(13) = 4.909, p<0.0003), with the percent 

investigation score for the stressed juvenile significantly decreased under CNO 

(Figure 2.2E). Taken together, these results indicate that chemogenetic inhibition 
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of BLA terminals in the insula interferes with social approach to stressed 

juveniles. 
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Figure 2.2 Chemogenetic inhibition of BLA to pIC terminals blocked social affective 
preference for stressed juvenile conspecifics. A. Schematic diagram of experimental 
approach. AAV containing the gene coding for hM4Di was bilaterally injected into the BLA 
and cannula were implanted into the insula and 2-3 weeks later rats received vehicle (V) 
or CNO (1μM) infusions 30 min before SAP tests with juvenile conspecifics. B. LEFT: 
Schematic of viral injection into the BLA and cannula implant into posterior insula with 
(left-to-right): i) representative image of hM4Di-mCherry expression (red = native 
mCherry, blue = DAPI), ii) cresyl violet image of cannula damage, and iii) mCherry 
amygdala terminal fiber expression. C. Maps of viral expression in BLA (left side) and 
cannula placements in posterior insular (right side, individual rats are represented by 
different colors) D. Mean (with individual replicates) time spent interacting with the naïve 
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and stressed juvenile conspecifics during the 5 min SAP tests after vehicle or CNO 
injection. In the vehicle condition, rats spent more time investigating stressed juvenile 
conspecifics than naïve juvenile conspecifics (p=0.005). In the CNO condition rats 
explored the stressed and naïve conspecifics equally. E. Data from (D) expressed as the 
mean (with individual replicates) preference for the stressed conspecific as a percentage 
of the total social interaction. CNO injections reduced preference for the stressed juvenile 
(p=0.0003). **p<0.01, ***p<0.001. Diagram in A was created with BioRender.com. Atlas 
images recreated from Paxinos & Watson (1998), use pending permission. 
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2.2.4. Discussion 

Seeking to more completely describe the neural basis for this type of 

social affective behavior, we investigated whether preference for stressed 

juveniles involved the BLA, a region involved in many forms of social and non-

social affective process, and its projections to the posterior insula, a region 

known to mediate social approach to stressed juveniles. In a social affective 

preference paradigm, experimental adult rats typically initiate interactions with 

stressed juveniles but avoid interactions with stressed adults (Rogers-Carter et 

al., 2018b, 2018a, 2019; Rieger et al., 2022c, 2022a). Chemogenetic inhibition of 

the BLA and the BLA axon terminals in the insula both reduced time spent 

investigating stressed juveniles. These findings provide a mechanistic basis for 

how emotional valence, encoded in the BLA, may reach the insula where it might 

be integrated with other situational information to determine when to approach or 

avoid other animals in distress.  

The decision to approach or avoid is informed by cues emitted by 

conspecifics. In rats, affect is conveyed by ultrasonic vocalizations (USVs) 

(Brudzynski, 2013; Knutson et al., 20021016), chemical alarm signals (Sterley 

and Bains, 2021) and overt behaviors (such as behavioral immobility). USVs in 

the 50-Hz range are associated with positive affect and prosociality and elicit 

tonic decreases in amygdala activity of listeners. We found that in interactions 

with stressed juveniles, fewer of the prosocial 50Hz USVs were present (Rogers-

Carter et al., 2018b). In contrast, USVs in the 22-Hz range signal aversive states 

and elicit tonic increases in amygdala activity (Parsana et al., 2012; Seffer et al., 
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2014).  Importantly, rats with BLA lesions do not respond to either type of USV, 

indicating that this region is critical for recognizing and responding appropriately 

to vocalizations (Schönfeld et al., 2020). Stressed rats also release chemical 

alarm signals that are reliably identified by others (Valenta and Rigby, 1968; 

Kiyokawa et al., 2006). These alarm signals trigger increased c-fos expression in 

a number of brain regions of target rats, including the BLA (Kiyokawa et al., 

2005; Kyriazi et al., 2018), positioning it as a potential site for identifying these 

olfactory signals. In vivo recordings and activity-dependent tagging reveal that 

BLA neurons preferentially encode stimuli that predict either reward or 

punishment (Beyeler et al., 2016), and unconditioned stimuli that are inherently 

positive or negative (e.g., sucrose vs. quinine) which is thought to reflect valence-

coding within the BLA (Belova et al., 2008; Gore et al., 2015). While it has not 

been tested directly, it is likely that social affective cues, such as USVs, odors 

and overt behaviors are assigned valence in the same way within the BLA. In the 

SAP test, BLA inhibition may have disrupted the encoding, or the assignment of 

valence, to alarm signals emitted by stressed juveniles rendering the test rat 

unable to differentiate the affective states of the conspecifics. Rather than 

reducing overall social behavior, this resulted in experimental rats spending 

comparable amounts of time investigating each conspecific, likely due to cortical 

regions lacking the necessary valence information that would be relayed by the 

BLA to inform appropriate decision-making behavior.  

Valence-coding is organized by the anatomical targets of the 

glutamatergic projection neurons of the BLA. For example, activation of BLA 
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projections to the NAc drive reward-seeking behaviors (Ambroggi et al., 2008; 

Stuber et al., 2011). Projections to mPFC bidirectionally modulate social and 

anxiety-related behaviors with activation reducing and inactivation facilitating 

social interaction in a resident-juvenile intruder paradigm (Felix-Ortiz et al., 

2016). The insula is one of many targets of these projection neurons. As a site of 

interoception (Aguilar-Rivera et al., 2020; Rodríguez et al., 2020) and 

multisensory input (Rodgers et al., 2008), the insula is crucial for the perception 

of bodily states and integration of socially-salient information, both of which 

contribute to social decision-making. In this study, terminal inhibition of insula-

projecting BLA neurons abolished preference for a stressed juvenile. This 

suggests a bottom-up process, with the BLA responsible for encoding the 

valence of social affective cues, and relaying this socially-salient information to 

the insula for further processing. An important goal of future work will be to 

establish whether BLA neurons that project to the insula exhibit valence-

specificity and if the same neurons that are involved in approach to stressed 

juveniles are involved when rats avoid conspecifics, for example when the target 

is a stressed adult, or is sick (Rogers-Carter et al., 2018b; Rieger et al., 2022c). 

In any social circumstance, information about the interaction setting 

(context) and the interactants (self/other) is necessary to decide what behaviors 

are appropriate. Our studies thus far used a familiar, neutral setting and test rats 

that are naive to laboratory manipulations. In this preparation, we can make the 

assumption that the motivation to approach or avoid the conspecifics is a 

consequence of conspecific features. In addition to the preference to interact with 
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stressed juveniles, there are several other conspecific features that drive social 

choice. For example, i.) rats prefer interactions with novel/unfamiliar conspecifics 

(Smith et al., 2015; Rogers-Carter et al., 2019), ii.) male rats avoid stressed 

adults (Rogers-Carter et al., 2018b; Rieger et al., 2022a), iii.) female, but not 

male, rats approach stressed cagemages (Rogers-Carter et al., 2018a), and iv.) 

adult rats avoid sick adults but not sick juveniles (Rieger et al., 2022c). Moving 

forward, we must account for contextual and internal factors that are expected to 

interact with the conspecific factors (e.g., age, sex, familiarity, affect, illness) and 

alter what social behaviors are appropriate. For example, would rats continue to 

approach stressed juveniles in a dangerous environment? More specifically, 

does the BLA relay contextually relevant valence information to the insula that in 

turn modifies a rat’s behavior towards stressed others? Recently, Toyoshima et 

al. demonstrated that a prior stress experience caused adult rats to prefer 

interactions with stressed adult conspecifics (Toyoshima et al., 2021); would a rat 

that was hungry or sick engage in prosocial behaviors with hungry or sick others? 

In humans, both the amygdala and insula are activated in response to aversive 

odors or tastes while only the insula responds to observing others’ experiences 

of disgust (Royet et al., 2003; Small et al., 2003; Wicker et al., 2003). 

Interestingly, glutamatergic inputs from the insula to the BLA encode 

observational pain in rodents (Zhang et al., 2022b). Could insula to BLA neurons 

be preferentially recruited for recognizing a conspecific’s affective state based on 

one’s own prior experience? Addressing these questions will delineate the 

systems biology underlying complex social decision-making. 
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Based on the anatomical connectivity and the growing body of 

mechanistic studies that show the insula mediates behaviors in context-, internal- 

and external-state specific ways we suggest that the insula is a site where 

streams of information relating to the internal and external senses summate for 

distribution to executive control networks to shape decisions. To test this idea we 

would need to determine whether insular activity is involved as we vary the 

nature of the interaction setting and the experience of the test subject in the SAP 

test. Because some social behaviors, such as social novelty preference, do not 

require the insula (Rogers-Carter et al., 2019), we hypothesize that the insula 

becomes important when the relevant contextual, internal and social information 

is sufficiently complex to need executive cognition to direct behavior. In this 

framework, removing amygdala input to the insula renders this executive process 

deficient of information about social valence that may typically trigger prosocial 

behavior toward stressed others. 

Socio-emotional behaviors typical of autism spectrum disorder and 

schizophrenia (Insel and Fernald, 2004; Brüne, 2005; Baslet et al., 2009; Lai et 

al., 2014) are attributed, in part, to neurodiversity in the amgydalo-insular circuit 

(Baron-Cohen et al., 2000; Nagai et al., 2007; Baas et al., 2008; von dem Hagen 

et al., 2013; Gorka et al., 2015). The work described here provides the first 

mechanistic support of a critical role for amygdalo-insular communication in 

socioemotional behavior. A greater understanding of this circuitry and its function 

within the broader social brain will inform targeted treatments for social affective 

disorders. Future studies may build on this finding to determine what type of 
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information is encoded by the insula projecting BLA neurons and to characterize 

the range of behaviors that this tract supports. 

 

2.3. Social affective behaviors among female rats involve the basolateral 

amygdala and insular cortex 

2.3.1. Introduction 
The capacity of one individual to detect and make decisions based on the 

emotional or arousal state of another is key to understanding both healthy and 

pathological social interactions. In humans, these processes are thought to be 

fundamental to empathic cognition. When describing such elementary parts of 

empathy, de Waal argued, “The lowest common denominator of all empathic 

processes is that one party is affected by another’s emotional or arousal state” 

(de Waal, 2008). This primal, automatic process is sensory in nature and it, by 

definition, precedes the higher order manifesta-tions of empathy that are widely 

studied in humans (Panksepp and Panksepp, 2013) and increasingly observed in 

laboratory rodents (Bartal et al., 2011; Decety, 2011; Sivaselvachandran et al., 

2018; Mony et al., 2018; Hernandez-Lallement et al., 2020). Thus, to detect the 

emotion of another is the precursor to emotion contagion, emotion recognition, 

empathic helping, perspective taking, and so on, all of which shape an 

individual’s reactions to and interactions with others. Abnormalities in these 

‘higher’ processes are central to numerous psychiatric conditions including 

autism spectrum disorder (ASD), Fragile X, depression, psychopathy, 

schizophrenia, borderline personality disorder and alexithymia (Decety and 
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Moriguchi, 2007; Thioux and Keysers, 2010; Thoma et al., 2011; Decety et al., 

2013; Ripoll et al., 2013). Relevant to the present study, there are marked sex 

differences in prevalence of social dysfunction in psychopathology (Zlotnick et 

al., 2001; Bao and Swaab, 2010; Ferri et al., 2018; Gogos et al., 2019) making 

the translational study into sex differences in the neurobiology of social affective 

behaviors a high priority. 

To investigate the neurobiology of simple empathy-like processes in a 

translational model, our laboratory developed a social affective preference (SAP) 

test (Rogers-Carter et al., 2018b, 2019; Djerdjaj et al., 2022; Rieger et al., 

2022c). The SAP test allows for the observation of a rat’s unconditioned 

response to a pair of stimuli rats, one of which had been exposed to a stressor 

and the other naïve to treatment. Interestingly, when given the choice between 

naïve and stressed juveniles, adult test rats spend more time exploring the 

stressed juveniles, but this preference was exactly the opposite if the stimuli rats 

were post pubertal adults. We conducted extensive behavioral ethography of the 

experimental and conspecific rat behaviors including ultrasonic vocalizations 

(Rogers-Carter et al., 2018b); and concluded that the approach behavior of the 

experimental rat is a reliable dependent measure that is influenced by the social 

affective signals of the conspecifics. Thus, the SAP test reflects something well 

established with regard to human social behavior: features of the target stimulus, 

including age, are critical determinants to whether or not an individual will 

approach, help or avoid another in distress (Staub, 1974).  
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In our first behavioral studies, we included both male and female rats and 

the pattern of approach to stressed juveniles and avoidance of stressed adults 

was present in both sexes within the same testing parameters (Rogers-Carter et 

al., 2018b, 2018a). However, when we began to investigate neurobiological 

mechanisms, which entail more invasive and stressful procedures such as 

cannula implant surgeries and injections, female SAP behavior became more 

variable while male behavior was robust. This led us to pursue neural 

mechanisms first in males (reviewed below) while seeking parameters for female 

SAP tests that would be compatible with modern neuroscience technologies. 

Our studies in male rats initially focused on the insula. The insula is 

central to the prevailing neuroanatomical models of empathy, which have 

substantial support from human neuroimaging studies (Decety, 2011; Bernhardt 

and Singer, 2012). Classically identified as a neural locus of somatosensory 

interoception ((Bud) Craig and D, 2009; Chen et al., 2021b), there has been an 

explosion of fMRI studies over the last 10+ years implicating insula in an 

impressive range of cognitive processes (Kurth et al., 2010), including but not 

limited to emotion recognition, salience detection, pain, drug craving and so on 

(Gu et al., 2012; Chen et al., 2014a; Naqvi et al., 2014; Boucher et al., 2015; 

Molnar-Szakacs and Uddin, 2022). It is likely that many of these can be tied to an 

elementary function of integration and salience detection, a consequence of 

insula’s multisensory inputs and reciprocal connectivity with brain networks 

serving attention, arousal, action, and emotion (Menon and Uddin, 2010b). Thus, 

we hypothesized that behavior towards or away from stressed conspecifics in the 
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SAP test would require the insula. Indeed, interaction with stressed conspecifics 

increases activity in the insula and pharmacological, optogenetic, and 

chemogenetic inhibition all abolish preference behaviors (Rogers-Carter et al., 

2018b, 2019; Rieger et al., 2021; Djerdjaj et al., 2022; Rieger et al., 2022c). 

Importantly, oxytocin and corticotropin releasing factor, peptides implicated in 

social behavior (Rigney et al., 2022) and stress responses (Vasconcelos et al., 

2020), respectively, were found to be necessary modulators of insular synaptic 

physiology and the corresponding receptors necessary for social affective 

preference behaviors (Rogers-Carter et al., 2018b; Rieger et al., 2021). 

Subsequently, numerous other reports have shown important roles for the insula 

in social affective behaviors in males (Gehrlach et al., 2019a; Miura et al., 2020; 

Zhang et al., 2022b; Cox et al., 2022a). 

We interpret the importance of the insula to social affective behaviors as a 

consequence of its interconnections with the network of highly conserved brain 

regions that orchestrate social behavior (Rogers-Carter and Christianson, 2019) 

and our recent work has addressed the necessity of this connectivity. The 

basolateral amygdala (BLA) is a key component of several network models of 

social cognition including the Social Decision Making Network (Tremblay et al., 

2017) and “social brain” (Adolphs, 2010) and sends a dense fiber input to the 

posterior insula (Allen et al., 1991; Kobayashi, 2011). BLA neurons are 

remarkably sensitive to conspecific behavior (Mosher et al., 2014); respond 

during direct observation of a conspecific receiving shock (Jeon et al., 2010); and 

are activated upon exposure to a stressed conspecific (Knapska et al., 2006; 
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Mikosz et al., 2015). We hypothesized that detection or appraisal of social stress 

stimuli and the integration of this external valence information with internal states 

would require the BLA and its projections to the insula, respectively. In males, 

chemogenetic inhibition of the BLA and its projection terminals in the insula did in 

fact abolish social preference for stressed juveniles (Djerdjaj et al., 2022), 

providing a mechanistic basis for the detection, appraisal, and behavioral 

response to emotionally salient stimuli.  

Sex differences in the prevalence and manifestation of neuropsychiatric 

disorders such as ASD and schizophrenia (Mandy et al., 2012; Ochoa et al., 

2012; Ferri et al., 2018; Ratto et al., 2018; Gogos et al., 2019; de Giambattista et 

al., 2021) warrant research into the corresponding neurobiology of 

socioemotional behavior in females. Underlying differences in functional 

connectivity during emotion recognition and empathy-related processes are 

thought to contribute to sex-specific manifestations of psychiatric disorders (Preis 

et al., 2013; Tavares et al., 2022). For example, amygdala-insula connectivity is 

increased in human females when viewing the faces of stressed others 

compared to males(Mather et al., 2010). Sex differences in network function 

could be attributed to sex differences in the distribution of oxytocin fibers and 

receptors. Male rats have greater oxytocin binding in the agranular insula, 

indicating a potential sex-specific role of oxytocin in the insula(Dumais et al., 

2013). Less is known about differences in oxytocin receptor expression and 

function in the BLA, though other amygdala subnuclei, such as the medial and 

central amygdala, display sex-specific oxytocin binding densities and functions 
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(Dumais et al., 2013; Dumais and Veenema, 2016; Caldwell, 2018). Insular 

oxytocin in males increases excitatory synaptic transmission and is necessary for 

appropriate social affective preference behavior, while its role in female insula 

remains unknown (Rogers-Carter et al., 2018b).  

The goal of the current study was to determine if female rats utilize the 

same neural systems to navigate social affective decision making that we have 

discovered in males. As noted above, prior efforts to study these systems in 

females failed because the behavior phenotype was not robust to surgical 

procedures and injections. To overcome this we lengthened the time allotted for 

recovery from surgery to 4 weeks and acclimated the rats to handling and 

experiment interaction for 15 days prior to SAP tests (Rieger et al., 2022b). Here, 

we infused muscimol, the GABAA receptor agonist, to the insula or BLA of female 

rats for reversible pharmacological inhibition during SAP testing with either 

juvenile or adult isosexual conspecifics. We also sought to ascertain whether 

oxytocin affects females similarly to males by infusing oxytocin into the insula or 

BLA prior to one-on-one social interaction tests.  

 

2.3.2. Materials and Methods 

2.3.2.1 Animals  

All rats used were female Sprague-Dawleys purchased from Charles River 

Laboratories (Wilmington, MA). All rats were allowed to acclimate to the vivarium 

in the Boston College Animal Facility for at least 7 days prior to any procedure 

being carried out. Experimental subjects arrived weighing 225-250 grams and 
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were housed in pairs. Juvenile conspecifics arrived at PN21 and adult 

conspecifics arrived at PN55. Conspecifics were housed in groups of 3. Food 

and water were available ad libitum. Rats were housed on a 12h light/dark cycle 

with behavioral experiments occurring within the first 4 h of the light cycle. Boston 

College Institution Animal Care and Use Committee approved all procedures and 

the Public Health Service Guide for the Care and Use of Laboratory Animals was 

adhered to. 

