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Sreeparna Majumdar 

IDENTIFYING THE NEURAL CIRCUIT THAT REGULATES SOCIAL 

FAMILIARITY INDUCED ANXIOLYSIS (SoFiA) 

Mental health is crucially linked to social behavior. A crucial aspect of healthy 

social behavior involves learning to adapt emotional responses to social cues, for 

example learning to suppress anxiety through social familiarity, or social familiarity-

induced anxiolysis (SoFiA). SoFiA is well documented; however, the neural mechanisms 

of SoFiA are unclear. SoFiA is modeled in rats by employing a social interaction 

habituation (SI-hab) protocol. Using SI-hab protocol it has been determined that SoFiA 

represents social safety learning, which requires both anxiogenic stimulus (Anx) and 

social familiarity (SF) during training sessions (5-6 daily SI sessions), and SoFiA 

expression is dependent on infralimbic cortex (IL). Based on these findings we 

hypothesize that Anx and SF are processed by unique neural systems, and repeated 

convergence of these signals interact within IL to induce plasticity, resulting in social 

safety learning and anxiolysis. Following SoFiA expression, rats were either sacrificed 30 

minutes {for gene expression or Neural Activity Regulated Gene (NARG) analysis} or 

perfused 90 minutes (for cFos immunoreactivity analysis) after SI session on social 

training day 5. This led to gaining insights into regions of brain involved in SoFiA 

response as well as the underlying molecular mechanisms. We identified amygdala, 

specifically the central amygdala (CeA), basomedial amygdala (BMA) and basolateral 

amygdala (BLA) as potential candidate regions in SoFiA response. Next, we investigated 

the role of IL and its efferent pathways in SoFiA expression using inhibitory DREADDs 

and intersectional chemogenetics to inhibit IL projection neurons and/or axons. We 
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identified that specific projection neurons within the IL are pivotal for SoFiA expression, 

and that within these projections, the ones that specifically projected to the amygdala are 

most crucial for expression of SoFiA. 
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CHAPTER 1: INTRODUCTION 

Social support promotes mental health and deters mental illness 

Social support has significant beneficial effects on mental health maintenance and 

recovery. Perceived positive social support promotes overall well-being, including a 

reduction of mortality risk and increased physical, immune and mental health (Billings & 

Moos, 1985; Cohen, 1988, 2004; Cohen & Wills, 1985; Ditzen & Heinrichs, 2014; Eng 

PM, 2002; House, Landis, & Umberson, 1988). Regarding mental illness, social support 

is protective against the deleterious effects of stress and is one of the best predictors of 

positive treatment outcome for multiple mental illnesses (Carter et al., 2012; Chinman et 

al., 2014; Dour et al., 2014; Meyer-Lindenberg & Tost, 2012). Considering that mental 

illness affects nearly half of the adult American population at some point in life and that 

anxiety disorders are by far the most prevalent form of mental illness (Kessler, Chiu, 

Demler, Merikangas, & Walters, 2005), it is important to better understand the role of 

social support in both normal and pathological levels of anxiety. Anxiety and social 

support are inversely related, regardless of the source of anxiety (Davaridolatabadi & 

Abdeyazdan, 2016; Ghorbani Saeedian et al., 2014; Heinrichs, Baumgartner, 

Kirschbaum, & Ehlert, 2003; Traeger et al., 2014). Additionally, the general presence of 

perceived social support actively mediates the alleviation of anxiety (Dour et al., 2014; 

Hawkley & Cacioppo, 2010; Price, Gros, Strachan, Ruggiero, & Acierno, 2013). Social 

support strengthens resilience to stress and anxiety, reduces the functional consequences 

of PTSD, and helps protect against trauma-induced psychopathology (Ozbay et al., 2007; 

Umberson & Montez, 2010). It is important to note that social relations and anxiety can 

interact bidirectionally and that not all social encounters are beneficial for anxiety; 
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bullying and public speaking would be considered social stressors. However, here the 

focus will be simplified to social encounters that reduce anxiety or induce anxiolysis. In 

this chapter the theoretical continuum for the anxiolytic (anxiety reducing) quality of 

social support is described. This will be followed by a review of how this continuum has 

been modeled in preclinical animal investigations to elucidate the effects of social 

support on anxiety. 

Anxiolytic quality of social support continuum:  

Quality of social support is more important than size of social network in 

influencing anxiety (Vandervoort, 1999). The anxiolytic quality of social support is 

determined by multiple factors that include the source of social support as well as the 

frequency and context of the social experience. The anxiolytic potential of social support 

ranges from high to low depending on the source of the social interaction. Social sources 

comprised of great familiarity (e.g. care giver or significant other) represent high 

potential for anxiolysis and social sources of low familiarity (e.g. unfamiliar person) 

represents low potential for anxiolysis, and social isolation represents little to no potential 

for anxiolysis. Thus, in terms of the anxiolytic quality of social support: social isolation < 

stranger < associates < friends << close friends, family/significant other, etc. As such, a 

low level of anxiety may be reduced by the presence of a stranger compared to being 

alone (e.g. entering a social gathering alone vs. entering at the same time as another 

person), while the presence of a familiar person such as a caregiver or significant other 

may be required to override moderate anxiety (e.g. flying with a care giver vs. flying with 

strangers) (Coan, Schaefer, & Davidson, 2006; Conner et al., 2012; da Costa, Leigh, 

Man, & Kendrick, 2004; Eisenberger et al., 2011; Fontana, Diegnan, Villeneuve, & 
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Lepore, 1999). However, when confronted with highly anxiogenic situations, such as 

anticipation of public speaking, it was found that subjective anxiety was not reduced by 

social interactions (meant to provide social support) with either a stranger or a significant 

other (Kirschbaum, Klauer, Filipp, & Hellhammer, 1995). Interestingly, in this study, the 

social interaction source reduced cortisol levels compared to no social interaction, and 

male subjects had even greater reductions in cortisol associated with the presence of a 

significant other (Kirschbaum et al., 1995). This suggests a possible dissociation between 

effect of social support on anxiolysis and neuroendocrine responses as well as sex-

specific responses to social support. 

In addition to the source of social support, the anxiolytic quality of social support 

is also dependent on the context and frequency of social encounters. The anxiolytic 

quality of social support from peers that have shared the trauma is perceived to be greater 

than social support from staff (Hundt, Robinson, Arney, Stanley, & Cully, 2015). For 

example, having a shared anxiety or fear-inducing experience during a social encounter 

can increase both social affiliation and perceived social support between the participants 

(Hundt et al., 2015). The anxiolytic quality of social support is further increased when 

anxiety-inducing experiences are shared repeatedly with the same person(s), which is 

reflected in the camaraderie that results from the social-centric training of soldiers and 

fire fighters to prepare them for occupations that require overcoming intense fear. 

Perhaps the highest anxiolytic quality of social support is gained from 

interpersonal or group psychotherapies, where the goal is directed towards specifically 

learning to reduce anxiety, also known as safety learning (Jacoby & Abramowitz, 2016; 

Vervliet, Craske, & Hermans, 2013). The success of these therapies is strongly related to 
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the social bond between the client and the therapist, known as the therapeutic alliance, 

and increases with more sessions (Crits-Christoph, Gibbons, Hamilton, Ring-Kurtz, & 

Gallop, 2011; Hersoug, Hoglend, Gabbard, & Lorentzen, 2013; Jaycox, Foa, & Morral, 

1998; Martin, Garske, & Davis, 2000). Additionally, clients with high levels of perceived 

social support, or attachment styles favoring secure perception of social support, increase 

positive outcomes (anxiolysis) of psychotherapy compared to low perception of social 

support (Dour et al., 2014; Levy, Ellison, Scott, & Bernecker, 2011; Price et al., 2013). 

Even with extremely high pathological anxiety, such as that observed with PTSD, the 

most effective therapies are exposure-based interpersonal or group therapies, and the 

success of these treatments are dependent on perceptions of social support (Price et al., 

2013). In addition to the influence of social support on success of psychotherapy for 

anxiety treatments, the emotional context during such social encounters can also affect 

the success. Experiencing anxiety during the psychotherapy sessions has a greater 

reduction in anxiety (Milrod et al., 2007). 

Safety Learning 

A key concept in anxiety psychotherapy, especially for exposure-based cognitive 

behavioral therapy for specific fears or phobias, is learning to reduce anxiety or 

extinction of the anxiety/fear, which is also known as safety learning (Golkar, Selbing, 

Flygare, Ohman, & Olsson, 2013; Vervliet et al., 2013). This particular type of learning 

involves a social enhancement of safety learning, termed vicarious extinction, which 

involves the observation of another human (e.g. therapist) approach and interact with the 

feared stimulus (Golkar et al., 2013; Kelly & Forsyth, 2009). Interestingly, vicarious 

extinction, or social exposure enhanced safety learning, suppresses anxiety/fear responses 
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to a greater extent than non-social safety learning can override learned fear responses 

(Golkar et al., 2013; Golkar, Tjaden, & Kindt, 2017; Gust, Golkar, Bertolino, & Jacob, 

2016). Perhaps the strongest current evidence of social exposure enhanced safety learning 

in humans is shown in a 2016 study that safety which is learned from another human has 

the ability to prevent future fear learning, and this effect is independent of the fear 

context. Remarkably, this contextual independence is only true if the same human teaches 

safety both times, highlighting the critical role that social support plays in safety learning 

(Golkar & Olsson, 2016). 

Modeling Social Support and Anxiety interactions 

Social support’s effect on anxiety has been modeled in animal studies in several 

ways, mainly by the removal or addition of conspecifics (member of same species). More 

complex levels of social support have recently been investigated by using familiar and 

non-familiar conspecifics as well as more complex social training paradigms. This is an 

attempt to relate findings from these preclinical studies to the proposed anxiolytic quality 

of social support. This is done by discussing preclinical models of low to high social 

support, with a greater emphasis on models using social support to reduce anxiety-like 

responses. 

Importance of understanding the underlying mechanisms 

The underlying mechanisms of how social familiarity can mediate and enhance 

safety learning are complex and not fully known. It is important to understand the 

interconnections among the various brain regions involved, as they may shed light on the 

links within the continuum of social support quality and anxiolysis. To better understand 
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the relationship between anxiety and social support and to begin teasing out the 

underlying mechanisms, preclinical methods of observing this relationship are needed. 

Models of social isolation and anxiety 

A lack of social support has been modeled in preclinical studies via social 

isolation. Social isolation effects are conserved as social isolation impairs neural 

development and induces depression- and anxiety-like phenotypes across a wide range of 

social species (Ago et al., 2007; Cacioppo, Capitanio, & Cacioppo, 2014; Kikusui, 

Winslow, & Mori, 2006; Lukkes, Vuong, Scholl, Oliver, & Forster, 2009; Shams, 

Chatterjee, & Gerlai, 2015; Skelly, Chappell, Carter, & Weiner, 2015). Social isolation in 

several developmental stages of life elevates anxiety-like behaviors, alters endocrine and 

behavioral stress responses and induces aberrant consumption of drugs of abuse (Kanitz, 

Hameister, Tuchscherer, Tuchscherer, & Puppe, 2014; Kikusui et al., 2006; Skelly et al., 

2015; Sun, Smith, Lei, Liu, & Wang, 2014). Additionally, social isolation alters anxiety 

and fear learning as it enhances recall of fear memory and reduced extinction of learned 

fear (Liu et al., 2015; Skelly et al., 2015). Thus, animal models have recapitulated the 

overall deleterious effects of social isolation on anxiety and mental health that has been 

described in humans. 

Social Buffering in animal models 

The effect of social support on anxiety-like responses can be modeled 

preclinically by observing changes in physiological and behavioral responses to aversive 

stimuli in the presence or absence of social cues. Highly gregarious animals display a 

unique phenomenon referred to as social buffering, a process by which an individual is 

protected (i.e. buffered) by the presence of one or more conspecifics leading to reduced 
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stress, fear and anxiety and/or enhanced recovery from stressful/traumatic events (Davitz 

& Mason, 1955; Kikusui et al., 2006; Kiyokawa, Takeuchi, Nishihara, & Mori, 2009; 

Latane, 1969; Terranova, Cirulli, & Laviola, 1999). These social buffering responses are 

conserved as the presence of a conspecific partner reduces anxiety-like behavior and 

normalizes neuroendocrine responses across multiple species, including rodents, birds, 

fish, pigs, sheep and primates (Detillion, Craft, Glasper, Prendergast, & DeVries, 2004; 

Galhardo, Vital, & Oliveira, 2011; Glasper & Devries, 2005; Hennessy, Kaiser, & 

Sachser, 2009; Hennessy, O'Leary, Hawke, & Wilson, 2002; Hostetler & Ryabinin, 2014; 

Kanitz et al., 2014; Kikusui et al., 2006; Kiyokawa, Takeuchi, & Mori, 2007; Lieberwirth 

& Wang, 2016; Sachser, Durschlag, & Hirzel, 1998; Terranova et al., 1999). Social 

buffering, in preclinical models, is effective against multiple anxiogenic cues and 

stressors including, novelty exposure, social defeat and fear conditioning (Kiyokawa, 

Takeuchi, et al., 2007; Nakayasu & Kato, 2011). Social buffering is species selective in 

that a conspecific partner is required and the buffering effects will not occur in the 

presence of a related species (da Costa et al., 2004; Kiyokawa et al., 2009). 

Laboratory studies commonly involve observing the social buffering effects as 

alterations in endocrine and behavioral responses to aversive stimuli while in the 

presence of a conspecific. Often social buffering effects are measured through the stress 

response, which is defined in the context of the effect a conspecific has on the HPA 

(hypothalamic-pituitary-adrenal) axis in response to a stress-inducing stimuli or event 

(Hennessy et al., 2009; Kanitz et al., 2014; Lieberwirth & Wang, 2016; Terranova et al., 

1999). The HPA axis is often evaluated through elevations in blood cortisol level in 

response to stressors such as fear conditioning (seen in rats), or to novel exposure (seen in 
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rats and piglets), which are reduced through social buffering (Kiyokawa, Takeuchi, et al., 

2007; Sachser et al., 1998; Terranova et al., 1999). Behavior is often observed through 

induction of fear conditioning or exposure to a novelty, and the effect of social buffering 

through the presence of a conspecific is seen as reduction of the fear behavior expression 

(freezing) (Davitz & Mason, 1955). Following fear conditioning, pair housing led to 

reductions in the HPA axis elevations in response to tone-shock fear conditioning, 

demonstrating an increase in recovery from the fear conditioning through social buffering 

(Kiyokawa, Takeuchi, et al., 2007). Additional social buffering outcomes have been 

observed as well, such as facilitation in wound healing in pair-housed monogamous mice 

or in socially housed hamsters compared to their socially isolated counterparts (Detillion 

et al., 2004; Glasper & Devries, 2005). Additionally, the presence of a conspecific in 

prairie voles prevents alcohol relapse-like behaviors compared to socially isolated 

counterparts (Hostetler & Ryabinin, 2014). 

The context of the social pairing influences the effectiveness of social buffering 

effects. One group found that the HPA axis activation and behavioral freezing behaviors 

in male rats were buffered by the presence of a conspecific on the other side of a wire 

mesh, but not when olfactory cues were blocked (Kiyokawa, Kikusui, Takeuchi, & Mori, 

2007). While olfactory cues from a conspecific are the minimal social cue required, 

physical contact plays a role in the ability of the conspecific to be effective in social 

buffering. Rats demonstrate a strong preference for direct physical contact, and 

enhancement of social buffering occurs with direct access to a conspecific (Eckman, 

1969). Presence of a conspecific led to reduction in freezing in a rat subjected to cued 

fear conditioning with light-shock pairing model. Here, presence of a light-naïve 
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conspecific resulted in lesser freezing in the test rat as opposed to another fear-

conditioned conspecific (Davitz & Mason, 1955). More recently, a group found that pair 

housing did not lead to reductions in behavioral responses to fear conditioning, unless the 

test rat was fear conditioned along with the conspecific, and the two experienced the fear 

conditioning together. The behavioral responses were buffered while the effect on the 

HPA axis was not; demonstrating a differentiation in the types of social buffering that can 

occur as well as the need for the presence of the conspecific to be present during the 

presentation of the aversive stimulus (Kiyokawa, Takeuchi, et al., 2007). 

Modeling the continuum of social support quality and social buffering 

The quality and source of social support are vital aspects of social buffering. 

Presence of a social conspecific is key for social buffering to occur; however, the quality 

of the relationship with the conspecific further enhances social buffering. Social 

familiarity and/or the nature of the social relationship with the conspecific can enhance 

the reduction of both physiological and behavioral responses to threat observed with 

social buffering. While the presence of a novel conspecific is sufficient to reduce fear and 

anxiety, the presence of a familiar conspecific can produce an even greater reduction in 

anxiety and HPA axis activation, an effect that has been observed in multiple species 

including rats, cichlids and humans (Galhardo et al., 2011; Hennessy et al., 2002; Kikusui 

et al., 2006; Terranova et al., 1999). Rats demonstrate greater social buffering responses 

(reduced freezing and HPA axis activation) in the presence of a familiar versus 

unfamiliar partner. For example, in rats, the presence of a familiar conspecific reduces 

freezing in response to a tone-paired shock more than an unfamiliar conspecific 

(Kiyokawa, Honda, Takeuchi, & Mori, 2014). Social buffering in pre-weaned guinea pigs 
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occurs in the presence of the mother specifically, seen as reduced cortisol level increases 

to a novel environment, but not in the presence of an unfamiliar adult female (Hennessy, 

Hornschuh, Kaiser, & Sachser, 2006). Social buffering is also selectively induced in adult 

male guinea pigs, where the presence of a bonded female, but not a non-bonded but 

familiar or unfamiliar female, attenuated the blood cortisol levels, which was increased in 

response to an exposure to an unfamiliar enclosure, further demonstrating the importance 

of the type of social relationship in social buffering (Sachser et al., 1998). Indeed, it is 

seen that the type of relationship that exists between the two social partners affects social 

buffering. However, some studies have not observed a familiarity-induced enhancement 

of social buffering or had opposite effects on buffering following HPA axis activation to 

novelty (Armario, Ortiz, & Balasch, 1983; Cirulli, Terranova, & Laviola, 1996; Taylor, 

1981). However, these differences could be explained by protocol differences in how 

familiarity was established. 

Social buffering reduces anxiety in humans, and studies that have social 

familiarity within the social structure demonstrate that familiarity is an even greater force 

of anxiolysis. For example, a study in women demonstrated that a picture of a significant 

other (attachment Figure), presented while they were exposed to a painful stimulus, led to 

greater reductions in subjective pain compared to a control picture (Eisenberger et al., 

2011). Another study conducted in women observing subjective pain assessments to a 

shock demonstrated that when they held the hand of a stranger, the subjective pain was 

attenuated and bodily arousal was lowered, and while holding the hand of a spouse, the 

subjective pain was still lower (Coan et al., 2006). An experiment that looked at social 

proximity as a way to alleviate anxiety in human youths during an imaging experiment 
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discovered that fMRI brain activity was increased in the anxious youths when they were 

exposed to threatening words without a parent or caregiver present, but when the parent 

or caregiver was present, fMRI activity was lower and more similar to levels seen in non-

anxious youth controls (Conner et al., 2012). The social proximity of the caretaker 

allowed for a decrease in response to the anxiety-provoking stimuli (Conner et al., 2012). 

These studies demonstrate that familiarity within the social structure is an even greater 

force of anxiolysis than a social presence alone, and they demonstrate that the significant 

other can be a safety signal, alleviating the negative effects of shocks. 

