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Abstract: In social species, animals must detect, evaluate and respond to the
states of other individuals in their group. A constellation of gestures,
vocalizations, and chemosignals enable animals to convey affect and arousal to
others in nuanced, multisensory ways. Observers integrate such social
information with environmental cues and internal physiology to general social
behavioral responses via a process called social decision-making. The
mechanisms and anatomical correlates of social decision-making, particularly
those that allow behavioral responses to others’ emotional states, are not fully
known. Therefore, the objective of this dissertation is to broaden the anatomical
understanding of social decision-making by investigating the role of the insular
cortex in social behaviors that depend upon others’ emotional state. Using a
novel behavioral paradigm, | present causal evidence that implicates the insular
cortex and its projections to the nucleus accumbens in social affective behavior.
These findings are consistent with evidence from the literature that suggests
insular cortex is positioned to convey sensory cues to social brain structures to

produce flexible and appropriate behavioral responses to social affective cues.
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Chapter 1: Introduction to the insular cortex and social decision-making
Portions of this chapter are currently under review:

Rogers-Carter, M.M., Christianson, J.P. (2019). An insular view of the social decision-
making network in rodents. Under Review



1.1. Social Decision Making

It is nearly impossible to overstate the importance of sociality. Social behaviors
are necessary for survival and reproductive success across many species (Wilson,
1992) and the ability to make flexible social decisions underlies sophisticated social
behavior in humans (Tremblay et al., 2017) and non-human primates (Sueur & Pelé,
2016). Emotion is tightly interwoven with behavior and sharing one’s emotional state
can evoke adaptive behavioral responses from other group members. This capacity is
observed in fundamental social actions across species, including parenting, mate
selection and aggression (Ranote et al., 2004; Rendon et al., 2015), as well as more
complex and multidimensional facets of social interactions like empathy, perspective-
taking and compassion (Marsh, 2018; Shamay-Tsoory, 2011). In humans, impaired
emotion recognition and the subsequent inability to generate appropriate social
responses may underlie the aberrant social function characteristic of psychiatric
disorders like autism and schizophrenia (Edwards et al., 2002; Lozier et al., 2014).
Thus, the work presented in this dissertation was inspired by the need to identify the
neural mechanisms by which social animals detect and respond to socioemotional cues
in order to understand both healthy and aberrant social function.

Emotion, of course, is a complex and multi-faceted construct with varying
definitions and applications (Cabanac, 2002). While it is difficult to come to a consensus
about the exact definition of emotion, there are several agreed-upon foundational ideas
about emotion and its purpose, which provide the conceptual framework underlying the
experiments to be discussed in this dissertation. One element of emotion is “core affect”

which varies from moment to moment and is a reflection of an individual’s arousal level



and hedonic state (Russell, 2003). An individual’s core affect is shaped by external
stimuli and fluctuations in internal state, and falls along two dimensions than span from
sedating to arousing, and from aversive to pleasing. Emotional words, such as
happiness, reflect a core affect with modest arousal and pleasure, whereas fear
describes a core affect that is aroused and aversive. To outwardly communicate these
internal states likely evolved for myriad social functions that promote individual or group
survival. Here, | use the term “social affect” to describe the expression of one’s core
affect, which may be appraised by observers. The behavioral responses to appraising
another’s’ affect state are considered “social affective behaviors,” and, despite their
importance in social species, the underlying mechanisms remain elusive.

Many species rely on expressions like vocalizations, touch, chemosignals,
olfactory cues, and behavioral gestures to communicate changes in their core affect to
other members of the group (Darwin, 1976; Insel, 2010). For example, an infant’s cry
prompts maternal attention, and a distressed call may elicit help from others in both
humans (Marsh, 2018) and rodents (Brudzynski, 2013; lhnat et al., 1995). Responses to
social affective cues require more than simple reflexes and are generated through a
processed called social decision-making, which utilizes sensory and perceptive systems
in the brain to appraise and integrate social information with situational factors, past
experiences and internal physiology to shape specific, context-appropriate social
behaviors. Further, these factors help determine the reward value of a social behavior
(Gil et al., 2013; Vanderschuren et al., 2016; Weiss et al., 2015) which is calculated to
inform one’s decision to execute a certain behavior (Caldu & Dreher, 2007). It is

unknown whether social decision-making is truly a conscious evaluation of how one



should respond to a given situation with regard to the aforementioned factors, or rather
is merely the computational product of integrating such factors. However, in either
instance, social decision-making enables animals to react within social settings with
flexible and adaptive behaviors (O’Connell & Hofmann, 2011).

An obstacle to understanding the anatomical correlates underlying social
decision-making is its complexity; several parallel neural processes must coordinate
across a network of brain regions to produce an observable social behavior. These
include salience detection and sensory integration, which function to encode the
external environment, memory processes that determine context and the identity of
another individual, and motivation, reward, and ultimately, motor systems which enable
animals to generate social responses to social affective cues (Insel & Fernald, 2004a;
O’Connell & Hofmann, 2011). While these processes are not specific to social function,
they are necessary to generate flexible, nuanced and context-appropriate social actions.
Thus, to construct a complete neurobiological account of social cognition we must ask:
how do processes like salience detection and sensory integration interact with the
processes that generate social behaviors?

Rodents are a suitable non-human model in which the anatomical correlates of
social decision-making can be studied because neural circuits are readily tractable.
Importantly, a number of studies identify that social signals emitted by one animal,
referred to as the “demonstrator,” can elicit behavioral changes in an “observer,” which
show rodents do in fact detect and response to social affective cues. For example, rats
will more readily press a lever to release a squealing rat than a toy block from a harness

(Rice & Gainer, 1962) and to spare a conspecific from a painful shock (Green, 1969).



More recent findings report that rodents transfer negative affective states, including fear,
pain and stress, which elicit social responses. Observer rats (Knapska et al., 2006),
mice (Meyza et al., 2015), and voles (Burkett et al., 2016) spend more time exploring a
cagemate who underwent tone-shock conditioning, and observers display increased
exploration of the demonstrator (Knapska et al., 2010; Mikosz et al., 2015). Further,
observer rats who witness or interact with footshocked or fear conditioned
demonstrators show observational fear learning, increased sensitivity to pain, and a
greater propensity to avoid of noxious stimuli (Jeon et al., 2010; Kim et al., 2010). These
phenomena highlight the importance of social affect in prosocial behaviors, which are
comprehensively reviewed by (Meyza et al., 2017).

Importantly, social behaviors that result from detecting a stressed demonstrator
are influenced by a range of situational factors including social rank, age, sex,
familiarity, and previous stress experience, several of which will be discussed in the
upcoming sections. Regarding age, | will report on a set of experiments in which adult
rats will show approach toward a stressed juvenile, but avoidance of a stressed adult in
Chapter 2 and 3(Rogers-Carter et al., 2018b). Familiarity is an important determinant of
social actions in rodent paradigms: familiarity is either necessary for, or augments,
vicarious fear (Jones et al., 2014), pain empathy (Langford et al., 2006; Li et al., 2014),
social approach (Rogers-Carter et al., 2018a) and consoling behavior (Burkett et al.,
2016). Similarly, rats will work to press a lever to release a restrained conspecific of the
same, but not different, strain (Ben-Ami Bartal et al., 2014) but see (Silberberg et al.,
2014). In Chapter 2 | will discuss how familiarity between conspecifics alters approach

behavior between adult rats.



These findings indicate that social responses to distressed conspecifics are
sensitive to a diverse range of factors. Exactly how this occurs, however, is not
completely understood. The next sections will review where external factors, social
cues, and physiological state converge in the brain to shape behavioral responses to
social affective cues. First, | present the existing anatomical models of social behaviors
(Insel & Fernald, 2004a; Newman, 1999; O’Connell & Hofmann, 2011). Next, | discuss
the mechanisms by which social affective cues are detected and processed in the brain,
while considering the flow of sensory information to the social decision-making network.
Lastly, | synthesize evidence from anatomical, functional and behavioral studies and
describe the insular cortex (IC) as a site where social sensory stimuli, internal
physiological state, and reward value converge. These features suggest IC is equipped
to contribute to some of the processes currently unaccounted for in the existing

anatomical models of social decision-making.
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Figure 1.1. Schematic of insula connectivity with unimodal thalamic relay
nuclei, primary sensory areas, and the social decision-making network. Thalamic
nuclei encode and relay sensory information that conveys affect from the external
environment to primary sensory areas where sensory information is decoded and
assigned meaning. This information is also relayed via parallel projections to the insular
cortex, where social cues are contextualized with internal physiology and other factors
to produce unique output patterns in insula efferents that influence SDMN network
activity and generate flexible behaviors. Few connections exist between thalamic nuclei
and SDMN nodes, except for the following: medial geniculate nucleus projects to AH,
MeA and PAG; ventroposterior medial nucleus projections to BNST and LS; lateral
geniculate nucleus projects to Hipp (orange circles) and, likewise, unimodal cortical
connectivity with SDMN is sparse (beige circles; see section 1.3 for anatomical
connections) so sensory information must reach the SDMN via other projections. Insular
cortex is well-connected with thalamic relay nuclei, primary sensory areas, and most
SDMN structures, suggesting IC is positioned to integrate sensory cues to influence
SDMN activity and, therefore, contribute to the integration of social affective information
with social behaviors. Abbreviations: MeA: Medial amygdala; AH: Anterior
hypothalamus; VMH: Ventromedial hypothalamus; mPOA: Medial preoptic area; BNST:
Bed nucleus stria terminalis; LS: Lateral septum; Hipp: Hippocampus; VTA: Ventral
tegmental area; VP: Ventral pallidum; NAc: Nucleus accumbens core; PAG:
Periaqueductal grey; BLA: Basolateral amygdala; LGN: Lateral geniculate nucleus;
MGN: Medial geniculate nucleus; VPL: ventroposterior lateral nucleus of the thalamus;
VPM: ventroposterior medial nucleus of the thalamus.
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1.2. Anatomical Substrates of Social Decision-Making
1.2.1 The Social Brain Network

That humans and mammals can detect and react to social affective cues is a
product of neurohormonal circuity that initially evolved in mammals to execute parenting
behavior, but has since expanded to support prosocial responses to others via social
hormones and reward circuitry (Marsh, 2018). A network model of brain structures that
can execute all social behaviors in rodents was first introduced in the Social Brain
Network (SBN; Newman, 1999). This system includes the LS, mPOA, AH, VMH, PAG,
VTA, MeA and BNST (See Fig. 1.1 caption for list of abbreviations). These structures
were included in the SBN because they are all reciprocally connected, contain receptors
for gonadal hormones and implicated in at least one mammalian social behavior.

Newman, (1999) posited that specific social behaviors arise from unique patterns
of network activity. Accordingly, recent reports support this notion because cell type-
and tract-specific optogenetic manipulations clearly indicate that different nodes of the
SBN underlie specific behaviors, and together give rise to a broad repertoire of social
actions. For example, in the MeA, GABAergic neurons can produce aggressive,
grooming, or mounting behavior depending on the strength of optogenetic excitation
(Hong et al., 2014). This findings may support the idea that specific features of a social
stimulus differently drive MeA activity, and thus beavhior. Consistently, the strenght of
MeA neural activation during a social interaction varied with conspecific sex. (Yao et al.,
2017). A similar phemenon is observed in the VMH where estrogen receptor 1 neurons
promote mounting and sniffing behavior at low stimulation strength, but attack behavior

at higher levels of stimulation (Lee et al., 2014), and in the BLA where inputs to mPFC



have bidirectional control to increase or decrease social investigation (Felix-Ortiz et al.,
2016). Moreover, the social cues that drive activity pattners in the SDMN may also
induce long-last changes in neurons; in the SBN social cues may induce long-lasting
effects on neural activity in the SBN as progesterone-expressing neurons in the VMH
mediate aggression in single-housed, but not socially-housed male mice (Yang et al.,
2017b). That optogenetic manipulations were able to 1) modulate specific aspects of
social behaviors and 2) generate different behaviors depending upon stimulation
protocols reinforces the SBN view that social behaviors are the product of coordinated
activity within the network. To summarize, there is evidence that specific behaviors
correspond to neural activity in specific SBN nodes, and that the behavior emerges
when the network shifts to a weighted activity pattern strongly driven by the

corresponding SBN node.

1.2.2 The Social Decision-Making Network

While the SBN captures the essential loci underlying the gamt of social
behavioral expressions, this network lacks the systems needed to detect and appraise
potentially rewarding aspects of social interactions. Indeed, social interactions are
reinforced by the mesolimbic dopamine system (Chelnokova et al., 2014; Délen et al.,
2013; Hong et al., 2014; Ramos et al., 2015; Smith et al., 2018) and O’Connell and
Hofmann (2011, 2012) made the keen observation that the key components of the
mesolimbic dopamine reward system evolved to express many of the same receptors
that were used to define the SBN. The integration of the SBN with the mesolimbic

reward system led to the formation of the social decision-making network (SDMN). This



system contains the elements necessary for responding to social cues including
salience detection, stimulus evaluation and reward value calculations in order to
influence social actions.

The SDMN consists of the NAc, VP, BLA, Hipp, and VTA, with LS, BNST, and
MeA (see Fig. 1.1 caption for abbreviations) as overlapping nodes in both reward and
SBN circuits, and each are known to execute important roles in motivated behaviors.
First, sensory information from the environment is detected as salience and evaluated
by the VTA (Bromberg-Martin et al., 2010; Root et al., 2018), and integrated with
valence information in the BLA (Beyeler et al., 2018; LeDoux, 2000). This information is
contextualized by Hipp, which can translate social information into memory and identify
familiar conspecifics (Mizumori, 2013; Okuyama, 2018), and NAc, which reinforces
rewarding behaviors (Chen et al., 2015; Higa et al., 2017) and drives social approach or
avoidance (Hamel et al., 2017; Hoebel et al., 2007) through connections with limbic and
motor structures (Mogenson & Yang, 1991; Smith et al., 2009).

There are several overlapping nodes of the SBN and mesolimbic system,
including the LS and BNST, both of which are implicated in goal-directed actions (Faser
et al., 1991), as well as sexual behaviors (Gulia et al., 2002; Maejima et al., 2015;
Petrulis, 2013) and aggression (Consiglio et al., 2005; Wong et al., 2016). Furthermore,
mesolimbic structures, similar to the SBN, express genes associated with dopaminergic
signaling, gonadal hormones, and oxytocin and vasopressin, all of which regulate
behaviors and decision-making across many species (Creutz & Kritzer, 2004; O’Connell

& Hofmann, 2011; Zhang et al., 2008).
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The SDMN was articulated from a comparative and evolutionary biological
approach that identified homologous systems across a range of telostian, amphibian,
reptilian, avian and mammalian species (O’Connell & Hofmann, 2012). This approach
necessarily omitted systems that are not found across these species, like the neocortex,
and so the SDMN does not account for processes executed by structures unique to
“higher order” species. Specifically, the SMDN does not capture how the sensory
information that communicates social cues converges with internal physiology and
external envionrmentals factors, and how this informtion interacts with the neural
systems that are direclty attributed to the control of specific social behaviors. In
mammals, this likely involves the cerebral cortex (Adolphs, 2001; Amodio & Frith, 2006;
Hiser & Koenigs, 2018) which receives social information from primary sensory relays
(i.e. thalamic nuclei) and integrates this information to produce higher-order
representations of sensory information through cortico-cortical network interactions. In
the next sections, we review evidence from rodent social behaviors in which cortical

structures appear to be necessary for many aspects of social decision making.

1.2.3 The Cortex in Social Affective Behaviors

In humans and primates, the cortex is implicated in myriad social processing:
distinguishing self from other, deciding one’s motivation to engage in a social
interaction, and deciphering the intention of another’s motives, among other social
cognitions (Amodio & Frith, 2006), and evidence from non-human primates implicates
specific cortial areas in unique processes. Broadly, the orbitofrontal cortex (OFC)

executes self-other distinction and responses to emotional stimuli. OFC neurons
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preferentially respond to faces and emotional expressions (Barat et al., 2018), signal
social reward value, and track if a reward was received by oneself or another (Azzi et
al., 2012). OFC is also implicated in deciphering threatening versus affiliative social
cues (Machado & Bachevalier, 2007), and lesions to the OFC reduce freezing to
threatening stimuli (Kalin et al., 2007) and produced aberrant social approach and facial
expressions in monkeys (Babineau et al., 2011). Lastly, subpopulations of neurons in
OFC respond to social cues and inhibit feeding, which demonstrates this region can
mediate internally-motivated behaviors in response to external social stimuli (Jennings
et al., 2019).

The medial prefrontal cortex (mPFC) is also widely implicated in social cognitive
processes in monkeys and humans (Amodio & Frith, 2006), including detection of social
status (Mason et al., 2014), perspective taking, action-outcome prediction (Alexander &
Brown, 2011) and pair-bonding (Bales et al., 2007). In rodents, mPFC neurons show
increased firing during social approach (Lee et al., 2016) and strength of synaptic
efficacy positively correlates with social rank in mice (Wang et al., 2011). In voles that
interact with a recently stressed cagemate, elevated Fos expression is observed in ACC
and ACC activation by oxytocin is necessary for social consoling behavior (Burkett et
al., 2016).

There is also evidence of contributions to social behavior in sensory cortex.
Piriform cortex, which is involved in olfaction, is necessary for learning both appetitive
and aversive social odor information (Choe et al., 2015) and oxytocin in auditory cortex
increases the signal-to-noise ratio of pup calls which prompt maternal behaviors (Marlin

et al., 2015). Other areas with sensory functions, including anterior insular cortex and
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inferior parietal cortex have been shown in humans to correlate with emotion processing
(Boucher et al., 2015) and perception of observable social actions like eye gaze
(Saitovitch et al., 2012), respectively. These cortical regions enable the appraisal and
integration of another’s actions or intentions with reward evaluation, perceived effort,
and other factors to produce flexible, informed behavioral responses during the social
interaction (Lee, 2013). Human neuroimaging studies also identifies the insular cortex
as one of the most consistently-activated regions in emotion-related neuroimaging
research (Phan et al., 2002). IC activity increases in empathic tasks (Bernhardt &
Singer, 2012), emotional awareness (Gu et al., 2013), and deficits are related to
impairments in emotion recognition (Green et al., 2016; Yamada et al., 2016).
Mechanistic support for these human neuroimaging findings is generally lacking, but the
results to be discussed in this thesis compliment these human neuroimaging findings by
identifying a role for insular cortex in social affective behavior (Rogers-Carter et al.,
2018b).

While a complete account of cortical regulation of social cognition is beyond the
scope of chapter, these findings highlight evidence from human, non-human primate,
and rodent research that support a role for the cortex in complex social functions. This
begets the question, what is the contribution of the cortex to social decision-making
across species? In rodent models where circuit-specific tools allow precise investigation
of social behaviors, recent findings implicate cortical structures in the neural processes
that appear to be related to some of the components underlying sophisticated social

cognition that have been elaborated in humans. The goal the next section is to examine
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the anatomy of cortical systems as they relate to the SDMN and, when available, review

mechanistic studies in cortical regions in social decision making.

1.3 Primary Loci of Sensory Processes Related to Social Affective Information
1.3.1 Unimodal Sensory Processes

1.3.1.1 Odor and Piriform Cortex

Odor communication is vital for rodent social behaviors (Johnston, 2003) and
olfactory cues and chemosignals are used to communicate and identify one’s species,
sex, reproductive state, social status, sickness, and familiarity (Arakawa et al., 2008;
Liberles, 2014). Exposure to specific odors can elicit myriad social behaviors in rodents,
such as mating (Coria-Avila et al., 2005; Sakuma, 2008), aggression (Stowers et al.,
2013), social learning (Choe et al., 2015), maternal behavior (Fleming & Rosenblatt,
1974), and social buffering of fear (Kiyokawa et al., 2012; Takahashi et al., 2013). Odor
information is processed in the piriform cortex, which receives primary odor afferents
from the olfactory bulb and is modulated by cortical structures including the orbitofrontal
and entorhinal cortices (lllig & Wilson, 2009). This anatomical arrangement
distinguishes piriform from the other unimodal sensory cortices, which are primarily
innervated by thalamic relay nuclei. The piriform cortex can distinguish the identity,
concentration and intensity of odorants (Bolding & Franks, 2017) and accordingly, the
piriform cortex is implicated in odor-driven social behaviors. Mice who scent-mark in the
presence of a conspecific expressed elevated Fos immunoreactivity in the piriform
cortex (Borelli et al., 2009), and female mice exposed to juvenile play sessions with a

lemon-scented partner later preferred to mate with a lemon-scented male, over an

14



almond-scented male, and expressed greater piriform cortex Fos immunoreactivity than
females who underwent the experiment without odor-pairing (Paredes-Ramos et al.,
2014). Piriform cortex also receives oxytocinergic inputs from the paraventricular
nucleus (Mitre et al., 2016), which contribute to enhanced odor discrimination and
behavioral responses or odors by increasing the signal-to-noise ratio of social olfactory
cues and chemosignals (Oettl & Kelsch, 2017). Piriform activation during social tasks
likely refects the detection of specifically social doors because piriform can distinguish
social from non-social odors; pharmacological and optogenetic inhibition of piriform
oxytocin receptors abolished learning of both appetitive and aversive social, but not
non-social, stimuli suggesting a role for this region in distinguishing social from non-
social odors (Choe et al., 2015).

Piriform cortex has dense reciprocal connectivity with the MeA, BLA, Hipp and
the VTA (Aransay et al., 2015; Coolen & Wood, 1998; Cadiz-Moretti et al., 2016; De La
Rosa-Prieto et al., 2015; Johnson et al., 2000) but connectivity with other SDMN nodes
is sparse as known projections include only the BNST, NAc and Hipp (Brog et al., 1993;
Dong & Swanson, 2006; Weller & Smith, 1982), and SDMN inputs to piriform are only
found in AH and LS (Roeling et al., 1994; Siegel & Tassoni, 1971). Whether these
connections are sufficient to integrate odor-driven activity from piriform cortex to inform
social decision-making is currently unknown. However, several studies demonstrate an
interplay between olfactory cues and other sensory inputs in regard to mediating
behavior (Moyaho et al., 2015; Rossier & Schenk, 2003), suggesting that separate
anatomical regions capable of multimodal integration combine odor with other social

stimuli and contextual factors to drive social behaviors.
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1.3.1.2 Tactile Contact and Somatosensory Cortex

Tactile information is represented in the somatosensory cortex. In rodents, the
majority of somatosensory information is detected via the whiskers, which relay physical
touch to the ventral posterior medial and posterior medial thalamic nuclei (Erzurumlu &
Gaspar, 2012; Viaene et al., 2011). These regions send efferents to barrel cortex, a
distinct somatosensory cortex subregion that reflects the somatotopic organization of
whisker positioning on the face (Li & Crair, 2011). Barrel cortex neurons respond to
tactile behaviors during rodent social interactions, including pinning, anogenital sniffing,
allogrooming, and nape-biting. Following rough and tumble play behavior, juvenile rats
express elevated Fos immunoreactivity in the barrel cortex (Gordon et al., 2002) and
pharmacological blockade of the barrel cortex during social interaction reduced pinning
behavior (Charles Lawrence et al., 2008). Rodents also frequently engage in “social
face touch,” a form of head-to-head contact utilizing the whiskers (Wolfe et al., 2011),
and the necessity of both whiskers and barrel cortex are well-documented in this
behavior. Whisker activity changes as a function of distance from a conspecific (Wolfe
et al., 2011), and during bouts of social face touch, at least 40% of barrel cortex
neurons increased firing at a rate significantly higher than that observed during contact
with non-social stimuli (Bobrov et al., 2014). Moreover, social isolation, and therefore
lack of social contact, results in impaired whisker sensitivity and disrupted AMPA
receptor trafficking in the barrel cortex (Miyazaki et al., 2012). Neonatal mice with
trimmed whiskers performed poorly on a tactile sensitivity assay and displayed aberrant

social behaviors in adulthood (Soumiya et al., 2016). Whisker-driven neural activation in
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barrel cortex was disrupted in NMDA receptor knock-out mice and correlated with social
behavioral deficits (Arakawa et al., 2014), and de-whiskered pups were less successful
at nursing than whisker-intact littermates and were less active during social interactions
with siblings (Sullivan et al., 2003). These findings signify that somatosensory cortex
contains distinct subregions that are capable of uniquely responding to social stimuli.
The somatosensory cortex does not receive inputs from any SDMN structures.
However, it projects to several SDMN structures and therefore provides an anatomical
pathway for tactile experience to shape social behaviors. Projections from
somatosensory cortex to the VMH may code tactile events during mating (Angoa-Pérez
& Kuhn, 2015; Stanzani & Russo, 1980), whereas projections to NAc and VTA (Faget et
al., 2016; Lenschow & Brecht, 2018; Tai & Kromer, 2014; Wilson, 2014) may convey
information about social contact or position to inform reward value and reinforcement
(Baez-Mendoza et al., 2013; Ddlen et al., 2013). Sparse somatosensory cortex
projections to PAG (Lenschow & Brecht, 2018) may allow social touch to inform
adaptive and flexible physical responses in a social interaction (Skuse & Gallagher,

2009). However, none of these tracts have been investigated in rodent social behaviors.

1.3.1.3 Visible Social Cues and Visual Cortex

Rodents display facial and body expressions during social interactions (Brecht &
Freiwald, 2012), yet the role of these gestures in coordinating social behavior remains
enigmatic. During social interactions and expsoure to aversive stimuli, rats display facial
tightening of the eyes, welling of the nose and cheeks, and flattening of the ears

(Defensor et al., 2012), and changes in ear posture correspond to changes in general
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arousal state (Lecorps & Féron, 2015). When rats are tickled to induce a positive affect,
ears become dark pink and flex at a wider angle (Finlayson et al., 2016), and mice
display a “grimace” during negative affective states, like pain (Sotocinal et al., 2011),
which correlates to a shorter and more curved spinal stance (Mittal et al., 2016). Facial
expressions are observed during social interactions as well. Naked mole rats show
aggressive mouth gaping and incisor fencing (Lacey et al., 1991) to establish social
dominance (Brecht & Freiwald, 2012), and similarly, mice pluck the whiskers of others,
rendering them unable to display aggressive or dominant faces (Sarna et al., 2000).
Whisker position also signals if an interaction is aggressive or prosocial: during
aggressive bouts, whiskers are protracted and whisk with high amplitude (Wolfe et al.,
2011). Moreover, facial displays, like earwigging in females, are associated with
courting behavior (Vreeburg & Ooms, 1985). Despite a limited understanding of the
meaning of rodent visual cues, they appear to be important contributors to social
decisions.