 

2.3.2.2 Surgical Procedures - Cannula Implantation  

To inhibit insula and BLA activity indwelling cannula were implanted bilaterally 

into either the insula or BLA to allow for direct infusion of muscimol or vehicle into 

each region. Experimental adult females underwent surgery under inhaled 

anesthesia (2-5% v/v isoflurane in O2). Bilateral cannula (Plastics One) were 

implanted into the posterior insula (from bregma: A/P -1.8, M/L +/-6.5, D/V -6.9) 

or the BLA (from bregma: A/P -2.8, M/L +/- 4.5, D/V -8.4). Cannula were fixed in 

place with stainless steel screws and acrylic cement and were fitted with stylets 

to maintain patency. After surgery, rats were subcutaneously injected with 

meloxicam (1 mg/kg, Eloxiject; Henry Schein) as well as the antibiotic penicillin (1 

mg/kg, Combi-Pen; Henry Schein). 10 mL lactated Ringer’s solution was 

delivered in two doses of 5 mL subcutaneously on the right and left side of the 

body. Rats were allowed 4 weeks of recovery before undergoing behavioral 

procedures as described below. 3 weeks prior to behavioral testing, test rats 

were wrapped in a towel and handled by an experimenter for 1 minute each 
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weekday for a total of 15 days of handling. This was done to ensure rats were 

fully habituated to handling prior to drug infusion. To inhibit either the insula or 

the BLA, 1 hour prior to testing, muscimol (100 ng/side in 0.5mL of saline) was 

microinjected at a rate of 1μL/min with an additional 1 minute diffusion time 

(Rieger et al., 2022c). We have used this dose previously (Chen et al., 2016; 

Rogers-Carter et al., 2018b; Sarlitto et al., 2018). 

 

2.3.2.3 Social Affective Preference (SAP) test  

This procedure allows for the quantification of a rodent’s behavior when 

interacting with conspecifics of varying social affect. The SAP paradigm takes 

place in a plastic arena (76.2cm × 20.3cm × 17.8 cm, Length × Width × Height) 

with beta chip bedding and a transparent plastic lid. Conspecifics were placed 

into individual clear acrylic chambers (18 x 21 x 10cm; L x W x H) made up of 

acrylic rods spaced 1 cm apart that allows for direct interaction. During testing, 

these chambers containing conspecifics are placed at opposite ends of the 

arena. Testing consists of 2 habituation days followed by 2 test days. On day 1, 

experimental rats were placed in the testing room for 1 hr and exposed to the 

testing arena for 15 minutes before being returned to their home cage. On day 2, 

experimental rats were placed in the plastic testing arena for 5 minutes of 

behavior testing where they were presented with two naïve juvenile or adult 

conspecifics in the acrylic chambers. Days 3 and 5 test the experimental rats’ 

social affective preference after injection of vehicle or muscimol, as described 

above. Rats were placed in the arena for 1 h and then presented with a pair of 
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unfamiliar conspecifics. One conspecific received an acute stressor of 2 

footshocks immediately preceding placement in its chamber of the testing arena 

(5s, 1 mA, inter-shock interval of 50s); the other conspecific was naïve to any 

treatment. Both conspecifics were always novel and unfamiliar to the 

experimental rat on each day of testing. A trained observer quantified the amount 

of time the experimental rat spends investigating each conspecific. Social 

investigation was defined as time spent sniffing or touching the conspecific 

through the acrylic bars. After tests on day 3, rats were returned to their home 

cage and left undisturbed for 48 h to ensure muscimol cleared. Testing on day 5 

was the same with rats receiving the opposite drug treatment as on day 3 in a 

counterbalanced, within-subjects design. All tests were recorded in digital video. 

Recordings were scored by a trained observer blind to the experimental 

conditions to establish inter-rater reliability.  

 

2.3.2.4 One-on-one social interaction tests  

Three days after SAP testing, the same experimental rats underwent one-on-one 

social exploration tests. A one-on-one social interaction was conducted to test 

the generality of our findings that insular oxytocin is necessary and sufficient for 

social affective behavior in males.  Previously, we’ve found that an oxytocin 

receptor antagonist delivered to the insula of males prevented approach to 

stressed juveniles and avoidance of stressed adults in the SAP test. Importantly, 

oxytocin itself delivered to the insula increased interactions with juveniles and 

reduced interactions with adults in the absence of social stress (Rogers-Carter et 



 

71 

al., 2018a). Therefore, we concluded that oxytocin in the insula was both 

necessary and sufficient to account for behavior in the SAP test. Here we used 

the one-on-one social interaction test with oxytocin infusions as a gain-of-function 

test of the role of the oxytocin system in female social behavior. Each 

experimental rat was placed into a standard plastic tub cage with beta chip 

bedding and a wire lid 1 h prior to testing. Testing consisted of a naive juvenile or 

adult being introduced into the experimental rat’s cage for 5 minutes. In our prior 

work with both males and females we quantified a range of behaviors apparent in 

the social interaction and SAP contexts and found that only social exploratory 

behaviors (sniffing, pinning, allogrooming) initiated by the experimental rat were 

sensitive to conspecific age and stress (Rogers-Carter et al., 2018b, 2018a). 

These were timed by an observer and used in the primary analysis. Because 

oxytocin may have affected other aspects of behavior in the current study, we 

also quantified immobility, self-grooming, rearing, pinning, anogenital sniffing 

during these tests. Each experimental rat was given tests on consecutive days, 

once 15 minutes after receiving bilateral infusions of oxytocin (0.5 μL of 500 nM 

in 0.9% saline vehicle equivalent to 250 pg oxytocin per side) and once after 

receiving bilateral infusions of the vehicle. This time and dose was selected 

based on our prior studies (Rogers-Carter et al., 2018b). Drug injections were 

delivered at a rate of 1μL/min with an additional 1 minute diffusion time and order 

was counterbalanced (Rogers-Carter et al., 2018b). 
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2.2.3.5 Cannula placement verification  

After behavioral testing was finished, experimental rats were overdosed with 

tribromoethanol and decapitated. Directly prior to this, a vaginal lavage was taken 

from each rat to identify the day of estrous. After decapitation, the brains were 

removed, and flash frozen for slicing. Brains were sectioned at 40 μm using a 

freezing cryostat (Leica CM1860 UV) and slices were mounted on gelatin-coated 

slides. A cresyl violet stain was performed for verification of cannula placement 

under a microscope.  

 

2.2.3.6 Statistical analysis  

Social interactions were defined as sniffing or touching of the conspecifics and 

timed by experimenters blind to treatment. Inter-rater reliability was regularly 

established. Data from experimental rats were only included if site-specificity 

criteria were met after verification of cannula placement. For insula cannula, data 

were included if the lowest point of cannula damage was found in the posterior 

insula. For BLA injections, data were included if the lowest point of cannula 

damage was found in the BLA. It is important to note that some rats only had 

unilateral injections but were included if cannula placement was correct in order 

to minimize the amount of animals used (Glangetas et al., 2022). Social 

interaction and preference behaviors were analyzed using a repeated measures 

Analysis of Variance (ANOVA). Main effects and interaction effects were deemed 

significant at p < 0.05 and followed by Sidak post-hoc tests to maintain 

experiment-wise type 1 error rate to ɑ < 0.05. Preference for the stressed 
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conspecific in each condition was calculated as a percentage of the total time 

spent investigating both conspecifics (time interacting with stressed / (time 

interacting with naïve + time interacting with stressed) x 100) and compared with 

ANOVA. One-on-one social interaction data was analyzed using paired t-tests. 

Preference for social interaction under oxytocin was calculated as a percentage 

of time spent interacting under vehicle and analyzed using one sample t-tests. 

Statistical analyses were conducted with Prism 9 (Graphpad Software).  

 

2.3.3. Results 

2.3.3.1 Insula is necessary for social approach to stressed juveniles and naïve 

adults in female rats.  

To determine the effect of insula inhibition on female social affective 

preference for juveniles, adult female experimental rats received bilateral cannula 

implants in the insula and later underwent SAP testing with female juvenile 

conspecifics after vehicle or muscimol injections (Figure 2.3A). After cannula 

verifications, 12 rats met the inclusion criteria (Figure 2.3B). The amount of time 

the experimental rat spent investigating the naïve and stressed conspecific was 

analyzed with ANOVA where drug treatment (vehicle vs. muscimol) and 

conspecific affect (naïve vs. stressed) were treated as within-subjects factors. 

Experimental rats preferred interaction with stressed juveniles after vehicle 

injection but appeared to lose this preference after muscimol administration 

(Figure 2.3). There were main effects of both drug treatment (F(1,11) = 4.90, p = 

0.049, 𝜂2 = 6.57) and social affect (F(1,11) = 9.33, p = 0.011, 𝜂2 = 16.5) as well as 
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a drug by affect interaction (F(1,11) = 7.42, p = 0.020, 𝜂2 = 6.77). Post-hoc 

comparison revealed a significant difference between social investigation of 

naïve and stressed juveniles in the vehicle condition (p = 0.0009) that was not 

present in the muscimol condition (p = 0.517, Figure 2.3C). A separate cohort of 

adult females with insula cannula were tested with adult conspecifics. After 

cannula verifications, 9 rats met inclusion criteria (Fig 1B) and were analyzed as 

above resulting in a significant drug by affect interaction (F(1,8) = 98.3, p < 

0.0001, 𝜂2 = 30.5). Post-hoc comparisons revealed that experimental rats spent 

significantly more time investigating naïve adults in the vehicle condition (p < 

0.0001) and significantly less time investigating naïve adults in the muscimol 

condition (p = 0.006, Figure 2.3D).   
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Figure 2.3 Pharmacological inactivation of the insula in female rats interfered with 
social affective preference behavior.  
A. Schematic diagram of experimental design. Bilateral cannula were implanted into the 
insula of female test rats and, 4 weeks later, rats received saline or muscimol infusions 60 
minutes before SAP testing with juvenile or adult conspecifics. B. Schematic of cannula 
implants into the posterior insula. C. Mean (with individual replicates) time spent 
interacting with the naïve or stressed juvenile conspecifics during the 5 min SAP test. After 
vehicle injections, rats preferred interactions with stressed juveniles compared to naïve 
juveniles (p = 0.0009), which was abolished after muscimol infusion (100 ng per side in 
0.5μL saline). D. Mean (with individual replicates) time spent interacting with the naïve or 
stressed adult conspecifics during the 5 min SAP test. After vehicle injections, rats 
preferred interactions with naïve adults compared to stressed adults (p < 0.0001), which 
was reversed by muscimol infusions (p = 0.006). E. Data from C and D presented as a 
mean (with individual replicates) preference for the stressed conspecific as a percentage 
of total social interaction to allow a comparison of drug effect by age. Experimental rats 
preferred interactions with stressed juveniles (p = 0.028) and naïve adults (p = 0.0002) 
under vehicle treatment, which was abolished following muscimol infusion. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. Diagram in A created with BioRender.com. Atlas 
images recreated from Paxinos & Watson (1998). 
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The preference for the stressed conspecific in each experiment was 

calculated as a percentage of the total time spent investigating both conspecifics. 

A 2-way ANOVA was performed with drug treatment (vehicle vs. muscimol) as a 

within-subjects variable and age (juvenile vs. adult) as a between-subjects 

variable. This revealed a main effect of age (F(1,19) = 7.25, p = 0.014, 𝜂2 = 15.3) 

and a drug by age interaction effect (F(1,19) = 29.7, p < 0.0001, 𝜂2 = 26.5). Post-

hoc comparisons revealed a significant change in preference for stressed 

juveniles (p = 0.028) and naïve adults (p = 0.002) when comparing vehicle to 

muscimol (Figure 2.3E). In summary, insula muscimol infusions in female rats 

interfered with social preference for stressed juveniles and naïve adults. 

 

2.3.3.2 BLA inhibition abolishes social preference for stressed juveniles and 

naïve adults in female rats.  

To determine the effects of BLA inhibition on social approach to stressed 

juveniles, bilateral cannula were implanted into the BLA of adult female rats 

through which muscimol was injected 1 h prior to testing (Figure 2.4A). Twelve 

rats met inclusion criteria after cannula verifications (Figure 2.4B). It is important 

to note that, to minimize the number of test subjects used, 3 rats with correct 

unilateral cannula placements were included. 2 rats were excluded from testing 

due to clogged/faulty cannula while 10 rats were excluded from analysis due to 

wrong cannula placement. Similar to above, experimental rats preferred 

interaction with stressed juveniles after vehicle injection but appeared to lose this 

preference after muscimol administration (Figure 2.4C). The amount of time 
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spent investigating the naïve and stressed conspecifics was recorded and a 2-

way ANOVA with drug treatment (vehicle vs. muscimol) and social affect (naïve 

vs. stressed) as within-subjects variables resulted in a significant drug by social 

affect interaction (F(1,11) = 7.04, p = 0.022, 𝜂2 = 9.00). Post-hoc comparisons did 

not yield any significant differences, although the difference in time spent 

investigating the stressed vs. the naïve juvenile in the vehicle condition 

approached significance (p = 0.054, Figure 2.4C). Notably, in this experiment 4 of 

12 females avoided the stressed juvenile in the vehicle condition which is a 

slightly larger portion than typically observed but consistent with our prior work 

where preference fell along a normal distribution with some animals avoiding 

juveniles(Rogers-Carter et al., 2018b); it is possible that here the inclusion of 

cannulas and injections moved more subjects to the low end of this distribution. A 

separate cohort of adult female rats were tested with adult conspecifics and 

analyzed as above; 9 rats, including 4 with correct unilateral cannula placements, 

met inclusion criteria after cannula verifications (Figure 2.4B). Three rats were 

excluded from analysis due to wrong cannula placement. The ANOVA resulted in 

a significant main effect of social affect (F(1,8) = 18.95, p = 0.0024, 𝜂2 = 37.0) 

and a drug by social affect interaction effect (F(1,8) = 14.04, p = 0.0057, 𝜂2 = 

9.52). Post-hoc comparisons revealed that experimental rats spent significantly 

more time investigating naïve adults in the saline condition (p < 0.0001) (Figure 

2.4D).  
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Figure 2.4 Pharmacological inactivation of the BLA in female rats interfered with 
social affective preference behavior.  
A. Schematic diagram of experimental design. Bilateral cannula were implanted into the 
BLA of female test rats and, 4 weeks later, rats received saline or muscimol infusions 60 
minutes before SAP testing with juvenile or adult conspecifics. B. Schematic of cannula 
implants into the BLA. C. Mean (with individual replicates) time spent interacting with the 
naïve or stressed juvenile conspecifics during the 5 min SAP test. Solid lines indicate 
bilateral BLA injections while dashed lines indicate unilateral injections. After vehicle 
injections, rats preferred interactions with stressed juveniles compared to naïve juveniles 
(p = 0.054), which was abolished after muscimol infusion (100 ng per side in 0.5μL saline) 
A social affect x drug interaction effect was observed (p = 0.022). D. Mean (with individual 
replicates) time spent interacting with the naïve or stressed adult conspecifics during the 
5 min SAP test. After vehicle injections, rats preferred interactions with naïve adults 
compared to stressed adults (p < 0.0001), which was reduced following muscimol infusion. 
E. Data from C and D presented as a preference for the stressed conspecific as a 
percentage of total social interaction (with individual replicates). Experimental rats 
preferred interactions with stressed juveniles (p = 0.038) and naïve adults (p = 0.04) under 
vehicle treatment, which was abolished following muscimol infusion. *p < 0.05, ****p < 
0.0001. Diagram in A created with BioRender.com. Atlas images recreated from Paxinos 
and Watson (1998). 
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The preference for the stressed conspecific was calculated as described 

above and a 2-way ANOVA with drug treatment (saline vs. muscimol) as a 

within-subjects variable and age (juvenile vs. adult) as a between-subjects 

variable resulted in a main effect of age (F(1,19) = 34.9, p < 0.0001,  𝜂2 = 35.9) 

and a drug by age interaction effect (F(1,19) =12.9, p=0.0019,  𝜂2 = 18.0). Post-

hoc comparisons revealed a significant change in preference for stressed 

juveniles (p = 0.038) or naïve adults (p = 0.04) between vehicle and muscimol 

(Figure 2.4E). In all, these results indicate that BLA infusions of muscimol impair 

approach to stressed juveniles and avoidance of stressed adults in female rats. 

 

2.3.3.3 Oxytocin in the BLA, but not the insula, increases social interaction with 

naïve juvenile and adult conspecifics.  

The foregoing results begin to establish that female rats use some of the 

same brain regions found to be important for social affective behaviors in males. 

In our first investigations of this neurobiology in male rats, we found that oxytocin 

was a necessary and sufficient modulator of the insular cortex. Given known sex 

differences in oxytocin receptor expression(Dumais et al., 2013; Dumais and 

Veenema, 2016; Smith et al., 2017), we next sought to test whether oxytocin 

would alter social interactions in females. To determine whether oxytocin 

infusions to the insula or BLA effect social behavior in female rats, 3 days after 

SAP testing, 10 rats with bilateral insula cannula and 21 rats with BLA cannula 

received infusion of either vehicle or oxytocin (500 nM) 15 minutes prior to one-
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on-one social interaction tests (Figure 2.5A). Initially, these tests were conducted 

with juvenile conspecifics (n=10 for insula; n=12 for BLA; see Figures 2.3B and 

2.4B for cannula verifications). Because oxytocin in the BLA augmented social 

interaction with juveniles, we then repeated the experiment for BLA oxytocin 

infusion with adult conspecifics (n = 9; see Figure 2.4B for cannula verifications). 

Time spent exploring the naïve conspecific over the course of the 5 min test was 

recorded. Initially, a 2-way ANOVA with drug treatment (vehicle vs. oxytocin) as a 

within-subjects variable and age (juvenile versus adult) as a between-subjects 

variable was performed on the data obtained from rats with BLA cannula, 

revealing a main effect of drug (F(1,19) =12.8, p = 0.002, 𝜂2 = 18.9) but no 

significant effect of conspecific age or interactions. Therefore, data from BLA 

juvenile and adult social interaction tests were pooled together to compare the 

effect of oxytocin across regions. An ANOVA with drug treatment (vehicle vs. 

oxytocin) as a within-subjects variable and brain region (insula versus BLA) as a 

between-subjects variable resulted in main effects of drug (F(1,29) = 8.29, p = 

0.007, 𝜂2 = 0.04) and brain region (F(1,29) = 13.9, p = 0.0008, 𝜂2 = 0.25 ). Post-

hoc comparisons revealed a significant increase in social interaction after 

oxytocin infusion into the BLA compared to vehicle (p = 0.0008) with no 

difference in the insula (p = 0.72, Figure 2.5B). Time spent exploring after 

oxytocin was converted to a percentage of vehicle exploration time and one 

sample t-tests were conducted comparing the mean percentage of time spent 

exploring after oxytocin infusion to a theoretical mean of 100%. Social interaction 
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did not increase after infusion of oxytocin into the insula but did increase after 

infusion into the BLA (p = 0.001, Fig 3C). 

