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Abstract

Evaluating and coping with stressful social events as they unfold is a critical strategy in
overcoming them without long-lasting detrimental effects. Individuals display a wide range of
responses to stress, which can manifest in a variety of outcomes for the brain as well as
subsequent behavior. Importantly, how an individual responds during the initial stress exposure
has the potential to shape future behaviors and susceptibility to stress-related disorders.

Chronic Social Defeat Stress (CSDS) in mice has been widely used to model individual variation
following a social stressor. Following a course of repeated intermittent psychological and
physical stress, mice diverge into separate populations of social reactivity: Resilient (socially
interactive) and Susceptible (socially avoidant) animals. A rich body of work reveals distinct
neurobiological and behavioral consequences of this experience that map onto the resilient and
susceptible phenotypes. By contrast, we have less insight as to when and how the individual
differences in social stress reactivity arise. In this thesis, we therefore sought to answer two
questions: 1) when and how do individual differences to reactivity to social stress arise and 2) are
there distinct patterns of neural network activation during the initial stress exposure that predict
resilient and susceptible outcomes?

To address these questions, we focused on behaviorally characterizing resilient and
susceptible mice before, during, and following CSDS. We found that behavioral coping
strategies used by the mice early on during their initial social stress encounter can distinguish
animals that will eventually be classified as resilient or susceptible. In particular, mice that will

emerge as susceptible display greater escape behavior on Day 1 of social defeat than those that
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will emerge as resilient, indicating early differences in coping mechanisms used between the two
groups. We further show that the final social avoidance phenotype in susceptible mice is specific
to the aggressor strain and does not generalize to conspecifics or other strains, indicating that
threat discrimination is heightened in susceptible mice.

The dilemma in the field has been that the resilience/susceptible classification requires
several days to emerge and defining neural circuit activity on Day 1 that was predictive of future
classification was a major challenge. We used novel mouse technology (termed FosTRAP) to
capture brain-wide neural activation patterns elicited during the initial stress exposure, and to
examine whether they predict the social outcome. We were able to identify selective brain areas
and networks that showed a distinctive social defeat signature, as well as brain regions that were
predictive of coping behavior during the first encounter, and subsequently, the propensity to
develop susceptibility.

Our findings point to the initial experience with a social stressor as a major variable that
impacts both brain and behavior to set the stage for the final social phenotype. The findings
outlined in this thesis provide an important framework for characterizing temporal behavioral
and neural dynamics of the stress response that elicit individual differences in the development

of adaptive or maladaptive social behaviors.
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Chapter 1 Introduction

1.1 Chronic Social Stress and the Development of Affective Disorders

Many social animals, including humans, rely on social interactions as a key source of
survival. How an individual navigates social interactions is highly complex, as one needs to pay
attention to the environmental context, rely on feedback from other social partners, and respond
with appropriate emotional control. While positive social relationships increase overall health
and well-being, negative social relationships can induce highly stressful and vulnerable states,
leading to psychiatric disorders. Therefore, social interactions provide a framework for
uncovering how neural, environmental, and behavioral factors converge to impact reactivity to
social stress.

When negative social encounters are a constant source of stress in the environment, the
propensity to develop vulnerability increases. However, the perception of social stress is often
subjective, and the outcomes can be variable. Prior social experiences play a crucial role in an
individual’s perception of and subsequent response to future social events. Notably, the initial
response often serves as the anchor upon which subsequent similar experiences are built. Acute
stressors are known to facilitate memory of context and habit formation (Schwabe et al., 2022).
For example, in threatening scenarios such as humiliation or bullying, an individual may first
react by either actively confronting the aggressor or taking on a more avoidant state to remain
silent or run-away (Pontillo et al., 2019). This initial reaction has the potential to set the course

for how an individual assesses and reacts to threats in similar future scenarios.



Following the initial exposure, later repeated exposures to social stress can lead to
various outcomes. On the one hand, repeated exposures are perceived as familiar and predictable,
which can lead to adaptive health outcomes, such as the ability to exercise cognitive and
behavioral control under distress. On the other hand, repeated social stress exposure, at the
extremes, can develop into social anxiety disorder or hyper-aggression. In some cases, these
disorders are specific to the social context, but in others, may reflect more generalized affective
and aggressive states.

While the cumulative effects of chronic stress on the brain and body have been well-
studied, less is known about how the initial exposure can shape the final affective state. Early
patterns of responsiveness, such as coping strategies and activation of brain-wide circuits, likely
set the stage for future social reactivity (Palamarchuk and Vaillancourt, 2021; Sinha et al., 2016;
Snyder et al., 2015). Here we ask whether there are predictive elements present early on during

the stress response that act as risk factors in the outcome of stress reactivity.

1.2 Affective Disorders Associated with Sociability are Moderately Heritable

Genetics may provide a basis for predicting how an individual will react under social
stress. Maladaptive social patterns can present either as a specific social anxiety disorder (SAD)
or as a feature in other psychiatric disorders, such as major depressive disorder (MDD),
generalized anxiety disorder (GAD), and panic disorder (PD) (Lydiard, 2001). Studies in multi-
generational families and twins have been useful in estimating the contribution of genetic versus
environmental factors. In these studies, psychiatric disorders that have reduced sociability as a
common feature are known to be moderately heritable (27% for SAD, 37% for MDD, 30%
GAD, 30% for PD) (Hettema et al., 2005, 2001; Sullivan et al., 2000). While these

epidemiological studies indicate that disorders with low and anxious sociability have a genetic



component and biological underpinning, there remains a large proportion of the variance (~60%)
that is attributable to the environment. Therefore, the development of psychiatric disorders and
the biological basis of sociability can be seen as an interaction between genetic and
environmental factors, with environmental factors playing the more dominant role. However, the
contribution of early experience, as opposed to other environmental factors, remains unclear.

In order to uncover the genetic underpinnings of social behaviors, researchers have
focused their efforts on conducting candidate gene and genome-wide association studies
(GWAS). Candidate gene studies are hypothesis-driven and probe whether a single gene or a
small number of genes are implicated in the causes or presentation of a disorder. By contrast,
GWAS are agnostic and use a discovery approach to identify genetic variants across the entire
genome that are associated with a disorder (Duncan et al., 2019). In an example of the candidate
approach, the oxytocin (OTXR) gene and system have been implicated in regulating complex
social behaviors. A meta-analysis of 2 promising OTXR single nucleotide polymorphisms
(SNPs) candidates revealed no meaningful effect on human social behavior (Bakermans-
Kranenburg and van Ijzendoorn, 2014). More broadly, candidate gene approaches for many
psychiatric disorders have not borne fruit, even in highly heritable diseases such as schizophrenia
(Scull, 2022). This approach likely underestimates the heterogeneity and gene x environment
interactions that contribute to complex behaviors associated with psychiatric disease.

Given the heterogeneity of social behavior and associated disorders, it may not be
surprising that GWAS analyses of social anxiety disorders uncovered few if any, SNPs that
significantly associate with these disorders (Bralten et al., 2021; Day et al., 2018; Stein et al.,
2017). Even when analyzing for specific types of social behaviors (social interaction, social

avoidance, social isolation), the heritability estimates were <5% (Bralten et al., 2021). The



limited results are likely due to the fact that GWAS and candidate gene studies are often
hampered by variable sample sizes, low replicability between studies, and differences that arise
from age, sex, and race (Tam et al., 2019). For example, in MDD, a meta-analysis of over a
million individuals was necessary to uncover ~87 significant genes that explain only a small
percentage of the variance (Howard et al., 2019). These studies suggest that while heritable
genetic factors may underlie affective disorders that have a socially avoidant component, they
are likely highly heterogeneous across individuals and families, with multiple paths leading to a
similar clinical outcome. Moreover, genetics may bias social interactions, but they clearly do not
determine them. Consequently, behavioral and environmental factors may be more reliable

predictors of social stress-related disorders.

1.3 Temperament is an Indicator of Future Affective State

Untangling how the environment influences both genetics and behavior may provide a
clearer lens by which to risk factors that contribute to stress reactivity. An individual’s
temperament, or their style of response to challenges in the environment, may play a significant
role in their response to social stress and, therefore, the propensity to develop vulnerability
following stress. Introversion and extraversion are two personality traits that encompass the
larger construct of temperament and form the basis of internalizing and externalizing mental
health disorders. In general, introverted individuals may display neuroticism and negative affect
(fear, shyness, anger, deficits in social skills), while extraverted individuals display positive
emotionality and are reward-sensitive to novel people and situations. (Sanson et al., 2004).
Moreover, these traits map onto internalizing disorders, such as SAD, GAD, MDD, and
externalizing disorders, such as antisocial personality disorder, substance abuse disorders, and

aggression-related disorders. These traits are thought to have a substantial level of heritability,



as they emerge during the early stages of development and have shown to be highly stable over
the lifetime (Heath et al., 1994; Thompson and Lamb, 1982). Indeed, even when controlling for
age, neuroticism and extraversion were significant predictors in whether or not an individual
presented with SAD (Costache et al., 2020). These temperamental tendencies can also be seen in
animals. For example, a rodent model of temperament that uses selective breeding based on
novelty seeking has led to two lines of rats that exhibit several highly contrasting characteristics
that map onto human internalizing and externalizing behavioral profiles(Birt et al., 2021; Clinton
et al., 2011; Flagel et al., 2014; Prater et al., 2017; Stedenfeld et al., 2011; Turner et al., 2017).
Therefore, the individual variation in temperamental traits may provide a key insight into how
sociability is acquired.

In particular, these temperament systems map onto differences in coping behaviors, as
those with an introverted temperament tend to engage in avoidance, while those who exhibit
extraversion tend to engage in active strategies to change or think more positively about the
stress at hand (Rueda and Rothbart, 2009) (See Figure 1.1 for more details). Based on these
findings, temperament and the type of coping response that arises during stress may be features
of heritability that allow for better prediction of social stress reactivity. However, it is important
to note that there is an ongoing interaction between these intrinsic characteristics of temperament
and the surrounding environment; while temperament has an inherent biological basis, its
expression and impact on individual reactivity may be moderated by external societal and
cultural pressures (Sanson et al., 2004). It remains to be seen how these underlying biological
predispositions towards a particular temperament, the environmental context, and experience-

dependent learning all come together to influence stress reactivity.
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Figure 1.1 Temperament Systems, Associated Response Patterns, and Coping Strategies.

Adapted by permission from John Wiley and Sons: New Directions for Child & Adolescent Development.
The Influence of temperament on the development of coping: The role of maturation and experience.
Rothbart and Rueda (2009). DOI: 10.1002/cd.240, PMID: 19536792 © 2009.

1.4 Coping Behaviors May Provide Better Prediction for Stress Reactivity

How an individual evaluates and copes with negative social encounters as they unfold
plays a significant role in overcoming stress without long-lasting detrimental effects. Here we
define coping as the “cognitive or behavioral responses to stressors, intended to remedy a
stressful situation or dampen the emotional response to a stressful situation” (Lazarus &
Folkman, 1984). In humans, Endler and Parker (1990) defined three major types of coping styles
in response to stress: task-oriented, emotional-oriented, and avoidant. Task-oriented focuses on
active problem-solving approach by reframing and reasoning through stress, a feature that has
also been associated with low levels of depression and anxiety. In contrast, anxiety has been seen
to manifest in both emotional-oriented (rumination and negative association of stress) and
avoidance (avoiding the problem) coping styles (Kendler et al., 1991; Parker and Endler, 1990;

Wonderlich-Tierney and Vander Wal, 2010).



For example, individuals with SAD engage in avoidance and safety behaviors when faced
with a social encounter (Hofmann, 2007). During the interaction, safety behaviors are used to
mask anxiety-related behaviors, such as stereotypical movements (‘playing with hair, shaking,
inappropriate emotional reactions). Following the encounter, the individual will ruminate about
the event and exacerbate the negative associations (emotional-oriented coping). This then leads
to avoidance, as the individual will avoid similar social situations in the future (Hofmann, 2007).
These anxious feelings have been shown to be strongly encoded in neural circuits involving
stress and memory (Boehme et al., 2014; Nakao et al., 2011; Savage et al., 2020).

As for the heritability of coping styles, monozygotic twin studies have shown that all
three types of coping styles had varying degrees of heritability, ranging from 30-34% for task-
oriented, 19-35% for emotional-oriented styles, and 0-19% for avoidance (Busjahn et al., 1999;
Kendler et al., 1991; Kozak et al., 2005). Candidate gene studies and genome-wide approach
studies have been used to assess the genetic basis for different types of coping styles but were
often underpowered, leading to mixed results (Dunn and Conley, 2015; Shimanoe et al., 2019).
This suggests that environmental influences account for the majority of the variability in coping
style, primarily influenced by experience unique to each individual (Jang et al., 2007). These
experiences can range from early life stress or previous experiences with stress that influence
threat and fear assessment, which are encoded in the brain (Britton et al., 2013; Pechtel and
Pizzagalli, 2011). How an individual from the same genetic background (such as the
monozygotic twins) engages in different coping responses to influence stress reactivity outcome

may therefore be due to differences in neural circuitry.



1.5 Brain Activity Patterns During Stress Reflect Type of Coping Style

Using functional magnetic resonance imaging (fMRI), researchers have shown that
individual differences in coping styles manifest at the level of neural activity patterns. fMRI
studies allow for investigating neural activity patterns via changes in blood oxygen level
detection (BOLD) signal. In one study, Sinha et al. assessed dynamic neural activity patterns in
an fMRI task in which participants were shown highly aversive images and non-aversive neutral
images in an unpredictable pattern (Sinha et al., 2016). When first shown the aversive images,
increases in brain activity were seen in cortico-limbic regions associated with the traditional
stress response. When images were flashed from stressful to neutral, another distinct temporal
pattern emerged, in which early increases of activation were then followed by reduction,
suggesting a pattern of stress adaptation. This dynamic response pattern was particularly
observed in the vimPFC, indicating that it was a key hub region in this overall emotional and
behavioral control network. Greater flexibility of activation exhibited in the vimPFC strongly
correlated with active coping behaviors in real life. In contrast, lower dynamic activation of the
vmPFC was correlated with maladaptive coping behaviors, such as emotional eating, frequency
of arguments, and alcohol intake. This suggests that early patterns of responsiveness and
adaptation to stress, as seen in the vimPFC, may set the course for the type of coping behavior an
individual uses and, therefore, the propensity to develop vulnerability to social stress disorders.