To our knowledge there are no neurobiological accounts of visual cortex neural
activity during social interaction or exposure to social stimuli, but the importance of
social experience on visual cortex development is fairly well-documented. Rats raised in
social isolation displayed increased higher-order dendritic branching (Volkmar &
Greenough, 1972) and aberrant expression of dendritic spines in visual cortex
pyramidal cells (Connor & Diamond, 1982), whereas rearing in an enriched social
environment increased synaptic strength in visual cortex (Mainardi et al., 2010). Lastly,
socially impaired BTBR mice displayed impaired functional connectivity with visual

cortex and other sensory cortical areas (Sforazzini et al., 2016). Visual cortex projects to
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the PAG, NAc, and VTA (Dinopoulos & Parnavelas, 1991; Newman et al., 1989; Wilson,
2014) but does not receive inputs from the SDMN. This connectivity may provide the
anatomical framework for visual information to inform reward valuation during a social
interaction, and also suggests that corticocortical interactions are necessary to further

process social visual cues and relay them to SDMN.

1.3.1.4 Vocal Communication and Auditory Cortex

Rodents emit audible and ultrasonic vocalizations to convey negative and
positive affective states. The acoustic characteristics, functional purpose and neural
correlates of ultrasonic vocalizations are reviewed in (Brudzynski, 2013; Portfors &
Perkel, 2014). Ultrasonic vocalizations are observed in prosocial (Burke et al., 2017;
Pultorak et al., 2016), reproductive (Matsumoto & Okanoya, 2016; Neunuebel et al.,
2015) and territorial behaviors (Hammerschmidt et al., 2012; Pasch et al., 2011) and are
encoded by auditory cortex. Auditory cortex neurons are active during playbacks of
vocalizations (Carruthers et al., 2013). Further, rats expressed elevated Fos in auditory
cortex after exposure to recordings of 22kHz calls (Ouda et al., 2016), and calcium
imaging revealed a subset of auditory cortex neurons that respond to the frequency
sweep rate of modulating calls (Issa et al., 2017). Ultrasonic vocalizations can modulate
social behaviors as well; rats displayed approach behavior when played recordings of
55kHz calls and expressed Fos in the auditory cortex (Sadananda et al., 2008), and
auditory neurons in female dams undergo plasticity to improve the signal-to-noise ratio
of pup calls (Tasaka et al., 2018), which drive maternal behaviors (Valtcheva &

Froemke, 2018).
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Auditory cortex projects to the PAG, BLA, Hipp, and VTA, which may allow
acoustic information to be incorporated into context and reward valuation (Budinger et
al., 2008; Lindvall & Stenevi, 1978; Newman et al., 1989; Romanski & LeDoux, 1993).
Further, projections from auditory cortex to LS (Lindvall & Stenevi, 1978) and BNST
(Shin et al., 2008) may integrate vocal cues with affective (Singewald et al., 2011) and
physiological states (Herman et al., 2003), and vocal inputs may evoke oxytocin release
via projections to the PVN during social interaction (Pefiagarikano et al., 2015).
Interestingly, auditory cortex has reciprocal connectivity with NAc, an important hub for
vocal song learning in birds (Prather, 2013), and so this pathway may help encode
social sounds for later recognition or performance. Moreover, NAc projections in the
visual cortex also project to the lateral amygdala, which may allow for the integration of
acoustic inputs with affective state (LeDoux et al., 1991). However, like several other
unimodal sensory cortical regions, none of the projections from auditory cortex to SDMN

structures have been causally examined in a social behavior.

1.3.1.5 Taste Communication and Gustatory Cortex

Evidence for gustatory communication in social behavior comes from social
transmission of food preference. Rats will prefer to consume a certain food if they had
recently explored a conspecific who consumed the same food (Galef & Wigmore, 1983;
Galef et al., 1985). Similarly, hamsters preferred to consume the diet their mother was
fed, but failed to show a preference for a diet fed to a either a littermate or novel
conspecific (Lupfer et al., 2003). Lastly, in rats, presentation of an olfactogustatory cue

prompted nicotine self-administration during social interaction (Chen et al., 2011). Non-
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volatile chemosignals are detected through sniffing and licking (Lehman et al., 1980),
and so it's possible that chemosensory information involves gustatory processing to
some extent. Regarding the SDMN, gustatory cortex is only connected to this network
via inputs from the BLA, which may combine taste with affective state, such as in
conditioned taste aversion acquisition (Gallo et al., 1992). However, gustatory cortex is
a subregion of insular cortex and anatomical studies of IC may not distinguish gustatory
from the broader insular cortex, the connectivity of which with the SDMN will be

discussed below.

1.3.2 Multimodal Sensory Processing of Social Affective Cues

Concurrent unimodal sensory information must be integrated to assemble a
complete representation of the external environment. To do so requires multisensory
convergence and multisensory integration, two processes that are observed in both
individual neurons and populations of neurons. Multisensory convergence occurs where
inputs from multiple sensory modalities overlap in time, and the resulting neural
response is a direct sum of the response that each unimodal input evokes individually.
Multisensory integration, however, is identified when the neural response to
multisensory inputs is distinctly different (i.e. non-linear) than the sum of the neural
responses to converging unimodal signals and, therefore, each individual modality
cannot be delineated from the resulting activity (Stein et al., 2014). This binding of
information via multisensory integration converts simple sensory representations into
higher order abstractions that inform behavioral decisions (Siemann et al., 2014). There

are several examples in which concurrent cues take on a unique social meaning (Partan

21



& Marler, 1999). For example, dogs signal threat to one another via growling, but
growling in combination with a bowed stance initiates play behavior (Bekoff, 1972).
Animals trained to approach a visual cue do so more readily if the cue is paired with an
auditory stimulus, which indicates an effect of multisensory presentation on attention
(Stein et al., 1989). Furthermore, rat mating behavior (Beach, 1942) and maternal
behaviors (Beach & Jaynes, 1956; Smotherman et al., 1974) are elicited by exposure to
combined olfactory, visual, and tactile cues, which do not elicit as robust behavioral
responses on their own (but see Stern, 1990).

Only a few studies have examined the neurobiology underlying the integration of
multimodal social cues. In the rat auditory cortex, ultrasonic vocalizations emitted during
social interactions evoke fast-spiking neural activity that correspond to the start and end
of a tactile contact bout. However, this activity is nhibited by social face touch, which
suggests that the salience of auditory information can depend on concurrent
somatosensory inputs (Rao et al., 2014). Similarly, in lactating female rats, pup odor
increases auditory tone-evoked activity of neurons in auditory cortex, which may
function to increase maternal attention to pups (Cohen et al., 2011). Consistent with the
idea that unimodal sensory cues influence neural responses to stimuli of various
modalities, several findings report neural activity that reflects multisensory integration in
primary sensory areas (Duhamel, 2002; Kayser & Logothetis, 2007; Ma et al., 2016;
Maier et al., 2015; Samuelsen & Fontanini, 2017) which suggests that sensory inputs
may already begin to undergo integration in these regions.

Known sites of multisensory integration are also likely involved, and a number of

regions including the superior colliculus (Stein et al., 1989) and perirhinal (Furtak et al.,
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2007; Otto & Eichenbaum, 1992), retrosplenial (Vann et al., 2009), orbitofrontal
(Schoenbaum et al., 2003), medial prefrontal (Martin-Cortecero & Nuiez, 2016) cortices
are implicated in both multisensory integration and social behaviors. The insular cortex
is one region of interest where multimodal social information may converge to inform
social decisions. The next section will discuss how the unique anatomical arrangement
and functional role of the insular cortex warrants consideration of this region as a key

hub in social decision-making.

1.4 Insular Cortex in Social Decision-Making
1.4.1 The Insular Cortex Integrates External Sensory Stimuli

The IC is a well-documented site of multisensory processing (Gogolla et al.,
2014; Rodgers et al., 2008) and is reciprocally connected with thalamocortical
structures (Guldin & Markowitsch, 1983), which suggest IC is positioned to integrate
sensory information with affective and motivational states (Krushel & van der Kooy,
1988). Unimodal visual, sensory, auditory, gustatory and nociceptive inputs first
converge in posterior IC (plC) by way of dense connections from somatosensory
cortices and the suprageniculate, posterior intralaminar, peripeduncular nucleus, medial
geniculate, and reticular thalamic nuclei, all of which relay sensory information from
spinal afferents to the brain (Fig. 1.1; Hanamori et al., 1998; Linke & Schwegler, 2000;
Shi & Cassell, 1998). pIC can then integrate unimodal sensory inputs; supralinear
responses to multimodal sensory stimuli are observed in pIC (Rodgers et al., 2008).
Similarly, single unit recordings of neurons in the insular auditory field receive thalamic

afferents and show co-responsivity of pIC neurons to both forepaw stimulation and
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white noise bursts (Kimura et al., 2010) and extracellular recordings in pIC reveal
overlapping neural responses tail pinch, baroreceptor stimulation, appetitive and
aversive tastes, and arterial chemoreceptor stimulation (Hanamori et al., 1998). Human
neuroimaging studies indentify IC activity in response to facial expressions (Boucher et
al., 2015) and voice recognition (Andics et al., 2010). These properties suggest IC has

the capacity to encode both internal and external sensory stimuli of various modalities.

1.4.2 Insular Cortex Integrates External Stimuli with Changes in Physiological State

In addition to integrating external sensory stimuli, IC is thought to be a locus of
interoception because inputs from visceral thalamic nuclei allow IC to detect internal
physiological changes (Strigo & Craig, 2016). Homeostatic changes profoundly impact
brain function, attention, motivation and behavior, and rodent studies of affect contagion
have identified several instances where exposure to a recently stressed demonstrator
can cause physiological changes in an observer: In mice, 22kHz alarm calls emitted by
demonstrators activate the sympathetic nervous system of observers (Chen et al.,
2009), and after exposure to biting horse flies, demonstrator mice display conditioned
analgesia, which is transferred to observers via NMDA-receptor activity (Kavaliers et al.,
2001). Further, both observer and demonstrator voles express elevated plasma
corticosterone levels (Burkett et al., 2016), and observer mice display potentiation of
corticotropin-release hormone neurons in the paraventricular nucleus of the
hypothalamus following footshock (Sterley et al., 2018). This begets the question, do
observers have a mechanism to detect these bodily changes in order to generate an

appropriate social response? Information about internal state is relayed to the brain via
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visceral afferents from spinal and cranial nerves, which allow the brain to appraise the
body’s physiological state and generate subsequent behavioral responses (Critchley &
Harrison, 2013). These signals are detected by a “general visceral IC” (Cechetto &
Saper, 1987) which receives inputs from ventroposterior medial and ventroposterior
parvocellular thalamic nuclei and responds to diverse visceral input from gastric
mechanoreceptors, arterial chemoreceptors, cardiovascular baroreceptors, as well as
changes in respiration and vagal nerve activity (Barnabi & Cechetto, 2001). Moreover,
IC is known to have top-down control of visceral function via efferent projections to the
nucleus of the solitary tract, parabrachial nucleus, and ventrobasal and mediodorsal
thalamus (Krushel & van der Kooy, 1988), and stimulation of IC neurons that project to
the dorsal vagal complex or lateral hypothalamic area increases blood pressure and
airflow (Bagaev & Aleksandrov, 2006), and sympathetic factors like heart rate, renal
nerve activation, and blood pressure (Cechetto & Chen, 1990), respectively. These
findings position the IC to be involved in either the response to or initiation of behavioral
responses to various stressors: IC may detect changes in the internal state caused by
exposure to a stressed demonstrator. Alternatively, IC might detect social affective
information and initiates physiological changes that mimic stress to prompt a behavioral
response.

Regarding social function, visceral vagal inputs are hypothesized to initiate the
neurophysiological processes underlying stress and subsequent social behaviors
(Porges, 2001) and in IC, exposure to stress increases Fos immunoreactivity
(Yokoyama & Sasaki, 1999) and induces hypersensitivity to visceral function (Sun et al.,

2016). Further, there may be overlapping neural populations in posterior IC that respond
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to, and therefore integrate, both internal and external information (Shinder & Newlands,
2014), which may give rise to the “self-other” distinction, and subsequent empathic
abilities attributed to the IC in human neuroimaging experiments (Singer et al., 2009;
Uddin et al., 2008). Thus, if exposure to a stressed demonstrator induces physiological
changes in an observer, IC may integrate visceral information with limbic and
motivational states via efferents to PFC (Fuijita et al., 2010), amygdala (Shi & Cassell,
1998), hypothalamus (Reep & Winans, 1982) and NAc (Wright & Groenewegen, 1996),

all of which are implicated in various social behaviors (Yizhar, 2012).

1.4.3 The Insular Cortex, Rodent Social Behaviors, and Connectivity with the Social
Decision-Making Network

Recent studies implicat IC in rodent social functions. Our lab has reported that
oxytocin receptors in IC mediated both approach toward stressed juvenile rats and
avoidance of stressed adult rats (Rogers-Carter et al., 2018b), to be discussed in
chapter 3. Further, aberrant GABAergic circuit maturation is observed in IC in several
strains of autism-model mice with known social impairments (Gogolla et al., 2014) and
IC microinfusions of a NMDA receptor antagonist are sufficient to decrease wrestling,
social exploration, and ultrasonic vocalizations in male rats exposed to alcohol during
development (Bird et al., 2017). Regarding social memory, dopaminergic, adrenergic,
and serotonergic receptors in IC are involved in social recognition memory (Cavalcante

et al., 2017).
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These social roles for IC may result from its extensive circuitry with SDMN
structures, a feature that is not observed in other higher-order sensory processing sites
in the cortex. IC is reciprocally connected with the VTA, BLA, VP, NAc, MeA and PAG
(Cadiz-Moretti et al., 2016; Dong & Swanson, 2006; Faget et al., 2016; Groenewegen et
al., 1993; Herrero et al., 1991; Neafsey et al., 1986; Pardo-Bellver et al., 2012; Reep &
Winans, 1982; Reynolds & Zahm, 2005; Shi & Cassell, 1998; Wright & Groenewegen,
1996), projects to LS, BNST and mPOA (Dong & Swanson, 2004; Dong & Swanson,
2006; Simerly & Swanson, 1986) and receives afferents from AH (Reep & Winans,
1982). The only SDMN structures with which IC lacks connectivity are Hipp and VMH
(Fig. 1.1). These connections position IC to integrate internal and external stimuli

sensory information to influence SDMN activity.

1.4.4 Valence Coding in the Insular Cortex

Decisions are influenced by reward value (Ploeger et al., 1991), and IC is
implicated in a number of reward-related tasks in rodents. IC neurons respond to cues
that predict a water reward, and increase activity after a negative outcome (Jo & Jung,
2016), suggesting IC encodes stimulus value. Consistnely, in a conditioned place
preference test, rats favored the maze compartment in which they received electrical
stimulation of IC (Hurtado & Puerto, 2018), and unilateral stimulation of pIC was
sufficient to induce the conditioned place preference (Garcia et al., 2013). Moreover,
reward valuation in the IC may underlie its known role in decision-making. Pattij and
colleagues (2014) demonstrated that pharmacological inactivation of IC dopamine

receptors impaired performance in a delay-discounting task. In rat gambling tasks,
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infusion of methamphetamine to IC caused rats to opt for a high-risk, high-reward option
(Mizoguchi et al., 2015). Congruent with this evidence, (Ishii et al., 2012) observed a
decrease in risk-taking during a rat gambling task when IC was pharmacologically
inactivated. These findings are consistent with human studies in which insular lesions
were associated with impaired risky decision-making (Clark et al., 2008).

The foregoing suggests that IC also contributes to value coding in social settings.
A major output of the IC is the NAc, with anterior IC efferents terminating in the
dorsomedial aspects and NAc core; terminals arising from the mid and caudal IC shift to
target the dorsolateral aspects and NAc core (Wright & Groenewegen, 1996). NAc
encodes reward value and decision-making, and, as noted, both IC and NAc are
implicated in rodent and human social behaviors (Lamm & Singer, 2010; Lichtenberg et
al., 2018; Singer et al., 2006; Trezza et al., 2011). In one experiment investigating this
tract, silencing anterior IC->NAc neurons reduced reward seeking behavior (Jaramillo et
al., 2018b). Interestingly, while glutamatergic inputs to the NAc tend to reinforce
instrumental behaviors (Britt et al., 2012), the consequence of NAc glutamate is a
product of interactions between glutamate and co-transmitters like dopamine and
oxytocin (Ddlen et al., 2013), and the specific postsynaptic NAc cell types (Tye, 2012).
Accordingly, glutamatergic inputs to NAc might contribute to both rewarding and

aversively motivated social behaviors.

1.4.5 Insular Cortex in Social Decision Making
In the foregoing sections we present an anatomical foundation for thinking about

the contributions of IC to social cognition. Social cognition arises from a coherent
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understanding of one’s social environment, and to generate context-appropriate
behaviors requires multimodal sensory integration and convergence so that affective
cues can be bound with relevant external cues and internal physiological signals. The
literature suggests the IC is well situated to perform this function as an anatomical
waypoint for social information to influence the SDMN. Importantly, IC seems to relate
to a range of social behaviors, from approach to avoidance, possibly due to its unique
anatomical position to integrate multisensory social and internal information. To account
for these phenomena, we present a hypothetical account for how IC contributes to
social cognition via interactions with the SDMN. Inputs to the IC from primary sensory
regions and BLA convey the valence of social stimuli, which are bound in a multimodal
sensory representation by IC. Thus, the IC encodes, or attributes affect to either ones
self or another animal, which is critical to social decision-making. This leads to a
prediction that removing either the BLA or sensory inputs to the IC would render social
behavior insensitive to the affective states of others. Based on our finding that IC
activity, in the absence of social affective factors, was sufficient to generate either
approach or avoidance behaviors (to be discussed in Chapter 3), we suggest that within
IC, ensembles of neurons must contribute in some way to selecting a social behavioral
response (i.e. approach or avoid). Finally, IC outputs to SDMN, such as to the NAc,
shape the pattern of activity across the network and it is via IC connections with the
SDMN that a large range of social processes might be shaped by the affective cues,

situational factors and other features present in social encounters.
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1.5 Dissertation Aims and Synopsis

The overarching goal of this dissertation is to test if the insular cortex is
necessary for social responses to other’s affective states, which requires experimental
manipulations of the IC that can only be performed in rodent models. Therefore, the first
goal of this work was to construct a behavioral paradigm in which rats display social
responses to other’s affective states. The second goal was to test if these behaviors
depend on the insular cortex, which set the stage for the third goal, which was to test if
IC projections to the SDMN produce social affective behaviors.

Chapter 2 will present behavioral results from our novel paradigm, the social
affective preference (SAP) test (Rogers-Carter et al., 2018a; Rogers-Carter et al.,
2018Db). In this paradigm, an experimental adult rat is provided two novel conspecifics to
explore; one conspecific is naive to any treatment, and the other is stressed
immediately prior to testing to induce a negative affect. The experimental rat’s
preference depends upon both the age and stress state of the conspecific; male and
female rats prefer to explore stressed juvenile conspecifics, but avoid stressed adults.
Moreover, familiarity is a factor that influences whether an experimental rat approaches
or avoids a conspecific; if presented familiar conspecifics, female experimental rats will
approach stressed adults whereas male experimental rats still avoid stressed adults.
These findings established that behavior in the social affective preference test is
sensitive to affect, familiarity and age, which represent a subset of factors that influence
social decision-making.

Chapter 3 will build upon the main finding established in chapter 2, that

experimental rats approach stressed juveniles but avoid stressed adults, by testing if the
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insular cortex is necessary for both approach and avoidance. Pharmacological and
optogenetic inhibition of the insular cortex blocked the preference to explore stressed
juvenile conspecifics and naive adult conspecifics, and multielectrode array recordings
of acute brain slices of insular cortex revealed that increased excitability may underlie
the ability of IC neurons to detect social affective cues. Together these studies
demonstrate that IC can initiate both approach and avoidance behaviors depending on
affective stimuli, possibly as a result of neuromodulation of IC neurons.

Considering the unique responses to stressed adult versus juvenile conspecifics,
| next questioned if the same efferent projections from IC were necessary for both
juvenile- and adult-directed SAP behavior. These projections were unknown, but
network analyses revealed identified the nucleus accumbens core (NAc) as a region
that may have an age-specific role in social affective behavior (Rogers-Carter et al.,
2018b). Chapter 4 will review a set of experiments that demonstrate IC projections to
NAc are necessary for interactions with juvenile, but not adult conspecifics.

These findings reflect the initial goals of this work; using a novel and valid animal
model of social affective behavior, | report that insular cortex is necessary to detect the
social affective state of others’, and influences the decision to approach or avoid a
conspecific via projections to the social decision-making network. These results lend
strong support to the hypothesis that IC is an indispensable component of the circuitry

underlying rodent social affective behavior.
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Chapter 2: Social Affective Behavior in Rat
Portions of this chapter have been published in the following research articles:
Rogers-Carter, M.M., Varela, J., Gribbons, K.B., Pierce, A., McGoey, M.T., Ritchey, M.,
and Christianson, J.P. (2018). Insular cortex mediates approach and avoidance
responses to social affective stimuli2. Nature Neuroscience, 21, 404-414.
Rogers-Carter, MM, Djerdjaj, A., Culp, A., Elbaz, J.A., Christianson, J.P. (2018).

Familiarity modulates social approach toward stressed conspecifics in female rats.
PLoS ONE 13(10): e0200971.doi.org/10.1371/journal.pone.0200971
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2.1 Introduction

There is great potential for animal models of social affective behavior to elucidate
the mechanisms by which the affect of one animal can influence the social behaviors of
another. As discussed in the introduction, sensory and perceptive systems in the SDMN
allow one to appraise social affective stimuli and integrate them with past experiences
and situational, and somatic factors to shape behavioral responses to socioemotional
cues (O’Connell & Hofmann, 2011), and a number of studies in rodents demonstrate
observer rodents show prosocial behavioral responses to stressed demonstrators
(Meyza et al., 2017). These models capture well aspects of social cognition, including
emotion contagion and social buffering (de Waal & Preston, 2017). However, some
paradigms require learning or direct exposure to a conspecific in pain, making it difficult
to isolate social affective processes from other motives (Burkett et al., 2016; Silberberg
et al., 2014). To address this, we developed a rat social affective preference (SAP) test
in which social affective behaviors were objectively quantified as a preference to
approach or avoid interaction with a conspecific that received a mild stressor. Because
the experimental rat in the SAP test was not exposed to, nor witness to, the stressor
itself, the unconditioned behavior of the experimental subject toward the conspecifics
can be interpreted as a response to the affective state of the target.

In this chapter | present behavioral findings from the SAP test in which conspecific
age and affective state mediate approach and avoidance behavior in experimental rats,
and discuss the possible role of ultrasonic vocalizations as a modality by which rats
communicate affect. Further, | report on a set of experiments that tested if familiarity

between conspecifics produces difference patterns of approach and avoidance behavior
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in the SAP test than the preference patterns observed with unfamiliar conspecifics.
Together these findings demonstrate that the preference to approach or avoid a

conspecific in this paradigm depends on affect, age, and familiarity.

2.2 Materials and Methods
2.2.1 Animals

Male and Female Sprague-Dawley rats were obtained from Charles River
Laboratories (Wilmington, MA). For experiments 2.3.1 through 2.3.3, rats were allowed
a minimum of 7 days to acclimate to the vivarium after arrival and housed in groups of
2-3 with free access to food and water on a 12 h light/dark cycle. For experiments 2.3.4
and 2.3.5, rats were housed in isosexual groups of 4 with free access to food and water
on a 12hr light/dark cycle and experimental rats were randomly assigned to either a
“Familiar” or “Unfamiliar” group, which produced 4 experimental conditions: females
interacting with familiar conspecifics (Female-Cagemate), females with unfamiliar
conspecifics (Female-Unfamiliar), males with familiar conspecifics (Male-Cagemate),
and males with unfamiliar conspecifics (Male-Unfamiliar, n = 10 per group). The
remaining 32 rats in experiments 2.3.4 and 2.3.5 were used as conspecific targets
during social exploration testing. To establish familiarity, rats in the Female-Cagemate
and Male-Cagemate conditions were cohoused with isosexual conspecifics as follows:
each cage contained 2 experimental rats and 2 conspecifics; 1 of the conspecifics was
used as the naive, and the other as the stressed, conspecific for SAP testing. Thus,
each conspecific cagemate pair was used for a total of 2 SAP tests, each of which was

conducted with one of their experimental rat cagemates. The rats used for targets in
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SAP tests with unfamiliar conspecifics were housed separately in groups of 4. All
behavioral experiments were conducted within the first 4 h of the light phase. All
procedures were conducted in accordance with the Public Health Service Guide for the
Care and Use of Laboratory Animals and were approved by the Boston College

Institutional Animal Care and Use Committee.

2.2.2 Social Affective Preference Test

The SAP test allowed quantification of social interactions initiated by an adult
experimental when presented with two unfamiliar conspecific stimuli simultaneously. To
begin the test, the adult test subject was placed into a clear plastic cage (50 x 40 x 20
cm, L x W x H) with a wire lid. Pairs of stimuli rats were either juvenile (PN 30 +/- 2 days
old) or adult (PN 50 +/- 2 days old) and were placed inside one of two clear acrylic
plastic enclosures (18 x 21 x 10 cm, L x W x H) on either end of the arena. Interaction
between the experimental and stimuli rats was permitted on one side of the enclosure,
which consisted of clear acrylic rods, spaced 1 cm apart center-to-center (Fig. 2.1 A).
To habituate subjects to the procedure, on days 1 and 2 the experimental rat was
placed in the arena for 60 min and then empty enclosures (Day 1) or enclosures
containing experimentally naive, unfamiliar stimuli (Day 2) were added to the test arena
for 5 min. To assess social affective preference, on Day 3 two unfamiliar conspecifics
were added, one of which was exposed to 2 footshocks (1mA, 5 sec duration, 60 sec
inter-shock-interval, Precision Regulated Animal Shocker, Coulbourn Instruments,
Whitehall, PA) immediately prior to the 5 min test to induce a stressed affective state.