 

 

 

Figure 2.5 Oxytocin infusion into the BLA, but not the insula, of female test rats 
increased social interaction with naïve juvenile and adult conspecifics.  
A. Schematic diagram of experimental design. One week after SAP testing, female test 
rats with bilateral cannula implants in either the insula or BLA received saline or oxytocin 
(500 nM) infusions 15 min prior to one-on-one social interaction tests with naïve juvenile 
or adult conspecifics. B. Mean (with individual replicates) time spent interacting with naïve 
juvenile and adult conspecifics during a 5 min social interaction test after vehicle or 
oxytocin infusion into the insula or BLA. Solid lines indicate bilateral BLA injections while 
dashed lines indicate unilateral injections. Oxytocin in the insula had no effect on social 
interaction with juvenile conspecifics compared to social interaction after vehicle infusions. 
Oxytocin in the BLA significantly increased social interaction with both juvenile and adult 
conspecifics (p = 0.0008). C. Data from panel B presented as social interaction under 
oxytocin as a percentage of social interaction under vehicle (with SEM). Oxytocin in the 
BLA produced a significant increase in social interaction with juveniles (black circles) and 
adults (gray diamonds) compared to 100% (p = 0.0013). See Supplemental Figures S1 
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and S2 for additional data analysis. **p < 0.01, ***p < 0.001. Diagram in A created with 
BioRender.com. 
 

 

Oxytocin infusions to the BLA had noticeably variable effects which may 

be attributable to fluctuations in oxytocin receptor expression associated with 

estrus phase (Dumais et al., 2013). We analyzed the BLA data again with 

subjects grouped by estrus phase. An ANOVA with drug (vehicle vs. oxytocin) as 

a within-subjects variable and estrus phase (proestrus vs. diestrus vs. metestrus 

vs. estrus) as a between-subjects variable revealed a main effect of drug (F(1,17) 

= 7.4, p = 0.014,  𝜂2 = 11.8) but no significant effect of phase or drug by phase 

interactions. Thus, estrus phase does not appear to mediate the variability in 

oxytocin efficacy on social interaction when infused to the BLA.  

 

2.3.4. Discussion 

We investigated whether posterior insula or BLA inhibition in female rats 

interfered with preference for stressed juveniles and naïve adults typically 

observed in a social affective preference test (Rogers-Carter et al., 2018b; 

Djerdjaj et al., 2022). Akin to similar results in males, muscimol infusions into 

either the insula or the BLA reduced time spent interacting with stressed 

juveniles and naïve adults, respectively. In contrast to its prosocial effects in 

males, infusion of oxytocin into the insula had no effect on social interaction with 

juvenile conspecifics in females, suggesting a sex-specific role of this 

neuropeptide in social behavior. Alternatively, oxytocin infusion into the BLA of 

female rats increased social interaction with both juvenile and adult conspecifics, 
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establishing a potential prosocial role of BLA oxytocin in females. These results 

add to our understanding of the neural circuit basis for social emotional behavior 

in rats.  

The internal state of an observer rat and external sensory stimuli emitted 

from a conspecific inform the observer’s decision to approach or avoid another. 

Interoception and salience detection are mediated in part by the insula (Menon 

and Uddin, 2010b), an accessory node to the social decision-making network 

(Rogers-Carter and Christianson, 2019). Anatomical studies incorporating both 

male and female mice have reported no major sex differences in insula 

connectivity with other brain regions (Gehrlach et al., 2020a), supporting the idea 

that similar anatomical structure may give rise to similar functions across sexes. 

Indeed, we’ve shown here that posterior insula activity in adult females is 

necessary for social affective preference for stressed juveniles and naïve adults, 

like our findings in male rats (Rogers-Carter et al., 2018b). Given its position as 

an intersection for multisensory information processing, it's likely that the insula 

guides social affective behavior through its integration of external stimuli and 

internal states.  

A conspecific’s affective state is conveyed via external signals that include 

ultrasonic vocalizations (Brudzynski, 2013; Knutson et al., 20021016), 

chemosignals (Sterley and Bains, 2021), and overt behaviors which influence an 

observer’s behavior. Vocalizations are especially important to social interaction 

as they may signal positive or negative affect to observers. In rats, 22-Hz calls 

are associated with aversive states while 50-Hz calls signal positive states 
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(Seffer et al., 2014). In males, the BLA responds differentially to each call, 

increasing activity to 22-Hz calls and decreasing activity to 50-Hz calls (Parsana 

et al., 2012). While BLA responses to vocalizations in females are unknown, 

female rodents convey affective states via vocalizations in social situations 

similar to males (Maggio and Whitney, 1985; Moles and D’amato, 2000; Moles et 

al., 2007). Chemosignals are also essential to social behavior and BLA inhibition 

in females abolishes prioritization of social odorants over nonsocial odorants, 

specifically urine from female conspecifics (Song et al., 2021). Given its known 

role as a valence detector in males, it’s likely that the BLA acts similarly in 

females, encoding positive or negative affective states of others based on 

socially derived cues.  

Social stimuli can be appraised as either potentially rewarding (e.g., a 

mate) or hazardous (e.g., a dominant male) which would likely lead to opposing 

social behaviors, approach or avoidance, respectively. In the SAP test, juvenile 

stress signals may be perceived as non-threatening and motivate parental 

stress-buffering approach behaviors, while adult stress signals might be 

perceived as cues of imminent social danger and motivate defensive or avoidant 

behaviors. In a prior analysis of Fos in male rats that underwent social 

interactions with either naïve or stressed juveniles or adults, we observed the 

correlation between BLA and insular Fos to vary based on the age and stress of 

the conspecific (Rogers-Carter et al., 2018b) and inhibition of BLA synaptic 

terminals within the posterior insula interfered with social approach (Djerdjaj et 

al., 2022) suggesting that this is a functionally important circuit and insula-
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projecting amygdala neurons relay information about the emotional value of the 

social stimuli to the insular cortex. 

An inference made in our prior work is that engagement with stressed 

conspecifics evokes a specific pattern of activity within the insula and the 

associated social decision-making network that is distinct from the pattern of 

activation that results from interactions with naive conspecifics. In males, 

neuromodulators that are well established contributors to social and stress-

related behaviors, oxytocin and corticotropin releasing factor, augment insular 

cortex intrinsic and synaptic excitability and their receptors are necessary for 

typical social affective preference (Rogers-Carter et al., 2018b; Rieger et al., 

2022b).  Sex differences in the oxytocin system are common (Rilling et al., 2014; 

Caldwell, 2018) and there are age (Dumais et al., 2013; Dumais and Veenema, 

2016; Smith et al., 2017) and maternal (Marlin et al., 2015) factors that affect 

cortical oxytocin receptor functions. In Wistar rats, adult males have greater 

oxytocin receptor binding compared to females (56, but see Ref. 64) providing a 

possible explanation for a lack of effect of oxytocin infusions on social interaction 

here. The current data suggest that oxytocin is not important to insula function in 

female rats, however a limitation of our study is the use of only a single dose of 

oxytocin. If there are fewer receptors or sex specific receptor pharmacology 

larger dose schedules should be explored. Interestingly, oxytocin had prosocial 

effects when administered to the BLA of females. While cell-type distribution of 

oxytocin receptors within the BLA remains unclear, this region is predominantly 

composed of glutamatergic neurons (Vereczki et al., 2021). Projection targets of 
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these glutamatergic neurons help define their valence-encoding properties and 

drive appetitive or aversive behaviors. It’s possible that oxytocin administration to 

this region increases excitatory transmission via oxytocin receptors on these 

projection neurons to targets such as the insula, which in turn drives social 

approach. However, the current methods do not allow us to make the conclusion 

that oxytocin in the BLA is necessary for social affective preference. A hypothesis 

to test in future studies would be that oxytocin released during interactions with 

stressed juveniles augments BLA neurons projecting to the insula providing a 

mechanism to drive insula activity. Looking beyond the oxytocin system, 

neuromodulators that define the social decision-making networks, including 

vasopressin, opioids, and dopamine should be explored in the female brain.  

The SAP phenomenon tested here rests on the finding that experimental 

rats prefer interactions with stressed over naïve juveniles and naïve over 

stressed adults (Rogers-Carter et al., 2018b). While the exact impetus for this 

behavior in rodents is unknown, work done in both humans and rodents grants 

us insight into potential motivations and sex differences for this social decision-

making process. Human neuroimaging in parents revealed correlated activity in a 

network of brain regions that mediate parental impulses and behaviors (Swain, 

2011), though women display a greater incentive salience toward infants (Hahn 

et al., 2013) and exhibit stronger amygdala activation in response to infant 

vocalizations than men (Sander et al., 2007). In rodents, virgin females are more 

prone to parental behaviors than virgin males and fluctuations in hormones 

following gestation increases maternal behaviors in females (Bridges, 1996; 
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Lonstein and De Vries, 2000). The BLA may be a crucial mediator of this 

behavior, as lesions impaired maternal behaviors toward pups in virgin female 

mice (Martel et al., 2008). Taking these findings into consideration, it is likely that 

prosocial behavior towards stressed juveniles could be motivated by parental 

responsiveness, and this may be more pronounced in females. On the other 

hand, adults may avoid stressed adults as a defensive behavior, serving to avoid 

close contact with aggressive or otherwise harmful others. Consistent with this 

interpretation, exposure to either direct or socially transmitted stress alters social 

interactions directed toward stressed adult conspecifics suggesting that internal 

states interact with the appraisal of social danger (Toyoshima et al., 2021, 2022). 

However, neither the current data or our prior work with males has uncovered the 

neural circuits that mediate avoidance of adult conspecifics in the SAP test 

beyond the insula. Sex differences exist in the circuitry governing social 

avoidance behaviors and oxytocin acts as a sex-specific modulator of these 

behaviors (Bangasser and Cuarenta, 2021). Therefore, actions of oxytocin 

elsewhere in the social decision-making network could contribute to avoidance, 

providing a starting point to expand the neural circuit mechanism of social 

affective decision-making.  
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Chapter 3: An insula-prelimbic circuit mediating social affective behavior 
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3.1. Introduction 

As discussed above, social interactions are crucial to species’ survival and 

success, and how one detects and responds to another’s social affective state is 

critical to a number of social behaviors that include both positive, affiliative 

behaviors and negative, agonistic behaviors. Several accepted network models 

underlying social behavior, including the “social brain,” (Newman, 1999), the 

Social Decision Making Network (SDMN) (O’Connell and Hofmann, 2011a), and 

the Cognitive Social Brain (CSB) (Prounis and Ophir, 2020a) are responsible for 

this appraisal of social affective cues, integration of external and internal stimuli, 

and execution of adaptive social responses. Deficits in the connectivity and 

function of these networks result in abnormal social affective processing and 

behavior, hallmark symptoms of neuropsychiatric disorders such as autism 

spectrum disorder (ASD) and schizophrenia (Insel and Fernald, 2004; Brüne, 

2005; Baslet et al., 2009; Lai et al., 2014), emphasizing the need for preclinical 

research uncovering the mechanisms of this network activity.  

Up to this point, much has been discussed and reviewed about the 

insula’s role in social affective behavior. In brief, the insula’s multisensory input 

and connections to cortical and subcortical regions position it as a key inflection 

point for the integration of internal and external signals and coordination of 

context-appropriate behavioral outputs. We have reported a role for this region in 

a social affective preference (SAP) test, where factors such as age and stress 

modulate a test rat’s behavioral response to conspecifics (Rogers-Carter et al., 

2018b, 2018a; Rieger et al., 2022c, 2022b). Afferents to and efferents from the 
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insula also mediate this behavior, with inhibition of both the BLA-insula and 

insula-NAc pathways interfering with social preference for stressed juveniles 

(Rogers-Carter et al., 2019; Djerdjaj et al., 2022). Importantly, these studies have 

focused exclusively on posterior insula, which is linked to aversive processes 

(Gehrlach et al., 2019b).  

There is ample evidence for differential functionality along the rostral-

caudal gradient of the insula (Centanni et al., 2021). While broadly the insula is 

essential to sensory integration (Gogolla et al., 2014), interoception ((Bud) Craig 

and D, 2009; Chen et al., 2021b), empathy-related processes (Gu et al., 2012; 

Chen et al., 2014b; Boucher et al., 2015), and motivated behaviors (Wager and 

Barrett, 2017), there is functional specificity within this region in terms of these 

various operations. The anterior insula is implicated in more affective 

components of behavior, in both humans (Lamm and Singer, 2010; Gu et al., 

2013a), where activity has been linked to the processing of emotional salience 

(Chen et al., 2014b), and in rodents, where inactivation of this region blunts 

targeted helping behavior but has no effect on social preference (Cox et al., 

2022b). Within this context, this region may receive specific social affective 

stimuli relayed from regions like the BLA that convey distress in others, 

potentially contributing to emotion contagion within observers that motivates a 

behavioral response. This interpretation may suggest that the anterior insula 

organizes salient affective or socially relevant information and recruits other 

regions like frontal or motor cortices to execute adaptive responses. (Gu et al., 

2013b; Molnar-Szakacs and Uddin, 2022). Anterior insula connectivity supports 
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this role in social affective behaviors, with strong anatomical connections to 

cortical regions and the amygdala (Gehrlach et al., 2020b).  

As we move down the rostral-caudal axis to the posterior insula, inputs 

from sensory cortices and thalamic regions increase (Gehrlach et al., 2020b), 

corresponding with a shift toward somatosensory functions, including touch 

(Björnsdotter et al., 2009; Limanowski et al., 2020), temperature (Vestergaard et 

al., 2023), and pain perception (Segerdahl et al., 2015; Kadakia et al., 2022). 

This functional connectivity contributes to the view of posterior insula as the main 

interoceptive detector of this region (Kuehn et al., 2016; Aguilar-Rivera et al., 

2020). Importantly, these generalized functions attributed to the anterior and 

posterior portions of the insula are not exclusive to these subregions, and there is 

evidence for functional overlap between them, with anterior insula implicated in 

some interoceptive processes (Zaki et al., 2012) and posterior insula involved in 

social affective behaviors (Rogers-Carter et al., 2018c, 2019; Rieger et al., 

2022c, 2022a). The relatively indissociable roles of anterior and posterior insula 

in interoception, sensory processing, and motivated behaviors is a consequence 

of the interconnectivity of these subregions.  

Internal signals and states are inextricably linked to one’s perception of 

and interaction with his or her environment. In auditory fear conditioning, the 

insula responds to both the predictiveness of a conditioned stimulus and changes 

in heart rate that signal fear, resulting in the inhibition of this region facilitating 

extinction in low fear states but preventing extinction in high fear states (Klein et 

al., 2021). Considering these findings, Klein and colleagues proposed that the 
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insula may be an interface for matching interoceptive information with explicit 

cues that are predictive of threat and that when there is a mismatch, insula 

activity can calibrate behavior. In a social affective preference test, rats must 

recognize environmental and conspecific features while maintaining awareness 

of internal bodily states necessitating a role for the insula in this behavior. 

However, few studies have sought to determine whether the anterior and 

posterior insula contribute differentially to this behavior, a discrepancy addressed 

in the following experimental procedures.  

The mPFC, a node within the CSB (Prounis and Ophir, 2020b), shares 

anatomical connections with the insula (Hoover and Vertes, 2007) and has been 

implicated in a wide range of cognitive functions, including attentional processes 

(Rossi et al., 2009; Wolf et al., 2014), working memory (Curtis and D’Esposito, 

2003; Funahashi, 2017), goal-directed behavior (Hasselmo, 2005; Ostlund and 

Balleine, 2005), and decision making (Euston et al., 2012). In rodents, this region 

is made up of a number of subregions which include the anterior cingulate 

(ACC), the prelimbic (PL), and infralimbic (IL) cortices. Each of these 

subdivisions exhibits distinct cytoarchitecture, anatomical connections, and 

functions (Vertes, 2004; Gabbott et al., 2005; Hoover and Vertes, 2007; 

Anastasiades and Carter, 2021). For example, more dorsal portions of the mPFC 

(ACC and dorsal PL) receive cortical input from sensory, motor, and association 

regions and are associated with motor functions while ventral regions like the 

ventral PL and IL receive input from limbic structues and the midline thalamus 

contributing to its role in more motivational and emotional processes (Hoover and 
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Vertes, 2007). The heterogeneous anatomy of the mPFC gives rise to its 

complex functional diversity. Ca2+ imaging of the mPFC in mice during a sensory 

discrimination task revealed cell-type differences in task-related responses, with 

SOM interneurons preferentially responding to motor action while vasoactive 

intestinal peptide-positive interneurons responded to action outcomes. 

Additionally, other interneuron types and pyramidal neurons displayed 

heterogeneous responses to various sensory, motor, and outcome related task 

information (Pinto and Dan, 2015). These findings support a role for the mPFC in 

goal-directed behavior. Given that prefrontal dysfunction contributes to a number 

of neuropsychiatric disorders (Gilbert et al., 2008; Zhou et al., 2015; Ajram et al., 

2017), a growing body of research seeks to better understand how this region 

mediates these cognitive processes. 

The mPFC’s role in social cognition and subsequent behavior is of 

particular interest. Social cognition requires the evaluation of others’ affective 

states along with awareness of one’s own internal state to make an informed and 

appropriate decision in a given social context. In humans, mPFC activity has 

been linked to emotion recognition (Wolf et al., 2014), moral judgment (Young 

and Koenigs, 2007; Young et al., 2010; Tassy et al., 2012), and perspective-

taking (D’Argembeau et al., 2007; Vaccaro et al., 2022), all of which influence 

social decisions. In a three-agent task in which primates could offer food reward 

to other group members, neurons within the mPFC track social choice and 

reward that help to inform a subject’s future decisions (Báez-Mendoza et al., 

2021). Distinct populations of neurons within primate ACC have also been linked 
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to predicting another’s intentions and formulating one’s own choices based on 

these predictions (Haroush and Williams, 2015). In rodents, an extensive body of 

work has correlated activity within various subregions and neural populations of 

the mPFC to social approach (Lee et al., 2016; Liang et al., 2018), affective 

discrimination (Scheggia et al., 2020), social rank (Li et al., 2022), and the 

processing of socially relevant olfactory cues (Levy et al., 2019). Anatomical 

targets of specific subregions of the mPFC may inform this region’s role in social 

behavior. Valence-encoding mPFC neurons that project to the BLA, a region 

implicated in valence detection, modulate social behavior. Specifically, activation 

of negatively-valenced BLA-projecting PL neurons abolished social preference 

(Huang et al., 2020). Interestingly, activation of PL projections to the NAc, a 

region involved in reward behavior, also interfered with social preference 

behavior (Murugan et al., 2017). Taken together, it’s likely the mPFC tracks 

changes in social contexts that help inform decisions and orchestrate motivated 

behavior via top-down executive control. 