Modeling social familiarity induced safety learning: 

Social exposure mediated induction and enhancement of safety learning to 

override anxiety is at the top of the quality of social support continuum and thus warrants 

preclinical modeling. Preclinical modeling of learning to override anxiety is 

accomplished via safety learning (Christianson et al., 2012). However, preclinical models 

by which social support can influence safety learning have only been investigated in very 

few studies. An example of social exposure enhanced safety learning to reduce anxiety 

was seen when mice exhibited increased exploration of the open arms of the Elevated 

Plus Maze in the presence of conspecifics compared to mice that experienced the training 

sessions alone (Colnaghi et al., 2016). These findings are interpreted as socially enhanced 

safety learning. However, in these experiments, previous exposure to part of the maze 

makes it difficult to interpret if the motivation to explore the aversive area, open arms, is 

altered by a lack of novelty. Another example of safety learning is extinction of 

conditioned fear. Extinction of conditioned fear is enhanced in the presence of a 
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conspecific(s) (Brill-Maoz & Maroun, 2016; Colnaghi et al., 2016; Mikami, Kiyokawa, 

Takeuchi, & Mori, 2016).  

Additionally, social conditions during extinction training affect extinction recall. 

Rats that undergo extinction training with a conspecific display greater extinction recall 

than in the absence of a conspecific, demonstrating that this effect is context dependent 

(Brill-Maoz & Maroun, 2016; Mikami et al., 2016). However, different amounts of fear 

expression during extinction training make these results somewhat difficult to interpret. 
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Figure 1: 
The Bright Light Challenge induces anxiety-like behavior. 
(A) The Open Field (OF) was tested under either BLC conditions (red bars, n=5) or under 
dim red lighting (control) conditions (gray bars, n=3), leading to a difference between 
treatment groups. The mean±SEM time spent in the Outer zone of the OF arena was 
significantly higher for the BLC group compared to the dim light group (unpaired t-test, 
p=0.004), while the time spent in either the Middle or Center Zones was significantly 
lower for the BLC group compared to the dim light group (unpaired t-test, p=0.008 and 
p=0.003 respectively).  
(B) BLC significantly increased total freezing time±SEM in OF (unpaired t-test, 
p=0.037).  
(C) A baseline SI test under dim red lighting was employed, followed 24 hours after with 
a SI test under the BLC with a novel partner (Day 1 SI-BLC). The test rats were then 
challenged with BLC in open field box for 5 minutes sans social partner for days 2-4. On 
day 5, the test rats were given an additional SI test with a novel partner in the BLC (Day 
5 SI-BLC). It was found that test rats maintained elevated anxiety-like behavior as seen 
by significant reductions in the SI times on day 1 (19.8±2.1 s) and 5 (16.3±2.1 s) 
compared to baseline (31.7±2.6 s). This demonstrates that the rats did not habituate to the 
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BLC with repeated exposures in the absence of a social partner. * Indicates significant 
difference between groups. 
 
SoFiA model of social exposure mediated enhancement of safety learning 

Another way to demonstrate socially enhanced safety learning is through an 

animal model of social familiarity-induced anxiolysis (SoFiA). SoFiA is achieved using 

the social interaction-habituation (SI-hab) protocol (Lungwitz et al., 2014; Truitt et al., 

2007). The SI-hab protocol consists of social training through repeated Social Interaction 

(SI) tests. The SI test is a valid test for anxiety, each test consisting of a 5 minute session 

where the experimental rats are exposed to a weight-, age-, and sex-matched conspecific 

in a neutral environment (open field apparatus) (File, 1980; File & Hyde, 1978; Latane & 

Glass, 1968). These sessions are repeated every 24 hours for at least 5 consecutive days. 

The anxiety-like behavior is measured during each social session via SI time, where SI 

time is inversely related to anxiety-like behavior (Sanders & Shekhar, 1995; Shekhar & 

Keim, 1997). Expression of anxiety-like behavior is defined as a significant decrease in 

SI time compared to baseline SI time. Anxiety can be induced by the bright light 

challenge (BLC), which is an anxiogenic stimulus where rats are first habituated (≥ 

30min) to dimly lit surroundings (≤ 1 lux) and subjected to a sudden onset of bright light 

(≥ 488 lux) that occurs at the start of the SI session. In rats, the BLC, compared to dim 

light control conditions, results in anxiety-like behavior as measured by SI time 

(Lungwitz et al., 2014) and Open Field (OF) test (Figure 1A, Zone x Group F2,12=23.92 

P<0.0001; p=0.025, p=0.019 and p=0.019 respectively) (Figure 1A, unpaired Student’s t 

test, BLC vs. Dim light in Outer; t6=4.63, p=0.004, Middle; t6=3.95, p=0.008, Center; 

t6=4.833, p=0.003). BLC in the OF also lead to an increase in freezing time compared to 

dim light conditions (Figure 1B, t6= 2.16, p=0.037). Additionally, repeating the exposure 
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to the OF without a social partner, it was found that rats did not habituate to the BLC 

following repeated exposures as seen in subsequent SI tests (Figure 1C). Here, SI time 

was determined for rats under baseline (dim) and BLC conditions, followed by four BLC 

exposures in the OF without a partner rat. On the 5th day the rats were tested under the 

BLC with a novel partner rat in the SI test to determine if anxiety levels were retained. SI 

time on both the Day 1 and Day 5 under the BLC were significantly reduced compared to 

baseline (F2,5)=19.45, p=0.0006, Dunnett’s p≤0.013). It was observed that repeated 

exposure to the BLC in the OF did not alter the anxiogenic-like effect of BLC, suggesting 

rats do not habituate to the BLC in the timeframe of the typical SI-hab protocol. 

The SI-hab protocol was used to determine effects of social familiarity (SF) and 

anxiety stimulus (Anx) during social training sessions on the acquisition and expression 

of anxiolysis. Here, anxiolysis is defined as a significant increase in SI time compared to 

the first social training session (ST1, see Figure 2 top). This resulted in main effects of 

Anx, SF and Day {2-way ANOVA (F1,5)=102 p<0.0001; (F1,5)=7.282 p=0.0072 and 

(F5,5)=10.85 p<0.0001, respectively) as well as Anx x Day and Anx x SF interactions 

(F5,5)=5.169 p=0.0001 and (F1,5)=4.217 p<0.0405, respectively). Here, rats in the Anx- 

groups had no significant changes in SI times, regardless of SF condition, while rats in 

the Anx+ groups had significant reductions in SI time compared to baseline during Social 

Training days (1-5 for SF-/Anx+ and 1-4 for SF+/Anx+; Dunnett’s p<0.0001 and 

p≤0.0039). Furthermore, rats, when paired with the same conspecific (SF+) under Anx+ 

conditions, developed a reduction in anxiety-like behavior over multiple social training 

sessions; rats in this group significantly increased SI time by the 5th social training day 

compared to the first [Dunnett’s p=0.0001 (Figure 2)]. These data recapitulate previous 
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findings where social familiarity and anxiety were assessed independently (Lungwitz et 

al., 2014; Truitt et al., 2007). The increased SI-time observed following the development 

of social familiarity appears to be a result of reduction in anxiety-like behavior (or 

induction of anxiolytic-like behavior) rather than a prosocial response, as social 

familiarity does not increase SI time in the absence of anxiogenic stimuli here or in 

previous studies [Figure 2, (SF-, Anx+) and (Lungwitz et al., 2014; Truitt et al., 2007)]. 

The anxiolytic-like effect of social familiarity is observed with multiple anxiogenic 

stimuli including, BLC [Figure 2, (Lungwitz et al., 2014)], restraint (Truitt, Lungwitz, 

Dietrich, Minick, & Shekhar, 2012) and in rats made persistently anxious by a 

pharmacological manipulation directly to the basolateral amygdala, referred to as 

urocortin-priming (Truitt et al., 2007), a procedure that leads to lasting increases in 

anxiety-like behaviors and increased excitability of the basolateral amygdala (Rainnie et 

al., 2004; Truitt et al., 2007). Except for restraint, the rats do not appear to habituate to 

these anxiogenic cues during the 5-6 day sessions. Furthermore, rats will escape bright 

light and avoid contexts associated with urocortin-priming and restraint (Murua & 

Molina, 1990; Thielen & Shekhar, 2002) suggesting that these stimuli are aversive. 

Interestingly, pairing aversive stimuli with an innocuous cue typically induces a 

conditioned fear/anxiety response; however, when these aversive stimuli are paired with 

the social familiarity cue, it results in a reduction in fear/anxiety, suggesting SoFiA may 

be a form of safety learning. 
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Figure 2: 
Acquisition of SoFiA is dependent on a familiar conspecific and anxiogenic stimuli 
during social training sessions. 
(Top) Schematic representation of conspecific and anxiety-like conditions for each group 
employed during testing. Here the white rat represents the experimental rat, and the 
colored rats represent a partner rat for each SI session. Each color represents a different 
conspecific; repeated colors (e.g. light blue) represent the same partner being used for 
each of the social training sessions (ST1-5), thus social familiarity (SF+), whereas a 
different color rat on each social training day represents the absence of social familiarity 
(SF-). Grey background represents absence of anxiety stimulus (Anx-) while red 
background represents presence of anxiety stimulus (Anx+) during each SI session. A 
baseline SI session preceded social training under SF- and Anx- conditions. (Bottom) 
Presented are the changes in SI time mean±SEM (seconds) from baseline for each group. 
* Significantly different from baseline (Dunnett’s within p≤0.0039); # significantly 
different from social training day 1 (Dunnett’s within p<0.0001); † significantly different 
from Anx- groups (Tukey’s p≤0.046); ‡ significantly different from all other groups 
(Tukey’s p≤0.043). 
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Social familiarity and safety cues 

The anxiolysis-like effect of social familiarity is a learned response, typically 

requiring 4-5 social training sessions for SoFiA acquisition. The acquisition of this 

anxiolytic-like behavior is dependent on the familiar conspecific, as no anxiolysis-like 

behavior is observed during pairings with novel conspecifics [Figure 2 (SF-, Anx+) and 

(Lungwitz et al., 2014)] and anxiety-like responses to the anxiogenic challenge returns 

when the familiar conspecific rat is replaced with a novel conspecific (Lungwitz et al., 

2014; Truitt et al., 2007). Furthermore, the presence of the familiar conspecific results in 

an anxiolytic-like response even in a novel context (Lungwitz et al., 2014). The context 

of the social training sessions is also important for the development of SoFiA. When the 

social familiarity training occurred in the absence of anxiogenic stimuli, social familiarity 

failed to induce anxiolysis in response to the BLC (Lungwitz et al., 2014), even when the 

number of social training sessions was doubled (10 SI sessions instead of 5, Figure 3.). 

Pretreatment (Figure 3) consisted of 10 SI testing sessions with a familiar partner under 

dim lighting followed by a SI test with the familiar partner under the BLC on the 13th 

day. There was a significant effect of treatment [Repeated Measures (RM) one-way 

ANOVA, (f1,13)=7.374, p=0.0114] and looking at the SI test with the familiar partner on 

Day 13 under the BLC, it was found that the BLC was anxiogenic, even with the familiar 

partner (Figure 3, Tukey’s multiple comparisons test, FP/BLC vs. Baseline and FP/BLC 

vs. FP/DL, p<0.05). Thus, pairing anxiogenic stimulus (aversive unconditioned stimulus) 

with social familiarity (conditioned stimulus) is necessary to produce anxiolysis, which is 

the opposite of what happens typically when a conditioned stimulus is paired with an 

aversive unconditioned stimulus, often leading to fear conditioning (Maren & Quirk, 
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2004; Thielen & Shekhar, 2002). Since the presence of the familiar partner reduces 

anxiety-like behavior, social familiarity may be acting as a safety cue, further supporting 

the concept that the acquisition of SoFiA is a form of safety learning (Christianson et al., 

2012). Safety learning in humans and rodents can be enhanced by pairing safety learning 

with D-cycloserine, an NMDA receptor agonist (Davis, Ressler, Rothbaum, & 

Richardson, 2006; Gupta et al., 2013; Hofmann, Pollack, & Otto, 2006). Similarly, D-

cycloserine treatment prior to pairings with the familiar conspecific reduced the number 

of SI training sessions required for SoFiA acquisition (Lungwitz et al., 2014). 

Further support for SoFiA being a form of safety learning comes from SoFiA 

expression being dependent on an active ventral medial prefrontal cortex (vmPFC). The 

rodent and human vmPFC are implicated in social processing, cortical regulation of 

anxiety/fear, and safety learning (Adolphs, 2010a; Fossati, 2012; Hartley & Phelps, 2010; 

Meyer-Lindenberg & Tost, 2012; Milad & Quirk, 2002; Sangha, Robinson, Greba, 

Davies, & Howland, 2014; van Kerkhof, Damsteegt, Trezza, Voorn, & Vanderschuren, 

2013; van Kerkhof, Trezza, et al., 2013). Temporary inhibition of the vmPFC, by local 

injections of the GABAA agonist, muscimol into the IL (of the mPFC), blocks social 

familiarity-induced reduction in anxiety-like responses to the BLC, but does not alter 

anxiety-like responses in the presence of a novel rat (Lungwitz et al., 2014). Thus, under 

threatening conditions the vmPFC appears to be involved in the expression of anxiolytic 

social learning, or socially enhanced safety learning. The vmPFC plays an important role 

in top-down regulation of anxiety (Corticofugal pathways). Activation of the vmPFC is 

associated with learned suppression of fear and anxiety during cognitive behavioral 

training and extinction of conditioned fear (Eisenberger et al., 2011; Hartley & Phelps, 
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2010; Kim, Gee, Loucks, Davis, & Whalen, 2011; Milad & Quirk, 2002; Phelps, 

Delgado, Nearing, & LeDoux, 2004; Schiller, Levy, Niv, LeDoux, & Phelps, 2008; 

Sotres-Bayon & Quirk, 2010). Additionally, the vmPFC responds greater to stimuli 

signaling safety compared to fear predictive stimuli, in human imaging studies of fear 

conditioning extinction (Kalisch et al., 2006; Milad et al., 2007; Phelps et al., 2004) and 

specifically safety cues in a fear conditioning reversal paradigm (Schiller et al., 2008). 

Figure 3: 
Social Familiarity alone is not 
sufficient to overcome the BLC. 
Pretreatment SI testing in Dim Light 
for 10 sessions did not lead to 
anxiolysis to the BLC when presented 
with it and the familiar partner on Day 
13. Testing led to a significant main 
effect of treatment {RM one-way 
ANOVA, (f1,13)=7.374, p=0.011}. SI 
time (mean ±SEM) on the BLC day 
with the familiar partner was 
significantly reduced from the 
Baseline Day (1) and the last day of 
SI-hab testing in dim light (Day 10) 
(Tukey’s multiple comparisons test, 

p<0.05). * Indicates significant difference between groups.  
 
Neural mechanisms of SoFiA 

Amygdala 

The amygdala has been implicated in social and emotional behavioral output. 

Numerous connections exist between the amygdala and other areas of the brain 

associated with social processing that have been identified through human imaging 

studies (Bickart, Dickerson, & Barrett, 2014). The volume of the amygdala has been 

found to correlate with the size and complexity of the social networks of adult humans 

(Bickart, Wright, Dautoff, Dickerson, & Barrett, 2011). The amygdala is an almond-
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shaped mass of gray matter located in the temporal lobe of the human cerebral 

hemispheres. The scientific community have had interest in classification of amygdala 

and its different subdivisions since as early as 1867 and this interest continued for some 

time until waning off, after which the interest shifted to neuronal pathways, input/output 

relationship (Swanson & Petrovich, 1998). 

Additionally, male rats socially isolated post-weaning had significantly smaller 

medial amygdala volume than their group-housed counterparts (Cooke, Chowanadisai, & 

Breedlove, 2000). Patients with generalized social anxiety disorder (gSAD, also referred 

to as SAD) have an increased activation of the amygdala, seen in fMRI studies (Boehme 

et al., 2014; Prater, Hosanagar, Klumpp, Angstadt, & Phan, 2013). Additionally, fMRI 

studies have shown that the functional connectivity of the amygdala with the frontal and 

anterior cingulate cortices is reduced in social anxiety disorder (SAD) patients (Prater et 

al., 2013). The social role of the amygdala is also seen in lesion studies; in which lesions 

within the amygdala in primates lead to social disinhibition and an increase in socially 

affiliative behaviors such as approach and physical contact (Emery et al., 2001; Machado 

et al., 2008). Patients with amygdala lesions demonstrated abnormally high social 

affiliative behavior and also display a marked lack of social personal space (Adolphs, 

2010b; Adolphs, Tranel, & Damasio, 1998). 

Previous research in the lab has found a unique role of the amygdala in regulating 

anxiolysis acquired following social familiarity learning. When animals were made 

persistently anxious (via urocortin priming), exposing the rat to the SI-hab testing with a 

familiar partner led to anxiolysis (SoFiA), whereas a novel partner did not have the same 

anxiolytic effect (Truitt et al., 2007). Additionally, the role of a specific population of 
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interneurons within the amygdala were identified in their role for the acquisition of 

anxiolysis through social familiarity by the ablation of the NK1 receptor containing 

interneurons within the amygdala. This ablation led to a total lack of an acquisition of 

SoFiA, demonstrating an important role in these neurons in this acquisition (Truitt et al., 

2007).  

Prefrontal cortex (PFC) 

The PFC projects to the amygdala and exerts some control over the output of the 

amygdala. Hariri and colleagues reported increased blood flow to the amygdala in people 

during a task of visually matching pairs of angry faces. However, when a more complex 

cognitive task was added, choosing a word label for the faces, increased blood flow to 

right PFC and decreased blood flow to the amygdala was observed (Hariri, Bookheimer, 

& Mazziotta, 2000) in humans. This study suggests that the activity of the right PFC is 

inversely related to the activity of the amygdala (Hariri et al., 2000). When individuals 

were told to use reappraisal of negative emotional reactions to negative faces, a decrease 

in the amygdala activity was paired with an increase in prefrontal activity, demonstrating 

a functional relationship to the regulation of emotional responses to negative stimuli 

(Banks, Eddy, Angstadt, Nathan, & Phan, 2007; Drabant, McRae, Manuck, Hariri, & 

Gross, 2009). 

The ventromedial prefrontal cortex (vmPFC), via its circuitry with the amygdala, 

is a key component to the cognitive regulation of emotional responses, including anxiety, 

and the strength of this connection can predict a positive outcome for cognitive 

behavioral therapies (Bishop, Duncan, Brett, & Lawrence, 2004; Kim, Gee, et al., 2011; 

Kim, Loucks, et al., 2011; Pezawas et al., 2005). This connection has also been shown to 
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have effects on fear conditioning as well; activation of the vmPFC-amygdala connection 

leads to an enhanced fear extinction to a cue (Adhikari et al., 2015). Evidence for specific 

anxiety related connections has been shown using optogenetic studies, and one study 

demonstrated that activation of the vmPFC connection to the BLA led to decreased 

anxiety-like behavior in the elevated plus maze and open field tests (Adhikari et al., 

2015). In contrast, inhibition of this connection led to increased anxiety-like behavior in 

these tests (Adhikari et al., 2015). The medial PFC connections to the BLA have also 

recently been associated with modulating anxiety and social behaviors; activation of BLA 

projection terminals in the mPFC via optogenetics led to an increase in anxiety behavior 

and a decrease in social behavior in mice, and inhibition of this connection had the 

opposite behavioral effect (Felix-Ortiz, Burgos-Robles, Bhagat, Leppla, & Tye, 2016). 

On targeting the mPFC area of the brain with Muscimol, the inhibition led to a lack of 

SoFiA expression following acquisition, demonstrating the importance of this area of the 

brain to be functional in order to express anxiolysis that is initiated by the presence of the 

familiar partner (Lungwitz et al., 2014). This suggests that this amygdala-prefrontal 

cortex connection is vital to the regulation of anxiety behavior in social situations. 