Shock occurred in a separate room and shock parameters were selected because they
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were sufficient to produce a conditioned fear in our laboratory (data not shown). The 5
min test length was selected after pilot studies in which we observed a reliable decrease
in social preference behavior after the first 5 min of test. In experiments involving
optogenetics or intracerebral injections, a within-subjects design was employed such
that each adult test subject was exposed to both vehicle and experimental treatments in
SAP tests on consecutive days. A trained observer quantified the time spent socially
interacting with each of the stimuli. Social interaction consisted of nose-nose and nose-
body sniffing, and reaching into the enclosure to contact the stimulus rat. Digital video
recordings were made for each test for later determination of inter-rater-reliability by a
second observer completely blind to the experimental manipulations and hypotheses.
Across experiments included in (Rogers-Carter et al., 2018b) we observed very high
inter-rater reliability, r(80) = 0.966, p < 0.0001, and for experiments in (Rogers-Carter et

al., 2018b) we report an inter-rater reliability of r(30) = 0.8528, p <0.0001.

2.2.3 One-on-One Social Exploration Tests

Each experimental subject was placed into a plastic cage with shaved wood
bedding and a wire lid to acclimate the rat to the arena for 60 min before testing. To
begin the test, a juvenile or adult conspecific was introduced in the test arena for 5 min
and exploratory behaviors (sniffing, pinning, and allogrooming) initiated by the adult
experimental rat were timed by an observer blind to treatment. Juvenile and adult
conspecifics were used for multiple tests but were never tested more than once with the
same adult experimental rat. Each experimental adult was tested on consecutive days,

once with an unfamiliar naive conspecific and once with an unfamiliar stressed
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conspecific (2 foot shocks, exactly as above); test order was counterbalanced (see Fig.

2.4 A).

2.2.4 Behavior Assessment

For some tests we quantified a number of additional behaviors displayed by the
experimental adult rat from digital video recordings. This included time spent: 1) sniffing
or investigating the test arena (chamber exploration), 2) immobile, 3) digging in the
bedding, 4) self-grooming, 5) biting or pulling at the conspecific, 6) escape-oriented
behavior, and 7) bedding and perimeter investigation. Operational definitions for these
behaviors are provided in the table below (Table 2.1). Videos were selected blind to
SAP test results. Chamber exploration, and investigative behaviors likely assess
general locomotor function. Immobility is expressed in states of fear or anxiety
(Bouton & Bolles, 1979), self-grooming may reflect emotion contagion
(Burkett et al., 2016) and biting and pulling may reflect aggression. For a randomly
selected group of rats in experiments 2.2.1-2.2.2 we also quantified the behaviors of
conspecifics, including 1) chamber sniffing, 2) time inactive, 3) self-grooming, and 4)
social interaction, to ensure the stress manipulation did not induce behavioral

differences.
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Behavior

Description

Social Exploration

Reaching or direct nose contact with any part of the
conspecific’'s body

Chamber Direct nose contact with the conspecific restraint

Exploration chambers.

Immobility Complete absence of locomotor activity except for that
related to respiration

Digging Digging bedding away from the restraint chamber

Self-grooming

Stereotypical wiping of the face with front paws or
licking/wiping of coat

Biting/Pulling

Using the mouth to bite at the conspecific, or using
forepaws to grab at the conspecific target, through the
restraint chamber

Escape-oriented

Placing forepaws on the top of restraint chamber or

Investigation

Behavior rearing to cage sidewall with sniffing directed outside of
the arena

Bedding and Sniffing the bedding of the test arena or the perimeter

Perimeter where the bedding meets the cage wall

Table 2.1: Description of behaviors quantified from experimental rats during SAP

tests.

2.2.5 Ultrasonic Vocalization Recordings and Analysis

44 adult male rats were habituated for 60 min to the test arena, and 24h later
randomly assigned to 1 of 4 treatment conditions that determined which conspecifics

they would explore during testing: Naive-Juvenile, Naive-Adult, Stressed-Juvenile or
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Stressed-Adult in a 2 by 2 (Stress by Age) design (n = 11/group). Rats were given 5
min, one-on-one social interaction tests with the conspecific corresponding to their
assigned group. To record USVs, an acrylic lid was placed over the arena with a
192kHz USB microphone (Ultramic192K, www.Dodotronic.com) placed directly in the

center of the lid. Recordings were made using Audacity 2.1 (www.audacityteam.orqg),

exported as .wav files, and audio spectrograms were generated in Raven Pro 1.5 (The

Cornell Lab of Ornithology https://store.birds.cornell.edu/Raven_Pro_p/ravenpro.htm).

USVs were identified using the Band Limited Energy Detector function within Raven
Pro. High frequency “Trill” calls were found in the range of 8-20ms, from 55-80kHz;
frequency modulating “Rising” calls were 30-100ms, from 35-68kHz; and 22kHz “flat”
calls were greater than 100ms, from 18-28kHz. These ranges were drawn from the
literature (Brudzynski, 2013) and detection parameters were refined for each recording

based on visual inspection by a trained observer who was blind to treatment condition.

2.2.6 Data Analysis

Sample sizes were initially determined based on prior work using social
interaction (Vetere et al., 2017), no formal statistical methods were used to pre-
determine sample sizes. In all behavioral experiments, rats were randomly assigned to
groups. To compare differences between mean scores of social interactions we used t-
tests and analysis of variance (ANOVA). To account for individual differences in social
exploration, a preference score was computed by dividing the time spent exploring the
stressed conspecific by the total social exploration time (stress plus naive) multiplied by

100. Individual replicate data are provided in the figures. In most experiments, there
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were within-subjects variables, which were treated as such in the analysis (paired
samples t-test or repeated measures ANOVA). The data distributions were visually
inspected (all replicates are shown) and appeared to meet the assumptions for
normality and equal variance; but these were not tested formally. Data were either
collected by observers blind to treatment, or collected by an experimenter and later
rescored by an observer blind to treatment from digital video recordings. Final data
analyses were not performed blind to the conditions of the experiments. Main effects
and interactions were deemed significant when p < 0.05 and all reported post hoc test p
values are Sidak-adjusted, to maintain an experiment-wise risk of type | errors at o =
0.05. ANOVA analyses were conducted in Prism 7.0c (GraphPad Software) and SPSS

Statistics 24 (IBM).

2.3 Summary of Experiments and Results
2.3.1 The social affective preference (SAP) test: age and stress exposure of conspecific
determine social approach

As described in section 2.2.2, adult male rats (PN60-80) underwent SAP testing
and their preference to explore either the naive or stressed conspecific was recorded.
Because social approach behaviors are shaped, in part, by features of the target
including age (Staub & Baer, 1974), we hypothesized that rats may differentially
respond to stressed conspecifics as a function of the target’s age. To test this, 8
experimentally naive, adult male rats were tested with a pair of unfamiliar PN 30 male
juvenile conspecifics, and 12 were tested with a pair of unfamiliar PN 50 male adult

conspecifics (Fig. 2.1 A & B). The PN 30 and PN 50 timepoints represent pre- and post-
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pubescent ages in rats, respectively (Spear, 2015). The design was a 2 by 2 with
conspecific Age (PN 30 vs. PN 50) as a between-subjects factor and conspecific Affect
(naive or stress) as a within-subjects factor. Analysis of the social interaction times
compared with the naive versus stressed conspecifics revealed an effect of conspecific
age and affect on social preference behavior (Face(1, 18) = 27.93, p < 0.001; Farrect(1,
18) = 9.965, p = 0.006; Facearrect(1, 18) = 46.05, p < 0.001). We observed that
experimental rats tested with PN 30 conspecifics prefer to explore the stressed PN 30
conspecifics (Fig. 2.1 C, p < 0.001), whereas experimental rats tested with PN 50
conspecifics prefer to explore the naive conspecific (Fig. 2.1 C, p < 0.05). The
preference scores (Fig. 2.1 D) summarize the main findings from the raw social
exploration data; experimental rats tested with PN 30 conspecifics have a significantly
greater preference score than experimental rats tested with PN 50 conspecifics ({(18) =
5.783, p < 0.001, 2-tailed), indicating that experimental rats who were presented PN 30
conspecifics spent more time exploring the stressed conspecific, compared to the
experimental rats presented PN 50 conspecifics.

The SAP procedure was replicated several times in (Rogers-Carter et al., 2018b,
to be discussed in Chapter 3), which provided a large sample (n = 51 for PN 30, n = 46
for PN 50) to evaluate the reliability and generality of these phenomena and so these
data were pooled and converted to percent preference scores (Fig. 2.1 E) and the
scores were found to fit a normal distribution (D’Agostino and Pearson normality test, for
PN 30: K2 =2.52, p = 0.28, for PN 50: K2 =2.14, p = 0.34). PN 30 and PN 50
preference scores to the hypothetical value of 50% (equal time exploring both naive and

stressed conspecifics, one sample t-tests, 2-tailed) revealed a preference for the
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stressed PN 30 and the naive PN 50 conspecific (PN 30: tone-sampie(50) = 6.49, p <
0.0001, 2-tailed; PN 50: fone-sample (45) = 4.39, p < 0.0001, 2-tailed). Approximately 82%
(42 of 51) of rats tested with PN 30 conspecifics exhibited a preference for the stressed
target, while only 21% (10 of 46) of rats tested with PN 50 conspecifics exhibited
preference for the stressed target. The preference scores from the PN 30 group
significantly differed from the PN 50 group, (£(95) = 7.66, p < 0.0001, 2-tailed), reflecting
the robustness of this phenomenon across replications.

We also report that female experimental rats demonstrated the same social
affective preference pattern. 8 regularly cycling experimental adult female rats (PN 60-
80 days) underwent SAP tests with male conspecifics as above. A significant 2-way
interaction, FacearrecT(1, 14) = 15.52 showed that female experimental rats, like males,
also preferred to explore the stressed juvenile (Fig. 2.1 F, p < 0.001) but avoided
interacting with the stressed adult (p < 0.05). When the raw social exploration times
were converted to a percent preference score, a t-test revealed that female
experimental rats tested with juvenile conspecifics showed a greater preference score
than female experimental rats tested with adult conspecifics, which was consistent with
the preference to explore the stressed juvenile and naive adult (Fig. 2.1 G; t(7) = 3.51, p

= 0.002, 2-tailed).
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Figure 2.1 Social Affective Preference (SAP) Test. (A) The SAP arena containing
juvenile conspecifics on the left and right with an experimental adult in the center. (B)
Diagram of SAP test procedure. (C) Mean (individual replicates shown as connecting
lines) time spent in social interaction with the naive or stressed conspecific by age (n =
8, PN 30; n =12, PN 50). Although conspecific age did not alter time spent interacting
with the naive conspecific, a bidirectional effect of age was apparent in time spent
interacting with the stressed conspecifics (Face(1, 18) = 27.93, p < 0.001; Farrect(1, 18)
= 9.965, p = 0.006; Face*arrect(1, 18) = 46.05, p < 0.001). Experimental rats spent more
time exploring the stressed PN 30 conspecific compared to the PN 30 naive, but spent
less time exploring the stressed PN 50 conspecific compared to the PN 50 naive. (D)
Mean (+ SEM with individual replicates) data in C expressed as the percent of time
spent interacting with the stressed conspecifics relative to the total time spent
interacting. Here, experimental adults showed a marked preference (values greater than
50%) for interaction with stressed conspecifics and avoidance (values less than 50%) of
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stressed adults (#(18) = 5.783, p < 0.001, 2-tailed). (E) Mean (+ SEM, n = 51 for PN 30,
n =46 for PN 50) percent preference for interacting with the stressed conspecific pooled
from all of the subjects in the experimental control groups included in (Rogers-Carter
and Varela et al., 2018). Percent preference scores for PN 30 and PN 50 interactions
were significantly different (£(95) = 7.66, p < 0.0001, 2-tailed) from each other, and in
both conditions the mean percent preference differed from 50% (PN 30: tone-sample(50) =
649, p < 00001, 2-ta||ed, PN 50: tone-sample (45) = 439, p < 00001, 2-ta||ed) (F) Mean
social interaction time. SAP tests were performed on adult female, regularly cycling rats
with pairs of male juvenile or adult conspecifics as interaction stimuli (N=8 females). A
significant 2-way interaction, F(1, 14) = 15.52, p = 0.002 indicated that the females also
exhibit preference to interact with stressed juvenile conspecifics but avoid stressed
adults, *p<0.05 (Sidak). (G) Results in c. shown as Mean % time interacting with
stressed conspecific for comparison, **{(7) = 3.51, p = 0.009 (2-tailed).

2.3.2 Analysis of experimental rat and conspecific behavior during SAP testing.

To evaluate whether exposure to the stressed conspecific in the SAP tests
altered any other aspect of experimental adult behavior, we quantified behaviors of 10
experimental adult rats tested with PN 30 conspecifics, and 7 experimental adult rats
tested with PN 50 conspecifics, during both naive-naive habituation (day 3) and SAP
testing (day 4; Fig. 2.2 A) as described in section 2.2.4. While most behaviors measured
were equal across tests, a significant Age by Behavior by Test (habituation vs. SAP)
interaction (Face*sBeHavior TesT(4, 60) = 3.014, p = 0.025) reflected increases in arena
investigation (p = 0.05) and self-grooming (p = 0.035) during SAP tests with PN 50

conspecifics (Fig 2.2 A).

44



2 PN 30 PN 50
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Figure 2.2 Analysis of experimental rat behavior during habituation and SAP
testing. (A) Mean (+ S.E.M. with individual replicates) time spent in non-social
behaviors during habituation tests and SAP tests (n = 10, PN 30; n =7 PN 50). More
investigation of the arena and time spent self-grooming was observed in the PN 50 rats
(Face*BeHAvior-TEST(4, 60) = 3.014, p = 0.025).

An analysis of conspecific behavior was also conducted as described in section
2.2.4. For each behavioral measure, the percentage of the 5 min test that the naive
versus stress conspecific engaged in each behavior was analyzed as separate t-tests,
and these analyses revealed that the footshock procedure was associated with an

increase in self-grooming behavior in PN 30 conspecifics, but did not mediate any

behaviors in PN 50 conspecifics (Fig. 2.3 A & B). Further, these findings reveal that
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conspecifics spent most of the trial engaging in activate behaviors (sniffing the chamber

and arena).
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Figure 2.3 Analysis of conspecific behaviors during SAP testing. (A) An observer
blind to conspecific treatment tallied the time spent inactive, self-grooming, engaged in
social interaction with the experimental adult and time spent sniffing and exploring the
conspecific chamber of 12 pairs of target rats from each of the PN 30 and PN 50
treatment groups. The average portion (% of total) time spent in each behavior of the 5
minute test are shown for each treatment. The analyses indicate that the conspecifics
spent the majority of time in active behaviors, namely sniffing and exploring the
chamber. (B) Mean (+/- SEM) time spent self-grooming. Separate t-tests were
conducted to compare time in each behavior and revealed a significant increase in self
grooming after stress in the PN 30 group (left panel). *t(22) = 2.47, p = 0.022 (2-tailed).
No other comparisons reached significance, and self-grooming did not correlate with
behavior of the experimental adult rats.

2.3.3 One-on-one testing and ultrasonic vocalizations.

From the SAP test results, we predicted that, in one-on-one interactions, an
experimental adult should engage in more social interaction with stressed juveniles than
naive juveniles, but should display the opposite pattern with adult conspecifics. 8
experimental adult rats were given a series of 2 “one-on-one” social exploration tests (5
min duration, one test per day, as described in section 2.2.3) with either 1 unfamiliar
naive PN 30 juvenile, and later 1 unfamiliar stressed PN 30 juvenile as the social
interaction targets (Fig. 2.4 A); a separate set of 8 experimental adults received the
same series of tests with PN 50 adult conspecifics. A within-subjects design was used
with test order counter balanced, and the time spent exploring each conspecific was
converted to the percent of time spent in social interaction to control for individual
differences in sociality. A 2-way ANOVA (Face(1, 14) 103.10, p < 0.001; Face*arrecT(1,
14) = 31.34, p < 0.001) revealed that experimental adults spent more time interacting
with the stressed juvenile (p < 0.001; Fig. 2.4 B) and less time with the stressed adult (p
= 0.043; Fig. 2.4 B), as observed in SAP tests (Fig. 2.1). There was no difference in

conspecific-initiated social investigation at either age.
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Ultrasonic vocalizations (USVs) convey affective states in rats (Brudzynski,
2013). To explore whether stress altered USVs during social interactions, a separate set
of rats was given 5 min one-on-one social interaction tests in a chamber equipped with
an ultrasonic microphone. Social interaction and USVs were quantified during exposure
to 1 of 4 conspecific stimuli: naive PN 30, naive PN 50, stressed PN 30 or stressed PN
50 (ns = 11/group). Three types of vocalizations were present in our recordings: 22kHz
flat vocalizations, ~30-60kHz rising calls, and ~60-80kHz trills (Fig. 2.4 C). Rising and
trill calls, which are emitted during and in anticipation of rewarding stimuli, were quite
frequent during naive interactions but reduced during stressed interactions (Fig. 2.4 D;
(Fstress(1, 40) = 26.16, p < 0.001; FcaLL Tyre(2, 80) = 60.86, p < 0.001; FsTRESS*CALL
TvpPe(2, 80) = 20.18, p < 0.001). 22kHz vocalizations are thought to convey negative
affect, and these were observed primarily during interactions with stressed adults (Fig.
2.4 E; FcaL Tyrerace(2, 80) = 3.43, p = 0.37). We observed more 22kHz calls from PN 50
stressed rat interactions than any other condition (ps < 0.007). Fewer rising calls in PN
30 and PN 50 stressed rats were observed compared to naive PN30 and PN 50
conspecifics (ps < 0.045), more rising calls were evident in the stressed PN 30 than
stressed PN 50 conspecifics(p = 0.03), fewer trills were found in the PN 30 and PN 50
stress conditions than naive (ps < 0.02) and a trend for more trills in the naive PN 50
compared to PN 30 (p = 0.055). Although it is impossible to determine whether stress
reduced USVs emitted by conspecifics, reduced USVs emitted by the experimental rat
toward the stressed conspecific, or some combination of both, it appeared that stressor
exposure dramatically shifted the patterns of USVs consistent with a state of negative

affect.
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Figure 2.4 One-on-One testing and ultrasonic vocalizations. (A) Diagram of 1-on-1
social interaction test and photo of typical adult-initiated interactions. (B) Mean
(individual replicates, ns = 8/ age) time interacting with the naive or stressed conspecific
in a 1-on-1 test shown as percent of test time. Experimental adults spent significantly
more time interacting with the stressed PN 30 conspecific but significantly less time with
the stressed PN 50 conspecific compared to the respective naive conspecific targets
(Face(1, 14) 103.10, p < 0.001; Face*arrect(1, 14) = 31.34, p < 0.001). (C)
Representative audio spectrograms depicting rising (top, white arrow), trills (top, black
arrow) and 22kHz ultrasonic vocalizations (USVs). Scale bars indicate Y-axis ranges:
60-70kHz (top) and 30-35kHz (bottom). (D-E) Mean (+SEM with individual replicates, ns
= 11/group) number of rising and trill USVs recorded during 5 min one-on-one social
interactions. Fewer rising and trill calls were observed during interactions with stressed
conspecifics with fewer rising calls observed in stressed adults compared to stressed
juveniles but more 22kHz calls observed in stressed adults than stressed juveniles
(FsTress(1, 40) = 26.16, p < 0.001; FcaLL Tyre(2, 80) = 60.86, p < 0.001; FsTRESS*CALL
Tvpe(2, 80) = 20.18, p < 0.001; FcaLL Tvpeace(2, 80) = 3.43, p = 0.37). "p < 0.05, "™ p <
0.01, *** p <0.001, **** p < 0.0001 (Sidak).
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2.3.4 Familiarity mediates SAP behavior with adult conspecifics in females.

Whether or not conspecifics are familiar with one another can dictate social
affective responses (Chen, 2018; Meyza et al., 2017; Staub & Baer, 1974). Here we
replicated the social affective preference test with familiar conspecifics to see if
familiarity would mediate preference behaviors in experimental rats tested with PN 50
conspecifics. 1 cohort of male experimental rats and 1 cohort of female experimental
rats underwent SAP test with cagemates as the conspecifics, whereas another 2
cohorts of male and female experimental rats underwent SAP test with unfamiliar
conspecifics (ns = 10/group; Fig. 2.5 A) Consistent with our previous findings
experimental rats spent less time exploring the unfamiliar stressed adult conspecifics
compared to the naive, but female rats spent more time exploring familiar stressed
conspecifics (Fig. 2.5 B). This pattern produced a significant interaction
(FarrecTFamiLIARITY*sEX (1,36) = 8.479, p < 0.01). Male experimental rats spent less time
exploring the stressed conspecific compared to the naive for both unfamiliar (p < 0.05)
and cagemate (p < 0.01) pairs. Female rats spent less time exploring unfamiliar
stressed conspecifics (p < 0.01), but not familiar stressed cagemates(p < 0.01), when
compared to naive counterparts. To control for the range of individual variation in social
exploration, we again computed a preference score for the stressed conspecific (Fig.
2.5 C). The preference scores were compared to 50%, the score at which there is no
observable social affective preference. One-sample t-tests revealed preference scores
significantly less than 50% for the Male Cagemate ({9) = 3.55, p < 0.01), Male

Unfamiliar (£(9) = 2.579, p < 0.05), and Female Unfamiliar (£(9) = 2.519, p < 0.05)
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groups but significantly greater than 50% for the Female Cagemate ({(9)=2.613, p <
0.05) group. In sum, familiarity altered experimental female reactions to stressed

conspecifics leading to greater social interaction.
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Figure 2.5 Familiarity mediates social avoidance of stressed conspecifics in
female rats. (A) Schematic of the SAP test procedure. (B) Mean (with individual
replicates) social exploration time the experimental rats in each group engaged with
naive or stressed conspecifics on Day 3. A sex-specific effect of familiarity was
observed (Fsex(1,36) =8.479, p < 0.01): Rats in the Male-Unfamiliar (p < 0.05) , Male-
Cagemate (p < 0.01), and Female-Unfamiliar groups spent less time exploring the
stressed conspecific compared to the naive (p = 0.052), whereas Female-Cagemate
rats spent more time exploring the stressed conspecifics (p < 0.01). (C) Mean (individual
replicates with + s.e.m.) data from (B) expressed as the percent of social exploration
time directed toward the stressed conspecific. Male-Unfamiliar (one-sample #(9)= 2.579,
p < 0.05), Male-Cagemate (one-sample {(9)= 3.550, p < 0.05), and Female-Unfamiliar
(one-sample #(9)= 2.519, p < 0.05) percent preference scores were significantly less
than 50%, indicating avoidance of the stressed conspecific. The Female-Cagemate
percent preference score was greater than 50% (one-sample {(9)= 2.613, p < 0.05)
indicating approach to the stressed conspecific; the Female-Cagemate preference
score was significantly greater than the preference score of all other groups. *** p <
0.001.

2.3.5 Comparison of experimental rat behaviors between habituation and SAP test
days.

Several findings report a change in observer behavior in the presence of a
stressed conspecific (Burkett et al., 2016). To assess if the presence of a stressed
conspecific caused any behavioral changed in the experimental rat, we compared
several additional behaviors on the naive-naive habituation day to the same behaviors
on the SAP test day. Time spent engaged in chamber exploration, escape-oriented
behaviors, bedding exploration, immobility, self-grooming, digging, and social
exploration during the social habituation and SAP test days was quantified from digital
video recordings as described in section 2.2.4 and 3-way ANOVAs were performed for
each quantified behavior. A significant interaction (Frest bav*ramiLiariTY*sex (1,56) =5.522,
p < 0.05) and post-hoc comparisons on chamber exploration revealed that Male-

Unfamiliar rats engaged in greater conspecific chamber exploration during habituation
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than any other group on either test day (Fig. 2.6 A) which may reflect more social
interest in this group compared to others. A main effect of Test Day (Frestpay(1,56) =
9.404, p = 0.003) was found for self-grooming which reflected an increase in self-
grooming during SAP testing than the social habituation test day in all treatment
conditions (Fig. 2.6 B). Similarly, a main effect of Test Day (Frestpay(1,56)=4.941, p <
0.050) and a Test Day x Sex interaction (Frest pay+sex(1,56) = 5.454, p = 0.231) on
immobility indicated that experimental rats exhibit more immobility in the presence of a
stressed conspecific than in the presence of naive conspecifics (Fig. 2.6 C). For
bedding and perimeter sniffing, the test revealed a main effect of Familiarity
(FramiLiariTY(1,16) =19.74, p < 0.001), indicating that experimental rats spent more time
exhibiting non-social behaviors in the presence of cagemates, regardless of sex or test

day (Fig. 2.6 D).
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Figure 2.6 Comparison of experimental rat behaviors between habituation and
SAP test days. (A) Mean (£ s.e.m) time spent exploring the conspecific chambers on
social habituation and SAP test days. Greater time spent in chamber exploration was
observed in the Male-Unfamiliar group during habituation than any other group (Frest
DAY*FAMILIARITY*sEX (1,96) =5.522, p < 0.05). (B) Mean (£ s.e.m) time spent self-grooming.
In the presence of a stressed conspecific during SAP tests, experimental rats exhibited
more self-grooming than during social habituation (Frestpay(1,56) = 9.404, p < 0.01).
(C) Mean (£ s.e.m) time experimental rats spent immobile, which was greater during
SAP tests than social habituation (Frestpav(1,56)= 4.941, p < 0.050). (D) Mean (+
s.e.m) time experimental rats spent exploring the bedding or perimeter of the cage.
Experimental rats spent more time exploring the bedding and perimeter during
interactions with cagemates regardless of sex or day (FramiiariTY(1,16) = 19.74, p =
0.000). *p < 0.05, **p < 0.01, ***p<0.001
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2.4 Discussion

To assess the influence of stress on social interactions, we developed a social
affective preference (SAP) test in which the choice to approach or avoid a stressed
conspecific could be quantified. In the SAP test, behaviors depended upon both the age
and affective state of the conspecific, which may reflect a species-specific adaptation in
which social stress signals are prosocial cues when generated by juveniles, but danger
cues when generated by an unfamiliar adult. Also, familiarity mediated SAP behavior
between experimental rats and adult PN 50 conspecifics, which may be the result of
survival mechanisms in group-living species. These results add to the range of
behaviors previously identified to influence behaviors directed toward stressed
conspecifics (Meyza et al., 2017), which set the stage for further mechanistic
investigation.