In sum, some features of coping style are influenced by temperament, which is heritable.
However, coping behavior is also strongly influenced by environmental context and experience.
Even within the same genetic background, such as monozygotic twins, there is significant
variability in coping responses (Busjahn et al., 1999). These differences likely result from

environmental challenges in particular contexts that shape experience and lead to the



establishment of certain habits (Mellins et al., 1996). The initial feedback from stress and the
environment on behavioral and neural activity patterns can color subsequent responses to stress
(Evans and Kim, 2013; Folkman and Moskowitz, 2004; McEwen, 1998a). A single stress
experience may then set the stage for a distinctive neural and behavioral activity pattern that

predisposes the development of either susceptibility or resilience to future stress

1.6 Significant Questions Remain Unanswered to Predict an Individual’s Reactivity to

Chronic Stress

The sections above have reviewed a significant body of work in humans that have
identified differences in genetic, behavioral, and neural mechanisms that contribute to the
manifestation of stress-related disorders. Despite this, we have limited insight into the risk
factors that predict whether an individual is vulnerable and likely to develop a stress-related
disorder such as major depression or anxiety disorders. Here, we summarize the conclusions of
the previous sections and outline the outstanding questions.

e While there is genetic and epidemiological evidence for the heritability of affective
disorders, much of the variance can be attributed to the environment or environment-
by-gene interaction that is brought about by environmental stressors.

o What environmental conditions are necessary to bring about the emergence of
stress-related disorders? Are there characteristics of acute, intermittent, or
chronic stress that are especially powerful in triggering these disorders, and
how do they interact with genetic and developmental factors.

o How do individuals with the same genetic background and family
environment manifest different levels of susceptibility to stress-related

disorders?



e The way that an individual reacts to a stressor is highly dependent on their
temperament and the type of behavioral coping strategy that is deployed during the
stress to elicit future responses.

o Are there coping behaviors that eventually confer higher susceptibility to
stress disorders?

o Can we use behavioral outputs as measurable risk factors for predicting the
development of affective disorders?

e While there are neural correlates with specific brain regions that correspond to
distinct types of coping styles, these markers are often studied after an individual has
significant experience with that class of stress in their daily life.

o Are there patterns of neural activity that predispose to certain early responses
to stress and shape coping strategies?

o Can the neural response during the initial stress experience prime a pattern of
behavior that shapes subsequent responses to the same stressor?

o Does this combination of neural activity and associated behavior shape
vulnerability or resilience to chronic stress?

In brief, what is lacking is a scientific understanding of the role of an early experience in
shaping vulnerability or resilience—i.e., how individual variation in coping styles and neural
circuit activity that arise during the initial stress response set the stage for future reactivity.
Developing a better understanding of the role of the initial response to an experience may lead to
identification of specific behavioral, neurobiological, genetic, or environmental interactions that

are triggered by the stress response to mediate vulnerability outcomes.
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1.7 Importance of Animal Models of Social Stress

Capturing the responses to initial experiences in humans and their subsequent role in
shaping long-term reactivity can be challenging. Animal models of chronic stress allow
researchers to address the interplay between initial experience and long-term reactivity in a
tightly controlled setting to investigate the associated neural mechanisms in greater depth.
Importantly, animal models of individual differences in coping responses to social stress may
reflect elements in the development of human psychiatric disorders.

In vertebrate and invertebrate animals alike, the establishment of hierarchy and territorial
control is associated with physical and psychosocial stress (Gottier, 1968; Lord et al., 2021;
Mason and Mendoza, 1993; Meese and Ewbank, 1973; Williamson et al., 2016). Characterized
by a series of aggressive conflicts, the establishment of dominant and subordinate relationships
arise. However, it is the individual variation in the response and reaction to the environmental
challenge during these encounters that mediate the final state. Below we will describe a series of
studies that explore how differences in behavioral response patterns, neuroendocrine expression,

and neural circuits contribute to social coping and the further development of vulnerability.

1.8 Coping Responses in Rodents

Coping during stress can be seen in a number of social species in addition to humans,
such as fish, primates, pigs, and rodents (de Boer et al., 2017; de Polavieja and Orger, 2018;
Kanitz et al., 2019; Lyons et al., 2010; Wong et al., 2019). This interaction between stress and
coping results from adaptive mechanisms that have been positively selected for through
evolution. Therefore, the success of a coping style is based on its ability to reduce physiological

features of stress and its effectiveness in eliminating the aversive situation (Wechsler, 1995).
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In the laboratory setting, rodent models provide the optimal framework for assessing how
adaptive and maladaptive states arise from different types of coping styles. Koolhaas defines two
overall main coping styles that rodents engage in: active or passive. Active coping (or proactive)
is characterized by behavioral control and a fight or flight response, while passive coping
(reactive) is characterized by low levels of aggression and greater immobility (Koolhaas et al.,
1999). When faced with a threat, an animal with an active response will either engage in the
aggression and fight, or engage in escape behavior, characterized by the rodent fleeing to shelter.
In contrast, animals with a passive response will conserve their energy and freeze, a feature of
self-preservation (Wechsler, 1995).

While an animal may engage in active or passive coping strategies, these strategies
themselves are not inherently adaptive or maladaptive. The environmental context and energy
expenditure required by the stress response are factors to be considered in assessing the
adaptability of the behavior. This can be seen through the lens of allostasis, which refers to the
“active process of maintaining stability” (McEwen, 1998b). If a stress is unpredictable and long-
lasting, it can lead to inefficient termination of the stress response, resulting in a higher allostatic
load. This increases the risk of detrimental health effects at the level of metabolic, immune, and
neural systems (Dhabhar, 2014; McEwen and Akil, 2020; Rabasa and Dickson, 2016). For
example, heightened levels of aggression can be seen as adaptive during an agonistic encounter,
but if that aggression continues after the threat has passed, then hyper-aggressive behavior can
ensue and be associated with biological, social, and health costs (Haller et al., 2005, 2001; Konig
et al., 1996; Toth et al., 2008). In contrast, heightened threat detection during stress is adaptive

and necessary to ensure the survival of the organism, but if that threat detection is persistent
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and/or it becomes generalized to other contexts, then maladaptive states such as PTSD can result
(Norrholm et al., 2011; Pamplona et al., 2011; Thome et al., 2018).

Thus, each coping style has some advantages but is associated with potential costs. It is
necessary to consider the physiological effects these different strategies have on the

dysregulation of homeostasis in the organism.

1.8.1 Neuroendocrine Correlates of Differences in Coping Styles

The interplay between environmental stressors and the animal’s behavioral response
begins at the level of the nervous system. A major component of the stress response is controlled
by the hypothalamic-pituitary-adrenal (HPA) axis. When activated, neural stress circuitry
triggers a cascade of neural and endocrine events that result in the synthesis and release of
glucocorticoid hormones (corticosterone (CORT) in rodents) from the adrenal gland, which in
turn impact the entire body, including the brain. The rapid rise in glucocorticoids activates a
negative feedback loop that allows the body to return to homeostasis. (Akil, 2005; Cullinan et al.,
1993; Herman et al., 1995).

More broadly, stress is a brain-wide process that involves the integration of inputs and
outputs that converge onto the paraventricular nucleus of the hypothalamus (PVN) and control
the HPA axis. The elements of the neural circuitry that are activated encode various
characteristics of the stress input and shape the ensuing stress response (Cullinan et al., 1993;
Herman et al., 1995). One feature of these complex responses can be seen in Figure 1.2, which
outlines how a stressor activates distinct but overlapping neural circuits depending on whether it
is a physical (in pink) or psychological stressor (in purple). The brain regions involved in these
responses reflect highly complex integrations of sensory and emotional modalities (Godoy et al.,

2018). Notably, differences in inhibition or activation at any point in this system may reflect
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different coping styles and adaptations to stress (McEwen, 1998b). Therefore, coping behavior
and brain-wide neural circuitry may represent different facets of risk factors that are apparent

during the initial stress response.

Hippocampus

Figure 1.2 Neuroanatomy of the Stress Response

“Schematic representation of primarily neuroanatomical substrates responsible for physical (pink) and
psychological (blue) stressors processing. Upper panel shows that neural processing for different types of
stressors s(A). Bottom panels represent how physical and psychogenic stressors require engagement of
different networks (B, C, respectively). Physical stressors mainly activate structures related to vital functions
control located on brainstem and hypothalamus. Structures such as the nucleus of the solitary tract (NTS) and
locus coeruleus (LC) have an important role in the physical stress pathways. However, prosencephalic
regions also participate in physical stress processing, such as prelimbic area (PL) in pre-frontal cortex (PFC).
The central nucleus of the amygdala (CeA) participates in autonomic response integration. For instance,
psychological stressors are perceived in an anticipatory condition, which may heavily rely on limbic
structures and can be modulated by the reward system. The PFC is critical to develop appropriate responses
to environment changes, and it is densely innervated by dopaminergic projections from the Ventral
Tegmental Area (VTA) and Nucleus Accumbens (NAc). Although PFC involvement is complex and
integrates different stress responses in general, PL and Infralimbic (IL) regions coordinate a top-down
control. The amygdaloid complex also participates on psychological stress circuitry and with PFC disruption
its involvement becomes more prevalent, and the circuitry switches to a bottom-up control. The
Hippocampus (Hipp) CA1 region has important connections with the above-mentioned limbic structures and
Hipp is an important structure of the HPA axis negative feedback. The paraventricular nucleus of
hypothalamus (PVN) the main relay of the stress response triggering the HPA axis. Adapted by permission
from Frontiers: Frontiers in Behavioral Neuroscience. A Comprehensive Overview on Stress Neurobiology:
Basic Concepts and Clinical Implications. Godoy et al. (2018). DOI: 10.3389/fnbeh.2018.00127, PMID:
30034327© 2018
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Agonistic encounters present a naturalistic paradigm to assess differences in coping
strategies. Depending on the duration of the encounter and the genetic background of the model,
differences in how neuroendocrine responses map onto behavioral coping styles emerge. Wild
house mice that were selectively bred for either short attack latencies (SAL) or long attack
latencies (LAL) showed differential CORT expression after being placed across from a male of
opposite genotype for five days. Following five days of this purely sensory contact stress, mice
with LAL, and therefore more passive response patterns, showed higher CORT levels and
adrenal hypertrophy (Veenema et al., 2005). In a different study where the resident-intruder
paradigm occurred with the sensory and physical component over a series of 12 days, outbred
OF-1 mice that engaged in a passive strategy had higher serum CORT and lower serum
adrenaline when placed in an additional social defeat challenge in comparison to active coping
mice (De Miguel et al., 2011). In contrast, in another study where 21 days of defeat occurred in
outbred OF-1 mice that were either classified as active or passive based on coping strategies
established by day 18, an increase of plasma CORT following an additional social stress was
seen in comparison to controls but showed no difference between each other (Pérez-Tejada et al.
2013). From these studies, it is apparent that either a genetic component, introduced by selective
breeding and/or the use of an outbred strain led to differences in CORT between passive and
active coping mice. However, these differences tend to disappear with an environmental
manipulation of increasing the duration of social defeat. Therefore, the intersection of the stress
response and active and passive coping strategies may represent a highly dynamic process
influenced by environmental manipulations. In addition, these observed differences in CORT
expression are measured following the stress and, therefore, may or may not reflect individual

differences that arose due to adaptation to stress over time. The stress response system varies
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over many temporal windows (acute vs. during vs. chronic stress). Thus, the dynamic change of

these responses and how they map onto the coping style used during stress is unclear.

1.9 Neural Circuits Involved in Social Behaviors and Coping

While the above provides some insight into the neural encoding of a stress signal, an
important complement is the encoding of the behavioral coping style that the animal mounts in
response to the stressor. Examining the dynamic interplay between these two facets of stress—
perception and coping, may be essential for understanding how various elements of an initial
stress experience shape subsequent adaptation to stress. Agonistic encounters provide a
naturalistic model to assess how social stress and coping responses manifest. From rodent work,
it is apparent that fight, escape, freeze, and social circuits all converge within the same brain
regions involving the limbic-hypothalamic-midbrain pathways (Ko, 2017). Here, we will review
the current literature on neural circuits that mediate specific behavioral elements of active and
passive coping. These studies have focused on using optogenetic and electrophysiological tools
to induce the presence of a single specific behavior (i.e., aggression vs. no aggression) to
uncover the circuitry that mediates its execution. Most of them have not carried out the work in
the context of individual differences in coping strategies. A visual summary of these circuitry

findings is in Figure 1.3.
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Figure 1.3 An Illustration of Social, Aggression, Escape, and Freezing Response Circuits

Top Panel (A) shows that neural processing for social and coping behaviors involve multiple selective and
similar brain regions. Green(B)- Social, Red(C)- Aggression, Blue(D)- Escape, and Yellow(E)- Freeze. Solid
arrows represent activation, while dashed lines represent inhibition. OB: Olfactory Bulb, PL: Prelimbic, IL:
Infralimbic, NAc: Nucleus Accumbens, MPO: Medial Preoptic Area, LS: Lateral Septum, BNST: Bed Nucleus
of the Stria Terminalis, VMHvI: Ventromedial Hypothalamus, LH: Lateral Hypothalamus, CeA: Central
Amygdala, MeA: Medial Amygdala, vHipp: Ventral Hippocampus, LHb: Lateral Habenula, VTA: Ventral
Tegmental Area, SC: Superior Colliculus, and PAG: Periaqueductal Gray

1.9.1 Neural Circuits Involved in Social Behaviors (Fig. 1.3B, Green)

During the initiation of social behaviors in rodents, the olfactory sensory neurons in the
main olfactory bulb initiate a cascade of activation depending on the valence attached to the
social interaction. From there, regions associated with fear (medial amygdala- MeA), stress
(PVN), reward (nucleus accumbens -NAc), bed nucleus of the stria terminalis -BNST), ventral

tegmental area -VTA), and social behaviors (medial preoptic area -MPO) are activated.
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Information and social context clues arise from cortical regions, such as the prelimbic cortex
(PL), which also relays this information to midbrain regions (Miura et al., 2020). Depending on
the type of social interaction (attack, copulation, parental care), specific neural circuits are

activated within these regions to engage in the social response (Ko, 2017; Wei et al., 2021).