Bed nucleus of stria terminalis (BNST) 

Another important brain region that interacts with subregions of the amygdala and 

IL is the bed nucleus of stria terminalis (BNST). BNST is a small structure in the basal 

forebrain that has been reported to mediate sustained anxiety responses, reward-seeking 

and addictive behaviors (Avery et al., 2014). It is a heterogenous and complex structure 

that has been shown to serve as a key relay connecting the limbic forebrain structures. 

BNST has been implicated in vigilant anxiety states associated with unpredictably 
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occurring external threat signals. Studies show that BNST is associated with anxiety 

during unpredictable threat and persistent anxiety periods in anxiety disorders (Straube, 

Mentzel, & Miltner, 2007; D. Walker et al., 2009). Light-enhanced startle requires 

AMPA receptor activation in the BNST (Walker & Davis, 1997b). 

BNST has extensive connections to IL (Dong & Swanson, 2004a), the amygdala 

and hippocampus. (Dong & Swanson, 2004b). IL projects to BNST (Dong et al., 2001). 

BLA and CeA sends glutametargic and GABAergic projections to BNST, respectively 

(Yamamoto et al., 2018). CeA and BNST interact closely and are involved in modulating 

threat related responses. Both these structures receive inputs from BLA and project to 

regions that mediate fear related behaviors (D. L. Walker et al., 2009). 

BNST is a collection of nuclei BNST two of which anterior (aBNST) and 

posterior (pBNST) BNST. There are some disagreements regarding the number of 

subdivisions and locations of these nuclei. Most of the pBNST cells are glutametargic 

and majority of the aBNST are GABAergic. 

Posterior BNST has three primary nuclei, and all three receive input from MeA 

and all these project back to MeA and other regions, such as nucleus accumbens and 

hypothalamus (Dong & Swanson, 2004b), that play important role in autonomic and 

neuroendocrine responses. Although aBNST nuclei are small, they can be subdivided into 

numerous subdivisions based on the regional differences in connectivity. The lesion of 

dorsal BNST decreases anxiety-like behavior. An infusion of glutamate receptor 

antagonist into dorsal BNST before EPM leads to increased open-arm exploration 

(decreased anxiety-like behavior). 
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Antero-dorsal BNST have been reported to be involved in anxiolytic behavior. 

Antero-dorsal BNST efferents to hypothalamus, parabrachial nucleus and VTA are 

potentially involved in anxiolysis (Kim et al., 2013). 

The oval BNST region is involved in anxiogenesis. It is important to note that the 

oval nucleus of BNST comprises mostly of CRF cells. 

Hippocampus  

Another vital limbic structure that has connections with IL, BLA and BNST is the 

hippocampus.  It is comprised of distinct subregions of which CA2 and CA1 are of 

interest in the context of SoFiA response. 

Lesion studies in humans and primates suggest the role of hippocampus in social 

memory (Quiroga, Reddy, Kreiman, Koch, & Fried, 2005; Sliwa, Plante, Duhamel, & 

Wirth, 2016; Viskontas, Quiroga, & Fried, 2009). Hippocampus plays an important role 

in encoding memory. In a classic trisynaptic pathway information is relayed from 

entorhinal cortex, to dentate gyrus, which then goes to CA3 and eventually to CA1. CA1 

acts as the main hippocampal output and has been implicated in learning and memory. 

Little is known about CA2 region, which is a small area that lies between CA3 

and CA1. Inactivation of CA2 pyramidal neurons resulted in profound loss of social 

memory. The animal lost its ability to remember a conspecific. However, sociability, 

spatial and contextual memory were unaffected. The study revealed CA2 as a vital node 

for socio-cognitive memory processing (Hitti & Siegelbaum, 2014). 

Another region that has emerged important as a storage site for social memory is 

the vCA1 region of hippocampus. The vCA1 neurons and their projections to shell region 



25 

of nucleus accumbens play a necessary and sufficient role in social memory (Okuyama et 

al., 2016). 

Immediate early genes (IEGs) 

Immediate-early genes (IEGs) represent a class of genes that are responsive to 

variety of cellular stimuli. IEGs represent growth factors and molecules that can directly 

modulate the cellular functions; IEGs also represent secreted enzymes, such as tissue 

plasminogen activator, which can alter the extracellular matrix, and enzymes associated 

with intracellular signaling, such as cytoskeleton associated protein, Arc (Tsui et al., 

1996).  

For years, IEGs have been used as an indirect marker to measure neuronal activity 

and many of them are routinely measured by researchers around the world (Gallo et al., 

2018). However, their role in biological processes is largely unknown. There are more 

than 100 genes that are classified as IEGs but only a small subgroup have been detected 

in neurons (Gallo, Katche, Morici, Medina, & Weisstaub, 2018). In the brain, IEGs can 

be regulated by neural activity. The IEGs are quickly induced in neurons by 

neurotransmitter stimulation and synaptic activity. The expression of IEGs such as c-fos, 

Egr1 and arc are upregulated in learning and memory among neuronal subpopulations in 

regions associated with these processes. 

c-Fos   

Memory of places or contexts can be formed in rodents and humans following a 

single brief exposure to a novel environment, and hippocampal area CA3 plays a key role 

in rapid encoding of contextual memory (Ramamoorthi et al., 2011). For the process of 

formation and maintenance of long-term memories, de novo mRNA and protein synthesis 
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are required. The immediate early genes (IEGs) provide a link between the behavioral 

expression and the molecular cascade underlying memory encoding. Genetic modulations 

of IEGs or transcription factors controlling activity-regulated gene expression often 

results in deficits in neuronal plasticity and memory.  

Environmental cues can selectively activate neuronal ensembles that are 

characterized by specific patterns of neurons. According to Hebb, learned associations 

are encoded within these neuronal ensembles. Environmental stimuli (e.g. lights, tones 

and odors) can activate specific neuronal ensembles in sensory regions of the neocortex 

that in turn activate distinct neuronal ensembles in the PFC, hippocampus, BLA and 

thalamus (Cruz et al., 2013). Temporal activity patterns of putative neuronal ensembles in 

various brain areas in learned behaviors could be characterized by double-labelling 

methods with immediate-early genes (IEGs). IEGs are markers of neural activity to 

characterize the spatial pattern of activated neuronal ensembles in the brain.  

One of the most common IEGs is the Fos gene; the term was first used to describe an 

oncogene encoded by the Finkel-Biskis-Jinkins murine osteogenic sarcoma virus (FBJ-

MSV). FBJ-MSV was derived from recombination of retroviral sequences with cellular 

genetic information. The viral oncogene (v-fos) was derived from fos-protooncogene or 

c-fos. The basal c-fos mRNA and protein expression levels are comparatively low, 

although the expression levels could be high under exceptional circumstances. The fact 

that c-fos expression could be induced transiently to very high levels by serum or 

polypeptide growth factors suggested that this IEG could play an important part in 

signaling processes. These data suggested that c-fos was both involved in cell cycle 

regulation and was also an immediate consequence of receptor stimulation. It is now well 
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established that different types of stimuli, such as those related to cellular differentiation 

and neuronal excitation, can induce similar c-fos mRNA and protein expression patterns.  

Transcriptional activation of c-fos occurs within 5 minutes and continues for 15-20 

minutes when the c-fos mRNA accumulates and reaches its peak at 30-45 minutes post 

stimulation, after which it starts to decline with a relatively short half-life of ~12 minutes. 

The c-fos protein synthesis follows the mRNA expression and has a half-life of about 2 

hours. The presence of protein synthesis inhibitors could not disrupt the induction of c-

fos transcription, thereby suggesting that the proteins required for c-fos expression were 

present in unstimulated cells and were activated by post-translational modifications. This 

feature led to the classification of c-fos and other rapidly induced genes as cellular 

immediate early genes by analogy to immediate early genes of viruses (Morgan & 

Curran, 1991).  

The c-fos protooncogene is rapidly induced and without new protein synthesis; 

this defines the immediate early genes (IEGs). Animals lacking fos exhibit deficits in 

synaptic plasticity and behavioral adaptations. Insights into the mechanism by which 

extracellular stimuli are transduced into changes in activity-dependent gene expression 

was obtained from a prototypical signaling pathway. This signaling pathway was well 

characterized following identification of the cAMP response element (CRE) and 

transcription factor, CREB, and how it is involved in the induction of CRE-dependent 

transcription (Cohen & Greenberg, 2008). The CRE is the cis-acting regulatory element 

in the c-fos promoter.  

In-depth study with IEGs such as c-fos and brain derived neurotrophic factor 

(bdnf) has yielded insight into the signaling pathways and experience-dependent neuronal 
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development and plasticity along with the associated transcriptional effectors and 

activity-dependent gene products. Induction of IEGs expression is dependent on 

stimulus-induced calcium (Cohen & Greenberg, 2008).  

CREB 

The transcription factor, CREB, acts like a prototype for calcium-dependent 

regulators of transcription. A reporter gene with multiple CREB binding sites (CRE) in 

the promoter region is driven by stimuli associated with induction of cortical plasticity, 

by LTP and by hippocampal-dependent learning and memory. These studies indicate that 

CREB is involved in regulation of experience-dependent gene expression. Regulation of 

CREB activity forms an important nodal point in the signaling pathways involved in 

converting various extracellular stimuli into changes in gene expression. It is fascinating 

how a single stimulus-inducible factor, such as CREB, is able to coordinate the 

expression of specific activity-dependent genes in response to multiple signaling cues.  

CREB has been identified to be bound to the CRE within the somatostatin 

promoter responsible for cAMP dependent induction of somatostatin gene expression and 

in the calcium response element (CaRE) required for calcium-dependent c-fos activation 

(Cohen & Greenberg, 2008).   

MEF 2 

The myocyte enhancer factor 2 (MEF 2) is a family of transcription factors that 

are regulated by different extracellular stimuli that include those that can induce calcium-

dependent signaling pathways. Activation of transcriptional targets of MEF2 are 

dependent on coordinated regulation of the chromatin structure and the function of the 

transcription factor. The MEF2 controls the activity-dependent regulation of synapse 
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numbers in the neuronal cells, and this is possibly regulated by the calcium-dependent 

mechanism. In response to calcium influx, MEF2 gets dephosphorylated at serine-408 

and desumoylated at lysine-403 with subsequent acetylation leading to disruption of the 

MEF2 - class II HDACs association. This resultant activation of the MEF-2 dependent 

transcription limits synapse number in developing neuronal cultures.  

Both CREB and MEF2 bind to specific sequences within target promoters, and 

there is evidence suggesting that stimulus-dependent gene expression is dependent on the 

coordinated control of a range of transcriptional effectors, which form regulated 

complexes at the promoters of target genes. There are many nuclear proteins that bind to 

DNA in neurons that are dynamically controlled by extracellular stimuli, thereby 

contributing to activity-dependent programs of gene expression related to plasticity and 

development. The Methyl-CpG-binding protein 2 (MeCP2) is one such transcriptional 

regulator that binds to singly methylated CpGs in the genome and is believed to play a 

role in the structural conformation of stably repressed chromatin. After binding to the 

methylated DNA, MeCP2 recruits an array of chromatin remodeling enzymes that 

eventually lead to the silencing of DNA surrounding the MeCP2 binding site. MeCP2 

binds to the promoter region of bdnf, which is an activity-regulated gene critical for 

neuronal development and plasticity. MeCP2 can be phosphorylated at serine-421, and 

this phosphorylation is potentially required for Bdnf transcription, as evident from 

mutation studies where mutation of MeCP2-serine-421 to alanine blocks phosphorylation 

at serine-421, thereby inhibiting Bdnf induction in response to membrane depolarization. 

It is important to note that MeCP2 phosphorylation at serine-421 occurs mostly in the 

brain in comparison to other tissues, and this phosphorylation event regulates dendritic 
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branching and spine development. There is a possibility that mutation in MeCP2 may 

contribute to neuronal dysfunction and hence could be associated with Rett syndrome, an 

autism spectrum disorder characterized by initial normal development during early years 

followed by period of regression and cognitive impairment accompanied by loss of 

acquired skills. During neuronal development, MeCP2 levels increase in the CNS, and 

MeCP2 mutation leads to mostly neurological phenotype in spite of its presence in other 

tissues (Cohen & Greenberg, 2008).  

BDNF 

Brain derived neurotrophic factor (BDNF) is a neurotrophin, which is encoded by 

one of the well-studied activity-regulated genes and is involved in nervous system 

development and plasticity. Induction of Bdnf transcription is dependent on synaptic 

activity and calcium influx into the postsynaptic neurons, and the nature of the stimulus 

and the signaling pathways that are activated determine which Bdnf transcripts are to be 

produced. Distinct signaling mechanisms regulating different Bdnf promoters have been 

identified while investigating the mechanisms by which activity induces promoter-

specific transcription of the Bdnf gene. The Bdnf promoters I and IV are transcribed in a 

calcium dependent manner, and deletion studies have confirmed presence of calcium 

response elements (CaREs) in both I and IV Bdnf promoters. Both I and IV Bdnf 

promoters are regulated by CREB and upstream stimulatory factors (USFs) in an activity- 

regulated fashion. The Bdnf promoter IV is regulated by additional transcription factors, 

one of which is a novel transcription factor, calcium response factor (CaRF), and these 

transcription factors are involved in activity-dependent transcriptional response. Changes 

in synaptic activity and experience lead to activity of transcription factors and histone 
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modifications at the Bdnf promoters. Disturbances in the expression levels of Bdnf are 

associated with human psychiatric disorders, and altered expression patterns in Bdnf 

chromatin modifications are associated with depression, stress and dysregulation in 

neuronal adaptation (Cohen & Greenberg, 2008).  

BDNF was initially isolated based on the fact that it could support the survival of 

CNS neurons and support the outgrowth processes (Loebrich & Nedivi, 2009). BDNF 

was believed to act in concert with other neurotrophins to promote neuronal survival and 

differentiation during development of nervous system. Additionally, BDNF in the adult 

brain has been implicated in regulation of neuronal function, especially in the 

hippocampus. It has also been shown that transcription of the BDNF gene is significantly 

regulated by experimentally induced seizures, LTP and exposure to light. Studies 

manipulating BDNF levels in vivo further strengthened the possible relevance of BDNF 

function to synaptic plasticity. BDNF binds to cell surface receptor, the TrkB receptor. 

Intracerebral administration of either BDNF or NT4/5, both of which act via TrkB 

receptors, inhibited formation of ocular dominance columns in the developing visual 

cortex of cats. However, other known neurotrophins, such as NT3 and NGF, did not 

exhibit these effects, suggesting that the TrkB receptor is specifically dedicated to 

competition-driven segregation of thalamocortical afferents into eye-specific domains.  

A study involving targeted disruption of BDNF gene in mice first showed the 

importance of BDNF in the synaptic plasticity paradigm of LTP. LTP was significantly 

decreased in the CA1 region of the hippocampal slices of BDNF KO mice. Recombinant 

BDNF treatments to these hippocampal slices completely rescued LTP deficits and basal 

synaptic transmission. This suggests that synaptic impairments in the KO mice are not 
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due to developmental defects but to the direct requirement of BDNF during synaptic 

function and plasticity. BDNF application to hippocampal slices from young adults led to 

a sustained increase in synaptic transmission that copied but did not occlude high-

frequency induced LTP (Loebrich & Nedivi, 2009).   

Chemogenetics 

G-protein coupled receptors (GPCRs) 

G-protein coupled receptors transduce and amplify extracellular signals to 

numerous signaling pathways inside the cell. GPCRs are seven alpha helical 

transmembrane proteins with intervening regions looping both inside and outside the cell. 

The extracellular loops form pockets, where signaling molecules bind to the GPCR.  

GPCRs are not only the largest and most diverse membrane receptor class in eukaryotes 

but also the most widespread group of membrane receptors throughout the organism. 

GPCRs modulate cellular processes in a direct fashion as well as regulate function of 

other receptor families and are the principal process of communication between cells. 

GPCRs regulate various physiological processes that include neurotransmission, 

development, cardiovascular function and gut motility, among many others. 

Approximately 80% of neurotransmitters and hormones involved in signal transduction 

are thought to act via GPCRs. 

GPCRs interact with heterotrimeric G-proteins through their intracellular loops 

and C-terminus and mediate their cellular functions. Heterotrimeric G proteins are 

comprised of a Ga subunit and a dimeric Gbg subunit. Based on a subunit, they are 

subdivided into four classes: Gas, Gai/o, Gaq/11 and Ga12/13. Gas stimulates cAMP 

production via adenylate cyclase, and Gai/o produces opposite effect by decreasing 
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cAMP production through inhibition of adenylate cyclase. The Gaq subunit stimulates 

phospholipase-Cb that catalyzes phosphoinositides production and release of intracellular 

calcium, among other processes. Ga12/13 interacts with various effectors including 

RhoGEFs to regulate cell growth and cytoskeleton structure (Nichols & Roth, 2009). 

The widespread expression pattern of GPCRs, the numerous effector pathways 

that they connect with and their targeted expression profile make these GPCRs an ideal 

tool for probing the specificity of signal transduction pathways influencing cellular 

functions and for probing the role of specific tissues and neuronal circuits associated with 

physiological and behavioral processes (Nichols & Roth, 2009). 

Clozapine-N-oxide (CNO) 

An ideal characteristic of a modified receptor is that it does not have any basal 

constitutive activity and is expected to bind to a synthetic ligand with no natural receptor 

within the organism. The strategy underlying DREADDs involved selection of 

biologically inert metabolite clozapine and clozapine-N-oxide (CNO) as the synthetic 

ligands and the human M3 receptor (M3R) as the mutated GPCR. The parent compound 

clozapine has exhibited affinity for multiple GPCRs, including high affinity and partial 

agonist activity for M3R; however, the metabolite, CNO, lacked substantial affinity for 

any receptor during screening of almost the entire receptorome. The yeast model system 

was used as a screening platform for random mutagenesis of rat M3R to generate a set of 

mutants that could each be activated by clozapine. To generate mutated M3R with high 

affinity for CNO, two more cycles of mutagenesis were performed; a subset of clones 

selected for the second round of mutagenesis was activated by 1µM CNO. This was 

followed by a third round of mutagenesis with selection for growth on 5 nM CNO. 
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During this process the mutated M3R receptors lost affinity for endogenous ligands such 

as acetylcholine and carbachol. These receptors also exhibited high basal activity with 

respect to Gaq signaling and high phosphoinositide (PI) turnover in human HEK T cells. 

Finally, the yeast experiments allowed selection of mutant full length human M3R in 

HEK T cells that had high affinity for CNO, low affinity for acetylcholine and high basal 

activity related to Gaq signaling and PI turnover. So, the final mutated form of M3R, 

hM3D had two point mutations with tyrosine mutated to cysteine at position 149 and 

alanine mutated to glycine at position 239 (Nichols & Roth, 2009).  

CNO activates Gaq signaling, PI turnover and MAPK signaling via b-arrestin 

interactions, suggesting that the ability to target multiple effector pathways was still 

preserved in DREADD receptors. The generation of hM2D and hM4D DREADD 

receptors coupled to Gai/o, and hM1D coupled to Gaq, resulted from the mutation of 

conserved tyrosine and glycine residues in other muscarinic receptors. Additionally, it 

was observed that stimulating hM4D by CNO led to activation of inwardly rectifying 

potassium channels (GIRKs) in both transfected HEK cells and hippocampal neurons but 

not by Acetylcholine (Armbruster et al., 2007), suggesting that the hM4D receptor could 

possibly be used as a tool for in vivo neuronal silencing (Nichols & Roth, 2009). 