The anatomical connections between the insula and the mPFC and the 

role each plays in various aspects of social affective behavior serve as 

compelling evidence for a potential circuit connecting the two regions that is 

responsible for processing social affective information and executing adaptive 

behavioral responses. Based on the findings detailed above, it’s possible that the 

insula integrates social affect with internal states, potentially creating a 

representation of one’s social environment, while the mPFC synthesizes 

processed multisensory information to inform social decisions and alter activity of 
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downstream targets. Further supporting the idea of a potential social affective 

circuit between these two regions, human neuroimaging studies have linked 

aberrant functional connectivity between insula and mPFC subregions to deficits 

in threat processing and attention (Klumpp et al., 2012; Qi et al., 2021) that 

contribute to disorders such as ASD and schizophrenia (Chai et al., 2011; Guo et 

al., 2019). However, few mechanistic studies have attempted to uncover what 

type of information is shared via this pathway and how it contributes to social 

decision-making behavior. A more comprehensive understanding of the structural 

and functional connectivity between the insula and mPFC is required to inform 

targeted treatments for social affective disorders.  

The heterogeneity of mPFC function requires subregion specificity. The 

PL receives input from the extent of the insula (Hoover and Vertes, 2007), 

encodes social novelty (Zhao et al., 2022) among other functions in the social 

realm, and has projections to downstream regions that, when altered, contribute 

to anxiety- and autism-related behaviors (Luo et al., 2023). Additionally, a 

network analysis revealed this region was tightly correlated with insula activity 

during exposure to naïve or stressed conspecifics (Rogers-Carter et al., 2018c), 

potentially positioning it as a crucial node necessary for social decision-making.  

The goal of the current study was to address this gap in insula-mPFC 

knowledge and investigate this tract’s functional significance to social behavior. 

Projections to the PL originating from both the anterior and posterior insula were 

first confirmed using traditional retrograde tracing techniques. The PL’s role in 

SAP testing was then tested via infusion of muscimol, a GABAA receptor agonist, 



 

96 

into this region. A transsynaptic, anterograde, chemogenetic approach was then 

taken to silence PL neurons postsynaptic to either anterior or posterior insula 

inputs (hereafter: PLaIC and PLpIC neurons) during SAP testing. Additionally, 

immunohistochemistry was utilized to classify these insula-innervated PL 

populations as glutamatergic or GABAergic. In sum, we report that this insula-PL 

pathway is necessary for social affective behaviors towards stressed others but 

not opposite-sex conspecifics, positioning this circuit as critical to social contexts 

where affective discrimination is required.  

 

3.2. Materials and Methods 

3.2.1 Animals   

Male Sprague-Dawley rats were purchased from Charles River Laboratories 

(Wilmington, MA) and allowed to acclimate to the vivarium in the Boston College 

Animal Care Facility for at least 7 days before any procedure was carried out. 

Adult experimental rats arrived weighing 225-250g, juvenile conspecifics arrived 

at PN21, and adult conspecifics arrived at P55. Experimental rats were housed in 

pairs while juvenile and adult conspecifics were housed in triads. The vivarium 

maintained a 12h light/dark cycle and food and water were available ad libitum. 

Behavioral testing was conducted within the first 4 hours of the light cycle. All 

procedures were approved by the Boston College Institution Animal Care and 

Use Committee and adhered to the Public Health Service Guide for the Care and 

Use of Laboratory Animals. 
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3.2.2 Surgical procedures - Retrograde tracers  

To quantify insula projections to the PL, 100nL of 4% Fluorogold (Fluorochrome), 

a retrograde tracer, was deposited unilaterally into the PL. Adult male rats 

underwent surgery under inhaled anesthesia (2-5% v/v isoflurane in O2). 

Fluorogold was unilaterally microinjected into the PL (from bregma: A/P +3.2, M/L 

+/-0.6 D/V -3.5) at a rate of 100nL/min to a total volume of 100nL. Five minutes 

were allowed for diffusion. After surgery, rats were subcutaneously injected with 

meloxicam (1 mg/kg, Eloxiject; Henry Schein) as well as the antibiotic penicillin (1 

mg/kg, Combi-Pen; Henry Schein). 10 mL lactated Ringer’s solution was 

delivered in two doses of 5 mL subcutaneously on the right and left side of the 

body. Rats were perfused as described below 10 days after surgery. This amount 

of time allowed for retrograde expression of Fluorogold in the regions of interest.  

 

3.2.3 Surgical Procedures - Cannula Implantation  

To inhibit PL activity, indwelling cannula (Plastics One) were implanted bilaterally 

into either the PL to allow for direct infusion of muscimol or vehicle. Experimental 

adult males underwent surgery under inhaled anesthesia (2-5% v/v isoflurane in 

O2). Bilateral cannula (Plastics One) were implanted into the PL (from bregma: 

A/P +3.0, M/L +/-0.5 D/V -3.2). Cannula were fixed in place with stainless steel 

screws and acrylic cement and were fitted with stylets to maintain patency. After 

surgery, rats were subcutaneously injected with meloxicam (1 mg/kg, Eloxiject; 

Henry Schein) as well as the antibiotic penicillin (1 mg/kg, Combi-Pen; Henry 

Schein). 10 mL lactated Ringer’s solution was delivered in two doses of 5 mL 
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subcutaneously on the right and left side of the body. Rats were allowed 3 weeks 

of recovery before undergoing behavioral procedures as described below. 1 

week prior to behavioral testing, test rats were wrapped in a towel and handled 

by an experimenter for 1 minute each weekday for a total of 5 days of handling. 

This was done to ensure rats were fully habituated to handling prior to drug 

infusion. To inhibit the PL, 1 hour prior to SAP testing, muscimol (100 ng/side in 

0.5mL of saline) was microinjected at a rate of 1μL/min with an additional 1 

minute diffusion time (Rieger et al., 2022c). We have used this dose previously 

(Chen et al., 2016; Rogers-Carter et al., 2018b; Sarlitto et al., 2018).  

 

3.2.4 Cannula placement verification  

After behavioral testing was finished, experimental rats were overdosed with 

tribromoethanol and decapitated. After decapitation, the brains were removed 

and flash frozen for slicing. Brains were sectioned at 40 μm using a freezing 

cryostat (Leica CM1860 UV) and slices were mounted on gelatin-coated slides. A 

cresyl violet stain was performed for verification of cannula placement under a 

microscope.  

 

3.2.5 Surgical procedures - Chemogenetic manipulations  

The introduction of viruses for anatomical and mechanistic studies has proven 

very useful in the last several years and has allowed for increased cell-type or 

circuit selectivity (Haggerty et al., 2020). One viral technique that targets specific 

cell populations involves introducing cre recombinase along with a virus that will 
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cause the expression of a cre-dependent (i.e. “floxed”) reporter. To inhibit PL 

neurons postsynaptic to insula projections, an anterograde, transsynaptic, cre-

dependent, chemogenetic approach was used. Experimental adult male rats 

underwent surgery under inhaled anesthesia (2-5% v/v isoflurane in O2). In one 

set of rats, an anterograde, transsynaptic AAV encoding cre-recombinase 

(pENN-AAV1-hSyn-Cre-WPRE-hGH; Addgene catalog #105553-AAV1; 

titer=1.9x1013 GC/mL; hereafter: “AAV1-Cre”) was bilaterally injected into the 

anterior insula (from bregma: A/P +2.7, M/L +/-4.3 D/V -5.6) and a cre-

dependent, AAV containing hM4Di (pAAV5-hSyn-DIO-hM4D(Gi)-mCherry; 

Addgene catalog #44362-AAV5; titer=2.4x1013 GC/mL), a gene encoding a 

modified receptor that is coupled to the Gɑi G-protein receptor signaling 

cascade(Roth, 2016), was bilaterally injected into the PL (from bregma: A/P +3.2, 

M/L +/-0.6 D/V -3.5). Another set of rats received bilateral injections of AAV1-Cre 

into the posterior insula (from bregma: A/P -1.8, M/L +/6.5 D/V -7) and the same 

viral injections in the PL as the first set of rats. Five minutes were allowed for 

diffusion for all viruses. After surgery, rats were subcutaneously injected with 

meloxicam (1 mg/kg, Eloxiject; Henry Schein) as well as the antibiotic penicillin (1 

mg/kg, Combi-Pen; Henry Schein). 10 mL lactated Ringer’s solution was 

delivered in two doses of 5 mL subcutaneously on the right and left side of the 

body. Rats were allowed 3 weeks of recovery before undergoing behavioral 

procedures as described below. 1 week prior to behavioral testing, test rats were 

wrapped in a towel and handled by an experimenter for 1 minute each weekday 

for a total of 5 days of handling. This was done to ensure rats were fully 
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habituated to handling prior to drug injection. The viral approach taken here 

transfers cre-recombinase to all monosynaptic target cells of the insula and, in 

this case, induces expression of hM4Di receptors in these cells in the PL (Zingg 

et al., 2017), allowing for reversible inhibition of PLaIC and PLpIC neurons via 

systemic administration of the hM4Di actuator, clozapine-N-oxide 

(CNO)(Armbruster et al., 2007; Roth, 2016). To inhibit these specific cell 

populations, rats received either an intraperitoneal (I.P.) vehicle (DMSO in 

Saline) or CNO (3 mg/kg; Tocris) injection 45 minutes prior to SAP testing. We 

used a CNO dose of 3 mg/kg previously to inhibit BLA with behavioral effects in 

hM4Di expressing rats and no effect in sham controls (Djerdjaj et al., 2022) which 

is consistent with similar approaches reported by others (Mahler et al., 2014; 

Stachniak et al., 2014). 

 

3.2.6 Social Affective Preference (SAP) Test  

This procedure allows for the quantification of a rodent’s behavior when 

interacting with conspecifics of varying social affect. The SAP paradigm takes 

place in a plastic arena (76.2cm × 20.3cm × 17.8 cm, Length × Width × Height) 

with beta chip bedding and a transparent plastic lid. Conspecifics were placed 

into individual clear acrylic chambers (18 x 21 x 10cm; L x W x H) made up of 

acrylic rods spaced 1 cm apart that allows for direct interaction. During testing, 

these chambers containing conspecifics are placed at opposite ends of the 

arena. Testing in this experiment consisted of 2 habituation days followed by 6 

test days. On day 1, experimental rats were placed in the testing room for 1 hr 
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and exposed to the testing arena for 15 minutes before being returned to their 

home cage. On day 2, experimental rats were placed in the plastic testing arena 

for 5 minutes of behavior testing where they were presented with two naïve 

juvenile conspecifics in the acrylic chambers. Days 3 and 4 tested the 

experimental rats’ social affective preference for juvenile conspecifics after 

injection of vehicle or CNO, as described above. Day 4 was counterbalanced to 

day 3, with the same rats receiving the opposite treatment to the prior day. Days 

5 and 6 took place 48 h after Day 4 and tested the experimental rats’ social 

affective preference for adult conspecifics after injection of vehicle or CNO. 

Finally, days 7 and 8 tested the experimental rats’ preference for opposite sex 

adult conspecifics. On each testing day, rats were placed in the testing room for 

1 h before testing began. Upon being placed in the testing arena, experimental 

rats were presented with a pair of unfamiliar conspecifics. On testing days 3-6, 

one conspecific received an acute stressor of 2 footshocks immediately 

preceding placement in its chamber of the testing arena (5s, 1 mA, inter-shock 

interval of 50s); the other conspecific was naïve to any treatment. On all testing 

days, both conspecifics were always novel and unfamiliar to the experimental rat. 

A trained observer quantified the amount of time the experimental rat spent 

investigating each conspecific. Social investigation was defined as time spent 

sniffing or touching the conspecific through the acrylic bars. All testing followed a 

counterbalanced, within-subjects design, with the same rats receiving the 

opposite injection to the day prior. All tests were recorded in digital video. 

Recordings were scored by a trained observer blind to the experimental 



 

102 

conditions to establish inter-rater reliability.  For muscimol experiments, 

experimental rats underwent SAP testing with juvenile conspecifics only, as 

described above. In an attempt to mitigate confounding order effects of 

muscimol, which has a relatively long half-life, SAP testing days were conducted 

48 hours apart (Djerdjaj et al., 2023). However, order effects of muscimol were 

observed on the second day of SAP testing and data from the first day was 

analyzed using a between-subjects two way ANOVA.  

  

3.2.7 Tissue collection 

Experimental rats from the PLpIC chemogenetic inhibition study were overdosed 

with tribromoethanol and perfused with cold 0.01 M heparinized PBS followed by 

4% paraformaldehyde. Experimental rats from the retrograde tracing study were 

perfused similarly 10 days after surgeries. Dissected brains were stored in 4% 

paraformaldehyde for 24 h and then transferred to 30% sucrose for at least 2 

days. For all rats across experiments, 40 µm coronal sections were obtained in 

series on a freezing cryostat (Leica). For the tracer study, PL and insula sections 

from along the rostral-caudal axis were directly mounted onto slides and 

coverslipped with Vectashield containing DAPI (Vector Laboratories) to visualize 

Fluorogold under a fluorescent microscope (Zeiss Axiomanger Z.2) in the PL for 

verification, and the anterior, medial, and posterior insula for quantification of 

projection patterns. For the PLIC cellular inhibition study, PL sections were directly 

mounted onto slides and coverslipped with Vectashield containing DAPI to 

visualize mCherry, a genetically encoded fluorescent protein fused to hM4Di, 
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under a fluorescent microscope to determine the spread of hM4Di. Additional 

sections containing either anterior or posterior insula were collected and stored in 

cryoprotectant to verify expression of cre-recombinase in the appropriate regions 

with immunohistochemical staining, as described below. 

 

3.2.8 Immunohistochemistry  

To verify expression of cre recombinase in the anterior or posterior insula, tissue 

sections were washed in PBS-T (0.01% Triton-X 100), blocked in 5% normal 

donkey serum in PBS-T, and then incubated overnight in mouse anti-cre 

recombinase primary antibody (1:5,000; EMD Millipore, Product #MAB3120). 

Sections were then washed in PBS-T and incubated in AlexaFluor 488 AffiniPure 

donkey anti-mouse fluorescent secondary antibody (1:500; Jackson 

Immunoresearch, Cat #715-545-150). Sections were then floated onto glass 

slides and coverslipped with Vectashield containing DAPI. To identify and 

quantify PLIC cell-type as glutamatergic or GABAergic, tissue from chemogenetic 

experiments that was verified for viral expression in the PL and either the anterior 

or posterior insula was used for IHC staining. Due to the inability to find primary 

antibodies for CaMKII and GAD67 that were produced in different hosts, two 

separate IHC stains were performed. All tissue was washed in PBS-T and 

blocked in 5% normal donkey serum. One set of tissue (n=30) was then 

incubated overnight in mouse anti-CaMKII alpha primary antibody (1:5,000; 

Invitrogen, Cat #MA1-048) and a second set of tissue (n=30) in mouse anti-

GAD67 primary antibody (1:5,000; Sigma, Cat #MAD5406). Sections were then 
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washed in PBS-T and incubated in AlexFluor 647 AffiniPure donkey anti-mouse 

fluorescent secondary antibody (1:500; Jackson Immunoresearch, Cat #715-605-

150). Sections were then floated onto glass slides and coverslipped with 

Vectashield containing DAPI.  

 

3.2.9 Imaging and cell-type quantification  

For all studies, tissue was imaged on a Zeiss Axioimager Z2 fluorescent 

microscope in the Boston College Imaging Core. Z-stacked, tiled images 

containing the ROIs (anterior, medial, or posterior insula for retrograde tracing 

study; PL for neuroanatomy study) were taken using a Zeiss Hammamatsu Orca 

Flash4.0 digital camera through a 20X objective lens. Using ImageJ software, 

individual fluorescent channel images were stacked, ROIs were traced with 

reference to the rat brain atlas, and the cell counter plug-in was used to count 

labeled cells. For the retrograde tracing study, cells that expressed Fluorogold 

were quantified and expressed as a percentage of DAPI cells. For the 

neuroanatomy study, superficial (cortical layer 2/3) and deep (cortical layers 5 & 

6) layer ROIs of the PL were counted within each image. For each ROI, the total 

number of DAPI, mCherry-expressing PLIC cells, CaMKII or GAD67 cells, and 

PLIC cells coexpressing either CaMKII or GAD67 was quantified within this 

population to determine whether PLIC  cells were primarily glutamatergic or 

GABAergic.  

 

 



 

105 

3.2.10 One-on-one social interaction tests and fos analysis  

Four days after SAP testing, rats from the PLaIC chemogenetic manipulation 

studies underwent one-on-one social interaction tests to elicit c-Fos activation in 

the PL. Here we sought to confirm CNO inhibited PL activity as intended by 

comparing c-Fos activation between experimental rats that received vehicle vs. 

CNO injections. Each experimental rat was placed into a standard plastic tub 

cage with beta chip bedding and a wire lid 1 h prior to testing. Experimental rats 

then received vehicle or CNO injections 45 minutes prior to testing. Testing 

consisted of a stressed juvenile being introduced into the experimental rat’s cage 

for 5 minutes. In our prior work with both males and females we quantified a 

range of behaviors apparent in the social interaction and SAP contexts and found 

that only social exploratory behaviors (sniffing, pinning, allogrooming) initiated by 

the experimental rat were sensitive to conspecific age and stress (Rogers-Carter 

et al., 2018b, 2018a). These were timed by an observer. 90 minutes after testing, 

rats were perfused and brains were collected and sectioned as described 

above.To verify inhibition of the PL via CNO administration, tissue sections were 

washed in PBS-T (0.01% Triton-X 100), blocked in 5% normal donkey serum in 

PBS-T, and then incubated overnight in rabbit polyclonal antibody to c-fos 

(1:5,000; EnCor RPCA-c-Fos-AP, Lot #:241-102320). Sections were then 

washed in PBS-T and incubated in AlexaFluor 488 AffiniPure donkey anti-mouse 

fluorescent secondary antibody (1:500; Jackson Immunoresearch, Cat #715-545-

150). Sections were then floated onto glass slides and coverslipped with 

Vectashield containing DAPI. The PL was imaged as described above and for 
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each image the total number of PLaIC, c-Fos, and PLaIC cells colocalized with c-

Fos were counted. 