1.9.2 Neural Circuits Elicited by Aggression During Agonistic Encounters (Fig. 1.3C, Red)

Optogenetic and electrophysiology studies have elucidated the pathways in which
initiation, duration, and intensity of fight behavior are mediated. The ventral part of the
ventromedial hypothalamus (VMHvI) has been a well-studied hub in generating aggressive,
attack behavior. The VMHUVI receives inputs from various brain regions, including the MeA,
BNST, lateral septum (LS), periaqueductal gray (PAG), and medial preoptic nucleus (MPO)
(Falkner et al., 2020; Kim et al., 2019; Lo et al., 2019; Wang et al., 2019). It was found that
high-frequency optogenetic stimulation of MeA synapses to the BNST regulated the initiation of
attack, while stimulation of MeA synapses to the VMHv] maintained the attack behavior
(Nordman et al., 2020). The act of winning or losing an agonistic encounter influenced the
plasticity between the MeA projections. Specifically, when Nordman et al. measured field
excitatory postsynaptic potentials (fEPSP), higher initial winning attack experience enhanced the
synaptic transmission between the MeA to the BNST and VMHUVI prior to future encounters
(Nordman et al., 2020). Moreover, the VMHvI also undergoes learning-dependent changes, as
repetitive optogenetic stimulation of its neurons accelerates aggression latency and increases the
intensity of attack during future agonistic encounters (Falkner et al., 2016). The VMHvVI also
receives input from the ventral hippocampus (vHipp), a region that has been implicated in many
neuropsychiatric disorders. Optogenetic stimulation of vHipp neurons projecting to the VMHvI

induced attack behavior (Chang and Gean, 2019).
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Motor initiation and termination of attack have been shown to be mediated through the
LS and PAG. Optogenetic stimulation of excitatory glutamatergic projections from the VMHvl
to the PAG and inhibitory GABAergic projections from the PAG to the lateral hypothalamus
(LH) were necessary for the downstream coordination and execution of motor behavior during
attack (Falkner et al., 2020). And finally, optogenetic stimulation of GABAergic cells projecting
from the LS, a region known for evoking aggression, to the VMHvI, terminated ongoing attack
(Wong et al., 2016). Overall, these aggression circuit studies demonstrate that the experience of
the agonistic encounter and the active fight coping style is regulated by the strength and potential

plasticity of this circuit.

1.9.3 Neural circuits Involved in Escaping an Approaching Threat (Fig. 1.3D, Blue)

Another active coping style that rodents may engage in during stress is escape (or flight)
behavior (Evans et al., 2019). This behavior is characterized by the animal ‘jumping’ over an
approaching aggressor or away from a looming threat, allowing them to move safely towards a
space of shelter (De Franceschi et al., 2016). Similar to aggression behavior, escape behavior is a
dynamic response that rapidly updates through experience to adapt to threatening environments
(Vale et al., 2017). Studies of escape behavior have primarily focused on the role of the LH.
Excitatory glutamatergic afferents from the LH to the lateral habenula (LHb) are necessary to
promote aversion-driven escape behavior (Lecca et al., 2017; Li et al., 2018). In addition,
upstream LH afferents from the VTA were shown to be necessary for the initiation of the escape
response, as the inhibition or ablation of glutamatergic VT A neurons disrupted escape responses
(Barbano et al., 2020). Moreover, optogenetic and in-vivo calcium imaging studies of freely
behaving mice have shown that activity in the medial superior colliculus (mSC), a region where

integration of sensory modalities occurs, was predictive of perceiving threat prior to escape
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behavior, and that glutamatergic neurons in the PAG encode escape choice and vigor (Evans et
al., 2018). While not assessed, the mSC is also known to project to the LH (Fallon and Moore,
1979). In contrast to aggression behavior, these PAG-projecting LH glutamatergic neurons
control escape and evasion (Li et al., 2018), suggesting that these two active responses (fight and

escape) may be mediated through opposing circuits.

1.9.4 Neural Circuit of the Initiation of the Freeze Response

When the stress is uncontrollable and appears as though there is no escape, the rodent
will display fear-induced freezing (Eilam, 2005). Similar to active responses, passive freezing
behaviors are also modulated by experience. Previous exposure to unfamiliar and unpredictable
stress, such as random foot shocks, increases the propensity for the rodent to freeze in future
paradigms (Atsak et al., 2011; Rau et al., 2005). This is indeed the basis of numerous studies in
fear conditioning (De Oca et al., 1998; Lavond et al., 1993; Ledoux, 1998; LeDoux et al., 1988;
Maren et al., 1996).

The central amygdala (CeA) is a critical node in controlling freezing behavior.
Specifically, GABAergic CeA neurons have been shown to project onto and inhibit the PAG to
induce freezing behavior (Tovote et al., 2016). As is the case with aggression and escape, the
PAG appears to be a central node that mediates these different types of active and passive coping

responsces.

1.9.5 Conclusions on the Neural Circuitry of Social and Coping Responses

Overall, it is apparent that the interplay between the neural circuitry involved in social
encounters and active or passive coping strategies overlap, but also have distinct features that

mediate the expression of the behavior. Notably, these several strands of work indicate that
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coping response may be a learned behavior depending on how the animal perceives the
encounter (winning or losing), resulting in the strengthening or weakening of certain circuits.
This highly intertwined and regulated system allows for feedback from the environment to elicit
coping responses and, most likely, strengthens the type of coping style based on subsequent
experiences of stress.

However, these studies were all conducted on mice that were explicitly manipulated (via
optogenetics) to express the presence of one specific type of coping style. In a naturalistic rodent
environment where social stress is elicited via multiple agonistic encounters that have both a
physical and psychosocial element, as in the resident-intruder paradigm, mice express a variety
of coping responses during the defeat. Importantly, these coping responses are expressed to
different degrees, reflecting the element of individual variation in social coping with stress.
Therefore, while these studies provide the basis for which brain regions and circuits become
activated under this controlled environment, the feature of individual variation is lost. A key
question that remains is if individual variation in coping style used during defeat is reflected in
neural circuitry that appears early on during the initial encounter to mediate the degree of final

social stress reactivity.

1.10 Resident-Intruder Paradigm as a Model of Individual Variation in Stress Reactivity

In rodents, the resident-intruder paradigm has been used as a naturalistic social stress
model to evaluate individual differences in the development of vulnerability (Hollis and Kabbaj,
2014). In this paradigm, aggressive, agonistic encounters are conducted until social hierarchy is
established, with rodents that arise as dominant ‘winners’ and those that are subordinate as
‘losers’(Hammels et al., 2015; Kabbaj et al., 2001; Kollack-Walker et al., 1999). Importantly,

individual variation in the response and reaction to threat in the environment (i.e., coping)
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emerges during these encounters. While the previous section outlined specific circuits that
mediate coping responses, how individual differences in coping strategies map onto the
expression of resilience or vulnerability to chronic social stress is not as well known. This animal
model provides the basis to explore this question.

In our lab, different models have been used to assess the effects of the resident-intruder
paradigm (also known as social defeat) in establishing these hierarchies. In one model based on
temperament, outbred male rats are selectively bred into high responders (bHRs) and low
responders (bLRs) based on their locomotor activity when exposed to a novel environment
(Flagel et al., 2014; Turner et al., 2017). At baseline, bHRs are highly exploratory and present
increased aggression, while bLRs are highly inhibited and avoidant and present anxiety- and
depression-like behavior. When placed through social defeat, HRs engaged in less passive and
submissive behaviors and, when recovering from defeat, had higher CORT levels in comparison
to LRs. This was further reflected in differences in mineralocorticoid/glucocorticoid ratio in the
hippocampus (Hipp) in bHR but not bLR rats (Calvo et al., 2011). In one of the earliest studies
of brain correlates of agonistic behavior, male Syrian hamsters were separated into dominant and
subordinate groups based on behavior shown during the initial aggression encounter. These
dominant males exhibited chase and attack responses, while the subordinate males took on more
vigilant, defensive, and escape reactions. To assess differences in neural circuitry involved
between these two groups, Kollack-Walker et al. used c-fos mRNA as a proxy for neural activity
patterns. Interestingly, brain regions were selectively activated depending on whether defensive
(subordinate) or offensive (dominant) behavior was used during the defeat (Kollack-Walker et
al., 1997). Moreover, repeated exposure to social defeat resulted in differential adaptation in

different brain regions (Kollack-Walker et al., 1999). Overall, these findings provide evidence
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that ‘winning’ or ‘losing’ agonistic encounters arises from specific coping styles and are
associated with distinct patterns of neural circuit activation that are altered with repeated
exposure. Thus, they lay the foundation for linking initial coping style, experience, and

subsequent adaptation to specific neural circuits.

1.10.1 Chronic Social Defeat Stress in Mice

In mice, the resident-intruder paradigm is referred to as the chronic social defeat stress
(CSDS) model. Traditionally the CSDS paradigm is run on genetically inbred mice; thus, unlike
the above models, the differences in stress reactivity observed are mainly due to environmental
influences (Golden et al., 2011; Hammels et al., 2015). Thus, this model provides the optimal
framework to control for genetics in assessing how specific characteristics and features of
behavioral and neural responses come together to impact individual reactivity to stress.

The CSDS paradigm consists of an intruder C57BL6/J mouse repeatedly subjected to
daily 5-minute bouts of defeat by a larger, aggressive CD-1 mouse. Following the physical
defeat, the C57BL6/J mouse is placed across a clear perforated divider in a shared home cage
from the CD1 mouse for 24 hrs. to induce continuous psychosocial stress. Traditionally, this is
repeated for ten days, with the C57BL6/J mouse rotated to a new CD1 each day to prevent
habituation. Following CSDS, C57BL6/J mice are placed in a social interaction measure, where
they diverge into two separate populations of socially interactive (resilient) and socially avoidant
(susceptible) mice (Golden et al., 2011) (Figure 1.4, below). In contrast, C57BL6/J control mice
are rotated across a clear perforated divider in a shared home cage from each other but never
physically interact. While defeated mice are termed 'resilient' and 'susceptible' based on their
social behavior following stress, it is essential to consider what neural and behavioral factors

contribute to the affective makeup of these states. The following sections describe what is known
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in the literature about resilient and susceptible behavioral and neural signatures in this CSDS

paradigm.

A. Chronic Social Defeat Stress

Repeat for 10 days with
new aggressor each day

Day 1: CD1 Aggressor

Acclimation 5-minute defeat Separate for 24 hours
Day 11:
BL? Singly House
6 cD1 BL6 Defeated Mice
* /’ BL6
(
CD1 CD1
B. Control Rotation C. Social Interaction Test
Rotate to new BL6 each '
day for 10 days —

m Novel Environment Aggressor

BL6 | BL6 BL6 BL6 2.5 Mins 2.5 Mins

BL6
S| Ratio: Time (sec) in interaction zone w/
CD1 present/CD1 not present

>
Interaction Zone

Figure 1.4 Chronic Social Defeat Stress (CSDS) Paradigm in Mice

A. The CSDS paradigm occurs in a home cage separated by a perforated divider. Before CSDS, aggressive CD1 mice
are acclimated to the cage to establish home cage dominance. Next, C57BL6/J(BL6) mice are placed in the CD1
‘section’ for S-minutes to induce physical defeat. Following the defeat, mice are separated across the perforated divider
for 24 hours to induce sensory, but not physical, stress. This is repeated over the course of 10 days, with the BL6
experiencing a novel CD1 each day. Following CSDS, BL6 mice are singly housed for downstream behavioral testing.
B. Control Rotation: BL6 mice are placed across the perforated divider from each other and are rotated to a new
partner each day for ten days. No physical contact occurs. C. Following CSDS, mice are placed in the social interaction
test under red light, which measures the amount of time the BL6 mouse spends in the interaction zone when the CD1
is not present in the wire mesh cage and when the CD1 is present. The SI ratio is calculated as CD1 present/CD1 not
present. Figure Created with BioRender.com.

1.10.2 Behavioral Summary of CSDS

In addition to the individual variation seen in the social interaction measure, resilient and

susceptible populations have also been shown to map onto other downstream behavioral tests. In
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a comprehensive study, Krishnan et al. characterized resilient and susceptible mice in several
behavioral and physiological domains following social defeat. While defeat alone was sufficient
to induce overall depression-like behavior (increase of immobility in both the tail suspension and
forced swim test) and anxiety-like behavior (decrease of time spent in the open field), the split
between resilient and susceptible was only apparent in measures of anhedonia (decreased sucrose
preference in susceptible mice) and addiction-like behavior (increase of cocaine placed
preference in susceptible mice). Physiologically, serum CORT between the two groups remained
high in comparison to controls, while susceptible animals had a decrease of circadian amplitude
and an increase of social hyperthermia in comparison to resilient and control mice (Krishnan et
al., 2007). However, it is important to note that these behavioral and physiological findings have
not always been consistent across studies. Other groups have found either no differences in
anhedonia measures or have found differences in anxiety-like and depression-like behavioral
tests between resilient and susceptible animals (Alves-Dos-Santos et al., 2020; He et al., 2018;
Lee et al., 2021; K. Zhang et al., 2021). Moreover, varying the length of social defeat has been
shown to alter the proportion of resilient and susceptible mice, as well as the strength of
displaying increased vulnerability in other behavioral tasks. For example, increasing the length
of defeat from 10 to 21 days increases the number of susceptible mice and provokes a more
generalized anxiety phenotype in other measures of affective-like behavior (Fang et al., 2020). In
contrast, a shorter period of repeated social defeat (5 days) is not sufficient to induce the resilient
or susceptible outcome, suggesting that the evolution of the stress response overtime is necessary
to establish the final classification (Bagot et al., 2015). Taken together, the variability in

behavioral outputs in resilient and susceptible mice, beyond the robust social interaction
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measure, suggests that the socially avoidant phenotype may more accurately map onto measures
from the environment and onto the context of the defeat.