While the exact motivations to approach or avoid a conspecific are intractable,
the decision to avoid a stressed adult may be adaptive if the stressed conspecific is
perceived as a social danger cue. Consistent with this idea, we found that behaviors
associated with states of fear and emotion contagion, namely immobility and self-
grooming, were evident in SAP tests with both experimental male and female rats
paired with unfamiliar conspecifics (Fig. 2.6 B & C). In both of these cohorts, we
observed avoidance of the stressed conspecifics (Fig. 2.5 B). Therefore, avoiding the
stressed conspecific may be a product of a conserved mechanism by which rodents use
social communication to warn others of threat or harm

On the other hand, it is difficult to pinpoint the motivation to approach the

stressed juvenile, though it is possible that the evolutionarily-conserved circuitry that
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gives rise to parenting behavior has expanded to also enable social species to generate
prosocial behaviors in response to juvenile-like affective cues from non-offspring
conspecifics (Marsh, 2018). In human social behavior, features of the target stimulus,
including age, are critical determinants to whether or not someone will approach, help or
avoid another in distress (Staub & Baer, 1974) and there are examples of prosocial
responses to stressed conspecifics in both vole (Burkett et al., 2016; Sterley et al.,
2018) and mouse (Langford et al., 2010). However, these prosocial examples appear to
have boundary conditions. First, prosocial effects are evident in pair-bonded voles and
familiar female mice, but not between strangers or in male mice. This phenomenon may
generalize to rats (Ben-Ami Bartal et al., 2014) but see (Silberberg et al., 2014), who will
work to release a conspecific from a restraint chamber if they are of the same strain. An
effect of the conspecific’'s age has not previously been investigated, and our results
suggest that prosocial behaviors may occur towards unfamiliar conspecifics if they are
juveniles. How a rat determines if a conspecific is juvenile or adult to inform their social
response, however, is not fully clear.

Both rodents and humans utilize socioemotional cues to convey their affective
states. In rodents, social communication of emotion occurs via chemosignals (Valenta &
Rigby, 1968), vocalizations (Brudzynski, 2013), and overt behaviors (Sotocinal et al.,
2011). Foot-shocked rats emit social odors that can either attract conspecifics in social
buffering or serve as social alarm signals (Kiyokawa, 2017). Although we did not
investigate chemosignals, these likely contribute to the behavior of the experimental rats
in the SAP test. Regarding vocalizations, 22kHz USVs are emitted as alarm signals,

and frequency modulating USVs are thought to convey positive affect (Burgdorf et al.,
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2008). Accordingly, 22kHz vocalizations were nearly undetectable during naive-naive
interactions but increased dramatically when one of the conspecifics was a stressed
adult. Frequency modulating (rising and trill) calls preceded bouts of social interaction
and were abundant in naive-naive interactions but dropped considerably when one of
the conspecifics had received footshock, a pattern consistent with a negative affective
state in the stressed conspecifics. Regarding overt behaviors, stress increased the
amount of time juvenile conspecifics engaged in self-grooming. Thus, the experimental
rat may draw from a constellation of vocalizations, visible cues and chemical signals to
compute the age and emotional state of the conspecific.

Of course, it is not possible to determine if age-, affect-, and familiarity-specific
behaviors are the product of a decision-making process or, alternatively, reflexive
responses to specific combinations of social information. Despite this limitation, that
rodents display preferences that depend on external factors allows for speculation on
possible decision-making processes. Regarding the sex-specific effect of familiarity,
Female-Cagemate rats will approach stressed conspecifics, whereas Male-Cagemate
rats still avoid the stressed conspecific. To our knowledge, this is the first evidence of a
sex difference regarding the role of familiarity on rat social affective behaviors, which
suggests that males and females may appraise social stress signals in fundamentally
different ways. This may be a consequence of familiarity modulating the way by which
affective cues are integrated with other information during social decision-making in
sex-specific ways. This pattern raises three questions regarding familiar females in the
SAP test. First, do experimental females perceive or appraise the social stress signals

of familiar rats differently than those of unfamiliar rats? Although insufficient data are
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available to completely address this question, female rats engaged in more rough and
tumble play behavior with familiar than unfamiliar conspecifics but familiarity did not
influence male behavior (Argue & McCarthy, 2015), consistent with a sex-specific effect
of familiarity on the observer. (Mikosz et al., 2015) reported increased amygdala and
prefrontal cortex Fos expression in males and females in diestrus, but not females in
estrus, after exposure to stressed conspecifics suggesting a neural substrate for
different perceptions of conspecific stress in males and females which, in turn, would
provide a different neural milieu to integrate familiarity in females than in males.

Second, do stressed rats emit different social signals to familiar observers than to
unfamiliar? To our knowledge, this question has never been addressed but it is possible
that the stress signals present in familiar female interactions, such as vocalizations or
chemosignals, promote affiliative behaviors. In addition to the 22kHz danger signals,
rodents emit a number of higher frequency vocalizations that are thought to facilitate
social interaction, including maternal pup retrieval, and, in adults, reflect positive
affective states (Brudzynski, 2013). Interestingly, Kiyokawa and colleagues have
isolated chemosignal compounds released by stressed rats that are sufficient promote
either affiliation or avoidance (Kiyokawa, 2017). Thus, it is possible that the combination
of vocalizations, overt behaviors, and chemosignals generated by familiar female
conspecifics is qualitatively different and therefore results in approach behavior.

Finally, does the presence of a familiar female observer buffer the stress of the
demonstrator thus changing many aspects of the interaction? Demonstrators and
observers have reciprocal effects on one another (Sterley et al., 2018) ahd this idea is

an important factor in regard to social buffering of fear, which is evident when the
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presence of a conspecific mitigates fear or stress. Social buffering occurs with several
different stressors in many experimental contexts and has been observed in both male
(Kiyokawa et al., 2007) and female (Ishii et al., 2016) rats. Interestingly, social buffering
is more robust between familiar rats (Kiyokawa et al., 2014) and animals of the same
strain (Nakamura et al., 2016). Although sex differences in social buffering have not
been thoroughly explored (Kiyokawa & Hennessy, 2018; Meyza et al., 2017), it is
possible that females are more effective than males at buffering fear in familiar
conspecifics, which might give way to increased social exploration.

The work presented in this chapter identified age, affect and familiarity as factors
that influence social responses in the social affective preference test. Chapter 3 will
introduce mechanistic studies that begin to identify the neural correlates of social

affective behavior.
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Chapter 3: Insular Cortex Oxytocin Receptors mediate Social Affective Behavior
in Rat

Portions of this chapter have been published in the following research articles:

Rogers-Carter, M.M., Varela, J., Gribbons, K.B., Pierce, A., McGoey, M.T., Ritchey, M.,
and Christianson, J.P. (2018). Insular cortex mediates approach and avoidance
responses to social affective stimuli. Nature Neuroscience, 21, 404-414.
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3.1 Introduction
3.1.1 Human neuroimaging evidence implicating IC in emotion recognition

In humans, sophisticated social cognitions like empathy and perspective taking
arise from the ability to recognize the emotional state of others. In fact, de Waal argued
that “one party is affected by another’s emotional or arousal state” is the most
elementary component of empathy. The SAP test captures well this phenomenon and
therefore, we can draw from human neuroimaging experiments of empathy and emotion
recognition to help identify potential neural anatomical correlates of social affective
behavior. This expansive literature identified the insular cortex (IC) as one region of
interest. In fact, a review of PET and fMRI studies found IC activation during emotional
tasks in 60% of the reviewed literature (Phan et al., 2002) and a meta-analysis of
empathy-related fMRI data concluded that the right anterior IC is recruited by emotional-
empathic tasks (Fan et al., 2011). More specifically, the strength of IC activation
positively correlated to performance during an empathic task (Kober et al., 2008) and IC
activation has been reported as a neural correlate of mindfulness, discerning between
in-and out-group members, and social pain from exclusion (Friedel et al., 2015;
Molapour et al., 2015). The necessity of the IC for empathic and emotion-related
behaviors is also exemplified in clinical populations; IC thinning (Castro et al., 2015),
resection (Boucher et al., 2015), or lesion (Campanella et al., 2014; Terasawa et al.,
2015b) have all been implicated in socio-cognitive impairments. Furthermore, autism is
characterized in part by socio-emotional abnormalities, and aberrant IC resting state
connectivity (Green et al., 2016), and abnormal IC activation in response to

sensorimotor, cognitive and affect-related information have been observed in autistic
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patients (Yamada et al., 2016). These findings implicate the IC in social affective
processing and thus beget the question: what anatomical and functional properties of IC
result in such consistent involvement across socio-emotional tasks?

The anatomical connectivity of the IC may help address this question as it is well
positioned to process sensory information. Social information, including emotion, affect
and arousal, is conveyed across multiple sensory modalities, and the perception of such
social cues drives behavioral responses (Insel, 2010). IC responds to primary sensory
inputs from all unimodal sensory modalities (Lucas et al., 2015; Mazzola et al., 2014)
and is coupled to structures included in the social brain network. Furthermore, sensory
information processed in the IC has emotional value; IC has been extensively studied
for its role in processing disgust (Calder et al., 2000; Croy et al., 2016; Papagno et al.,
2016; Phillips et al., 1997) and has been implicated as the anatomical locus for pain
empathy (Botvinick et al., 2005; Corradi-Dell’Acqua et al., 2011; Eres et al., 2015;
Lamm & Singer, 2010; Singer et al., 2004). Moreover, a meta-analysis of human IC
neuroimaging work identified overlapping function subregions of IC that detect both
sensory information and response to socioemotional stimuli, suggesting IC may serve
as an anatomical locus for functional integration of sensory and emotional information to
produce one’s coherent experience of a social environment (Kurth et al., 2010). Output
regions of IC include the amygdala, ventral tegmental area, and orbitofrontal cortex
(Chang et al., 2013) and this anatomical arrangement may allow salient sensory
information that is processed in IC to be integrated with emotion and reward value to

inform social behavioral responses. However, despite ample evidence of IC involvement
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during both sensory integration and emotion recognition-related processes, there has

yet to be casual examination of this relationship.

3.1.2 Rodent evidence implicating IC in sensory processing and social affective
behavior

The anatomical connections and functional roles of IC that likely pertain to social
affective behavior is, importantly, conserved across species. Posterior IC is a well-
documented site of sensory integration, which is important in regard to social affective
behavior because stressed conspecifics likely communicate their affective state via a
constellation of sensory cues. IC is equipped to detect such sensory information via
direct inputs from thalamic relay nuclei (Guldin & Markowitsch, 1983).
and multisensory integrative abilities (Gogolla et al., 2014; Rodgers et al., 2008).
Furthermore, rodent IC is connected to the prefrontal cortex and amygdala (Shi &
Cassell, 1998) and these two targets of IC efferents are known to mediate social
behaviors (Felix-Ortiz et al., 2016). Together, these findings are congruent with those
from human neuroimaging which demonstrate IC is positioned to integrate social
sensory information with emotional state and motivational signals (Krushel & van der
Kooy, 1988). Moreover, visceral changes that occur after exposure to a stressed
demonstrator (Burkett et al., 2016; Chen, 2018; Sterley et al., 2018) can mediate social
behaviors (Porges, 2001). This suggests observers have a mechanism to detect the
physiological changes that result from emotion transmission in order to generate
appropriate social responses, a process IC may execute due to its sensitivity to

fluctuations in visceral function (Cechetto & Saper, 1987; Critchley & Harrison, 2013).
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However, there are no mechanistic studies in rodents that have causally examined
sensory integration, emotion and social behaviors and so we hypothesized |C would be

an interesting region of interest to target in social affective behavior.

3.1.3 Oxytocin, sensory processing, and social behaviors

Oxytocin (OT) is a critical modulator of numerous social behaviors across
species (Marlin & Froemke, 2017). In humans, oxytocin is known to mediate processing
of facial emotional expressions (Ellenbogen, 2018) and social decision-making with
regard to emotional information (Di Simplicio & Harmer, 2016). Moreover,
polymorphisms in the OTR gene are associated with deficits in emotion recognition
(Puglia et al., 2015) and increase the risk of autism-like symptoms (LoParo & Waldman,
2015), and there is a conflicting but promising body of work which suggests that
intranasal administration of OT improves socio-emotional performance (Guastella et al.,
2012) and emotion recognition (Timmermann et al., 2017). While there is little
mechanistic from humans as to how oxytocin increases emotion recognition (Evans et
al., 2014) the existing literature prompted a number of studies in rodents, which
demonstrate that oxytocin can modulate the salience and subsequent behavioral
responses to socioemotional cues. In piriform cortex, administration of an oxytocin
receptor antagonist (OTRa) blocked the formation of a social odor memory, but did not
impact non-social odor memory formation (Choe et al., 2015). Similarly, neurons in the
auditory cortex of mouse dams are tuned to pup calls, and administration of oxytocin

decreased the latency for pup retrieval by increasing the salience of auditory pup calls
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via modulation of the excitatory/inhibitory balance in auditory cortex (Marlin et al.,
2015).

Given the known role of both oxytocin and the IC in emotion recognition in
humans, we speculated that oxytocinergic activity in IC may be important for social
behaviors that require sensory processing. In rat, the IC contains a dense distribution of
OTRs relative to neighboring cortical areas (Dumais et al., 2013), which suggests IC is
a target for neuromodulation by OT. Importantly, OT-ergic axons originating from the
hypothalamus terminate in the IC (Knobloch et al., 2012) and in rats there is evidence
that OT mediates excitatory transmission (Oettl et al., 2016). Further, OT can alter
cortical circuit tone in vivo to increase neuronal excitability (Marlin et al., 2015). The OT
receptor is coupled to the heterotrimeric G protein subunit Gqq11 (Gimpl & Fahrenholz,
2001) which activates phospholipase C3 (PLCB) to hydrolyze the membrane
phospholipid phosphatidylinositol,4,5-bisphosphate (PIP2) and two second messengers:
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). DAG initiates protein kinase
C (PKC), which mediates activity in numerous cellular pathways. Moreover,
downstream targets of OT signaling cascades have been implicated in rat social
interactions in IC (Cao et al., 2013) and thus, the effect of OT on processing of social
sensory cues may result from intracellular signaling that modulates the excitability of
neurons to sensory inputs.

The literature suggests that, if OT is present in the IC, it may increase the
salience of social sensory cues by augmenting neural circuit function. In this chapter |
will discuss findings from behavioral, pharmacological and optogenetic manipulations

that implicate insular cortex OT in rat social affective behavior. Further, | present data
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from Fos immunohistochemistry that suggests stressed juveniles elicit greater IC
activation than exposure to stressed adult conspecifics. Lastly, | report on a set of
pharmacological and electrophysiological findings that oxytocin may drive social
affective behaviors by increasing the excitability of IC, possibly via an intracellular
signaling cascade. These studies are the first to implicate oxytocinergic activity in IC

and offer mechanistic insight into social decision-making during the SAP test.

3.2 Materials and Methods
3.2.1 Animals

Male Sprague-Dawley rats were obtained from Charles River Laboratories
(Wilmington, MA). Rats were allowed a minimum of 7 days to acclimate to the vivarium
after arrival and housed in groups of 2-3 with free access to food and water on a 12 h
light/dark cycle. Behavioral procedures were conducted within the first 4 h of the light
phase. All reagents and chemicals were purchased from Fisher Scientific, Tocris or
Sigma unless otherwise noted. All procedures were conducted in accordance with the
Public Health Service Guide for the Care and Use of Laboratory Animals and were

approved by the Boston College Institutional Animal Care and Use Committee.

3.2.2 Behavior testing

Rats underwent one-on-one or social affective preference testing as in Chapter
2; please reference section 2.2.2 and 2.2.3 for methodological details. However, for the
experiments presented in this chapter, rats underwent an additional SAP testing day so
that experiments with pharmacological and optogenetic manipulations were of a within-

subjects and counterbalanced design. Thus, the 4 day SAP procedure was conducted
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as follows: day 1 was habituation to the test arena, day 2 was acclimation to the arena
with two naive conspecifics presented in the restraint chambers, and days 3 and 4 were
SAP tests, where one naive and one stressed conspecific were presented to the
experimental rats. The only exception to this design is experiment 3.3.1 in which
muscimol was microinfused to IC prior to testing; we discovered an order effect of drug
treatment (data not shown) and so this experiment was conducted as a 3-day between-
subjects SAP procedure. Half of the experimental rats in experiment 3.3.1 were

randomly assigned to the vehicle condition and half to the drug treatment condition.

3.2.3: Insular cortex cannula placements and microinjection

Under inhaled isoflurane anesthesia (2-5% v/v in O2), cannula (26g, Plastics
One, Roanoke, VA) were inserted bilaterally into IC (from Bregma: AP: -1.8mm, ML: +/-
6.5mm, DV: -6.2mm from skull surface) and fixed in place with acrylic cement and
stainless steel screws. Rat were administered the analgesic meloxicam (1mg/kg,
Eloxiject, Henry Schein) and antibiotic penicillin G (12,000 Units, Combi-pen 48, Henry
Schein) after surgery and allowed between 7-10 days recovery prior to experimentation.
The OTR antagonist (OTRa) desGly-NHz-d(CH2)s[Tyr(Me)?, Thr*OVT® as in (Lukas et
al., 2013) and OT were dissolved in sterile 0.9% saline vehicle, the pan-PKC inhibitor
G0 6983 was first dissolved in 100% DMSO and then diluted to 200nM in a vehicle of
10% DMSO and water. All injections were 0.5uL per side and infused at a rate of
1uL/min with an additional minute for diffusion. At the conclusion of the experiment, rats
were overdosed with tribromoethanol (Sigma) and brains were dissected and sectioned

at 40 ym to verify the microinjector tip location using cresyl violet stain in comparison to
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the stereotaxic atlas (Paxinos et al., 1980). Rats with occluded injectors or having
cannula located outside of the IC were excluded from all analyses (see Fig. 3.7). To
control for nonspecific effects of OTRa on social behavior, we conducted a control
experiment in which OTRa had no effect on interaction between experimentally naive

adult and PN 30 rats (see Fig. 3.5 G).

3.2.4 Effects of social interactions with naive juvenile, stressed juvenile, naive adult and
stressed adult conspecifics on Fos expression in IC

After testing for USVs, the experimental rats from experiment 2.3.3 were left in
their test cage alone and placed in a quiet room for 90 min, at which point the rat was
overdosed with tribromoethanol and perfused with 0.01M ice-cold heparinized
phosphate buffered saline (PBS) followed by 4% paraformaldehyde for later Fos
analysis as previously reported (Christianson et al., 2011): Brains were dissected and
post-fixed in 4% paraformaldehyde at 4°C for 24h and transferred to 30% sucrose for 2
days. 40um coronal slices of the entire rostral-caudal extent of the brain were collected
via a freezing cryostat at -19°C and stored in 24-well plates containing cryoprotectant at
4°C. To visualize Fos, floating sections quenched for endogenous peroxidase with 3%
H202, blocked with 2% normal donkey serum in PBS-T (0.01% Triton-X100), and then
incubated overnight in rabbit anti-c-fos antibody (1:500, Cat. No. sc-52, Santa Cruz).
Sections were then washed and incubated in biotinylated donkey anti-rabbit secondary
antibody (1:200, Cat. No. 711-065-152, Jackson ImmunoResearch) using the avidin-
biotin complex method (ABC Elite Kit, Cat. No. PK-6100, Vector Labs) with chromogen

precipitate (NovaRed Kit, Cat. No. SK-4800, Vector Laboratories). Sections were floated
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onto glass slides, dehydrated, cleared, and coverslipped with Permount (Fischer
Scientific). All steps were conducted at room temperature. To quantify Fos
immunoreactive nuclei, tissue was imaged on a Zeiss Axioimager Z2 light microscope in
the Boston College Imaging Core. Tiled images containing the ROIs, including IC, were
taken using a Zeiss AxioCam HRc digital camera through a 10x objective (N.A. 0.45).
Using ImagedJ software, images were converted to 16-bit, IC was traced with reference
to the rat brain atlas, and Fos immunoreactivity was quantified using the cell counter
plug-in using parameters that were validated by comparison to manual counts by a
trained observer. Cell density was computed the number of Fos immunoreactive cells
divided by the ROI area (in pixels) for ANOVA and network analyses. A network
analysis of Fos immunoreactivity across 29 ROls can be found in (Rogers-Carter et al.,
2018Db); this chapter will only report Fos expression in IC. However, the results of the

network analyses will be briefly addressed in the discussion.

3.2.5 Optogenetic manipulations of IC in SAP testing

Adult male rats underwent stereotaxic surgery to be implanted with bilateral
guide cannula designed to fit a 200um optical fiber (Plastics One). After the cannula
was secured, 250nL of a viral vector containing the neuronal silencing halorhodopsin
eNpHr3.0 under the CamKlla promoter (AAVS5-CamKlla-eNpHR3.0-mcherry; (Tye et al.,
2011) or a sham virus (AAV5-CamKlla-YFP) was microinjected at a depth 1mm below
the termination of the guide cannula at a rate of 50nL/min and allowed 5 min for
diffusion. Optogenetic transductions were evaluated by fluorescence microscopy and in

vitro whole cell recordings (Fig. 3.4). During testing, a multimodal fiber optic wire
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(200um core, 0.39NA, Model FT200EMT, Thorlabs) extending 1mm below the cannula
tip was affixed to the stylet via a screw top ferrule (Plastics One) and connected to a
laser (GL523T3-100, Shanghai Laser & Optics Century). Throughout the length of a
social test green light (I = 523nm) at a power of ~10-15mW/mm?was administered to
maintain insular inhibition for the light ON conditions. During the light OFF condition,
rats underwent the SAP test while connected to the las without light. Functional photo
inhibition was verified in whole cell recordings of mCherry positive IC pyramidal neurons
in acute brain slices before, during, after green light administration (10m\W/mm?)
delivered through the objective of the electrophysiology microscope (Fig. 3.4 C & D).
The extent of transfection was determined by imaging mCherry expression with
widefield fluorescent microscopy (Zeiss Axiolmager Z2). Locations of transfections are

provided in Fig. 3.4 A & B.

3.2.6 Effects of oxytocin on excitatory field potentials in IC

Adult male rats were anesthetized with isofluorane, intracardially perfused with
chilled (4°C), oxygenated aCSF cutting solution and quickly decapitated. 300 pm
coronal slices including the IC were taken using a vibratome (VT-1000S, Leica
Microsystems, Nussloch, Germany). The slices were placed in oxygenated aCSF
cutting solution (95% O?and 5% CO?) at 37°C for 30 min and then at room temperature
for a minimum of 30 min before slices were used for electrophysiological recordings.

Evoked field excitatory postsynaptic potentials (fFEPSPs) were recorded on a 6 x
10 perforated multiple electrode array (Model: MCSMEA-S4-GR, Multichannel Systems)

with integrated acquisition hardware (Model: MCSUSBG60) and analyzed with MC_Rack
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Software (Version 3.9). Slices were placed on the array and adhered by suction of the
perfusion through the perforated substrate. Bath solutions were as above and perfused
through the slice from above. A stimulating electrode was selected in the deep layers of
IC, and fEPSPs were recorded after stimulation (0 to 5V, biphasic 220us, 500mV
increments) before, during application of 500nM OT, and after (Wash). Each step in the
I/O curve was repeated 3 times (20s inter-stimulus-interval) and each family of steps
was replicated 3 times in each phase of the experiment. fEPSPs from channels
displaying clear synaptic responses (as in Fig. 3.6 D) and in the vicinity of the
stimulating electrode (Fig. 3.6 C) were normalized to the individual channel’s maximum
response to 5V stimulation at baseline; channels from the same slice were averaged for
group analysis.

The electrophysiology experiments were replicated to test the dependence of OT
effects on PKC. A few key aspects of the experiments were different. First, a between-
groups design was used such that baseline measures were taken from all neurons after
a stable recording was achieved. Then, drugs were bath applied in aCSF that contained
0.5% DMSO to permit solubility of the pan-PKC inhibitor G6 6983 (200nM; (Gschwendt
et al., 1996). The conditions were as follows: aCSF, aCSF with G6 6983, OT (1uM for
fEPSPs), or OT with Go6 6983. The OT dose was increased to 1uM in the fEPSP
experiment as 500nM did not reliably replicate the increase in fEPSPs when DMSO was
added to the aCSF. All dependent measures were normalized to pre-drug baselines for

analysis.
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3.2.7 Data analysis

Sample sizes were initially determined based on prior work using social
interaction tests (Christianson et al., 2008; Christianson et al., 2011) and intrinsic
physiology and intrinsic physiology (Varela et al., 2012), no formal statistical methods
were used to pre-determine sample sizes. In all behavioral experiments, rats were
randomly assigned to treatments. In electrophysiology experiments, cells were treated
according to a Latin square design to achieve even representation of cells in treatment
groups from different donor rats. For all of the experiments that entailed a mechanistic
manipulation of the IC including optogenetic and OT, OTRa, and PKC inhibitor
pharmacological infusions, we observed a portion of rats that did not exhibit the
expected behavior towards stress conspecifics. Therefore, rats were excluded from the
statistical analysis if any of the following conditions were met: 1) they did not express
the expected preference for stressed juveniles or avoidance of stressed adults was
greater or less than 50% in the control condition, 2) the cannula were occluded or found
to be outside of the insula, and/or 3) virus expression was found to be unilateral or
outside of the insula. The data from rats excluded due to item 1 above are provided for
inspection in Fig. 3.7 B.

To compare differences between mean scores of social interaction and
electrophysiological endpoints we used t-tests and analysis of variance (ANOVA).
Individual replicate data are provided in the figures. In most experiments, there were
within-subjects variables, which were treated as such in the analysis (paired samples t-
test or repeated measures ANOVA). The data distributions were visually inspected (all

replicates are shown) and appeared to meet the assumptions for normality and equal
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variance; but these were not tested formally. Data were collected by observers blind to
treatment. Final data analyses were not performed blind to the conditions of the
experiments. Main effects and interactions were deemed significant when p < 0.05 and
all reported post hoc test p values are Sidak-adjusted, to maintain an experiment-wise
risk of type | errors at alpha = 0.05. ANOVA analyses were conducted in Prism 7.0c

(GraphPad Software) and SPSS Statistics 24 (IBM).