The Gas-coupled DREADD receptors (GsD) were developed by replacing the 

second and third intracellular loops of rat M3D receptor by corresponding loops from the 

Gas-coupled turkey b1-adrenergic receptor. Various cell lines and tissues such as 

pancreatic beta cells and hippocampus were used for expressing hM3D and GsD receptors 

and analyzing the role of G-protein signaling. The data indicated that the in vitro 
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intracellular effects of CNO did not last as long as the in vivo behavioral effects and that 

the system was reversible. 

The Gas-coupled hM4D, Gai-coupled rhM3D-bar, and Gaq-coupled hM1D 

receptors under the bipartite GAL4/UAS system allowed selective expression of 

DREADDs in defined tissues. DREADDs expressed in transgenic flies fed with CNO 

evoked dramatic alterations in behavioral effects of these adult flies. It is important to 

note that the wild type and the parental strains lacking DREADD receptors that received 

CNO in food (at least to 10 mM) exhibited no overt abnormal behavioral effects, 

indicating that the CNO effects on DREADDs-expressing transgenic flies were indeed 

due to DREADD activation. Since the biological process is highly conserved between 

mammalians and insects, studies with flies should be informative and applicable to other 

models with respect to elucidation of the signal transduction pathways and the molecular 

processes underlying neuronal function associated with behaviors. Furthermore, this 

DREADD system is useful in probing the role of signal transduction pathways and 

specific tissues involved in developmental processes. 

The DREADDs is a powerful tool that allows for remote and transient 

manipulation of cellular activity in laboratory animals and has potential for clinical 

therapeutics. This tool has allowed biologists to address several biological questions and 

disease mechanisms by different laboratories around the globe. In the past decade there 

have been around 800 reports regarding DREADDs, and the number is increasing 

exponentially. 

It is important to look into the in vivo mechanism of action of CNO at the 

DREADDs, and Gomez et al. performed an elaborate in vivo study with CNO and 
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DREADDs in 2017 (Gomez et al., 2017). A saturation binding experiment demonstrated 

high specific binding of labeled clozapine over labeled CNO in brain tissues from mice as 

well as in HEK 293 membranes, thus suggesting low affinity of CNO at the DREADDs. 

In the competitive binding assays, CNO exhibited low micromolar-level inhibition of 

labeled clozapine binding; however, the clozapine showed low nanomolar-level 

inhibition of labeled clozapine binding. For specificity of labeled clozapine binding to 

DREADDs using labeled clozapine and CNO autoradiography in brain tissues, the study 

revealed high specific binding of labeled clozapine but none for labeled CNO specific 

binding at DREADDs site. 

Although CNO has long been considered as inert, its interaction with endogenous 

receptors at the high concentrations have never been investigated. Therefore, it was 

important to screen CNO for its ability to bind to other endogenous receptors. The study 

found that at high concentration (10 µM) CNO competitively inhibited binding at other 

endogenous receptors, including histamine H1, serotonin (5-HT2A), muscarinic M1, M3 

and M4, and dopamine D1 and D2 receptors, suggesting the off-target effects of CNO at 

higher concentrations. 

Greater intrinsic efficacy of CNO was exhibited at higher concentrations. 

Although both clozapine and CNO bring about significant increases in [S]GTPgS 

binding, clozapine does this at nanomolar concentrations and with significantly greater 

potency, while CNO yields similar results at micromolar concentrations. 

The data suggest that systemic CNO injections result in its extremely low 

presence in CNS, and it is substantially unfavorable for DREADDs activation both in 

vitro and in vivo. It is probable that CNO gets circulated in blood vessels of the brain or 
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in the CSF but not within the brain tissue. Presence of labeled CNO in both AAV-GFP 

and AAV-hM4Di extracts suggests that it is not due to any specific DREADD binding. 

CNO is inert at lower concentrations but not at higher systemic doses. It is important to 

take into consideration the fact that the CNO efficacy profile would be irrelevant for in 

vivo CNS DREADD applications that use systemic CNO delivery. Additionally, studies 

where this CNO efficacy would be relevant are after the intracranial CNO injections, 

which require micromolar concentrations. However, in these cases any agonistic effects 

of CNO could be confounded by off-target effects at other endogenous receptors, if these 

receptors are present in the targeted region. Furthermore, CNO can get converted to 

clozapine locally, and if the converted clozapine reaches high enough concentration it can 

affect the endogenous clozapine binding sites as well, thereby confounding the CNO 

effects even more. With emerging evidence supporting that CNO may not be an inert 

ligand, it is important to incorporate appropriate controls and carefully consider and 

optimize the doses to be administered. 

Research question and objectives  

Despite being well documented, the neural mechanisms of SoFiA remains 

unclear. As mentioned earlier, the group had successfully modeled SoFiA in rats where 

the animals acquire a reduction in anxiety-like behavior to an anxiogenic stimulus, in the 

presence of a familiar partner. Initially the rats establish social familiarity that leads to 

social memory, which is form of social learning. Pairing with a conspecific under 

anxiogenic stimuli, during multiple training sessions, initiates safety learning. Here the 

animal learns to over-ride the anxiogenic cue and eventually the familiar conspecific 

serves as a safety signal. Once safety learning occurs, this finally results in anxiolysis (i.e. 
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reduction in anxiety-like behavior). SoFiA is a learned phenomenon where anxiogenic 

stimulus is necessary for formation of social memory. A recent study demonstrated that 

SoFiA is dependent on the IL (Lungwitz et al., 2014). SoFiA, in rats, can be induced by 

social association trials, also referred to as social interaction habituation (SI-hab) 

protocol. Using this protocol, it was identified that acquisition and expression of SoFiA 

can be simplified into four different constructs: (1) social memory, (2) anxiety, (3) safety 

learning and (4) anxiolysis (Figure 4A). The SI-hab is amenable to creating treatment 

groups that isolate the above-mentioned constructs (e.g. for social memory, SI-hab 

protocol was followed with same conspecific without the anxiogenic stimulus). Isolating 

these SoFiA constructs with markers of neural activity (e.g. cFos activity) will allow to 

identify the neural structures with activity patterns that correspond to each of the SoFiA 

constructs. Overall the goal of my study is to identify the neural circuit underlying SoFiA 

acquisition and expression. I believe that (i) identifying the neural structures with activity 

patterns that correspond to each of the SoFiA constructs, and (ii) determining the role of 

anxiety and social familiarity in acquisition and expression of SoFiA would assist in 

identifying the neural circuit, critical for SoFiA. I hypothesize that IL is the pivotal locus 

within the neural circuit that receives signals from neural structures associated with 

SoFiA constructs and sends output signals essential for SoFiA.  

Using the SI-hab protocol coupled with gene expression assays, 

immunohistochemistry and site directed chemogenetic inhibition, I will address the 

following specific aims. 
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Specific aim 1: Identify the pivotal neural loci underlying the different 

constructs (namely social familiarity, anxiety and safety learning) involved in 

of SoFiA acquisition and expression. 

To address this aim, I propose two different approaches. For the first approach, I 

will employ SI-hab or social training protocol (described in methods section) for 5 days 

with 24 hr. separation between each session. Treatment groups would be generated by 

controlling for, either (i) the conspecific familiarity condition [novel (Nov) vs familiar 

(Fam)] or (ii) anxiogenic stimulus condition [dim red light (DL) vs bright light challenge 

(BLC)]. This 2 by 2 design would generate the following groups: (1) Control (Nov/DL), 

(2) Social Memory (Fam/DL), (3) Anxiety (Nov/BLC) and (4) SoFiA (Fam/BLC). I 

expect that social interaction (SI) time of control and social memory groups would be 

comparable and are expected to have maximum value. The anxiety group is expected to 

have minimum SI time while the SI time of SoFiA group is expected to decrease on day 1 

before gradually increasing back to baseline SI (Figure 4B). 

 

Figure 4: 
SoFiA constructs and SI-hab protocol for SoFiA expression. 
(A) SoFiA constructs involve social familiarity, anxiogenic stimulus (i.e. bright light 
challenge, BLC), safety learning and expression of anxiolysis. (B) SI-hab protocol to 
induce SoFiA and expected behavioral profile. The pink bar shows anxiogenic stimulus. 
– indicates dim light or absence of BLC, + indicates BLC. The purple bar shows social 
memory, which means presence of socially familiar partner (age-, weight- and sex-
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matched conspecific). – indicates novel partner that the animal encounters for the first 
time or absence of social familiarity, + indicates presence of a socially familiar partner. 
The graph shows representative behavioral profile during SoFiA acquisition and 
expression. The SI-hab protocol starts with a baseline day where the baseline SI of the 
test rat is recorded under dim light condition in the presence of a novel partner. On day 1, 
animals display signature BLC effect where the SI time decreases from the baseline SI in 
the presence of a Nov-P and anxiety stimulus. Decrease in SI times signify anxiety-like 
behavior. However, with multiple training sessions, presence of the Fam-P helps to 
override the anxiety stimulus and the SI time starts going back towards the baseline SI. 
This is the SoFiA acquisition phase (indicated by red block). Presence of a familiar 
partner acts like a safety cue and mediates safety learning (indicated by purple block). 
Eventually the SI time is comparable to the baseline SI, and this is the SoFiA expression 
phase (indicated by yellow block). X axis indicates social training (ST) sessions during 
SI-hab protocol. Y axis indicates social interaction (SI) time spent by the test rats 
investigating the partner conspecific. 
 

Specific aim 2: Identifying the role of IL efferents to anxiety-related brain 

structures (as identified from specific aim 1) in SoFiA expression.  

Working hypothesis: SoFiA expression is dependent on incoming signals of 

anxiety from anxiety-related neural structures to the IL, and inhibiting this region during 

social training sessions is expected to attenuate SoFiA expression. 

For this aim, I propose to employ targeted inhibition (chemogenetic inhibition and 

intersectional chemogenetics techniques) of IL or the IL efferents to neural structures 

underlying anxiety (identified from specific aim1) by introducing CAMKIIa promoter 

driven inhibitory DREADDs. 

But before this, first I would like to ensure that we could replicate the 

pharmacological inhibition of IL (Lungwitz et al., 2014) using chemogenetics. For this 

study I propose bilateral viral injections of either hM4D(Gi) recombinant adeno-

associated virus AAV5-CAMKIIa-hM4D(Gi)-mCherry (which is essentially a Cre 

independent inhibitory DREADD) or CAMKIIa driven EGFP control virus in the IL of 

rats. Both groups will undergo SI-hab protocol for SoFiA acquisition and expression. 
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Following SoFiA expression, administration of CNO (exogenous ligand for Gi-

DREADDs) is expected to inhibit the glutamatergic neurons and/or axons in the Gi-D+ 

rats but not in the control+ rats. No treatment will be administered on baseline day. I 

propose to include appropriate control experiment to titrate the working CNO dose for all 

the SoFiA experiments. CNO will be injected 30 minutes prior to behavioral testing (SI 

test).  

Next, I would like to target the IL efferents in the brain region (identified from 

specific aim 1), which is related to anxiety construct. For this study I propose bilateral 

viral injections of either hM4D(Gi) recombinant adeno-associated virus AAV5-

CAMKIIa-hM4D(Gi)-mCherry (which is essentially a Cre independent inhibitory 

DREADD) or CAMKIIa driven EGFP control virus in the IL of rats. Following 

expression of SoFiA, intracranial CNO injections will be injected into the candidate brain 

region targeting the IL efferents projecting into that brain structure 5 minutes prior to SI 

test. If this pathway is involved in SoFiA, I expect to see a disruption in SoFiA 

expression in the Gi-D+ rats but not in the control+ rats on the day of CNO treatment. 

Vehicle treatment on the following day is expected to resume SoFiA expression the Gi-

D+ group.  

In order to specifically target the IL efferents in the said brain region, I propose to 

employ combined use of a CRE-recombinase expressing canine adenovirus-2 (CAV2) 

with adeno-associated virus (pAAV5-hsyn-DIO-hM4D(Gi)-mCherry) in the target brain 

region and IL respectively. CAV2 Cre is expected to induce expression of Gi-DREADDs 

in IL neurons projecting specifically into the target brain region. Rats receiving this 

combined viral injection, but not the rats receiving control virus injections, are expected 
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to display an inhibition in SoFiA expression following CNO injection. In this study, I 

propose two additional virus+ groups, namely the Gi-D (Cre independent inhibitory 

DREADDs) and the Control virus. Rats injected with Cre-dependent Gi-D and Cre-

independent Gi-D are expected to display an inhibition in SoFiA expression but not in the 

control+ group. This would suggest involvement of the IL efferents to the said brain 

region (related to anxiety construct as identified from specific aim 1) in SoFiA 

expression. 

Specific aim 3: Identifying the role of in SoFiA acquisition.  

Working hypothesis: SoFiA is dependent on incoming signals of anxiety and 

social familiarity from anxiety- and social memory-related neural structures to the IL. 

Inhibiting IL during social training sessions is expected to attenuate SoFiA acquisition. 

For this aim, I propose to employ targeted inhibition (chemogenetic inhibition) of 

IL by introducing CAMKIIa promoter driven inhibitory DREADDs. For this study I 

propose bilateral viral injections of hM4D(Gi) recombinant adeno-associated virus 

AAV5-CAMKIIa-hM4D(Gi)-mCherry (which is essentially a Cre independent inhibitory 

DREADD) in the IL of rats. Animals will be divided into two groups. One group will 

receive CNO injections while the other group will receive vehicle injections 30 minutes 

before SI testing. Animals will not receive any injections on the baseline day. The group 

receiving CNO injections on consecutive social training days is expected to display 

inhibition in SoFiA acquisition; however, the vehicle group is expected to acquire SoFiA. 

After replacing CNO with vehicle, the animals are expected to exhibit SoFiA acquisition 

in a delayed mode. This would suggest that IL plays a pivotal role in SoFiA acquisition. 
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Specific aim 4: Identifying the molecular mechanisms underlying SoFiA. 

Working hypothesis: The SoFiA construct, anxiety and anxiolysis will 

respectively, correspond to increased and decreased expression of transcripts that are 

involved in anxiety and learning pathways in the region of interest (as identified from 

specific aim 1).  

For this aim, I will employ SI-hab or social training protocol (described in 

methods section) for 5 days with 24 hours separation between each session. This is the 

second approach, the first one was mentioned in specific aim 1. Treatment groups will be 

generated by controlling for, either (i) the conspecific familiarity condition [novel (Nov) 

vs familiar (Fam)] or (ii) anxiogenic stimulus condition [dim red light (DL) vs bright 

light challenge (BLC)]. This 2 by 2 design will generate the following groups namely (1) 

Control (Nov/DL), (2) Social Memory (Fam/DL), (3) Anxiety (Nov/BLC) and (4) SoFiA 

(Fam/BLC). Rats from these groups will be flash-frozen, post social training session on 

the 5th day. Following this I will employ neural activity regulated gene (NARG) 

technique to investigate immediate early gene (IEG) expression patterns in the neural 

tissue (brain regions of interest related to anxiety construct) collected from the control 

and three experimental groups. This experimental approach will allow to identify specific 

brain regions that are associated with anxiety construct (as identified from specific aim 

1). I expect to see up-regulation of genes specific to pathways that are associated with 

anxiety and learning when compared to control.  
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CHAPTER 2: MATERIALS AND METHODS 

Animals 

For SoFiA: Wild-type Wistar male (Envigo Laboratories, Indianapolis, IN) 3 

weeks of age weighing 30-35 grams and 6 to 8 weeks of age weighing 275-300 grams 

were used for all experiments. Juvenile animals (3 weeks old) were used for viral 

injections and adults (6-8 weeks old) were used for behavioral experiments. Rats were 

individually housed in a temperature-controlled room (23°C) with 12:12 hour light--dark 

cycle with lights on at 0700h. Rats were given ad libitum access to food and water. Upon 

arrival at the facility, rats were given adequate time (2 days) for acclimatization before 

adenoviral injections. This study was carried out in accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health. The Institutional Animal Care and Use Committee of the 

Indiana University Purdue University at Indianapolis approved all procedures. 

Behavior 

Before any behavioral experiment, rats were handled daily for at least 3 days. 

Rats were habituated to the SI testing arena for 5 minutes under dim light, 24 hours 

before baseline SI testing day. For habituation to the testing environment, home cages 

were placed in the behavior room under dim light conditions for 45 minutes prior to the 

behavioral testing. Cages were changed every week and these cages were changed after 

behavioral testing with a minimum of 20 hours duration between cage change and 

following day’s behavioral testing.  
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Social interaction (SI) test 

The SI arena comprises of a Plexiglas top-open square box (91.44 cm long) with 

floor and four sidewalls painted black. The height of this open field box is 30.48 cm. Test 

and partner rats were brought to the behavior room in their home cages during 

habituation prior to SI testing. During the 5 minute SI testing session, the test rat was 

placed in the open field box along with a conspecific partner that was age-, weight- and 

sex-matched. Each session was video recorded using a camera having an aerial view of 

the box. Social interaction (SI) time is the amount of time the test rat spent interacting 

with the familiar rat and was measured in seconds. Only non-aggressive physical 

interactions were taken into account however, aggressive behavior by the test rat was not 

included in the SI time. Partner rats were used for maximum of two sessions in a day with 

at least 30 minutes gap between sessions. All SI testing was performed between 9.00 am 

and 3.00 pm. 

Social interaction habituation (SI-hab) protocol 

The SI-hab test comprises of multiple SI sessions repeated daily for at least five 

consecutive days. SI test was performed with a social partner, either novel or familiar, 

under either non-anxiogenic (dim light) or anxiogenic (bright light challenge) conditions. 

The four experimental conditions are defined as: Group 1: Control (dim light + novel 

partner); Group 2: Social memory (dim light + familiar partner); Group 3: Anxiety 

(bright light challenge + novel partner); Group 4: SoFiA (bright light challenge + familiar 

partner). Lighting conditions (dim light or BLC), partner familiarity (novel or familiar 

partner) and pharmacological interventions are the variables that were controlled during 

SI-hab testing.  
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Social Recognition Test (short term) 

Each test rat was habituated in the test chamber, and was exposed, in its home 

cage, four times to a conspecific. This was done to establish social familiarity. On a fifth 

exposure, a novel conspecific was introduced in a three-chambered box and each test 

lasted for 5 min with interest intervals being 15 min.  

Anxiogenic stimuli 

During social interaction (SI) testing, bright light challenge (BLC) was employed 

to induce anxiety-like behavior. BLC consists of sudden change from dim red light (<1 

lux) to bright white lighting (<500 lux, measured on the floor of the testing arena that is 

approximately 8.5 feet from the light source).  

Immunohistochemistry 

Brains were removed, fixed in 4% paraformaldehyde (pH 7.34) for 90 min, 

washed in phosphate buffered saline (PBS) and then soaked in 30% sucrose until the 

brain sinks to the bottom before storing in cryoprotectant (containing sucrose and 

ethylene glycol) at -20°C. The brains were sliced coronally at 30 microns with every 

sixth section of the brain collected in a single well. The brain sections were washed in 

phosphate buffered saline (PBS) 3 times, incubated with 1%H2O2 in PBS for 20 minutes, 

washed with PBS again, and then permeabilized with 0.4% Triton X-100 in PBS at room 

temperature for 1 hour. The sections were then stained for either cFos expression using 

cFos antibody diluted 1:16000 overnight at room temperature. The sections were washed 

with PBS and incubated with anti-goat secondary antibody (1:5000) for 1 hour at room 

temperature. The Vector SG Peroxidase Substrate kit was used for the chromagen 
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reaction, and the reaction was developed for 10 minutes. The brain slices were mounted 

on glass slides, left to dry overnight and cover-slipped the following day. 

