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ABSTRACT
Forming social groups is a critical adaptive strategy for the survival of many animal

species, where conflict between members can result in dominance relationships. Dominance
relationships are often formed through aggressive interactions and influence the cognitive and
physiological properties of individuals in a status-dependent manner. The aim of this dissertation
is to discern how zebrafish utilize aggression and visual cues to reinforce a stable dominance
relationship, and what effect stable dominance has on the neurobiological processes underlying
motor behavior, with a focus on dopamine signaling. Dopamine has been implicated in aggression,
social regulation, and modulation of motor circuits, making it a central point of study regarding
the relationship between social dominance and motor behavior. Using behavioral,
pharmacological, and genetic approaches, I have found that (1) in addition to physical aggression,
zebrafish alter their stripe coloration intensity to reinforce dominance, (2) stable dominance alters
dopamine signaling through decreased expression of the dopamine transporter and the dopamine
receptor type-1b, (3) changes in dopamine signaling manifest in altered escape and swimming
locomotor behavior, and (4) dopamine acts synergistically with other neurotransmitters to regulate
status-dependent motor circuit activation. Results from this dissertation have provided evidence
for how stable dominance impacts modulation of motor circuits, revealing how changes in relative

excitability of multiple neuromodulatory inputs provide a mechanism for the nervous system to



adapt to changes in social conditions and allow animals to select a socially appropriate behavioral

response.
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CHAPTER 1: FOUNDATION OF KNOWLEDGE
Introduction

Forming social groups is a critical adaptive strategy for the survival of many animal
species. Sociability allows for increased group fitness through aggregation against predation and
for allocation of resources, such as access to food, shelter, and mates (Wilson, 1975). Although
forming social groups drives success of the overall community, living in groups requires a
balance of cooperation and conflict among members. How are social dominance relationships
formed through conflict? What are the neurophysiological consequences of social dominance
relationships? How might dominance alter the neural basis of behavior in a status-dependent
manner? These fundamental questions drive the research for my dissertation work.

Social dominance as a mechanism for stable communities is evolutionarily confluent
across species. Social dominance has been described in invertebrates (Moore et al., 1988; see
Lord et al., 2021), vertebrates, and spans developmental periods (Bernstein, 1976; Benton et al.,
1980; Pagel & Dawkins, 1997; Sapolsky, 2006; Horova et al., 2015; Drea et al., 2021; Knoch et
al., 2022). A recent study has shown that children can process social dominance and infer social
rank from observing social interactions as early as 15-months of age, supporting that the ability
to infer social rank emerges early in development (Mascaro & Csibra, 2012). The early
presentation and broad implementation of social dominance across the evolutionary spectrum
motivates the examination of how it is formed, the physiological correlates to social rank, and
the underlying neurological components of the social brain.

Social Dominance Formation — The Winner Effect
Social dominance formation can be attributed to the “Winner Effect”, where winning an

aggressive encounter increases the probability of future victories (Fuxjager & Marler, 2010).



Irrespective of animal species, basic behavioral parameters characterize agonistic interactions.
Aggressive agonistic behaviors include chasing and attacking, while submissive behaviors
include freezing and retreating (Balph, 1979; Francis, 1984; Kikkawa et al., 1986; Kroes et al.,
2006). During aggressive encounters, the more aggressive individual normally becomes
dominant among its conspecifics (Blanchard et al., 1988). For instance, among male rats that
were housed in groups where one rat displayed either high, moderate, or low levels of
aggression, the rat with the highest aggression usually became the dominant animal (Blanchard
et al., 1988).

In addition to the use of tactile interactions to convey aggression, many species rely on
other sensory modalities to emphasize dominance status after winning a conflict. This can
include the display of specific body color patterns (Greenberg & Crews, 1990; Senar et al., 2006;
Beltrao et al., 2021; John et al., 2021), size (Chen & Fernald, 2011), and scent or pheromones
(Krames et al., 1969; Beauchamp, 1974; Banner & Shamas-Tsoory, 2018). Conversely, the
losing animal will be relegated to a subordinate role. As an animal becomes subordinate, it
decreases aggressive displays in favor of submissive behaviors (Herberholz et al., 2001; Issa &
Edwards, 2006) and may alter body coloration to reduce aggression from the dominant animal
(Hoglund et al., 2000; Miyai et al., 2011). The totality of physical aggression, and visual and
olfactory displays help to reinforce social dominance and suggests status-dependent
physiological plasticity reflecting the animals’ social ranks.

Physiological Correlates to Social Rank
Social dominants
There exists a variety of physiological correlates to dominance status including higher

testosterone levels (Eberhart et al., 1980; Wang et al., 2012; Maguire et al., 2021) and elevated



glucocorticoid production and excretion (Muller & Wrangham, 2003); suggesting an increase in
both reproductive and anti-inflammatory effects in the body. However, other reports have
suggested that elevated glucocorticoid levels are short-term (@verli et al., 1999), and negative
effects of circulating stress hormones during agonistic interactions subside in dominant
individuals. Social dominance can also induce reproductive success by changes in the
appearance (Greenberg et al., 2022) and function (Bayram et al., 2022) of reproductive organs.
In addition to hormonal and reproductive changes, social dominance is associated with altered
neurotransmitter activity (Narvaes et al., 2014; Watanabe & Yamamoto, 2015), where signaling
from serotonergic, dopaminergic, and GABAergic signaling systems are altered in specific brain
nuclei associated with social regulation. For example, the habenula regulates many brain
functions including its involvement in stress response, aggression, reward processing and
depression (Andres et al., 1999; Matsumoto & Hikosaka, 2007). Chou and colleagues (2016)
demonstrated that silencing the medial dorsal habenula increases the likelihood of winning,
highlighting the physiological correlate of the winner/loser effect. Taken together, social
dominance leads to a variety of altered physiological states that can be beneficial to the
individual and help to reinforce social dominance.
Social subordinates

Becoming a subordinate also alters the physiology of an individual. Subordinate
individuals are at risk of adrenal and spleen enlargement as well as thymus reduction (Blanchard
et al., 1993); suggesting decreased endocrine health. Subordinates show altered abilities to
regulate hormone signaling due to a hypoactive limbic-hypothalamic-pituitary-adrenal axis
(Michopoulos et al., 2012). Social subordination can lead to hyperphagia, or the increased need

for constant food consumption, and can lead to eating disorders (Razzoli et al., 2015).



Additionally, subordinates show altered monoamine activity. Studies report subordinates exhibit
altered dopamine (DA) (Shively, 1998; Nader et al., 2012) and serotonergic (5-HT) activity in
multiple brain regions (Dhingra et al., 1996; Winberg & Lepage, 1998; Xu et al., 2020). For
example, Cho et al (2016) also showed that silencing of the lateral dorsal habenula in zebrafish
reduces the likelihood of winning agonistic interactions. In addition, increased neural activity in
both the hypothalamus and telencephalon were a function of increased submissive behaviors
(Kasper et al., 2018). Although there is a variety of different physiological correlates to social
rank, we are interested in understanding the neural basis of social dominance and how social
rank can influence neural circuit activation.
The Social Brain
Brain regions associated with establishing social hierarchies

Social dominance relationships require interactions between multiple brain regions
known as the social behavior network (O’Connell & Hoffman, 2011) (Figure 1). One region, the
amygdala, has been studied extensively in the establishment of social dominance in humans
(Zink, 2008), monkeys (Rosvold et al., 1954; Emery, 2001), birds (Ikebuchi et al., 2009), and
rodents (Bunnell, 1966; Sullivan et al., 2003). Teleost fish have an amygdaloid complex, which
is a series of regions that are homologous to the mammalian amygdala (Ganz et al., 2014; Porter
& Mueller, 2020), that is active during social encounters (Ganz et al., 2014; Rodriguez-Santiago,
et al., 2022) A second region, the hippocampus, receives input from the amygdala and allows for
memory consolidation during and after dominance formation (Eichenbaum et al., 1992; Richter-
Levin & Akirav, 2000; Montagrin et al., 2017; AlSubaie et al., 2021). Other regions involved in
the social network are the striatum and medial prefrontal cortex (mPFC). These regions play an

important role in social behavior through coding social action and reward (Baez & Schultz,



2013; Bicks et al., 2015; Qu et al., 2017; Ligneul & Dreher, 2017) and have a reciprocal
signaling relationship with the amygdala, allowing for continuous processing of salient social
information (Phelps et al., 2004; Freese & Amaral, 2009). Additionally, the lateral septum (LS),
plays a key role in regulating social behavior by acting as a relay center for incoming social
information from the environment to executive brain regions for processing in humans (Sheehan
et al., 2004), birds (Goodson et al., 1999; Corrales Parada et al., 2021), rodents (Bielsky et al.,
2005; Menon et al., 2021), and teleosts (Goodson & Kingsbury, 2013; Stednitz et al., 2018).
Together, the functional and morphological organization of brain nuclei implicated in social
behavior are conserved across vertebrate species and form a plastic “social network™ that
integrates social information to allow animals to adapt their decisions as a function of their social
rank.

Although social relationships are formed and maintained through activation of specific
neurobiological pathways, properties within these neurobiological pathways can also be altered
by status-dependent neuromodulation. One important neurochemical signaling cascade that is
heavily involved in the reciprocal relationship of sociability and neural connectivity is DA
(Shively, 1998; Martinez et al., 2010; Nader et al., 2012; Gunaydin et al., 2014; Yamaguchi et
al., 2017; Sukhodolskaya et al., 2018; Xing et al., 2022). The following section describes DA

signaling pathways and what is known about the role of DA’s modulation of motor behavior.
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Figure 1. Cross-species comparison of the social brain, emphasizing connected brain
regions associated with the establishment and maintenance of social dominance.

DA Signaling and Locomotion
DA signaling

DA is one of the most versatile neurochemicals in the brain. Since its discovery within
the nervous system in 1957 (Carlsson et al., 1957, Carlsson, 1993), DA transmission has been
implicated in reward and addiction (Wise, 2008; Owesson et al., 2009), learning and memory
(Jay TM, 2003), metabolism and feeding behaviors (Feldmen et al., 1971; Quickel et al., 1971;

Kholy et al., 2021), obesity (see. Rubi & Maechler, 2010), hormonal regulation (Saltiel &



Thomopoulos, 1981; Sowers et al., 1984;), and regulation of the female reproductive system
(Hartwig et al., 1980).

DA is derived from the precursor tyrosine, which is synthesized into L-DOPA by tyrosine
hydroxylase, and then into DA by DOPA-decarboxylase (Elsworth & Roth, 1997). DA can either
be packaged into synaptic vesicles via vesicular monoamine transporter 2 (VMAT?2) or be
degraded through monoamine oxidase-A (MAO-A) in the presynaptic terminal (Elsworth &
Roth, 1997). Like other neurotransmitters, sufficient excitation of the presynaptic DA neuron can
induce DA-packed vesicle fusion at the pre-synaptic terminal membrane, facilitating its release
into the synaptic cleft and binding to DA receptors (Sampio et al., 2015; Liu & Kaeser, 2019).
DA neurons can exhibit distinct signaling properties. Many dopamine neurons possess en-
passant vesicle boutons, known as varicosities, that allow for near- or far-volume transmission of
DA (Rice & Cragg, 2008). Additionally, DAergic neurons show non-vesicular release
mechanisms, such as reversal of the dopamine transporter (DAT) (Falkenburger et al., 2001).

DA receptors belong to the G-coupled receptor (GPCR) family and consist of seven
transmembrane segments (Trumpp-Kallmeyer et al., 1992). There are two types of DA receptors,
excitatory D1-like, consisting of D1 and D5, and inhibitory D2-like, with D2, D3 and D4
receptor (Elsworth & Roth, 1997). D1-like (D1, D5) receptors are classified as excitatory in that
they increase the likelihood of depolarization of the post-synaptic cell (Civelli et al., 1993). D1-
like receptors are associated with the heterotrimeric G protein Gos/Golr, Where stimulation of
these receptors leads to increased enzymatic activity of adenylyl cyclase (AC), increased cyclic
AMP (cAMP), which further activates cAMP-dependent protein kinase A (PKA) (Klein et al.,
2019). Increased PKA activity can lead to elevation in synaptic plasticity via modulation of

voltage gated sodium channels (Gold et al., 1998) and increased dopamine synthesis (Dagda &



Banerjee, 2017). Conversely, D2-like (D2, D3, D4) receptors are inhibitory, thus, decrease

activation of target cells (Civelli et al., 1993). D2-like receptors are associated with the Gai/Go

protein, where activation of these receptor subtypes leads to decreased AC, decreased cCAMP,

and an inactive PKA (Klein et al., 2019). These decreased levels of AC, cAMP, and active PKA

result in decreased dopamine- and cAMP-regulated phosphoprotein, 32 kDA (DARRP-32), and

further decreased post-synaptic signaling and synthesis (Svenningsson et al., 2004). Long-term

decreased PKA activity can lead to degeneration of dendrites and medium spiny neurons,

influencing the signaling properties of these neurons and resulting in diseased states (Dagda &

Banerjee, 2017). These DA receptor sub-types are located throughout the central and peripheral

nervous systems and work to modulate cellular excitability.

The energetic costs associated in the synthesis and release of DA makes its recycling

essential to maintain sufficient levels for proper neurotransmission. DA is recycled into the

presynaptic terminal via Na*-dependent DA transporter (DAT) or is taken up by neighboring
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Figure 2. The Dopamine Signaling Pathway. This illustration depicts the synthesis,
packaging, release, and downstream signaling cascade of the dopamine pathway.
Beginning with synthesis and packaging in the pre-synaptic terminal and resulting in
downstream changes in post-synaptic activation based on receptor sub-type.
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astrocytes through VMAT?2 and is degraded by monoamine oxidase-B (MAO-B) and catechol-
O-methyltransferase (COMT) (Elsworth & Roth, 1997; Petrelli et al., 2020). Disruptions in
either of these mechanisms leads to physiological and psychological diseased states (Sampio et
al., 2015) and makes DA signaling an important research area to examine the social status-
dependent disruptions in DA signaling.

Role of DA neuromodulation in physiological processes

DA is important for the development and function of sensory tissues in several organisms
including Drosophila (Neckameyer et al., 2001), zebrafish (Toro et al., 2015; Haehnel-Taguchi
et al., 2018), and humans (Gjedde et al., 2010; Norbury & Husain, 2015). It has been shown to
influence chronic pain states through trigeminal pain modulation (Abdallah, 2015; Li et al.,
2019), migraines (Fanciullacci et al., 2000; Marmura, 2012) and neuropathic spinal pain and
restless leg syndrome (Keeler et al., 2012; Kim et al., 2015).

In addition to its role in regulating sensory information, a large body of work has
demonstrated the importance of DA signaling in regulating motor and premotor brain centers.
DA controls spinal circuit activity by modulating the firing patterns of the Mesencephalic
Locomotor Region (MLR), which is important for locomotion in many species including fish
(Bernau, 1991; Sirota et al., 2000), amphibians (Cabelguen et al., 2003), birds (Sholomenko et
al., 1991), and mammals (Eidelberg et al., 1981; Garcia-Rill et al., 1987; Marlinsky &
Vointenko, 1991; Musienko et al., 2008; Roseberry et al., 2016). The MLR is heavily modulated
by DA input from the substantia nigra pars compacta (SNc) (Ryczko, 2013), where firing
frequency of DA neurons is an indicator of function. Low frequency tonic firing is associated
with habitual motor programs while high frequency phasic bursts are related to reward seeking

behavior (Rice, 2011). In addition to firing frequency, decreased DAT activity is shown to lead



to hyperactive motor behaviors (Leo et al., 2018). Importantly, the hypothalamic DA nucleus
(PTar) innervates the hindbrain and spinal cord and is the sole source of DA neuromodulation of
spinal motor circuits (Mu et al., 2012; Reinig et al., 2017), making it a target region that can be
influenced by social factors to regulate motor activity. Taken together, the importance of DA
signaling in both the activation of motor circuits and of social behavior provides an opportunity
to examine how DA is involved in the reciprocal relationship between social dominance and
status-dependent motor circuit activation.
Reciprocal relationship of social dominance and DA signaling
DA signaling in aggression and anxiety

DA is heavily implicated in the regulation of reward, depression, anxiety, motivation, and
various aspects of social behavior including aggression and dominance formation. For instance,
DA levels in the mesolimbic pathway, an important region for reward and motivation (Day &
Carelli, 2007), are elevated in socially dominant rats (van Erp & Miczack, 2000; Lozano-Montes
et al., 2019). This causal relationship between DA signaling from the mesolimbic pathway, the
nucleus accumbens, and social dominance formation was recently supported in lesion studies
(Shan et al., 2022). In addition, dopaminergic projections from the Ventral Tegmental Area
(VTA) to the LS have shown to remove inhibitory activity through D2-receptor activation on
presynaptic inhibitory neurons, leading to increased aggression (Mahadevia et al., 2021). This
described D2 activation has been a point of clinical study for decades, where D2 receptor
antagonists are used for treating aggressive behavior (Nikulina & Kapralova, 1992; Schwartzer
& Melloni Jr, 2010; Morrison et al., 2015). Together, these findings support the notion that DA

signaling is necessary for social dominance formation.
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In addition to its role in regulating aggression, DA’s function in anxiety is well
documented. Decreased DAT expression in Drosophila (Pizzo et al., 2013), rats (Cinque et al.,
2018), and zebrafish (Kacprzak et al., 2017) leads to an anxiety-like phenotype (Nieuwenhuys &
Oudejans, 2012). Like aggression, D2 receptor activation is also implicated in anxiolytic
behavior in mice (Casey et al., 2022). Taken together, DA signaling plays an important role in
regulating numerous aspects of social behaviors; however, DA signaling can also be shaped by
social regulation, as described below.