As evidenced by the different outcomes in varying lengths of defeat, the experience of
the stress itself may be more indicative of how resilient and susceptible outcomes manifest. For
example, Yoshida et al. trained mice on a food-seeking lever-press operant task before social
defeat, then during all ten days of defeat, mice were evaluated for their goal-directed behavior.
Day 1 of defeat alone increased latency to lever press for food, and each consecutive day steadily
increased latency and number of incomplete trials in all defeated mice (Yoshida et al., 2021).
This longitudinal study revealed that as the stress continues, the reduction in goal-directed
behavior can be seen as an aggregating effect of repeated stress exposure. In order to assess
differences that arise at the level of the brain, Yoshida et al. used fiber photometry to assess
differences in neural activity patterns within the ventral CA1 (vCA1) during the goal-directed
task following Day 1 of stress and Day 10 of stress exposure. A successful completion of the task
revealed that activity within the vCA1 becomes suppressed. Control and defeated mice appeared
to have the same suppressed activity pattern on Day 1 during the task. However, after ten days of
social defeat, only susceptible mice diminished this suppression activity and exhibited
hyperactivity in the vCA1. Overall, at the level of brain and behavior, it appears that chronic
stress dynamically alters the type of strategy that an animal engages in and results in changes of

specific circuitry that is reflected in the social outcome.
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1.10.3 Baseline Predictors of Resilient and Susceptible Populations

Recently there has been a greater emphasis on uncovering whether it is possible to predict
resilient and susceptible outcomes before the stress occurs. Using an integrated model that
combined baseline anxiety-like behavior and an immune biomarker, IL-6, Nasca et al. found that
susceptibility could be predicted by 80% when mice exhibited a low anxiety-like score and low
expression of the IL-6 biomarker (Nasca et al., 2019). In another measure of anxiety-like
behavior, Milic et al. found that low levels of exploratory drive in novel environments was
predictive of future susceptibility (Milic et al., 2021). In a voluntary wheel-running task, Zhang
et al. found that susceptibility could be predicted by 92% when mice exhibited low baseline
physical activity in the wheel (J. Zhang et al., 2021). And finally, Larrieu et al. found that the
prior establishment of social hierarchy in the home cage was predictive of future sociability;
mice that were initially ranked higher in dominance in their home cage were predicted by 89% to
develop susceptibility following stress (Larrieu et al., 2017). Taken together, differences in
baseline anxiety-like behavior, immune responses, locomotor activity, and aggression appear to

represent facets of risk factors that can confer increased susceptibility in this animal model.

1.11 Neural Circuits of CSDS

A series of gene expression, optogenetic, and anatomical studies have dissected the
neural circuits that mediate sociability following CSDS. The following studies emphasize that
brain-wide activation networks are necessary to maintain and induce the resilient and susceptible

outcomes. See Figure 1.5 for a summary of known circuits/brain regions of CSDS.
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Figure 1.5 Neural Circuits Underlying CSDS

A: Summary of Circuitry Involved in Defeat, Resilience, and Susceptibility. Orange= Activated by
defeat, Yellow= specific to susceptible, Green= Specific to Resilient. B: Panel B: Known circuits in
mediating resilient/susceptible outcomes. Arrows= activation, Dashed lines= inhibition, yellow=
susceptible, green= resilient. Coordinated oscillatory signals from the PFC to the NAc to the BLA is
present in susceptible animals (Hultman et al., 2018). Optogenetic activation of glutamatergic vHipp
afferents to the NAc induces susceptibility, while inhibition of those same afferents induces resilience
(Bagot et al., 2015; Muir et al., 2020). Inhibition of the PFC by the VTA induces susceptibility, while
activation of the NAc by the VTA induces resilience (Chaudhury et al., 2013). PFC: Prefrontal Cortex
(PL, IL), PL: Prelimbic, IL: Infralimbic, CPu: Caudate Putamen, NAc: Nucleus Accumbens, LS: Lateral
Septum, BNST: Bed Nuclei of the Stria Terminalis, LT:Lateral Thalamus, CeA: Central Amygdala,
BLA: Basolateral Amygdala, MeA: Medial Amygdala, CCx: Cingulate Cortex, VTA: Ventral Tegmental
Area, PAG: Periaqueductal Gray.

1.11.1 Network Gene Expression Studies Indicate Brain-Wide Differences in Response to CSDS

Recently, weighted gene co-expression network analysis (WGCNA) has been used to

identify changes in networks of transcriptomic signatures across multiple brain regions and

animal models (Bagot et al., 2016; Caradonna et al., 2021; Huang et al., 2016; Kwon et al., 2019;

Zhao et al., 2010). Two WGCNA studies have been conducted in CSDS. To assess circuit-wide
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pattern differences in gene expression, Bagot et al. first selected four brain regions associated
with stress: NAc, vHipp, prefrontal cortex (PFC), and AMY. Then, the researchers conducted
RNA-seq and WGCNA analysis at early (48 hours) and late (27 days) timepoints post-CSDS in
resilient, susceptible, and control mice. Forty-eight hours following stress, differential gene
expression patterns revealed that resilient mice had increased synchrony of transcriptional
regulation (overlap of gene expression profiles) between the PFC and NAc, while susceptible
mice had increased synchrony between the PFC and vHipp. This suggested that these
differentially circuit-based co-regulated gene expression networks are indicative of driving early
differences in social reactivity. Analysis between the early and late time points revealed that
susceptible mice had an increase in highly coordinated gene expression profiles between all four
brain regions compared to control and resilient mice, indicating that larger coordinated changes
in gene expression networks are a feature of susceptibility to stress (Bagot et al., 2016). In
another study using WGCNA analysis, Caradonna et al. found that in two models of stress
(CSDS and chronic oral corticosterone), there was a similar gene expression profile in the vHipp
of both CSDS and CORT-induced susceptibility (Caradonna et al., 2021). As these circuit-wide
gene co-expression studies demonstrate, there appear to be distinct transcriptional networks

following stress that regulate the development of resilience or susceptibility.

1.11.2 Fos Studies Indicate Differences in Neural Activation Patterns Arise as a Result of

CSDS

In order to gain anatomical specificity as to which brain regions become activated as a
result of stress, immediate early genes, such as Fos, have been used as a marker of neural
activity. Fos is induced specifically to bouts of activity and is transient in nature, allowing for the

capture of distinct neural patterns that appear during behavior (Bullitt, 1990). Both Delta FosB
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(AFosB) and Fos protein have been used to probe differences in brain-wide circuits of social
reactivity following CSDS. AFosB, a transcription factor within the Fos protein family, is unique
in that it accumulates over time in neurons and has a half-life of eight days. It has been used as a
proxy for identifying neurons that have been repeatedly activated through long courses of stress.
In comparison to controls, defeated mice had an overall increase in AFosB in the BNST, LS, LH,
vHipp, hypothalamus (HT), lateral thalamus (LT), and caudate putamen (CPu). (Laine et al.,
2017). Across resilient, susceptible, and control mice, resilient mice had an increase in AFosB in
the NAc compared to susceptible and controls (Vialou et al., 2010). This AFosB increase In
resilient mice was seen specifically in D1 MSNs of the NAc (Lobo et al., 2013). In combining
information from AFosB studies, Muir et al. used in-vivo fiber photometry to confirm that an
increase of baseline D1-MSN activity within the NAc was a predictive marker of future
resilience but not susceptibility (Muir et al., 2018). Collectively, these experiments show that
brain regions are selectively being repeatedly activated by defeat alone throughout the paradigm,
and that resilient and susceptible populations also exhibit selective activation within the NAc.
This selective activation between stress reactivity groups was apparent at the level of in vivo
recordings before stress, suggesting that certain brain regions may be primed before defeat to
induce future vulnerability. This initial priming may then set the course for any experience-
dependent changes and plasticity that arise between brain regions and subsequently alter

neuronal circuits that eventually confer stress reactivity.

1.11.3 Electrophysiology And Optogenetics Studies Provide a Mechanistic Role of Neural

Circuits Mediating Individual Reactivity to Social Stress

In addition to genetic and neuronal markers of activation, researchers have also focused

on identifying the temporal and spatial dynamics of brain regions in mediating the outcome to
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CSDS. In order to assess brain-wide differences in activity patterns, Hultman et al. used multi-
circuit in vivo recordings of local field potentials (LFPs) across the PL, IL, NAc, CeA,
basolateral amygdala (BLA), VTA, and vHipp (Hultman et al., 2018). Differences in the
coordination of LFPs were present depending on whether mice were grouped as “defeat” or
whether the specific acquisition of susceptibility arose. Defeat in general increased coordinated
oscillatory signals from the NAc to the vHipp and VTA, but this pathway was also seen to be
increased more in susceptible mice compared to resilient. In addition, susceptibility was
associated with increased coordinated oscillatory signals from the PFC and NAc to the BLA.
Similar circuits have also been found in optogenetics studies in mediating resilient and
susceptible phenotypes. Bagot et al. found that low-frequency optogenetic stimulation (LTD) of
glutamatergic afferents from the vHipp to NAc induced resilience, while high-frequency
optogenetic stimulation (LTP) induced susceptibility (Bagot et al., 2015). Moreover, Chaudhury
et al. found that optogenetic phasic firing of VTA dopaminergic neurons projecting to the NAc
induced resilience (Chaudhury et al., 2013). From these findings, it is apparent that the stress

reactivity phenotype is a result of coordinated and specific brain-wide circuitry.

1.11.4 Anatomical Studies Indicate Structural Differences in Individual Variation to CSDS

While the above studies focused on similar brain regions associated with reward-related
circuits, repeated exposure to stress additionally profoundly impacts cognitive functions
involving memory, attention, and decision-making. Thus, the impacts of CSDS must be assessed
brain-wide. To assess structural differences in the brain following CSDS, Anacker et al.
conducted magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) on resilient,
susceptible, and control mice (Anacker et al., 2016). MRI allows for assessing structural

differences in brain regions, while DTI images the white matter of the brain to infer the
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directional preference of diffusion along the axon (i.e., fractional anisotropy (FA)). Susceptible
mice selectively showed increases in area in the AMY, Hipp, PAG, HT, VTA, habenular
commissure, and cerebellum (Cb) compared to resilient. In contrast, the cingulate cortex (CCx),
NAc, BNST, Raphe nuclei, and thalamus were all larger in resilient mice compared to
susceptible. Moreover, DTI revealed that the Hipp and HT both had correlations between social
avoidance (susceptibility) and FA, suggesting that more diffusion across the axons in this brain
region is associated with increased vulnerability (Anacker et al., 2016). While these brain regions
show structural differences between resilient and susceptible mice following stress, it is
unknown whether these differences existed before or early in the stress experience. Despite this,

it is apparent that defeat affects the resilient and susceptible brain in a selective manner.

1.11.5 Conclusions From Circuit CSDS Studies

Overall, these studies indicate that the individual variation in the stress response
manifests not only behaviorally in social avoidance, but likely as a coordinated neural response
that engages multiple brain regions and networks of activation. While collectively these brain-
wide and circuit-specific studies indicate that brain regions known to be involved in reward and
stress are implicated in defeat and social reactivity, these anatomical studies have all been
conducted following defeat. Moreover, these brain regions have all been selected a priori,
therefore, the majority of findings have been limited to the same set of regions. However, it is
apparent from circuitry involved in social, coping, and stress, as well as the anatomical
differences seen following defeat, that the impact of CSDS on neural circuitry may extend
beyond the traditional regions that have already been assessed (See Figure 1.6). Gaining
resolution on which neural circuits are established before or early on during the stress experience

is a critical next step in assessing how brain-wide networks of activation confer vulnerability.
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Figure 1.6 Summary Figure of Stress, Social Coping, and CSDS Circuits

A: represents the schematics of stress, social coping, and CSDS circuits. B&C represent Stress: B. Physical Stress,
C. Psychological Stress, D-E Represent social and coping behaviors: D. Circuitry involved in social behaviors, E.
Aggression, F. Escape, G. Freezing. H is known defeat circuitry. Overall, it is apparent that these circuits converge
on similar, but slightly distinct brain regions and circuits to elicit specific responses. These responses are reflected in
brain-wide circuits. Acronyms: PL: prelimbic cortex, IL: infralimbic cortex, PVN: paraventricular nucleus, CeA:
central amygdala, VTA: ventral tegmental area, LC: locus coeruleus, NTS: nucleus tractus solitarius, MOB: main
olfactory bulb, AOB: accessory olfactory bulb, NAc: nucleus accumbens, LS: lateral septum, VMHvl: ventral
hypothalamus, MeA: medial amygdala, LH: lateral hypothalamus, SC: superior colliculus, LHb: lateral habenula,
PAG: periaqueductal gray, BLA: basolateral amygdala, CCx: cingulate cortex, LT: lateral thalamus. Arrows
represent activation and dashed lines represent inhibition. Colors: Pink & Purple: Physical and Psychological Stress,
Green: Social Circuitry, Red: Aggression, Blue: Escape, Light Yellow: Freeze, Orange: Defeat, Yellow: Susceptible
Only, Blue-Green= Resilient Only.

1.12 Hypothesis and Specific Aims of the Dissertation

Uncovering the risk factors that underlie individual differences in emotional reactivity to
stress is critical in understanding how vulnerability is developed. Importantly, individual
differences in response to stress significantly modify the risk of developing psychiatric disorders,
such as major depressive, generalized anxiety, and social anxiety disorders. These individual
differences may arise from a sequence of events due to the environmental context or a variety of
gene-by-environment interactions, but without understanding the initial trigger, resolution is lost
to understand the dynamic changes that emerge to elicit the final state. Rodent models provide a

foundation to characterize differences in vulnerability that arise due to environmental stressors.
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The CSDS paradigm is a benchmark rodent model for measuring facets of individual differences
to stress-related disorders, and has been put forward as offering high etiological, discriminative,
and face validity. However, the majority of studies have focused on behavioral and neural
characteristics that arise after resilience and susceptibility have been established. While there has
been some headway in understanding behavioral and neural factors before stress that contribute
to the social outcome, the role of how the initial stress encounter shapes this final reactivity is
unclear.

Hypothesis: Our overarching hypothesis is that brain-wide activation patterns and behavioral
coping styles that emerge during the initial defeat encounter map onto future resilience or
susceptibility.

Major Questions:

This dissertation, therefore, endeavors to answer the following questions:

1. When and how do individual differences in reactivity to social stress arise?

2. Are there distinct patterns of neural network activation during the initial social stress

experience that predict eventual susceptibility or resilience to CSDS?

In Chapter 2, we assess Question 1 from above. When and how do individual differences in
reactivity to social stress arise? We characterized behavioral, physiological, and neuroendocrine
profiles of mice in three separate phases: Before, during, and following CSDS. We hypothesized
that coping strategies that mice exhibit during the first stress experience would predict whether
resilient or susceptible reactivities arose following repeated social stress. Moreover, we
characterized resilient and susceptible groups along additional dimensions throughout the

process to provide a more comprehensive understanding of this animal model of stress. Our
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findings enhance our current understanding of the temporal dynamics of behavioral and
neuroendocrine features of stress reactivity in the resilient and susceptible phenotypes.