To visualize mCherry expression, sections were incubated with antibody, which 

specifically recognize mCherry (Abcam, ab 167453; 1:40000), overnight at room 

temperature. Following day, sections were washed with PBS, and then incubated with 

anti-rabbit secondary antibody (Vector Laboratories, 1:500) for 1 hour at room 

temperature.  Following PBS washes, ABC kit was used for sections were then incubated 

in DAB (3’3’-diaminobenzidine) immunohistochemistry substrate (1:1000) for an hour. 

This substrate contained two components one being the DAB immunohistochemistry 

concentrate (reagent A) and the other was DAB immunohistochemistry reaction buffer 

(reagent B). Sections were washed in PBS and then DAB was used for 10 min. 

Chromagen reaction was quenched using 0.1M PB. Following washes, sections were 

mounted using 0.3% gelatin. All washes were done using 0.1M PBS.  

Site-specific intracranial injections surgery 

Rats were anesthetized with 3% isoflurane in 100% O2 with a flow rate of 0.6 

L/min (SurgiVet Isotech 4, Smith). A feedback-controlled heating pad was used to 

maintain the body temperature at 37°C. The head of the animal was placed in a 

stereotaxis frame (900 series, Kopf Instruments) after shaving the top of the head. 

Betadine was used to disinfect the shaved region and a midline incision was made to the 

scalp in order to expose the skull. For IL and BLA injections, following incision of scalp, 

a craniotomy was done and then dura was reflected, and pipettes/internal cannula were 

advanced to the desired stereotaxic coordinates of the target. Following surgery, 
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buprenorphine (for some experiments) and carpofen (for other experiments) was injected 

subcutaneously for pain relief during recovery.  

Adenoviral injections surgery 

Virus injections were performed using Hamilton syringe that were connected to a 

UltraMicoPump 3 driven by a Micro 4 MicroSyringe Pump Controller (World Precision 

Instruments). For anterograde expression of hM4D(Gi) recombinant adeno-associated 

virus AAV5-CAMKIIa-hM4D(Gi)-mCherry was injected (100-300nL) at a rate of 

100nL/min. The virus was purchased from Addgene (Addgene 50477). CAMKIIa driven 

EGFP expression control {AAV5-CAMKIIa-EGFP (Addgene 50469)} was used. CRE-

recombinase expressing canine adenovirus-2 (CAV2) with adeno-associated virus 

[pAAV5-hsyn-DIO-hM4D(Gi)-mCherry] were injected in amygdala and IL, bilaterally, 

respectively. Cre-dependent Gi-Dreadds was obtained from (Addgene 44362) and CAV 2 

were generous gifts from Johnson lab at IUPUI}. Stereotaxis coordinates (in mm relative 

to bregma) for IL injections were as follows: AP (+3.2), ML (±0.5), DV (- 5) at a 0° 

angle off the vertical plane. For BLA injections, following were the coordinates (in mm 

relative to bregma): AP (-2.30), ML (+4.80), DV (-7.4) at a 0° angle off the vertical 

plane.  

Intracranial CNO injections 

In order to attain quick, reversible, specific, selective and localized control, I 

considered pharmacological intervention using designer receptor hM4D (modified 

version of Gi-coupled human muscarinic receptor 4) along with its exogenous ligand 

CNO (Clozapine-N-Oxide) to inhibit electrical activity of neurons. Cannula was 

implanted in BLA of rats previously injected with AAV5-CAMKIIa-hM4D(Gi)-mCherry 
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in their IL. For BLA injections, following were the coordinates (in mm relative to 

bregma): AP (-2.30), ML (+4.80), DV (-7.4) at a 0° angle off the vertical plane. CNO 

(3μM, 100nL) was microinjected through the cannula 5 min prior to behavior testing.  

Intraperitoneal CNO injections 

Various doses of CNO ranging from 0.25mg/kg BW to 3mg/kg BW) injections 

were administered, intraperitoneally, 30 min prior to SI testing.   

Patch clamp electrophysiology 

Post-anesthetization using isoflurane, male Wistar rats (~250gms) were 

transcardially perfused with 25-30mL artificial cerebrospinal fluid (aCSF) having 93 N-

methyl-D-glucamine (NMDG) among other usual components. Following decapitation, 

brains were dissected and coronal slices (350μm) were sectioned on Campden 7000smz-2 

vibratomes (Lafayette Instrument Co, Lafayette, IN). The osmolarity of aCSF solution 

was adjusted to ~315mOsm. Whole-cell current clamp recordings, using borosilicate 

glass electrodes (resistance 3-6mΩ), were performed at 30° C acute brain slices, which 

were visualized under Scientifica SliceScope Pro 6000 (Scientifica, Uckfield, UK) 

upright microscopes. Labeled cells (mCherry positive) were patched (n=4). 100pA 

current injections were applied. Recordings were done using aCSF and CNO (500nM). 

Action potential and membrane potential was recorded.  

Neural activity regulated gene analysis (NARG) 

Following SI hab protocol, animals were exposed to 5 daily social training 

sessions as described above. Thirty minutes after the 5th session rats were euthanized, 

decapitated and brains were removed. These brains were immediately placed in 

isopentane for snap freezing and stored at -80°C. These were then sliced coronally at 50 



50 

microns under cryosection. Punches of specific brain regions of interest (e.g. basolateral 

complex that included basolateral amygdala and lateral amygdala) were isolated using 

tissues micropunch and placed in an Eppendorf in RNAlater (Qiagen or Ambion). 

Following this, total RNA was extracted following the manufacture’s RNA extraction 

protocol. RNA concentrations were determined by spectrophotometry and OD was 

recorded at absorbance 260nm and 280nm. Samples that generated reading ranging from 

1.97 to 2.1 for OD260/280 were used for cDNA synthesis following standard protocol. The 

samples were run through 96 well NARG plates (manufacturer) having Taqman probes. 

This was followed by real time RT-PCR on a CFX 96 Real time System (Biorad). Gapdh 

and Actb served as internal control. Data was calculated using the DDCT method to 

compare the fold change in BLCx of rats with that of a control brain region. The 

transcripts used for the study were as follows: Erg1, Nr4a3, Nrn1l, Rgs2, Mapk10, Arc, 

Egr4, Fos, Fosb, Jun, Nr4a1, Pcdh8, Sgk1, Bdnf, Nptx2.   

Quantification and analysis 

Behavior: SI scoring was done using ODLog for Mac OS X version 2.6. Videos 

were recorded using either IC Capture or ANYmaze.  

IHC: Stereoinvestigator was used to analyze the images under 20 X 

magnification. cFos counts were performed using the counting grids in 

Stereoinvestigator. Then the section was divided into counting grids and area was 

determined in µm2 and the data was expressed as cfos counts per square millimeters 

(cFos/mm2).  
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All data were analyzed using Prism 6.0 Software (La Jolla, CA) and all data are 

presented as mean±SEM. Student’s t test and repeated measures ANOVA were 

performed for statistical analysis.  
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CHAPTER 3: NEURAL STRUCTURES UNDERLYING SOFIA 

Introduction 

When challenged with an anxiogenic stimulus rats exhibit anxiety-like behavior, 

which manifests as significant reduction in social interaction (SI) time and exploratory 

behavior. In this case, rats avoid spending time exploring or engaging in non-sexual, non-

aggressive, social contact with a partner. However, with repetition of these SI sessions 

over multiple days in the presence of a same partner, rats learn to override this anxiety 

cue and spends more time engaging with the familiar partner as the control. The control 

condition requires the rat to interact with a novel partner in the absence of any anxiogenic 

stimulus (Control). If the SI sessions are repeated over multiple days with a novel partner 

and anxiogenic stimulus every time, there is a significant decrease in SI time of the test 

rats (Anx+). In the presence of a same partner and absence of any anxiogenic stimulus, 

the SI time is significantly increased (SF+). Here it was seen that the first group of rats 

are subjected to two factors namely the anxiogenic stimulus and social familiarity. All the 

other three groups either experiences presence of one of the factors (Anx+ and SF+) or 

none (Control). For the first group, experiencing the anxiety stimulus in the presence of 

social familiar partner leads to safety learning where the test rats learn to see the familiar 

partner as a safety cue that helps to override the anxiety. This eventually results in 

anxiolysis manifesting as increased SI time in these SoFiA group.  

Once SoFiA was acquired and established presence of novel partner on a 

subsequent training session day results in decreased SI time suggesting that the test rats 

do not habituate to the familiar partner (Lungwitz et al., 2014). Also, site specific 

injections of GABAA agonist, muscimol and allosteric NMDA receptor partial agonist, 



53 

D-cycloserine (DCS) in the IL of rats, disrupted and enhanced SoFiA expression, 

respectively (Lungwitz et al., 2014). Since an intact IL is required for SoFiA, the study 

suggested that IL might serve as integration center where information of social familiarity 

cues and anxiety stimulus are integrated, which is critical for safety learning. Therefore, 

suggesting that IL might be a pivotal region for safety learning, which receives 

information and integrates them prior to expression of anxiolysis. I was interested in 

elucidating the role of IL and how it integrates the information coming from anxiety 

centers and social memory associated brain regions. The primary goal of this study was 

to identify the potential target brain regions of IL/mPFC involved in SoFiA expression 

either with anxiolysis or anxiety construct.  

Based on scientific literature, I identified three brain regions related to anxiety 

and social memory that also receive projections from IL. These regions were amygdala 

(Truitt et al., 2007), (Bloodgood et al., 2018; Wood et al., 2019) BNST (Johnson, Truitt, 

Fitz, Lowry, & Shekhar, 2008; Kim et al., 2013; Lee & Davis, 1997)and hippocampus 

(Hitti & Siegelbaum, 2014; Okuyama, Kitamura, Roy, Itohara, & Tonegawa, 2016).  

To address this, I utilized SoFiA 2X2 model and compared the neural activity pattern (i.e. 

cFos expression) in BNST, amygdala and hippocampus (CA2) of naïve rats after they 

acquired and expressed SoFiA (Anx+/Fam P). The other three groups included control 

(Anx-/Nov P), SF (Anx-/Fam P) and Anx (Anx+/Nov P) groups.  

If a specific brain region is involved in anxiety-like behavior, I predicted 

increased cFos expression in that particular region in groups that had novel partner and 

BLC (Anxiety/ Anx+). Whereas, if this brain region is involved in anxiolysis expression 

then cFos expression is expected to decrease in the anxiolytic group or the group that had 
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familiar partner and BLC (SoFiA). So, a brain region exhibiting this above-mentioned 

pattern of cFos expression or neural activation would be a potential region of interest. 

However, if the brain region displayed an increased cFos expression pattern in both the 

Anx+ and SoFiA group then it would suggest that area is involved in perceiving or 

receiving the anxiety stimulus potentially required for SoFiA acquisition. So, brain region 

displaying increased neural activation (i.e. increased cFos expression) in Anx+ group and 

decreased cFos expression in SoFiA group would be of interest for further investigation 

for anxiolysis expression.    

Neural activity in Bed nucleus of stria terminalis (BNST) 

Anxiety stimulus (bright light challenge) induced c-Fos immunopositivity in 

whole and sub regions of BNST (Figure 5A-B) of rats.  

The findings indicate that there is a Significant main effect of anxiety stimulus in 

pBNST of rats {RM 2-way ANOVA, (F 1, 16)=5.298, P=0.035} (Figure 6A). Significant 

increase in neural activity was observed in groups (i.e. Anx+ and SoFiA groups) 

challenged with anxiety stimulus compared to the Anx- groups (i.e. Control and SF+ 

groups) (Fisher’s LSD p= 0.0363). 

c-Fos immunopositivity was not significantly altered in anterior BNST of any of the 

groups (Figure 6B). I also investigated subregions within anterior BNST (data not shown) 

and found no significant difference in c-Fos expression profile among groups. The 

subregions of anterior BNST investigated were antero-ventral, antero-dorsal, antero-

dorsomedial, antero-dorsolateral, antero-ventromedial and antero-ventrolateral BNST.  

The data shows a decreasing trend in cFos immunopositivity in whole BNST of 

SoFiA group as compared to other groups (Figure 6C). An increasing trend in neural 
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activity was observed in Anx+ group. Had there been a significant reduction and increase 

in neural activity in the SoFiA and Anx+ group, respectively, it would have suggested 

potential involvement of whole BNST in anxiolysis expression. Both control and SF+ 

exhibited comparable levels of neural activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: 
Neural activity in bed nucleus of stria terminalis (BNST) 
IHC image of c-Fos expression in (A) posterior BNST (top row), (B) anterior BNST 
(bottom row). Left panel: 2.5X, middle panel: 20X. Right panel: Bregma positions of rat 
brain. white arrow delineates posterior BNST (bregma level -0.36 mm), red arrows 
demarcates dorsal region of anterior BNST (bregma level 0.00 mm), green arrows 
delineate ventral part of anterior BNST, black arrows point to c-Fos immunopositive 
cells. c-Fos Primary antibody concentration: 1:10,000 (n=6 to 8).  
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Figure 6: 
Quantification of c-Fos expression within BNST subregions. 
c-Fos expression in (A-B) BNST subregions and (C) whole BNST. (A) There is a 
significant increase in c-Fos expression in the posterior BNST of anxiety and SoFiA 
group in comparison to the control. (B) There is no significant difference across groups in 
the anterior BNST. (C) c-Fos expression in whole BNST shows that there is no 
significant difference across groups. Data shows c-Fos counts per mm2 (mean±SEM) of 
the area outlined in specific bregma positions. Anx+: group receiving BLC, Anx-: group 
receiving dim light, SF+: group having familiar partner, SF-: group having a novel 
partner (n=6-8). Animals subjected to dim light indicated by open blue bars. Animals 
subjected to bright light challenge were indicated by solid blue bars. The red box 
indicated anxiety stimulus. Solid red box indicated anxiety stimulus. 
 
Neural activity in subregions of amygdaloid complex 

The neural activity (i.e. c-Fos immunopositivity) was induced in amygdala and in 

subregions of amygdala following anxiety stimulus (Figure 7A-B).  

I found a significant main effect of anxiety stimulus in basolateral complex, 

BLCx (comprising of lateral and basolateral amygdala) of rats {RM 2-way ANOVA, (F1, 
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28)=4.995, P=0.034} (Figure 8A). The findings show that there was a significant increase 

in c-Fos immunopositivity in (i.e. Anx+ and SoFiA) groups challenged with anxiety 

stimulus compared to the Anx- (i.e. Control and SF+) groups (Fisher’s LSD p= 0.013). 

There was a significant main effect of anxiety stimulus in central amygdala (CeA) 

of rats {RM 2-way ANOVA, (F1, 28)=4.55, P=0.042} (Figure 8B). The findings show that 

there was a significant increase in c-Fos immunopositivity in groups (i.e. Anx+ and 

SoFiA groups) challenged with anxiety stimulus compared to the Anx- groups (i.e. Control 

and SF+ groups) (Fisher’s LSD p= 0.0142). The findings also indicated that there was a 

significant difference in c-Fos expression between SF+ and Anx+ group (Fisher’s LSD p= 

0.048). 

I found a significant main effect of anxiety stimulus in basomedial amygdala 

(BMA) of rats {RM 2-way ANOVA, (F 1, 29)=5.33, P=0.028} (Figure 8C). The data also 

showed that there was a significant increase in c-Fos immunopositivity in groups (i.e. 

Anx+ and SoFiA) challenged with anxiety stimulus compared to the Anx- (i.e. Control and 

SF+) groups (Fisher’s LSD p= 0.015). The findings also indicated that there was a 

significant difference in c-Fos expression between SF+ and Anx+ group (Fisher’s LSD p= 

0.041). 

I also investigated other subregions such as LA, BLA, MeA and ICM (data not 

shown). Of these regions, BLA displayed a promising trend where I observed an increase 

and decrease in cFos immunopositivity in Anx+ and SoFiA group, respectively. This 

suggests potential involvement of BLA in anxiolysis expression. In this case, both control 

and SF+ exhibited comparable levels of c-Fos expression. 
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Figure 7:  
Neural activity in subregions of amygdaloid complex. 
Representative images of c-Fos immunopositivity in the amygdala and its subregions 
show two different bregma levels (A) rostral and (B) caudal. The top panel (left & right) 
are at bregma position -2.18 mm (rostral), while the bottom panel (left & right) are at 
bregma -2.40 mm (caudal). The left panel displays amygdala at lower magnification 2.5X 
while the right panel is the amygdala region at 20X. c-Fos+ cells were quantified at 20X. 
c-Fos primary antibody conc: 1:10,000. Cells were counterstained with neutral red. 
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Figure 8: 
Quantification of c-Fos 
expression in basolateral 
complex, central amygdala & 
basomedial amygdala. 
(A) Quantification of c-Fos 
expression in basolateral 
complex (BLCx) included 
LA and BLA at two different 
bregma levels (described in 
Fig 7). The data showed that 
there was a significant 
increase in cFos expression 
in the BLCx (LA and BLA) 
of animals subjected to the 
anxiety stimulus when 
compared to BLCx of 
animals subjected to dim 
light (* indicates Fisher’s 
LSDp≤0.013). (B) cFos 
expression quantification in 
the central amygdala (CeA) 
shows that there was a 
significant increase in cFos 
expression in the CeA of 
animals receiving the BLC 
when compared to the 
animals receiving dim light 
(* indicates Fisher’s LSD 
p≤0.0142). I also found that 
cFos immunopositivity in the 
CeA of SF+ group was 
significantly different from 
the CeA of Anx+ group (# 
indicates Fisher’s LSD 
p≤0.048). (C) cFos 
expression quantification in 
the basomedial amygdala 
(BMA) shows that there was 
a significant increase in cFos 
expression in the BMA of 
animals receiving the BLC 

when compared to the animals receiving dim light (* indicates Fisher’s LSD p≤0.0153). I 
also found that cFos immunopositivity in the BMA of SF+ group was significantly 
different from the CeA of Anx+ group (# indicates Fisher’s LSD p≤0.0414).  
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Neural activity in CA2 region of hippocampus 

Anxiety stimulus (bright light challenge) induced c-Fos immunopositivity in CA2 

region (Figure 9A-B) of rats. The study demonstrated c-Fos expression in all the four 

groups namely Control, SF+, Anx+ and SoFiA as expected (Figure 9C-D).   

The c-Fos quantification data shows that there was no significant difference in 

cFos immunopositivity among the four groups (Figure 10).  

Overall, the findings indicate that investigating some other neural activity marker 

such as D FosB could be more relevant in CA2 region. It is also possible that other 

subregion of hippocampus like CA1 could be involved in processing social memory 

information underlying SoFiA.  
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Figure 9: 
Neural activity in CA2 region of hippocampus. 
The cFos expression in hippocampus (CA2 region). Representative images show two 
different bregma levels: the (A) top panel are at bregma position -2.28 (rostral), while the 
(B) bottom panel are at bregma -2.52 (caudal). The left panel displays the hippocampus at 
lower magnification 2.5X while the right panel is the CA2 region at 20X. cFos+ cells 
were quantified at 20X. cFos primary antibody conc: 1:10,000. Cells were counterstained 
with neutral red. (C-D) Representative images of c-Fos immunopositivity in the CA2 
region of Control (Anx-/SF-) (left panel), Social Memory (Anx-/SF+) (right panel), 
Anxiety (Anx+/SF-) (left panel) & SoFiA (Anx+/SF+) (right panel) groups. The arrows 
indicate cFos+ cells. cFos primary antibody conc: 1:10,000. Cells were counterstained 
with neutral red. 
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Figure 10: 
Quantification of cFos 
expression in dorsal 
hippocampus (CA2).  
The data shows that 
there is no significant 
difference in cFos 
immunopositivity 
among the four groups: 
Control (Anx-/SF-), 
Social Memory (Anx-
/SF+), Anxiety 
(Anx+/SF-) & SoFiA 
(Anx+/SF+). X axis: 
Groups/ Treatment; Y 
axis: cFos 

immunopositive cells per mm2 of the region. Quantification of cFos+ cells were done at 
20X magnification at two bregma levels: -2.28 (rostral) and -2.52 (caudal).  
 