How social factors affect DA signaling

Although DA can regulate social behavior, DA signaling is, in turn, influenced by
external social factors. Rats that undergo social stress show increased DA transporter (DAT)
function in the medial prefrontal cortex (mPFC) (Novick et al., 2015), whereas social
subordination in monkeys has been shown to decrease DAT expression (Nader et al., 2012). DA
levels are reported to be higher in dominants (Okada et al., 2015; Sasaki & Harada, 2020) and
social stress can decrease DA receptor type-1 (DRD1) activation in the brain of mammals
(Barrot et al., 2005; Shinohara et al., 2018; Zhao et al., 2021). Social dominance can prompt
morphological remodeling of specific DAergic brain regions. A study by White & Fernald
(1993) showed that soma sizes of cell populations in the hypothalamus reflect social rank, where
dominants have increased somas compared to subordinates. Further, cells within the
paraventricular nucleus (PVN) of the hypothalamus, the bed nucleus of the stria terminalis
(BNST), and the medial nucleus of the amygdala (meA) are significantly decreased in
subordinates (Holmes et al., 2007). Changes in cell size can directly affect firing properties in
accordance with The Henneman Size Principle (Henneman, 1957), where due to higher input

resistance, the firing threshold of a smaller neuron will reach threshold more quickly than a
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larger neuron (Stein et al., 2005). These firing threshold changes can result in altered circuit
excitability and modified behavior. In addition to morphological changes, social dominance can
alter the capability of cells to undergo neurogenesis in regions that receive dopaminergic input
(Kozorovitskiy & Gould, 2004; Du et al., 2016). Taken together, social dominance contributes to
a variety of DA plasticity at the cellular and network level.

Although we have a good understanding of the neural bases of social behavior and the
role DA plays in regulating aggression, important questions remain. First, what role does social
dominance play in altering DA modulation of specific motor behavior? Secondly, how does DA
signaling work synergistically with other neurotransmitter systems to produce adaptive behavior
in a status-dependent manner? Thus, a key question that will be addressed in chapter four is how
social dominance regulates the interdependent activities of multiple neuromodulatory pathways
to regulate motor behavior in a socially adaptive manner. To address these questions, I used
zebrafish as a model organism because of the numerous biological advantages it provides as I
describe below.

Zebrafish Social and Motor Behavior

Zebrafish are social animals and exhibit a variety of behaviors such as shoaling (Buske &
Gerlai, 2011), courtship (Zempo et al., 2021), and aggression (Teles & Oliveira, 2016). Of equal
importance, the structural and functional organization of the zebrafish brain are like mammalian
brains (Kalueff et al., 2014), making them advantageous for studying the relationship between
social dominance and neural circuit activation. Below, I describe what we currently know about
zebrafish social dominance relationships, how social rank can influence motor behavior, and the
gaps in our understanding that drive the questions and hypotheses of this dissertation.

Zebrafish and social dominance

12



Social aggression has been investigated in zebrafish through cognitive, physiological, and
neurobiological lenses. Although a naturally shoaling species, when paired zebrafish are
aggressive toward conspecifics and will readily form a stable dominance relationship (Larson et
al., 2005; Teles & Oliviera, 2016; Miller et al., 2017). In studying zebrafish social dominance
behavior, we have learned that these animals have the capacity for long-term social recognition
(Madeira & Oliviera, 2017), recognize conspecific agonistic interactions and can alter their
behavior towards each conspecific (Abril-de-Abreu et al., 2015), and show altered activation of
the social decision-making network based on social phenotype (Teles et al., 2016a). Further,
zebrafish of different social rank exhibit altered hormone (Tea et al., 2019) and nonapeptide
levels (Teles et al., 2016b). In addition to these cognitive and physiological correlates to social
dominance, there has been investigation regarding social dominance and DA signaling in
zebrafish.

There is evidence that social dominance alters the DA pathway in zebrafish, where social
dominants show an upregulation of DA synthesis (Pavlidis et al., 2011) and higher DA activity
in the telencephalon (Teles et al., 2013). Reports in zebrafish show that altered DA signaling,
such as a lack of DAT, results in anxiety-like behavior characterized by bottom dwelling
(Kacprzak et al., 2017). However, the mechanisms of how social experience affects
dopaminergic modulation of motor circuits is not well understood.

Mauthner motor circuit and the escape response

When threatened, zebrafish execute a startle escape behavior response whereby they
quickly flex their body away from the perceived threat. This behavior is mediated by a well-
defined neural circuit centered around the Mauthner neuron (M-cell) (Figure 3). (Eaton et al.,

1977; Canfield & Rose, 1996). The M-cells have previously been described as “command
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neurons” in that their firing is “necessary and sufficient” to evoke a startle escape response
(Eaton et al., 1991, Di Domenico & Eaton, 1988), although several additional studies have
suggested their activation is not necessary for startle escape and place equal importance for
activation of other structures such as spiral fibers or the M-cell homologs, MiD2cm and MiD2cm
(Liu & Fetcho, 1999; Lorent et al., 2001; McLean & Fetcho, 2004; Lacoste et al., 2015; Hale et
al., 2016). However, an established difference between M-cell and non-M-cell startle escape is
determined by latency of response from stimulus onset. M-cell startle escape is known as a short-
latency response and occurs in less than 15ms, whereas non-M-cell startle is long-latency and
occurs between 16-40ms (Eaton et al., 2001; Kohashi and Oda, 2008; Issa et al., 2011).
Considering these differences, the relative simplicity of the neural circuit underlying the M-cell
escape response has been useful to study sensory-motor integration over the last half of a century
(Korn & Faber, 2005).

Morphological studies have uncovered the structural features of the Mauthner cells
(Bodian, 1937; see Zottoli, 1978; Cioni et al., 1989). Structurally, the M-cells consist of two
large neurons in the hindbrain in rhombomere 4, just behind the ears. M-cell axonal projections
cross the midline and descend to the spinal cord, where they unilaterally innervate spinal motor
neurons in each body somite (Figure 3). Functionally, the M-cells are responsible for command
over lower pattern-like generator and motor neurons as well as participates in a higher brainstem
escape network (Eaton et al., 2001). These large neurons have two distinct dendrites, the lateral
and ventral dendrite, that are comprised of mixed synapses and receive both neuromodulatory
and sensory inputs (Korn & Faber, 2005).

The M-cells receive multiple types of sensory input that influence the two main dendrites.

The lateral dendrite receives input from the vestibulocochlear sensory nerve (VIIIth) nerve from
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the ear and the lateral line network (Nakayama & Oda, 2004; Zottoli & Faber, 1979; Pereda et
al., 2005; Korn & Faber, 2005), while the ventral dendrite receives visual input from the optic
tectum and spinal cord (Zottoli et al., 1987). M-cells receive other modulatory input such as
cortisol (Speedie & Gerlai, 2007; Bronson & Preuss, 2017) and dopaminergic neuromodulation
via the hypothalamus (Mu et al., 2012; Reinig et al., 2017) to allow for integration of salient
sensory signals to activate the M-cells appropriately. Together, the input from sensory systems
and neurochemical input from modulatory brain regions allow for precise regulation of M-cell
excitability.

M-cell activity is modulated by various neurochemical and electrical input. A map of the
neurotransmitter make-up of the M-cell has been identified using histological (Sur & Triller,
1994), pharmacological (Wolszon et al., 1997), and molecular techniques (Diamond and Huxley,
1968). These studies identified excitatory glutamatergic inputs, inhibitory glycinergic and
GABAergic inputs, and additional neuromodulatory inputs from serotonin (5-HT) and DA
neurons (Diamond & Roper, 1973; Lee & Eaton, 1993; see. Korn & Faber, 2005). In addition to
neurochemical input, M-cells contain gap junctions that enhance coupling potential of neural
input onto the M-cells and afford fast depolarizing currents to activate the cells (Pereda et al.,
1995). These inputs allow for regulation of excitability based on incoming sensory information

onto the M-cells.
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M-cell excitability is synergistically influenced by sensory input and neuromodulatory
signaling. Repeated depolarizing stimuli to the M-cells can induce habituation of the startle

escape response, as first described by Rogers and colleagues (1963). Although underlying
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Figure 3. Schematic of the Mauthner-mediated escape response. (A) Representation of the
bend away from the stimulus. (B) Illustration of some mechanisms responsible for M-cell
activation and excitability modulation. M-cells receive input from auditory and visual
stimuli onto the lateral and ventral dendrite, respectively. There is an abundance of
glutamate and GABA receptors on the lateral dendrite, Glycine on the soma, and 5-HT on
the ventral dendrite. Spiral fibers (SF) are activated by contralateral auditory afferents and
provide excitation to commissural M-cells.

habituation of startle behavior in mammals has been a key point of study over the past few
decades (Davis & Sheard, 1974; Hughes, 1984; Geyer & Tapson, 1988; Yeomans et al., 2002),
the synergistic relationship between sensory input and neuromodulation of M-cell habituation
has been more recently investigated, from both molecular (Wolman et al., 2015) and
neurochemical lenses (Roberts et al., 2016; Batora et al., 2021). Interestingly, M-cell habituation
has been shown to be a result of feedforward inhibition via glycinergic receptors (Marsden &
Granato, 2015), where M-cell desensitization to acoustic stimuli is a direct result of CaMKII-

mediated phosphorylation of the scaffolding protein gephyrin and subsequent synaptic
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accumulation of glycine receptors (Ogino, 2019). Our knowledge of the functional and structural
organization of the M-cell circuit coupled with the availability of genetic tools to genetically
target the mutation of specific cell populations and signaling pathways provide an opportunity to
address our hypotheses of how social dominance alter activation of this specific motor circuit.

Although status-dependent regulation of escape circuits has previously been investigated,
our knowledge has been limited mostly to invertebrate systems (Yeh et al., 1996; Krasne et al.,
1997; Dyakonova et al., 1999; Edwards & Spitzer, 2006; Fujimoto et al., 2011; Araki et al.,
2013): while the investigation of social status-dependent neurophysiological changes in M-cell
excitability in teleosts is cursory. Early studies in cichlids show status-dependent changes M-cell
excitability (Neumeister et al., 2010). These findings were expanded to show that this startle
circuit sensitivity is governed by serotonergic modulation of the M-cells (Whitaker et al., 2011).
Further, there is a lack of in-depth investigation of status-dependent neuromodulation of M-cell
circuit sensitivity in zebrafish. To date it has been established that, like cichlids, social
dominance in zebrafish leads to altered M-cell circuit excitability (Miller et al., 2017).
Additionally, it is known that habituation rate of the M-cell to auditory pulses is socially
regulated, whereby subordinates are less likely to habituate to repeated auditory stimuli
compared to dominants (Park et al., 2018). The neurobiological bases underlying this status-
dependent regulation of startle sensitivity and habituation rate is controlled, in part, by the
endocannabinoid system (Orr et al., 2021). However, given that the M-cell receives descending
dopaminergic, glycinergic and GABAergic inputs, it is likely that the neuromodulatory effects
they induce on M-cell excitability may be socially regulated as well. This significant gap in
knowledge is a focus of this dissertation.

Directions for this Dissertation
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I am interested in investigating the neuromodulatory changes between an animals’ social
rank and their motor circuit activation. We know that both aggression and visual displays are
important for the establishment and maintenance of social dominance relationships, and that the
escape response is affected in a status-dependent manner. Further, DAergic neuromodulation is
important in both the establishment of social dominance and the excitability of the escape
response. Thus, I am interested in discerning (1) how zebrafish utilize visual cues to establish
and maintain social dominance, (2) the relationship between dopamine signaling and social
dominance formation, and (3) how social dominance regulates synergistic interaction of multiple
neuromodulatory inputs to control spinal motor circuits in a socially adaptive manner.

First, chapter two tests the hypothesis that zebrafish use visual cues, in the form of
changes in stripe color intensity, to establish and maintain a stable dominance relationship. I will
provide evidence that social status influences coloration through stripe intensity along the
zebrafish body wall, and disruption of social visual cues destabilizes social dominance
relationships. Finally, I will show that social dominance leads to status-dependent differences in
motor activity and M-cell mediated startle sensitivity. Disruption of social visual cues leads to
unstable social dominance and a loss of status-dependent differences in motor activity.

Chapter three tests the hypothesis that the dopaminergic signaling pathway is socially
regulated. I will provide evidence showing that, although Dat and the Drd1b are not necessary
for the establishment and maintenance of social dominance, Dat influences place preference in
the pairing arena and swimming behavior while Drd1b regulates the startle circuit in a status-
dependent manner.

Chapter four expands on what we have found regarding Drd1b receptor activation and its

influence on escape behavior. In chapter four, I test the hypothesis that DA modulates M-cell
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excitability through activation of glycinergic inhibitory neurons and results in status-dependent
expression of Drd1b in hindbrain glycinergic nuclei that have been reported to inhibit M-cell
excitability. I provide evidence that DA indirectly modulates the M-cell escape circuit through
glycinergic input. I present evidence suggesting that blocking the Drd1 activity can shift
dominant M-cell excitability to reflect a subordinate motor phenotype.

Lastly, chapter five will synthesize the results to provide a new framework of how
dominance and dopaminergic signaling underly the status-dependent shift in M-cell circuit
excitability as an adaptation to social rise and fall. Overall, this dissertation work improves our
understanding of the neural bases of social aggression and how modulation of hindbrain

networks regulate motor activity as the animals’ social environment evolves.
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CHAPTER 2: EFFECTS OF VISUAL CUES ON DOMINANCE HIERARCHY FORMATION
AND ACTIVATION PATTERN OF ESCAPE AND SWIM BEHAVIORS IN ZEBRAFISH
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Related Differences in Motor Activity Between Wild-Type and Mutant Zebrafish. The Biological
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Introduction

One essential element of social dominance is the ability of individuals to properly
communicate relevant information of their social status (Hojesjo et al., 2000; Grether, 2011). The
display of social cues is crucial to stabilize social hierarchies and reduce conflict for resources
within a social group (Huntingford et al., 1987). Although many fish species employ various
types of social signals to convey their social rank to conspecifics, visual signaling is of particular
importance (Korzan et al., 2008). In Teleost fish, the role of visual cues in the formation of social
hierarchies has been examined in rainbow trout (Oncorhynchus mykiss) (Johnsson, 1997; Hojesjo
et al., 2000), cichlid fish (4Astatotilapia burtoni) (Korzan et al., 2008), and artic charr (Salvelinus
alpinus) (Hoglund et al., 2000). Highlighting the importance of coloration in social regulation,
socially dominant cichlids are conspicuously brighter in coloration with distinct patterns that
denote their status compared to subordinates (Korzan et al., 2008).

Zebrafish are brightly colored with longitudinal golden and blue stripes whose color
intensity can be regulated during mating and shoaling behaviors through a process called
physiological color change (Fujii, 2000; Snekser et al., 2006; Hutter et al., 2012; Singh and
Niisslein-Volhard, 2015). Physiological color change of melanophores can also be regulated
based on color of background environment (Logan et al., 2006). These changes in melanophore
color intensity are not transient; rather plasticity in color intensity can be improved by cyclical

training suggesting a learning component and a capacity for long-term adaptation of body



coloration to environmental changes (Hatamoto K, Shingyoji, 2008). Although these results
demonstrate the ability of zebrafish to regulate the intensity of their body color to ethological
cues, little information is available of the importance of coloration during dominance hierarchy
formation and its effects on zebrafish nervous system function (Pavlidis et al., 2011).

As with many animals, visual information is first integrated in the optic tectum then
relayed to various brain regions involved in decision-making and motivational processes
(Lambert et al., 2012; Chou et al., 2016; Pantoja et al., 2016). For example, it was shown in
zebrafish that visual information from the optic tectum converge on hypothalamic dopaminergic
neurons involved in regulating the excitability of spinal motor circuits involved in mediating
startle escape and swim behaviors (Mu et al., 2012). This presents an exciting opportunity to test
how changes in visual social cues can alter decision-making processes and consequently the
activation of spinal motor circuits, one of which is the startle escape response.