3.3 Summary of Experiments and Results
3.3.1 Pharmacological inhibition of IC with muscimol in SAP tests with PN 30
conspecifics

Because the aforementioned literature implicates IC in sensory processing and
emotion recognition, and preference behavior in the SAP test likely requires the
experimental rat to detect social sensory cues that convey affect, we hypothesized that
inactivating IC would disrupt social affective preference behaviors. To test the necessity
of IC, we first used the drug Muscimol in inactivate IC. Muscimol is a GABA; agonist
used to pharmacologically inactivate specific brain region by hyperpolarizing neurons to
achieve widespread and robust inhibition (Akhondzadeh & Stone, 1995). For this
experiment, experimental adult rats were bilaterally implanted with guide cannula as
described and tested with either PN 30 (ns = 9 per treatment group) or PN 50 (ns = 10
per treatment group) conspecifics 1 week after surgery. 60 min prior to SAP testing on
day 3, experimental rats in the vehicle or drug treatment conditions received bilateral IC

injections of 0.9% saline or the GABAa agonist muscimol, respectively, and the amount
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of time each experimental rat explored the stressed and naive conspecifics was
recorded. This experiment was different in design from the others in chapters 2-4
because rats received only 1 SAP test, precluding the more powerful within-subject

comparisons of drug effect. Exploration times were converted to a preference score for

Q
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g0 ° e 74 Muscimol

% Interactions with
Stressed Conspecific

PN 30 PN 50

the stressed conspecific as in section 2.2.6, and a 2-way ANOVA revealed a significant
interaction (Face'oruc (1, 34) = 16.27, p < 0.001) that indicated the social affective
preference behavior of experimental rats in both the PN 30 and PN 50 groups was
sensitive to muscimol; experimental rats showed a reduction in the percentage of
exploration time spent with the stressed PN 30 conspecifics following muscimol
injections(p < 0.01), whereas experimental rats tested with PN 50 conspecifics showed
an increase in the portion of social exploration time directed toward the stressed

conspecific following muscimol injections (p < 0.05; Fig. 3.1)
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Figure 3.1 Pharmacological inhibition of IC with muscimol during SAP testing. (A)
Rats were implanted with bilateral IC cannula for microinjections and received SAP
tests with either PN 30 (n = 9) or PN 50 (n = 10) conspecifics. Rats were tested after
either Vehicle (0.9% saline) or muscimol (100ng/side in saline) was microinfused to IC
60 minutes prior to SAP tests on day 3. SAP behavior is shown as the mean (+/- SEM)
percent of time spent interacting with the stressed conspecific of the total time spent in
social interaction during the SAP test. A 2-way between subjects ANOVA revealed a
significant Age by Drug interaction, F(1, 34) = 16.27, p < 0.001. Post hoc comparisons
between drug conditions within each age revealed a significant decrease in time spent
interacting with the stressed PN 30 juvenile conspecific after microinjections of
muscimol (p < 0.01) and a significant increase in the portion of time spent interacting
with the stressed PN 50 adult conspecific (p < 0.05).

3.3.2 Analysis of Fos expression in IC after interactions with naive and stressed
conspecifics.

Experiment 3.3.1 revealed that inactivating IC caused experimental rats to
behave in a way that was agonistic to affect, which suggested IC is able to detect
stressed affect. We therefore hypothesized that exposure to stressed conspecifics
would cause different levels of activation in IC than exposure to naive conspecifics. To
test if conspecific affect could influence IC activity, experimental rats were sacrificed 90
min after the one-on-one social interaction tests in section 2.2.3, where rats explored a
naive PN 30, stressed PN 30, naive PN 50 or stressed PN 50 conspecific. Sections
containing IC were stained for Fos immunoreactivity (Fig. 3.2 A). Fos counts in each IC
subregion (agranular, dysgranular, and granular) were collected using image J and
converted to a measure of cell counts per area in arbitrary units. All regions in all
conditions contained Fos expression, and a 3-way ANOVA revealed a significant
interaction age by stressed interaction (Fstress*ace(1, 36) = 6.21, p = 0.017); Fos
immunoreactivity was higher in the IC of rats that had interacted with stressed PN 30

conspecifics than in rats that had interacted with stressed PN 50 conspecifics (Fig. 3.2
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B, p = 0.009), and IC Fos immunoreactivity was lower in rats after interaction with PN 50
stressed rats than in rats after interaction with PN 50 naive rats (p = 0.038; pooled
across region). A main effect of subregion (Fsusrecion(2, 72) = 7.90, p = 0.001) revealed
that experimental rats who interacted with stressed PN 30 conspecifics have greater
Fos immunoreactivity in the agranular (p < 0.01) and dysgranular (p < 0.05) IC
subregions, compared to experimental rats who explored stressed PN 50 conspecifics
(Fig. 3.2 B). A linear regression analysis of mean Fos immunoreactivity pooled across
all IC subregions predicted the amount of time the experimental rat engaged in
exploration and thus reflected both the age and stress state of the conspecifics (Fig.3.2
C). The analysis most strongly reflected social interaction by Fos level, Age, and most
interactions between Stress, Fos and Age (Fros(1, 34) =19.72, p < 0.001, Face(1, 34) =

36.93, p < 0.001; Fros*stress(1, 34) = 3.97, p = 0.055; Fstress*ace(1, 34) =4.09, p =

0.051).
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Figure 3.2 Fos expression in IC after one-on-one social interactions. (A)
Representative digital photomicrograph containing IC subregions and Fos
immunoreactive nuclei (black ovoid particles). Scale bar = 500mm. (B) Mean (+SEM,
numbers indicate number of replicates) Fos immunoreactive nuclei by IC subregion (Al
= Agranular, DI = Dysgranular, Gl = Granular) quantified 90 min after social interaction
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with a naive PN 30, naive PN 50, stressed PN 30 or stressed PN 50 conspecific (5 min
test). Fos was found in all regions but there was an effect of stress in the PN 50 groups
such that less Fos was evident in the PN 50 brains after stressed conspecific
interactions than in PN 50 brains after naive conspecific interactions, and there was less
Fos in the Al and DI in the PN 50 Stressed group compared to the PN 30 stressed
group (Fstress*ace(1, 36) = 6.21, p = 0.017; Fsusrecion(2, 72) = 7.90, p = 0.001). (C)
Mean Fos immunoreactivity (pooled across IC subregions) predicted time spent in
social interaction. A linear regression analysis with Age and Stress conditions included
as moderators indicated that insula Fos levels predict social interaction (p <0.001,
reflecting both the age and stress state of the conspecific. * p < 0.05, **p < 0.01.

3.3.3 Optogenetic inhibition of IC disrupts social affective preference behavior.

The foregoing experiments provided compelling evidence that IC was involved in
SAP behavior, but together did not provide strong causal evidence that each rat’s
preference behavior depended on IC. Therefore, we next employed optogenetic
inhibition of IC in a within-subjects design of the SAP test. To this end, rats were
transduced with halorhodopsin (eNpHr3.0) under the CamKIll promoter (AAV5-CamKlla-
eNpHR3.0-mCherry), which allowed reversible neuronal silencing (Fig. 3.3 A). Two
weeks after virus infusion, rats underwent SAP tests in a 2 by 2 by 2 design with
conspecific Age (juvenile or adult conspecific), conspecific Affect (naive or stress) and
Light (OFF or light ON) as within-subjects factors (Fig. 3.3 B). Green light (ON) or no
light (OFF) was delivered to the insula continuously during the SAP test. A 3-way
ANOVA (Face*stress LicHT(1, 19) =41.31, p < 0.001) revealed, as expected, the majority
of rats in the OFF condition exhibited preference to interact with the stressed juvenile (p
< 0.001, 9 of 12 experimental rats, Fig. 3.3 C) and avoided the stressed adult (p <
0.001, 12 of 14 experimental rats; Fig. 3.3 D). The 5 rats that did not exhibit the

expected preference pattern in light OFF were analyzed separately (Fig. 3.7 B).
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Pairwise comparisons in the juvenile OFF condition identified an increase in interaction
of the stressed juvenile compared to naive juvenile (p < 0.001), whereas in the adult
OFF condition there was a significant decrease in interaction with the stressed adult
conspecific compared to the naive adult conspecific (p = 0.01). In the light ON condition,
there were no significant differences in exploration times between naive and stressed
conspecifics in either age condition (PN 30 p = 0.22 and PN 50 p = 0.054). Social
interaction times were converted to a preference and a 2-way ANOVA (FaceLigHT(1, 19)
= 23.53, p = 0.0001) revealed that optogenetic silencing of IC eliminated the preference
for interaction with the stressed juvenile, and blocked the pattern of avoidance of
stressed adult conspecifics (FaceLicHt(1, 19) = 23.53, p = 0.0001). No effect of optical
stimulation was observed in sham transduced rats. Thus, silencing the IC prevented the
expression of social affective behaviors.

Importantly, optical treatment had no effect on rats with sham transfections when
interacting with PN 30 conspecifics (Fig. 3.4 E), and light condition did not influence
exploratory activity or general behavior in the SAP test (Fig. 3.4 E). After testing, rats
were perfused and we verified that virus expression was found in bilateral IC. Viral
transfer was validated in whole cell recordings of mCherry-positive neurons in acute
slices containing IC. Application of green light (wavelength = 532nm, 10mW/mm?)
through the objective of the electrophysiology microscope induced robust
hyperpolarizations which silenced spiking when provided during a train of evoked

spikes, scale bar 50mV/250ms (Fig. 3.4 C & D).
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Figure 3.3 Optogenetic Inhibition of IC during SAP testing. (A) Native mCherry
expression in the IC (false colored yellow) from a brain slice adjacent to one containing
the cannula tract. (Scale bar = 500mm). Atlas diagram redrawn with permission from
(Paxinos & Watson, 1998) (B) Diagram of SAP tests for optogenetic experiments. (C)
Mean (n = 9) time spent interacting with PN 30 juvenile conspecifics or (D) PN 50 adult
conspecifics (n = 12) on Days 3 and 4 of the SAP test. In the light OFF condition, the
experimental adult spent significantly more time interacting with the stressed PN 30
conspecific but this pattern was abolished in the light ON condition (Face*sTress*LigHT(1,
19) = 41.31, p < 0.001). In the light OFF condition, the experimental adult spent
significantly less time interacting with the stressed PN 50 conspecific but this pattern
was reversed in the light ON condition. (E) Data from C and D converted to percent
preference for interaction with stressed conspecifics. Here a clear age by light
interaction is apparent with optogenetic silencing of IC eliminating preference for
interaction with the stressed juvenile, and blocking the pattern of avoidance of stressed
adult conspecifics (FacesLicHT(1, 19) = 23.53, p = 0.0001). No effect of optical stimulation
was observed in sham transduced rats. * p < 0.05, **p < 0.01, *** p < 0.001.
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Figure 3.4 Verification of Halorhodopsin transductions and behavioral analysis in
SAP testing. Placement of AAV5-CamKIlla-eNpHr3.0-mCherry transfections in
experimental adult rats given SAP tests with (a) PN 30 juvenile conspecifics or (b) PN
50 conspecifics. Different colored traces correspond to individual replicates. In each
case the tip of the fiber optic cannula was found within the IC and either directly above
or within the area marked as containing mCherry (unamplified) fluorescence. Atlas
drawings reproduced with permission from Paxinos & Watson (1998). (c) Viral transfer
was validated in whole cell recordings of mCherry (above DIC image, below mCherry
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false colored yellow. 40x, Scale bar = 40m) positive neurons in acute slices containing
IC. (d) Mean (+/- SEM) spikes during sequence of OFF/ON/OFF application as in panel
(C), n =6 cells, one-way repeated measures ANOVA, (F(2, 15) = 22.82, p < 0.0001 with
the spike rate in the ON condition significantly less than either off condition, ***p <
0.0001 (Sidak). (e) Mean (+SEM) time spent in different behaviors of adult conspecifics
in optogenetic experiment (PN 30, n=9, PN 50, n=11). Behavior levels are equal
between light ON and OFF conditions except for increased immobility in the PN 50 light
ON condition, Age by Light by Behavior interaction, F(4, 60) = 3.01, p = 0.025. *p =
0.001 (Sidak). The increase in immobility is likely due to 2 of 11 rats that exhibited very
high immobility (25-26s). *** p < 0.001

3.3.4 Oxytocin in the insular cortex is necessary for both approach and avoidance
responses to stressed conspecifics.

As discussed, IC contains a dense distribution of oxytocin receptors relative to
surrounding cortical areas (Dumais et al., 2013), and OT is widely implicated in myriad
social behaviors. Therefore, we next determined whether insular cortex OTRs contribute
to the prosocial or asocial behaviors in the SAP test. Experimental rats (n = 20) were
implanted with bilateral cannula guides to IC. After recovery, the rats underwent the
SAP procedure, with preference tests on days 3 and 4 in a repeated measures design.
This allowed for a 2 by 2 by 2 experimental design with conspecific Age (PN 30 vs. PN
50) as a between-subjects factor, and with Drug (Vehicle or OTRa 20ng/side) and
conspecific Stress (stress or naive) as within-subjects factors (Fig. 3.5 A). The rats
received microinjections of the oxytocin receptor antagonist (OTRa) 15 min before SAP
tests on days 3 and 4, with drug order counter balanced. The conspecific stimuli were
always unfamiliar and no effect of test order was apparent. Two subjects in the PN 50
condition with misplaced cannula were excluded (Fig. 3.7 A). Fig. 3.5 B shows the time

spent interacting with the naive and stressed conspecifics and Fig. 3.5 C shows the

time spent interacting with the stressed conspecifics as a percent of total interactions. In
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the vehicle condition, 7 of 10 experimental rats exhibited a preference for stressed over
unstressed naive juveniles and 7 of the 8 experimental rats exhibited a preference for
unstressed naive over stressed adults. Rats that did not exhibit preference in the
vehicle condition were analyzed separately (Fig. 3.7 B). There was a significant Age by
Drug by Affect interaction (Facebruc*stress(1, 12) = 31.84, p < 0.001) with significantly
greater time spent investigating the stressed PN 30 conspecific (vs. the naive PN 30
conspecific, p <0.001) and less time investigating the stressed PN 50 conspecific (vs.
the naive PN 50 conspecific) in the vehicle conditions (p < 0.001) but more time
interacting with the naive PN 30 conspecific (p = 0.06, approaching significance in the
opposite direction of vehicle behavior) and less time with the naive PN 50 conspecific (p
= 0.014) in the OTRa condition.

Percent preference scores (Fig. 3.5 C) revealed an Age by Drug interaction
(Faceorua(1, 12) = 26.38, p < 0.001) with opposing effects of OTRa in experimental
rats’ behavior towards PN 30 (p = 0.011) and PN 50 (p = 0.002) groups, respectively.
Thus, blockade of IC OTRs prevented the age-dependent approach and avoidance
behavior in response to stressed conspecifics in the SAP test.

A separate set of rats (N = 16) was surgically implanted with bilateral IC cannula
as above, and after recovery, rats were randomly assigned to one-on-one interactions
with either a stressed PN 30 juvenile or a stressed PN 50 adult conspecific (between-
subjects) 15 min after vehicle or OTRa injections (within-subjects) in a 2 by 2 design;
drug order was counter balanced by day as above (Fig. 3.5 D). One experimental rat
interacting with adult conspecifics had a misplaced cannula and was excluded. ANOVA

revealed a main effect of Age and Age by Drug interaction (Face(1, 13) = 28.66, p <
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0.001; Faceprua(1, 13) = 32.56, p < 0.001). The main effect of age indicates more
interaction time with the stressed juveniles than the stressed adults. OTRa
microinjection reduced the time spent interacting with the stressed PN 30 conspecifics
(p <0.001) and increased the time interacting with stressed PN 50 conspecifics (p =
0.009) in the one-on-one tests (Fig. 3.5 E). In a separate cohort of animals that
underwent one-on-one tests with PN 30 conspecifics after vehicle or OTRa injections in
IC as above, we report that OTRa did not reduce overall levels of social exploration
t(15) =1.61, p = 0.13 (2-tailed). This supports that the effects of OTRa specifically
mediated the preference for a given conspecific.

We next determined whether intra-insular OT administration was sufficient to
increase or decrease experimental rat interaction with non-stressed PN 30 or PN 50
conspecifics, respectively. Bilateral insular cannula implants were made in 32 rats and
after recovery each received 2 one-on-one social interaction tests (3 min duration) with
unfamiliar naive PN 30 or PN 50 conspecifics. A within-subjects design was used such
that each rat received vehicle injections prior to one test and OT (250 pg/side;
equivalent to 500nM) before the other. Injections were made 15 min before testing and
drug/vehicle treatment order was counterbalanced. One rat from each age group did not
receive injections and was removed from analysis. ANOVA revealed a significant
interaction (Facepruc(1, 28) = 30.08, p < 0.0001) and post hoc comparisons revealed
that OT microinjection increased time spent interacting with the naive PN 30 conspecific
(p < 0.001) and decreased time with the naive PN 50 conspecific (p = 0.002, Fig. 3.5 F).

These findings suggest that the effect of OT in IC is dependent upon conspecific age.
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Figure 3.5 Oxytocin in IC mediates SAP behavior. (A) Diagram of experimental
design. (B) Mean (individual replicates) time spent exploring either PN 30 (n = 7) or PN
50 (n=7) conspecifics after bilateral intra-insula infusion of a selective OTR antagonist
(OTRa, 20ng/side) in the SAP test. Vehicle treated experimental adult rats spent more
time interacting with the stressed PN 30 juvenile conspecifics and less time with the
stressed PN 50 adult conspecifics. These trends were blocked and reversed by infusion
of OTRa (Face'pruc*sTrRess(1, 12) = 31.84, p < 0.001). (C) Data in (B) expressed as
percent preference for interaction with the stressed conspecific (Mean with individual
replicates). OTRa significantly reduced preference for the stressed PN 30 while
increasing time spent with the stressed PN 50 conspecific (Faceorua(1, 12) = 26.38, p <
0.001). (D) Diagram of 1-on-1 social interaction tests with stressed conspecifics and
pretreatment with either vehicle or OTRa. (E) Mean (with individual replicates,
normalized as percent of 3 to 5 min long test, time spent interacting with the stressed
conspecific in a 1-on-1 test; PN 30: n = 8, PN 50: n = 7). OTRa significantly reduced
time interacting with the stressed PN 30 conspecific but increased time interacting with
the stressed PN 50 conspecific (Face(1, 13) = 28.66, p < 0.001; Faceorua(1, 13) =
32.56, p <0.001). (F) Mean (with individual replicates) time spent interacting with a
naive conspecific after intra insular cortex OT (250pg/side) or vehicle administration in a
1-on-1 social interaction (PN 30: n = 15; PN 50: n = 15). OT caused a significant
increase in social interaction with naive PN 30 juveniles but a significant decrease in
interaction with naive PN 50 adults (Face*prua(1, 28) = 30.08, p < 0.0001). (G) Mean
time spent exploring a naive PN 30 conspecific during a 3 min one-on-one test after
injections of vehicle of OTRa, order counterbalanced. There was no effect of OTRa on
social interaction #(15) =1.61, p = 0.13 (2-tailed). **p < 0.01, *** p < 0.001.

3.3.5 Oxytocin alters the excitability of the insular cortex and requires Protein Kinase C
Considering that OT is a neuromodulator, the foregoing suggested the possibility
that behavioral responses to stressed conspecifics depend upon modulation of intrinsic
excitability in the IC by OT. Therefore, we predicted that interference with insular cortex
PKC, a downstream target of OT intracellular signaling (Blume et al., 2008), would
mimic the effect of OTRa. Rats received bilateral IC cannula implants and underwent
SAP tests as above, following microinjections of either vehicle (10% DMSO in water) or
the pan-PKC antagonist G6 6983 (0.5uL/side 200nM). Eight of 10 rats exhibited
preference for the stressed PN 30 conspecific after vehicle injection and 7 of 11 rats

avoided the stressed PN 50 conspecific (Fig. 3.6 A). A 3-way ANOVA revealed a
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significant interaction (Fstressace*bruc(1, 13) = 63.75, p <0.001) in which G6 6983
reversed the pattern observed under vehicle. In tests with PN 30 conspecifics,
experimental rats spent more time interacting with the stressed than naive conspecifics
after vehicle injection (p < 0.001) and less time interacting with the stressed than naive
conspecific after G0 injection (p = 0.009). In tests with PN 50 conspecifics, the
experimental rats spent less time interacting with the stressed conspecific in the vehicle
condition (p = 0.006). Social exploration times were converted to a preference score for
the stressed conspecific. Experimental rats displayed a significant reduction in
preference for the stressed PN 30 conspecific after G6 6983 (p < 0.001) whereas GO
6983 increased the preference score for the stressed PN 50 conspecific (Fig. 3.6 B).
These findings recapitulate the effects of OTRa on social affective preference behavior.
The foregoing suggested that exposure to stressed conspecifics triggers a
neurobiological response that alters IC activity, and we next investigated the effect of
OT application and G6 6983 on synaptic efficacy. Input/output curves were conducted in
acute IC slices on a perforated 60 channel multiple electrode array (Fig. 3.6 C & D). OT
application induced a leftward shift (Fig. 3.6 E & G), with significantly larger fEPSP
amplitude compared to baseline at stimuli from 2 to 5V with washout levels differing
from OT beginning at 3V (FstimuLus(10, 90) = 598.20, p < 0.0001; Fprus(2, 18) = 11.99,
p < 0.001; FstimuLusoruc(20, 180) = 11.34, p < 0.0001). In the aCSF control slices
synaptic responses were stable across all phases of the experiment. In the presence of
G6 6983 (200nM), OT (1uM) did not alter fEPSP input/output curves (Fig. 3.6 F & G;
Fstimurus(10, 80) = 385.90, p < 0.0001). Thus, OT augmented evoked excitatory

synaptic transmission.
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Figure 3.6 Oxytocin modulates excitatory synaptic transmission in the IC, which
is prevented by pharmacological blockade of Protein Kinase C. (A) Mean
(individual replicates) time spent exploring either PN 30 (n = 8) or PN 50 (n =7)
conspecifics after intra-insula infusion of G 6983 (0.5uL/side 200nM) or vehicle (10%
DMSO in water) in the SAP test. Vehicle treated experimental adult rats spent more
time interacting with the stressed PN 30 juvenile conspecifics and less time with the
stressed PN 50 adult conspecifics. These trends were blocked and reversed by the
PKC inhibitor (Fstress*acepruc(1, 13) = 63.75, p < 0.001). (B) Data in (A) expressed as
percent preference for interaction with the stressed conspecific (Mean with individual
replicates). Go 6983 significantly reduced preference for the stressed PN 30 while
increasing time spent with the stressed PN 50 conspecific (Facepruc(1, 13) = 141.10, p
<0.001). *p < 0.05, **p < 0.01, ***p < 0.001 (Sidak). (C) Top view of 60 channel
perforated MEA (left) for acute extracellular recordings of IC. Right depicts location of IC
slice during recording, rf = rhinal fissure. (D) Typical fEPSPs evoked by biphasic
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extracellular stimulation at baseline (blue) during application of 500nM OT (red) and
after washout (green). Scale bar 500mV/ms. (E) Input/output curves for fEPSPs (Mean
+/- SEM, OT n = 10, aCSF n = 9 slices) normalized to the peak amplitude observed in
response to 5V stimulation under baseline conditions. OT significantly increased EPSP
amplitude beginning at 2V with further enhancement during the washout (FstimuLus(10,
90) = 598.20, p < 0.0001; Fprua(2, 18) = 11.99, p < 0.001; FstimuLus*pruc(20, 180) =
11.34, p < 0.0001). Without application of OT, EPSPs remain stable across the duration
of the experiment (aCSF: FstimuLus(10, 80) = 385.90, p < 0.0001). # p < 0.05 OT vs.
Baseline, ### p < 0.001 OT vs. Baseline, $$$ p < 0.001 Wash vs. Baseline, *** p <
0.001 Wash vs. OT (Sidak). (F) Input/output curve for fEPSPs (Mean +/- S EM.,n=7
slices/condition) normalized to the peak amplitude observed in response to 5V
stimulation under baseline conditions. OT (1uM) increased fEPSP at 4.5 and 5mV while
no effect was observed in the presence of G6 6983. *FstimuLuspruc(10, 240) = 3.40, p <
0.001, OT vs. aCSF at 4.5 and 5V, ps < 0.031 (Sidak). (G) Mean (+ S.E.M. and
individual replicates) fEPSP amplitude from (G) at 5V (Fot(1, 24-) = 5.076, p = 0.034).
*OT-DMSO vs all other groups, ps < 0.018 (Fisher PLSD). *p < 0.05,**p < 0.01, *** p <
0.001.
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Figure 3.7 Placement of cannula tips for microinjection experiments and excluded
subjects data. (A) Cannula tip placement within IC was verified in 40m fresh frozen
sections stained with Cresyl Violet under light microscopy. Tip locations are indicated as
compared to the atlas of Paxinos and Watson (1998) and images are reproduced with
permission. Section distance from Bregma indicated in mm. Open/White Circles relate
to Figure 3.5 B & C, Red circles relate to Figure 3.5 E and Gold circles to Figure 3.5 F,
Grey circles related to Figure 3.6 A & B. (B) SAP test behavior from the rats excluded
from mechanistic experiments because the baseline behavior (light OFF or vehicle
condition) did not reflect the phenomena under study. LEFT: excluded from Figure
3.3C-D, CENTER: excluded from Figure 3.5B-C, RIGHT: excluded from Figure 3.6A-B.
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Discussion

To summarize the behavioral studies, experimental adult rats preferred to
interact with stressed juveniles, but avoided interaction with stressed adult conspecifics.
Reversible inactivation of IC with muscimol blocked the experimental rats’ preference to
explore stressed juvenile conspecifics and naive adult conspecific. This finding was
corroborated with both optogenetic silencing of IC and pharmacological blockade of the
OTR and PKC in IC, each of which interfered with experimental rats’ responses to
stressed conspecifics. Microinfusions of OT to IC was sufficient to reproduce the
phenomena with naive conspecifics. Exposure to stressed juvenile conspecifics elicited
greater IC activation than social interactions with stressed adult conspecifics, which
suggest IC has unique responses to conspecifics of different affective states. Further,
the electrophysiology findings suggest that OT renders IC neurons more responsive to
excitatory inputs via activation of PKC second messenger cascades. Together, these
data suggest that exposure to a stressed conspecific evokes OT release within IC
which, via modulation of IC output neuron excitability, orchestrates species-specific,
age-dependent approach or avoidance behaviors. The findings provide new insight into
the neural basis of elementary social affective processes and, consistent with human
neuroimaging work, warrant consideration of how the insular cortex may contribute to
social behaviors, possibly via interconnections with the group of brain structures that
comprise the social decision-making network (O’Connell & Hofmann, 2011).