Summary of Results 

BNST 

We show that there was no significant difference in cFos expression between 

treatment groups and control in the whole BNST as well as in the anterior BNST. 

However, in the posterior BNST I found there was a main effect of anxiety stimulus; the 

cFos expression was significantly increased in both Anx+ and SoFiA groups, i.e. groups 

subjected to BLC when compared to control and SF+ groups, which were not subjected 

to anxiety stimulus. The findings suggested that posterior BNST has a role in the neural 

circuitry of anxiogenesis. I speculate that posterior BNST could be involved in receiving 

the anxiety stimulus. 

Amygdala 

We found that the neural activity in the Anx+ group is significantly increased 

from the control group in these three subregions of amygdala, BLCx, CeA and BMA.  In 

CeA and BMA, there was a significant increase in cFos immunopositivity in the Anx+ 
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from the SF+ group in addition to the control group. Although the neural activity in BLA 

was not significantly different between the Anx+ and the SoFiA groups, the data 

displayed a trend suggesting a potential involvement of BLA in anxiolysis expression. 

Overall, the data indicated neural activity in certain subregions of amygdala such as 

BLCx, CeA, BMA and BLA, suggesting their potential involvement in the neural 

circuitry of anxiogenesis and that they could be potential candidate regions underlying 

SoFiA. 

Hippocampus 

There was a no significant difference in cFos expression in the dorsal 

hippocampus (CA2) among the experimental groups.  Other hippocampal subregions 

such as ventral hippocampus (CA1) might be involved in social memory underlying 

SoFiA. It is important to explore other neural activity markers such as D FosB in the CA2 

region before drawing any conclusions about CA2 and its possible involvement in social 

memory related to SoFiA. 
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CHAPTER 4: ROLE OF IL AND IL-BLA PATHWAY IN SOFIA 

Introduction 

SoFiA expression requires an intact IL. Inhibiting IL with intracranial bilateral 

injections of GABAA agonist muscimol, selectively disrupted SoFiA expression 

(Lungwitz et al., 2014). An allosteric NMDA receptor partial agonist, D-cycloserine 

(DCS), enhanced the rate of SoFiA acquisition.  

IL projects to limbic behavioral regions such as BLA (Bloodgood, Sugam, 

Holmes, & Kash, 2018) and BNST and it provides robust inputs to amygdala subregions 

that includes BLA, CeL, MeA and BMA (Wood et al., 2019).  

Until now knowledge regarding neural structures suggested that IL is the critical 

structure and is required for SoFiA expression, but we have little knowledge about the 

pathway through which IL mediates this behavioral response. It would be vital to 

understand how IL interacts with one or more of the SoFiA constructs and then integrates 

this information to mediate SoFiA expression. As discussed earlier, SoFiA acquisition 

and expression is dependent on four constructs namely the anxiety, the social familiarity, 

safety learning and anxiolysis. IL or PFC is an ideal infrastructure for integrating 

processed information from various sensory modalities in a precise manner required for 

complex behavior such formation of physiologic constructs of memory, perception and 

intricate action. Multiple cognitive processes are monitored in PFC. PFC has extensive 

projections to these systems thereby allowing “top-down” regulation of broad range of 

brain processes. Different interactions between ‘top-down’ and ‘bottom-up’ processes are 

thought to be critical for giving rise to emotion. PFC not only plays an important role in 

regulation of emotion, but also enables top-down generation of emotions with increasing 
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cognitive complexity (Ochsner et al., 2009). It is important to note that IL cortex is 

essential for fear extinction (Cheriyan, Kaushik, Ferreira, & Sheets, 2016). 

Lesion of BLA interneurons led to increased anxiety and social familiarity could 

not override this effect has implicated involvement of BLA in SoFiA expression (Truitt, 

Johnson, Dietrich, Fitz, & Shekhar, 2009). There is evidence that subpopulation of basal 

amygdala respond to safety cues (Sangha, Chadick, & Janak, 2013). Amygdala is vital 

for mediating emotional responses and associated memories (LeDoux, 2000). 

Additionally, c-Fos data suggests involvement of basolateral complex in 

angiogenesis circuitry. In order to have better understanding of IL-BLA pathway and 

how it regulates SoFiA expression, I employed inhibitory chemogenetics to silence this 

pathway and study its effect on SoFiA. 

Lower CNO doses effectively evoke signature BLC effect with absence of off-target 

effects 

Since CNO has been reported to have off-target effects, the goal was to identify 

an optimal CNO dose critical for the experiments on social interaction- anxiety challenge 

assay. In Naïve control (no viral expression/ lacking viral expression) rats, I assessed 

CNO dose response on bright light challenge (BLC). I investigated the effects of 5 

different doses of CNO (0-, 0.25-, 0.5-, 1- and 3 mg/kg BW) on anxiety-like behavior 

(that manifested as decreased SI time) following BLC (Figure 11). It was found that 

lower doses of CNO (0, 0.25-, 0.5- and 1mg/kg BW) significantly decreased the SI time 

from baseline SI (i.e. signature BLC) {repeated measures one way ANOVA (F 

2,10)=18.46, Dunnett’s p≤0.0045} and not significantly different from each other. 

Although the higher CNO dose (3 mg/kg BW) did not significantly decrease the SI time 
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from baseline, the SI time was significantly higher than rest of the lower CNO doses (0 to 

1.0 mg/kg BW) (Fisher’s LSDp≤0.0015). This suggests that lower doses of CNO (0 to 

1mg/kg BW) but not the higher CNO dose (3.0 mg/kg BW) did not have any off-target 

effects on anxiety-like behavior (i.e. the output measure). In conclusion, this study could 

identify an optimal CNO dose for anxiety measure that could effectively evoke anxiety-

like behavior without any off- target effects.  

Figure 11: 
Lower CNO does 
evoked BLC effect 
with no off-target 
effects. 
Data show that 
lower doses of 
CNO (≤1.00 
mg/Kg BW) 
evoked signature 
bright light 
challenge (BLC) 
effect with absence 
of off-target 
effects in the SI 
test. The graph 
shows that rats 
receiving vehicle 

as well as all three lower doses of CNO (0.25-, 0.5-, 1.0 mg/kg BW) displayed significant 
decrease in SI time when challenged with anxiety stimulus (i.e. BLC) in the presence of a 
novel partner compared to the baseline SI (that was done with a novel partner and dim 
light condition). However, animals injected with higher CNO dose (3.0 mg/kg BW) 
exhibited off-target effects. * indicates significantly different from baseline, Dunnett’s p ≤ 
0.0045. † indicates significantly different from 3mg, LSD p ≤ 0.0015. The light grey block 
indicates dim light condition while the yellow block indicates anxiogenic stimulus (BLC). X 
axis represents different doses of CNO between 0 and 3 mg/kg BW of animals. Y axis 
represents SI (in seconds) time ± SEM (n=6). 
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Inhibition of vmPFC (IL) neurons disrupts SoFiA expression 

I injected CaMKIIa-hM4D(Gi) in rat vmPFC (IL) (Gi-Dreadds+) resulting in 

robust labeling of mCherry+ neurons (both cell bodies and axons) in the vmPFC (IL) 

(Figure 12, Figure 13A- C). Following baseline SI, these Gi-Dreadds+ rats underwent 

eleven days of SI-hab protocol (ST1-ST11) (Lungwitz et al., 2014) and CNO was 

systemically administered on ST9. It was found that there SI times were significantly 

different across days {one-way ANOVA, (F 3, 12)=9.95, P = 0.0015}. The animals 

displayed a BLC effect where SI times were significantly decreased from baseline SI 

(Tukey’s p≤0.0354) for first five days. Following this, exposure to a familiar partner 

significantly increased the SI time by ST5 (SoFiA acquisition) and continued until ST8 

(SoFiA expression) (Tukey’s p≤0.03). Systemic CNO administration significantly 

decreases the SI time from days prior to and post CNO treatment (Fisher’s LSD p ≤ 

0.014) (Figure 14). Findings suggest that inhibiting vmPFC (IL) neurons lead to 

disruption in SoFiA expression. 
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Figure 12: 
Schematic representation of the experimental design of chemogenetic inhibition of IL. 
Schematic showing the experimental design. The CAMKIIa driven Gi-D virus was 
injected into the IL bilaterally, at the specific bregma level mentioned in the Figure 5-7 
weeks after virus injection, the animals were used for behavior testing following SI-hab 
protocol. The details of the experimental protocol are in a tabular form (top of the figure). 
CNO or vehicle were administered intraperitoneally 30 minutes before SI test. Each SI 
session was for 5 minutes. The test rats (indicated by white color) interacted either with a 
novel partner (indicated by white/yellow/blue color) or with a familiar or same partner 
(indicated by blue color). – indicates absence of BLC while + indicates BLC. There was 
no injection on baseline day. CNO was injected on ST9 and vehicle was injected on rest 
of the training days. 
 

5-7 weeks

i.p. veh or CNO inj (0.5 mg/kg)

30 mins Behavior
SI testing
(5 mins)

IL (bilateral)
DV: -5.00
AP: 3.2
ML:0.5

IL

Inhibiting mPFC (IL) disrupts SoFiA expression 

CaMKIIa-hM4D(Gi)-mCherry [Gi-D] (CRE independent)
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Figure 13: 
Representative images of mCherry expression profile and injection site in the IL of 
CAMKII-GiD injected rats.  
(A-C) The representative IHC images showing mCherry immunopositivity in the IL of 
CAMKII-GiD+ rats. The red arrows point to mCherry immunopositive cells. Here it was 
seen that mCherry+ cells (red) colocalized with the DAPI (blue), which marks the 
nucleus. The images were taken at (A) 2.5X and (B) 10X magnifications under a 
compound (epifluorescence) microscope. (C) The image was taken under a confocal 
microscope (n = 5). (D) Representative image of the injection site at IL of CAMKII-GiD 
injected rats at the following bregma level (DV: -5.00 mm, AP: 3.2 mm & ML: +/-0.5 
mm) (Right panel). The red color indicates the spread of mCherry expression at the 
injection site for all animals (n = 5-6).  
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Figure 14: 
Chemogenetic inhibition 
of IL disrupts SoFiA 
expression. 
Inhibiting IL disrupted 
SoFiA expression, which 
manifested as significant 
decrease in SI time from 
baseline as well as from 
days prior to- and post-
CNO treatment. The 
graph shows that the 
CAMKII-Gi-D+ rats 
exhibited SoFiA 
acquisition and 
expression by ST5 after 
which CNO injection on 
ST9 disrupted SoFiA 
expression that was 

restored with vehicle injection on the following days (ST10 & 11). First vertical dashed 
line indicates baseline day with no injection and baseline SI recorded under Dim light and 
Nov P (as mentioned in the rectangular box). Rectangular box shows the partner profile, the 
lighting conditions (either dim or anxiogenic stimulus, BLC), treatments (no injection, CNO 
or vehicle injection) along with the symbols (e.g. filled square (red) and (grey) boxes indicate 
CNO and vehicle treatment, respectively.  * indicates significantly different from ST2, 
Tukey’s p ≤ 0.03. ** indicates significantly different from baseline Tukey’s p ≤ 0.0354. † 
indicates CNO significantly different from ST8, 11 Fisher’s LSD p ≤ 0.014. X axis represents 
social training days, Y axis represents SI (in seconds) time± SEM (n=5).  
 
vmPFC (IL)-BLA involved in SoFiA expression 

Our next step was to identify the pivotal targets of vmPFC (IL) projection neurons 

that regulate (or critical for) SoFiA expression. To address this question, I injected two 

different types of viruses in rat vmPFC (IL), with CaMKIIa-hM4D(Gi) in one group and 

CaMKIIa-EGFP control virus in the other group (Figure 15, Figure 16A-D). Both groups 

underwent SI-hab for first six days and had acquired SoFiA. Following SoFiA expression 

CNO was delivered intracranially, through the implanted guide cannula (Figure 16E-F) 

into BLA 5 minutes before SI test on ST7. The data show significant main effect of social 

training days and a significant interaction {repeated measures two-way ANOVA, (F 7, 
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98)=15.88, P<0.0001 and (F 7, 98)=7.130, P<0.0001, respectively) (Figure 17A). Initially 

both groups displayed a significant decrease in SI time from baseline SI, which is 

described as signature BLC effect (Tukey’s p≤0.0002) on ST1 and ST2. Both control+ 

and Gi-Dreadds+ rats acquired SoFiA by ST4 and ST5 respectively. Both groups 

continued to express SoFiA until ST6 when SI times were significantly increased than 

ST1-SI time (Dunnett’s p≤0.023) but not significantly different from each other. The 

viral groups displayed differential response to CNO, and the SI time was significantly 

decreased from ST6-SI time in the Gi-Dreadds+ rats, following intracranial injection into 

BLA (Dunnett’s p<0.0001). The SI time returned back to baseline SI the following day 

on vehicle microinjection (Dunnett’s p≤0.023) in Gi-Dreadds+ rats. However, the 

CaMKIIa-EGFP control virus injected rats did not exhibit any differential response to 

either CNO or vehicle microinjections into BLA. 

These findings were replicated in another cohort of rats that were injected with 

CaMKIIa-hM4D(Gi) in vmPFC (IL) (Gi-Dreadds+ rats). The animals underwent SI-hab 

protocol for the first six days during which they displayed BLC effect {repeated measures 

one-way ANOVA, (F 2, 6)=8.957, Tukey’s p≤0.0162) and exhibited SoFiA acquisition and 

expression (Dunnet’s p≤0.04) by ST-5. Intracranial CNO application into BLA inhibited 

SoFiA expression (Tukey’s p≤0.0323), which resumed the following day on vehicle 

microinjection (Dunnet’s p ≤ 0.04) (Figure 17B). Overall, the data suggest that targeting 

the IL terminals in the BLA disrupts SoFiA expression and are pivotal for SoFiA 

expression.  
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Figure 15: 
Schematic representation of the experimental design of inhibition of IL efferents in BLA. 
Schematic of the experimental design showing virus injections into IL bilaterally at the 
specific bregma level mentioned in the Figure A week later a cannula was implanted 
bilaterally into BLA at bregma level (DV: -7.40 mm, AP: -2.32, ML: +/- 4.8). Six weeks 
after this, intracranial CNO injections were administered through cannula into the BLA 5 
to 7 minutes before SI test on ST7. The details of the experimental protocol are in a 
tabular form (top of the figure), and most of it is similar to the protocol used in the earlier 
experiment (details described in Figure 12). However, the mode of injection in this case 
is intracranial, and animals either received sham or vehicle or CNO injection into the 
BLA (refer to “treatment”). CNO dose: 3µM, 100nL; Vehicle: 100nL for about 2 min.  
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Figure 16: 
Representative images of mCherry & GFP expression profile and injection site in the IL 
and BLA. 
(A) Confocal image of mCherry expression profile in the IL of CAMKII-GiD injected 
rats. Red arrows point to mCherry immunopositive cells. The image was taken at 10X 
magnification. (B) Representative image of GFP expression profile in IL of CAMKII-
GFP injected rats. The image was taken at 2.5X magnification in multichannel 
immunofluorescent microscope. (C) Representative image of the injection site at IL of 
CAMKII-GiD injected rats. The red colored regions indicate the spread of mCherry for 
all animals (n = 10). (D) Representative image of the injection site at IL of CAMKII-GFP 
control virus injected rats. The green colored regions indicate the spread of GFP for all 
animals (n = 10). 
(E) Representative image of the injection site at BLA of CAMKII-GiD injected rats. Each 
red dot indicates injection per rat (n = 6). (F) Representative image of the injection site at 
BLA of CAMKII-GFP control virus injected rats. Each green dot indicates injection site 
per animal (n = 6). 

C. D.

E. F.
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Figure 17: 
Chemogenetic inhibition of the IL 
efferents in the BLA disrupts SoFiA 
expression. 
(A) Targeting the IL efferents with 
intracranial CNO application into BLA 
disrupted SoFiA expression in 
CAMKII-Gi-D+ rats but not in control+ 
rats. Both control+ and CAMKII-Gi-D+ 
rats acquired and expressed SoFiA but 
displayed differential response to CNO. 
* indicates significantly different from 
ST1, Tukey’s p ≤ 0.0002. † indicates 
CNO significantly different from ST6, 
Dunnett’s p < 0.0001.  
 
(B) Inhibiting IL efferents in BLA in a 
different cohort of CAMKII-Gi-D+ rats 
could successfully replicate the findings 
of figure 17A. The protocol remains 
same. The table inserted shows the 
treatment paradigm (e.g. the red and 
grey square boxes indicate CNO and 
vehicle treatments respectively). * 
indicates significantly different from ST1, 
Dunnett’s p ≤ 0.04. ** indicates 
significantly different from baseline, 
Tukey’s p ≤ 0.0162. † indicates CNO 
significantly different from ST 6 and 
vehicle,Tukey’s p ≤ 0.0323.  
 
 

vmPFC (IL)-BLA involved in SoFiA expression 

Our goal was to confirm whether IL projections to BLA regulate SoFiA 

expression through regular and intersectional chemogenetics, which allowed targeting of 

IL projections to specific loci, BLA in this case. There were three different groups based 

on the type of virus injection into the IL namely control, Gi-Dreadds+ (Cre independent/ 

CaMKIIa-GiD) and DIO-CAV Cre, the latter allowing expression of Gi-Dreadds 

(injected into IL) in Cre expressing cells (CAV2 Cre injected into BLA) only after serial 
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protocol, it was found a main effect of social training days {2-way ANOVA (F 6, 60) 

=35.92, P<0.0001} and all three groups displayed BLC effect, when the SI time was 

significantly decreased from baseline SI (Tukey’s p≤0.0003) on ST1 (Figure 20). After 

this exposure to familiar conspecific resulted in anxiolysis with significant increase in SI 

time (i.e. SoFiA acquisition) from ST1-SI on ST3 (for Cre-independent CAMK-GiD), 

ST4 (for Cre-dependent Gi-Dreadds, DIO-CAV Cre) and ST5 (for CaMKIIa-EGFP 

control) (Dunnett’s p ≤ 0.0003). All three groups continue to express SoFiA until ST8, 

where there is no differential effect of social training days on SI time among groups 

(Dunnett’s p≤0.0003). 

Following SoFiA expression, all three groups were challenged with two different 

doses of CNO either with lower CNO dose (0.25 mg/Kg BW CNO) on ST9 or with 

higher CNO dose (0.5 mg/Kg BW CNO on ST11 in a counterbalanced design. The 

findings indicate significant main effect of day and a significant day by virus group 

interaction was observed {two-way repeated measures ANOVA (F 4,40) = 22.86, 

P<0.0001; (F 8, 40) = 6.117 P<0.0001, respectively} (Figure 20). Challenging with both 

doses of CNO significantly decreased the SI time from days prior and post CNO 

treatment (Fisher’s LSD p≤0.0088). Additionally, the CNO treatment significantly 

reduced the SI time from the control group (Fisher’s LSD p≤0.0305). 

The present data suggest that inhibiting a subset of IL projection neurons to BLA 

and whole set of IL projections both result in disruption of SoFiA expression. Also, the 

level of inhibition mediated through targeting selective IL projections to the BLA appears 

to equal that of inhibition level of pan IL neurons.  