The startle escape response and its underlying neural circuit are well-characterized
behaviorally and physiologically (Eaton et al., 2001; Korn and Faber, 2005; Medan & Preuss,
2014). It is centered on a pair of reticulospinal neurons called the Mauthner neurons (M-cells)
whose activation is necessary to mediate the C-start escape response that propels the animal
away from threats by rapid flexion of the body (Figure 5C). Visual information modulates the
excitability of the M-cells via descending dopaminergic input and is contingent on the quality of
the visual stimulus. Non-threatening visual stimuli increase the activity of the hypothalamic
dopaminergic neurons that lead to suppression in synaptic transmission from the visual center to
the escape circuit (Mu et al., 2012). Conversely, threatening visual stimuli inactivate some of
these neurons, resulting in dis-inhibition of the visuomotor transformation and escape generation.

(Yao et al., 2016). In addition, neurons in the medial longitudinal fasciculus, which are crucial

21



for locomotor output activate during light-evoked swimming suggesting that they are potentially
modulated by visual stimuli as well (Sankrithi & O’Malley, 2010). Taken together, these results
strongly suggest that modulation of the escape and swim circuits can be tuned by visual cues to
facilitate appropriate behavioral responses. Despite this knowledge little is known of how
visually mediated social signals influence social interactions, dominance formation and their
effects on the activation pattern of the escape and swim behaviors. In this study, we addressed
this issue by taking advantage of the genetically modified TLN zebrafish strain that lacks the
blue striped pigmentation characteristic of zebrafish to ask the question of how improper display
of visual signals affect the dynamics of social interactions, dominance formation, and
consequently the activation of the escape and swim behaviors.

The TLN line was produced in Herwig Baier’s lab by causing two homozygous
mutations in a Tubingen background (Zfin.org, ZDB-GENO-080307-1, 2002). First, a
homozygous recessive mutation in the connexin 41.8 (cx41.8) gene causes spotting of pigment
cells in adult zebrafish resulting in the Tiipfel long fin (TL) phenotype; second, homozygous
mutations were introduced into the microphthalmia-associated transcription factor a (mitfa)
gene which is essential in melanophore development (Lister et al., 1999), resulting in the TLN
fish line with a complete lack in dark pigmentation (Figure 4B). The optical clarity of TLN fish
due to the loss of melanophore formation is particularly advantageous tool because it extends the
period during which embryonic development and functional analysis of brain function can be
examined (Lacoste et al., 2015; Forster et al., 2017). However, despite their wide use, the effects

of proper body coloration on social behavior and nervous system function are poorly understood.
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Here we tested the hypothesis that a lack of proper visual information affects dominance
hierarchy formation. Given that visual input plays an important role in modulating the escape
and swim circuits, we also tested the notion that a lack of proper visual social displays may lead
to abnormal regulation of the escape and swim behaviors. We show that TLN fish form stable
social hierarchies,
albeit with a higher
prevalence of social
dominance instability.

Secondly, we show that
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Figure 4. Body color patterns of AB and TLN zebrafish and experimental setup. (A) AB
zebrafish are brightly adorned with blue stripes. (B) TLN zebrafish lack body color
pigmentation. Insets in A and B are zoomed in images taken from medial part of the animals.
(C) Schematic of the C-start escape response mediated by the M-cell. M-cell receives ipsilateral
auditory sensory input from the VIII sensory nerve. Stimulation of the M-cell activates
contralateral fast motor neurons that innervate the musculature. (D) C-start escape can be
initiated by a sudden auditory pulse. Rapid contraction of the musculature during C-start escape
generates a far-field potential (C-start: dashed box) that can be recorded using bipolar bath
electrodes placed on either side of the testing chamber. The field potential of the C-start escape
is characterized by large amplitude and is brief (inset). Escapes are typically followed by swims
whose field potentials can be detected (Swim burst) and are significantly smaller and longer in

duration. Computer generated auditory pulses and field potentials are digitized and time locked.
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preference or differences in overall swimming activity. Thirdly, we show that unlike their AB
counterparts, TLN fish do not display social status-dependent differences in the sensitivity of the
C-start escape response. Finally, we illustrate that coloration is socially regulated and that lighter
coloration denotes social subordination. Our results highlight the importance of proper social
visual cues in establishing stable social relationships and regulation of motor behaviors that are
essential in regulating socially appropriate behaviors.
Methods
Animal care and use

Experiments were carried out according to the guidelines and approval of East Carolina
University's Institutional Animal Care and Use Committee (Animal Use Protocol D320). Adult
strain AB zebrafish (Danio rerio) and TLN mutant zebrafish were maintained group-housed at
28 °C, pH 7.6, and fed pellet and live brine shrimp food twice daily.
Pairings and behavioral observations

Adult males (age 6-12 months) were initially socially isolated for one week in individual
tanks (23 x 13 x 6 cm). Afterwards, animals of equal age and size were randomly paired
continuously for two weeks in a novel tank of equal dimensions. Social interactions were
observed daily for 2 minutes between 10am-2pm. To assess social rank, we counted the total
number of aggressive behaviors. Attacks consisted of bites and chase of an opponent and
submissive defensive behavior consisted primarily of retreats. Social rank was assigned based on
the ratio of the total number of attacks divided by the number of retreats. Animals with higher
index were considered dominants.

Measuring swimming activity
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Pairs were filmed daily (early afternoons) for one-minute to monitor changes in
swimming activity using a Canon Camcorder (Digital video ZR500). For the group-housed
control condition, six males of equal size and age were selected from group-housed tanks and
grouped together, and their swimming behavior was video recorded and tracked. Videos were
digitized and movement (distance traveled over one-minute periods) of each fish was analyzed
using NIH ImagelJ software Manual Tracking plugin. Instances when animals were interacting
with one another resulted in the exclusion of those video frames from analysis. Total tracked
distance was normalized by the number of remaining video frames.

Place preference analysis

The movement of animals was tracked using the Manual Tracking plugin for ImageJ to
extract XY coordinates within the housing tank. Videos were down sampled to three
frames/second and coordinates for dominants and subordinates were loaded into R software
using a custom script. XY coordinates encompassing periods of social interactions were removed
from the analysis. Filled contour plots combining data of all dominant and subordinate animals
were produced using 2D kernel density estimations generated by the kde2d function of the
MASS package (CRAN repository) (Venables and Ripley, 2002). The algorithm used disperses
the mass of the empirical distribution function over a regular grid of 512 points and uses the fast
Fourier transform to convolve this approximation with a discretized version of the kernel
followed by linear approximation to evaluate the density at the specified points. Density data was
converted into a heat-map probability plot to facilitate illustration of the data set for both social
phenotypes.

Measurement of field potentials

25



Experimental setup, measurement of field potentials, and testing of the sensitivity of the
C-start escape response were conducted as described previously (Prugh et al., 1982; Issa et al.,
2011). In brief, animals were placed in a testing chamber (dimensions: 11 x 4 x 3 cm) filled with
reverse osmosis water with a resistance of ~15 MQ-cm and temperature of 25°C. The fish were
allowed to acclimate for 30 minutes prior to testing (Figure 5D). M-cell mediated escape electric
field potentials were recorded using a pair of conductive electrodes (1 mm bare thickness, 3-5
mm metal exposure) placed on either side of the testing chamber (Figure 5D). Signals were
amplified 1000-fold and were low-pass filtered at 300 Hz and high-pass filtered at 1 KHz using
an AC differential amplifier (AM-Systems model 1700). Signals were digitized then stored
(Digidatal550, Axoscope Software, Molecular Devices, Inc., Sunnyvale, CA, USA).

Auditory pulses (1 ms in duration) were computer generated using Audacity software
(audacityteam.org), and calibration of decibels was performed using a decibel meter (Sinometer,
MS6700). The animals’ auditory sensitivity and threshold of the escape response was measured
by delivering pulses at a randomized dB at mid-range levels (repeated 3-5 times at each level)
with a minimum of 2-minute intervals between trials. Pulse decibel amplitude was randomized
and ranged between 70-100 dB re 20 pPa with 5 dB increments. Trials were averaged, and the
data was curved-fitted with a nonlinear regression analysis using the Boltzmann sigmoidal
equation: Y=Bottom+(Top-Bottom)/(1+exp((V50-X)/Slope)).

Field potential data analysis

The latency of the escape response was measured using the field potential signals
recorded by measuring the time between stimulus onset and beginning of field potential
response. The zebrafish escape response is categorized into two main types of escapes.

Activation of the M-cell generates a short-latency escape response with a time onset ranging
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between 2-15 ms (Figure 3B). Zebrafish also produce long-latency non-Mauthner mediated
escapes with a time onset ranging between 15-40 ms (Eaton et al., 2001; Kohashi and Oda,
2008). Each type of escape generates a distinct electric signal that permits the reliable
identification of escape based on both potential signature and its latency from stimulus onset
(Issa et al., 2011). The latency of the electrical signal was defined as the time difference between
the onset of the auditory stimulus and the beginning of the large phasic field potential generated
during the short-latency M-cell mediated escape response. Data was tabulated into Microsoft
Excel and analyzed using Prism (GraphPad software Inc., San Diego, USA). All values are
provided as mean and +SEM unless otherwise stated.

Acquisition and analysis of Pigment color intensity

Prior to imaging, the fish were briefly anesthetized with 0.02% MS-222 diluted in system
fish water. The fish were placed onto a petri-dish and imaged using an Olympus SZX29 stereo
microscope equipped with a CCD computer-controlled camera (ToupTek Inc. Ltd, ToupView
software). Images (2048x1536) were taken at ambient light while minimizing reflective lighting
by using a light diffuser. Multiple images were taken at the same magnification at the anterior
and medial parts of the animals. Once images were taken the animals were returned to their
isolation tanks to recover for 30 minutes followed by the onset of pairing for two weeks.

Using NIH ImageJ, images were converted to gray-scale. This process prevented
discrimination among the three different types of chromatophores known to contribute to the
overall color pattern of zebrafish (Singh and Niisslein-Volhard, 2015). Nevertheless, this
approach allowed the quantification in the overall change in color intensity. For each image, one
region of interest (ROI) was selected for each of the medial colored stripes that extend the length

of the animals (stripe 1 & 2 in Figure 5A). Plot profiles of the average gray-scale intensity values
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were generated for each of the selected ROIs. Gray-scale ranged from 0-255, whereby 0 equaled
absolute black and 255 equaled absolute white. Data was averaged across the anterior and medial
images. The same process of image acquisition and analysis was repeated after two weeks of
pairing (Day 14). To circumvent potential bias, behavioral observations, image acquisition, and
data analysis were conducted blind by three different investigators. One individual oversaw the
behavioral observations. The fish were handed down to a second investigator who obtained the
images. Images were then provided to a third investigator who analyzed the data. Neither one of
the investigators who acquired and analyzed the data was aware of the social status of the fish
until the data was fully analyzed.
Results
Proper visual signals are important to maintain stable dominance relationships

To determine the importance of visual signals in regulating social interactions and
formation of social dominance we paired and observed the aggressive interactions of TLN
zebrafish for two weeks and compared their behavior to AB pairs. We measured the level of
aggression between the two groups by recording the number of aggressive (attacks) and
submissive (retreats) behaviors of each pair (Figure 5). We found that AB pairs formed stable
dominance relationships within 2 days of pairing. By the third day, dominants performed most of
the aggressive chasing and biting behavior (Figure 5A, left panel), while subordinates mainly
retreated from interactions (Figure 5A, right panel). The differences in the average number of

attacks and retreats significantly differed between the two social phenotypes (Avg. attacks:
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Dom=5.46 £ 0.59; Sub= 0.72 + 0.29. Avg. retreats: Dom= 0.57 &+ 0.25; Sub=5.19 £ 0.61.
Wilcoxon signed rank test, two-tailed, P=0.0001). In addition, once dominance was established
it remained stable for the remainder of two weeks. TLN pairs displayed similar patterns of

aggressive activity and level of aggression did not significantly differ from AB pairs (Figure
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Figure 5. Visual social cues are important for stability of social relationships.

Both AB and TLN zebrafish color morphs engage in agonistic interactions (attacks
and retreats). (A) Average number of attacks and retreats between AB dominants and
subordinates (n= 6 pairs). (B) Average number of attacks and retreats between TLN
dominants and subordinates of all TLN pairs regardless of social stability (n=16 pairs).
(C) Average number of attacks and retreats between TLN dominants and subordinates

of pairs that experienced social instability (n= 6 out of 16 TLN pairs).
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5B1, Avg. attacks for TLN Dom= 5.45 £0.28; TLN Sub= 1.58 £0.26. n=6 AB, n= 16 TLN,
Mann Whitney Two-tailed test, P= 0.8362). Although the behavior patterns of TLN pairs
appeared like those of AB, closer examination showed that more than a third of TLN pairs
switched their social status at least once during the pairing period (Figure 5B2; n= 6/16 pairs,
37.5%). These frequent reversals in social status were not observed in AB pairs, and reversals
were likely a result of an increased frequency of attacks by the TLN subordinates. We compared
the aggression level between AB and TLN subordinates and found a significant difference in the
average number of attacks over the observation period (WT Sub: 0.72 + 0.29; TLN Sub= 1.58
+0.26 Mann Whitney Two-tailed test, P = 0.0137). This suggests that proper visual social
communication is important in regulating social interactions and stability of dominance
relationships.
Proper visual social signals are important to maintain territoriality

To observe how visual signals affect swimming activity and patterns of spatial
distribution of the animals we measured the average distance swam every day during a 1-minute
interval for TLN and AB pairs. Furthermore, we generated density plots of swimming activity to
determine the spatial probability distribution of all animals observed over 1 min of filming
sampled at three frames/sec (Figure 6). We found that as social dominance was established in
AB pairs, dominants maintained high levels of swimming activity while subordinates
significantly decreased their swimming behavior compared to dominants and group-housed
control fish (Figure 6A. Kruskal-Wallis test One-way ANOVA, Dunn's Multiple Comparison
Test, P<0.0001, [difference in rank sum: group-housed vs. Dom = -14.13, group-housed vs. Sub
=13.53, Dom vs. Sub = 27.67]; group-housed n= 12, Dom n= 7, Sub n= 7). Differences in

swimming were apparent in the spatial distribution of the two social phenotypes within the

30



experimental arena. AB dominants exhibited strong territorial displays in which they swam
freely throughout the tank, while subordinates were relegated to the bottom corner (Figure 6A,
right panel). Unlike AB pairs, we found differences in swim frequency and patterns between
dominant and subordinate TLN fish to be less pronounced regardless of the stability of social
structure. Statistical analysis of distance traveled for all TLN fish showed a significant difference
in the average number of distance traveled between dominant and subordinate fish, but no
difference between group-housed vs. subordinate fish (Figure 6B1. Kruskal-Wallis test One-way
ANOVA, Dunn's Multiple Comparison Test, P< 0.0001, [difference in rank sum: group-housed
vs. Dom = -25.33, group-housed vs. Sub =-10.67, Dom vs Sub = 14.67]; group-housed n= 12,
Dom n= 7, Sub n= 7). However, among the TLN pairs that displayed social reversals, we did not
find significant differences in the average number of distance traveled (Figure 6 B2. Kruskal-
Wallis test One-way ANOVA, Dunn's Multiple Comparison Test, P< 0.0001, [difference in rank
sum: group-housed vs. Dom =-21.51, group-housed vs. Sub =-13.27, Dom vs. Sub = 8.267];
group-housed n= 12, Dom n= 7, Sub n= 7). Moreover, in both socially stable and unstable TLN
pairs, dominants and subordinates did not display territorial behavior as was observed in AB
pairs (Figure 6 B1, B2 right panels). These results suggest that disruption of proper visual social
signals affects the dynamics of social interactions with negative consequences on swimming and

territorial behavior.
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Figure 6. Visual social cues affect swimming and territorial displays. Left panels:
Average distance traveled over a 1-minute period of filming of group-housed,
dominant, and subordinate for (A) AB, (B1) all TLN, (B2) socially unstable TLN pairs.
Right panels: Kernel heat-map estimation plots of swimming activity over a I-minute
period of filming for dominants (red) and subordinates (blue) on day 14 post pairing
for each experimental condition. (A) AB condition (n= 12 group-housed, n= 7
dominants, and n= 7 subordinates). (B1) All TLNs animals (n= 10 group-housed, n=
12 dominants, n= 12 subordinates). (B2) Only TLN pairs that experienced dominance
reversals (n= 12 group-housed, n= 6 dominants, n= 6 subordinates). Day 0 marks

observations of animals before they were paired (Before pairing: arrow).