In Chapter 3, we assess Question 2 from above. Are there distinct patterns of neural network
activation during the initial social stress experience that predict eventual susceptibility or
resilience to chronic social defeat? In this chapter, we use a new technique (FosTRAP) to capture
neural patterns of activation during the first encounter with the social defeat experience, while
allowing the animals to remain alive, undergo chronic social stress, and emerge from it as either
susceptible or resilient. We were able to capture specific regional differences associated with the
defeat experience broadly (vs. control), as well as specific regional differences associated with
coping style that are apparent as early as the first episode of defeat. The challenge was then to a)
assess whether there were differences in brain-wide activity patterns present on Day 1 and b)
relate these activated networks with specific features of behavior to create a predictive model of
vulnerability following subsequent chronic stress. Using several analytical strategies, we are able
to depict the unique and highly distinctive signature of social defeat across numerous brain
regions. We were also able to identify brain areas and networks associated with defensive
behavior during the first encounter that are predictive of future susceptibility or resilience.

In Chapter 4, we integrate the behavioral and neural findings and discuss their implications.

The body of work described in this dissertation sheds light on how an initial experience
with a social stressor can differentially impact both brain and behavior and set the stage for
subsequent differences in coping with social stress. This is a key first step in elucidating the
temporal dynamics that can shape eventual resilience or susceptibility to repeated social stress.
This work has translational implications as it may uncover critical points of possible intervention

that could minimize the risk of developing stress-related disorders in humans.
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Chapter 2 Characterizing the Behavioral and Neuroendocrine Features of Susceptibility

and Resilience to Social Stress

2.1 Introduction

For humans, social interactions can be a source of support or stress. The nature of
interpersonal relationships and interactions play a crucial role in the development of an affective
state. Whereas positive social relationships can strengthen mental and physical well-being,
negative social relationships have the propensity to induce highly stressful and harmful
environments. During social stress, different individuals rely on various coping styles or
strategies that may prove either adaptive or maladaptive in the long term (Billings and Moos,
1984; Connor-Smith and Compas, 2002; Wood and Bhatnagar, 2015).

In rodents, social defeat studies provide a naturalistic dominance model that uses
agonistic encounters as a trigger, and social coping as a dependent measure (Hollis and Kabbaj,
2014). An agonistic encounter is often characterized by intense, aggressive interactions among
animals of the same species that ultimately leads to individuals emerging as either 'winners' or
'losers' following the stress (Kollack-Walker et al., 1999; Kabbaj et al., 2001; Hammels et al.,
2015). In mice, the Chronic Social Defeat Stress (CSDS) model relies on a paradigm where an
experimental mouse is exposed physically and psychosocially to a more aggressive mouse from
a different strain. Following the end of the chronic stress, the defeated animals diverge into two
separate populations of social reactivity: a "resilient" group that is socially interactive and a

"susceptible" group that is socially avoidant (Golden et al., 2011).
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Defeated mice are termed 'resilient' and 'susceptible’ based on their social behavior after
stress. Understanding when and how these reactivities arise is critical in identifying predictive
factors that set the course for vulnerability. For example, baseline differences in wheel running
(J. Zhang et al., 2021), exploratory drive (Milic et al., 2021), anxiety-like behavior, hippocampal
volume, and systemic immune factors (Nasca et al., 2019), have all been shown to predict the
social avoidance outcome to some degree. Additionally, social hierarchies established in the
homecage, well before the stress, predict the resilient and susceptible outcome (Larrieu et al.,
2017). This is particularly interesting, as it suggests that there may be features of the defeat (e.g.,
dominance) that reflect intrinsic sociability. During defeat encounters, mice engage in a variety
of active and passive coping behaviors, such as fight, escape, and freezing, as they react to the
social stressor (McLaughlin et al., 2006). Also involved in the interaction is the ability to
distinguish between threatening and non-threatening social cues, such as the environmental
context and aggressor (Ayash et al., 2020). Observing the features of how these adaptive and
reactive strategies unfold throughout the chronic stress experience may allow us to identify
additional predictors of social outcome and paint a more cohesive picture of what constitutes
vulnerability.

The behavioral and physiological components of the stress response are deeply
intertwined; therefore, it is important to understand how interactions between these traits map
onto different social outcomes following social defeat. The primary driver of the stress response
is the hypothalamic-pituitary-adrenal (HPA) axis. When activated, a cascade of events leads to
the adrenal synthesis and release of corticosteroid hormones—specifically, corticosterone
(CORT) in rodents and cortisol in humans—targeting numerous organs, including the brain

(Akil, 2005). Through this neuroendocrine axis, stressful experiences can trigger a wave of

47



physiological consequences, including alterations in the HPA axis itself, as well as changes in
body weight regulation and pain sensitivity (Abdallah and Geha, 2017; Butler and Finn, 2009;
lio et al., 2014; Jeong et al., 2013). In humans, affective disorders, including major depressive
disorder, have been associated with shifts in circadian cortisol rhythms (Adam et al., 2017) and
an initial increase in cortisol in response to a social stress (Adam et al., 2017; Young et al.,
2000).

To understand the specific factors that may lead an animal to display features of
resilience or susceptibility to social stress, we conducted a series of careful studies examining
behavioral and endocrine variables across the CSDS paradigm. We examined mice before (pre-),
during, and after (post-) CSDS (Fig. 2.1A), generating a detailed temporal characterization of
resilient and susceptible mice and allowing identification of key variables that predict phenotype
divergence. Importantly, our results suggest that social reactivity to CSDS can be visualized
during the defeat itself via inherent differences in coping mechanisms and that social reactivity is

specific to the social context.

2.2 Materials and Methods

Animals: All mice were purchased from Charles River Laboratories (Wilmington, MA) and
allowed at least one week for habituation to the vivarium prior to use in experiments. Subjects
included 80 C57BL/6J male mice aged 8-11 weeks, housed 2-4 per cage upon arrival and until
the start of the experiment. A total of 86 Male CD1 retired breeders (3-6 months) were used as
aggressors and social interaction stimulus mice. CD1 mice were singly housed one week prior to
aggressor screening and the start of the experiment. Black Swiss mice (10-14 weeks) were used
as stimulus animals in a subset of social interaction tests. Enrichment in the form of enviro-paks

was provided throughout the study. The rooms were kept under a 12 h light:12 h dark cycle
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starting at 7 AM. All behavioral tests were conducted under standard overhead lighting
conditions unless otherwise noted. Mice were provided with mouse chow and tap water ab
libitum and maintained in accordance with the NIH Guidelines for the Care and Use of
Laboratory Animals. The University of Michigan Institute of Animal Use Care and Use
Committee (IACUC) approved all animal protocols utilized.

Chronic Social Defeat Stress (CSDS) and Control Rotation (CR): CSDS was performed
according to the previously described protocol (Golden et al., 2011). Briefly, this paradigm
consisted of a C57BL/6J intruder male mouse subjected daily to 5-minute bouts of physical
defeat from a resident CD1 mouse, for a total of ten consecutive days. Each day of defeat, the
intruder mouse was rotated to a new CDI1 resident to prevent habituation. All CD1 mice were
screened for aggression (defined as <1-minute interval to aggressive behavior) prior to use in
CSDS experiments, and CD1 mice were not re-used across cohorts. Following the defeat, the
intruder mouse was placed across the resident CD1 in a (26.7x48.3x15.2 cm) cage with a
perforated plexiglass divider between them for 24 hours to elicit the psychosocial aspect of the
stress. Given the aggressive nature of defeat in mice, minor physical injuries were possible.
Animals were closely monitored during each defeat session, and where visible wounding
occurred (<lcm), mice were immediately separated, and that defeat trial was concluded. In cases
where injuries resulted in open wounds of >1cm, both intruder and CD1 mice were removed
from the study (Golden et al., 2011). Control mice were housed 2/cage, separated from one
another by a plexiglass divider and rotated to a new conspecific each day for ten days. All CSDS
and CR occurred between 9 AM-11 AM each day. Following CSDS or CR, experimental mice
were singly housed in the vivarium with enviro-pak enrichment. Defeat sessions were recorded

with a video camera and manually scored by a blinded observer. The behaviors measured were
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total duration of engagement in the fight and total number of fights, escapes, and upright,
forward, and crouch-back freezing during physical defeat bouts (Table 1). Duration
measurements are reported in seconds, and all other behaviors are reported as a ratio of behavior
measured/total behaviors. Three cohorts were recorded for this analysis, resulting in a total of
n=22 resilient mice and n=26 susceptible mice.

Table 2.1 Summary Table of Behaviors Scored During Physical Defeat Bouts

Behavior Scored Description
Fight Intruder mouse actively engages in fight
Escape When approached, the intruder mouse jumps over the resident mouse
Upright Freeze Intruder mouse freezes while on hind legs
Forward Freeze Intruder mouse freezes while on all four legs, facing towards the resident
Crouch Back Freeze Intruder mouse freezes with all four legs pulled in, facing away from resident

Social Interaction Test (SI): SI was performed according to a previously described protocol
(Golden et al., 2011). SI tests were conducted under red light in a testing arena (41x41x40 cm),
with a removable stimulus cage (10x10x10 cm) used to hold the social stimulus animal. There
were two, 2.5-minute trials. During the first trial, the experimental mouse was allowed to explore
the arena with an empty stimulus cage. The mouse was then removed from the arena, and a
social partner (CD1, unless otherwise noted) was placed inside the stimulus cage. The
experimental mouse was returned to the arena for another 2.5 minutes. Each session was
recorded and exploration of the whole arena, as well as the exploration of the cage/interaction
zone was scored using automatic tracking software (Noldus Ethovision XT software;Noldus

Information Technology, Leesburg, VA). The SI Ratio was calculated as time spent in the
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interaction zone with CD1 present/not present. A social interaction score of < 1 indicates
susceptible, while > 1 indicates resilient (Assessed in Cohorts 1-4).

Body Weight (BW): Mice were weighed on Day 1 and again on Day 10 of the CR or CSDS.
Change in body weight was measured as Day 10 (g) — Day 1 (g). (Assessed in Cohort 1).
Corticosterone (CORT) Measurements: AM/PM Measurements: To assess the circadian
rhythm of circulating CORT, AM and PM CORT were assayed three days before and following
CSDS or CR. Blood was drawn two hours before lights on and one hour following lights off in
the mouse vivarium via tail vein under red light using Sarstedt Inc. MICROVETTE CB300
EDTA tubes (Ref#16.444.100). Blood was centrifuged, and plasma was stored at -800C until
used for CORT analysis with the Arbor Assays CORT ELISA kit (Cat#K014-H1). (Assessed in
Cohort 1).

Forced Interaction Test (FIT): After CSDS or CR and one day following AM/PM blood draws,
mice were placed across from a novel mouse in a clean CSDS cage, separated by a perforated
plexiglass wall for 40 minutes to simulate both SI test and CR/CSDS conditions. No physical
interaction was allowed, but sensory interaction was allowed through the perforated divider.
Immediately upon the conclusion of this 40-minute test, mice were sacrificed, trunk blood was
collected in ImL tubes with 25 pL of 0.05M EDTA and centrifuged. Plasma was then stored at -
800C until used for CORT analysis with the Arbor Assays CORT ELISA kit (Cat#K014-H1).
(Assessed in Cohort 1)

Open Field (OF): After CSDS or CR and one day following SI testing, mice were placed in an
arena of 41x41x40 cm in size made of white plexiglass. Mice were allowed to explore the open
field for 10 minutes. Time spent in the center was scored by Noldus Ethovision XT software.

(Assessed in Cohort 2).
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Forced Swim Test (FST): After CSDS or CR and two days following SI testing, mice were
recorded from above and placed in a tall container (30x10 cm) filled within 2 inches from the top
with 25 +/- 20C water for 6 minutes. Total time spent immobile was hand-scored using a timer
by an observer blind to the groups. Time spent immobile was defined as the least amount of
movement to stay afloat (one hind-paw peddling or total immobility). (Assessed in Cohort 2).
Von Frey (VF): After CSDS or CR and one day after SI testing, each mouse was placed in a
Plexiglas box atop a mesh platform and allowed to habituate for 30 minutes each day for three
days. On the third day, mice were tested. Von Frey filaments of various forces starting from
lowest to highest (0.008(g) - 2.0(g) Aesthesio Precise Tactile Sensory Evaluator Item#415000-
20C) were placed on the plantar surface of the hind paw (of each foot) until the fiber bends or the
mouse withdrew its paw from the stimulus. Each hind paw was tested twice for force necessary
to cause a withdrawal response and then all 4 values were averaged for the final score. (Assessed
in Cohort 3).

Cohort Breakdown: Four cohorts of mice were used to explore the above behaviors and
physiological differences. Breakdown of group sizes and testing conditions are as follows:

Table 2.2 Testing Conditions Per Experimental Cohort

Cohort | Group Size Test Conditions Testing Timelines

1 n=20 control, n=16 defeat | SI, Baseline CORT, FIT CORT, Figs. 2A & 5A
Body Weight

2 n=20 control, n=15 defeat | SI, OF, FST Fig. 4A

3 n=19 control, n=17 defeat | SI, VF Fig. 4A

4a n=10 control, n=17 defeat | SI w/ CD1, SI w/ Novel C57BL/6J Fig. 6A

4b n=8 control, n=15 defeat SI w/ CD1, SI w/ Black Swiss Fig. 6A

52



Statistics: Graphpad Prism and R (version 4.0.2) were used for figure design and statistical
analyses. In R, pastecs, car, afex, nlme, and emmeans packages were used for statistical analyses
(Fox and Weisberg, 2019; Grosjean and Ibanez, 2018; Lenth, 2020; Pinhero et al., 2020;
Singmann et al., 2016). To determine main effects, one-way ANOV As were evaluated with the
car package, (aov function). To determine main and interaction effects with multiple time points,
2x2 ANOVAs were evaluated using the afex package (aov_ez function), with between factor =
Group (control, resilient, susceptible) and within factor= time or tester strain. To control for
cohort effects for the during stress behaviors, we added ‘cohort’ as a covariate to the 2x2
ANOVA. Post-hoc tests were conducted with the emmeans package (emmeans and pairs
function), using a Tukey-HSD test. Mann-Whitney T-test was used for single comparisons
among control and defeat groups. Pearson correlations were conducted via the cor.test function
to assess linear relationships between outcome variables. Multi-level model (MLM) for baseline
CORT data was evaluated using the nlme package (Ime function) with estimates optimized using
Restricted Maximum Likelihood (REML) and summarized to produce individual coefficients,
approximate standard errors, and respective p-values for each level of the fixed effects variables.
MLM was used to examine datasets that contain both repeated measures and missing data. There
were missing data points for baseline AM/PM CORT samples due to not collecting enough blood
from the tail vein (data point= blood collection time point--9 data points missing in controls, 7
data points missing in defeated mice). All significance thresholds were set at p<0.05. Receiver
operating characteristic curve analysis was done in Prism to test for the sensitivity and specificity
of using Day 1 escape behavior as a predictive variable for social outcome. The Fisher’s exact
test was run in prism to analyze the contingency table of resilient and susceptible mice Day 1

escape behavior. Detailed statistics are included in Appendix A: Chapter 2 Supplement.
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2.3 Results

2.3.1 Characterizing the Resilient-Susceptible Outcome

A. Pre Defeat Post B. All Cohorts Combined
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Figure 2.1 Experimental Schematic: Behavioral and Endocrine Profiling Following Chronic Social Defeat Stress
(CSDS)

A. Schematic timeline of the 3 timepoints (pre-, during, and post-defeat) used for behavioral phenotyping and
endocrine profiling. Each timepoint includes the overall category of experiments conducted. Superscripts indicate
the cohorts of mice used for each assay. B. Social Interaction (SI) ratios of all 4 cohorts of mice combined. Defeat (n
= 80; mean = 1.096, sd = £0.877) and Control (n = 77, mean = 1.856, sd = £0.934). Colors: red dash = SI ratio of
1, yellow = susceptible, blue = resilient, grey = control.