To approach or avoid a stressed conspecific may reflect 1) reflexive responses to
social affective cues; perhaps adult and juveniles elicit different cues that convey

different messages to the experimental adult rat, or 2) a social decision in which the
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experimental rat determines the appropriate response after evaluating various factors
like age and affect. While there is insufficient data to favor either possibility, how the
experimental rat detects salient sensory information to either react or decide may
depend on oxytocin in IC. In data not shown (Rogers-Carter et al., 2018b), OT altered
several properties of IC neurons that are consistent with such a modulatory role,
namely, reduction in AP amplitude, increase in Rinput, increase in input/output
relationships, reduction in SAHP and potentiation of evoked insular fEPSCs. Indeed, OT
has been shown to increase spike output in vivo (Moaddab et al., 2015) and our data
suggest an intrinsic mechanism that may underlie shifts in synaptic efficacy and
excitatory/inhibitory balance found in cortical regions where OT is critical for myriad
social behaviors (Marlin et al., 2015; Choe et al., 2015). Thus, one possibility is that OT
may be necessary for, or facilitate more, IC neurons to fire in response to social
affective cues, consistent with its known ability to increase salience in cortex (Choe et
al., 2015). This idea is consistent with our Fos data in which stressed conspecifics
elicited greater IC activity than naive conspecifics. Further, conspecific age and affect
may determine how much OT is released in IC and therefore drive either more or less
IC activity depending on affective state. An interesting follow-up to explore if OT is
necessary to observe different levels of Fos immunoreactivity would be to repeat the
Fos experiment with a second cohort of animals, all of which receive microinfusions of
an OT receptor antagonist before testing. If OT does in fact drive differential IC activity
with the various conspecifics, blocking OT should prevent any different in Fos

immunoreactive cells.
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In this scenario, if social affective cues can increase insular OT and facilitate the
amount of active IC neurons and the information they encode to efferent targets, this
may be a mechanism by which baseline social behaviors responses (i.e. approach) are
overridden in order to produce context-specific behaviors (i.e. avoidance). This can
happen via the same of different outputs of IC, or via another possible explanation in
which OT modulates the output of IC to different areas that promote either approach or
avoidance. No experimental evidence yet supports this idea, but possibly insula
efferents to the ventral striatum or prefrontal cortex promote interaction with stressed
juveniles, whereas efferents to the basolateral amygdala promote avoidance in
response to stressed adults as these are thought to be the proximal mediators of the
rewarding, empathic, and emotional aspects of social behavior, respectively (Adolphs,
2009). Future work examining how oxytocin accomplishes modulation of cortical
projections neurons is warranted to further interpret these findings.

The necessity of OTRs in the IC in this paradigm compliments an extensive
literature that has explored OT as a modulator of social behaviors. However, the bulk of
this work utilizes intranasal OT administration in humans and intracerebroventricular
injections in animals, which do not provide anatomical specificity. Thus, further
mechanistic exploration of OT in the IC is warranted and encouraged by advanced
techniques, which are beginning to unveil region-and circuit-specific roles for OT. For
example, OT is anxiolytic in the central amygdala where stimulation of an OT-ergic
pathway reduced freezing to a conditioned fear cue (Knobloch et al., 2012).

OT appears to be anxiogenic, however, in the lateral septum where genetic

overexpression of OTR enhanced stress-induced contextual fear conditioning following
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social defeat (Guzman et al., 2009). Circuit and region-specific roles for OT in social
behaviors have also been identified using optogenetics. In (Choe et al., 2015) OT in the
piriform cortex is necessary for both aversive and appetitive social learning and in (Oettl
et al., 2016), optogenetic stimulation of OT in olfactory cortex increased social
exploration and recognition via modulating the output tone of olfactory cortex.
Regarding parenting behavior, activation of OTergic neurons in the left auditory cortex
of female mice promoted retrieval of pups after enhancing pup call response (Marlin et
al., 2015). Further, the effects of OT administration on social decision-making are
sensitive to situational and interpersonal factors with OT sometimes producing prosocial
effects, and at other times anti-social effects (Bartz et al., 2011), which were both
evident after insular OT administration to IC in the SAP test. OT in the IC appears to
modulate processing of social affective information providing yet another example of
site and circuit specific functions of OT in organizing social behavior.

The interference of social affective behaviors by the OTR antagonist strongly
suggests that OT acting in the IC is critical to this behavior. This finding prompts the
question: where does the insular OT come from? One possible source is the
periventricular nucleus of the hypothalamus (PVN), which is a known synthesis site of
OT, projects to numerous forebrain regions, and is activated by social stimuli (Knobloch
et al., 2012). Perhaps exposure to a stressed conspecific recruits OT to the IC by way of
a novel OTergic circuit, which could modulate IC output. Several of our findings support
the notion that the IC is sensitive to OT activity: OTR antagonism in the IC blocked
social affective behavior, and administration of OT to the IC increased exploration with a

juvenile conspecific and decreased exploration with an adult conspecific. PKC

95



antagonism abolished social affective behavior during the SAP test and it is possible
that intracellular signal cascades modulate I1C’s sensitivity to social sensory inputs or
modulate circuit activation. To this point, OT can activate both ERK1/2 (extracellular
signal-regulated kinase 1/2) and PKC signaling, which drive numerous processes that
underlie neuromodulation (Ayar et al., 2014; Blume et al., 2008; Van den Berg et al.,
1999). If the output tone of the IC is indeed modulated by OT, this supports that this
region is contributing to a larger social brain circuit.

The findings presented here underscore the clinical relevance of studying OT at
the circuit level. The necessity of OT in this paradigm is consistent with a large literature
implicating OT in social behaviors. In rodents, OT has been extensively attributed to pair
bonding, social learning, approach and avoidance behaviors, and mother-infant bond
formation (Choe et al., 2015; Harari-Dahan & Bernstein, 2014; Ross et al., 2009; Walum
et al., 2012). There is a well-justified interest in the therapeutic power of OT considering
abnormal levels of plasma OT are seen in populations with autism, schizophrenia, and
Fragile X syndrome (Modahl et al., 1998) and these disorders are plagued with social
abnormalities. Genetic polymorphisms in the OT receptor (OTR) are risk factors for
autism spectrum disorder symptoms like social deficits (LoParo & Waldman, 2015) and
antisocial behavior (Waller et al., 2016). Interestingly, administration of OT in humans
can attenuate these social deficits (Auyeung et al., 2015; Guastella et al., 2015; Shin et
al., 2015; Young & Barrett, 2015), increase sense of trust (Kosfeld et al., 2005), and
decrease anxiety (Van den Berg et al., 1999) which is relevant considering that the
anxiolytic mechanisms of OT are likely related to its prosocial effects. However, without

an anatomical and mechanistic account of OT in the context of component social
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behaviors the translatability of OT research intro treatment will be slowed (Insel, 2010;
Radke & de Bruijn, 2015). Our results suggest that disruption of IC function may be key
to pathophysiology in behaviors that depend upon social decisions regarding the
emotions of others. The SAP test and the network model of IC input to the SDMN
presented here provide a platform for further research into the neuroanatomical and
physiological systems that integrate social information with decision-making and

behavior.
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Chapter 4: Insular Cortex Projections to the Nucleus Accumbens Core Mediate

Social Approach to Stressed Juvenile Rats

The work presented in this chapter is currently under review:

Rogers-Carter, M.M., Djerdjaj, A., Gribbons, K.G., Varela, J., Christianson, J.P. (2019).
Insular cortex projections to the nucleus accumbens core mediate social approach to
stressed juvenile rats. Under Review.
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4.1 Introduction

Social decision-making enables animals to respond to their social environments
with flexible and context-appropriate behaviors (Insel & Fernald, 2004a; O’Connell &
Hofmann, 2011). An important feature of social decision-making is that animals
appraise the affective state of others to generate behavioral responses. Accordingly, a
number of studies report that rodents demonstrate either prosocial or avoidance
behaviors toward distressed others (reviewed by Meyza et al., 2017). These responses
are modulated by situational factors, including familiarity, age, social rank, sex and prior
experience (Burkett et al., 2016; Guzman et al., 2009; Ishii et al., 2012; Kiyokawa et al.,
2014; Langford et al., 2006; Li et al., 2014; Meyza et al., 2017; Rogers-Carter et al.,
2018a; Rogers-Carter et al., 2018b), which suggest that socioemotional information is
integrated with context and situational factors to inform behavioral actions. However,
how areas in the brain that integrate affective cues, external stimuli and physiology can
inform behavioral responses remains elusive.

Mechanistic studies have identified several structures in the social decision-
making network (SDMN; O’Connell & Hofmann, 2012) that produce flexible behavioral
responses during social interactions (Felix-Ortiz et al., 2016; Hong et al., 2014; Lee et
al., 2014; Yang et al., 2017a; Yao et al., 2017). However, none of these regions are
equipped to directly detect the socioemotional cues by which animals communicate
their affective state, such as vocalizations and olfactory cues. One candidate region that
may detect socioemotional cues is the insular cortex (IC), a site of multisensory
integration (Gogolla et al., 2014; Gogolla, 2017; Rodgers et al., 2008) which a growing

literature implicates in social cognition (Menon & Uddin, 2010). In addition to detecting

99



social cues, social decision-making utilizes reward valuation to determine behavioral
responses, and socioemotional information is likely one factor that influences reward
valuation and behavior during healthy and disordered social cognition (Kohls et al.,
2012). The nucleus accumbens core (NAc) is implicated in reward (Wise, 2002) and IC
provides a major cortical input to the NAc (Wright & Groenewegen, 1996). Thus, there is
compelling evidence to investigate the IC = NAc projection as a possible pathway by
which socially relevant sensory information reaches the reward system to inform social
decisions.

We have reported a role for insular cortex in a social affective preference (SAP)
test in which rats demonstrate age-specific responses to stressed others (Rogers-Carter
et al., 2018b). Specifically, in the SAP test, experimental rats exhibit approach toward
stressed juvenile rats, but avoid exploring stressed adult rats. Optogenetic silencing of
IC pyramidal neurons abolished this pattern. While the role of NAc in control of behavior
during interactions with stressed individuals is unknown, it is well established that the
nucleus accumbens (NAc) is critical to a number of social behaviors. NAc mediates
social recognition (Ploeger et al., 1991) and reward with juvenile (Trezza et al., 2011)
and adult conspecifics (Ddlen et al., 2013). Regarding emotional cues, NAc encodes
ultrasonic vocalizations calls that convey stress (Willuhn et al., 2014) and shows
enhanced dopaminergic transmission in subjects that observe a conspecific receive
footshock (Wu et al., 1999), which suggests the NAc encodes the socioemotional cues
present during interactions with stressed others.

In the SAP paradigm, we hypothesize that IC is integral to the binding of social

and situational factors to inform social decisions which, via glutamatergic efferents to
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nodes in the social decision making-network, can shape the pattern of circuit activity to
favor approach or avoidant behavioral strategies. No prior mechanistic studies have
explored the role of IC projection tracts in social behavior. Here we employed
pharmacological and tract-specific manipulations to test if the IC — NAc projections are
necessary for SAP behavior. We report that this tract is necessary and sufficient for
approach toward stressed juvenile conspecifics, but not avoidance of stressed adult

conspecifics.

4.2 Materials and Methods
4.2.1 Overview of approach

To determine the role of the IC — NAc tract in social affective behavior we
performed a series of experiments. First, to test the role of the NAc we used reversible
inactivation by infusing tetrodotoxin (TTX) directly to NAc before SAP tests with either
post-natal day 30 (PN 30) juvenile or PN 50 adult conspecifics. Next, we used
retrograde tracing and Fos immunohistochemistry to quantify activity in IC — NAc
neurons in experimental rats who underwent social interactions with either stressed or
naive juveniles. The cell counting results suggested that activity in this tract increases
during encounters with stressed juveniles in the posterior IC. To establish the necessity
and sufficiency of this tract to the social affective preference behavior we chose to use a
tract-specific chemogenetic approach (Jaramillo et al., 2018b). This required that we
first demonstrate feasibility of chemogenetic manipulations in the SAP test. To this end
we virally expressed the inhibitory hM4Di receptor (Roth, 2016) in the IC and achieved

inhibition via systemic administration of clozapine-n-oxide (CNO), which blocked the
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social preference for stressed juveniles and replicated our prior findings with
pharmacological and optogenetic inhibition of IC (Rogers-Carter et al., 2018b).
Following methods and considerations described by others (Mahler & Aston-Jones,
2018; Smith et al., 2016; Stachniak et al., 2014)

to gain tract-specific, chemogenetic control of the IC - NAc circuit, we introduced
hM4Di or hM3Dq in the IC under the synapsin promoter to achieve receptor expression
in axon terminals in the NAc. CNO was delivered via bilateral cannula to the NAc, so
that excitation or inhibition was selective to terminals of neurons that originate in IC,
prior to SAP or conventional social interaction testing. A number of control, verification
and chemogenetic specificity experiments are also described to address important

concerns that relate to the interpretation of chemogenetic experiments.

4.2.2 Subjects

Male Sprague-Dawley rats were purchased from Charles River Laboratories
(Wilmington, MA) at either 2509, or postnatal (PN) day 22 or 42. All rats were
acclimated to the vivarium in the Boston College Animal Care facility for a minimum of 7
days before surgery or behavioral testing. Subjects were housed in groups of 2 or 3,
maintained on a 12h light/dark cycle, and provided food and water ad libitum.
Behavioral testing occurred within the first 4 hours of the light cycle. All procedures were
approved by the Boston College Institution Animal Care and Use Committee and

adhered to the Guide for the Care and Use of Laboratory Animals.
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4.2.3 Social affective preference tests

As previously reported (Rogers-Carter et al., 2018b), the SAP test allows for the
qguantification of social exploration directed at two novel conspecifics, one of which is
stressed via footshock and the other naive to stress treatment. On day 1, experimental
rats were acclimated to a plastic tub cage arena (50 x 40 x 20cm; L x W x H) containing
beta chip bedding and a wire lid. On day 2, the experimental rats were presented two
naive conspecifics, either juvenile (PN 28-32) or adult (PN 50-54) pairs which were held
in clear acrylic chambers (18 x 21 x 10cm; L x W x H). Conspecific chambers were
comprised of acrylic rods spaced 1 cm apart center-to-center (Fig. 4.1 C) and placed at
opposing ends of the cage for a 5 min trial. The chambers were designed to be large
enough to permit the contained rat to move freely. On days 3 and 4, one conspecific
was stressed via 2 brief footshocks immediately prior to each test (5s duration, 1mA,
60s inter-shock-interval; Precision Regulated Animal Shocker, Coulbourn Instruments,
Whitehall, PA). SAP tests began when the chambers containing naive and stressed
conspecifics were placed in the test arena. A trained observer blind to treatment
quantified the amount of social exploration initiated by the experimental rat which
included: nose-to-nose contact, nose-to-body contact or reaching towards the
conspecifics. Social exploration was quantified first during live testing and again from
digital video recordings by a second observer who was blind to experimental conditions
to establish inter-rater-reliability. The correlation between observers for the SAP trials

included in the current experiments was rss = 0.922, R? = 0.849, p < 0.0001.

103



4.2.4 One-on-one social interactions

This procedure is used to quantify social exploration when an experimental rat
and a target conspecific were free to interact. On day 1, experimental rats were
habituated to a standard plastic cage with beta chip bedding and wire lid for 1 h. On day
2, a juvenile or adult conspecific was introduced to the arena for 5 min and a trained
observer quantified social interaction initiated by the experimental rat including pinning,
sniffing and allogrooming. Exploration was quantified first during live testing and again
by an observer blind to treatment from digital video recordings. The correlation between
observers for the social interaction tests included in the current experiments was ri2 =

0.997, R?=0.993, p < 0.0001.

4.2.5 Cannula placements and virus microinjections

Under inhaled isoflurane (2-5% v/v in O2), bilateral cannula (Plastics One) were
implanted in the NAc (from Bregma: A/P +1.9mm, M/L +/- 1.8mm, D/V -6.5mm) and
fixed in place with acrylic cement and stainless steel screws. For chemogenetic
manipulations, 600nl of a viral vector containing either pAAV5-hSyn-hM4D(Gi)-mCherry
(hM4Di; Addgene viral prep; Cat. No: 50475-AAV5; titer: 9x10'2GC/mL), pAAV5-hSyn-
hM3D(Gq)-mCherry (hM3Dq; Addgene viral prep; Cat. No: 50474-AAVS; titer:
4.8x10">GC/mL), or pAAV5-hSyn-mCherry (mCherry; Addgene viral prep; Cat. No:
114472), were microinjected bilaterally at 2 sites in the posterior insular cortex (from
bregma: A/P —1.8mm and —1.6mm, M/L +/ — 6.5mm, D/V —6.9mm) at 100nl/minute and
allowed 7 min for diffusion. These coordinates led to transduction within the posterior IC

for consistency with our prior work and the results of the retrograde Fos counting
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experiment. In tract-specific chemogenetic manipulations, bilateral NAc cannula were
implanted during the same surgery as described above. This approach allowed tract-
specific control by directly infusing the hM3Dq and hM4Di agonist CNO to the terminals
of IC neurons in NAc (see pharmacological manipulations). For retrograde tracing,
300nl of Cholera Toxin B conjugated to AlexaFluor 488 (CTb*8, Thermo Fisher, Cat.
No: C34775) were microinjected to the right hemisphere NAc as previously (Dong et al.,
2017; Park et al., 2018) at a rate of 100nl/minute and allowed 4 min for diffusion. After
surgery, rats were administered meloxicam (1mg/kg, Eloxiject, Henry Schein) and the
antibiotic penicillin (12,000 Units, Combi-pen, Henry Schein) and allowed 2 to 3 weeks

to recover before behavioral testing as described below.

4.2.6 Pharmacological manipulations

To reversibly inhibit NAc activity the voltage gated sodium channel blocker
tetrodotoxin (TTX; Tocris Bioscience) was dissolved in sterile 0.9% saline to a
concentration of 10uM. TTX or vehicle (sterile 0.9% saline) were infused bilaterally
(0.5pl/side) to NAc 15 min prior to SAP testing (Christianson et al., 2011). For
chemogenetic inhibition of IC cell bodies, experimental rats were weighed on the day of
testing and given 0, 0.3 or 3mg/Kg CNO (Tocris Bioscience) dissolved in a vehicle of
10% DMSO and sterile 0.9% saline 45 min prior to SAP testing via i.p. injection. For
tract-specific experiments, 1uM of CNO in a vehicle of 0.1% DMSO and sterile 0.9%
saline was infused through the NAc guide cannula (0.5pl/side) 30 min prior to testing as

in (Mahler et al., 2014).
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4.2.7 Tissue collection and immunohistochemistry

Immediately after testing, rats from TTX experiments were overdosed with
tribromoethanol (Fisher Scientific), decapitated, brains were dissected and flash frozen
in 2-methylbutane (Fisher Scientific). All other rats were overdosed with tribromoethanol
and perfused with cold 0.01M heparinized phosphate buffered saline (PBS) followed by
4% paraformaldehyde as in (Rogers-Carter et al., 2018b). Dissected brains were stored
at 4°C in 4% paraformaldehyde for 24 h and transferred to 30% sucrose for 2 days.
40um coronal sections were cut on a freezing cryostat (Leica). Alternating NAc sections
were either directly mounted to gelatin subbed slides and stained with cresyl violet for
cannula tip verification or stored in cryoprotectant as free-floating sections for
immunostaining. IC sections were directly mounted to slides and coverslipped with
Vectashield (Vector Labs) to confirm virus transduction. To visualize Fos (as in (Rogers-
Carter et al., 2018b)) or mCherry fibers in NAc, floating sections were quenched for
endogenous enzymes with 3% H202 and blocked with 2% normal donkey serum
(Jackson ImmunoResearch) in PBS-T (0.01% Triton-X 100) and then incubated
overnight in rabbit anti-c-Fos primary antibody (1:5000; EMD millipore; Cat. No:
ABEA457; Lot: 2987437) or the rabbit anti-mCherry primary antibody (1:200; Invitrogen;
Cat. No: PA5-34974; Lot: 114936) for 2 hr. After, sections were washed in PBS-T and
incubated in biotinylated donkey-anti-rabbit secondary antibody (1:200; Jackson
ImmunoResearch; Cat. No: 711-035-152) followed by the avidin-biotin complex kit (ABC
Elite Kit, Vector Labs) and visualized with chromogen precipitate (NovaRed, Vector
Labs). Stained sections were mounted on slides, dehydrated, cleared and coverslipped

with Permount (Fisher Scientific). For Fos counting, tiled images of NAc tissue were
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acquired using a Zeiss AxioCam HRc digital camera through a 10x objective (N.A. 0.45)
and Fos immunoreactive cells were manually counted in ImagedJ by an observer blind to
treatment. For tissue containing CTb*®, floating sections were washed in PBS-T,
blocked in 5% normal goat serum in PBS-T, and incubated overnight in rabbit-anti-c-Fos
primary antibody as above at 4°C, washed, incubated in the Dylight 549 goat-anti-rabbit
secondary antibody (1:500; Vector Labs; Cat. No: DI-1549), and floated on slides and
coverslipped with Vectashield. For cell counting, green (CTb*®) and red (Fos) channel
tiled images of NAc were acquired using a Hamamatsu digital camera through a 10x
objective (N.A. 0.45) and CTb*8 and Fos-positive co-labeled cells were manually
counted in ImagedJ by a trained observer blind to treatment. Cells were counted within a

1250um?area in IC and from a 350 um? area in NAc.

4.2.8 Electrophysiology

To verify the efficacy of hM4di and hM3Dq on neural activity whole cell
recordings were made in 300um thick coronal sections a subset of rats at the
conclusion of the behavioral experiments. Slice preparation, internal and external
solutions, patch-clamp electrodes and current-clamp experiments and data analysis
were conducted as previously (Rogers-Carter et al., 2018b). Briefly, whole cell
recordings were achieved in cells visually identified as mCherry positive. Intrinsic
excitability and input/output curves were determined in 3 replicates in normal artificial
cerebrospinal fluid and again after 10 min of bath application of CNO (10uM as in
(Venniro et al., 2017). Efficacy of CNO in hM4Di was evinced by hyperpolarization of

resting membrane potential and reduction in action potentials generated by depolarizing
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current injection. Efficacy of CNO in hM3Dq was evinced by depolarization of resting
membrane potential and increase in action potential frequency in response to

depolarizing current injection. CNO had no effect on cells that did not express mCherry.

4.2.9 Data analysis

Experimental treatments were counterbalanced in order and repeated measures
designs were used except when noted. Social exploration times during SAP tests were
compared using a 2-way ANOVA with conspecific stress (naive or stressed) and drug
treatment (vehicle or drug) analyzed as within-subjects factors. Data were visually
inspected for normality; all data are depicted in the figures. To control for individual
variation in sociality, exploration times were converted to a preference score, which was
computed as the percentage of total social exploration time directed toward the stressed
conspecific and analyzed with t-test or 2-way ANOVA, depending on experimental
design. T-tests were used to compare social exploration in rats sacrificed for post
mortem CTb, Fos, and CTb+Fos counts which were analyzed with mixed model
ANOVAs with insula ROI as a repeated measure and conspecific stress as a between
subject factor. All analyses were conducted in Prism 8.0 (GraphPad). Significant main
effects and interactions were followed with Sidak post hoc comparisons to control
experiment-wise type 1 errors to p < 0.05. Sample sizes were chosen from previous
work (Rogers-Carter et al., 2018a; Rogers-Carter et al., 2018b) and all data were

included unless cannula implants or virus transduction missed the target site.
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4.3 Summary of Experiments and Results
4.3.1 Pharmacological inactivation of NAc abolished preference for stressed PN 30, but
not PN 50, conspecifics.

To test if NAc was necessary for SAP behavior, experimental rats were
implanted with bilateral NAc cannula (Fig. 4.1 A & B), allowed 1 week of recovery, and
underwent SAP testing with either PN 30 (n =9) or PN 50 (n = 7) conspecifics.
Experimental rats were tested after vehicle and drug injections on days 3 and 4 of
testing and the amount of time the experimental rat explored each conspecific was
recorded; treatment order was counterbalance (Fig. 4.1 C). For rats tested with PN 30
conspecifics, we report a significant Conspecific Stress X Drug interaction (F(1,8) =
18.49; p = 0.003). Following vehicle treatment, rats tested with PN 30 conspecifics
showed a preference to explore the stressed conspecific over the naive (p = 0.006),
which was abolished following bilateral pharmacological inactivation of NAc (p = 0.203,
Fig. 4.1 D). For rats tested with PN 50 conspecifics, a 2-way ANOVA (Facepruc(1,6) =
0.071, p = 0.799) confirmed replication our previous findings (Rogers-Carter et al.,
2018a; Rogers-Carter et al., 2018b) that experimental rats prefer to explore the naive
conspecific over the stressed following vehicle treatment (p = 0.031), which was also
maintained after TTX treatment (p = 0.020; Fig. 4.1 E). To compare the effect of TTX in
NAc between age experiments, social exploration times were converted to percent
preference scores and shown in Fig. 4.1 F for comparison. Because these experiments
were not conducted simultaneously, the effect of TTX within each age condition was
assessed with independent t-tests. We observed that preference scores from

experimental rats tested with PN 30, but not PN 50 conspecifics, are sensitive to TTX
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treatment: preference scores from experimental rats tested with PN 30 conspecifics are
significantly greater in vehicle trials than TTX trials (#(8) = 6.967, p = 0.0001). However,
TTX did not alter preference scores in experimental rats tested with PN 50 conspecifics
(t(6) = 0.804, p = 0.452). This reflects that avoidance of stressed PN 50 conspecifics is
maintained after TTX treatment (Fig. 4.1 F). These analyses demonstrate that the NAc
is necessary for experimental rats’ preference to explore stressed PN 30 but did not

influence interactions with either stressed or naive PN 50, conspecifics.
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Figure 4.1 Pharmacological blockade of NAc abolished the social affective
preference for stressed PN 30, but not PN 50, conspecifics. (A) Representative
image of a cannula tract in NAc (left) and corresponding rat brain atlas diagram (right).
(B) Map of bilateral cannula tip placements in NAc from experimental rats tested with
PN 30 (orange; n = 9) and PN 50 (blue; n = 7) conspecifics. (C) Diagram of SAP test
procedure with naive (n) and stressed (s) conspecifics. (D) Mean (with individual
replicates) time spent exploring the naive and stressed PN 30 conspecifics during the 5
min trial. A Conspecific Stress X Drug interaction was observed (Fstressoruc(1,8) =
18.49. p = 0.003). Vehicle-treated rats prefered to explore stressed PN 30 conspecifics
compared to naive PN 30 conspecifics (p = 0.006), which was abolished via bilateral
pharmacological infusion of tetrodotoxin (TTX; 100nM, 0.5ul/side) in NAc 15 min prior to
testing (p = 0.203). (E) Mean (with individual replicates) time spent exploring the naive
and stressed PN 50 conspecifics during the 5 min trial (Fstress*pruc(1,6) = 0.071, p =
0.799). Both vehicle (p = 0.031) and TTX-treated (p = 0.020) rats prefered to explore
naive PN 50 conspecifics compared to the stressed PN 50 conspecifics. (F) Mean (with
individual replicates) data from (D,E) shown as the percentage of total social exploration
time that was spent investigating the stressed conspecific. Rats tested with PN 30
conspecifics show preference (as indicated by scores greater than 50%) for the
stressed conspecific under vehicle treatment, which was significantly reduced after
pharmacological inactivation of NAc with TTX (p = 0.0001). Rats tested with PN 50
conspecifics show a preference for naive conspecifics, which was unaffected by TTX
treatment (p = 0.452). *p < 0.05, *p < 0.01, ***p < 0.001.