Visual signals affect the sensitivity of the C-start escape response
To determine whether differences in visual signals can affect the activation of the C-start

escape response in TLN fish, we tested the animals’ sensitivity to auditory pulses. To prevent
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Figure 7. Improper visual social cues eliminate social differences in probability of C-start
escape response. A) Individual examples of C-start field potentials from group-housed,
dominant, and subordinate AB animals at increasing decibel intensities (top) and
probability of C-start escape response (bottom). Probability of initiating an escape response
is significantly higher in subordinates (n=10) compared to dominants (n=10) and group-
housed animals (n=14) at the 85-90 dB levels. A response probability of 0.5 is indicated
with the dashed arrow line. B) Individual examples of C-start field potentials from group-
housed, dominant, and subordinate animals at increasing decibel intensities (top) in TLN

fish. Probability of C-start escape response in TLN fish (bottom).

habituation of the escape response, we randomized the intensity of the auditory pulses while
maintaining a minimum of 2-minute intervals between stimuli (see methods for details). In AB
pairs, subordinate fish displayed heightened sensitivity to auditory stimulation illustrated in more
frequent responses to lower auditory pulses compared to dominants (Figure 7A). Subordinate

fish reached the 50% response threshold at 78.84 dB, dominants at 83.28 dB and group-housed
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animals at 84.19 dB. Data was curve fitted with a non-linear regression, Boltzmann Sigmoidal
curve fit; Goodness of fit R? for group-housed = [0.7765], dominants = [0.7675], subordinates =
[0.9096]; group-housed n= 14; dominant n= 10, subordinate n= 10. This result is consistent with
our previous report demonstrating status-dependent differences in the sensitivity of the escape
response (Miller et al., 2017). Unlike AB pairs, the probability of the C-start escape response
was similar in dominant and subordinate TLN animals (Figure 7B). Subordinate fish reached the
50% response threshold at 81.18 dB, dominants at 79.1 dB, and group-housed animals at 80.7
dB. Data was curve fitted with a non-linear regression, Boltzmann Sigmoidal curve fit; Goodness
of fit R? for group-housed = [0.8091], dominants = [0.8434], subordinates = [0.6927]; group-
housed n= 10; dominant n= 12, subordinate n= 12. Comparison of the sensitivity curves of all
three social groups shows that paired-wise interactions had no effect on the response sensitivity
(Figure 7B). The lack of differences in the sensitivity of the escape response in TLN fish
demonstrates the importance of proper visual social cues in regulating adaptive motor behavior.
Social status regulates intensity of skin pigment

Our results show that visual cues play an important role in regulating social interactions,
and disruption of proper visual information weakens social stability and leads to changes in
behavior patterns and escape behavior. This result suggests that perhaps in AB fish body
coloration is socially regulated and potentially serves as a mechanism to communicate social
status. To test this hypothesis, we measured changes in color intensity of AB animals prior to
social interactions (Day 0) and two weeks later (Day 14) (Figure 8). At first examination, we

found that social interactions did not lead to a change in color intensity in dominants but a

34



A Dominant ____ Subordinate

Figure 8. Social status-dependent
regulation of body color intensity in
zebrafish. A)  Representative
examples illustrating changes in
intensity of body coloration.
[lustrations are from of AB
dominant and its subordinate
counterpart on day 0 and day 14 of
pairing. Dashed boxes highlight
analyzed ROIs for color stripes 1
and 2 (scale bar = 125 mm). B) Plot
profiles of the gray-scale intensity of

all stripes and pairs tested. C)

Q
=
o
s
o
©
o
?
>
©
O]

Average change in color intensity

between dominant and subordinate
fish on days 0 and 14 of pairing (n=

7 dominants, n= 7 subordinates).

Gray-scale profile

Length (cm) Length (cm)

|iT

0
Day 0 Day 14 Day 0 Day 14

Average brightness
w
e

decrease in intensity in subordinates (Figure 8A). Subordinates became lighter in coloration. This
was noticeable when comparing the distribution of melanin within the melanophores between
day 0 and day 14 (Figure 8A, subordinate right panel). On day 0, melanin was widely distributed

within the cells preventing the ability to differentiate individual melanophores. However, by day
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14 individual melanophores became more distinct, a sign of aggregation of melanin centrally
within the cells. This is typically indicative of a decrease in color intensity. To verify this result
we calculated the gray-scale intensity profile for each ROI (Figure 8A, dashed boxes). Intensity
plot profiles showed significant differences in intensity patterns between dominants and
subordinates after two weeks of interactions (Figure (8B, C). Dominants became increasingly
darker with a tighter intensity profile distribution, while subordinates became lighter with a
widely varied intensity profiles (Figure 8B). At day 0 color intensities did not differ between the
two social groups (Figure 8C, Dom= 7, Sub = 7; Wilcoxon signed rank test, two-tailed, P=
0.4263). However, the change in color intensities after two weeks became more pronounced and
statistically significant (Figure 8C, Avg. gray intensity day 0: Dom=31.12 + 5.2; Sub=37.9 +
6.1. Avg. gray intensity day 14: Dom= 20.6 + 3.3; Sub=44.8 &+ 8.7. Wilcoxon signed rank test,
two-tailed, P= 0.0023). A closer examination revealed that 6/7 dominants increased their color
intensity (Wilcoxon singed rank test, two-tailed, P=0.0166); while 4/7 subordinates showed a
decrease in intensity (Wilcoxon singed rank test, two-tailed, P=0.1726). Moreover, pairwise
comparison of the average change in intensity indicated that dominants were darker in intensity
than their subordinate counterparts (5/7 pairs). These differences were not intrinsic because
intensities were similar prior to pairing, and differences only emerged because of social
interaction to denote social status.

To validate this result, we paired AB with TLN fish. We predicted that if the lack of body
coloration serves as a cue of social subordination, then AB fish would be more likely than TLN
to be dominants. Indeed, we found that AB and TLN fish form stable social relationships in
which on average AB fish are more likely to dominate their TLN counterparts (9/12 pairs AB

were dominant; 3/12 TLN were dominant). These dominance relationships tended to be strong
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and quick to form evident by the fact that dominance was formed by day 1 (data not shown), and
nearly half of the TLN animals (4/9, 44%) were killed by their AB counterparts during the first
week of pairing. This result was concordant with strong territorial displays by AB fish that
limited the swimming behavior of TLN fish to only one corner of the arena. Taken together, our
results suggest that pigment coloration in zebrafish is plastic, socially regulated, and it serves as
a behavioral mechanism to convey information of one’s social rank.
Discussion

Our results show that proper visual signals play an important role in social regulation in
zebrafish. We demonstrated that the lack of proper visual displays not only leads to frequent
social reversals but also affects the activation pattern of motor behavior. TLN zebrafish that lack
striking skin coloration form unstable social relationships and display different escape and swim
behavioral patterns compared to AB fish. Although the aggression level and pattern of social
interactions was like that of AB, social relationships reversed at least once 37.5% of TLN pairs
(Figure 5). As animals engage in agonistic interactions, they are relying on many different types
of social information to assess their opponents’ strengths. Absence of key visual signals prevents
the fish from fully accepting their opponents’ dominance. Our results support this notion because
improper visual cues in TLN fish led to continued competition for dominance, whereas AB fish
quickly established stable relationships. Although a significant number of TLN pairs failed to
form stable relationships, the remaining 62.5% did, which suggests that other pertinent factors
such as body size, pheromones and inherent motivational differences may compensate for the
loss in proper visual cues.

In many social animals, proper assessment of the strength and aggressive motivation of

an opponent determines the outcome of agonistic interactions (Huber et al., 1997; Issa et al.,
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2012). Moreover, with frequent encounters “winner” and “loser” effects develop and shape the
outcome of future interactions (Oliveira et al., 2011). If lighter body coloration serves as a signal
of social subordination as our data suggests, then it is of no surprise that TLN pairs showed
frequent social instability due to the incongruent social messages’ opponents were experiencing,
pale coloration as a signal of subordination is inconsistent with displays of aggressive behavior.
Conversely, when AB and TLN fish were paired, the exaggerated signal of social subordination
(paleness) of the TLN fish was likely to have influenced the aggressive state of their AB
counterparts and increased their motivation to fight and win subsequent encounters. The induced
“winner” effect in AB fish explains the results showing quick dominance formation, higher
probability of AB fish to dominate and kill their TLN counterparts, a phenomenon that is rarely
observed among AB fish.

The frequent social instability in TLN pairs was evident in the lack of differences in
swimming activity and territorial behavior typical of AB zebrafish pairs (Figure 6). Within few
days of pairing, AB subordinates displayed a strong preference for the bottom corner of the
housing tank as a form of shelter and/or avoidance strategy of their dominant counterparts
(Figure 6A). However, subordinate TLN fish did not display place preference, and their swim
pattern overlapped extensively with that of dominants (Figure 6B). In addition, while AB
subordinates decreased their swimming activity compared to dominants and group-housed fish,
TLN subordinates swam as frequently as dominants; this includes TLN subordinates of pairs that
formed stable social relationships. This suggests that the individual behavioral components that
constitute submissiveness can be independently regulated. In the present case, although TLN
subordinates reduced their aggressive behavior, they did not reduce their swimming as was

observed in AB subordinates. This suggests that aggression by dominants is necessary to
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establish a social order and reduce subordinates’ aggressive behavior. However, aggression alone
is insufficient in changing the swimming behavior pattern, which may require additional visual
cues to engage specific decision-making circuits responsible for suppressing the swimming
circuit.

TLN zebrafish showed no status-dependent difference in the sensitivity of escape
response to auditory stimuli (Figure 7). This was in stark contrast to ABs in which the sensitivity
of the escape response of subordinates was significantly enhanced compared to dominants, and
in contrast to previously reported observations showing status-dependent differences in M-cell
sensitivity in cichlids (Neumeister et al., 2010; Miller et al., 2017). One possible mechanism that
may explain this difference between AB and TLN animals is that integrated visual signals from
the optic tectum differ in the neural message relayed to decision-making circuits including the
hypothalamic dopaminergic neurons known to modulate the excitability of the M-cell (Mu et al.,
2012). How the optic tectum processes, integrates and relays information relevant to body
coloration is not known. It is likely that changes in body coloration may alter neuromodulatory
release and excitability of downstream motor circuits such as the M-cell escape and swim
circuits. It is noteworthy that the sensitivity of the escape response of all TLN fish, regardless of
social status was moderately elevated and comparable to that of AB subordinate fish. Although
we have no direct evidence, the instability of social relationship between TLN fish may lead to
an increase in stress levels due to the mismatch in social signals. If so, then it is expected that
stress hormones can modulate the activation threshold and excitability of spinal motor circuits in
a social status-dependent manner. Indeed, in goldfish cortisol application increases M-cell
excitability by increasing M-cell input resistance and the magnitude of M-cell postsynaptic

potentials by reducing the strength of local feed-forward inhibition inputs (Bronson and Preuss,
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2017). Moreover, exposing zebrafish to unpredictable chronic stress increases their cortisol
levels and alters their swimming activity (Manuel et al., 2014). Taken together, this evidence
lends credence to our results that proper visual displays are important in social regulation and
activation of spinal motor circuits, and disruption of visual information can have profound
impact on the dynamics of social interactions and nervous system function.

Status-dependent differences in the intensity of body coloration in AB animals suggest
that color plasticity is an adaptive strategy and is evidence that social displays can act as a
modulator for behavioral motor output. Without the ability to visually display one’s social rank,
TLN zebrafish are unable to successfully prioritize adaptive behaviors. This could be either due
to a lack of stability of dominance relationships, or a disruption of the neuromodulatory signaling
pathways that rely on the processing of visual information between members of a social group.
The interplay between visual information and neuromodulation of motor circuits is not well
understood. However, there is strong evidence showing that visual information activates
dopaminergic brain nuclei known to modulate spinal motor circuits such as the escape and swim
circuits (Mu et al., 2012). It is unlikely that only one neuromodulator predominates any one
neural circuit. Rather, it is probable that excitatory and inhibitory inputs converge and prime the
activation of motor circuits in a socially adaptive manner (Petrov et al., 1991; McLean & Fetcho,
2004; Moly & Hatta, 2011; Bacque-Cazenave et al., 2013, Pantoja et al., 2016). Investigating the
social status-dependent changes in these signaling pathways would be a step forward for an
improved understanding of the effects of social status on nervous system function.

It has not escaped our attention that our results potentially have broader implications on
many zebrafish studies in which genetically engineered lines are used. In this context, utilization

of different phenotypic morphs to investigate brain function, particularly studies that examine
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motivated behavior, should be put in context of the animals’ early development and social
environment to avoid confounding results. While investigating shoaling behavior of AB and
Nacre unpigmented zebrafish, Engeszer demonstrated the importance of early life experience on
the preference of shoaling behavior at adulthood and determined that shoaling with similar color
morph fish is not innate, rather it is learned (Engeszer et al., 2004). Our results extend on their
analysis and show the implications of visual displays in regulating motor behavior patterns.
However, how disruption of proper visual social cues affects the activation patterns of other
brain circuits involved in motivated behavior remains unknown. Therefore, we caution that the
life social history should be central in the design and interpretation of results when

morphologically engineered zebrafish are used to study the neural bases of behavior.
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CHAPTER 3: THE ROLE OF slc6a3 AND drdib IN REGULATING SOCIAL DOMINANCE
AND MOTOR BEHAVIORS
Introduction
Social dominance relationships are ubiquitous across various species to facilitate

evolutionary success (Dreher & Tremblay, 2017). Many of the underlying neural circuits
responsible for the establishment of social dominance, such as the ventral tegmental area
(Groppe et al., 2013), the nucleus accumbens (Shan et al., 2022), and the amygdala (Fried et al.,
2001), consist of dopaminergic (DA) signaling. Our lab is motived to understand whether there
are status-dependent changes in proteins within the DA signaling cascade and if these changes
are a consequence of social dominance or instead influence social rank during pairing. Using
zebrafish, we find that two proteins, Dat and Drd1b show status-dependent expression. We
hypothesized that changes in protein expression of these two proteins are a result of social
dominance rather than a contributing factor to who becomes subordinate. We find that neither
decreased expression of Dat nor Drd1b influences establishment of stable social dominance.
Further we show that that these two mutations independently alter motor behavior to resemble a
subordinate phenotype.

As a social species, zebrafish engage in agonistic interactions to establish a stable
dominance relationship (Miller et al., 2017, Clements et al., 2018). These interactions include
attacks, chases, and retreats between two paired conspecifics (Balph, 1979; Francis, 1984).
Dopamine is a major neuromodulator in regions associated with social dominance relationships,
where multiple components of DA signaling have been implicated in the modulation of
sociability of social aggression. These include presynaptic Dat (Rodriguiz et al., 2004, Adriani et
al., 2010; Enter et al., 2012) and postsynaptic Drd1 (Couppis et al., 2008; Plaven-Sigray et al.,

2014; Yamaguchi et al., 2017; Homberg et al., 2016) and Drd2 (Nikulina & Kapralova, 1992;



Morrison et al., 2015; Mahadevia et al., 2021).Thus, we were interested in probing how social
dominance relationships alter proteins in the DA signaling cascade in zebrafish and further test
whether these changes are a consequence of social dominance or if they influence which animal
becomes a dominant for subordinate.

In this study, we performed qPCR and Western Blot to assess status-dependent changes
in protein expression in the DA signaling cascade. Based off these results we tested whether fish
with a mutation in either slc6a3 or drdi1b formed stable dominance relationships to discern
whether these two genes are important in the establishment of social dominance. If so, we
anticipate seeing an unstable or lack of social dominance in fish with these mutations. Otherwise,
they will form stable dominance relationships comparable to their wild type (WT) siblings and
will suggest that observed expression changes are due to stable dominance.

In addition to the establishment of stable dominance relationships, there is evidence
supporting that social dominance in teleost fish lead to altered escape and swimming behavior
(Neumeister et al., 2010). We will examine whether stable dominance relationships with these
two mutant lines lead to status-dependent escape and swimming behavior differences. Our
results highlight the importance of looking at the potential reciprocal relationship of mutations in
these two genes regarding (1) the establishment of stable social dominance and (2) the effects of
status-dependent locomotor behavior.

Methods
Animal Maintenance

Adult zebrafish (Danio rerio) AB strain of mixed sex were group-housed in 10-liter tanks

(~20 animals) at the core animal facility and kept at a constant temperature at 28°C under a 14

h/10 h light/dark cycle. Fish were fed twice daily with high protein commercial food (Otohime
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B2, Reed Mariculture, CA, USA), and with newly hatched artemia (Brine Shrimp Direct, UT,
USA). All experiments were performed in accordance with the Institutional Animal Care and
Use Committee at East Carolina University.

RNA extraction

RNA extractions were performed using a modified phenol-chloroform protocol using
Trizol reagent. Brains were dissected and placed in a 1.5 mL microcentrifuge tube. Samples were
homogenized by gentle sonication on ice, 400 uL additional Trizol was added, and then samples
were incubated at room temperature for 5 min. 160 uL chloroform was added, and the samples
were mixed. Samples were incubated at 4 °C for 20 minutes with intermittent mixing, followed
by centrifugation. The aqueous phase was transferred to a new, sterile tube, and 500 pL ice-cold
ethanol was added. The sample was loaded onto an RNeasy spin column (Qiagen) and spun.
Samples were washed with buffer RW1, followed by two washes of Buffer RPE. RNA was
eluted with two, 20 uL volumes of RNase-free water into an RNase-free microfuge tube. RNA
extracts were quantified by Nanodrop 2000 (Thermo), and then stored at -80°C until ready to
use.