We first examined social interaction behavior following ten days of chronic social defeat
stress (CSDS) or control rotation (CR). Across four cohorts, control mice demonstrated a
preference for social interaction, with a mean SI Ratio of 1.856 (sd=+/-0.934). In contrast,
animals that experienced social defeat displayed a significant reduction in SI Ratios, with a mean
of 1.096 (sd=+/-0.877) (Fig. 2.1B; p<0.001, Mann-Whitney U=1600). Defeat increased the
proportion of socially avoidant mice (SI Ratio <I)) from 16% (controls) to 48% (defeat). Notably,
defeated mice could now be grouped according to two distinct response patterns: socially
avoidant (susceptible) and socially interactive (resilient).

To understand this shift in population distribution due to defeat, we asked how the final
susceptible and resilient features evolve longitudinally. We characterized defeated mice by
observing features of behavioral, physiological, and neuroendocrine read-outs before (pre-),

during, and after (post-) CSDS (Fig. 2.1A). The information gathered was used to identify which
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time(s) and which behavior(s) can predict the divergence of resilient and susceptible mice. This
allowed us to ask whether the social avoidance phenotype is apparent early on, or whether it
emerges due to the full extent of the repeated stress.

Pre-Defeat: SI Ratios and CORT Levels were not Predictive of Future Reactivity to CSDS

AM/PM Social Chronic Social Defeat Stress Social AM/PM
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Figure 2.2 Pre-stress: Basal Social Interaction and Corticosterone Levels Did Not Predict Resilience or
Susceptibility Post Social Defeat

A. Schematic timeline of pre-post SI test and AM/PM corticosterone (CORT) sampling. B. In control mice, SI Ratios
displayed before the rotation did not correlate with SI ratios measured after the rotation. C. In defeated mice, SI
ratios measured before defeat did not correlate with SI ratios displayed after defeat. D. CORT ELISA showing
diurnal patterns of CORT before and after CSDS/CR. For all groups, the diurnal CORT patterns remained stable
throughout the experiment, with higher PM CORT. For either pre- or post-CSDS/CR timepoints, there were no
differences in CORT levels between groups. Significance Codes: n.s. = not significant. Colors: grey = control, blue
= resilient, yellow = susceptible.

Pre-CSDS SI ratios did not correlate with post-CSDS SI ratios

Given that the most robust finding following CSDS is the split of resilient and susceptible
behaviors in the SI test, we asked whether this social behavior is a stable trait that 1) precedes
stress and 2) could be used to predict resilient and susceptible groups. To that end, we conducted
SI testing one day before and one day after CSDS and CR in the same animals (Fig. 2.2A). There
was no correlation between SI ratios pre-or post-CR in control mice, nor pre- or post-CSDS in
defeated mice (Control: Fig. 2.2B, Appendix Table A2; p>0.05, Defeat: Fig 2.2C, Appendix
Table A2; p>0.05). These data demonstrate that the development of vulnerability to CSDS

cannot be predicted by social behavior before experiencing defeat.
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Social reactivity outcome was not predicted by basal diurnal CORT rhythms, either before or
after CSDS

We then wanted to assess if baseline neuroendocrine differences predicted resiliency or
susceptibility. There is a distinct diurnal pattern of CORT in rodents, with relatively low levels in
the morning and high levels in the evening (Moore and Eichler, 1972). We assayed both AM
and PM plasma CORT levels in the same mice taken two days before and two days after the
CSDS/CR (Fig. 2.2A). We fit a linear mixed-effects model with CORT (ng/mL) levels as the
outcome variable and pre- vs. post- CSDS/CR, time of day, and group and their interactions as
the fixed effects. Across control, resilient, and susceptible mice, time of day was a significant
predictor of CORT levels (Appendix Table Al; est=1.552, sd=0.503, p=0.003), indicating that
the diurnal rhythm of CORT remained robust in all groups. Importantly, this diurnal pattern was
not predictive of social outcome (p>0.05), denoting that the resilient/susceptible phenotype did
not shift the circadian cycle of stress hormones. Moreover, pre- and post- CSDS/CR levels were
not predictive (p>0.05), suggesting that the process of going through the CSDS/CR itself did not

alter baseline CORT levels (Fig. 2.2D).
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2.3.2 During the Initial Defeat Encounter, Susceptible Mice Engaged in More Escape
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Figure 2.3 During Stress: Mice that End Up Susceptible Used Escape as a Coping Behavior

A. Schematic timeline indicating observation of coping behaviors during Day 1 and Day 10 of defeat. B. Average %
of freezing, escape, and fight behaviors displayed on Day 1 and Day 10, according to resilient and susceptible
phenotype. Ci. Ratio of # of fights/total behaviors observed on Day 1 and Day 10 of defeat. Overall, fight behaviors
decreased from Day 1 to Day 10, but levels of fighting were similar between resilient and susceptible groups. C.ii.
Fight ratios measured on Day 1 of defeat were positively correlated with SI ratios measured post-defeat. D.i Ratio
of # of escapes/total behaviors observed on Day 1 and Day 10 of defeat. Escape behaviors were higher overall in
susceptible compared to resilient mice and also higher overall on Day 10 compared to Day 1. D. ii. Escape ratios
measured on Day 1 of defeat were negatively correlated with SI ratios measured post-defeat. D. iii. Escape
contingency table illustrating a higher proportion of susceptible mice escape compared to resilient on Day 1. E.i.
Replication of Escape analysis in an additional cohort presented a trend for susceptible mice to escape more
compared to resilient. E.ii. Escape contingency table in replicate cohort illustrating a higher proportion of
susceptible mice escape compared to resilient on Day 1. Significance Codes: Group Main Effect a, Day Main Effect
B, *p < 0.05. Colors: blue = resilient, yellow = susceptible.

During agonistic encounters, mice engage in a variety of coping behaviors, including
freeze, fight, and escape (McLaughlin et al., 2006; Scott, 1966). Therefore, we asked whether the
type of coping behavior utilized during the defeat encounter has any predictive value for the
resilient or susceptible outcome. To do this, we quantified these active and passive coping

behaviors (Table 1) on Day 1 (a stress-naive first encounter) and on Day 10 (experienced final
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stress encounter) (Fig. 2.3A). As shown in Fig. 2.3B, resilient and susceptible mice displayed
different patterns of freeze, fight, and escape. We then compared the expression of these
behaviors on Day 1 and Day 10 between resilient and susceptible groups.
Freezing behaviors were not related to resilient or susceptible outcomes

For all three freezing behaviors (Upright, Crouch, or Forward), there were no changes
across Day or between Groups (Supp. Fig. 1C-D, Supp. Table 5; Day p>0.05, Group p>p0.05).
Freezing behaviors were also not correlated with post-defeat SI ratios (data not shown). Thus,
these data suggest that the freezing response is not related to the sociability outcome. Therefore,
we assessed whether differences in the active coping behaviors (fight versus escape) mapped
onto future expression of resilience and susceptibility.
Greater initial fighting was correlated with subsequent resilience

Fighting behavior over the course of the defeat protocol is dynamic. Over the course of
the ten days of the defeat protocol, there was an overall significant decrease in fight duration
(Supp. Fig. 2.1B; Test Day F1,44=16.20, p<0.001). Across all defeat sessions, neither fight
duration nor ratio of total fight engagements differentiated the resilient and susceptible groups, as
these groups displayed similar durations of active fighting across the defeat sessions (Appendix
A Fig. 1B; Group F1,44=0.030, p=0.860). Similarly, the fight ratios over the course of defeat
were similar between resilient and susceptible mice (Fig. 2.3C.i; Group F1,44=3.45, p=0.070).
However, the amount of fighting behavior displayed early in the course of defeat (in the initial
encounter) was related to the eventual sociability phenotype, as indicated by a significant
positive correlation between SI ratio and fight behavior on Day 1 (Fig. 2.3C.ii; r=0.312,
p=0.031). Thus, although overall fighting levels were similar between groups, higher SI ratios

correlated with higher levels of fighting on the first aggressive encounter.
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Day 1 escape behavior predicted which mice become susceptible

Escape behaviors are also dynamic, but in contrast to fight, escape ratios increased over the
course of defeat (Fig 2.3D. i.; Test Day F2,44=29.92, p<0.001). There was also a significant
group difference for this coping behavior, as mice that emerged as susceptible exhibited
significantly greater escape behaviors on Day 1 than resilient mice (Fig. 2.3D.i.; Group
F1,44=7.070, p=0.011). Notably, we observed a significant negative correlation between SI
Ratio and escape behavior on Day 1 (Fig. 2.3D.ii.; r=-0.297, p=0.040).

We next asked whether escape behavior could predict susceptibility/resilience
prospectively. To do this, we separated mice on Day 1 into two groups: high escape vs. low
escape, based on whether mice escaped one standard deviation above or below the mean
(mean=0.195, sd=+/-0.160). A Fisher Exact Test revealed a significant correlation between SI
Ratio and high/low escape behavior (p=0.041). A 2x2 contingency table analysis shows that on
Day 1, the proportion of high escape mice that become susceptible to CSDS (7 out of 9) was
larger than resilient individuals (1 out of 6) (Fig. 2.3D. iii.). This was further confirmed by using
a receiver operating characteristic curve analysis, which found that escape behavior on Day 1
significantly predicted the outcome of resilient and susceptible groups following CSDS
(Appendix A Fig. A1(2); area=0.720, p=0.009).

We used an additional cohort to verify that Day 1 high escape behaviors predict the
emergence of susceptibility. In this cohort, mice overall escaped at an average ratio of 0.161 (sd=
+/- 0.117) with a trend for future susceptible mice to have a higher escape ratio (Fig. 2.3E.i.;
p=0.064). After separating this cohort into high vs. low escape, a Fisher Exact Test revealed
again that there was a significant correlation between SI Ratio and high/low escape behavior

(p=0.033). A 2x2 contingency table analysis shows that on Day 1, the proportion of high escape
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mice that become susceptible to CSDS (6 out of 7) was larger than resilient individuals (0 out of
3) (Fig. 3E. ii). Thus, examining escape behavior as either a continuous measure or categorical

variable shows a predictive relationship between high escape and eventual susceptibility.

2.3.3 Post-Stress: Comprehensive Behavioral Phenotyping Associated with Social Outcome
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Figure 2.4 Characterization of Behavioral Outcomes.

A. Schematic timeline of assessing traditional read-outs of anxiety-like (Open field, OF) and depression-like (Forced
swim test (FST) behavior tests. 4 B. Cumulative duration (%) of time spent in the open area of the OF was overall
decreased by defeat. 4C. Resilient mice spent less time immobile compared to susceptible mice. 4D. Schematic
timeline of Von Frey (VF) testing. 4 E. In the VF test, susceptible mice had increased pain sensitivity compared to
controls. 4 F. Lower SI ratios were correlated with lower force (g) filaments used to elicit a response in the VF test
(increased pain sensitivity). Significance Codes: Group Main Effect a, *p < 0.05, **p < 0.01. Colors: grey = control,
blue = resilient, yellow = susceptible.

Traditional Affective Readouts: The Open Field (OF) and Forced Swim Test (FST)

To address whether resilient and susceptible phenotypes (according to the SI test) are
generalizable to traditional measures of anxiety- and depressive-like behavior, we conducted the
Open Field (OF, anxiety-like measure) and Forced Swim Test (FST, depression-like measure)
following CSDS or CR (Fig. 2.4A).

In the OF test, social defeat reduced the percent time spent in center compared to controls
(Fig. 2.4B; F>31=6.689, p=0.004), indicating a general increase in anxiety-like behavior following
CSDS. However, there was no difference between resilient and susceptible mice (p>0.05), and

there was no correlation between SI Ratios and percent time spent in the center in defeated mice
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(p>0.05) (Appendix Table A10). Therefore, although defeat itself increased anxiety-like behavior
in the OF, there was no difference between resilient and susceptible groups.

In the FST, there was a significant difference across groups in time spent immobile (Fig.
2.4C; F231=3.93, p=0.030). Compared to controls, there was no significant difference between
resilient (p>0.05) or susceptible (»p>0.05) mice. However, susceptible mice spent significantly
more time immobile compared to resilient mice (p=0.023). In this test, SI Ratios did not correlate
with immobility time in defeated mice (Appendix Table A10; p>0.05).