 



76 

 

Figure 18: 
Schematic representation of the experimental design for inhibition of IL projections in 
BLA using intersectional and regular chemogenetics. 
Schematic of the experimental design showing virus injections into IL bilaterally, at specific 
bregma levels mentioned here. Animals were divided into three different groups based on 
the virus injections, namely CAMKII-GiD (Cre independent), CAMKII-GFP control, 
hsyn-DIO-GiD (Cre dependent). For the Cre dependent Gi-D group, hsyn-DIO-
hM4D(Gi)-mCherry and CAV2 Cre was injected into the IL and BLA respectively. 5-7 
weeks after virus injections, all three groups were subjected to SI-hab protocol as 
mentioned in the table at the top of the Figure Two different CNO doses (0.25 mg/kg and 
0.5 mg/kg) were administered, intraperitoneally, on ST9 and ST11 respectively; the rest 
of the days, rats received i.p. injections of vehicle except for the baseline day. 
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Figure 19: 
Representative IHC images of mCherry & GFP expression profile and injection site in 
the IL and BLA of CAMKII-control, CAMKII-GiD and hsyn-GiD:CAV2 Cre animals. 
(A-B) Representative images of mCherry expression in the IL of hsyn-DIO-GiD injected 
rats. The mCherry expression displays a laminar expression profile of mCherry+ cells 
mostly observed in layers V and VI of hsyn-GiD+ IL. (C-D) Representative images of 
mCherry expression profile in IL of CAMKII-GiD injected rats. Ubiquitous expression of 
mCherry was observed in all the cortical layers in CAMKII-GiD+ IL. The images were 
taken at (left column) 2.5X and (right column) 10X magnification. Red (left column) and 
white (right column) arrows point towards mCherry immunopositive cells. The 
mCherry+ cells colocalized with DAPI that marks the nucleus. (E-F) Representative 
images of GFP expression profile in IL of CAMKII-GFP injected rats. Ubiquitous 
expression of GFP was observed across all the cortical layers. Green and white arrows 
point towards GFP immunopositive cells colocalizing with DAPI. The images were taken 
at (E) 2.5X and (F) 10X magnification in multichannel immunofluorescent microscope. 
(G) Representative image of the injection site at IL of hsyn-DIO-GiD+ rats. The red color 
indicates the spread of mCherry expression in the animals (n = 4). (H) Representative 
image of the injection site of CAV2 Cre at BLA of hsyn-DIO-GiD injected rats. Each red 
dot indicates injection site per animal (n = 4). (I-J) Representative images of mCherry 
expression in the BLA of hsyn-DIO-GiD+ rats. The red and white arrows delineate the 
region of mCherry expression (n = 4). 
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Figure 20: 
Inhibition of subset 
of IL projections to 
BLA and whole set 
of IL projections 
disrupts SoFiA 
expression. 
Inhibiting subset of 
IL projections to 
BLA and whole set 
of IL projections 
results in disruption 
of SoFiA 
expression in DIO-
GiD+ and 
CAMKII-Gi-D+ 
rats but not in 
control+ rats. All 

three groups acquired and expressed SoFiA by ST6 but displayed differential response to 
CNO (both 0.25 and 0.5 mg/kg) injected on ST9 and ST11. Comparable levels of 
inhibition were observed in DIO-GiD+ and CAMKII-Gi-D+ groups. * indicates 
significantly different from ST1, Dunnett’s p ≤0.037. ** indicates ST1 significantly different 
from Baseline Tukey’s p≤0.0003. † indicates CNO significantly different from ST 8, 10, 12, 
Tukey’s p≤0.0074. ‡ indicates significantly different from control, Fisher LSD p≤0.040. X 
axis: Social training days, Y axis: SI (sec)±SEM (n=4-5). 
 
Electrophysiology analysis to establish functional connectivity between IL and BLA 

We sought to verify function of Cre-dependent Gi-DREADD virus by utilizing 

whole-cell voltage clamp recordings from mCherry+ IL cell bodies in hsyn-DIO-GiD-

IL/CAV-Cre-BLA injected animals. Ten minutes’ perfusion of 500 nM CNO 

significantly reduced the number of action potentials generated by a 10 s current injection 

of 100 pA (t-test, p = 0.0055, t = 7.203, df = 3) (Figure 21). Resting membrane potential 

was unaffected by CNO application (t-test, p = 0.3948, t = 0.9909, df = 3) (Figure 21C). 

These data indicate functional connectivity between IL cell bodies and terminal fields 
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CNO treatment. The membrane potential during baseline and CNO treatment remains 

comparable. 

 
Figure 21:  
Functional connectivity between IL and BLA terminals was validated by whole-cell 
voltage clamp recording. 

(A-B) Whole-cell voltage clamp recording shows that bath application of CNO (500 nM) 
decreases the number of AP in hsyn-DIO-GiD+ rats when compared to baseline. (A) 
Electrophysiological traces showing AP during baseline recording and CNO treatment. 
(B) The graph shows that number of AP is significantly reduced with CNO (n=3 cells). * 
indicates Student’s t test, p=0.006. X axis: Treatment condition, Y axis: Number of action 
potentials. (C) The membrane potential is comparable during baseline and CNO 
treatment. X axis: Treatment condition, Y axis: Membrane potential (mV). Black color 
represents baseline, purple color represents CNO (500 nM).  
 
Percent inhibition of SoFiA expression 

I found a significant main effect of virus and a significant virus X CNO 

interaction {2 way RM ANOVA (F 2,10)=5.018, P=0.0310 and (F 4, 20)=3.624, P=0.0223 

respectively}. The data show that the percent inhibition was negligible in the control 

virus+ rats when injected with CNO (≤ 0.5 mg/kg BW CNO). In the Dreadds+ group 

(both Cre-independent-GiD+ and Cre-dependent-GiD+), 0 mg/kg CNO did not display 

any significant difference in percent inhibition. In both Dreadds+ groups, however, the 

percent inhibition for both 0.25 mg CNO (Tukey’s p≤0.0098 and p≤0.0246 for Gi-D and 

Cav-Cre, respectively), and 0.5 mg CNO (Tukey’s p≤0.0139 and p≤ 0.0023 for Gi-D and 

Cav-Cre, respectively) doses were significantly different from control virus. Animals 
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receiving 0.25- and 0.5 mg CNO showed equal levels of inhibition nearing 100% with no 

significant difference between each other at these two CNO doses (Figure 22).  

Overall, the findings that equal or comparable effects of percent inhibition on 

SoFiA expression by two doses of CNO suggests that inhibiting a subset of IL projections 

to BLA appears to mediate similar effects as that of inhibition of pan IL neurons.   

Figure 22: 
Percent inhibition of 
SoFiA expression. 
This graph was 
generated using data 
from SoFiA expression 
in hyn-DIO-GiD+, 
CAMKII-Gi-D+ and 
CAMKII-control+ rats 
(see figure 20). 
Initially, mean SI 
values of ST8, ST10 
and ST12 (the days pre- 
and post- CNO 
treatment) were 
calculated. Then ST1-
SI was subtracted from 

this mean to obtain the SoFiA expression value. The SoFiA inhibition was calculated by 
subtracting the SI time on the CNO treatment day from the SoFiA expression. Inhibition 
was expressed as a percentage of the SoFiA expression. 

[SoFiA Expression =Average SI(ST8+ST10+ST12)-ST1SI 
Inhibition=Expression value-CNO treatment SI 
Percent inhibition or SoFiA expression % inhibition=Inhibition / SoFiA 
expression X 100.] 

The CAMKII-GiD exhibited 97% and 92% inhibition at a lower (0.25 mg/kg) and higher 
(0.5 mg/kg) CNO doses, respectively when compared to 11% inhibition with vehicle. The 
hsyn-DIO-GiD exhibited 82% and 107% inhibition at a lower (0.25 mg/kg) and higher 
(0.5 mg/kg) CNO doses, respectively when compared to 15% inhibition with vehicle. The 
CAMKII-GFP control exhibited 5% inhibition at both lower (0.25 mg/kg) and higher (0.5 
mg/kg) CNO doses, when compared to -4% inhibition with vehicle. X axis: CNO doses, 
Y axis: SoFiA expression percent inhibition. 
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Inhibition of IL results in disruption of SoFiA acquisition 

SoFiA acquisition is a critical step that precedes SoFiA expression. Once I had a 

clear understanding of whether and how IL was involved in SoFiA expression, the next 

step was to focus on the role of IL in SoFiA acquisition. To address this question, I 

expressed CaMKIIa-hM4D(Gi) (Figure 23, Figure 24A) in rat vmPFC (IL). After 5-7 

weeks, animals were used for behavioral testing and were divided into two groups based 

on treatment. Following baseline and BLC days, one group received CNO while the other 

received vehicle injections, systemically. The data show significant main effect of social 

training days and a significant interaction {repeated measures two-way ANOVA, (F 6, 

60)=49.96, P<0.0001 and (F 6, 60)=5.222, P=0.0002, respectively} (Figure 25). Following 

baseline day, both groups displayed BLC effect until ST4, after which the vehicle group 

acquired and expressed SoFiA (seen as significant increase in SI time compared to ST2, 

Dunnet's p≤ 0.0012). However, the CNO group continued to exhibit anxiety-like behavior 

(seen as significant decreased in SI time from baseline SI, Tukey's p≤ 0.0074) at ST5. On 

replacing CNO with vehicle, this group started to mimic the other group and exhibited a 

delayed SoFiA behavioral profile. Animals started to display significant increase in SI time 

by ST10 and ST11(Dunnet's p≤0.0012).  
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Figure 23: 
Schematic representation of the experimental design for inhibition of IL disrupting SoFiA 
acquisition. 
Schematic showing the experimental design used in this study. CAMKIIa driven Gi-D 
virus was injected into the IL bilaterally at a specific bregma level mentioned here. 5-7 
weeks after virus injection, the animals were used for behavior testing following SI-hab 
protocol. The details of the experimental protocol are in a tabular form (top of the figure). 
Gi-D+ animals were divided into two groups based on the treatment. One group received 
CNO injections while the other group received vehicle injections between ST1 and ST5. 
CNO was replaced with vehicle injections between ST6 and ST11. CNO or vehicle were 
administered intraperitoneally 30 minutes before SI test. Most of the SI-hab protocol 
followed remains the same as described earlier.  
 

5-7 weeks

i.p. veh or CNO inj (0.5 mg/kg)

30 mins Behavior
SI testing
(5 mins)

IL (bilateral)
DV: -5.00
AP: 3.2
ML:0.5

IL

Inhibiting mPFC (IL) disrupts SoFiA expression 

CaMKIIa-hM4D(Gi)-mCherry [Gi-D] (CRE independent)

CNO/veh
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Figure 24: 
Representative images of mCherry expression profile and injection site in the IL of 
CAMKII-GiD+ rats. 
 (A-C) The representative IHC images showing mCherry expression in the IL of 
CAMKII-GiD+ rats. The red arrows point to mCherry+ cells colocalized with the DAPI 
(blue), which marks the nucleus. The images were taken at (A & C) 2.5X and at (B) 10X 
magnifications under a compound (epifluorescence) microscope (n=5-6). (D) 
Representative image of the injection site at IL of CAMKII-GiD injected rats at the 
following bregma level (DV: -5.00 mm, AP: 3.2 mm & ML: +/-0.5 mm) (Right panel). 
The red color indicates the spread of mCherry expression at the injection site for all 
animals (n=5-6).  

20 XmCherry

2.5 X 10 X

CAMK-GiDCAMK-GiD mCherryB.A.

D.mCherry CAMK-GiD
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Figure 25: 
Chemogenetic 
inhibition of IL 
disrupts SoFiA 
acquisition. 
Inhibiting IL 
disrupted SoFiA 
acquisition, which 
manifested as 
significant decrease 
in SI time between 
ST1 and ST5. The 
graph shows that the 
vehicle group 
exhibited SoFiA 
acquisition and 
expression by ST5, 
but the CNO group 
did not. The CNO 
injected animals are 
not able to override 

anxiety even in the presence of a familiar partner, unlike the vehicle group. However, on 
replacing CNO with vehicle between ST6 and ST11, these animals exhibited significant 
increase in SI time by ST 10 and mimicked the vehicle group. First vertical solid line 
indicates baseline day with no injection and baseline SI recorded under Dim light and Nov P 
(as mentioned in the rectangular box). Rectangular box shows the partner profile, lighting 
condition (either dim or anxiogenic stimulus, BLC), treatment (no injection, CNO or vehicle 
injection) along with the symbols {e.g. filled square (red) and (grey) boxes indicate CNO and 
vehicle treatment, respectively}. * indicates significantly different from ST2, Dunnet's 
p≤0.0012. ** indicates significantly different from baseline Tukey's p≤0.0074. X axis: Social 
training days. Y axis: SI (sec) time±SEM. 
 
Does CNO alter social recognition in CAMKII-GiD+ rats? 

Social recognition memory is an essential component of SoFiA acquisition and 

expression. I have consistently observing that there is a significant decrease in SI time 

following CNO (≤1.0 mg/kg BW) administration. Based on these findings, the question I 

asked was whether these animals exhibited low SI time because CNO affected their 

ability to recognize a familiar partner as familiar. I believed it is important to determine 

whether CNO affected the social memory and cognition of the test rats.  
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To address this question, I performed the social recognition test (short-term) with 

CAMKII-GiD+ (Gi-D) and CAMKII-EGFP+ (control virus) injected rats using a three-

chambered box. Social familiarity is established through multiple exposure (e.g. four 

exposures) to a partner, after which a novel partner is introduced in the same arena. 

Systemic CNO injection was administered before the fifth exposure. The test animals 

could freely access either the novel or the familiar partner and duration of time spent 

investigating either of them was recorded.  

The data showed no significant difference in SI time between the NP and FP in 

both control and Gi-D rats (Figure 26). Animal with intact social recognition generally 

prefers interacting with the novel partner. Although there is a trend in the Gi-D+ group 

but the data from control virus is inconclusive.  

Figure 26: 
Effect of 
CNO on 
social 
recognition 
of control+ 
and 
CAMKII-
GiD+ rats. 
Neither of 
the virus 
groups 
exhibited 
any 
significant 
preference 
for novel 
partner over 

familiar one. The black and grey bars indicate familiar (FP) and novel (NP) partner, 
respectively. X axis: Social training days; Y axis: SI (sec) time ± SEM (n = 7-9).  
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Summary of Results 

This study was able to identify an effective CNO dose range (≤1 mg/kg) with 

little or no off-target effects while using SI-hab protocol. Higher CNO dose (3 mg/kg) 

displayed off-target effects and blocked BLC effect, unlike the lower doses. The findings 

displayed that chemogenetic inhibition of IL resulted in disruption of SoFiA expression, 

and removal of this inhibition restored the SI time to the baseline SI, thus mimicking the 

pharmacological inhibition study using muscimol. This successful replication was 

important for advancement to subsequent experiments of the present study.  

I also show that inhibiting the terminals of IL projections in the BLA of CAMKII 

driven Gi-D+ rats led to disruption of SoFiA expression but not in the CAMKII driven 

EGFP control+ rats. Replacing intracranular CNO with vehicle injections reversed the 

behavior, suggesting removal of the inhibition could restore anxiolysis expression in the 

Gi-D+ rats. It is important to note that all IL terminals, including the ones that projected 

to other brain regions, were inhibited in this study, and this could be a limiting factor.  

In order to circumvent the above-mentioned limitation, I employed intersectional 

chemogenetics (i.e. Cre dependent inhibitory DREADDs) along with regular 

chemogenetics (i.e. Cre independent inhibitory DREADDs).  

The data showed that inhibiting a subset of IL projections into BLA and inhibiting 

the whole set of IL projections both led to disruption in SoFiA expression. The 

quantification data showed that similar levels of inhibition in both Dreadds+ (Cre 

dependent- and Cre independent- inhibitory DREADDs) groups i.e. the one mediated via 

subset of IL efferents projecting to BLA were similar to that of the whole set of IL 

projections.  Comparable levels of percent inhibition of SoFiA mediated by subset of IL 
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projections and pan IL neurons were observed, validating the finding that the subset of IL 

efferents to BLA is required for SoFiA expression.  

Additionally, functional connectivity between IL and BLA was established 

through the whole-cell current voltage clamp study.  

I also show that chemogenetic inhibition of IL disrupted SoFiA acquisition and 

removal of this inhibition restored both SoFiA acquisition and expression in a delayed 

fashion (Figure 27). The social recognition data were inconclusive, and the effect of CNO 

on the social recognition test should be repeated in a fresh cohort of animals before 

drawing any conclusions.  

Figure 27: 
IL-BLA pathway plays a pivotal role 
in SoFiA expression. 
Schematic showing summary of the 
findings. Projections from IL to BLA 
play an important role in SoFiA 
expression.  Red circle indicates mPFC 
(IL), brown circle indicates amygdala 
(BLA) and the red arrow indicates the 
IL-BLA pathway. 

  

mPFC (IL)

Amygdala (BLA)
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CHAPTER 5: MOLECULAR MECHANISM UNDERLYING SOFIA 

Introduction to Neural activity regulated gene (NARG) assay 

Neural activity regulated gene (NARG) assay is an elegant and robust way to 

analyze multiple gene expression on a single tissue of interest has been designed by the 

group.   

In order to identify genes that are expressed in response to neural activity in 

regions of interest (i.e. brain regions related to “anxiety” construct) I employed this 48 

wells RT-PCR assays with custom designed Taqman® Microfluidic Card array 

technology. This innovative technique can screen for multitude of genes, which are 

known to be expressed in response to neural activity including immediate early genes 

(IEGs). Screening multiple IEG simultaneously reduces the potential of false negatives (a 

well-known limitation of traditional techniques such as c-Fos). The technique allowed for 

the identification of genes related to specific type of stimulation as well as functional 

consequences of neural activity (Table 1).  

Table 1: 
Neural activity regulated genes (NARG) related to specific pathways 
 

 

Results: NARG analysis  

Our NARG data demonstrates that 20 out of 36 genes were significantly altered 

with anxiety stimulus, social familiarity and SoFiA. Expression patterns of transcripts in 

Specific type of stimulation
NMDA L-type VDCC Synaptic Ca2+

influx
Mef2, BDNF

Functional consequence of 
gene expression 

Enhancement
of inhibitory 
synapses 

Zif/268, Ptgs2, 
tPa, Erk2

Enhancement
of excitatory
synapses 

Downregulation
of excitatory
synapses 

Erk1

Homer1a, tPa,
Ptgs2, CPG15, 
Zif/268, MHc1

Arc, Arcadlin,
CPG2, Snk

Mef2, NPAS4,
NARP
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neuronal plasticity and neuronal growth were significantly altered. For example, 

expression patterns of mRNA transcripts of genes associated with plasticity (Arc), 

transcription factors (Atf2), neurotrophic factor (Bdnf), transcriptional regulators in 

synaptic plasticity (Egr) were significantly altered. Some important neuronal plasticity 

markers such as FosB, Egr1 and were significantly altered in the SoFiA group in 

comparison to the other three groups.   

 
Figure 28: 
Anxiety stimulus altered NARG expression (Bdnf, Nptx2 and Nrn1) in basolateral 
complex. 
Anxiety stimulus altered expression of Bdnf, Nptx2 and Nrn1 transcripts in the basolateral 
complex. Expression patterns of 20 out of 36 genes were significantly altered. Three 
NARG were altered with anxiety (Anx) stimulus but did not exhibit any interaction 
effect. Results show that expression patterns of transcripts in neuronal plasticity and 
neuronal growth were significantly altered. Y axis indicates linear representation of fold 
change (2ÙddCt), and X axis represents mRNA transcripts. Statistics used was two-way 
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ANOVA (F 3,57)=8.24, P=0.000. * indicates significant difference between Anx- vs Anx+ 
group. + indicates significantly different from SF+ group. 
 