RT synthesis of cDNA stocks: Qiagen’s QuantiText Reverse Transcription Kit was used
for cDNA synthesis of RNA extracts. RNA was brought to a volume of 12 pL with RNase-free
water, and to eliminate any DNA contamination, 2 pL Qiagen gDNA wipeout buffer was added
and samples incubated at 42 °C for two minutes. Samples were incubated at 42°C for 30 mins for
cDNA synthesis, then three minutes at 95°C for enzyme deactivation. Samples were brought up
to a final RNA concentration of 10 ng/ nL with RNase-free water and stored at -20°C until ready

for qPCR.
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gPCR primer design and validation: Primers were designed using NCBI Primer-BLAST
software. All primers were designed to span an exon-exon junction, minimize secondary
products, produce an amplicon of 75-150 bp, and have an annealing temperature of 60-67 °C.
Primers were validated to confirm amplicon size, and to determine ideal primer concentration for
gPCR reactions. 20 uL PCR reactions were run using GoTaq Flexi DNA Polymerase Reagents
from Promega. Primer pairs were assessed at concentrations of 500, 750, and 900 nM final
concentrations for amplicon amounts, and the presence of primer-dimer secondary product.
Samples were run on 2 % agarose gels containing 0.5x GelRed for visualization under UV light,
and pictures were taken with Alpha Innotech’s FluorChem 8900 gel imaging system. Working
primer concentrations were determined to be: 500 nM for all primer pairs.

qPCR primer efficiency determination: Standard curves for primer efficiencies were
prepared using an initial cDNA amount of 30 ng total cDNA, then 1/10 dilutions were prepared.
20 pL reactions of each cDNA amount and each primer pair were run in triplicate on a 96-well
PCR plate from Applied Biosystems. Primer pairs were used in predetermined optimal
concentrations, and 10 pL 2x Applied Biosystems Fast SYBR green reaction mix was added for
a total volume of 20 pL. Real-time PCR reactions were run on an Applied Biosystems
Quantistudio 12k Flex Real-Time PCR System for Ct determination. Primer efficiency standard
curves were prepared using the Quantistudio 12k Flex Real-Time PCR System software and are
reported in Table 2.

qPCR reaction protocol: qPCR reactions were run using Applied Biosystems Fast SYBR
Green Master mix, using Applied Biosystems Quantiostudio 12k Flex Real-Time PCR System.
96 well plates were used with duplicate technical replicates, and 20 pL reactions were prepared.

SYBR green detection occurred during each cycle's amplification stage. Passive reference dye
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ROX was used for volume standardization. All samples were compared to internal housekeeping
gene actb?2 for normalization, and isolate fish served as a biological control. Three biological
replicates of each social group (Dominant, Subordinate, and Isolate) were analyzed on each 96-
well plate. Multiple 96-well plates were run so that each gene had n=10.

gPCR data analysis: qPCR data was analyzed using the comparative AACt method. Ct
values were determined for each gene of each biological replicate, and experimental genes were
compared to internal housekeeping gene actb?2 for determination of ACt values. AACt values
were determined by normalization of dominant and subordinate social groups to social isolate
controls, and fold-change was determined from AACt values using the appropriate primer
efficiencies. Fold-change values were transformed to a log base 2 scale for graphing and
statistical analysis. Individual gene’s fold changes were analyzed for significance by two-sided
one sample t-test from a theoretical mean of 0, while fold changes between social groups
(dominant and subordinate) were analyzed using a two-sided Wilcoxon signed rank test, o =
0.05.
Western Blot

For western blot analysis, 4 separate western blot trials were conducted with 10 brains
per trial for each social phenotype except for s/c6a3 in which an additional trial was conducted
(n=5). Zebrafish were anesthetized with 0.02% MS-222 (1 min) then placed in iced water
(10min). Brains were dissected out, placed in a 1.5 mL microcentrifuge tube, and stored at
—20°C until use. Then they were prepared using the total membrane isolation protocol. Brains
were homogenized in 1 ml of resuspension buffer: 2.5 ml 2 M Sucrose, 2 ml 10x 10 mM Tris-

HCI, 400 uL 0.25 M EDTA, 40 ul 20x protease cocktail inhibitor. The homogenized brains were
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centrifuged (2,000 rpm, 4°C, 10 min) followed by ultra-centrifugation (37,000 rpm, 4°C, 60
min). Protein sample concentrations were determined with a Lowery protein assay.

For western blots, 10 ug of each protein sample was denatured using 4X buffer
containing 10X reducing reagent at 70°C for 10 min and loaded onto a Mini-PROTEAN®
TGX™ Precast Protein Gels (Bio-Rad, Hercules, CA) and run ~120min at 60V. The proteins
were transferred to a 0.2 um nitrocellulose membrane using Trans-Blot® Turbo™ RTA Mni
Transfer Kit (Bio-Rad, Hercules, CA). The membrane was blocked with PBS containing 5%
(w/v) nonfat dry milk and 0.1% (v/v) Tween 20 for 1 h at room temperature and then incubated
with primary antibodies overnight at 4°C. After three washes with PBS containing 0.1% (v/v)
Tween 20, the membrane was incubated with HRP-conjugated goat anti-mouse or goat anti-
rabbit [gG (Cell Signaling) secondary antibody for 1 hr. After washing, protein detection was
performed using Horseradish peroxidase (HRP) Detection kit (SuperSignal™ West Pico, Thermo
Fisher Scientific) and visualized using the ChemiDoc Imaging System (Bio-Rad). Bands were
quantified with ImageLab software and normalized to B-actin (Bio-Rad, Hercules, CA). Primary
antibodies used were as follows: mouse anti-DRD1 (1:500 Novus Biological), Rabbit anti-DAT
(1:500 ProteinTech Group Inc.), B-actin (1:1000 Cell Signaling).

Design of slc6a3 gRNA for CRISPR/Cas9

We identified 5’GG(N15)-NGG3’ target sequence in exon 3 of s/c6a3
(GGATCCACTGCAACAACACCTGG) (Figure 1). The target oligonucleotide was designed
with the intention of disrupting the BamHI restriction site (ssGGATCC') for easy identification
of mutation by restriction digest. Synthesis of single guide RNAs (sgRNAs) were based on a
protocol described previously (Jao et al., 2013). Cas9 protein was ordered from ThermoFisher

(Cat#A36496).
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Use of drd1bh mutant line

Sanger-generated drd1b**/%#7% that results in a G>A point mutation at Chr 9: 54418464
and a premature stop codon (Busch-Nentwich et al., 2013) were generously gifted from Dr.
Teresa Nicolson’s lab. For this dissertation, homozygous mutants, drd1b**/5470, will be notated as
drd1b", heterozygous siblings, drd1b**'*76/drd1b*, will be notated as drd1b*”, and WT
siblings, drd1b*, will be notated as drd1b*’*). Protein nomenclature follows the ZFIN
nomenclature guidelines: Drd1b. Without proper confirmation of protein expression changes, all
results are discussed in genomic context rather than protein expression. Further experiments need
to be done to confirm changes in protein expression in drd1b” compared to drd1b™**) controls.
slc6a3 mutant line construct

To generate a founder line (Fo), embryos were collected within 10 minutes of natural
spawning of in-crossed WT fish. Eggs were microinjected at one or two-cell stages.
Approximately 100 ng/ul of sgRNA and 1 ng/ul of Cas9 protein were co-injected into the eggs
using a capillary micropipette. To measure efficiency and lethality, a subset of sibling embryos
that were not microinjected were used as controls. At 2-5 days post fertilization (dpf), 30
embryos of either injected or control fish were placed in 30 ul of 50 mM NaOH and were
dissolved by placing samples into a thermocycler (Mastercycler Nexus Gradient) at 99°C for 15-
minutes. Genomic DNA was amplified using Polymerase Chain Reaction (PCR). A mutant-
specific primer was designed according to the mutated gene of interest (s/c6a3-Forward-5’-
TTTATGAGGCGTGGGCTTCA-3’; sic6a3-Reverse-5-GGGCAAATGTCCCCACAAGT-3’;
drdlb-Forward-5’-CCTGTGGCCATTATGCTGGT-3’; drd1b-Reverse-5’-
AGCAAGATGGAGAATGC-3’). The PCR program was optimized for efficient identification of

the mutation of interest using MyTaq Red 2x Mix (BioLine Cat #BI1O-21108). Initial
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denaturation of 94°C for 1 minute, followed by 35 cycles of denaturation at 95°C for 15 seconds,
annealing at 55°C for drd1b or 60°C for sic6a3 for 15 seconds, extension at 72°C for 10 seconds
followed by an additional extension at 72°C for 5 minutes. Mutation rates were estimated based
on comparing undigested PCR product to digested PCR product using a BamHI restriction
endonuclease (ThermoFisher Cat#FD0054). The remainder of the clutches were raised to
adulthood.

The remainder of the Fo generation of injected fish were outcrossed to WT fish. To
identify specific induced mutations, fins of 2-month-old fish (WT and microinjected) were
clipped and placed in 50 ul of 50 mM NaOH. Genomic DNA was extracted from these samples
by placing them in a thermocycler at 99°C for 15 minutes. Dissolved samples were run through
the PCR protocols described above, followed by restriction digest using BamHI. PCR samples
were purified and ligated into a TOPO-TA cloning vector and transformed. Cells were plated on
bacterial agar plates containing ampicillin and colonies were picked, grown overnight, purified,
and sent for sequencing. Mutated and WT sequences (Figure 1) were compared, and a 95 bp
overall change was identified. This mutant line is being registered with ZFIN as a CRISPR-
slc6a3 with the university identifier of ecu20. For this dissertation homozygous mutants,
slc6a3°c?7¢u20 will be notated as slc6a3~ and WT siblings, slc6a3*, will be notated as
slc6a3*". Protein nomenclature for sic6a3 follows the ZFIN nomenclature guidelines: Dat.
Without proper confirmation of protein expression changes, all results are discussed in genomic
context rather than protein expression. Further experiments need to be done to confirm changes
in protein expression in slc6a3” compared to slc6a3** controls.

Social Dominance Formation and Quantification
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Sexually mature adult males (4-12 months of age) for each genotype (slc6a3~ and
slc6a3"; drd1b™” and drd 1) were isolated for one week to establish a baseline among all
individuals. After isolation, males were age- and size-matched for a two-week pairing period.
during which pairs were filmed daily for 5 minutes using a Canon Camcorder (Digital video
ZR500) to monitor changes in tank territorial preference and to quantify number of attacks from
each fish during social dominance formation. Dominance rank (social dominant or subordinate)
was assigned based on the total number of attacks and retreats quantified for each fish over the
two-week pairing period. Fish with more frequent and consistent attacks were determined as
dominants, while fish with more retreats were assigned subordinate status. If there were switches
or inconsistencies between which fish attacked or retreated on any given day throughout the
pairing period, fish that attacked more on the final day were assigned dominant and it was
marked that the pair was not stable.

Heatmap Generation

To determine place preference in the pairing tank, the daily 5-minute videos were
analyzed. Interactions during the video period were removed using Adobe Photoshop, and the
video was rendered into an image sequence using 4500 frames at a 4 frame-per-second (fps).
Movement of each fish was analyzed using the ImageJ tracking software RRID:SCR 003070
Manual Tracking plugin as described previously (Miller et al., 2017). Using motion tracking
coordinates, stat_density 2D plots were generated using the ggplot2 package in RStudio.
Measuring Escape Behavior

After the pairing, fish were temporarily separated, and behavioral testing was performed
sequentially to measure the effect of social status on short-latency escape response. Each fish

was placed in a testing chamber (dimensions: 11 x 4 x 3cm) filled with double distilled water
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having a resistance of ~15 MQ e cm. High resistance water increases signal to noise ratio and
was shown to have no adverse effects on the health of the fish*®. A pair of conductive electrodes
placed on either side of the chamber recorded the electric field potentials. Bare electrodes were 1
mm in thickness with 3-5 mm metal exposure. Electrodes were connected to an AC differential
amplifier (AM-Systems model 1700, Carlsborg, WA USA), allowing the amplification of signals
1000-fold. Electrical signals were low-pass filtered at 300 Hz and high-pass filtered at 1 KHz.
Signals were digitized using a Digidata-1322A digitizer and stored using Axoscope software
(Molecular Devices, Inc., Sunnyvale, CA, USA). The animals were acclimatized for 30 minutes
before behavioral testing was initiated.
Measuring Swimming Behavior

Following the 30-minute acclimation period in the setup described above, the animal’s
spontaneous swimming behavior was recorded for 1 minute. Swimming activity was measured
by counting swim bursts with Clampfit software. The “Threshold” function was used for this
purpose. A swim potential was marked as a swim burst if it was at least 8 mV in total amplitude
and 30-200 ms in duration (Miller et al., 2017). The swim burst onset was tabulated into a

Microsoft Excel spreadsheet and results were plotted using Prism (GraphPad) software.
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Figure 9. Experimental setup for social dominance and escape testing. (A) Social
dominance formation and video collection. (B) Analysis of dominant and subordinate
place preference in the pairing tank via motion tracking. (C) Escape probability setup.
(D) Representation of the auditory-stimulated M-cell escape response.

Data Analysis and Statistics

Statistical analysis for attacks and escape behavior were done in RStudio using the
following packages: gt, tidyverse, gridExtra, betareg, and rstatix (RStudio Team, 2011). Attack
plots were made in RStudio using the ggplot2 package. Swimming data was analyzed using
GraphPad software (GraphPad Inc., San Diego, USA) and IBM-SPSS (RRID:SCR_002865.
Results
slc6a3 and drdlb expression are downregulated in subordinates

To determine the effects of social status on DA signaling and spinal motor activity, we

measured changes in expression patterns of genes involved in DA signaling. We found that
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expression of drd1b was significantly reduced in subordinates relative to dominants and control
isolates (Figure 10A). Conversely, levels of dopamine reuptake transporter (slc6a3) were
significantly elevated in both dominants and subordinates compared to control isolates and the
increase in s/c6a3 expression was significantly different between dominants and subordinates.
Dat and Drd1b protein levels are decreased in subordinates compared to dominants
Western blot analysis of protein expression mirrored our qPCR results, where Drd1b
protein expression was decreased in subordinates compared to dominants, while differences in

Dat protein expression between dominants and subordinates were less obvious (Figure 10B).
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Figure 10. slc6a3 and drd1b expression is decreased in subordinates compared to
dominants. (A) Expression of DA pathway genes in whole brains (n=10 pairs) by qPCR
using the AACt method. actb? is used as an internal reference gene, and expression from
social isolates (n=10) used for standardization. Bars represent mean and SEM. Fold
changes transformed to a log base 2 scale for statistical analysis and more accurate
representation of expression change data. Zero indicates no change in gene expression
relative to isolate control. (B) Western blot analysis of Drd1b receptor and Dat with [3-
actin serving as a control. Protein expression of dominants, subordinates were
normalized to WT group-housed controls as a ratio (illustrated below each band). Bar
graphs represent average percent change in protein concentration of four replicates of
samples (Drd1b) and five replicates of samples (Dat). Each replicate consisted of 10
brains normalized to WT group-housed fish.
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These results prompted us to test genetic knockout fish to explore whether these expression
changes influence social dominance or are a consequence of social rank.
Establishment of s/lc6a3 mutation in Zebrafish

A sic6a3

A M

< sic6ad-201 - ENSDART00000129303 protein coding

M

15s2k0

B CRISPR-Cas9 target sequece and primer sequences
caagtgtgtgatgcagtttgtgaatgttcattggaatgacggatttggggaacagcaaatcaacaaacgctgtaacgacagaactt
gtgacctcagttggccagegatggttttgggaaacgetecectgatgagttgttettacagecaccagtgtgtgtttgactgaggty
tgtgttgtftratcagGCGIGGECTICALGGTGATCCTGAT CTCGCTGTATGTGGGCT TCTACTACAACGT GATCATCGCCTGGGE
TCTGTTTTACCTGTTCTCCTCCTTCTCCGGGGAGCTGCCCT GAACAGCCCCAACTGCTCCGACC
TCAACGCCACGCTGCTCAACGACACGTACAAGACCACGCCCGCGCTCGAGTACTTCGAgtatgttcaacacaccacacacacacac
acacacacacacacacacacacacacacacacacacacacacacacacacacactgtttgtactgtcacttcacaatcttttatte

tgactgaattatcaaataaaatgtcecccataaggttaaattaactggtaatgetaticttgtggggacatttgeecfpatagtgtaa

taccata

C slc6a3~) mutation: -6bp + 100 bp + T>A D BamHI Enzyme Digest
slc6a3+*) I i i
BGEEE TG aTCCHACTEoRR
slc6a3)
EEEEEEAAACARACAAAACAAACAAGAAACGCCAATCAAAACCAAACAAAAGACATC B
ARAAC. GAAAC. CAAAAAC. ATAA CATCA. C AAAC. SICGaS(Vﬂ S/C683(‘/') SIC683H')