Mice with lower SI Ratios displayed greater sensitivity to mechanical nociception (Fig. 2.4D)

Due to the physical nature of social defeat, we conducted the Von Frey (VF) test to
understand whether pain sensitivity differed between resilient and susceptible mice. There was a
significant effect of group on filament force (g) used in the VF test (Fig. 2.4E; F>33=5.163,
p=0.011). Susceptible mice needed a significantly lower filament force to elicit a mechanical
response than controls, indicating an increased mechanical nociception sensitivity (p=0.009). In
contrast, resilient mice had a similar filament force threshold to control mice (p>0.05). There
was a trend for lower pain threshold in susceptible mice compared to resilient (»p=0.069). And
moreover, within defeated mice, there was a positive correlation between SI Ratio and force (g)
of filament threshold (Fig. 2.4F; p=0.015, »=0.581), indicating a relationship between social
avoidance and increased pain sensitivity. These data highlight a relationship between social
interaction and pain sensitivity that goes beyond the traditional measures of affective-like

behaviors.
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2.3.4 Post-Stress: Sociability Outcome was Related to Physiological Measures of Weight and
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Figure 2.5 Susceptible Mice Gained Less Weight and Mounted a Blunted CORT Response Compared to Resilient
Mice

5 A. Schematic timeline of body weight and Forced Interaction Test (FIT) CORT measurements. 5 B. FIT-induced
CORT (ng/mL) levels increased in resilient mice compared to controls. 5C. In defeated mice, lower FIT CORT
(ng/mL) levels correlated with lower SI Ratios. 5D. Change in BW (Day 10 — Day 1) indicates that susceptible mice
had reduced weight gain compared to resilient and control mice. 5 E. In defeated mice, higher SI ratios were
significantly correlated with larger weight gains over the course of the experiment. Significance Codes: Group Main
Effect a, *p <0.05, **p < 0.01. Colors: grey = control, blue = resilient, yellow = susceptible.

To determine whether there were neuroendocrine and physiological differences in
resilient and susceptible mice following stress, we conducted a social stress challenge and

observed changes in body weight and CORT (Fig. 2.5A).
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During a social stress challenge, lower SI ratios correlated with lower CORT expression

Although pre-defeat experiments showed no differences in basal CORT rhythms, we
wanted to determine whether resilient and susceptible mice would display different CORT
responses when given a social stress challenge. Following 40-minute exposure to a CD1 mouse,
there was an overall group difference between control, resilient, and susceptible mice (Fig. 2.5B;
F2,33=4.560, p=0.0214). This group effect was driven by increased CORT expression in resilient
mice compared to controls (p=0.016). Interestingly, within defeated mice, there was a significant
positive correlation between SI ratios and CORT levels (r=0.055, p=0.026), indicating that the
more socially interactive mice mounted higher CORT responses to the social stress challenge
(Fig. 2.5C).
Susceptible mice had reduced weight gain by the end of CSDS

As an additional physiological measure of the effects of stress, we compared changes in
body weight across the experimental period in mice exposed to CSDS or CR (Fig. 2.5A). Weight
change across social defeat was calculated (Day 10 weight — Day 1 weight) and showed an
overall group difference between control, resilient, and susceptible mice (Fig. 2.5D;
F2,33=18.60, p<0.001). This difference was driven by a significant reduction in weight in
susceptible mice compared to both control (p<0.001) and resilient (p<<0.001) mice. Within the
defeated group, there was a significant positive correlation between SI Ratio and body weight
(Fig. 2.5E; r=0.492, p<0.001), further indicating that social avoidance was related to reduced
weight gain.

We ran a linear regression to test whether there was a relationship between body weight
and SI Ratio on FIT CORT expression. We found that while there was an effect of body weight

change on SI Ratio (p=0.017), there was no effect of weight change on FIT CORT expression
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(Appendix Table A9; p>0.05). This analysis indicates that although body weight and stress-
induced CORT were independently related to social reactivity outcome of defeat, the two

physiological variables were not directly related to each other.

2.4 Discussion

The CSDS model has proven valuable in investigating the underlying neurobiological
mechanisms of social reactivity after resilient and susceptible groups are established. Following
CSDS, neuroanatomical differences (Anacker et al., 2016), transcriptional profiles (Bagot et al.,
2016), and neural activity patterns (Hultman et al., 2018; Muir et al., 2020, 2018) have all been
linked to susceptibility or resilience. In our study we performed a characterization of the
behavioral differences either before or early in the stress experience that may set the course for
the social outcome. We assessed behavioral, neuroendocrine, and physiological differences pre-
stress, during the early social stress experience, and post-stress. The current work outlines
several key findings that shed light on the affective makeup of resilient and susceptible mice.
Key Findings:

a) We did not identify a priori behavioral readouts that predicted resilient or susceptible
outcomes. The degree of social interaction before stress is not predictive of social
response following stress, suggesting that these animals do not simply differ in
“sociability.” Moreover, physiologically, basal CORT has no predictive value for social
reactivity to CSDS.

b) By contrast, coping style during the first encounter is a key variable in the emergence of
the eventual phenotype: higher rates of escape behavior on Day 1 indicate a greater
likelihood of a subsequent classification of susceptible. In addition, the propensity for

more fighting on Day 1 correlates with greater resilience scores.
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c) Following stress, social avoidance is not generalizable to traditional measures of affective
behavior. However, it is associated with greater sensitivity to physical pain and
significant weight loss. Moreover, lower social interaction ratios correlate with lower
CORT expression when mice are placed back in the social stress context.

d) Social avoidance is social context-specific, as susceptible mice do not avoid non-
aggressive strains.

Taken together, our findings demonstrate that the susceptible, socially avoidant animals
exhibit high reactivity to a specific social stressor, characterized by a greater propensity to
escape during the early encounters. This initial difference evolves into a relatively lower
endocrine stress response to social threat, along with greater sensitivity to pain and weight loss.
However, susceptible mice appear clearly attuned to the nature of the aggressor and do not
generalize the threat response to either con-specifics or other novel strains of mice. Through this
work, we have expanded our understanding of susceptibility in this animal model, adding context

to the socially avoidant phenotype.

2.4.1 Evaluating How Social Outcome Tracks with Traditional Measures of Emotional

Vulnerability

Across multiple labs, the variation in behavioral responses to social defeat reflects the
complexity of defining vulnerability and the nuanced relationship between stress and affective
behaviors. When assessed after defeat, traditional measures of anxiety-like behavior, such as
open field and elevated plus maze, generally do not track between resilient and susceptible
outcomes (Alves-Dos-Santos et al., 2020; Krishnan et al., 2007). In measures of depression-like
behavior, such as the forced swim test, there have been contradictory findings related to the link

to resilience or susceptibility (He et al., 2018; Krishnan et al., 2007; Lee et al., 2021; K. Zhang et
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al., 2021). Although we detected a difference in FST immobility between resilient and
susceptible mice, both groups were comparable to controls. Additionally, within defeated
animals, there was no relationship between social reactivity and this particular depressive-like
measure. It is important to highlight that CSDS is both a physical and psychosocial stressor—in
our work, delineation of resilient and susceptible animals involved measures that were physical
(pain sensitivity and body weight) or psychosocial (coping behavior, FIT CORT, and susceptible
threat-discrimination). Thus, although anxiety- or depressive-like assays can be useful in
characterizing general affective states following CSDS, these tests do not appear to reflect the
relevant stimuli encoded by the social stress itself and may be less tied to the social outcome at
the time points downstream behavior is observed. Another important variable to consider when
parsing susceptible or resilient outcomes of social defeat is the nature of the CSDS protocol
itself. For example, increasing the number of defeat sessions from 10 to 21 consecutive days
increases susceptibility and provokes stronger and more reliable differences in depression-like
and anxiety-like measures (Fang et al., 2020; Lu et al., 2021), suggesting that social interaction
outcomes following a more prolonged stress track well with traditional affective assays. In
contrast, acute social defeat stress (3 sessions in 1 day) does not reveal any differences between
resilient and susceptible outcomes in depression-like or anxiety-like tests (Grossman et al.,
2022). Finally, an added layer of complexity for these studies relates to the potential for sex
differences in how resilient or vulnerable phenotypes emerge. Examining sex differences in the
CSDS model has been complicated by the fact that territorial aggression is provoked by different
experimental conditions in male vs. female mice, and the majority of previous CSDS studies to
date have focused on male subjects (Carnevali et al., 2020; Hammels et al., 2015; Martinez et al.,

1998). Nevertheless, researchers have begun to explore inter-female aggression using modified
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CSDS protocols and have identified unique consequences of this type of social stress in females
(Harris et al., 2018; Logan, 2019; Takahashi et al., 2017; van Doeselaar et al., 2021). Although
we did not include female mice in our current work, defining the neurobiology of vulnerability
and resilience to social stress in both sexes remains a critical gap in this model and will be
essential for our understanding of underlying risk factors for stress-related disorders in humans

(Lyons et al., 2018; Senst et al., 2016; Varholick et al., 2019).

2.4.2 Predicting the Resilient-Susceptible Outcome

Recently there has been greater emphasis on uncovering what traits or combinations of
traits are needed to predict resilient and susceptible outcomes. For example, Nasca et al. found
that predicting susceptibility is optimized when multiple behavioral, neuroanatomical, and
physiological measures are combined (Nasca et al., 2019). When looking specifically at social
behavior features, Larrieu et al. identified that hierarchal status before defeat predicts the social
phenotype; mice that are higher-ranked in their home cage are more likely to exhibit susceptible
and socially avoidant behaviors following social defeat (Larrieu et al., 2017). Moreover, it has
been shown that features of behaviors that can be classified as ‘active actions’ are predictive of
social outcome. Indeed, mice displaying low baseline physical activity in a voluntary wheel
running assessment prior to CSDS are more likely to become susceptible compared to more
active mice (J. Zhang et al., 2021). Similarly, low levels of exploration in a novel environment
(exploratory drive) predict susceptibility following CSDS (Milic et al., 2021). Consistent with a
role for active behavioral traits in predicting social outcome, the current results provide novel
evidence that less “active” coping behaviors displayed during the initial defeat (e.g., escape)
predicted susceptibility. Taken together, this pattern suggests that the resilient or susceptible

responses to social stress may reflect broad temperamental differences in active vs. passive traits.
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2.4.3 Evaluating the Cost-Benefit Balance in Susceptible Mice

The two main coping behaviors we observed during the defeat, fight and escape, can be
understood in the context of evolutionarily conserved predator-prey interactions (Koolhaas et al.,
1999). For example, mice can either engage in the fight to assert active territorial control
(Anderson and Hill, 1965) or deploy an escape strategy to avoid the looming threat of the
approaching predator (De Franceschi et al., 2016; Eilam, 2005; Shang et al., 2018). Mice that go
on to become resilient engage in more fights on day 1 of defeat, suggesting that they may be
attempting to assert dominance over the social threat through heightened aggression and fight
engagements. This interpretation is further supported by our finding that CORT responses to
social stress challenge were elevated in resilient mice, as increased plasma glucocorticoids have
been linked to increased levels of aggression and fight engagements (Haller et al., 1998).
Similarly, Milic et al., found that when assessing CORT expression following an SI test that
occurred 1-week post-CSDS, elevated CORT levels were positively correlated with exploration
time of a novel CD1 (Milic et al., 2021). A heightened level of CORT in resilient mice may
come at a cost, as sustained CORT expression can have detrimental health effects on both body
and brain (McEwen and Akil, 2020). Although we did not observe CSDS-induced changes in
baseline CORT, other CSDS protocols have cited baseline shifts, perhaps reflecting differences
in the exact protocol or blood collection methods (Gururajan et al., 2019). The potential for
CSDS to significantly shift HPA function, altering the consequences of subsequent stressors,
highlights the need for more studies examining CORT trajectories in resilient and susceptible
mice.

Although susceptibility has often been thought to reflect a maladaptive reduction in social

motivation, our results suggest possible advantages to this response. In susceptible mice, the high
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propensity to escape indicates that these animals tend to employ an evasive strategy to avoid
harm and are perhaps highly sensitive to threat. This underlying difference in threat assessment
can also be seen in Milic et al., where they observed that susceptible mice show increased
avoidance to harm in a passive avoidance task prior to stress (Milic et al., 2021). Interestingly,
we showed that susceptible mice do not appear to have reduced social motivation in general,
only reduced exploration specific to the strain associated with aggression. Similarly, when using
a modified social interaction test in which defeated mice were placed in a three-chambered social
approach task, Ayash et al. found that susceptible mice interacted more with the non-aggressive
C57BL6/J or 129/Sv than a CD1(Ayash et al., 2020). Both studies show that when tested either
sequentially or forced to make a choice, the social avoidance behavior in susceptible mice is
specific to the aggressor context. The potential benefits of susceptibility, in terms of increased
threat avoidance, appear to come at some cost, as these animals also had reduced weight gain and
increased pain sensitivity following CSDS. Other studies have observed overall increased pain
sensitivity following defeat (Marco Pagliusi et al., 2020; M Pagliusi et al., 2020), but it is unclear
whether individual variation in pain sensitivity precedes the defeat; additional studies are needed
to uncover whether this is a predictive factor. Taken together, our results suggest that
susceptibility should be viewed in a more nuanced way, as the conditions in which the observed

behavior is expressed dictates whether there it is a cost or benefit to the animal.

2.4.4 Concluding Remarks

It is worth recalling that resilient and susceptible mice in these and other studies derive
from a single inbred strain and therefore share a common genetic makeup. Despite this, inbred
strains exhibit a high degree of individual variability in behavioral outputs (Tuttle et al., 2018;

Wabhlsten et al., 2006), highlighting the key role of developmental and contextual variables in
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shaping emotional reactivity. Some of these variables may arise from differences in
environmental enrichment (Caradonna et al., 2021), maternal behavior (Pedersen et al., 2011), or
from social dominance hierarchies (Horii et al., 2017). Here, our longitudinal study suggests the
existence of an ongoing interplay between the animal’s initial propensity for adopting different
coping strategies, the specific characteristics of the stress condition, and the cumulative effects of
daily stress experience. Over the course of the stress, these factors work together to determine
resilient or susceptible outcomes, each with their own set of costs and benefits. This perspective
provides a context for future studies investigating the neurobiology underlying social defeat
stress, as well as the unique and dynamic changes associated with distinct behavioral

phenotypes.

Going forward, detailed quantification of coping behaviors displayed during defeat, and
the incorporation of coping strategy itself as a variable in predicting social outcome, will serve
useful in the CSDS model. Intervention studies, employing pharmacological or environmental
manipulations to shift coping behaviors early in the course of defeat, can be used to directly test
the role of coping in shaping final behavioral outcome. In this way, understanding the factors
that determine coping traits may provide a valuable clinical framework for defining affective
risk, as well as identifying potential behavioral therapeutic interventions that are protective

against human stress-related disorders.
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Chapter 3 Individual Differences in Neural Activity Patterns Predict Vulnerability to

Chronic Social Defeat Stress

3.1 Introduction

Social stress is experienced by all social animals, including humans. Some individuals are
especially sensitive to social stress, and that vulnerability can trigger the development or
expression of affective disorders such as clinical anxiety, major depressive disorder, and others
(Fox & Kalin, 2014; Lydiard, 2001; Pontillo et al., 2019). This vulnerability to social stress
depends on a multitude of factors, including genetic, developmental, environmental, and
behavioral. Notably, being able to evaluate and cope with stressful social events as they unfold
plays a large role in the capacity to overcome the consequences of a stressor without long-lasting
detrimental effects (Bienvenu, Hettema, Neale, Prescott, & Kendler, 2007; Billings & Moos,
1984; Derryberry, Reed, & Pilkenton—Taylor, 2003; K. M. Lee, Shellman, Osmer, Day, &
Dempsey, 2016; Wright, Banerjee, Hoek, Rieffe, & Novin, 2010; Y1, Smith, & Vitaliano, 2005).
However, the neurobiological mechanisms underlying the role of coping strategies on the long-
term impact of social stress remain to be elucidated.