4.3.2 Exposure to stressed PN 30 conspecifics activated IC neurons that project to NAc.
The NAc is a major target of IC afferents (Wright & Groenewegen, 1996) and the
foregoing results suggest that these two structures are implicated in control of social
responses to stressed juvenile conspecifics. Thus, we predicted that interaction with a
stressed PN 30 conspecific would activate NAc projecting IC neurons. To test this
hypothesis, 12 experimental rats received unilateral microinjections of the retrograde
tracer CTb*% in the left hemisphere NAc (Fig. 4.2 A & B) as previously (Dong et al.,
2017; Park et al., 2018) so that neurons that project from IC to NAc can be identified for
cell counting (Fig. 4.2 E). 2 weeks after surgery, in a between-subjects design, 6
experimental rats underwent social interactions with naive PN 30 conspecifics, and 6

underwent interactions with stressed PN 30 conspecifics (Fig. 4.2 C). As previously
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reported (Rogers-Carter et al., 2018b), experimental rats displayed higher levels of
social exploration with stressed PN 30 conspecifics compared to naive PN 30
conspecifics (£(10) = 3.281, p = 0.008; Fig. 4.2 D). Rats were sacrificed 90 min after
testing and tissue was processed and stained for fluorescent Fos expression. Tiled
images of the IC ipsilateral to the NAc injection site were acquired at the following IC
locations relative to Bregma: +2.52mm and Omm (anterior IC), -0.24mm and -0.72mm
(medial IC) and -1.72 and -2.04 (posterior IC) so that the number of Fos-positive, CTb*%
-positive, and co-labeled neurons could be counted across the rostral-caudal extent of
IC. All cells were counted in a field of veiw with a fixed area across all ROls. Prior to
conducting analysis, brains were screened for evidence of CTb*3 deposits localized to
the NAc (Fig. 4.2 B). 4 animals, 2 from each stress group, did not exhibit CTb*8 in the
NAc and so were excluded from all subsequent analysis. We were unable to obtain
counts from one subject from each treatment group at the anterior IC and medial IC
regions resulting in ns = 3 or 4 observations per group. All individual replicates are
depicted in Fig. 4.2 F-H. To establish whether the resulting small sample size was
sufficiently powered for our experimental questions, we used a 2-way ANOVA with ROI
and Conspecific Stress as within-subjects fators to compare CTb*® expression across
anterior, medial and posterior IC. It is established that the insula projections to NAc is
most dense in the anterior IC, compared to the posterior IC (Park et al., 2018) and this
trend was evident and supported by a significant main effect of ROl (Frecion(2,16) =
19.3, p < 0.0001). Anterior IC had significantly more CTb* -positive cells than medial
or posterior IC (ps < 0.001, Fig. 4.2 F). Proceeding to the Fos analyses, a 2-way

ANOVA revealed a main effect of ROl (Freaion (2,10) = 29.8, p < 0.0001). More Fos-
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positive cells were found in anterior IC, than medial or posterior IC (ps < 0.001, Fig. 4.2
G) and there were no significant differences in Fos between conspecific stress groups.
Regarding CTb*% and Fos-positive co-labeled neurons, we report a main effect of
Conspecific Stress (Fstress(1,16) = 17.0, p = 0.0008). While the trend of greater CTb*%8
and Fos-positive was evident across ROls, the only significant post-hoc comparision
was observed between navie and stressed conspecific groups in the posterior IC (p =
0.015, Fig. 4.2 H). In sum, exposure to stressed conspecifics led to greater activity in
NAc-projecting IC neurons with the greatest differential activation observed in the

posterior subregion of IC.
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Figure 4.2 Exposure to stressed PN 30 conspecifics elicited greater Fos
immunoreactivity in IC — NAc neurons than exposure to naive PN 30
conspecifics. (A) Schematic depicting unilateral 300nl injections of the retrograde
tracer CTb*in the right hemisphere NAc (left) and representative image of CTb*8 in
NAc (right). (B) CTb* expression in NAc: each experimental rat is represented in a
different color. All injections were made to the right hemisphere NAc (here several
experimental rats are presented on the left hemisphere (middle panel) for visualization
purposes). (C) Diagram of social interaction test. 6 experimental rats explored naive PN
30 conspecifics and 6 experimental rats explored stressed PN 30 conspecifics. (D)
Mean (with individual values) social exploration time. Experimental rats presented
stressed PN 30 conspecifics engaged in more social exploration than rats presented
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naive PN 30 conspecifics (f10) = 3.281, p = 0.008). (E) CTb*% and Fos-positive neurons
in IC. mage is false colored; white = Fos-positive neurons, yellow = CTb*8-positive,
blue = co-labeled cells. rf = rhinal fissure. (F) Cell counts of CTb*®-positive cells in
anterior, medial and posterior IC. More CTb*8-positive cells were observed in anterior
IC than medial or posterior IC (ps < 0.0001). (G) Cell counts of Fos-positive cells in
each IC region. More Fos-positive cells were observed in anterior IC than medial or
posterior (ps < 0.0001). (H) Cell counts of colabeled CTb*3%- and Fos-positive neurons.
A main effect of Stress was observed (Fstress (1,16) = 17.0, p = 0.0008), and
experimental rats who explored stressed PN 30 conspecifics expressed more Fos
immunoreactivity in CTb*®® -positive neurons in posterior IC (p = 0.015) compared to
experimental rats who explored naive PN 30 conspecifics. *p < 0.05, **p < 0.01, ***p <
0.0001.

4.3.3 Chemogenetic inhibition of IC blocked social affective preference behavior.

We previously reported (Rogers-Carter et al., 2018b) that the preference to
explore stressed PN 30 and naive PN 50 conspecifics was mediated by IC using an
optogenetic approach. Here, an intersectional chemogenetic approach was preferred as
the manipulation is less restrictive, well suited to control neural activity in social
behavior, and has been used to investigate IC projections to NAc and central amygdala
in different paradigms (Jaramillo et al., 2018a; Venniro et al., 2017). Therefore, we first
sought to replicate our prior finding and establish feasibility of chemogenetic control of
IC neurons by using the inhibitory chemogenetic hM4Di receptor expressed in neurons
under control of the synapsin promoter. Experimental rats (n = 10) were bilaterally
transduced with pAAVS5-hSyn-hM4D(Gi)-mCherry in IC (Fig. 4.3 A & B). 2 weeks later,
rats underwent the SAP test procedure with PN 30 conspecifics following injections of
vehicle or CNO (3mg/kg; i.p.), order counterbalanced, 45 min before testing (Fig. 4.3 E).
This produced a significant Conspecific Stress x Drug interaction (Fstress* brRUG

TREATMENT(1,9) = 34.22, p = 0.0002). Vehicle-treated rats spent more time exploring

stressed PN 30 conspecifics than naive PN 30 conspecifics (p = 0.0001; Fig. 4.3 F).
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This preference was abolished after inhibition of IC neurons as experimental rats tested
with CNO did not show a preference for the naive or stressed PN 30 conspecific (p =
0.517; Fig. 4.3 F). To interpret the effect of CNO in behavioral experiments a number of
factors must be considered (MacLaren et al., 2016; Mahler & Aston-Jones, 2018;
Manvich et al., 2018). First, a subset of rats expressing hM4Di in the IC were sacrificed
for acute slice whole cell recordings as in (Rogers-Carter et al., 2018b). Following the
methods described by (Venniro et al., 2017) bath application of 10uM CNO reliably
hyperpolarized and reduced excitability of IC neurons visually identified as mCherry
positive at the time of recording (Fig. 4.3 D). To confirm these results were not an effect
of CNO alone, experimental rats without virus transduction (n = 8) underwent the SAP
procedure after i.p. CNO injections at the following doses: Omg/kg, 0.3mg/kg, and
3.0mg/kg, the latter two of which have been previously reported to effectively modulate
neurons transduced with chemogenetic viruses (Roth, 2016). A 2-way ANOVA with
Conspecific Stress and Dose as within-subjects factors revealed a main effect of
Conspecific Stress (Fstress(1,7) = 62.93, p = 0.0001). Post-hoc comparisons further
revealed that, at each dose, experimental rats spent more time exploring the stressed
PN 30 conspecifics than the naive (Omg/kg, p = 0.0009; 0.3mg/kg, p = 0.0036;
3.0mg/kg, p = 0.0063). These findings demonstrate that i.p. injections of CNO at 0.3 or
3.0mg/kg per se did not interfere with social affective preference behavior (Fig. 4.3 G &
H). To demonstrate virus efficacy, a cohort of experimental rats (n = 9) was bilaterally
transduced with the sham virus pAAV5-hSyn-mCherry in IC (Fig. 4.3 C), and two weeks
later underwent SAP test after vehicle and 3.0mg/kg i.p. CNO injections (order

counterbalanced). Rats spent more time exploring the stressed PN 30 conspecific after

117



both vehicle (p = 0.003) and CNO (p = 0.002) treatment (Fig. 4.3 G), which supports the
main finding that IC inhibition achieved by chemogenetic inhibition blocked the social
affective preference for the stressed PN 30 conspecific and establish feasibility for
chemogenetic control of IC neurons during SAP testing. For side-by-side comparison of
the effect of CNO in the sham and virus preparations, the data in Fig. 4.3 F & G were
converted to % preference scores and presented side by side for comparison in Fig. 4.3
H. In no instance did administration of CNO alone (Fpruc TREATMENT(7,14) = 0.343, p =
0.920), or vehicle or CNO administration to rats with the sham mCherry virus (#8) =
0.010, p = 0.992) disrupt the baseline preference to explore the stressed PN 30
conspecific. In rats with transduced with hM4Di, administration of CNO attenuated the

preference for the stressed conspecific ({(9) = 5.654, p = 0.0003).
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Figure 4.3 Chemogenetic inhibition of IC blocked the social affective preference
for stressed PN 30 conspecifics. (A) Representative image of pAAV5-hSyn-
hM4D(Gi)-mCherry transduction in IC (right) and corresponding rat brain atlas diagram
(left). (B) Map of bilateral IC pAAV5-hSyn-hM4D(Gi)-mCherry expression in
experimental rats. Each subject is represented in a different color (n = 10); bold outlines
represent the greatest intensity of mCherry expression and the corresponding faded
overlay depicts the full extent of virus transduction. (C) Map of bilateral IC pAAV5-hSyn-
mCherry (600nl) sham viral expression, n = 8. (D), In acute, whole-cell recordings, bath
application of CNO hyperpolarized the resting membrane potential and reduced action
potential output during depolarizing current injection of hM4Di-mCherry cells in the
insular cortex. (E) Diagram of SAP test procedure. (F) Mean (with individual replicates)
time spent exploring the naive and stressed PN 30 conspecifics during the 5 min trial. A
Conspecific Stress x Drug interaction was observed (Fstress*DrRuc TREAMTMENT(1,9) =
34.22, p = 0.0002. Vehicle-treated rats spent more time exploring the stressed PN 30
conspecifics than the naive PN 30 (p = 0.0001), which was abolished in trials following
injections of CNO (3mg/kg; i.p.) 45 min before testing (p = 0.517). (G) Control
experiments: Experimental rats (n = 8) without viral transduction underwent the SAP
test procedure 45 min after CNO injections at three doses: 0, 0.3 and 3.0mg/kg (i.p.).
No dose of CNO disrupted the preference for the stressed PN 30 conspecific (Omg/kg, p
= 0.0009; 0.3mg/kg, p = 0.0036mg/kg; 3mg/kg, p = 0.0063). Experimental rats
transduced with a sham virus (n = 9) preferred to explore the stressed PN 30
conspecific under vehicle (p = 0.003) and 3mg/kg CNO (i.p.) (p = 0.002).**p < 0.01, ***p
< 0.001. (H) Data from (f) and (g) converted to % preference for the stressed
conspecific. The only condition in which CNO reduced the preference for the stressed
PN 30 conspecific was in experimental rats transduced with hM4Di (#(9) = 5.654, p =
0.0003). **p < 0.01, ***p < 0.001.

4.3.4 Chemogenetic inhibition of IC terminals in NAc blocked the preference for the
stressed PN 30 conspecifics.

To test if the IC — NAc pathway is necessary for SAP behavior with PN 30
conspecifics, 10 experimental rats were transduced with the inhibitory hM4Di receptor
via bilateral injection of pAAV5-hSyn-hM4D(Gi)-mCherry. Bilateral cannula were placed
in NAc so that CNO could be directly administered to IC terminals (Fig. 4.4 A left). Each
experimental rat included in the analysis was validated for virus expression in IC as in

Fig. 4.4 A right; map of virus expression in Fig. 4.4 D, as well as for cannula tip

placement in NAc (Fig. 4.4 B, map in Fig. 4.4 C), and terminal fiber expression in NAc
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(Fig. 4.4 B, inset). Two experimental rats were excluded due to lack of virus expression.
3 weeks after testing, experimental rats underwent the SAP procedure with PN 30
conspecifics after microinjections of vehicle or CNO in NAc 15 min before testing (order
counterbalanced; Fig. 4.4 E). A 2-way ANOVA of social exploration time revealed a
main effect of Conspecific Stress (Fstress (1,9) = 16.28, p = 0.003); an interaction
between Conspecific Stress and Drug approached significance (Fstress*bruc
TREATMENT(1,9) = 4.214, p = 0.070). In the vehicle condition, experimental rats preferred
to explore the stressed PN 30 conspecific over the naive (p = 0.023). In the CNO
condition, experimental rats did not exhibit preference for either the naive or stressed
conspecific (p = 0.959; Fig 4.4 F). When social exploration was converted to percent
preference scores (Fig. 4.4 G), after vehicle injections experimental rats showed scores
that reflected more time spent with the stressed conspecific, which was reduced by
CNO (#9) = 2.089, p = 0.033). To rule out off-target effects of CNO, a separate cohort of
experimental rats without any virus administration was bilaterally implanted with guide
cannula in NAc and underwent SAP testing with PN 30 conspecifics. One trial followed
microinjections of vehicle solution, and the other followed microinjections of CNO. A 2-
way ANOVA revealed a main effect of Drug (Foruc TReatmenT(1,6) = 15.48, p = 0.008)
and Conspecific Stress (Fstress(1,6) = 34.78, p = 0.001). Experimental rats preferred to
explore the stressed PN 30 conspecific in both the vehicle (p = 0.003) and CNO (p =
0.031) conditions (Fig. 4.4 H), which supports that the effect of CNO observed in hM4Di
expressing rats cannot be attributed to off target effects of CNO on NAc function.
Together, these results indicate that IC projections to NAc are necessary to show a

preference to explore the stressed PN 30 conspecific compared to the naive PN 30.
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Figure 4.4 Chemogenetic inhibition of IC — NAc terminals blocked the social
affective preference for stressed PN 30 conspecifics. (A) Schematic of IC neurons
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transduced with pAAVS5-hSyn-hM4D(Gi)-mCherry in IC and cannula implanted in NAc
(left) and representative image of virus transduction (right). (B) Verification of cannula
tip in NAc and terminal fiber expression (inset). (C) Schematic map of cannula tip
placements in NAc. (D) Map of virus expression in IC (n = 10); bold outlines represent
the region of maximum mCherry expression and the corresponding faded overlay
depicts the full extent of virus transduction. (E) Diagram of SAP procedure. (F) Mean
(with individual replicates, n = 10) time spent exploring the naive and stressed PN 30
conspecifics during the 5 min trial (Fstress*oruc TREATMENT(1,9) = 4.214, p = 0.070).
Vehicle-treated rats spent more time exploring the stressed PN 30 conspecifics than the
naive PN 30 conspecifics (p = 0.023), which was abolished via 1uM CNO injections 45
min prior to testing through the guide cannula (p = 0.956). (G) Data from (D) presented
as the percent preference for the stressed conspecific. Experimental rats show a
preference to explore the stressed conspecific under vehicle treatment, which was
significantly reduced after pharmacological inhibition of IC terminals in NAc in CNO (#(9)
= 2.908, p = 0.033). (H) Experimental rats without virus transduction underwent the SAP
test. Under vehicle treatment, rats preferred to explore the stressed PN 30 conspecifics
(p = 0.003), which was maintained after microinfusion of 1uM CNO to the NAc 45 min
prior to testing (0.031).

4.3.5 Chemogenetic activation of IC terminals in NAc increased exploration with PN 30,
but not PN 50, conspecifics.

The results reviewed thus far suggest that during interactions with stressed
juveniles IC projections to the NAc are selectively recruited and mediate the increase in
social investigation directed toward the stressed targets. This set the stage to inquire
whether this tract was sufficient to promote social exploration in the absence of social
stress signals. We chose to again include PN 50 conspecifics here because, while prior
experiments suggested this pathway was not necessary for interactions with PN 50
conspecifics, we did not have any prior data to rule out the possibility that the pathway
was sufficient for interactions with PN 50. To test this possibility, we augmented IC
terminals in NAc by introducing the Gq coupled hM3Dq receptor via bilateral viral
administration of pAAV5-hSyn-hM3D(Gq)-mCherry in IC in 10 experimental rats.

Cannula were placed bilaterally in NAc so that CNO could be directly applied to IC
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terminals in NAc as above (Fig. 4.5 A). For each experimental rat included in the
analysis, we confirmed the virus transduction via fluorescent imaging of the mCherry
reporter (Fig. 4.5 A & F), the location of the cannula tips in NAc (Fig. 4.5 B & E), and the
presence of terminal fibers expressing mCherry in NAc (Fig. 4.5 B, inset). Three rats
were excluded due to misplaced cannula or lack of virus expression. Further, acute
whole-cell patch clamp recording confirmed 10uM CNO reliably depolarized and
inreased excitability of IC neurons visually identified as mCherry positive at the time of
recording (Fig. 4.5 D). 3 weeks after testing, experimental rats received social
exploration tests over 5 days consisting of a habituation day, and then 2 tests with naive
PN 30 conspecifics and 2 tests with naive PN 50 conspecifics. One trial for each
conspecific age pairing occured after vehicle treatment, and the other following infusion
of CNO (0.5ul/side) to NAc 30 min before testing (Fig. 4.5 G). The order of conspecific
age and order of drug treatment were counterbalanced which allowed for a within-
subjects design. Social exploration was analyzed as a 2-way ANOVA with Conspecific
Age and Drug as within-subjects factors (Face:oruc TReaTMENT(1,6) = 5.851, p = 0.052).
This analysis revealed main effects of Conspecific Age (Face(1,6) = 6.568, p = 0.043)
and Drug (Foruc TrReatmenT(1,6) = 12.80, p = 0.012). Post-hoc comparisons show mean
social exploration was greater with PN 30 conspecifics after CNO treatment than vehicle
(p = 0.030), whereas mean social exploration with PN 50 conspecifics did not differ
between CNO and vehicle treatment (p = 0.998) (Fig. 4.5 H). Lastly, a day after testing
ended, experimental rats received bilateral microinjections of vehicle (n = 4) or CNO (n
= 3) 2h before sacrifice. NAc sections were stained for Fos to test if CNO was sufficient

to increase activation of NAc neurons. CNO-treated rats expressed greater Fos-
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immunoreactivity compared to vehicle-treated rats (#(5) = 2.727, p = 0.041, Fig. 4.5 C),
supporting the efficacy of chemogenetic stimulation of IC-NAc terminals. These results
indicate that excitation of IC terminals in NAc via CNO was sufficient to increase

exploration with PN 30, but not PN 50 conspecifics.
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Figure 4.5 Chemogenetic excitation of IC terminals in NAc increased social
exploration with PN 30, but not PN 50, conspecifics. (A) Schematic of IC neurons
transduced with pAAVS5-hSyn-hM3D(Gq)-mCherry in IC and cannula implanted in NAc
(left). Terminal excitation of mCherry-positive fibers was achieved via bilateral
clozapine-n-oxide (CNO) microinjections to NAc (1uM) 45 min before testing.
Representative image of virus transduction in IC (right). (B) Example of cannula tip
placement in NAc and expression of terminal fibers in NAc (inset). (C), Greater NAc Fos
immunoreactivity was observed in rats injected with CNO prior to perfusion, compared
to rats treated with vehicle ({(5) = 2.727, p = 0.041). (D) In acute, whole-cell recordings
CNO depolarized the resting membrane potential and increased the number of action
potentials evoked by current injection in hM3Dg-mCherry positive neurons in the IC. (E)
Map of cannula tip placements in NAc. (F) Map of bilateral IC pAAV5-hSyn-hM3D(Gq)-
mCherry expression in experimental rats (right). Each subject is represented by a
different color (n = 7). (G) Diagram of social interaction trials. (H) Mean (with individual
replicates) time spent exploring naive PN 30 and PN 50 conspecifics following vehicle
and CNO treatment (order counterbalanced) Experimental rats spent more time
exploring naive PN 30 conspecifics following CNO injections than after vehicle
treatment (p = 0.030), whereas social exploration with PN 50 conspecifics was
unaffected by drug treatment (p = 0.998). *p < 0.05.

4.4 Discussion

Here we investigated the role of the nucleus accumbens (NAc) and the
projections from insular cortex to NAc in social affective behavior. In the social affective
preference (SAP) test in which adult experimental rats demonstrate a preference to
interact with stressed juvenile rats but avoid stressed adult rats (Rogers-Carter et al.,
2018b), we observed age-specific effects of NAc and IC — NAc manipulations. First,
pharmacological inactivation of the NAc prevented the expected preference for
experimental rats to explore stressed PN 30 conspecifics, but did not alter the
avoidance of stressed PN 50 conspecifics. Greater Fos immunoreactivity in NAc-
projecting posterior IC neurons was evident in experimental rats following social
interactions with stressed PN 30 conspecifics compared to naive PN 30 conspecifics. In
SAP tests, chemogenetic inhibition of this circuit blocked the preference for the stressed

PN 30 conspecific. Accordingly, chemogenetic stimulation of IC terminals in NAc
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increased exploration with PN 30, but not PN 50, conspecifics. These data suggest the
IC — NAc pathway is involved in prosocial behaviors directed toward juveniles. In light
of our existing understanding of social decision-making, we suggest that the IC serves
an important role in integrating sensory information about social stimuli with nodes in
the social decision-making network, such as NAc, to modulate situationally appropriate
social behaviors.

The involvement of NAc in social affective behavior is consistent with evidence
implicating NAc involvement in myriad social processes. NAc mediates social
recognition (Ploeger et al., 1991), social reward (Ddlen et al., 2013; Smith et al., 2018),
mating and sexual behavior (Fujiwara & Chiba, 2018; Xiao & Becker, 1997), social
novelty-seeking (Smith et al., 2017), and interactions with both juvenile (Trezza et al.,
2011) and adult (Dolen et al., 2013; Van den Berg et al., 1999) conspecifics.
Furthermore, NAc is a node of the social decision-making network (O’Connell &
Hofmann, 2011) and can decipher aversive from appetitive stimuli (Xiu et al., 2014) to
modulate activity patterns in other social decision-making network structures based on
the valence of sensory information (Johnson et al., 2017). In the SAP paradigm, the
preference to explore stressed juveniles may be mediated by the NAc because this
region integrates the valence of conspecific affect with reward valuation (Hamel et al.,
2017). Consistent with this thought, when NAc was pharmacologically inactivated with
TTX, rats did not show a social preference for the stressed PN 30 conspecific and thus
behaved as if each conspecific was equal in valence.

Like NAc, IC output neurons are necessary for the social affective preference for

the stressed juvenile (Rogers-Carter et al., 2018b). IC is a site of multisensory
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integration (Gogolla et al., 2014; Gogolla, 2017; Rodgers et al., 2008) and is reciprocally
connected to the extended amygdala (Shi & Cassell, 1998) which may underlie its
known role in human emotional recognition

(Adolphs et al., 2003; Gu et al., 2013; Terasawa et al., 2015a).

While the exact mechanism by which rodents convey emotion or affect is
unknown, in the SAP test we reported that there are changes to several overt
conspecific behaviors (e.g. self-grooming) and to the pattern of ultrasonic vocalizations
which together could convey important features of conspecific stress and age (Rogers-
Carter et al., 2018b). IC is anatomically situated to encode these features and relay this
to the social decision making network. NAc is major target of IC efferents, and
consistent with the hypothesis that IC projections to NAc mediate approach toward the
stressed juvenile, we observed greater Fos IC — NAc neurons after interactions with
stressed juveniles with the greatest difference observed in the posterior IC. A limitation
of the current experiment is small sample size; this experiment may have been
underpowered to detect smaller effects of conspecific stress on IC — NAc neurons in
the anterior IC, which tend to be greater after interactions with stressed juveniles.
Future studies are needed to directly address whether these projections are involved in
social approach behavior. Further, using both inhibitory and excitatory tract-specific
chemogenetic manipulations of IC — NAc terminals, we find that this tract is both
necessary for the preference for the stressed juvenile, and sufficient to increase overall
social exploration directed toward juvenile conspecifics. Together these findings
demonstrate the modulatory role of IC — NAc projections on social approach in a

preference paradigm.
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Rats, like most mammals, require parental support to develop and survive
(Lamers et al., 1986), and the same mechanisms that have evolved to enable animals
to provide parental care may also underlie more complex social abilities
(Marsh, 2018; Scheiber et al., 2017). Because these social actions are necessary for
species survival, they are likely reinforced by the reward system in order to promote
their occurrence (O’Connell & Hofmann, 2011). Although, we cannot be sure that
approach to stressed juveniles is a prosocial reponse, increased NAc activity is
associated with many prosocial behaviors. Optogenetic excitation of ventral tegmental
neurons that project to the nucleus accumbens promoted mating behavior (Beny-Shefer
et al., 2017) and microinfusion of a dopamine reuptake inhibitor increased social play in
rats (Manduca et al., 2016). Similarly, oxytocin in NAc increases social approach
(Steinman et al., 2018) and is important for forming pair bonds (Insel & Shapiro, 1992;
Walum et al., 2012; Walum & Young, 2018). Our findings that chemogenetic
manipulation of IC terminals in NAc relate to adult-to-juvenile behaviors adds to these
NAc-dependent prosocial behaviors, and suggest an anatomical tract for socioemotional
information to be integrated in social decision-making.