E Protein alignment of sic6a3** vs. slc6a3"

slc6a3™ 1 MPMLRGRPAVTHTRTRTHTHMSSVSGSSSAAGPREVELVLVKEQNGVQFTSSSLRNPGAHSHTHTHTHTHPSGQQRETWG 80
slc6a3 1 MPMLRGRPAVTHTRTRTHTHMSSVSGSSSAAGPREVELVLVKEQNGVQFTSSSLRNPGAHSHTHTHTHTHPSGQQRETWG 80

slc6a3™ g1 KKIDFLLSVIGFAVDLANVWRFPYLCYKNGGGAFLVPYLLFMVIAGMPLFYMELALGQYNREGAAGVWKICPIFKGVGFT 160
slc6a3 81 KKIDFLLSVIGFAVDLANVWRFPYLCYKNGGGAFLVPYLLFMVIAGMPLFYMELALGQYNREGAAGVWKICPIFKGVGFT 160

slc6a3*” 161 VILISLYVGSYYNVIIAWALFYLFSSFSGELPWIHCNNTWNSPNCSDPNATLLNDTYKTTPALEYFERGVLHVH - ————— 234
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slc6a3*?) 235 —meeeeo ESSGIDDLGAPRWQLTACLAVVIVVLYFSLWKGVKTSGKVVWITATMPYVVLTVLLLRGVTLPGAIDGIKAYL 307
slc6a3®) 237 LRPQRHAAQRHVQDHARARVLRAGCSAC 265

slc6a3**) 308 SVDFLRLYDAQVWIEAATQICFSLGVGFGVLIAFSSYNKFSNNCYRDAIITSSINSLTSFFSGFVIFSFLGYMSQKHNVA 387
slc6a3*

slc6a3**) 388 LDKVATDGPGLVFIIYPEAIATL WAVIFFIMLLTLGIDSA VITGLIDEFKFLHKHRELFTLFIVVSTFL 467
slc6a3)
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slc6a3*)
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Figure 11. Establishment of s/c6a3 mutant. (A) protein coding sequence of sic6a3 (B)
Target region for CRISPR on exon three. Green indicates guide sequence. Red indicates
Cas9 site. Boxed sections represent fwd and rv primers. (C) Comparison between WT
and slc6a3 sequence at mutation site. There was a deletion of 6 bp of the BamHI site,
insertion of 100 bp, and a point mutation T>A. (D) Enzyme digest for identifying WT,
heterozygous, and homozygous mutants. (E) Protein alignment between WT and slc6a3
’) that results in early stop codon at AA265.
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To test whether a mutation in s/c6a3 can alter the establishment and maintenance of
social dominance relationships, we used CRISPR/Cas9 to generate a slc6a3 mutant line by
targeting the third exon of sic6a3 (Figure 11A, B). This induced an overall 95 bp insertion (101
bp insertion with the 6 bp BamHI restriction site deleted and a T>A point mutation at the
beginning of the gRNA target sequence) (Figure 12C). Fish were identified using an enzyme
digest for BamHI (Figure 11D). Overall, this mutation leads to an early stop codon at AA265
(Figure 11E). However, confirmation at the protein level is still needed.
slc6a3” leads to a stable social dominance relationship

To test whether presumed decreased Dat via slc6a3” leads to an unstable social
dominance relationship we measured the number of agonistic interactions and swimming
patterns between paired male mutants (Figure 12A, B). As with slc6a3* controls, slc6a3("
showed a stable social dominance relationship that was formed on day of pairing and lasted
throughout the observation period, (Figure 12A, B). Further, slc6a3~ showed no significant
differences in aggression level as determined by the number of attacks over the 14-day pairing
period compared to slc6a3*"* controls according to Welch’s t-test, t (162.83) = -1.88, p = 0.06
(Figure 12C). Although not statistically significant, a higher sample size could yield significant
differences in aggressive behavior between sic6a3” and slc6a3™*. However, these results
suggest that slc6a3~ does not alter the establishment and stability of social dominance.
drd1b” leads to a stable dominance relationship

To test whether drd b influences the establishment and maintenance of social
dominance relationships, we tracked the agonistic interactions between paired drd1b, as well
as drd1b™*) (Figure 12D, E) and drd1b*" siblings (data not shown). As with drd1b** siblings,

drd1b" formed social dominance relationships on day one and remained stable over the 14-day
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pairing period (Figure 12D, E). When compared to drd1b™* sibling controls, drd1b” showed

no difference in the number of attacks over the paring period according to Welch’s t-test, t
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Figure 12. Social dominance formation comparison between slc6a3”, drd1b” and WT
siblings. (A-B) Total number of attacks by dominants and subordinates from both
slc6a3") and slc6a3", over the 14-day pairing period. Both sic6a3*"* and slc6a3",
presented stable dominance with no switching of dominance ranks during pairing (C-D)
Total number of attacks by dominants and subordinates from drd b and drd1b"”
over the 14-day pairing period. Both drd b~ and drd1b*" siblings exhibited stable
dominance.
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(70.89) = -1.00, p = 0.32 (Figure 12F). These results suggest that a mutation in drd1b does not
influence the formation of social dominance relationships.
slc6a3" fish show altered place preference in pairing tanks

During initial observations of group-housed slc6a3’” we noticed an obvious swimming
phenotype, in which shoaling fish exhibited bottom-dwelling behavior consistent with previous
findings (Kacprzak et al., 2017). Given that WT zebrafish display a clear status-dependent
place preference (Miller et al., 2017), we were interested in determining whether a mutation in
slc6a3 would affect place preference. Thus, we conducted motion tracking analysis and
measured the XY coordinates of both group-housed and paired fish in their pairing tank on Day 0
and Day 14 post-pairing (Figure 9B). We observed that place preference differed between
slc6a3 and slc6a3"" controls on Day 0 (Figure 13A, B), where slc6a3(/” fish presented
extreme bottom-dwelling behavior. Further, we see that stable dominance on Day 14 does not
alter this bottom-dwelling behavior (13C, D). These results suggest that a mutation in slc6a3
alters the exploration of the tank, which is not altered by stable dominance.
drdI1b“” show no difference in place preference compared to drd1b*""

To determine whether drd1b expression regulates place preference behavior in adult
zebrafish, we compared place preference between drd1b” and drd1b** at Day 0 and Day 14
of pairing by measuring the animals’ XY coordinates on Day 0 and 14 post pairing. On both Day
0 and Day 14, there was no difference in preference between drd b~ and drd1b™* (Figure
13E-G). drd1b"” showed healthy exploration of the tank before social dominance, and then
shifted preference once dominance was established. These results suggest that a mutation in

drd1b does not alter exploration and place preference in the tank compared to drd1b%.
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Figure 13. Comparison of place preference in pairing tanks between slc6a3, drd b
and WT siblings. (A-D) Representation of swimming activity between dominants and
subordinates on Day 0 and Day 14 of pairing between slc6a3” and slc6a3** siblings.
(E-H) Comparison between drd1b~ and drd1b™™" place preference on Day 0 and Day
11

slc6a3” show no differences in escape activity compared to slc6a3™" siblings
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Previously, we showed that the startle escape response is socially regulated (Miller et al.,
2017). The sensitivity of the M-cell escape response was enhanced in subordinates compared to
dominants. Since slc6a3~ showed stable social dominance relationships, but altered place
preference in the pairing tanks, we wanted to determine whether this mutation influenced escape
response probability and how that might change because of stable dominance. To test this, we
placed individual fish of either group-housed, dominant, or subordinate social status into a small
testing chamber with two recording electrodes that allowed the detection of far-field muscular
potentials during escape and swimming activities (Figure 9C, D). We saw that group-housed
slc6a3 showed no difference in escape probability compared to slc6a3*"* controls (Figure
14A). We ran a generalized linear model regressing response probability against decibel level
between slc6a3” and slc6a3"* groups where there was no significant difference in escape
probability between group housed groups based on genotype (p = 0.52). Furthermore, we
observed the same status-dependent shift in escape probability in slc6a3" pairs as was observed
in slc6a3**) control pairs, whereby subordinates show an increased escape probability and
dominants showed no difference in escape compared to group-housed controls (Figure 14B). We
ran a generalized linear mixed model regressing response probability of both genotype and social
status. There was no significant difference between genotype (p = 0.83), but there was
significance between social status (p = 0.01). These results support that a mutation in s/c6a3 does
not alter excitability of escape behavior.
slc6a3” show decreased swimming activity compared to slc6a3*

In WT zebrafish, swimming activity is socially regulated whereby dominants increase
their swimming frequency while subordinates reduce their swimming activity (Miller et al.,

2017). Here, we tested whether a mutation in s/c6a3 affects swimming frequency. Given that
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Figure 14. Escape and Swimming behavior for slc6a3 and slc6a3*"" siblings. Escape
probability between group-housed slc6a3~ and slc6a3"* (A) and
dominants/subordinate slc6a3” and slc6a3™"* (B). (C-D). Raster plots illustrating
individual swim bursts (dots) per fish (row. (E-F) Binned swimming for group-housed
slc6a3” and slc6a3* and binned swimming for dominants and subordinates for
slc6a3” and slc6a3'™.

group-housed and paired slc6a3 fish displayed anxiety-like behavior illustrated in bottom-
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dwelling reminiscent of submissive behavior in WT animals, we postulated that slc6a3( fish
would also show reduced swimming activity as observed in WT submissive fish. Indeed, we
found that in group-housed conditions, slc6a3 fish significantly differed from their slc6a3"
counterparts (Figure 14C, E), where slc6a3’” showed a significant decrease in swimming
frequency (Mann-Whitney Two-tailed test P=0.0327) and that slc6a3"” had zero swimming
activity in 5/11 animals compared to 0/12 in slc6a3"*. However, it appears that social
dominance rescues the swimming frequency of slc6a3” dominants. Results from a factorial
ANOVA show that there is no significance in swimming between genotype, social status, or the
interactions between genotype*social (p =0.17, p=0.67, p = 0.99, respectively). These results
may be skewed by the single instance of a slc6a3” dominant that presented over 200 swim
bursts and was not a statistical outlier via IQR assessment. Taken together, results suggest that a
mutation in slc6a3 regulates swimming locomotor behavior and that it may be altered by social
status.

drdI1b™” show increased escape sensitivity compared to drd1b™ and drd1b™"

Cachope and Pereda previously showed that dopaminergic modulation of M-cell
excitability is mediated through the activation of Drd1 (Cachope and Pereda, 2015). To test
whether a mutation in drd1b affects escape probability, we tested drd b, drd1b™*) siblings,
and drd1b™" siblings. We saw that in a group-housed setting that drd b showed increased
escape sensitivity compared to drd1b*"* controls, whereas drd1b"” siblings showed an
intermediate escape sensitivity (Figure 15A). We ran a generalized linear mixed model
regressing response probability based on genotype. There was no significant difference between
drd1b"” and drd1b™" (p = 0.08), but this non-significant result is due to a small sample size

(drd1b™” n=3 and drd1b**) n =2). This trend suggests that significance may be reached with an

61



increased sample size. In addition there was no significance between drd1b*/and drd 16" (p =
0.33), but again this non-significant result may be due to the small sample size in the drd1b™*
siblings. After social dominance formation, we saw that social dominants in the drd b fish
maintained an elevated escape response probability (Figure 15B). We ran a generalized linear
mixed model regressing the response probability based on genotype and social status and saw a
significant difference in escape response based on genotype (p = 0.0001) and no significance
based on social factor (p = 0.91). This is due to the increased escape response probability of
dominant drd b~ comparable to social subordinates. These results show that although drd 15
does not influence the establishment of social dominance, a mutation in drd b shifts escape
probability to reflect a subordinate phenotype regardless of social rank.

drd1b“” showed decreased swimming behavior compared to drd1b™~ but not drd1b*"*

To test whether a mutation in drdb alters swimming frequency we quantified swimming
frequency of group-housed drd1b”, drd1b*” and drd1b™"* siblings (Figure 15C). We ran a
one-way ANOVA for group-housed drd1b™'*, drd1b™", and drd1b” and saw no significance
(p = 0.06), however, this is likely due to the low sample size. The trend suggests that a higher
sample size would lead to a significant decrease in drd1b”” swimming. The single instance of
zero swimming from one drd1b™* fish significantly shifted swimming analysis for this group.
After pairing, we observed that stable dominance rescued swimming behavior in both drd b
and drd1b” dominants (Figure 15F). A one-way ANOVA resulted in no statistical significance

between social groups and genotypes (p = 0.35). These results support that although Drd1b
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appears to be involved in swimming frequency, that alternate mechanisms may assist in
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overriding decreased swimming once stable dominance has formed.
Discussion

Results from these experiments support the hypothesis that decreased slc6a3 and drdib
expression may occur due to social dominance rather than influencing social dominance. Using a
genetic approach, we observed that mutations in either slc6a3 or drd1b do not regulate social
aggression, dominance formation, and instead, regulate motor activity (escape and swim
behavior) in zebrafish. Mutations in s/c6a3 and drd1b led to a subordinate-like motor phenotype,
resulting in decreased swimming frequency and increased escape sensitivity, respectively.

Both slc6a3(~ agonistic behavior and escape sensitivity is comparable to slc6a3(*/*
controls (Figures 12, 14). Interestingly, we observed differences between slc6a3 and
slc6a3*) in swimming preference in the pairing tank (Figure 13). While slc6a3*/* fish showed
high levels of tank exploration before dominance formation, slc6a3" exhibited bottom-dwelling
behavior. This remains even after the establishment of a dominance relationship (Figure 12C);
where both dominant and subordinate slc6a3"” maintain bottom-dwelling behavior. This
behavior was first described in 2017, where slc6a3” were reported to exhibit bottom-dwelling
and thigmotaxis, reflecting an anxiety-like state (Kacprzak et al., 2017), which was replicated in
an additional group of generated slc6a3” (Wang et al., 2019). Further, slc6a3 led to
decreased tyrosine hydroxylase (TH) expression in regions known for their role in fear response
(Cho & Fudge, 2010) and control of voluntary movement (Hegarty et al., 2013). Yet, our sic6a3
’) line showed a stable dominance relationship with aggressive displays comparable to slc6a3"
siblings. These results support that when paired, alternate neural networks, such as the ventral

tegmental area (Groppe et al., 2013; Solie et al., 2022) and nucleus accumbens (Ikemoto et al.,
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1999; Kohls et al., 2013; Dolen & Malenka, 2014), that are involved in motivated social
behavior may play a larger role in the motivation for forming stable dominance relationships.

We also observed a significant decrease in slc6a3” swimming frequency compared to
slc6a3" siblings (Figure 14), suggesting that dopamine reuptake influences spinal circuits
involved in rhythmic locomotor patterns. Interestingly, 45% of slc6a3(" control fish showed no
swimming, compared to 0% in slc6a3**) siblings (Figure 14C), supporting previous studies that
claim Dat mutants exhibit an anxiety-like phenotype (Kacprzak et al., 2017) In previous studies,
Dat expression has been implicated in many cognitive processes (Rodriguiz et al., 2004, Erixon-
Lindroth et al., 2005; Brehmer et al., 2009), but there is some conflict between the role of Dat on
locomotion. Studies in primates (Yue et al., 2012) and rats (Nikolaus et al., 2014) show that
decreased DAT leads to decreased motor behavior, whereas studies in mice provide evidence
that decreased DAT leads to hyperactivity (Jones et al., 1998; Spielewoy et al., 2009). Our
results provide evidence that a mutation in s/c6a3 leads to decreased locomotor circuit activity in
zebrafish.

In addition to Dat, our study has provided evidence that a mutation in drd /b does not
influence social dominance formation or place preference. Group-housed and paired drd b
showed a WT phenotype in both aggression levels and place preference (Figure 12, 13).
Interestingly, drd1b” showed an increased escape probability regardless of social phenotype
(Figure 14). This escape probability is comparable to drd1b™*) subordinates, where the
underlying motor circuit responsible for the escape response is activated more readily. These
results support that Drd1b expression changes as a function of social subordination.

Although not statistically significant, swimming frequency was also altered in drd b,

where mutants exhibited decreased swimming frequency compared to drd1b*/and drd1b*"
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siblings. We suspect that this lack of significance is due to the small sample size in the drd b
group (n=4), but the results show a clear trend in the reduced swimming frequency between
genotypes. Our results support the notion that decreased Drd1b leads to lowered locomotion in
other species, ranging from the honeybee (Mustard et al., 2010), rodents (Bardgett & Henry,
1999), and primates (Beninger et al., 1991).

In conclusion, although the dopamine pathways have been implicated in social
dominance formation (Qu et al., 2017; Shan et al., 2022), we show that mutations in both slc6a3
and drd1b do not influence aggression or dominance formation in zebrafish. However, this study
highlights key differences between slc6a3~ and drd b regarding motor behavior. slc6a3("
impacts swimming behavior: both swimming frequency and place preference in their housing
tank, while drd1b affects both M-cell escape circuit excitability and swimming frequency.
Taken together, our study has provided evidence that s/c6a3 and drd1b expression is regulated in
a status-dependent manner, and that these changes control locomotor changes observed in
subordinate animals.