 

3.2.11 Statistical Analysis  

Data from rats receiving stereotaxic injections were only included when site-

specificity criteria were met. For muscimol studies, rats were only included if 

cannula terminated within the PL. For chemogenetic studies, inclusion required 

both mCherry expression in the PL and cre recombinase expression in the 

anterior or posterior insula. These strict parameters necessitated the exclusion of 

a number of rats within each cohort. Due to this, and to minimize the number of 

animals used, rats with unilateral viral expression in the PL and insula were 

included. Sample sizes were determined by conducting a priori power analyses 

in G*Power using effect sizes observed previously (Rogers-Carter, 2018) and N 

= 12 was determined to be appropriate to achieve power ≥ 0.70. Several cohorts 

of rats went through these procedures to reach the target sample size. Datasets 

were tested for normality and sphericity prior to analysis and found to be suitable 

for t-test and analysis of variance (ANOVA). For the retrograde tracing, fluorogold 

expression was extremely variable across subjects despite consistent targeting 

of the PL. Due to this study being confirmatory rather than descriptive in nature, 
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data was analyzed from one representative rat that displayed Fluorogold 

expression in the PL and adequate retrograde expression along the insula. An 

ordinary one-way ANOVA was used to compare fluorogold and DAPI co-labeled 

cells across insular subregions (anterior vs. medial vs. posterior). This method 

was also used to compare co-labeled cells as a percentage of DAPI cells. Post-

hoc analysis consisted of Tukey’s multiple comparisons test. For muscimol 

experiments, order effects of muscimol were observed on the second day of SAP 

testing so data from the first day was analyzed using a between-subjects two 

way ANOVA. For chemogenetic experiments, social exploration times were 

compared using repeated measures two-way ANOVA with conspecific stress and 

drug treatment (vehicle or CNO) as within-subjects variables. Main effects and 

interaction effects were deemed significant at p < 0.05 and followed by Sidak 

post-hoc tests to maintain experiment-wise type 1 error rate to ɑ < 0.05. 

Preference for the stressed conspecific in each condition was calculated as a 

percentage of the total time spent investigating both conspecifics (time 
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interacting with stressed / (time interacting with naïve + time interacting with 

stressed) x 100). In muscimol experiments, preference scores were compared 

using an unpaired t-test. In chemogenetic experiments, preference scores were 

compared using repeated-measures two-way ANOVA with age (juvenile or adult) 

and drug (vehicle or CNO) as within-subjects factors. Two-way ANOVA was used 

to analyze differences in PLIC population size and cell-type distribution across 

cortical layers (layer 2/3  vs. layers 5&6) and between insula projection origin 

(anterior vs. posterior). Three-way ANOVA was used to determine the primary 

cell-type of PLIC neurons (GAD67 vs. CaMKii) and whether this varied based on 

cortical layer (layer 2/3 vs. layers 5&6) or insula projection origin (anterior vs. 

posterior). Statistical analyses were conducted in Prism 8 (Graphpad Software). 

3.3. Results 

3.3.1. Anterior and posterior subregions of the insula project to the PL. 

Insula projections to the mPFC, and to the PL specifically, are well-

documented in rodent models (Vertes, 2004; Hoover and Vertes, 2007; 

Mathiasen et al., 2023). To confirm the extent of these projections in Sprague-

Dawley rats, fluorogold, a retrograde tracer, was deposited into the PL of adult 

male rats (Figure 3.1A). Ten days later, rats were perfused, brains were 

extracted, and tissue was collected for cell quantification. Due to the variability 

observed in fluorogold retrograde expression across subjects and the 
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confirmatory, rather than descriptive, nature of this study, data from one 

representative rat with fluorogold expression in the PL were analyzed. 

Fluorescent images were taken along the extent of the insula. Cells expressing 

DAPI, a generic nuclear stain, and GFP, which expressed in insula afferents to 

the PL, were counted in the anterior, medial, and posterior portions of the insula 

(Figure 3.1B). A one-way ANOVA with insula ROI (anterior vs. medial vs. 

posterior) as a within-subject factor was performed to analyze differences in both 

the raw cell counts and the density of PL-projectors as a percent of total DAPI 

across the insula. This revealed a main effect of ROI in both the number of 

colabeled cells (F(2,25) = 18.9, p < 0.0001) and the percentage of colabeled cells 

(F(2,25) = 9.85, p = 0.0007), with anterior insula having significantly more 

projections to the PL than both the medial (p < 0.0001) and posterior (p = 0.0003) 

insula (Figure 3.1C&D). In sum, both the anterior and posterior portions of the 

insula send projections to the PL, with a denser projection coming from the 

anterior insula. 
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Figure 3.1 Anterior and posterior portions of the insula project to the PL. A. 
Schematic of experimental design. Fluorogold was unilaterally deposited into the PL of 
male test rats. Retrograde expression of fluorogold was quantified along the rostral-caudal 
gradient of the insula. B. Representative fluorescent images of anterior (TOP), medial 
(MIDDLE), and posterior (BOTTOM) insula (blue = DAPI, green = fluorogold). Scale bar = 
200 uM. C. Mean (with standard error) number of colabeled cells (fluorogold + DAPI). 
Each dot represents data from one fluorescent image. The anterior portion of the insula 
had significantly more colabeled cells than both the medial (p < 0.0001) and posterior (p 
= 0.001) insula. D. Data from C expressed as a percentage of DAPI cells. Anterior insula 
had a higher percentage of PL-projecting cells than both the medial (p = 0.0006) and 
posterior (p = 0.024). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Diagram in A 
created with BioRender.com. 
 
 
 
 
 
 
3.3.2. The PL is necessary for social affective preference behavior toward 

stressed juveniles.  

 To determine the effect of PL inactivation on social affective behavior, 

adult male rats received bilateral cannula implants in the PL and later underwent 

SAP testing with juvenile conspecifics after vehicle or muscimol injections (Figure 
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3.2A). After cannula verifications, 22 rats met inclusion criteria (Figure 3.2B). The 

amount of time the experimental rat spent investigating the naïve and stressed 

conspecific was analyzed with ANOVA. Due to observed order effects of 

muscimol, drug treatment (vehicle vs. muscimol) was analyzed as a between-

subjects factor while conspecific affect (naïve vs. stressed) was treated as a 

within-subjects factor. Experimental rats in the vehicle condition preferred 

interactions with stressed juveniles while rats that received muscimol injections 

had no preference (Figure 3.2). There was a drug by affect interaction (F(1,20) = 

12.0, p = 0.0025, 𝜂2 = 16.8). Post-hoc comparison revealed a significant 

difference between social investigation of naïve and stressed juveniles in the 

vehicle condition (p = 0.004) that was not present in the muscimol condition (p = 

0.376, Figure 3.2C). The preference for the stressed conspecific was calculated 

as a percentage of the total time spent investigating both conspecifics (Figure 

3.2D). An unpaired t-test revealed a significant preference for the stressed 

juvenile in the vehicle rats compared to the rats that received muscimol (t(20)= 

3.52, p = 0.002). In sum, inactivation of the PL via muscimol administration 

interfered with a rat’s preference for stressed juveniles in the SAP test.  
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Figure 3.2 PL inactivation abolishes preference for stressed juveniles. A. Schematic 
diagram of the experimental design. Bilateral cannula were implanted into the PL of male 
test rats and, 3 weeks later, rats received vehicle (V) or muscimol injections one hour prior 
to SAP tests with juvenile conspecifics. B. Schematic of cannula implants into the PL 
(individual rats are represented by different colors). C. Mean (with individual replicates) 
time spent exploring the naïve and stressed conspecifics during the 5 min. SAP test. Rats 
in the vehicle condition preferred social investigation of stressed juveniles compared to 
naïve juveniles (p = 0.004), while rats that received muscimol injections showed no 
difference in social investigation. D. Data from C presented as a preference for the 
stressed conspecific as a percentage of total social interaction. Experimental rats in the 
vehicle condition preferred interaction with stressed juveniles, while rats in the muscimol 
condition displayed no preference (p = 0.002). **p < 0.01. Diagram in A created with 
BioRender.com. Atlas images recreated from Paxinos & Watson (1998), use pending 
permission. 
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3.3.3. PLaIC neurons are necessary for social affective behavior. 
 
 To determine the effect of inhibition of PLaIC cells, adult male experimental 

rats received bilateral injections of an anterograde, transsynaptic viral vector 

encoding cre-recombinase into the anterior insula and bilateral injections of a 

cre-dependent viral vector encoding hM4Di into the PL, allowing for reversible 

inhibition of the specific population of PL neurons that are postsynaptic to 

anterior insula. Three weeks later, experimental rats underwent SAP testing with 

juvenile conspecifics, receiving systemic I.P. injections of vehicle (DMSO in 

saline) or CNO (3 mg/kg) 45 minutes prior to testing (Figure 3.3A). After 

verification of viral expression, 15 rats were found to meet criteria for inclusion, 

with 9 of these rats displaying unilateral PL or insula expression (Figure 3.3B&C). 

The amount of time the experimental rat spent investigating the naïve and 

stressed conspecific was analyzed with ANOVA where drug treatment (vehicle 

vs. CNO) and conspecific affect (naïve vs. stressed) were treated as within-

subjects factors. Experimental rats preferred interaction with stressed juveniles 

after vehicle injection but appeared to lose this preference after CNO 

administration (Figure 3.3D). 2-way ANOVA revealed a drug by affect interaction 

(F(1,14) = 7.24, p = 0.018, 𝜂2 = 6.24). Post-hoc comparison revealed a significant 

difference between social investigation of naïve and stressed juveniles in the 

vehicle condition (p = 0.038) that was not present in the CNO condition (p = 

0.461, Figure 3.3D). These same experimental rats then underwent SAP testing 

with adult conspecifics, again receiving vehicle or CNO 45 minutes prior to 

testing. Experimental rats spent more time investigating naïve adults after vehicle 



 

115 

injection but appeared to lose this preference after CNO administration (Figure 

3.3E) Data were analyzed as described above, with a 2-way ANOVA once again 

revealing a drug by affect interaction (F(1,14) = 8.89, p = 0.0099, 𝜂2 = 6.53). 

Post-hoc comparisons revealed no difference in social investigation of naïve and 

stressed adults in either the vehicle (p = 0.092) or CNO (p = 0.12) condition. 

Notably, in this experiment 4 of 15 males preferred the stressed adult in the 

vehicle condition which is a slightly larger portion than typically observed but 

consistent with our prior work where preference fell along a normal distribution 

with some animals approaching adults (Rogers-Carter et al., 2018b); it could be 

that SAP testing experimental rats with adults conspecific after juveniles shifts 

behavioral preferences in some cases.  
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Figure 3.3 Inhibition of PLaIC neurons interferes with social affective behavior. A. 
Schematic diagram of experimental approach. Anterograde, transsynaptic AAV encoding 
cre-recombinase was bilaterally injected into the anterior insula and cre-dependent AAV 
encoding hM4Di was bilaterally injected into the PL and 3 weeks later rats received 
systemic vehicle (V) or CNO (3mg/kg) injections 45 min prior to SAP tests with juvenile or 
adult conspecifics. B. TOP: Schematic of viral injections into the anterior insula and PL. 
BOTTOM (left-to-right): Representative fluorescent images of i) AAV1-Cre expression in 
the anterior insula and ii) DIO-hM4Di expression in the PL (green = GFP, red = native 
mCherry, blue = DAPI). Scale bar = 200 uM C. Maps of viral expression in PL (left side) 
and the anterior insula (right side, individual rats are represented by different colors) D. 
Mean (with individual replicates) time spent interacting with the naïve and stressed 
juvenile conspecifics during the 5 min SAP tests after vehicle or CNO injection. In the 
vehicle condition, rats spent more time investigating stressed juvenile conspecifics than 
naïve juvenile conspecifics (p = 0.038). In the CNO condition rats explored the stressed 
and naïve conspecifics equally. E. Mean (with individual replicates) time spent interacting 
with the naïve and stressed adult conspecifics during 5 min SAP tests after vehicle or CNO 
injection. A drug by social affect interaction effect was observed (p = 0.0099), with CNO 



 

117 

injections increasing the time spent investigating the stressed adult (p = 0.118) compared 
to vehicle injections (p = 0.092). F. Data from D and E expressed as the mean (with 
individual replicates) preference for the stressed conspecific as a percentage of the total 
social interaction. CNO injections reduced preference for the stressed juvenile (p = 0.015) 
and increased preference for the stressed adult (p = 0.007). *p < 0.05, **p < 0.01. 
Diagrams in A and B were created with BioRender.com. Atlas images recreated from 
Paxinos & Watson (1998), use pending permission. 
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To account for the individual variability seen in SAP behavior, a percent 

preference score is calculated. The preference for the stressed conspecific in 

each experiment was calculated as a percentage of the total time spent 

investigating both conspecifics. A 2-way ANOVA was performed with drug 

treatment (vehicle vs. CNO) and age (juvenile vs. adult) as within-subjects 

variables. This revealed a drug by age interaction effect (F(1,14) = 21.8, p = 

0.0004, 𝜂2 = 17.02). Post-hoc comparisons revealed a significant change in 

preference for stressed juveniles (p = 0.015) and naïve adults (p = 0.0073) when 

comparing vehicle to CNO (Figure 3.3F). In summary, chemogenetic inhibition of 

PLaIC neurons interfered with social affective preference behaviors toward 

stressed juveniles and naïve adults. 

To confirm inhibition of PLaIC neuronal activity via CNO binding of hM4Di 

receptors, rats from the SAP studies received either vehicle or CNO injections 

and underwent one-on-one social interaction tests with stressed juveniles to elicit 

c-fos activation (Figure 3.4). The amount of time rats spent interacting with 

stressed juveniles was recorded and analyzed using an unpaired t-test with drug 

treatment (V vs. CNO) as a between-subjects factor. There was no significant 

effect of drug on social interaction (p = 0.283, Figure 3.4B). Rats were perfused 

90 minutes after behavioral testing and their brains were collected, sectioned, 

and stained for c-fos using immunohistochemistry. Sections with mCherry 

expression within either hemisphere of the PL were imaged and PLaIC cells, c-fos, 

and co-labeled cells were counted. Sections that did not contain mCherry 

expression were excluded and cell counts from rats that had multiple images 
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from the left or right hemisphere were averaged. There was a final N of 7 

sections from vehicle rats and 6 sections from CNO rats that met inclusion 

criteria for analysis. Colabeled cells were calculated as a percentage of total 

PLaIC cells and analyzed using an unpaired t-test with drug treatment (V vs. CNO) 

as a between subjects factor. Rats that received vehicle injections prior to social 

interaction tests had significantly more PLaIC and c-fos colabeled cells (t (11) = 

5.33, p = 0.0002, Figure 3.4C), indicating that CNO effectively inhibited PLiIC 

neurons.  
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Figure 3.4 Inhibition of PLaIC neurons via CNO injection had no effect on social 
interaction with stressed juveniles but reduced cFos activation. A. Schematic 
diagram of experimental approach. Rats received either vehicle or CNO 45 minutes prior 
to one-on-one social interaction tests with stressed juveniles. Rats were perfused and 
brains were collected 90 minutes after testing. B. Mean (with individual replicates and 
SEM) time spent interacting with a stressed juvenile. Inhibition of PLaIC neurons had no 
effect on social interaction. C. Mean (with individual replicates and SEM) percentage of 
PLaIC cells co-labeled with cFos. Rats that received vehicle injections had significantly 
higher cFos expression in PLaIC neurons than rats that received CNO (p = 0.0002). ***p < 
0.001. Diagram in A created with BioRender.com. 
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3.3.4. PLpIC neurons are necessary for social affective behavior. 

 To determine the effect of inhibition of PLpIC cells on social affective 

behavior, adult male experimental rats received bilateral injections of AAV1-Cre 

into the posterior insula and bilateral injections of a cre-dependent viral vector 

encoding hM4Di into the PL, allowing for reversible inhibition of the specific 

population of PL neurons that are postsynaptic to posterior insula (Figure 3.5A). 

Three weeks later, experimental rats underwent SAP testing with juvenile 

conspecifics, receiving systemic intraperitoneal injections of vehicle (DMSO in 

saline) or CNO (3mg/kg) 45 minutes prior to testing. After verification of viral 

expression, 15 rats were found to meet criteria for inclusion, with 6 of these rats 

displaying unilateral PL or insula expression (Figure 3.5B). The amount of time 

the experimental rat spent investigating the naïve and stressed conspecific was 

analyzed with ANOVA where drug treatment (vehicle vs. CNO) and conspecific 

affect (naïve vs. stressed) were treated as within-subjects factors. Experimental 

rats spent more time interacting with stressed juveniles after vehicle injection but 

spent equivalent amounts of time investigating both conspecifics after CNO 

inection (Figure 3.5C). 2-way ANOVA revealed no significant results, although a 

main effect of social affect (p = 0.057) and a drug by affect interaction effect (p = 

0.069) approached significance. Post-hoc comparison also revealed no 

significant differences, although the difference in time spent investigating the 

stressed vs. the naïve juvenile in the vehicle condition approached significance 

(p = 0.052). Again, in this experiment 5 of 15 males either preferred the naïve 

juvenile or displayed no preference at all in the vehicle condition, which is a 
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slightly larger portion than typically observed but consistent with our prior work 

where preference fell along a normal distribution with some animals avoiding 

stressed juveniles(Rogers-Carter et al., 2018b). These same experimental rats 

then underwent SAP testing with adult conspecifics, again receiving vehicle or 

CNO 45 minutes prior to testing. Experimental rats spent more time investigating 

naïve adults after vehicle injection but appeared to lose this preference after 

CNO administration (Figure 3.5D). Data were analyzed as described above, with 

a 2-way ANOVA once again revealing a drug by affect interaction (F(1,14) = 

13.1, p = 0.0028, 𝜂2 = 12.2). Post-hoc comparison revealed a significant 

difference between social investigation of naïve and stressed adults in the 

vehicle condition (p = 0.0021) that was not present in the CNO condition (p = 

0.547). 
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Figure 3.5 Inhibition of PLpIC neurons interferes with social affective behavior. A. 
TOP: Schematic diagram of viral injections. Anterograde, transsynaptic AAV encoding cre-
recombinase was bilaterally injected into the posterior insula and cre-dependent AAV 
encoding hM4Di was bilaterally injected into the PL and 3 weeks later rats received 
systemic vehicle (V) or CNO (3 mg/kg) injections 45 min prior to SAP tests with juvenile 
or adults conspecifics. BOTTOM (left-to-right): Representative fluorescent images of i) 
AAV1-cre expression in the posterior insula and ii) DIO-hM4Di expression in the PL (green 
= GFP, red = native mCherry, blue = DAPI). Scale bar = 200 uM B. Maps of viral 
expression in PL (left side) and the posterior insula (right side, individual rats are 
represented by different colors) C. Mean (with individual replicates) time spent interacting 
with the naïve and stressed juvenile conspecifics during the 5 min SAP tests after vehicle 
or CNO injection. In the vehicle condition, rats spent more time investigating stressed 
juvenile conspecifics than naïve juvenile conspecifics (p = 0.052). In the CNO condition 
rats explored the stressed and naïve conspecifics equally. D. Mean (with individual 
replicates) time spent interacting with the naïve and stressed adult conspecifics during 5 
min SAP tests after vehicle or CNO injection. In the vehicle condition, rats spent more time 
investigating naïve adult conspecifics than stressed adult conspecifics (p = 0.002). In the 
CNO condition rats explored the stressed and naïve conspecifics equally.  E. Data from C 
and D expressed as the mean (with individual replicates) preference for the stressed 
conspecific as a percentage of the total social interaction. CNO injections reduced 
preference for the stressed juvenile (p = 0.016) and naïve adult (p = 0.003). *p < 0.05, **p 
< 0.01. Diagram in A was created with BioRender.com. Atlas images recreated from 
Paxinos & Watson (1998), use pending permission. 
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The percent preference for the stressed conspecific in each experiment 

was calculated as described above. A 2-way ANOVA was performed with drug 

treatment (vehicle vs. CNO) and age (juvenile vs. adult) as within-subjects 

variables. This revealed a main effect of age (F(1,14) = 6.08, p = 0.027, 𝜂2 = 

9.41) and a drug by age interaction effect (F(1,14) = 24.7, p = 0.0002, 𝜂2 = 20.9). 