 

Figure 29: 
Combined effect of anxiety and social familiarity altered NARG in basolateral complex 
(BLCx). 
NARG assay indicated transcripts that were either upregulated or downregulated with 
anxiety stimulus, social familiarity and combined effect of both the factors (i.e. SoFiA). 
Expression patterns of 20 out of 36 genes were significantly altered with anxiety 
stimulus, social familiarity and SoFiA. Results from NARG analysis show interaction 
effect (18 NARG), main effect (10 NARG), interaction (5 NARG), No interaction (3 
NARG).  
Main effect of anxiety (8 NARG) with interaction (3 NARG), main effect of SF (2 
NARG) with interaction effect (2 NARG). Y axis indicates linear representation of fold 
change (2ÙddCt), and X axis represents mRNA transcripts. Statistics used was two-way 
ANOVA (F 36,247)=4.65, P< 0.0001. * indicates significantly different from control group. 
+ indicates significantly different from SF+ group. # indicates significantly different from 
Anx+ group. ‡ indicates significantly different from all other groups.  
 
Summary of Results 

NARG assay could successfully identify transcripts whose expressions were 

significantly altered in response to anxiety, social familiarity and SoFiA in BLCx. 
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Neurotrophic factors, (Bdnf), Nptx2 and Nrn1 were significantly altered. For example, 

expression patterns of mRNA transcripts of genes associated with plasticity (Arc), 

transcription factors (Atf2) and transcriptional regulators in synaptic plasticity (Egr) were 

significantly altered. 
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CHAPTER 6: GENERAL DISCUSSIONS AND FUTURE DIRECTION 

Discussion 

Anxiety allows assessment of the environment with minimal exposure to potential 

threats and hence it is critical for survival of animals. Persistent hypervigilance and 

extended hyperarousal appear to result from overestimating the potential for threat in 

ambiguous situations. This sustained state of hyperarousal manifests as uneasiness, 

hypervigilance and ruminations in humans (Sylvers, Lilienfeld, & LaPrairie, 2011). Fear 

and anxiety can facilitate actions that help in survival, safety and well-being in normal 

healthy individuals. Both fear and anxiety are primitive emotions, which preserve life; 

however, these adaptive behaviors can become trait-like characteristics of an individual, 

leading to physically (e.g. cardiovascular disease) and psychologically (e.g. agarophobia) 

destructive conditions. 

Anxiety disorder is one of the most common mental illnesses in the USA and 

across the globe. Treatment of anxiety disorder is mostly focused on a relatively non-

specific treatment regime and includes cognitive behavioral therapy (CBT) and/or 

anxiolytic medications (e.g. benzodiazepines, antidepressants or beta blockers).  

CBT is an evidence-based psychological treatment, which incorporates exposure 

therapy where patients slowly confront objects or situations evoking anxiety and as they 

start facing their fears during multiple exposure sessions, this eventually leads to 

decreased anxiety response each time. The social bond between the client and the 

therapist, known as the therapeutic alliance, which strengthens with increasing number of 

sessions is one of the key determining factor for success of these therapies (Crits-

Christoph, Gibbons, Hamilton, Ring-Kurtz, & Gallop, 2011; Hersoug, Hoglend, Gabbard, 
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& Lorentzen, 2013; Jaycox, Foa, & Morral, 1998; Martin, Garske, & Davis, 2000). 

Clients with high levels of perceived social support, or attachment styles favoring secure 

perception of social support, increases positive outcomes of psychotherapy (anxiolysis) in 

contrast with low perception of social support (Dour et al., 2014; Levy, Ellison, Scott, & 

Bernecker, 2011; Price, Gros, Strachan, Ruggiero, & Acierno, 2013). Even in cases of 

extreme pathological anxiety such as PTSD, the most effective therapies are exposure-

based interpersonal or group therapies, and success of these treatments are dependent on 

perceptions of social support (Price et al., 2013). Social support helps to reduce or 

extinguish anxiety (i.e. anxiolysis) through safety learning. Alleviation of anxiety through 

social familiarity is well documented but very little is known about the mechanisms and 

the neural circuits that regulate it.  

Despite some challenges around preclinical modeling of social familiarity induced 

anxiety reductions (i.e. anxiolysis), two studies have successfully been able to model it in 

rats (Lungwitz et al., 2014; Truitt et al., 2007). Social familiarity induced anxiolysis 

(SoFiA) is a psychosocial learning paradigm established in male rats and required an 

intact IL (Lungwitz et al., 2014). Lesion of BLA interneurons led to increased anxiety 

and social familiarity could not override this effect has implicated involvement of BLA in 

SoFiA expression (Truitt et al., 2009).  

The present work focused on elucidating the neural circuit that regulates SoFiA 

acquisition and expression.  

In order to assess the function of neuronal circuit connections it is important to 

block the synaptic communication between neurons in a rapid, reversible and in a cell-

specific method. Chemogenetic silencing of axon projections can block local synaptic 
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function and action potential transmission in axons expressing inhibitory DREADDs. 

These Gi-DREADD receptors can pass through the targeted site to more distal regions of 

the brain, equivalent to a cell-type specific “reversible knife cut” (Stachniak et al., 2014). 

The designer receptor hM4Di is a modified form of the Gi-coupled human muscarinic 

receptor 4, which responds to exogenous ligand CNO.  

Presently there had been concerns about off target effects of CNO as data 

provides evidence that CNO does not cross the blood-brain barrier (BBB) following 

systemic injections and shows low affinity for DREADDs. Additionally, CNO gets 

rapidly converted to clozapine that displayed higher potency as well as higher affinity for 

DREADDs (Gomez et al., 2017). Clozapine quickly penetrates BBB and binds to 

DREADDs more potently than CNO (Armbruster, Li, Pausch, Herlitze, & Roth, 2007). 

The study investigating DREADD-specific behavioral responses and discovered that 

clozapine (0.1 mg/kg dose) significantly blocked the behavior in hM4Di+ rats but not in 

controls. The magnitude of this effect was comparable to that induced by CNO (10 mg/kg 

dose) (Gomez et al., 2017). It is important to note that the metabolite clozapine reaches 

maximal CSF concentrations at 2 to 3 hours after systemic CNO injection, which is an 

important window of time when optimal behavioral effects of the drug could be expected 

(Gomez et al., 2017). Overall this led to a conclusion that clozapine is the major 

contributing factor for DREADDs activation following systemic CNO injections. 

Although the growing consensus is that it would probably be best to switch to low-dose 

clozapine instead of CNO thereby eliminating potential irregularity in CNO metabolism 

and thus clozapine dosing, there are some potential limitations to this approach (Mahler 

& Aston-Jones, 2018). Also, clozapine is an antipsychotic drug that’s acts on numerous 
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endogenous receptors adding to another layer of complexity by increasing the possibility 

of off-target effects. Taking all these facts into consideration I decided to stick to CNO, 

the one that had been successfully used with adequate control experiments so far in the 

field.  

The first step was to titrate the CNO dose in non-DREADD expressing animals 

and I was able to identify an optimal dose of CNO that could effectively evoke anxiety-

like behavior i.e. signature BLC effect. In this study, lower systemic doses of CNO 

(≤1mg/kg BW) administered 30 minutes before SI test, evoked signature BLC effect 

without any off-target effects (Figure 11). While using CNO, the common consensus in 

the field is that both timing of the drug administration and adhering to lower CNO doses 

are the two important factors. For most of the experiments I used two different CNO 

doses (0.5 mg/kg and 0.25 mg/kg) for systemic injections (Figure 11-26). Multiple 

studies have reported using lower CNO dose (1mg/kg) administered 30 minutes before 

behavioral assay is able to acutely activate DREADDs in behavioral assays. Multiple 

studies have performed behavioral studies 30 minutes post systemic administration of 

CNO and half-life of CNO is 60 minutes (Alexander et al., 2009; Guettier et al., 2009; 

Jendryka et al., 2019). Study have shown that 3µM CNO is sufficient to induce maximal 

suppression of this circuit (Stachniak et al., 2014). For intracranial study I used 3µM 

CNO and for electrophysiology study 500 nM CNO (Figure 21) was used (Anaclet et al., 

2015).  Microinjection of CNO (Figure 17) into IL helped achieve spatio-temporal 

control of neuronal activity in a reliable and precise fashion.  

Data from chemogenetic experiments indicate that IL plays a pivotal role in both 

SoFiA acquisition and expression. Chemogenetic inhibition of IL significantly disrupted 
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both the acquisition and expression (Lungwitz et al., 2014) of SoFiA (Quirk, Russo, 

Barron, & Lebron, 2000). Systemic CNO injections in CAMKII-GiD+ rats blocked 

acquisition and expression of SoFiA but not in the CAMKII-control+ rats. Replacing 

CNO with vehicle restored SoFiA expression (Figure 14) and delayed the process of 

SoFiA acquisition and hence expression (Figure 25). The intracranial study provides 

strong evidence that IL efferents to BLA are involved in SoFiA expression. Intracranial 

CNO applications at the IL terminals in BLA significantly disrupted SoFiA expression in 

the CAMKII-GiD rats but not in control (Figure 17). Replacing CNO with vehicle could 

restore the SoFiA response. The restoration phase is sometimes gradual (Figure 14) 

suggesting that the inhibition of this pathway could have altered some signaling pathway 

that interferes with immediate restoration. Overall, the data strongly indicate involvement 

of IL-BLA pathway in the expression of SoFiA (Christianson et al., 2012; Lungwitz et 

al., 2014; Marek, Strobel, Bredy, & Sah, 2013; Truitt et al., 2007; Yassa, Hazlett, Stark, 

& Hoehn-Saric, 2012). 

On the basis of the initial chemogenetic data indicating involvement of IL neurons 

in SoFiA expression, my next step was to identify (or confirm) whether IL projections to 

BLA, specifically, had any underpinning role here. Here I also compared the effect of 

inhibition of a subset of IL projections to BLA with that of all IL projection neurons. In 

addition to BLA (Bloodgood et al., 2018) IL projects to CeA, intercalated nucleus of 

amygdala (McDonald, Mascagni, & Guo, 1996), BNST and hypothalamus (Vertes, 2004) 

to name a few. Hence, it was critical to target IL neurons projecting specifically to BLA. 

Effects of inhibiting IL neurons and IL neurons projecting to the BLA were examined by 

standard (Cre independent) and intersectional (Cre dependent) chemogenetic strategies. 
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For this experiment, I employed three different virus groups namely the control 

(CAMKII-GFP)+, Gi-Dreadds+ (Cre independent/ CaMKIIa-GiD) and DIO-CAV Cre 

(Cre dependent), which allowed to specifically target IL efferents projecting into BLA. 

However, the Cre independent/ CaMKIIa-GiD+ group labeled all the IL projection 

neurons and not just a subpopulation like the DIO-CAV Cre. Laminar specific mCherry 

expression was observed in the IL of DIO-CAV Cre+ group, with robust expression of 

mCherry in corcital Layers 3 through 5. This suggests that Cre-dependent inhibitory 

DREADDs (DIO-CAV2 Cre) had differential expression pattern compared the Cre-

independent one. This could be due to difference in the promoters within the viral 

construct (Watakabe et al., 2017). 

Overall, the present findings indicate that inhibiting a subset of IL efferents 

projecting to BLA as well as whole set of IL projections result in disruption of SoFiA 

expression. This suggests that subset of IL neurons that project to BLA are required for 

SoFiA expression. Further investigation is required to determine whether or not this is 

sufficient to SoFiA expression.  

It is possible that IL receives anxiety information from BNST, which perceives 

the anxiety signal (c-Fos data, Figure 5-6) via subregions of amygdala (e.g. CeA). The 

posterior BNST c-Fos data suggests that it is likely that pBNST is involved in perception 

of sensory signal, which in this case is the anxiety stimulus (Dong, Petrovich, & 

Swanson, 2001; Walker, Miles, & Davis, 2009; Yamamoto, Ahmed, Ito, Gungor, & Pare, 

2018). The inter-relay of information among BNST, BLA and IL is still unknown. Once 

could hypothesize that each of these regions have distinct functions and relay the 

information depending on roles they play, within the circuit but each of the model is far 
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from simple and resolving it would require dedicated effort (Figure 30). Taking into 

consideration how SoFiA response comprises of different constructs, it is probably 

reasonable to hypothesize that these brain regions relay information in a reciprocal 

fashion to mediate SoFiA response. It is possible that BNST receives projections from 

BLA (Dong et al., 2001). BLA has been implicated in regulation of anxiety and 

emotional memory (Davis, 1994; McGaugh, McIntyre, & Power, 2002). Inhibiting and 

activating BLA decreases and increases anxiety-like behavior. There are evidences 

showing that amygdala is a critical region for regulating anxiety responses in both human 

and animal studies.  

Our data also showed that the percent inhibition of SoFiA expression was 

negligible in control virus+ rats but was significantly different in both the Gi-Dreadds+ 

group. Gi-Dreadds+ animals that received 0.25- and 0.5mg/ kg BW CNO exhibited equal 

levels of inhibition nearing 100% with no significant difference between each other at 

these two CNO doses. Data indicating that equal or comparable effects of percent 

inhibition on SoFiA expression mediated by two different doses of CNO, suggests that 

inhibiting a subset of IL projections to BLA appear to mediate similar effects as that of 

inhibition of whole set of IL projection neurons.  

Our electrophysiological analysis suggested that there was functional connectivity 

between IL cell bodies and terminal fields within BLA. I also found that activity of IL 

cells expressing Gi-Dreadds was reduced by CNO. Number of APs were significantly 

reduced in whole-cell voltage clamp recordings from mCherry+ IL cell bodies in 

DIOIL/CAVBLA injected animals following bath application CNO. This diminished 

neuronal activity is possibly due to activation of G-protein inwardly rectifying potassium 
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(GIRK) channels. When hM4Di-DREADD is stimulated by CNO, GIRK channels are 

activated that results in hyperpolarization and thereby resulting in diminished neuronal 

activity (Armbruster et al., 2007).  

The molecular pathways that might have been altered in SoFiA expression 

involves neurotrophic factor, Bdnf that is known to increase expression of Nptx2. Nptx2 

also known as Narp (neuronal activity regulated pentraxin), expression of which was 

significantly altered in basolateral complex. Overexpression of Nptx2 in hippocampus 

attenuates stress-induced anxiety. Hippocampal Nptx2 plays an important role in anxiety 

regulation, progenitor cell proliferation and expression of genes related to glucocorticoid 

response (Chang et al., 2018). Nptx2 reverses the expression of genes related to 

glucocorticoid response after stress. Nptx2 plays a critical role in maintaining circuit 

inhibition/excitation (I/E) balance via recruitment of fast-spiking interneurons (Pelkey et 

al., 2015). These suggest that hippocampal Nptx2 is potentially mediating anxiolysis. 

Whether increased expression of Bdnf and Nptx2 in BLCx (Figure 28, Figure 29) 

following SoFiA acquisition and expression is a consequence of anxiety stimulus that 

leads to activation of some molecular marker in the anxiogenesis/anxiolytic pathway 

needs further investigation. 
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Figure 30: 
Hypothetical model of neural circuits involved in SoFiA expression. 
Illustration of a hypothetical model showing that anxiety stimulus (Anx) is either directly 
perceived by IL or by BLA. There is another possibility that the anxiety stimulus could 
possibly go to IL via pBNST. The cFos data suggests that it could possibly go to IL 
through pBNST. There is a possibility that IL directly receives social memory/familiarity 
(SF) related to information from hippocampal subregions (e.g. CA1 or CA2). The cFos 
data from CA2 is not significant suggesting that there is a possibility of other 
hippocampal regions such as CA1 playing a potential role in the context of relaying the 
SF information to the IL. The IL projections to BLA are potentially involved in 
anxiogenesis circuitry and plays a key role in expression of anxiolysis. The symbol ? 
indicates hypothesis needs further investigation. Red: anxiety, Blue: SF, Grey 
arrows/Purple colored symbol ?: role unknown.  
 

Our hypothetical model illustrating that IL receives Anx and SF related 

information from BNST and hippocampus, respectively (Figure 30). The BNST 

subregion (pBNST) perceives anxiety related information and can possibly send it to IL 

directly or may send it to BLA. There is another possibility that information related to 

anxiety stimulus may go to BLA, which would then send it to CeA that is the output 

nucleus of amygdala. It is also possible that the information received by BLA is sent to 

some other nucleus before being sent to CeA but these pathways needs thorough 

investigation.  
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There is another possibility that anxiety related information could be perceived by 

some other region, before being sent to the IL. Following this, the information received 

by IL is sent to BLA, which then could possibly send the information either to CeA or 

hippocampus or to IL. The hippocampus may be involved in communicating this 

information either to CeA or to IL that in turn communicates to CeA.  

Future Directions 

For future directions, BNST-IL as well as BNST-amygdala interactions in the 

context of processing anxiety signals, and how this may potentially contribute to the 

anxiety construct would be worth exploring. One way could be inhibiting either of these 

pathways or both pathways, using Cre-dependent inhibitory DREADDs and investigate 

their effect on SoFiA expression. If these pathways are critical, one would expect 

disruption in SoFiA expression.  

Another important component would be to explore SoFiA acquisition phase. It 

would be interesting to resolve this phase and understand whether IL mediates its effect 

through any of these regions namely BLA, anterior BNST, or hippocampus.  

Additionally, insights into key structures for social familiarity construct that 

interacts with IL would be vital. CA1 would be a strong candidate in this context.  

Further in-depth study with the NARG result could provide better understanding 

and help identify region-specific markers that could be targeted in future studies.  

Also, other behavioral assay to assess anxiety-like behavior is worth exploring. 

Elevated plus maze (EPM) is one such anxiety assay that utilizes rodent’s avoidance 

towards openness. It would be interesting to replicate chemogenetic experiments using 

both EPM and SI open field test and compare the behavioral result. There is a possibility 
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that the social recognition data was confounded because these animals were subjected to 

multiple experimental days before they were used in this study. It will be interesting to 

repeat this experiment with a fresh cohort of animals and optimize this behavioral protocol.  

Finally, neuroimaging studies in rodents to explore the structural and functional 

connectivity of brain regions could provide better understanding of circuits in future.  

Conclusions 

The data from this study have successfully shown that IL is critical for SoFiA 

acquisition and expression, and that IL efferents to BLA are involved in SoFiA 

expression. Although these are two novel findings from the current study, knowledge 

about the circuitry and other potential brain regions underlying SoFiA are far from 

complete. In the present study, I addressed some of the potential molecular markers in 

SoFiA, however exploring this furthermore would provide a better insight into the 

process.  

The study has established SoFiA as a social safety learning model (Lungwitz et 

al., 2014) where safety learning is induced through social support and the animals learn to 

suppress anxiety in the presence of a socially familiar partner. Present study has provided 

sufficient evidence to support that IL and its efferent pathways are critical for SoFiA 

expression. It is not clearly understood whether regulation of this specific IL-BLA 

pathway would be sufficient for SoFiA acquisition and expression. It would be 

interesting to investigate how dysregulation of this specific pathway underlying SoFiA 

would contribute to pathological conditions. The knowledge of this specific emotion 

control circuitry is still not fully known, and how breakdown of this regulation that can 

occur during pathological diseases is not fully understood. Most research models have 
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focused on the related control of fear behavior and fear extinction, making studies into 

the regulation of emotions such as anxiety, a clear target for better understanding. The 

model of SoFiA is one step towards a better understanding of this network and finding 

new ways to create more targeted treatments for people with psychosocial deficits.  
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