Although these results are exciting, it is necessary to confirm altered protein expression
in the slc6a3 and drd b mutants. I would advise that these mutant lines be confirmed at the
protein level through western blot analysis or mass spectrometry to make claims regarding how
differences in protein expression of these mutant lines influence the observed behavioral

phenotypes.

An additional caveat of this study is measuring auditory-evoked escape response
probability for these DA-specific mutations. DA signaling plays a known role in modulating
sensitivity of the auditory pathway (d’Aldin et al., 1995; Darrow et al., 2006). Initial

investigations in the guinea pig provided evidence that both DRD1 and DRD2 receptors led to an
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inhibition of the afferent dendrites that synapse onto hair cells (Oestreicher et al., 1997). Further
investigation supports the inhibitory neuromodulatory effects of DA via DRD1 and DRD2 on
auditory nerve activity (Ruel et al., 2001; Sun & Salvi, 2001; Perelmuter et al., 2019). An
additional study, however, suggests that DRD1 enhances the probability of depolarization of
these cells in response to auditory stimulus in guinea pigs (Niu & Canlon, 2006). This study used
the DRDI1 antagonist, SKF-83566, which has been shown to also inhibit DAT and impact the
levels of DA in the synaptic cleft (Stouffer et al., 2011). Interestingly, in studies performed in
mice and larval zebrafish, provide evidence that decreased DRD1/Drd1b activity led to increased
excitability of the auditory system (Maison et al., 2012; Toro et al., 2015). Our drd1b fish
show enhanced auditory-evoked escape probability, which supports what is known about the
effect of DRD1 on auditory nerve fibers in guinea pigs, but not in larval zebrafish or mice
studies. To tease apart how the auditory pathway is altered in our drd b fish, I would suggest
to record from the hair cells in this mutant line in larval and, if possible, adult fish. This would
provide us with information on how this chronic loss of drd1b influences this sensory pathway in

addition to acute changes in Drd1b activity as seen in pharmacological studies.

In addition to post-synaptic receptors, pre-synaptic DAT activity is reported as essential
for the maintenance of spontaneous activity of auditory nerves as well as in their response to
sound stimulation (Pogarell et al., 2004; Ruel et al., 2006). Our slc6a3" fish showed no change
in auditory evoked escape response compared to slc6a3"* siblings. These differences may be
due to chronic loss of Dat in the slc6a3¢ fish, and thus, looking at other mechanisms for DA
clearance in the slc6a3" fish would allow for a better understanding as to why our fish

displayed no change in response probability because of auditory stimulation.
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CHAPTER 4: SOCIALLY MEDIATED SHIFT IN NEURAL CIRCUIT ACTIVATION
REGULATED BY SYNERGISTIC MODULATION
Introduction

Social status-dependent modulation of neural circuits has been investigated extensively in
vertebrate and invertebrate systems (Edwards & Kravitz, 1999; Whitaker et al., 2011). Social
factors can shift the balance between behaviorally relevant outputs by modulating the excitability
of individual underlying neural networks. However, the effects of social status on the interplay
between multiple neuromodulatory networks responsible for balancing the excitation of
behaviorally relevant output remains uncharacterized. Using zebrafish, we investigated how
social dominance influences a change in excitability in the Mauthner-mediated escape circuit,
focusing on the dynamic interplay between multiple neuromodulatory networks. We found that
social experience regulates the synergistic interaction of dopaminergic, glycinergic and
GABAergic inputs to control spinal locomotor circuit activity, manifesting in status-dependent
altered locomotor behavior.

Zebrafish are social animals and agonistic interactions among conspecifics often culminate
with the formation of stable dominance relationships. These social relationships are based on
aggression, with dominant animals subjugating low ranked subordinates, consequently altering
escape and swimming behavior (Miller et al., 2017). In teleost fish, the short-latency startle
escape response is mediated by the Mauthner cells (M-cells), a pair of neurons located in the
hindbrain (Figure 3A, B). Each M-cell receives unilateral auditory input from the VIII™ nerve
and innervates contralateral fast motor neurons in the spinal cord (Eaton et al., 2001; Korn &
Faber, 2005). Activation of the M-cell leads to the simultaneous activation of spinal fast motor

neurons that control the startle reflex and inactivation of slow motor neurons that control



swimming. The net effect is an uninterrupted startle escape response away from the perceived
threat (Eaton et al., 2001). Swimming is coordinated by a distributed network of neurons in the
brainstem and spinal cord. It is initiated in the mesencephalic locomotor region, which innervates
reticulospinal neurons in the hindbrain to activate central pattern generators in the spinal cord,
leading to a rhythmic oscillatory behavior (Roberts et al., 2008).

Both locomotor circuits receive local and far-projecting excitatory and inhibitory modulatory
inputs that control their excitability and activity phase transitions (Mu et al., 2012; Medan &
Preuss, 2014; McPherson et al, 2016) (Figure 3B). One such input, dopamine, is a key
neuromodulator implicated in aggression, motivation, and regulating excitability of locomotor
circuits (Cachope et al., 2007; Song et al., 2015). Dopamine neurons from the hypothalamus,
A11 region, project to the hindbrain and spinal cord of teleosts and provide sole dopaminergic
neuromodulation of M-cell excitability and central pattern generators involved in swimming
regulation (Wenzel & Cheer, 2018). Thus, dopamine is a key target for investigating the
underlying mechanism of how social status alters network excitability of locomotor circuits.

In addition to dopamine, inhibitory GABAergic and glycinergic inputs provide tonic
feedforward and feedback regulation of the M-cell for added control of locomotor activity (Oda
et al., 1995; Hatta et al., 2001; Tabor et al., 2018). While the independent involvement of this
neuromodulator (DA), and these neurotransmitters (GABA and glycine) in regulating motor
circuits has been investigated, the mechanism of how their synergistic modulation is affected by
social factors to optimize motor output remains unknown.

Here we tested the hypothesis that status-dependent changes in locomotor behavior are a
result of modified dopamine signaling onto local motor circuits. Further, dopamine signaling

indirectly modulates the M-cell escape response through activation of an inhibitory interneural
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network. This work culminates in describing a mechanism by which social status induces
network flexibility among neuromodulators to cooperatively regulate network excitability of the
escape and swim circuits. Together, our empirical and neurocomputational results provide a
novel account of how social experience induces functional plasticity on the cooperative action of
a multitude of neuromodulators to control locomotor behavioral outputs.
Methods
Animal maintenance

Adult zebrafish (Danio rerio) AB strain of mixed sex were group-housed in 10 liters (~20
animals) at core animal facility and kept at a constant temperature at 28°C under a 14 h/10 h
light/dark cycle. Fish fed twice daily with high protein commercial food (Otohime B2, Reed
Mariculture, CA, USA), and once daily with newly hatched artemia (Brine Shrimp Direct, UT,
USA). All experiments were performed in accordance with the Institutional Animal Care and
Use Committee at East Carolina University.
Social isolation and pairing

To minimize residual effects of prior social experience, male zebrafish (6-12 months old)
were isolated physically and visually in individual tanks for 1 week. Following isolation, fish of
equal size and age were paired in new tanks over a 2-week period to establish a social dominance
relationship. Aggressive interactions were observed daily to determine and follow stability of
social dominance as was previously established (Miller et al., 2017).
Experimental setup for locomotor behavior

After the pairing phase was complete, fish were temporarily separated, and behavioral
testing was performed sequentially. Each fish was placed in a testing chamber (dimensions: 11 x

4 x 3cm) filled with double distilled water having a resistance of ~15 MQ e cm. High resistance
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water increases signal to noise ratio and was shown to have no adverse effects on the health of
the fish*. A pair of conductive electrodes placed on either side of the chamber recorded the
electric field potentials. Bare electrodes were 1 mm in thickness with 3-5 mm metal exposure.
Electrodes were connected to an AC differential amplifier (AM-Systems model 1700, Carlsborg,
WA USA), allowing the amplification of signals 1000-fold. Electrical signals were low-pass
filtered at 300 Hz and high-pass filtered at 1 KHz. Signals were digitized using a Digidata-
1322A digitizer and stored using Axoscope software (Molecular Devices, Inc., Sunnyvale, CA,
USA). The animals were acclimatized for 30 minutes before behavioral testing was initiated.
Swimming behavior was recorded following acclimation. Immediately after, startle responses
were taken and recorded.
Determination of startle sensitivity

Auditory pulses consisting of phasic 1 ms sine waves were generated using Audacity
open-source audio editor and recorder software (audacityteam.org). Sound intensity was
calibrated using a decibel meter (Sinometer, MS6700). Activation of the Mauthner-mediated
escape is an all or nothing response with a short latency from stimulus (5-15 ms), and startles
were only included if they fell within this range. Non-Mauthner mediated responses > 15 ms
were excluded (Eaton et al. 2001). Pulse intensity ranged from 70-100 dB with 5 dB increments
and delivery was randomized with a minimum of 2-minute intervals between stimuli. Each pulse
intensity was delivered 3-5 times, and response probability for each intensity was tabulated then
averaged across animals.
Measurement of swimming activity

Following the 30-minute acclimation period, the animal’s swimming behavior was

recorded for 1 minute. The same methods of data acquisition, amplification, digitization, and
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storage were used as previously stated. Swimming activity was measured by counting swim
bursts with Clampfit software. The “Threshold” function was used for this purpose. A potential
was marked as a swim burst if it was at least 8 mV in total amplitude and 30-200 ms in duration.
The timing of each swim burst was saved into a Microsoft Excel spreadsheet in reference to the
recording start time.
Pharmacology

Control experiments were performed on day 14 post pairing during which both startle and
swimming behaviors were tested and measured. The next day (day 15) fish were injected
intraperitoneally with either the appropriate drug a sham of saline and their startle and swimming
behaviors measured again. Sham injected controls showed no change in behavior (data not
shown). Immediately after injections the pairs were returned to their pairing tanks but separated
with a divider for a period of 1.5 hours post-injection of recovery After the recovery period, the
animals were transferred to the behavioral testing chamber and given 30 minutes of acclimation
period.

For injection, capillary tubing was used, having the dimensions 1.0 mm OD x 0.5 mm ID
x 100 mm in length. These were pulled using Flaming/Brown Micropipette Puller (Model P-87,
Sutter Instrument Co). The tip of the micropipette was broken off with a razor blade, before
loading with the drug solution. Loaded micropipettes were placed in Pneumatic PicoPump PV
820 for drug administration. A 0.02 % tricaine solution was used to anaesthetize the animal prior
to injection. A stock solution of 20 mM of each drug was prepared and loaded into the capillary
injection needle. A total volume of 2 uL injected solution based on average animal body weight
for 14 pg to total weight based on drug molecular weight. L-DOPA; SCH 23390 (DRDI1

antagonist), Dihydrexidine (DRD1 agonist); Bicuculline Methobromide (GABAA antagonist);
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and Strychnine (Glycine antagonist). All drugs were purchased from Tocris Bioscience except
Strychnine, which was purchased from VWR.
Transgenic Lines

The TgPAC(slc6a3:EGFP) line was generously gifted to us by Dr. Teresa Nicolson
Correct EGFP labeling of each ROI was confirmed with Anti-TH staining (PA1-4679) (data not
shown). The Tg(GlyT2a:GAL4,UAS:GFP) line was generated in our lab from an in-cross of
separate lines. 7g(GlyT2a: GAL4) was generously gifted by Dr. Kurt Marsden and the
Tg(UAS:GFP) in the background kca33Tg/+(AB) was ordered from ZIRC (Cat ID: ZL624).
Data Analysis and Statistics

Startle and swimming data were analyzed using Prism software (GraphPad Inc., San
Diego, USA) and IBM-SPSS (RRID:SCR_002865. Effects of treatments were first subjected to
two-way analysis of variance testing (ANOVA) factors as treatment and decibel followed by
least significant difference (LSD) post hoc test for all multiple comparisons. Group comparisons
were first subjected to one-way ANOVA or mixed design (a mixture of one between-group and
repeated measures variables) ANOVA followed by Tukey’s HSD post hoc test for all multiple
comparisons or paired t-test. For startle data, nonlinear regressions were performed and fitted
using the Boltzmann sigmoidal equation: Y = Bottom + (Top — Bottom) /(1 + exp((V50 —
X)/Slope)). Antibody expression and cell count data were analyzed in Microsoft Excel. Group
comparisons were first subjected to one-way ANOVA followed by a t-Test: Two-Sample
Assuming Unequal Variances.
Results

Dopaminergic modulation of locomotor circuits is socially regulated
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We found that blockage of the Drd1 receptor activity using the selective antagonist, SCH
23390, moderately increased startle sensitivity in group-housed and significantly increased
startle in dominants with no observable change in subordinates (Figure 16A-C). Conversely,

SCH 23390 significantly reduced swimming in group-housed and dominants while subordinates
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showed no change (Figure 16D-G and Appendix D). Differences in Dat expression levels (Figure
10A, B) suggested that DA availability might work in concert with these proteins in regulating
locomotor activity. We addressed this possibility by augmenting DA levels via injection of L-
DOPA. We found that L-DOPA led to opposing effects on startle sensitivity in the two social
phenotypes (Appendix C). In dominants, L-DOPA increased startle sensitivity, while in
subordinates startle sensitivity was decreased. Collectively, these results indicate that pre- and
postsynaptic regulation in DA signaling pathway regulate M-cell excitability. Interestingly, in
seeing that blocking Drd1b activation led to increased, rather than decreased, M-cell sensitivity,
we hypothesized that the status-dependent DA regulation of M-cell excitability occurs indirectly
through an inhibitory interneuron. To identify what inhibitory input DA regulates we
pharmacologically blocked either GABA4 or glycine receptors.
GABAergic regulation of M-cell excitability is socially regulated

To examine the contribution of GABAergic input in regulating the startle response, we
blocked GABAA receptors using bicuculline. We found that bicuculline did not affect startle
sensitivity in both group-housed and dominant animals while it significantly decreased startle
response in subordinates (Figure 17A-C). In group-housed (n=8), there was a significant main
effect of decibel [F(6, 42)=1.01e+2, p<1.0e-16], but no effect of treatment [F(1, 7)=2.80e-1,
p>0.05] and no effect of treatment*decibel interaction [F(6, 42)=7.31e-1, p>0.05]. In dominants
(n=9), there was a significant main effect of decibel [F(6, 48)=1.27¢+2, p<1.0e-16], but no effect
of treatment [F(1, 8)=1.44, p>0.05] and no effect of treatment*decibel interaction [F(6, 48)=1.58,
p>0.05]. In subordinates (n=9), there were significant main effects of treatment [F(1,
8)=1.18e+1, p=8.92e-3], decibel [F(6, 48)=7.53e+1, p<1.0e-16] and treatment*decibel

interaction [F(6, 48)=3.41, p=6.92¢-3]. Bicuculline significantly decreased the startle response
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for subordinate animals. In particular, post-hoc test showed that there was a significant
difference at 85 dB [t(8)=4.60, p=1.75e-3]. Asterisks denote statistical difference between
control and experimental condition at the specified dB level: *p<0.05, **p<0.005; Paired sample
t-test.

Although startle response was not affected in group-housed and dominants, swimming

frequency declined significantly in dominants with no change in group-housed and subordinates
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(Figure 17D-G and Appendix D) In group-housed (n=8), there was no effect of bicuculline [two-
sided Wilcoxon signed rank test, p>0.05]. In dominants (n=9) there was an effect of bicuculline
[two-sided Wilcoxon signed rank test, p=3.13e-2]. In subordinates (n=9) there was no effect of
bicuculline [two-sided Wilcoxon signed rank test, p>0.05]. The results suggested that
GABAergic regulation of the startle response is socially mediated, and the decrease of startle in
subordinates points to an unidentified pathway that suppresses M-cell excitability when
GABAergic input is blocked. The other likely candidate that provides inhibition to M-cells is
glycine (Roberts et al., 2008).
Glycinergic regulation of M-cell excitability is socially regulated

We blocked glycinergic input using strychnine and found that strychnine significantly
increased startle sensitivity in dominants and marginally increased startle response in group-
housed but not in subordinates (Figure 18A-C). In group-housed (n=10), there was a marginal
main effects of treatment [F(1, 9)=3.71, p=8.62¢-2], but there were significant main effect of
decibel [F(6, 54)=1.53e+2, p<1.0e-16] and significant effect of treatment*decibel interaction
[F(6, 54)=3.71, p=3.67¢-3]. Strychnine marginally increased startle response for group-housed
animals. In particular, post hoc test showed that there was a significant difference of the startle
responses at 85 dB [t(9)=2.51, p=3.32¢-2]. In dominants (n=12), there were significant main
effect of treatment [F(1, 11)=1.42e+1, p=2.30e-3], decibel [F(6, 66)=7.72e+1, p<1.0e-16], and
treatment*decibel interaction [F(6, 66)=4.04, p=1.66e-3]. Strychnine significantly increased the
startle response for dominant animals. In particular, post hoc test showed that there was a
marginal difference of the startle responses at 75 dB [t(11)=1.82, p=9.60e-2], but there were
significant differences at 80 dB [t(11)=2.65, p=2.24e-2] and 85 dB [t(11)=2.95, p=1.33e-2]. In

subordinates (n=12), there was a significant main effect of decibel [F(6, 66)=5.07e+1, p<1.0e-
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16], but no effect of treatment [F(1, 11)=1.60, p>0.05] and no effect of treatment*decibel
interaction [F(6, 66)=1.28, p>0.05].