Post-hoc comparisons revealed a significant change in preference for stressed 

juveniles (p = 0.016) and naïve adults (p = 0.0029) when comparing vehicle to 

CNO (Figure 3.5E). In summary, chemogenetic inhibition of PLpIC neurons 

interfered with social affective preference behaviors toward stressed juveniles 

and naïve adults. 

 

3.3.5. Opposite sex preference does not require PLIC neurons. 

 To determine whether PLIC neurons are specifically recruited during 

interactions where affective discrimination is necessary, male rats underwent 

opposite sex preference testing where no stressful manipulations were 

performed. Here, experimental males that had undergone SAP testing in the 

experiments described above underwent opposite sex preference tests 45 

minutes after receiving vehicle or CNO injections (Figure 3.6A). In sum, 30 rats 

with selective hM4Di expression in PLIC neurons underwent this testing: 15 with 

PLaIC expression and 15 with PLpIC expression (see Figures 3.3C and 3.5B for 

viral verifications). Time spent investigating male and female conspecifics over 

the course of a 5 minute test was recorded. Experimental male rats spent more 

time investigating female conspecifics regardless of drug treatment. A 3-way 
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ANOVA with drug treatment, conspecific sex, and insula origin (anterior vs. 

posterior) was performed, revealing a main effect of conspecific sex (F(1,28) = 

37.4, p < 0.0001, 𝜂2 = 37.2). Therefore, data from PLaIC and PLpIC inhibition 

experiments were pooled together. A 2-way ANOVA revealed a main effect of 

conspecific sex (F(1,29) = 38.0, p < 0.0001, 𝜂2 = 37.2, figure). Post-hoc 

comparisons revealed a significant difference between social investigation of 

female vs. male conspecifics in both the vehicle and drug condition (p < 0.0001, 

Figure 3.6B). Additionally, there was no difference in percent preference for the 

opposite sex conspecific, with male rats preferring female conspecifics under 

both vehicle and CNO conditions (Figure 3.6C). In summary, chemogenetic 

inhibition of PLIC neurons had no effect on preference for an opposite sex 

conspecific, regardless of projection origin.  

 

 

 

 

 

 

 

 

 

 

 



 

126 

 

 

 

 

  

 

Figure 3.6 Inhibition of PLIC neurons has no effect preference for opposite sex 
conspecifics. A. Schematic of experimental design. After SAP testing, experimental male 
rats underwent 2 days of opposite sex preference tests, receiving vehicle or CNO (3mg/kg) 
45 minutes prior to testing (see Figure 3.3C and 3.4B for viral verifications). B. Mean (with 
individual replicates) time spent interacting with male and female conspecifics during the 
5 min tests after vehicle or CNO injection. Male rats spent more time investigating female 
conspecifics after both vehicle (p < 0.0001) and CNO (p < 0.0001) injections, regardless 
of whether PLIC neurons were postsynaptic to anterior or posterior insula. C. Data from B 
expressed as the mean (with individual replicates) preference for the opposite sex 
conspecific as a percentage of the total social interaction. Rats displayed a preference for 
opposite sex conspecifics regardless of whether they received vehicle or CNO injections. 
****p < 0.0001. Diagram in A was created with BioRender.com.  
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3.3.6. PLIC neurons are primarily glutamatergic regardless of insula origin. 

To classify PLIC neurons as GABAergic or glutamatergic, tissue from rats 

that underwent behavioral testing described above was stained for GAD67, a 

marker for inhibitory neurons, or CaMKii, a marker of excitatory neurons, and 

imaged under a fluorescence microscope. PL images were taken from both the 

left and right hemispheres. Cells expressing DAPI, mCherry (PLIC neurons), GFP 

(GAD67 or CaMKii), and both mCherry and GFP were counted across shallow 

and deep cortical layers (Figure 3.7A&B). Sections that did not contain mCherry 

expression were excluded. Cell counts from rats that had multiple images from 

the left or right hemisphere were averaged. For tissue stained with GAD67, there 

was a final N of 23 sections from PLaIC tissue and 19 sections from PLpIC tissue 

that met inclusion criteria for analysis. For tissue stained with CaMKii, 20 

sections were obtained from PLaIC tissue and 19 from PLpIC tissue. The 

percentage of PLIC neurons colabeled with either GAD67 or CaMKii was 

calculated as a percent of total PLIC neurons. A 2-way ANOVA with cortical layer 

(Layer ⅔ vs. Layers 5&6) as a within-subjects factor and insula origin (anterior 

vs. posterior) as a between-subjects factor was conducted separately for GAD67 

and CaMKii counts. There were no significant differences found in the 

percentage of PLIC neurons colabeled with GAD67 across cortical layer or 

between insula origin (Figure 3.7C). In regards to the percentage of PLIC neurons 

colabeled with CaMKii, 2-way ANOVA revealed a main effects of cortical layer 

(F(1,37) = 4.18, p = 0.048, 𝜂2 = 2.54,) and insula origin (F(1,37) = 5.69, p = 0.022, 

𝜂2 = 9.95). Post-hoc analysis using Sidak’s multiple comparisons test revealed 
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significantly more colabeled PLpIC neurons in layers 5&6 than colabaled PLaIC 

neurons in layers 5&6 (p = 0.035, Figure 3.7D). A 3-way ANOVA (cell-type x 

cortical layer x insula origin) was conducted to determine differences in PLIC cell-

type across cortical layer and insula origin. This revealed a main effect of cell-

type (GAD67 vs. CaMKii) (F(1,77) = 77.9, p < 0.0001, 𝜂2 = 39.6) and both a cell-

type by cortical layer interaction (F(1,77) = 4.23, p = 0.043, 𝜂2 = 0.84) and cell-

type by insula origin interaction (F(1,77) = 6.65, p = 0.012, 𝜂2 = 3.38, Figure 

3.6E). Post-hoc analysis using Sidak’s multiple comparisons test revealed 

significantly more PLaIC neurons colabeled with CaMKii than GAD67 in layers 

5&6 (p < 0.0001), significantly more PLpIC neurons colabeled with CaMKii than 

GAD67 in both layers ⅔ (p < 0.0001) and layers 5&6 (p < 0.0001), and 

significantly more PLpIC neurons than PLaIC neurons colabeled with CaMKii in 

layers 5&6 (p = 0.032). Finally, the percentage of PLIC neurons within the PL was 

calculated as a percent of total DAPI cells counted and a 2-way ANOVA (cortical 

layer by insula origin) was conducted to determine whether PLIC neuronal 

populations differed in size depending on the origin of insula input (anterior vs. 

posterior). This revealed a main effect of both cortical layer (F(1,49) = 40.6, p < 

0.0001, 𝜂2 = 9.41) and insula origin (F(1,49) = 46.5, p < 0.0001, 𝜂2 = 37.0) and a 

cortical layer by insula origin interaction effect (F(1,49) = 13.3, p = 0.0006, 𝜂2 = 

3.08, Figure 3.7F). Post-hoc analysis using Sidak’s multiple comparisons test 

revealed significantly more PLaIC neurons in layers 5&6 than layer ⅔ (p < 0.0001) 

and significantly more PLaIC neurons than PLpIC neurons in layer ⅔ (p < 0.0001) 

and layers 5&6 (p < 0.0001). Taken together, PLIC neuronal populations were 
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primarily glutamatergic neurons residing in layers 5&6, with PLaIC neurons 

representing a significantly larger population of cells and PLpIC neurons 

consisting of more glutamatergic neurons relative to PLaIC neuronal populations.  
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Figure 3.7. PLIC neuronal population size varies based on insula origin but neurons 
within these populations are primarily glutamatergic. A. Representative fluorescent 
images of nuclei (TOP LEFT, DAPI), PLIC neurons (TOP RIGHT, mCherry), GAD67 
neurons (BOTTOM LEFT, GFP), and colabeled PLIC + GAD67 neurons (BOTTOM RIGHT, 
merge). White arrow indicates the same cell across channels. B. Representative 
fluorescent images of nuclei (TOP LEFT, DAPI), PLIC neurons (TOP RIGHT, mCherry), 
CaMKii neurons (BOTTOM LEFT, GFP), and colabeled PLIC + CaMKii neurons (BOTTOM 
RIGHT, merge). White arrow indicates the same cell across channels. Scale bar = 200 
uM. C. Mean (with SEM) percentage of PLIC neurons colabeled with GAD67. Each dot 
represents an individual replicate. The percentage of PLIC neurons colabeled with GAD67 
did not differ across cortical layer or between insula projection origin. D. Mean (with SEM) 
percentage of PLIC neurons colabeled with CaMKii. Each dot represents an individual 
replicate. Significantly more PLpIC cells than PLaIC cells were colabeled with CaMKii in 
cortical layers 5&6. E. Mean (with SEM) percentage of PLIC cells colabeled with either 
GAD67 or CaMKii. Significantly more PLIC neurons were colabeled with CaMKii regardless 
of cortical layer or insula origin. F. Mean (with SEM and individual replicates) percentage 
of PLIC neurons within the PL. PLaIC cells represent a larger population of neurons within 
the PL than PLpIC cells. *p < 0.05, ****p < 0.0001.  
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3.4 Discussion  

 Here, we investigated insula-PL circuitry and its involvement in social 

affective behaviors. PL inactivation via muscimol abolished preference for 

stressed juveniles, indicating a role for this region in social affective decision 

making. Projections from the insula to the PL arise along the extent of its rostral-

caudal axis but are most concentrated in the anterior portion. Chemogenetic 

inhibition of PLIC neurons abolished preference behavior in male rats, regardless 

of whether these neurons were postsynaptic to anterior or posterior insula. 

However, inhibition of these neurons had no effect on preference for the opposite 

sex, indicating that these populations may be selectively recruited to navigate 

social interaction when there is an affective component. Additionally, these 

insula-innervated PL populations were largely glutamatergic neurons localized to 

layers 5 and 6 of this region, suggesting that PLIC neurons are primarily 

projection neurons. These results contribute to a growing understanding of the 

neural circuits underlying social affective decision making by identifying a cortical 

pathway necessary for approach to or avoidance of stressed others.  

 Given its anatomical connections with limbic structures and sensory 

cortices and its functional significance to various aspects of social behavior, 

including social novelty (Zhao et al., 2022), approach (Lee et al., 2016; Liang et 

al., 2018), and short-term recognition memory (Yashima et al., 2023), it’s 

unsurprising that the PL is implicated in social affective behavior. Specifically, the 

mPFC is critical to the discrimination of affective states in rodents (Scheggia et 

al., 2020). SOM interneurons within the PL of mice are selectively engaged when 
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investigating conspecifics in either a positive or negative state and photoinhibition 

of these neuronal populations prevents affective state discrimination (Scheggia et 

al., 2020). Inactivation of the PL via administration of a GABA agonist, muscimol, 

resulted in similar behavior in the SAP test. Thus, application of muscimol likely 

interfered with the balance of local excitation and inhibition in PL microcircuits, 

subsequently disrupting preference for stressed juveniles in the SAP test. 

The PL’s role in executive function and adaptive behavior requires both 

moment-to-moment tracking of environmental and internal changes and 

evaluation of optimal action selection. Numerous in vivo electrophysiology and 

calcium imaging studies reveal that the mPFC dynamically tracks changes in 

social environments (Liang et al., 2018; Zhao et al., 2022), encodes various 

social sensory cues (Levy et al., 2019), and alters activity in anticipation of 

potential threats (Kim et al., 2018), indicating that this region is responsible for 

updating representations of social contexts. The mPFC also drives behaviors via 

its downstream projections: afferents to the BLA, dorsal raphe nucleus, and PAG 

bidirectionally modulate social preference, induce active escape-like behavior, 

and promote social interaction, respectively (Warden et al., 2012; Franklin et al., 

2017; Huang et al., 2020). The SAP test presents a social context where the 

choice to approach or avoid a conspecific is informed by multiple factors 

including age, affect, familiarity, and internal stress, making behavioral flexibility 

necessary. It’s likely the computational processes that contribute to action 

selection within the PL are dependent on information provided by the insula, 

which is also involved in sensory integration and interoception. Here, PL neurons 
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targeted by projections from both the anterior and posterior insula were 

necessary for social affective behavior but not preference for an opposite sex 

conspecific. It’s possible that the insula is responsible for the integration of 

interoceptive and exteroceptive information which shapes social motivation and 

informs an appraisal or decision-making process that involves the PL, leading to 

approach or avoidance. Importantly, there are social scenarios where the 

motivation for interaction is fundamentally so strong, or innate, that the social 

behaviors that emerge do not require the sort of executive functions ascribed to 

the insula and PL. In two extremes, we could consider the escape and defensive 

responses evoked by a predator or the appetitive, consummatory behaviors 

associated with reproductive behavior aimed at opposite sex conspecifics. Here, 

we sought to determine if the population of PL neurons innervated by the insula 

contributes to opposite sex social preference. In contrast to the findings in social 

affective discrimination, inhibition of PLIC neurons had no effect on preference for 

female conspecifics. Despite reports that mPFC ensembles encode conspecific 

sex (Kingsbury et al., 2020), our data suggest that action selection in a sex 

preference task occurs independent of the PL. The mPFC’s intrinsic mixed 

selectivity, along with the inherent multisensory nature of social interactions,  

implies that all social interactions should have prefrontal neural correlates, 

regardless of whether these correlates are necessary for behavior.  

Cell-type identification of PLIC populations was conducted due to the 

importance of the excitatory/inhibitory balance within the mPFC (Yizhar et al., 

2011). The PL receives input from a variety of long-range afferents and this 
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information is further processed via local microcircuitry (Anastasiades and Carter, 

2021; Yang et al., 2021). Specifically, interneuron populations within the PL 

contribute to disinhibitory mechanisms that mediate conditioned social fear (Xu et 

al., 2019), goal-directed behaviors (Mederos et al., 2021), and social competition 

(Zhang et al., 2022a) among other functions. These interneurons can be excited 

by long-range afferents that help drive feedforward inhibition. For example, inputs 

from the mediodorsal thalamus (MD) to the mPFC activate parvalbumin (PV) 

interneurons and reduction of MD activity contributes to increased 

excitatory/inhibitory balance that results in reduced social behavior in the three-

chamber sociability test (Ferguson and Gao, 2018). Local computations within 

the PL therefore influence behavioral outcomes in certain contexts, contributing 

to the need for more detailed descriptions of cellular organization within this 

region. Here, PLIC neurons were primarily glutamatergic, regardless of insula 

origin or cortical layer. These neurons include a mix of intratelencephalic cells 

projecting to cortical, striatal, claustral, and amygdalar regions, pyramidal tract 

cells that target subcortical regions, and corticothalamic cells which project to 

thalamic relay nuclei and the thalamic reticular nucleus (Anastasiades and 

Carter, 2021), suggesting that insula input to the PL could influence sensory, 

motivational and motor processes. It’s also possible that certain PL tracts are 

preferentially recruited to drive approach or avoidance behavior in the SAP test. 

Future studies should aim to further classify these PLIC neurons based on their 

projection target and assess how exposure to stressed juveniles or adults 

differentially engages PL outputs. The existing anatomy includes several tracks 
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that are plausible for mediating approach or avoidance, including the NAc and 

BLA, respectively (Murugan et al., 2017; Diehl et al., 2020). Though significantly 

fewer PLIC neurons were colabeled with GAD67, differences in interneuron 

subtype function within the PL warrants finer classification of these cells and their 

specific contributions to social affective behavior. 

The functional diversity of the insula along its rostral-caudal gradient 

warranted separate investigation of the anterior and posterior insula tracts to the 

PL. Inhibition of PLIC neurons abolished social affective preference behavior 

regardless of insula origin and despite a larger PL population postsynaptic to the 

anterior insula. One potential interpretation of this is that these insula subregions 

target the same population of PL neurons, with cells postsynaptic to posterior 

insula residing within the larger anterior insula-PLIC population. It’s also possible 

that these represent separate, distinct populations of neurons. In both cases, the 

anterior and posterior insula may be contributing distinct streams of information 

to PL computational processes. The anterior insula is broadly involved in social 

emotional awareness, integrating cognitive, emotional, and sensory processes to 

inform affective states (Gu et al., 2013b). In rodents, neuronal activation of 

anterior insula increases during cohabitation with a mouse in chronic pain 

(Benassi-Cezar et al., 2021) and inhibition contributes to a reduction in helping 

behavior (Cox et al., 2022a). Based on these findings, it’s possible that the 

anterior insula evaluates the affective state of others and shares this information 

with the PL to inform motivated behaviors. On the other hand, the posterior 

insula’s connectivity with somatosensory regions informs its role in interoceptive 
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and exteroceptive sensory integration (Centanni et al., 2021). Photoactivation of 

posterior insula increases defensive behaviors and associated autonomic 

functions in mice while neural activity in this region is responsive to a number of 

acute sensory stimuli and representative of one’s affective state (Gehrlach et al., 

2019a). In this case, it’s possible that the posterior insula integrates internal and 

external sensory signals to establish bodily states and this interoceptive 

information is relayed to the PL. Taken together, PL receives processed 

information pertaining to one’s environment and internal state from the extent of 

the insula and can then selectively guide approach or avoidance behavior via 

top-down control of subcortical and thalamic regions. 

An important consideration here is that the anterior insula’s role in SAP 

testing has not been previously investigated. Due to this unknown function and 

the significantly larger population of PLIC neurons postsynaptic to the anterior 

insula, it’s possible that the effects of chemogenetic inhibition observed here 

were a result of a general inhibition of the PL rather than a specific silencing of 

anterior insula input. Future experiments aim to address these gaps in the 

research, first investigating whether inhibition of the anterior insula interferes with 

SAP behavior, then using a cre-dependent, retrograde approach to selectively 

inhibit PL-projecting anterior insula neurons.  