The rodent resident-intruder paradigm, which relies on a series of agonistic encounters
between an aggressive resident animal and an intruder conspecific, has been used as a
naturalistic social stress model (Hollis & Kabbaj, 2014; Koolhaas et al., 2013). Following these
stressful encounters, rodents diverge into groups of ‘winners’ and ‘losers,’ establishing dominant
and subordinate hierarchies between each pair. Early work from our lab first mapped the neural

circuitry associated with social dominance hierarchies. Syrian hamsters that use defensive
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(subordinate) versus offensive (dominant) behaviors during the fight showed clear differences in
Fos activity patterns that map onto their behavioral profiles (Kollack-Walker, Watson, & Akil,
1997). There is now clear evidence in several species that active versus passive coping strategies
are mediated through the activation of distinctive neural circuitry throughout the brain (Barbano
et al., 2020; Chang & Gean, 2019; de Boer, Buwalda, & Koolhaas, 2017; De Franceschi,
Vivattanasarn, Saleem, & Solomon, 2016; Falkner, Grosenick, Davidson, Deisseroth, & Lin,
2016; Kim et al., 2019; Nordman et al., 2020; Shang et al., 2018; Vale, Evans, & Branco, 2017;
Wang et al., 2019; Wei, Talwar, & Lin, 2021; Wong et al., 2016). It is also clear that patterns of
neural activation are altered by repeated exposure to the social stressor (Kollack-Walker, Don,
Watson, & Akil, 1999). However, what remains unclear is how early behavioral and neural
responses to a social stressor shape the eventual long-term response to chronic stress and result
in enduring social consequences associated with vulnerability or resilience to social interactions.
In mice, the chronic social defeat stress paradigm (CSDS) is a widely validated model of
individual variation in response to social stress (Hammels et al., 2015; Krishnan et al., 2007). In
this paradigm, inbred C57BL6/J intruder mice are repeatedly subjected to bouts of physical and
psychosocial stress by a larger, aggressive resident CD1 mouse. Following CSDS, the intruder
mice diverge into two distinct populations of social reactivity: a socially interactive “Resilient”
group and a socially avoidant “Susceptible” group (Golden, Covington, Berton, & Russo, 2011).
While it has been established that several days of social defeat are necessary before the Resilient
and Susceptible classification emerge (Bagot et al., 2015; Kudryavtseva, 1994; Wells et al.,
2017), work from our lab (see Chapter 2) found that behavioral coping strategies used during the
initial stress encounter were a predictive factor in whether resilience or susceptibility arose in the

final social interaction test. Thus, mice that emerge as Susceptible display greater “escape”
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behavior on Day 1 of Defeat compared to those that emerge as Resilient (Murra et al., 2022).
These individual variations in the behavioral response to stress are likely associated with distinct
neural response patterns that likely shape the responses to subsequent social stressors and the
ultimate susceptibility or resilience in a social context.

Several brain regions known to play a role in major depressive disorder (MDD) have also
been implicated in mediating reactivity to social stress, including the prelimbic cortex (PrL),
nucleus accumbens (NAc), amygdala (AMY), ventral hippocampus (vHipp), and ventral
tegmental area (VTA) (Mayberg et al., 2005; Nestler et al., 2002). However, whether this neural
circuitry differs before the chronic social defeat, or whether it emerges as a result of the repeated
stress remains unclear. To our knowledge, only two studies have attempted to address this
question in the context of the CSDS model. One study relied on in vivo fiber photometry and
found that a baseline increase in D1-MSN activity in the NAc was a predictive marker of future
resilience but not susceptibility (Muir et al., 2018). Another study relied on in vivo local field
potential recordings in the MDD-network brain regions and found that before stress, subtle
differences in oscillatory signatures mapped onto future resilience versus susceptibility (Hultman
et al., 2018). Other circuit-based studies have focused on assessing neural circuits after the stress
has occurred (Anacker et al., 2016; Bagot et al., 2015; Chaudhury et al., 2013; Heshmati et al.,
2020; Hultman et al., 2018; Muir et al., 2020; Nam et al., 2019; Vialou et al., 2010). However, to
understand the variables that set the stage for the emergence of susceptibility versus resilience, it
is important to capture differential responses early in the process that can shape the course of
subsequent behavior. The practical challenge resides in the fact that the classification as
Susceptible vs. resilience requires a multi-day course of daily social stress. Recent advances in

mouse technology have allowed us to address this challenge. We can now capture brain-wide
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neural activity patterns in living animals during the first episode of social defeat and allow them
to live on to undergo the chronic stress experience and be further classified into Resilient or
Susceptible groups.

Neuronal activity-related genes, such as the immediate early gene Fos, have been a
powerful tool in labeling neuronal ensembles based on behavior, as these genes are rapidly
induced, but their activation is transient (Bullitt, 1990). While classic Fos studies can only take
place post-mortem, the FosTRAP technique enables in vivo capture of neuronal activity. The
FosTRAP mouse line links a promotor-driven Fos Cre-ERT2 system in a tamoxifen-dependent
manner to an LSL-tdTomato reporter to allow for permanent brain-wide labeling of activated
neurons restricted to a specific time window (DeNardo et al., 2019; Guenthner, Miyamichi,
Yang, Heller, & Luo, 2013) (Fig. 3.1A, B). Using this system, we labeled and quantified brain-
wide ensembles of neurons that are activated on Day 1 of stress to permanently ‘“TRAP’ the
stress-naive circuit to then test the hypothesis that brain-wide activation patterns that emerge
during the initial defeat encounter predict eventual social reactivity. We found evidence for
selective brain regions and networks that are activated on Day 1 that are specific to Defeat alone,
and others that distinguish between groups that will eventually emerge as Resilient or

Susceptible.
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Figure 3.1 FosTRAP System Approach

A. TRAP requires two transgenes: one that expresses CreERT2from an activity-dependent Fos promoter and one
that allows expression of an effector gene, such as tdTomato, in a Cre-dependent manner. Without tamoxifen (TM),
CreERT2is retained in the cytoplasm of active cellsin which it is expressed, so no recombination can occur (top). In
the presence of TM, CreERT2 recombination can occur in active cells (bottom), whereas nonactive cells do not
undergo recombination, because they do not express CreERT2 Adapted by permission from Elseiver: Neuron.
Permanent Genetic Access to Transiently Active Neurons via TRAP: Targeted Recombination in Active
Populations. Guenther (2013). DOI: 10.1016/j.neuron.2013.03.025.PMID: 23764283 B. Visualization of a
FosTRAP+ neuron (imaged at 40X). Red= FosTRAP+, blue=DAPI. Scale bar = 20um.

3.2 Methods

Animals: Transgenic FosTRAP2 (Jackson Laboratory; Fos2mt.1(iCreERT2)Luo/J; strain
#(030323)), and Ail4D(Jackson Laboratory; B61;129S6-Gt(ROSA)26sortm14(CAG-
tdtomato)Hze/J; Strain #007908) mouse lines were crossed in-house to generate FosTRAP2-
Ail4 mice. In total, 32 FosTRAP2-Ai14 male mice (10-12 weeks of age) were used for the social
Defeat and were housed 2-4 per cage until start of experiment. 36 male CD1 retired breeders (3-6
months) from Charles River Laboratories (Wilmington, MA) were used as aggressors and social
interaction stimulus mice. Enrichment in the form of enviro-paks was provided before and after

social Defeat. Housing rooms were kept under a 12 h light: 12 h dark cycle starting at 7 AM.
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Mice were provided with mouse chow and tap water ab libitum, in accordance with the NITH
Guidelines for the Care and Use of Laboratory Animals. All animal protocols utilized were
approved by the University of Michigan Institute of Animal Use Care and Use Committee
(IAUCAC).

Chroinc social defeat stress (CSDS) and Control Rotation (CR): CSDS and CR was
conducted according to a previously described protocol (Golden et al., 2011). CD1 mice were
screened for aggression (defined as <1-minute interval latency to attack for two consecutive
days) before use in CSDS. During CSDS, FosTRAP2-Ai14 mice were subjected to 5-minute
bouts of agonistic encounters from a novel, aggressive CD1 mouse for ten consecutive days.
After each session, the FosTRAP2-Ai14 mouse was rotated to a new CD1 aggressor. Following
the Defeat, the FosTRAP2-Ai14 mouse was placed in the CD1 resident cage (27x48x15cm)
across a plexiglass divider from the CD1. In the same cage set-up, Control mice had no physical
interaction but were placed across from each other and rotated to a new partner for ten
consecutive days. All sessions occurred between 9 am-11 am each day. Following CSDS or CR,
FosTRAP2-Ail4 mice were singly housed in static cages with enviro-pak enrichment.

Coping Behavior: Defeat sessions were recorded with a video camera and were manually
scored by a blinded observer. During the physical bouts of Defeat, coping strategies were scored
as follows: total duration of engagement in fight action (sec), the total number of fights, escapes,
and upright, forward, and crouch-back freezing (see Chapter 2 & Murra et al., 2022 for behavior
descriptions). Coping behavior is reported as a ratio of coping strategy measured/total coping
strategies.

Social Interaction Test (SI): Following ten days of Defeat, the SI test was conducted in the AM

on Day 11. The SI test consists of two 2.5-minute trials that occur in an open field arena
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(41x41x40cm) containing a rectangular interaction zone (14x24cm) with a removable wire mesh
stimulus cage (10x10x10cm) against a sidewall. During the first trial, the experimental mouse
was allowed to explore the arena with the empty cage. Then, the experimental mouse is removed,
and a novel, aggressive CD1 mouse, is placed in the cage. During this second trial, the
experimental mouse is placed back in the open field to explore again. Each session was recorded,
and the mouse's exploration of the interaction zone was scored using automatic tracking software
(Noldus Ethovision XT software; Noldus Technology, Leesburg, VA). The SI ratio is calculated
as time spent in the interaction zone with CD1 present/CD1 not present. An SI ratio of < 1
indicates Susceptible, while > 1 indicates Resilient.

Tamoxifen: 1 hour following the 5-minute Defeat encounter on Day 1, FosTRAP2-Ai14 were
injected with 4-hydroxy-tamoxifen (4-OHT) intraperitoneal at a dose of 50mg/kg. 4TM (Sigma
H6278) was dissolved in an aqueous solution containing 10% DMSO and 10% Tween-80 in
saline. All cages were changed the following day to avoid the re-uptake of Tamoxifen.
Histology: FosTRAP2-Ail4 mice were perfused transcardially with cold 1X PBS solution
followed by 4% PFA. Brains were post-fixed in 4% PFA overnight and dehydrated with 20%
sucrose, then flash-frozen in -20°C isopentane. Coronal sections were collected in a series of 10
at 20uM using a freezing cryostat at -24°C and immediately mounted to the glass slide. Slides
were stored at -80°C until processing. The sampling rate was every 200uM starting anterior at
bregma 1.98 and ending posterior at bregma -3.08. Slides were washed 3x5-min with 1X PBS
and then incubated with DAPI 1:10,000 for 10 min. Slides were then washed 3x5min, and
coverslipped using Invitrogen™ Prolong™ Gold Antifade Mountant (Cat#P10144).

Imaging Parameters: All images were taken on an Olympus IX83 Inverted Microscope at a 10x

objective and imaged at 647nm (FosTRAP+tdTomato cells) and 405nm (DAPI).
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Cell Counting and Registration: Individual cell bodies for both FosTRAP+ was identified
using the automated cell detection feature in Neurolnfo (MBF Bioscience, Williston, VT). For
FosTRAP+ cells, the largest cell diameter detected was 40uM, and the smallest was 6uM at an
intensity of 16-26 nearest to the background (depending on the section). The Neurolnfo
‘Registration’ feature was used on the DAPI channel to register individual sections to the Allen
Mouse Brain Atlas.

Statistical Analysis: Graphpad Prism and R (version 4.0.2) were used for figure design and
statistical analyses. In R, pastecs, psych, nlme, pheatmap, and emmeans packages were used for
visual and statistical analyses. Cor function was used to assess correlations between all brain
regions within Control, Defeat, Resilient, and Susceptible groups. Pheatmap was used to
visualize clusters of correlations between brain regions and groups. The nlme package with the
Im function was used to run linear regressions on all brain regions between groups and post-hoc
Tukey multiple comparisons was done using the emmeans package. The /m function was used to
run a linear regression between brain region and behavioral interactions. For analyzing
differences in coping strategies between groups on Day 1, Prism Mann-Whitney T-test function

was used. All significance thresholds were set at p<0.05 and FDR at <0.1.

83



3.3 Results

3.3.1 Characterizing the Behavioral Response to CSDS in FosTRAP2 Mice

A. Experimental Design B. Social Interaction
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Figure 3.2 Chronic Social Defeat Stress in FosTRAP2 Mice

A. Experimental Design: 4-hydroxytamoxifen (4-OHT) is injected 1 hour following 5 minutes of CSDS to
capture the neural circuitry on Day 1. B. Social Interaction (SI): Defeated mice show a significant reduction in
SI compared to controls (p=0.001, Mann-Whitney U=27).

In order to assess neural circuitry associated with the initial Defeat encounter, we injected
FosTRAP2 mice with aqueous 4-hydroxytamoxifen (4-OHT) on Day 1 of social Defeat.
FosTRAP2 mice then experienced the traditional trajectory of all 10 days of social Defeat and
were then placed in the social interaction test for final classification (Fig. 3.2A). Control mice
demonstrated a preference for social interaction, with a mean SI Ratio of 1.311 (sd=+/-0.292). In
contrast, mice that experienced social Defeat displayed a significant reduction in SI Ratio, with a
mean of 0.688 (sd=1/-0.430) (Fig. 3.2B; p=0.001, Mann-Whitney U=27). As a result, 6 animals
were defined as Resilient (socially interactive) and 16 were defined as Susceptible (socially

avoidant).
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