While the primary goal of this study was to investigate neural substrates of social
behavior, this work adds to several studies which seek to identify functions of the IC
using intersectional behavioral neuroscience methods. Recent reports in drug
administration models show excitaiton of IC projections to central amygdala promote
relapse of methamphetmaine use (Venniro et al., 2017) and IC projections to the bed

nucleus of the stria terminalis mediate negative affect during alcohol abstinence
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(Centanni et al., 2019). Similarily, silencing of the IC projection to NAc decreased
alcohol self-administration (Jaramillo et al., 2018b) and increased sensitivity to alcohol
(Jaramillo et al., 2018a), and IC projections to the central amydala drive avoidance of an
avertisve tastant (Schiff et al., 2018). While more work will add clarification, an
emergent theme is that IC mediates both appetitive and aversive behavioral responses
to external stimuli via different projections. IC contributes to both social approach and
avoidance (Rogers-Carter et al., 2018b)

the latter of which may be mediated IC projections to bed nucleus or central amygdala,
which are associated with many correlates of negative affect such as avoidance.

The current findings parallel a number of important features of social behavior
that are apparent in humans, namely that social stress cues modulate rodent social
interactions in ways that mirror adult preference to lend help to juveniles while showing
less empathy toward other adults (Batson & Powell, 2003). This parallel may facilitate
translation of the current findings to people. Abnormalities in social processes like
emotion recognition are symptoms of several psychiatric conditions including autism
spectrum disorders (Griffiths et al., 2017; Lozier et al., 2014; Sato et al., 2017; Tracy et
al., 2011) and it is important to note that functional neuroimaging studies of individuals
with autism find reduced insular activation to emotional stimuli (Di Martino et al., 2009;
Hall et al., 2013; Morita et al., 2012), reduced striatal activation to social rewards
(Schmitz et al., 2008; Scott-Van Zeeland et al., 2010; Supekar et al., 2018),
and reduced functional connectivity between insular regions and ventral striatum
(Fuccillo, 2016). The current experimental results provide important mechanistic support

for this axis as a key to normative social cognition. Future research might take
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advantage of the SAP phenomenon to identify the tracts that mediate the avoidance of
stressed adults and determine how genetic and experimental risk factors for autism
spectrum disorders influence the IC and its targets in the social decision making

network.
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Chapter 5: Discussion
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5.1 Summary of Findings

The goals of this dissertation were to 1) develop a paradigm in which rodents
display social affective behaviors, 2) test if social affective preferences depended upon
the insular cortex, and 3) determine if the insular cortex communicates with the social
decision-making network to produce such social affective behavior. We report that
conspecific age and stress experience are important determinants of an experimental
rat’s social behavior in the social affective preference test: both male and female adult
rats will prefer to explore stressed juvenile conspecifics, but avoid stress adults.
Recordings of ultrasonic vocalizations from naive and stressed conspecifics suggest
these preferences may result from detecting auditory cues that convey stress. Further,
female experimental rats will approach stressed adult conspecifics with which they are
familiar, whereas males will avoid stressed adults regardless of familiarity. These
findings suggest the SAP test is sensitive at least some of the variables that are
believed to shape of social decision-making because social responses to stressed
conspecifics depended on age and prior relationship. Regarding goal 2,
pharmacological and optogenetic inhibition of the insular cortex and its oxytocin
receptors blocked both the preference to explore stressed juveniles and avoid stressed
adults, and OT increased excitability in the insular cortex in vitro. Together, these
results indicate OT acting in the insular cortex may enable rats to detect and respond to
social affective cues. Lastly, insular cortex projections to the nucleus accumbens core,
an important node in the social decision-making network, were necessary for the
preference to explore stressed juveniles, but not necessary for social interactions with

adult conspecifics. This finding demonstrates insular cortex communicates with the
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SDMN to orchestrate rodent social affective behaviors. More broadly, this work
identifies a mechanism by which sensory information influences social behavior, which
helps to explain why the insular cortex has been implicated across a wide range of
human social cognitions (Adolfi et al., 2017; Lockwood, 2016).

| will discuss the implications and limitations of these results on our
understanding of the neural mechanisms by which rodents detect and respond to social
affect, with focus on several big-picture questions about this work that remain
unanswered. The SAP test has not yet been used by other research groups, nor has the
insular cortex been widely studied in other rodent social behavior paradigms (but see
(Cho et al., 2017) and so there is ample room to discuss the implications of this work.
This discussion will address the possible ways by which affect is communicated by the
conspecific and perceived by the experimental rat in the SAP test, speculate on the
exact role the insular cortex may fulfill in this behavior, and if oxytocin changes how the
insula detects social affect to drive behavioral responses. Further, | will speculate why
the accumbens is only necessary for juvenile-directed behaviors, and propose how
insula connectivity with the accumbens may fit into a larger circuit that controls SAP
behavior. Lastly, | will discuss the clinical applications of this work to expand our

understanding of social affect in psychiatric disorders from the lens of the insular cortex.

5.2 What socioemotional stimuli are used to convey affect in the SAP test?
What exactly an experimental rat detects in the stressed conspecific is unknown.
One assumption made about our SAP test paradigm is that the stressed conspecific

communicates its affective state via a constellation of expressions and is therefore
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distinguishable from the naive conspecific. In Chapter 2 | presented findings that
stressed conspecifics emit distinct ultrasonic vocalizations than naive conspecifics. Both
PN 30 and PN 50 stressed conspecifics emitted fewer “rising” and “trill” type ultrasonic
vocalizations than their naive counterparts. These are considered appetitive
vocalizations (Brudzynski, 2013) and so it is possible that, during social interactions,
conspecifics emit a baseline level of rising and trill calls, which the stress manipulation
in the SAP test reduces. In this case, a reduction in such calls from a juvenile
conspecific may signal danger or harm, which prompts an experimental adult rat to
approach. A reduction in such calls from a PN 50 conspecific, however, may reflect that
social approach is unwelcomed, and therefore the experimental rat does not engage in
exploration. In this interpretation, both PN 30 and PN 50 conspecifics communicate a
change in their affective state through the same expressions, but how the change is
perceived by the adult conspecific varies by conspecific age. Alternatively, age-specific
preferences may be the product of PN 50 and PN 30 conspecifics emitting unique calls.
We report that PN 50 conspecifics emitted 22 kHz aversive (Brudzynski, 2013)
vocalizations whereas PN 30 conspecifics did not. Further, stressed PN 50 conspecifics
emitted more aversive calls than naive PN 50 conspecifics and so these comparisons
may explain both the age-specific and PN 50 affect-specific preference behavior.
Avoidance of the stressed PN 50 conspecific may be a direct response to antisocial
vocalizations that are unique to adult conspecifics.

A limitation of our approach is that ultrasonic vocalizations had to be recorded
from one-on-one social exploration test, rather than during SAP testing where both a

naive and stressed conspecific is present. This is because it is difficult to discern which

136



rodent emitted which call, and this problem is exacerbated in the SAP test where three
animals are present. Thus, we cannot assume the calls recorded from this experiment
generalize to the SAP test.

Our assessment of affect communication in the SAP test is also incomplete in
regards to non-vocal sensory modalities. Olfactory cues and chemosignals are widely
implicated in rodent social behaviors (Cheal & Sprott, 1971). However, these
compounds are difficult to identify and isolate with certainty, which hinders conducting
causal experiments to implicate olfactory communication in social affective preference
behavior. Despite this limitation, the known literature about olfactory cues allows for
speculation regarding possible ways that odors could underlie age- and affect-specific
preferences. Approach and avoidance are both linked to olfactory cues; odors that
convey sickness, stress or infection have been reported to drive avoidance behavior
(Arakawa et al., 2011; Hamasato et al., 2017; Kavaliers & Choleris, 2018), whereas
appetitive olfactory cues may elicit approach behavior (Ryan et al., 2008). This begets
the question, do stressed rats emit different cues than naive rats in the SAP test, which
is reflected in the experimental rat’s avoidance or approach behavior, respectively? To
this end Kiyokawa (2017) reported that stressed rats emitted alarm pheromones that
activate anxiety responses in conspecifics, whereas non-stressed rats emitted
appetitive olfactory cues. While this logic explains well the behavior with PN 50
conspecifics, it does not explain why experimental rats approach stressed juveniles.
This raises several questions: do juveniles emit alarm pheromones? If so, are they
aversive in nature like those emitted by adults, or is there something about the type of

odor from juveniles or its perceived meaning that elicits approach? The answers remain
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unknown, but like a combination age- and affect-specific odors account for SAP
behavior.

A compelling approach to determine if social affective behavior depends on odor
communication would be to test the necessity of well-known olfactory processing brain
regions, and we have found correlation evidence in support of this idea. In experiment
3.3.2, rats underwent one-on-one social interactions with either a naive juvenile, a
stressed juvenile, a naive adult or a stressed adult conspecific, after which tissue was
collected and Fos immunoreactivity across 29 ROls that were previously implicated in
social or emotional processes was analyzed using graph theory. Highly correlated
patterns of activity emerged in 2 modules (data not shown but see (Rogers-Carter et al.,
2018b) which were composed primarily of structures found in the social decision-making
network or the structures associated with emotion, such as the nuclei of the extended
amygdala and prefrontal cortex. Several structures, including piriform cortex and medial
amygdala, were found in both of these modules with a high degree of participation in
both networks, suggesting they may integrate social and emotional processes. The
piriform cortex and medial amygdala are both key olfactory processing areas known to
mediate social buffering of fear (Kiyokawa et al., 2012) and are modulated by OT during
social interactions (Oettl & Kelsch, 2017), suggesting these structures may be sensitive
to social olfactory cues. The medial amygdala and piriform cortex are reciprocally
connected with each other, as well as with the insular cortex (Pardo-Bellver et al.,
2012). These findings and anatomical connections warrant investigation of the role of 1)
olfactory communication in the SAP test and 2) insular connectivity with odor-

processing areas. A mechanistic approach to determine if olfaction is necessary for the
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SAP test could include a series of tract-specific manipulations in which olfactory inputs
to insula from the olfactory bulb, piriform cortex, and medial amygdala, as well as
pathways between these structures, are inactivated prior to SAP testing to determine if
1) olfactory cues drive preference behavior and 2) if the insular cortex responds to such

olfactory information.

5.3 Why is the insular cortex necessary for social affective behavior?

While the optogenetic and pharmacological methods used in Chapter 3
effectively silenced the insular cortex and demonstrated its necessary for social
affective behavior, these techniques alone are insufficient to unveil the cognitive
computations that occur within IC to shape social affective behaviors. It may be that the
insula has a specific empathic role with which it can detect and compute the value of
social affective cues, or it may be that the insula acts broadly as a salience detector to
relay salient information to other brain structures to generate behavioral responses to
the most relevant environmental stimuli. Both views could explain how experimental rats
decipher a stressed conspecific from a naive via IC activity. In the empathy view, the IC
may evaluate, or even emulate, the affective state of another animal. This could
produce a “shared” affect between the two animals, and it may be that a stressed rat
produces a different shared affective state than the naive. The experimental rat can
then determine which conspecific to approach as a product of evaluating its own
affective state. If this were true, future experiments could hypothesize that a neural
correlate of the empathy view is feature detection, whereby unique ensembles of IC

neurons are active during exposure to specific conspecifics features (e.g. age, stress,
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and sex), which then project to various structures in the SDMN to drive specific patterns
of activity that correspond to certain social behaviors (Newman, 1999). For example, an
ensemble of neurons that detect stress may drive rat’s default response to avoid a
stressed conspecific via basolateral amygdala inputs to the prelimbic cortex (Burgos-
Robles et al., 2017), whereas a separate ensemble in IC that detects “juvenile” features
may inhibit basolateral amygdala output in thus circuit and thus give way to approach
behavior.

In the salience view, IC may have a more general function in cognitive control
(Menon & Uddin, 2010). IC may continually detect incoming sensory information as one
component of the brain’s default network, a basal state of intrinsic brain activity
observed in the absence of meaningful stimuli (Raichle, 2015), and in the presence of a
salient cue in the external environment switch cognitive control from this default state to
one driven by the executive control network. This allows one to coordinate behavioral
and motor responses to the cue (Eisenreich et al., 2017). Contextualized in the SAP
test, experimental rats may have some inherent behavioral reaction to explore
conspecifics, but specific sensory cues that convey affect or age may engage executive
control circuitry that overrides this baseline behavior in order to produce a context-
appropriate response. In this case, stress or age are cues that can override the
baseline response. A neural correlate supporting this explanation would be evidence of
coincidence detection; if an animal would always “approach” in a social context, there
would be no need to factor any other information in this encounter. However, animals
have flexible responses to their social environments and can thus account for the

various factors present in a given interaction (i.e. age, stress). This could be reflected in
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neural responses to converging inputs that each communicate specific external factors;
neurons could increase or modulate their firing and temporal responses to convergent
information in ways that produce distinguishable neural responses from those produced
by each input individually. This alteration in signal strength could convey socially-
relevant information to SMN and influence patterns of activity to shift behavioral
responses toward social approach or avoidance.

An important distinction between these two views pertains to the loci where the
decisions to approach or avoid a conspecific are made: in the empathy view, IC selects
the behavioral response as a product of comparing the shared affect with a naive
versus a stressed conspecific, whereas in the salience view, the IC increases the value
of social affective information across the social decision-making network, so that
downstream regions can use such information to select a specific response; importantly
no empirical evidence is available to untangle these possibilities. A limitation to the work
presented in this dissertation is that, while there is compelling causal evidence that IC is
necessary for social affective behaviors, we do not provide any empirical test that the
specific role of IC is to detect social affective cues. Though, to this point, we do not
observe a reduction in overall social exploration during the SAP test following insular
cortex inactivation, which suggests the role of IC is specific to affective responses rather
than social exploration per se. This supports the idea of the salience view because the
animal is still able to perform its baseline response to a social encounter: explore. What
the animal loses is the capacity to direct their exploration to one conspecific over the
other and thus behaves as if there is no salient cue to respond to. However, it remains

elusive if IC is acting in a uniquely social role, or rather serves a broader capacity to
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inform behavioral responses to salient sensory information. Current findings from
human neuroimaging implicate IC as a salience detector for pain and temperature
(Peltz et al., 2011). Thus, an interesting first step would be to determine in rodents if IC

is also necessary to distinguish salient non-social stimuli.

5.4 Does oxytocin increase the salience of sensory information?

The effects of oxytocin on social behaviors range from antisocial to prosocial and
depend on many internal and external factors. To account for such divergent effects of
oxytocin, (Shamay-Tsoory & Abu-Akel, 2016) proposed a hypothesis in which oxytocin
increases the salience of social information by modulating one’s attention to relevant
cues in the external environment to contextualized them with other factors to generate
context-appropriate responses. Consistent with this thought are a number of reports that
intranasal administration of oxytocin attenuated social cognitive deficits in autism,
possibly by increasing attention to social cues (Dadds et al., 2014; Geng et al., 2018;
Gordon et al., 2016; Guastella et al., 2010; Keech et al., 2018; Parker et al., 2017;
Clark-Elford et al., 2014; Domes et al., 2013; Ellenbogen et al., 2012; Hubble et al.,
2017). If the insular cortex receives converging social affective cues, does oxytocin
function to increase their salience?

While there are no accounts of the physiological effects of oxytocin on insular
cortex neurons beyond the data presented in Chapter 3, prior work conducted in
sensory cortical areas allow for speculation regarding the mechanisms by which

oxytocin can rapidly increase the salience of sensory cues at the level of local circuits
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(Marlin & Froemke, 2017). In olfactory cortex, OT was found necessary for forming
associations between odor and social experiences, suggesting OT increased the
salience of social odor cues (Choe et al., 2015). Similarly, OT facilitated accurate odor
coding; by increasing the firing rate of olfactory cortex neurons that synapse onto
inhibitory interneurons, lateral inhibition onto excitatory principal cells increased the
signal-to-noise ratio of responses by decreasing noise from excitatory activity in the
microcircuit (Oettl et al., 2016). In hippocampus, administration of an OT agonist
increased the signal-to-noise ration by exciting fast-spike inhibitory interneurons, which
in turn dampened excitation and sharpen the timing of spike responses (Owen et al.,
2013). Interestingly, OT can decrease inhibitory post-synaptic currents, which shift the
excitatory/inhibitory balance in auditory cortex so that pup vocalizations more rapidly
elicit maternal responses from lactating mice (Marlin et al., 2015). These findings
highlight the ability of OT to augment local circuits and better detect and encode
sensory cues, likely via inhibitory interneurons. Though no existing studies have tested
the neuromodulatory effects of OT on insular cortex interneurons, (Rodriguez-Garcia &
Miranda, 2016) report that GABAergic activation in IC is sensitive to neuromodulation
during the presentation of a novel taste stimulus. This justifies further exploration of
modulation of inhibitory responses in IC during sensory processing.

Either in addition to, or instead of modulating local circuity, OT may increase the
salience of a sensory stimulus at single neuron level by modulating dendritic
propagation and integration of sensory inputs in IC neurons. While this idea has yet to
be explored in the context of OT in any brain region, it is plausible that OT functions like

other neuromodulators that alter the various aspects of dendritic integration, including
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the amplitude of postsynaptic currents, as well as spatial and temporal summation
across the dendritic arbor (Magee, 2000). Consistent with this idea, OT increased the
amplitude and spatial summation of excitatory post-synaptic potentials to facilitate
action potential generation in mollusc neurons (Dyatlov, 1991) and facilitated long-term
potentiation in the medial prefrontal cortex (Ninan, 2011). However, the majority of
studies that account for OT effects on dendritic activity do so from a developmental lens
in which OT induces long-lasting changes in dendritic morphology (Ripamonti et al.,
2017). Such a change would not account for the rapid increase in the salience of social
sensory cues that may occur during the SAP test. To this point, the data in Chapter 3
demonstrate that OT increased local field excitability in the insular cortex, and findings
from whole-cell recordings in (Rogers-Carter et al., 2018b) show OT increased intrinsic
excitability, suggesting OT has fast-acting effects on excitability. With the techniques
used here we cannot determine if increased excitability reflects the sum of increased
excitability of each insular cortex pyramidal cell, or rather is a consequence of OT
modulating local microcircuits so that dampened inhibition from interneurons results in
increased pyramidal cell activity. In either case, increased excitability of insular cortex
neurons could contribute to either increased salience, by allowing IC projection neurons
to drive stronger changes in SDMN activity patterns via robust changes in their neural
responses to social information to the SDMN, or increased empathy by being more
sensitive to social affective cues and thus more easily mimicking the affective state in

the experimental animal.

144



5.5 Does the nucleus accumbens determine reward in the social affective
preference test?

Many social behaviors are thought to be naturally rewarding (Krach et al., 2010)
to reinforce social actions that promote species survival (O’Connell & Hofmann, 2011)
and accordingly, the nucleus accumbens is widely implicated in social (Vanderschuren
et al., 2016) and motivated behaviors (Kalivas & Nakamura, 1999). Accumbens is likely
involved in such behaviors because it can determine the valence of incoming sensory
information (Johnson et al., 2017) to compute reward valuation and generate
corresponding behavioral responses (Hamel et al., 2017). But how do valence and
reward, as determined by the accumbens, relate to social affective behavior? One
possible explanation is that an experimental rat appraises the sensory cues emitted by
each conspecific in the SAP test, and then engages in more social exploration with
whichever conspecific is determined to be more rewarding. In support of this idea,
human neuroimaging revealed that nucleus accumbens reactivity positively correlated
with amount of money gained in a monetary incentive game (Carter et al., 2009). Thus,
while the rat may be inherently motived to explore both conspecifics, one “wins out” as a
result of their social affective cues driving a higher reward valuation, and accumbens
activity, than the other conspecific. Another possibility is that the experimental rat
perceives one conspecific as positive and the other as negative in terms of their reward
value, and “avoidance” of the conspecific with the negative valence is merely a
consequence of approaching the conspecific with the positive affect and presumably
higher reward value, and vice versa. In support of this, the accumbens can determine

the valence of sensory cues and generate behavioral responses accordingly; positive
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and negative stimuli have been found to activate distinct populations of neurons in the
accumbens (Xiu et al., 2014), which elicit opposing behavioral responses via distinct
dopamine receptor subtype-expressing neurons in the accumbens (Kravitz et al., 2012).
By this mechanism, social affective cues could engage distinct neural subpopulations
that underlie either approach or avoidance.

While these ideas begin to speculate how affect and valance could influence
reward valuation, our results indicate that accumbens activity is likely sensitive to other
situational factors. Regarding age, we find that interactions with juveniles require the
accumbens, whereas interactions with adults do not. This may because rats are
inherently more motivated to explore juvenile conspecifics than adults, possibly as a
product of evolutionarily-adaptive circuitry that promotes tending to the needs of
younger animals. Accordingly, we report that experimental rats spend more time
exploring naive juvenile conspecifics than naive adults (Fig. 2.4) which supports the
idea that age drives the intrinsic motivation to engage in social exploration. Another
possibility, however, is that juveniles are perceived as more salient than adult
conspecifics, which can more robustly influence behavioral responses. In fact, human
neuroimaging indicates that the salience of a sensory stimulus is one factor determines
its reward value (Cooper & Knutson, 2008). Thus, it is possible that the insular cortex is
more easily excited by sensory cues from juvenile than from adults, which results in
greater accumbens activation via the insula - accumbens pathway. Perhaps adults are
simply not salient enough i to activate the insula or accumbens, and so loss-of-function
experiments do not produce behavioral effects. In any case, the mechanisms by which

situational factors like age and familiarity can influence salience and subsequent
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valuation of salience sensory cues is necessary to explain the role of the nucleus

accumbens in social affective behaviors.

5.6 Where does the insular cortex fit in the context of a larger network-level model
of social decision-making?

Despite not knowing the exact role of IC in social affective behavior, we can
speculate how increased insula activity may function as part of a broader circuit that
allows sensory cues to inform social behaviors responses. While the exact nodes of this
circuit and how they communicate to produce socioemotional responses is not fully
understood, the following hypothetical circuit is inspired from a combination of
mechanistic rodent experiments and human neuroimaging studies that have explored
various circuits that underlie social decision-making: during encounters like the social
affective preference test, social cues that convey the affect of another individual are first
detected by thalamic nuclei (Cheung et al., 2006; Cservenak et al., 2017), and then
relayed to unimodal sensory cortical regions (Nummenmaa et al., 2008) and the
hypothalamus (Cservenak et al., 2017; Sterley et al., 2018) which begin to process each
sensory cue (Brecht & Freiwald, 2012), and initiate physiological responses to the
stimuli (Hoke et al., 2005), respectively. Next, unimodal sensory inputs converge in
posterior insula (see intro for complete discussion) where they are further processed to
produce a more complex sensory representation of a stimulus (Ackermann & Riecker,
2004), such as a cohesive understanding of a conspecific’s age, sex, affect, and other
features. That unimodal areas project to higher-order sensory regions, however, is

hardly specific to social situations and thus begets the question, how could IC be
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uniquely excited by social stimuli? The answer may lie in fact that social affective cues
can excite neurons in the paraventricular nucleus (PVN) of the hypothalamus (Sterley et
al., 2018) which synthesize oxytocin (Bargmann & Scharrer, 1951) and project to
posterior insula (Knobloch et al., 2012). Thus, the PVN, when potentiated by social
affective stimuli, may increase the excitability of insula to incoming sensory cues via its
oxytocinergic projections. Whether this increased excitability is because oxytocin
causes otherwise unresponsive insula neurons to fire in response to sensory cues, or if
oxytocin shifts the output of the IC as a whole to favor a different efferent target is
unknown, but either would allow IC to influence activity patterns in the social decision-
making network, including the nucleus accumbens, to generate either approach or
avoidance. While this pathway is purely speculative, these mechanisms could enable

insula to generate context-appropriate social responses to the affective states of others.

5.7 Relevance to clinical research

The work presented in this dissertation not only informs our understanding of the
neural circuitry underlying rodent social decision-making, but also has implications for
clinical populations. Numerous psychiatric disorders like autism and schizophrenia are
characterized by deficits in emotion recognition (Pepper et al., 2018; Singh et al., 2015),
and human neuroimaging has reported impaired insular cortex functional organization
and connectivity (Caria & de Falco, 2015; Wylie & Tregellas, 2010; Yamada et al., 2016)
as well as reduced reactivity to emotional stimuli (Rosenblau et al., 2017), in autism and
schizophrenia. Our findings provide causal support for the correlation findings in human

neuroimaging experiments that impaired emotion recognition correlates with aberrant IC
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activity. Furthermore, oxytocin administration can relieve deficits in social cognition in
psychiatric patients (Guastella et al., 2010; Ota et al., 2018; Shilling & Feifel, 2016) and
has garnered enthusiasm as a potential therapeutic for social impairments (Young &
Barrett, 2015). Thus, our findings that oxytocin is necessary to decipher a naive from
stressed conspecific warrants more research to determine how oxytocin can attenuate
deficits in social cognition. Lastly, despite the notion that social reward and motivation
processes are disrupted in autism (Dodlen, 2015) the nucleus accumbens and other
reward areas remain largely unstudied in human research. This may be because fMRI
imaging techniques do not offer the necessary resolution to image deeper brain
structures implicated in in social cognition and, therefore, are biased to assign causation
to superficial cortical structures. It is at the nexus of cortex and SMDN structures that
the work discussed in this dissertation is informative; here we begin to bridge the gap
between the systems well-studied in human neuroimaging research, and the deeper
brain areas that are typically the focus of rodent and other non-human social behaviors.
Models that seek to account for the neural basis of social decision making in humans
may now consider the IC as a central hub where emotional processes are integrated

with the elementary circuits that are the proximate mediators of social behaviors.

5.8 Conclusion

This work tested the necessity of the insular cortex in generating specific
responses to social affective stimuli. The findings presented here are the first to
implicate the insula in any rodent social behavior, a role we believe is a consequence of

the unique sensory integrative properties of posterior insula. Furthermore, the need to
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accurately detect the socioemotional cues of others in order to generate appropriate
social responses has been previously discussed (Insel & Fernald, 2004b; Newman,
1999), but a direct pathway by which sensory information is communicated to social
brain structures had not yet been identified. While the work presented here does not
fully describe this process, it provides a conceptual foundation to inspire future studies

that aim to determine the mechanisms of sensory detection in social interactions.
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