Social dysfunction characteristic of ASD and schizophrenia arises, in part, 

from the disruption of network connectivity between brain regions (Brunet-Gouet 

and Decety, 2006; Volkmar, 2011; Gotts et al., 2012). To understand how 

impairment of brain network communication contributes to these disorders, more 
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research into the circuitry driving social behaviors is necessary. The social 

affective behavior investigated here is dependent on the activity of and 

communication between a number of different brain regions, including the insula 

(Rogers-Carter et al., 2018b), BLA (Djerdjaj et al., 2022), and NAc (Rogers-

Carter et al., 2019). Here, we’ve identified the insula-PL pathway as another 

crucial circuit mediating social affective decision-making. Continued identification 

and investigation into connections between nodes within this social affective 

brain network will inform targeted treatments for social affective disorders.  

  



 

139 

Chapter 4: Discussion 
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4.1 Summary of findings  

 The aims of this dissertation were to 1) determine whether BLA-insula 

circuitry is necessary for social affective behavior, 2) expand our BLA-insula 

findings to include female subjects, and 3) define PLIC neurons by their cell-type 

and functional significance to social affective preference behavior. Here, I report 

that chemogenetic inhibition of the BLA and its projections to the insula interfere 

with social affective preference for stressed juveniles, suggesting that information 

the insula receives from the BLA contributes to a rat’s decision to approach a 

stressed juvenile over a naïve one. Regarding aim 2, handling female rats more 

frequently and allowing for longer time to recover post-surgery enabled 

successful replication of SAP results in female rats. Utilizing these adjustments, 

pharmacological inhibition of the BLA or the insula of female rats abolished 

preference for stressed juveniles and naïve adults. Interestingly, oxytocin 

administration into the BLA, but not the insula, increased social exploration of 

naïve conspecifics regardless of age, indicating a potential sex-specific role of 

insular oxytocin in male rats. Finally, aim 3 presented a comprehensive 

description of the PLIC neuronal anatomy and its necessity to appropriate social 

affective behavior. Pharmacological inhibition of the PL abolished preference for 

stressed juveniles. Retrograde tracing confirmed insula PL projections originate 

from both the anterior and posterior portion of this region. Chemogenetic 

inhibition of these PLIC neurons, regardless of insular origin (anterior or posterior) 

interfered with social affective preference behavior toward stressed juveniles and 

naïve adults. However, inhibition had no effect on male rats’ preference for 
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conspecifics of the opposite sex, implying that these PLIC cells may be 

specifically recruited in social contexts where the affective discrimination is 

necessary. Quantification of glutamatergic and GABAergic cells within PLIC  

populations revealed that insula inputs preferentially target glutamatergic 

neurons regardless of insula origin or cortical layer. These findings identify and 

classify PLIC cells that mediate social affective behavior. More broadly, this work 

describes two social affective circuits that include structures within the greater 

SDMN and CSB and that hinge on insula function.  

 In the following sections, I will discuss the implications and limitations of 

these results on our understanding of how neural mechanisms guide social 

affective behavior, specifically focusing on what information the BLA, insula, and 

PL share with each other and what each of these regions and circuits may be 

contributing to the detection and appraisal of external, affective signals, the 

integration of sensory cues with internal motivations, and the selection and 

execution of an optimal behavioral response. Additionally, I will briefly discuss 

how these circuits may interact with other nodes within the broader SDMN and 

CSB and how oxytocin may modulate activity within this tri-circuit to further guide 

social affective behavior. Finally, I will discuss what this work adds to our growing 

understanding of the social brain and the clinical implications in regards to social 

affective disorders.  

4.2 How is valence detection within the BLA shaping SAP behavior? 

 Detection of affective cues and inference of social affective states are 

essential first steps in social decision making. The SAP test rests on the idea that 
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an experimental rat is influenced by some stimuli emitted by a stressed 

conspecific. In rodents, affective state is conveyed via ultrasonic vocalizations 

(USVs), chemosignals, and bodily states (Sterley and Bains, 2021). While 

sensory systems in the brain are responsible for recognizing these various 

stimuli, they are meaningless without an understanding of their value or valence. 

Valence can help drive behavior, with negatively and positively valenced stimuli 

eliciting aversive or appetitive behavior, respectively. As discussed in Chapter 2, 

the BLA receives input from the thalamus, a region essential to sensory relay, 

and sensory cortices and is responsible for recognizing the valence of these 

stimuli (O’Neill et al., 2018; Ju and Beyeler, 2021). Additionally, social stimuli, 

such as conspecific urine, are prioritized and discriminated by the BLA (Song et 

al., 2021), indicating that salient conspecific features may be classified within this 

region. In the SAP test, it’s likely that the BLA is involved in recognizing each 

conspecific’s affective state as negative or neutral based on the signals they are 

emitting. For example, stressed juvenile and adult conspecifics emit fewer 

appetitive “rising” and “trill” calls than their naïve counterparts when interacting 

with a test rat (Rogers-Carter et al., 2018b). These USVs may be evaluated in 

the BLA, where firing rates decrease in response to appetitive 50-Hz 

vocalizations (Parsana et al., 2012). BLA inhibition, therefore, may prevent social 

affective discrimination in the SAP test via a rat’s inability to assign social 

valence based on USVs.  

 The BLA’s ability to encode positive and negative valence contributes to 

its role in both fear and reward circuitry. This is because the valence-encoding 
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properties of BLA neurons are defined, in part, by their projection targets. For 

example, photoactivation of BLA terminals in the PL, which is critical to fear 

learning, increases freezing behavior (Burgos-Robles et al., 2017). Similarly, 

inhibition of BLA terminals within the CeA, another node in fear circuitry, impairs 

fear conditioning (Namburi et al., 2015). Alternatively, NAc-projecting BLA 

neurons encoding positively valenced cues exhibit increases in synaptic plasticity 

after appetitive conditioning and activation of these projectors supports positive 

reinforcement (Namburi et al., 2015). These findings demonstrate that BLA 

circuitry is indissociable from its valence encoding properties and may inform its 

role in social affective behavior. Taking this perspective into account when 

considering the findings presented in Chapter 2.1, it’s possible that the BLA-

insula tract is necessary for the integration of valence with other environmental 

stimuli. While the BLA recognizes the negative affective state of the stressed 

juvenile, it doesn’t appear to be sufficient to drive avoidance behavior away from 

this conspecific. Instead, it’s likely that this information is relayed to the insula, 

where it is integrated with other external stimuli, potentially including conspecific 

age, to produce approach behavior. Without this input, the insula lacks the 

affective information needed to create an accurate representation of one’s 

environment.  

An important caveat is that, though adult SAPS were conducted in our 

BLA-insula experiments, inconsistent vehicle data due to on-campus construction 

at the time prevented us from drawing any concrete conclusions about this 

pathway’s role in this behavior. Extrapolating from results presented in Chapter 
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2.2 where BLA inactivation in female rats abolished preference for naïve adults, 

it’s possible that inhibition of this BLA-insula pathway would’ve produced similar 

results in males and females. This would be consistent with the interpretation 

presented above, that integration of affective valence relayed from the BLA with 

age-related information occurs in the insula. If inhibition of this pathway had no 

effect on a rat’s preference to interact with a naïve adult conspecific, it’s possible 

that age and affect information are integrated within the BLA itself to determine 

the ultimate valence of a conspecific. Stressed juveniles may be perceived as 

rewarding within the BLA and its projections to the insula could be specifically 

involved in driving appetitive, consummatory behaviors. Prior work shows that 

stressed adults, but not stressed juveniles, emitted significantly more 22-Hz 

vocalizations, which signal aversive states, than their naïve counterparts 

(Rogers-Carter et al., 2018b) and BLA activity increases in response to these 

calls (Parsana et al., 2012). Together, the integration of these USVs with 

conspecific age could produce a negative valence assignment in the BLA that is 

relayed to insula, which can generate aversive behaviors via its outputs to CeA 

and BNST (Gehrlach et al., 2019a; Luchsinger et al., 2021). Currently, it’s 

unknown whether these insula targets are solely responsible for driving 

avoidance in the SAP test, necessitating further research into other outputs of the 

BLA and insula that could be involved in this behavior, including the PL.   

Though no studies conducted here specifically manipulated BLA-PL 

projections during SAP testing, ample research allows for the speculation of what 

this pathway may contribute to this behavior. This circuitry is bidirectional 
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(Reppucci and Petrovich, 2016) and regulates a number of behaviors including 

fear- (Arruda-Carvalho and Clem, 2015), anxiety-related (Tye et al., 2011), and 

social behaviors (Gangopadhyay et al., 2021). In a task where competing shock- 

and sucrose-predicting cues were presented, correlated firing to the shock-

associated cue showed BLA-to-PL directionality. While the BLA was responsive 

to both reward- and shock-predicting cues, more PL neurons were responsive to 

the aversive cue and these were more strongly correlated with BLA activity 

(Burgos-Robles et al., 2017). Photoactivation of this pathway also increased 

freezing behavior during a pavlovian discrimination task (Burgos-Robles et al., 

2017), produced anxiogenic effects in the elevated plus maze and open-field test, 

and reduced social interaction in a resident-intruder test (Felix-Ortiz et al., 2016). 

Together, these findings support the interpretation that negative valence 

information is relayed from the BLA to the PL, where subsequent aversive 

behavior is produced. In SAP testing, this interpretation may be confirmed if 

inhibition of BLA projections to the PL interferes with preference for naïve adults 

but has no effect on preference for stressed juveniles. In this case, positive or 

negative valence information encoded within the BLA may be preferentially 

routed to either the insula or PL to drive approach or avoidance behavior, 

respectively.  

In sum, the findings presented in this dissertation along with prior work 

suggest that the BLA’s involvement in social affective behavior stems from its 

role in valence detection. Affective discrimination is a critical component of SAP 

testing, as this social decision first requires the accurate identification of affective 
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states of others. The BLA is capable of differentiating between unconditioned 

positive and negative sensory stimuli (Gore et al., 2015; Kim et al., 2016; Zhang 

and Li, 2018), responds to conspecific emitted cues like USVs (Parsana et al., 

2012; Schönfeld et al., 2020), and projects to a number of nodes within the 

SDMN (O’Connell and Hofmann, 2011a) and CSB, including the insula and PL 

(Mcdonald, 1991; McDonald, 1998; Shi and Cassell, 1998; Reppucci and 

Petrovich, 2016). Future studies may aim to untangle which conspecific features 

apart from USVs are recognized and appraised by the BLA, as olfactory cues, 

overt behaviors, and facial expressions are also known to convey affective states 

(Dolensek et al., 2020; Sterley and Bains, 2021). For example, in vivo calcium 

imaging could be used to record BLA neurons at either the single cell or 

population level during exposures to discrete, isolated positive, negative, or 

neutral chemosignals to determine whether specific subsets of neurons 

preferentially respond to any of these cues. Additionally, mechanistic studies 

focused on the role of the BLA-PL circuit in SAP testing may inform whether 

social affective valence neurons in the BLA are defined by their projection 

targets.  

 

4.3 How does exteroceptive and interoceptive information engage the 

insula during SAP testing? 

Findings presented in Chapters 2 and 3 provide further evidence of the 

insula’s essential role in social affective behavior. As a node where multiple 

sensory inputs converge and outputs to a number of SDMN regions originate 
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(Rogers-Carter and Christianson, 2019), the insula is positioned to integrate 

social sensory stimuli, like conspecific valence relayed from the BLA (Djerdjaj et 

al., 2022), with interoceptive state information, like hunger (Barretto-de-Souza et 

al., 2023), creating an internal model of one’s social context and motivational 

state. In this view, interoceptive signals interact with conspecific affective 

information to produce a behavioral response. A conspecific’s affective state can 

act as an emotional contagion influencing the internal state of an observer 

(Keysers et al., 2022) and this is mediated in part by insula projections to the 

BLA. Photoactivation of these projections increases the intensity of observational 

pain in mice (Zhang et al., 2022b), indicating that the insula promotes changes in 

internal state dependent on conspecific affect via connections to nodes within the 

SDMN. Taking this finding into consideration, it’s possible that inhibition of BLA 

terminals within the insula prevented relevant valence information from being 

integrated with other sensory stimuli, interfering with potential empathic 

processes mediated by the insula. Interestingly, this also suggests a feedback 

loop where sensory inputs from the BLA inform shifts in internal state 

representations in the insula that then sends signals back to the BLA to promote 

behavioral expressions of this updated internal state. Activation of this insula-

BLA pathway may facilitate or exaggerate approach and avoidance behaviors in 

the SAP test. 

The functional heterogeneity of the insula along its rostral-caudal axis and 

the organization of its projection to the PL warranted separate investigations of 

anterior and posterior insula tracts to the PL. While both pathways proved 
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necessary in the SAP test, it’s possible, given the differences in PLIC population 

sizes, that these insula subregions provide separate, distinct streams of 

information that are both essential to social affective decision making. Broadly, 

the posterior insula, with its extensive connectivity with somatosensory regions, 

is thought to encode sensory and interoceptive information (Gehrlach et al., 

2019a). On the other hand, the anterior insula is involved in emotional awareness 

(Gu et al., 2013a), potentially linking it to affective processes (Choi and Jeong, 

2017). In this view, posterior insula could be sharing integrated sensory 

information about social context and interoceptive state while the anterior insula 

is providing a motive to approach or avoid based on affective processing. While 

substantial evidence points to the necessity of posterior insula in SAP behavior 

(Rogers-Carter et al., 2018b, 2019; Djerdjaj et al., 2022, 2023; Rieger et al., 

2022c, 2022a), the role of the anterior insula in this behavior remains unknown. 

Current studies seek to determine whether local inhibition of this region interferes 

with SAP behavior similarly to posterior insula, which may lend further credence 

to functional specialization across the insula.  

It’s also important to acknowledge that insula subregions communicate 

with each other, sharing information to determine a motivational state based on 

environmental context. Adolescents with ASD display reduced functional 

connectivity between anterior and posterior insula (Ebisch et al., 2011). Thermo-

nociceptive stimuli trigger posterior insular and amygdalar responses in humans 

and these inputs converge in the anterior insula, contributing to the expression of 

pain (Bastuji et al., 2018). Further, interhemispheric disconnection of anterior 
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insula produced a reduction in social interest (Glangetas et al., 2022). To further 

elucidate insular contributions to social affective preference behavior, studies 

aimed at manipulating insular inter-subregion and interhemispheric connectivity 

should be conducted. Additionally, in vivo recordings of anterior and posterior 

insula during SAP testing would grant insight into what particular aspects of 

behavior each subregion is encoding. The view of posterior-to-anterior flow of 

information may suggest that posterior insula would be most responsive at the 

beginning of testing, as rat’s orient themselves to their new environment, while 

anterior insula activity increases as rats begin initiating a consistent behavioral 

response informed by their motivational state.  

One potentially relevant functional difference across the insula is taste 

coding. Within the insula, sweet and bitter tastes activate anterior and posterior 

cortical fields, respectively. Photoactivation of each of these regions in a place-

preference test drives appetitive and aversive responses (Peng et al., 2015). 

Further, facial expressions of pleasure and disgust can be facilitated in a mouse 

via stimulation of the anterior and posterior insula, respectively (Dolensek et al., 

2020). While the role, if any, taste plays in social affective behavior is unknown 

the ability of insular subregions to drive opposing behaviors based on the 

valence of stimuli may inform how its projections to the PL influence SAP 

behavior. The appetitive drive to approach stressed juveniles may be formed in 

the anterior insula based on interoceptive and affective sensory information 

relayed by the posterior insula. Similarly, the aversive drive to avoid a stressed 

adult could be motivated by cortical fields in the posterior insula integrating these 
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negative affective stimuli with internal signals promoting threat response. These 

separate streams of information can be conveyed to the PL, where executive 

control over subcortical and brainstem structures allows for the production of 

appropriate behavior. However, hedonic reactivity also differs along the insula in 

a way that seems to contradict these findings. Activation of anterior insula 

facilitates expressions of disgust, indicating this subregion may serve as a 

hedonic “coldspot,” while posterior insula activation leads to expressions of 

pleasure or liking, suggesting this subregion serves as a hedonic “hotspot” 

(Castro and Berridge, 2017). These seemingly contradictory findings indicate that 

the anterior and posterior insula can both mediate negative and positive 

behaviors. It’s here where studies into the dynamics of neural activity in these 

subregions would prove beneficial to our understanding of how certain behavioral 

tasks or contexts influence computational processes within the insula. In the 

study conducted by Dolesek, et al (2020) mentioned above, individual neurons 

within the posterior insula responded to positive and negative stimuli while also 

encoding facial expressions conveying disgust or pleasure (Dolensek et al., 

2020), indicating that neuronal population dynamics within the anterior or 

posterior insula, in addition to environmental context, may dictate when these 

regions are recruited for appetitive or aversive behavior. As it stands, the 

capacity to drive opposing behaviors in each subregion may contribute to their 

necessity in both juvenile and adult SAP behavior.  

A growing body of work investigating insula’s role in physiological 

homeostasis may also provide insight into its ability to encode both appetitive 
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and aversive stimuli along its axis. During a visual discrimination task where mice 

learned to associate a specific visual cue with food delivery, in vivo imaging 

within the insula revealed a dense, distributed population of neurons that 

responded to this cue. Interestingly, these neural responses increased in food-

deprived mice and were attenuated during satiety, suggesting that the 

motivational salience of a cue can be modulated within the insula based on 

physiological state (Livneh et al., 2017). Similarly, two-photon imaging of the 

insula during various physiological states, including thirsty and quenched states, 

revealed distinct patterns of ongoing activity. Interestingly, in thirsty mice, cues 

associated with water delivery shifted insular activity toward patterns associated 

with future satiety, indicating that representations of future homeostasis can bias 

motivations for salient stimuli (Livneh et al., 2020). Together these findings 

suggest that internal states can switch the valence or direction of behavior for a 

given stimulus. Considering this in the context of the SAP test, it’s possible that 

the stress of an adult conspecific coupled with the stress of the test itself 

contributes to a higher degree of emotion contagion than the stress of a juvenile. 

In this case, social affective stimuli may be appraised differently within the insula, 

resulting in avoidance or approach behavior. 

A limitation to the work presented here is its focus on manipulations of 

circuit mechanisms and conspecific affect. Much has been discussed about the 

insula’s role in bodily awareness and homeostasis and how that may shape 

behavior. In the SAP test, changes in internal states of the test rat lead to 

disordered preference behavior. Hunger abolishes social affective behavior, in 
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part through the transmission of orexin and melanin concentrating hormone 

(MCH) in the insula (Barretto-de-Souza et al., 2023). Receptor antagonism of 

CRF, a neuromodulator released upon exposure to stressed conspecifics 

(Sterley et al., 2018), within the insula interferes with social interactions with 

stressed others (Rieger et al., 2022a), suggesting that CRF is critical to driving 

social transfer of stress. Maternal stress via an immune challenge also interfered 

with SAP behavior in male offspring (Rieger et al., 2023), suggesting that 

disruptions during cortical development contribute to long-lasting changes in 

sociability. Prior stress in experimental rats, along with social transfer of stress 

via a stressed cagemate, drives preference toward stressed adult conspecifics 

(Toyoshima et al., 2021, 2022), though whether this is mediated by the insula is 

unknown. Future studies should aim to investigate how other changes in internal 

states and disruption of interoceptive processes or homeostatic signals within the 

insula affect SAP behavior. 

 

4.4 How is PL activity contributing to action selection in the SAP test? 

 In Chapter 3, both general PL inactivation and specific inhibition of PLIC 

neurons interfered with social affective preference behavior. The PL, a subregion 

of the mPFC, has long been considered an essential substrate for executive 

control (Kesner and Churchwell, 2011; Kamigaki, 2019) and behavioral 

adaptability (Howland et al., 2022). Extensive research has also identified this 

region as a key node in social decision-making (Kietzman and Gourley, 2023), 

likely due to its processing of social information and modulation of goal-directed 
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behavior (Woon et al., 2020). In the SAP test, the decision to approach or avoid a 

conspecific is informed by a number of factors including age, affect (Rogers-

Carter et al., 2018b), sickness (Rieger et al., 2022c), and familiarity (Rogers-

Carter et al., 2018a). Broadly, the PL preferentially responds to social over non-

social cues (Levy et al., 2019), with certain neuronal populations selectively 

responding to some of the factors modulating SAP behavior. GABAergic 

neuronal populations within the PL encode social novelty (Zhao et al., 2022) 

while somatostatin interneurons within these GABAergic populations 

preferentially respond to affective conspecific states (Scheggia et al., 2020). 

During SAP testing, the PL likely monitors changes in social contexts by tracking 

these socially salient stimuli. The PL can then orchestrate appropriate motivated 

behavior based on this social information.  

 The encoding of various aspects of social stimuli by interneuronal PL 

populations highlights the importance of the excitatory/inhibitory balance within 

the PL and presents a potential mechanism by which this region can exert top-

down control of behavior. Shifts in the ratio of excitatory and inhibitory 

transmission within the PL contributes to social dysfunction (Yizhar et al., 2011). 

In the studies discussed in the preceding paragraph, inhibition of specific 

GABAergic populations contributed to disrupted social novelty behavior (Zhao et 

al., 2022) and affective state discrimination(Scheggia et al., 2020). In both cases, 

disinhibition of pyramidal neurons contributes to deficits in social behavior, 

suggesting that tight control of excitatory transmission via local microcircuitry 

within the PL is critical to social decision making. In the SAP test, administration 
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of a GABAA agonist contributed to disordered social affective behavior towards 

stressed juveniles. In this case, increasing inhibitory activity within the PL also 

results in social dysfunction, potentially disrupting the PL’s ability to discriminate 

affective state and preventing projection neurons from signaling an appropriate 

behavioral response.  

 Inhibition of PLIC neurons, which were largely deep layer glutamatergic 

neurons, interfered with SAP behavior regardless of insula projection origin. A 

recent study investigating the role of the insula in itching behavior showed that 

inhibition of an anterior insula-to-PL pathway suppressed scratching induced by 

an intradermal 5-HT injection. This finding supports the view that insula carries 

interoceptive information to the PL that contributes to action selection. This 

information is likely integrated with relevant social stimuli within the PL, where 

inputs from long-range afferents are processed via local microcircuitry, an 

appropriate behavioral response is selected and efferent projections to 

subcortical structures execute this behavior (Anastasiades and Carter, 2021; 

Yang et al., 2021). Taking the importance of the E/I balance into consideration, 

decreasing excitatory transmission of PLIC neurons, which potentially act on 

interneuron populations within the PL, likely contributes to disordered 

computational processes that ultimately results in a lack of preference for either 

conspecific due to insufficient information about internal state or social context.  

 Further classification of PLIC cells is necessary to gain a better 

understanding of how these inputs are contributing to various aspects of social 

behavior. PLIC neurons colabaled with CaMKii are likely projection neurons that 
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could target any number of downstream regions including other cortical regions, 

the striatum, amygdala, thalamus, or NAc. Classification of these PLIC neurons 

based on their projection target would indicate how insula input to the PL is 

modulating decision-making behavior. These glutamatergic PLIC may also 

contribute to local excitation between cortical layers, engaging interneuron 

populations that may selectively inhibit or promote excitatory transmission to 

downstream regions (Anastasiades and Carter, 2021), adding further refinement 

to information received from the insula. Though significantly more glutamatergic 

PLIC neurons were identified, about 10-15% of these PLIC neurons were colabled 

with GAD67. Given the functional heterogeneity of GABAergic populations within 

the PL, future work should classify these neurons as PV, SOM, or vasoactive 

intestinal peptide cells.  

 PLIC neurons postsynaptic to the anterior insula represented a significantly 

larger population than those postsynaptic to the posterior insula. While both 

populations proved necessary for social affective behavior, this could be an 

indicator that these populations are in fact the same, meaning that posterior 

insula inputs exist within the larger PLIC population postsynaptic to anterior insula. 

Given that our knowledge of the insula’s role in SAP behavior up to this point is 

limited to the posterior insula, these populations being the same could mean that 

PLpIC neurons alone are influencing social affective behavior. On the other hand, 

if PLpIC and  PLaIC neurons are separate populations, taking the functional 

heterogeneity of the insula into account it could be possible that, within the PL, 

information related to interoception or visceral sensations coming from the 
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posterior insula are being integrated independently from the more 

socioemotional-related information being conveyed by the anterior insula. More 

work is needed to confirm whether or not these populations are one in the same 

or whether they represent separate groups of neurons responsible for sharing 

distinct streams of information with the PL. 

 To explore how the PL guides action selection and behavioral adaptability, 

it’s useful to look at its projection targets and the function of these anatomical 

connections. Specifically, circuitry between the BLA and the PL has repeatedly 

been implicated in fear learning, anxiety-related, and social behaviors. 

Recordings from the mPFC and BLA during fear discrimination revealed 

increased synchrony between the two regions in mice that successfully 

discriminated between safe and danger cues, with BLA firing selectively tuning to 

mPFC input (Likhtik et al., 2014). This suggests that mPFC input to the BLA is 

essential for cue discrimination and the resultant adaptive behavior. Additionally, 

photoinhibition of PL-BLA neurons reduced anxiety-like behaviors in mice with 

chronic pain (Gao et al., 2023) while activation increased avoidance behaviors in 

an active avoidance task. This further suggests that PL-to-BLA transmission 

modulates behavioral responses to fear and anxiety, and hyperactivation of this 

pathway may interfere with response inhibition and contribute to abnormal 

behaviors. In regards to social behavior, photoactivation of PL-BLA projections 

reduced social interactions and abolished social preference. Further, activation of 

PL-BLA projectors that had previously responded to an aversive event produced 

deficits in social preference behavior (Huang et al., 2020). Taken together, these 
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studies indicate that hyperactivity of PL-BLA projections contributes to behavioral 

dysfunction. In SAP testing, inhibition of PLIC neurons may have led to an 

increase in PL-BLA projector activity, resulting in disordered social affective 

behavior.  

 

4.5 How do these regions interact with each other and with other nodes 

within the SDMN to orchestrate social affective behavior? 

Though investigations into the PL-BLA pathway are beyond the scope of 

this dissertation, prior work described here provides compelling evidence for a 

potential BLA-insula-PL circuit mediating social affective preference behavior. 

Briefly, conspecific valence, defined through the appraisal of various social 

signals, is identified within the BLA, which sends projections to the posterior 

insula, where affective information is integrated with other sensory modalities and 

internal signals along the rostral-caudal gradient to generate a context-

dependent motivational state informed by socioemotional processes. The insula 

then relays this to the PL, where an appropriate behavioral response informed by 

this social contextual and motivational information is selected and top-down 

projections to subcortical regions execute this adaptive behavior. In the case of 

insula-PL connectivity, it’s possible that a threshold of salient information must be 

met before the insula engages the PL. Prior studies have demonstrated the 

insula’s necessity to social decision-making in instances where external factors 

such as conspecific age, stress, and health vary (Rogers-Carter et al., 2018c; 

Rieger et al., 2022c) or internal factors such as satiety and neuromodulatory 
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transmission are manipulated (Rieger et al., 2022a; Barretto-de-Souza et al., 

2023; Ng et al., 2023). There are also circumstances when rats would exhibit 

approach or avoidance behavior that do not reach this threshold to become 

“insula-dependent”. For example, inhibition of the insula and its targets within the 

PL had no effect on social novelty or opposite sex preference, respectively 

(Rogers-Carter et al., 2019), suggesting that certain social stimuli or motives may 

be so salient that they are mediated entirely by subcortical systems. More work is 

needed to investigate whether this applies to interactions in the aversive realm, 

as it’s unknown whether insula or PL recruitment is necessary for avoidance in 

situations where danger may be more imminent.    

While studies discussed here focus on BLA-insula and insula-PL 

projections in social affective behavior, this circuitry exists within and interacts 

with a larger network of brain regions also implicated in social decision-making. 

Though space precludes a thorough review of all the potential circuits involved in 

this behavior, prior work done in our lab allows for speculation into a few 

candidate regions likely to be engaged during SAP testing. One such region is 

the NAc, a canonical node in reward circuitry (Wise, 2002) that also receives 

projections from the BLA, insula, and PL (Wright and Groenewegen, 1996; Shih 

and Chang, 2024). Inhibition of this region interferes with both approach and 

avoidance behaviors in a cue-elicited decision task (Hamel et al., 2017), 

suggesting that the NAc is involved in value-based decision making. Salient 

valence information may enter the NAc for valuation via the amygdala. Basal 

amygdala neurons that project to the NAc are engaged by both appetitive and 
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aversive social stimuli (Poggi et al., 2024). Optogenetic stimulation of the BLA-

NAc circuit results in social deficits and increased social avoidance (Folkes et al., 

2020), suggesting that increasing excitatory transmission of this tract may bias 

negative valuation of social interaction within the NAc. On the other hand, 

chemogenetic silencing of insula terminals within the NAc prevented preference 

for stressed juveniles in the SAP test (Rogers-Carter et al., 2019), indicating that 

this tract may be involved in driving appetitive social behaviors via integration of 

conspecific affective and interoceptive information with reward valuation. In terms 

of PL-NAc circuitry, inhibition of this tract increased responding to non-reinforced 

appetitive, aversive, and combined cues in a discriminative cue task (Hamel et 

al., 2022) and reduced preference for food paired with a novel conspecific in a 

social incentivization for future choice task (Kietzman et al., 2022). Together, 

these findings suggest that PL-NAc projections may drive behavior in scenarios 

where the risk of aversive outcomes are reduced or the appropriate valuation of 

reward requires synthesis of co-occurring stimuli. In the case of SAP testing, the 

NAc may serve as a locus for determining the value of approaching or avoiding 

conspecifics, evaluations that are informed by its efferent connections with the 

BLA, insula, and PL.  

When considering other subcortical structures, the PAG stands out as a 

potential substrate for orchestrating avoidant behavior in the SAP test. This 

region is classically associated with fear-evoked freezing and defensive 

behaviors (Koutsikou et al., 2014; Lefler et al., 2020), while its role in social 

behavior remains unknown. A recent pilot study inhibiting PAG via muscimol 
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injection prior to SAP testing abolished preference for stressed juveniles, 

suggesting this region is involved in social affective preference behavior. The 

PAG signals threat probability in a fear discrimination task where an uncertainty 

cue predicts a foot shock only 37.5% of the time (Wright and McDannald, 2019) 

and changes its firing rate in response to different levels of predatory threat 

(Bindi et al., 2022), indicating that this region may be involved in evaluating 

threatening stimuli. Given the fact that amygdala lesions interfered with 

contextual fear learning but not unconditioned freezing elicited by PAG 

stimulation (Oliveira et al., 2004), it’s possible that the amygdala shares 

contextual threat-related information with the PAG that influences behavioral 

responses. Insula-PAG circuit function remains understudied, but could be 

further involved in threat evaluation, with the insula sharing relevant interoceptive 

information that could inform threat assessment. Finally, prefrontal input to the 

PAG could bias behavioral output. Afferents from this region target both dorsal, 

defense-related and ventral, approach-related columns of the PAG and inhibition 

of PFC-dorsal PAG projections increased social avoidance, resulting in a social 

defeat phenotype (Franklin et al., 2017). These findings suggest a mechanism by 

which the PFC can drive both appetitive and aversive social behaviors via PAG 

inhibition and may be essential to threat-coping strategies. Much more work is 

needed to define the PAG’s role in this behavior but one potential function may 

be serving as a “threat detection” center during SAP testing, utilizing information 

received from the BLA and insula to classify stressed juveniles or adults as less 
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or more threatening, respectively, with prefrontal input driving the ultimate 

behavioral response to this social context.   

4.6 Neuromodulation of BLA-insula-PL circuitry: spotlight on oxytocin 

 A number of neuromodulators are likely involved in social affective 

preference. We know that insular CRF (Rieger et al., 2022a), MCH, orexin 

(Barretto-de-Souza et al., 2023), and oxytocin (Rogers-Carter et al., 2018b) 

modulate SAP behavior. Oxytocin is of particular interest here, as findings 

presented in Chapter 2 identified sex specific effects of insular oxytocin in social 

investigation. Administration of oxytocin to the BLA, but not the insula, of female 

rats increased social exploration of naïve juvenile and adult conspecifics. Prior 

work identified oxytocin within the insula as an essential component of male 

social affective behavior, indicating a sex difference in insular oxytocin activity. 

Implications and limitations of these experiments are discussed in depth in 

Chapter 2. Here, I’d like to briefly highlight the known prosocial role of oxytocin in 

each region investigated above to encourage future studies into the 

neuromodulation of this circuitry in SAP behavior.  

 Oxytocin neurons are mainly found within the paraventricular and 

supraoptic nuclei of the hypothalamus, where they project to various cortical, 

subcortical, and brainstem regions, including the BLA, insula, and PL (Gimpl and 

Fahrenholz, 2001). Across species, oxytocin seems to modulate socially salient 

brain networks (Brodmann et al., 2017; Johnson et al., 2017; Parr et al., 2018; 

Rilling et al., 2018), contributing to the view that oxytocin promotes social 

behavior via the reinforcement or enhancement of socially salient stimuli within 
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the brain (Shamay-Tsoory and Abu-Akel, 2016; Menon and Neumann, 2023). 

Consistent with this view, in humans intranasal oxytocin administration enhanced 

BLA activation and functional connectivity while viewing emotional faces 

(Procyshyn et al., 2022). In rodents, oxytocin receptor antagonist delivered to the 

insula or mPFC impaired SAP behavior (Rogers-Carter et al., 2018b) and short 

term social recognition memory (Yashima and Sakamoto, 2024), respectively. 

Interestingly, oxytocin receptor antagonism within the mPFC rescued social 

behavior deficits in male rats that had undergone chronic chemogenetic 

activation of this region (Janz et al., 2023). At the circuit level, glutamatergic 

oxytocin receptor-expressing neurons in the mPFC project to the BLA and 

optogenetic stimulation of these axons within the BLA impairs social recognition 

memory (Tan et al., 2019). Together, these two findings suggest that 

hyperactivity of mPFC and increased oxytocin signaling may be linked and 

contribute to social dysfunction.  

The studies highlighted above along with the results discussed in Chapter 

2 support a potential role for oxytocin in modulating social affective behavior. In 

the BLA, oxytocin may modulate valence processing of conspecific affect, 

resulting in the increased social exploration observed after oxytocin 

administration to the BLA (Djerdjaj et al., 2023). Within the insula, oxytocin 

potentially signals changes in social salience that inform representations of one’s 

social environment. This could also increase the incentive value of social 

interaction with certain conspecifics, contributing to motivational processes 

generated within the insula. Finally, fine-tuned control of oxytocin signaling within 



 

163 

the PL may be essential to the execution of adaptive social behaviors, with 

abnormal increases in oxytocin transmission leading to potential hyperactivation 

of projection neurons within the PL and subsequent disordered sociality. Much 

more work is needed to test these various hypotheses and sexually dimorphic 

functions of oxytocin only emphasize the importance of characterizing the role 

this neuromodulator plays in social affective behavior.  

 

4.7 Relevance to clinical research  

 The work presented in this dissertation highlights circuitry underlying 

social affective behavior and has implications for clinical treatments of social 

affective disorders. Neuropsychiatric disorders, including ASD and 

schizophrenia, are often characterized by deficits in affective processes, 

including emotion recognition (Kuusikko et al., 2009; Gao et al., 2021), and 

empathy (Bonfils et al., 2016; Trimmer et al., 2017). Numerous human 

neuroimaging studies have linked activity in the amygdala (Sergerie et al., 2008), 

insula (Gu et al., 2012), and PFC (Seitz et al., 2006) to empathic processes that 

inform affective behaviors, with impairments in each of these regions contributing 

to social or emotional dysfunction (Adolphs et al., 2002; Mah et al., 2004; Cho et 

al., 2012; Bjorkquist and Herbener, 2013). Further, these impairments contribute 

to aberrant functional connectivity patterns across a brain-wide social network 

(Shen et al., 2016; Francis et al., 2019; Guo et al., 2019; Ibrahim et al., 2019; 

Sato et al., 2023). Specifically, connectivity between amygdala, insula, and 

prefrontal regions is altered in individuals with ASD or schizophrenia (Chai et al., 
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2011; Ibrahim et al., 2019; Odriozola et al., 2019). For example, intrinsic 

functional connectivity between the insula and amygdala is reduced in patients 

with ASD (Ebisch et al., 2011) while schizophrenic patients display reduced 

connectivity between amygdala and insula regions when making social 

judgements (Mukherjee et al., 2014). Decreased resting state connectivity 

between insula and ventromedial PFC is also observed in patients with ASD 

(Guo et al., 2019). The findings presented here provide support for these human 

studies that have identified the importance of these regions and their connectivity 

to social affective processes. Social behaviors are the product of coordinated 

activity between a network of brain regions. Here, mechanistic studies have 

revealed a causal link between deficits in BLA-insula and insula-PL circuitry and 

social affective dysfunction that could inform clinical research into therapeutic 

targets for ASD and schizophrenia treatment. Future work can consider these 

circuits as central pathways integrating external and internal affective information 

and executing adaptive social behaviors.  

 

4.8 Conclusion 

 In this dissertation, I have investigated the circuit-specific mechanisms 

underlying social affective behaviors. Using pharmacological and chemogenetic 

techniques, I have identified two circuits, BLA-insula and insula-PL, that are 

essential for approach and avoidance behaviors toward stressed others. To my 

knowledge, these findings are the first to implicate these tracts in social affective 

behavior. Taken together, they provide a framework for how social emotional 
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information is detected, appraised, and relayed throughout the brain and how 

social context-dependent behaviors are generated in response to these cues. 

These behaviors arise from the combined activity of a large network of brain 

regions, so much more work is needed to determine what other nodes of this 

social brain contribute to this social affective processing and how they interact 

with this circuitry to influence motivated social behaviors. 
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