While the probability of the startle response was increased in group-housed and
dominants in the presence of strychnine, swimming frequency was significantly reduced in both

group-housed and dominants with little change in subordinates (Figure 18D-G and Appendix D).
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In group-housed and dominants (n=10), there were significant effects of strychnine [two-sided
Wilcoxon signed rank test, p=4.88e-2 for group-housed; p=1.37e-2 for dominants]. In
subordinates (n=10), there was no effect of strychnine [two-sided Wilcoxon signed rank test,
p>0.05].

These results suggest that glycinergic modulation of M-cell excitability is weaker in
subordinates compared to dominants and that this inhibitory population is the conduit for status-
dependent DA regulation of M-cell excitability.

Status-dependent Drd1 expression on hindbrain glycine neurons

To discern whether DA neuromodulation of the M-cells occurs through glycinergic
interneurons, we stained for DRD1 on transgenic GFP- labeled hindbrain glycine neurons,
Tg(GlyT2a:GAL4,UAS:GFP). We were unable to visualize the M-cells in this transgenic line and
determined from previous studies a landmark of where the M-cells are located based on
commissural axonal projections of glycine neurons at the level of the M-cells (Moly & Hatta,
2011). Nevertheless, we counted the number of glycine neurons that have axons crossing the
midline as well as the number of Drd1-expressing glycine cells in this same region to quantify
whether there were differences co-expression (Figure 19A). We found that co-expression was
significantly different among the groups, where subordinates showed significant decrease in co-
expression compared to dominants (One-way ANOVA, p = 0.0002; Tukey’s Multiple
Comparison Test, Group-housed vs Sub p<0.001; Dom vs Sub p < 0.001; Group-housed n =7,
Dominant n = 8, Subordinate n = 8) (Figure 19B). In addition, there was no significant
differences in total number of Tg(GlyT2a:GAL4,UAS: GFP) neurons between groups as
determined by a one-way ANOVA (F(2,20) = 1.997, p=0.16 (data not shown). Although there is

a significant difference between dominants and subordinates, without the M-cells as a landmark,

79



we can only speculate that these neurons are important for feed-forward inhibition. Regardless, if
this is the nucleus of interest, these results provide evidence that Drd1 expression on glycinergic

neurons that provide inhibition to the M-cells is status-dependent.

Figure 19 (Below). Hindbrain glycinergic neurons show status dependent Drd1 co-
expression. (A) Representative confocal optical sections (60 um thickness) of group-
housed, dominant, and subordinates. The top row of images shows glycine neurons in GFP,
the second row shows Drdl staining, the third row shows glycine and Drd1 merged, and
the bottom row shows zoomed-in images of the region-of-interest. Co-expressing neurons
will appear white in color (arrowheads). (B) Graph comparing the percentage of co-
expression between group-housed, dominant, and subordinate animals. Subordinates show
a significant decrease in co-expression. One-way ANOVA, p = 0.0002; Tukey’s Multiple
Comparison Test, Group-housed vs Sub p<0.001; Dom vs Sub p < 0.0001; Group-housed n
=7, Dominant n = 8, Subordinate n = 8. Scale bar = 100 um; zoomed images scale bars =
25 um
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Social regulation of hypothalamic dopaminergic posterior tuberculum

The capacity of social experience to regulate neuromodulatory inputs to control
locomotor circuits prompted us to examine whether social status can also induce morphological
plasticity. The dopaminergic system is of particular interest because some of the hypothalamic
dopaminergic nuclei, specifically the posterior tuberculum (PT), are known to receive visual
cues, and convey that information by modulating the escape and swim circuits (Figure 20A) (Mu
et al., 2014). The PT is divided into four sub-nuclei based on morphological characteristics,
projection patterns and function: Anterior PT rostral (PTar), Anterior PT caudal (PTac), Posterior
PT posterior (PTp), Posterior tuberal (PTN) (Haehnel-Taguchi et al., 2018). While the PTp and
PTN consist of small cells with no spinal cord projections; the PTar and PTac are homologous to
the A11 of mammalian systems, with large soma size and are known to be the only dopaminergic
nuclei that project caudally into the spinal cord. Given the morphological and functional
similarities of the PTar and PTac and their proximity, we made no distinction in our analysis in
differentiating them (Parker et al., 2013). We posited that the PT is not merely a passive
conveyor of social information; rather, social cues can also alter the PT morphologically.

To determine differences in DA neuronal number, we used the TgPAC(slc6a3:EGFP)
transgenic zebrafish line that expresses EGFP specifically in Dat positive neurons (Xi et al.,
2011) (Figure 20A). Digital analysis of confocal images showed that the number of Dat positive
neurons in the PT was significantly higher in group housed compared to subordinates and
dominants compared to subordinates, but there was no significance in the number of Dat positive
neurons between dominants and group-housed (Figure 20B, C; one-way ANOVA p =0.001,

post-hoc Welch’s two sample t-test: Group Housed vs Sub p=0.003, Dom vs Sub p=0.001,
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Figure 20. Socially induced morphological plasticity of hypothalamic DA neurons. (A)
Overall view confocal image z-projection (30pum depth) of hypothalamic DAT-EGFP
expressing neurons highlighting (ovals) the PTac, PVOPa, PVOPB sub-regions. (B)
Representative confocal image projections of the PTac and PTar sub-regions from a group-
housed, dominant and subordinate animal highlighting (ovals) the DAT-EGFP expressing
cells. Superimposed atop of the confocal projections are the digitally identified somas
(circles). (C) Summary graph of the number of DA neurons identified in the PTac and PTar
regions. One-way ANOVA p=0.001; with post-hoc Welch’s two sample t-test: Group
Housed vs Sub p=0.003, Dom vs Sub p=0.001, Group Housed vs Dom p=0.280.

Group Housed vs Sub p=0.280; Group-housed n=10, Dom n=9, Sub n=9). The results suggest

that social defeat decreases the number of Dat positive neurons in hypothalamic dopaminergic
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PT nucleus.
Discussion

We used an integrative approach to examine how social factors shape the synergistic
interactions of multiple neuromodulators (DA, GABA, glycine) to regulate the activity of two
mutually exclusive locomotor programs: escape and swim circuits. Three principle conclusions
can be drawn from this study. First, the balance in activation of the escape and swim circuits is
socially regulated by shifting synaptic strength of excitatory and inhibitory inputs. Second, this
shift in circuit activation is synergistic. Synaptic connections are adaptively strengthened and
weakened accordingly to promote the proper activation of a specific motor program. Third, the
rebalance in circuit excitability is underlined by social status-dependent biochemical expression
in DA signaling pathways.

Our results suggest the presence of synaptic connections between the dopaminergic and
glycinergic neurons (Yao et al., 2016) and the possibility of connections between GABAergic
and glycinergic neurons. In dominant animals, the synaptic pathway of the
dopaminergic—glycinergic—>M-cell is strong, while the GABAergic—glycinergic pathway is
weak. The synergistic strengthening DA system reinforces the excitatory pathway onto the
glycinergic neurons. Collectively, this cooperative action of the strong DA input and weakening
of the GABAergic input culminate with a net excitation of glycinergic neurons, thus, decreasing
M-cell excitability. This conclusion is supported by the evidence that blockage of either the
DRDI1 or the glycine receptors shifts the balance of circuit activation from swimming to escape
(Figure 16 and 18). Conversely, in subordinates the synaptic drive of the

dopaminergic—glycinergic—>M-cell is weak, allowing for a stronger inhibitory drive from the

GABAergic— glycinergic pathway. This rebalance decreases the release of glycine and
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enhances M-cell excitability. This is supported by the result that the probability of escape
response was reduced significantly when GABAA receptors were blocked (Figure. 17).
Concurrently, the weakening of the DA pathway due to the decrease of Drd1 expression further
weakens the glycine activation and ensures the removal of inhibitory input onto the M-cells.
Although the pharmacology results support a GABA—connection, it is important to note that
there is yet to be evidence for GABA receptors on glycinergic neurons that provide feedforward
inhibition to the M-cells. So, to support these claims, future experiments need to be completed.

Our results suggest that the shift in network excitability is mediated, in part, by a status-
dependent expression of DRD1 on the glycinergic neurons. In quantifying expression of Drd1 on
glycine neurons in group-housed, dominant, and subordinate 7g(GlyT2a:GAL4,UAS:GFP) fish,
we saw that subordinates show a significant decrease in expression (Figure 19). This decline in
Drd1 expression in subordinates on the glycinergic neurons is likely to decrease
dopaminergic—glycinergic synaptic strength and DA’s ability to activate the glycinergic
neurons, thus, removing the M-cell from inhibition. (Figure 20A, B). Although we see these
expression changes on glycine neurons, it is important to point out that this nucleus is presumed
to be interest based on previous studies done in larval fish (Moly & Hatta, 2011), and that further
analysis with the M-cells labeled can help to support these findings.

Coupled with biochemical signaling plasticity, our results show that social experience can
induce morphological plasticity of the hypothalamic PT nucleus. Subordinates showed a
significant decrease in Dat positive neurons in the PT nucleus relative to dominants (Figure 20).
However, the results do not provide any information of how these morphological changes
translate into functional differences in PT excitability, and how DA release regulates post

synaptic targets. One potential mechanism is that an increase or decrease in DA cell number
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would correspond with a shift in synaptic interconnectivity of the PT network. An increase in
cell number would increase synaptic connectivity, strengthening synaptic connections of the PT
network and its excitability. Conversely a decline in cell number would translate into fewer
connections and a weakening in PT excitability. Future work is necessary to test this model and
to further examine how descending social cues from higher brain centers (e.g., the habenular
nuclei) implicated in social regulation impinge on PT excitability and morphological plasticity to
regulate locomotor behavior (Chou et al., 2016).

One caveat to this study is that the antibody used for DRD1 immunohistochemistry still
requires expression pattern analysis in zebrafish. Investigating the immunogen that was given on
ThermoFisher’s website against the zebrafish genome suggested non-specific binding to Drd7,
Drdl, and Drd1b. In lieu of successful expression pattern analysis of this antibody, I would use
the provided peptide sequence for monoclonal antibodies again Drd1b in Toro et al., (2015), to
confirm the presence of Drd1b on hindbrain glycine neurons.

In conclusion, our findings show that social regulation of locomotor behavior is mediated
by synergistic interactions of multiple neuromodulatory signaling pathways that shift motor
circuit dynamics to optimize locomotor selection according to social rank. This serves as an
adaptive behavioral strategy as animals rise and fall in social dominance and is likely an

evolutionarily conserved cellular mechanism employed by other social species.
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CHAPTER 5: REFLECTIONS AND FUTURE EXPERIMENTS
The goal of this dissertation was to discern what might influence stable dominance

relationship formation and how social status regulates neuromodulation of motor circuits using
zebrafish. Results from this dissertation show (1) visual communication is critical to form stable
social dominance and zebrafish stripe intensity is plastic and socially regulated, (2) s/c6a3 and
drd1b expression is socially regulated, (3) that decreased s/c6a3 and drd1b expression results in
altered synergistic neuromodulation underlying motor circuits, and that (4) this decreased DA
signaling may be due to morphological plasticity of hypothalamic nuclei. This discussion will
summarize my findings and propose a new working model for future investigation.
Zebrafish use stripe intensity to enforce stable social dominance relationships

A variety of terrestrial and aquatic species alter their size, coloration, plumage, or appendage
variation to resemble either a dominant or subordinate phenotype (Krames et al., 1969;
Greenberg & Crews, 1990; Chen & Fernald, 2011). Zebrafish form stable social dominance
relationships, and display aggression by erecting dorsal (Saverino & Gerlai, 2008) and caudal
fins (Gerlai et al., 2000), and displaying mouth opening behavior (Kaleuff et al., 2013). In
addition, zebrafish display colorful stripes and can regulate pattern expression (Yamaguchi et al.,
2007). In chapter two, I presented evidence confirming that stripe intensity reflects social
dominance in zebrafish (Figure 9). These results complement findings in both terrestrial (Ducrest
et al., 2008) and other aquatic species (Dijkstra et al., 2007; Bachmann et al., 2017) highlighting
the importance of visual cues in social communication during dominance hierarchy formation.

Body stripe color of dominant fish increased in intensity, while stripe color of subordinates
remained unchanged (Figure 9). These results show that zebrafish convey social information by

altering body stripe intensity in a status-dependent manner. In addition, zebrafish use stripes as a



visual cue to reinforce stability of a dominance relationship. Paired TLN fish that lack body
coloration and typical body stripes show a significant increase in social instability compared to
AB pairs. TLN pairs switched dominance 33% of the time when paired with another TLN
conspecific. While pairing of TLN fish with AB fish resulted in AB fish dominating 75% of the
time (Figure 6). Disruption in the ability of zebrafish to convey proper visual information has far
reaching consequences in altering the animals’ motor activity. Unstable dominance in TLNs
correlates with altered escape behavior compared to ABs, where status-dependent escape
probability was eliminated in TLNs. Both dominant and subordinate TLNs exhibited an
increased escape probability comparable to an AB subordinate phenotype (Figure 8).
Interestingly, group-housed TLN fish showed an inherent enhanced escape probability, much
different from AB group-housed fish, highlighting a caveat of this experimental design. Previous
studies have shown distinct behavioral differences between lines of zebrafish at the larval (Lange
et al., 2013; Vignet et al., 2013) and adult stage (Egan et al., 2009; Vignet et al., 2013). Studies
in other species have shown decreased agonistic interactions between albino compared to
pigmented animals (Slavik et al., 2016). Our study highlights the necessity of vigilance in the use
of zebrafish mutants with varying skin coloration, particularly in studies that examine motivated
behavior. It is possible that inherent genetic differences observed between TLN and AB
zebrafish strains influenced TLN fish (1) not forming stable social dominance, and (2) enhanced
escape behavior sensitivity.

To better answer whether zebrafish stripe intensity is used to reinforce stable social
dominance, future research would benefit from mutant line constructs that lack the melanophores
associated with the dark stripe patterns of fish in an AB background. The prediction would be

that genetically decreased stripe intensity would result in an unstable dominance relationship.

88



Further, this unstable relationship would eliminate status-dependent differences in escape
behavior. There is the possibility to subcutaneously inject dye in zebrafish (Cheung et al., 2014).
However, this method does not provide the same specificity as genetic approaches. With the
addition of these experiments, we can strengthen our claim that zebrafish stripe intensity is
altered by stable dominance relationship and the status-dependent change in stripe intensity helps
to reinforce dominance relationships.

Decreased slc6a3 and drd1b expression do not decrease stable social dominance

DA plays an important role in sociability, reward and reinforcement, and movement (van Erp
& Miczack, 2000; Jay TM, 2003; Wise, 2008). Results from this dissertation showed key
elements in the DAergic pathway are socially regulated, whereby expression of both slc6a3 and
drd1b in subordinates was significantly reduced compared to dominants (Figure 10). This
prompted me to ask whether the regulation of agonistic interactions and stable dominance
formation was due to these observed differences in expression of s/c6a3 or drd1b using zebrafish
lines with mutations induced in each gene.

Neither slc6a3” nor drd1b fish lines altered the establishment of a stable dominance, and
paired conspecifics showed comparable levels of aggression as WT siblings (Figure 10). These
results are contrary to what has been established in a variety of species, where either decreased
DAT or DRDI1 led to increased and decreased aggression levels, respectively (Rodriguiz et al.,
2004, Adriani et al., 2010; Enter et al., 2012; Couppis et al., 2008; Plaven-Sigray et al., 2014;
Yamaguchi et al., 2017; Homberg et al., 2016). Another point of conflict between our results and
what is known about decreased DAT activity in mammals is that, although statistically
insignificant, our slc6a3" fish show a trend toward being less aggressive in the number of

attacks during pairing (Figure 12). Since these results differ from what is known about the role of
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DAT in aggression of mammals, I would suggest investigating how this mutation in slc6a3 of
zebrafish alters different brain regions associated with aggression and compare these changes to
those known in mammals. Although there was no significant difference in aggression levels
between drd1b~ and drd1b™*'*) siblings, a higher sample size would give us a better idea if this
holds true or is a product of a low sample size.

Further, social hierarchies in either mammalian DAT knockout (Rodriguiz et al., 2004) or
mutants (DiCarlo et al., 2020) become unstable within the first few days of pairing; yet our
slc6a3¢7 fish displayed stable dominance (Figure 12). These results suggest the possibility for
alternate signaling pathways involved in the establishment and maintenance of social dominance
in zebrafish. It would be interesting to do RNA-sequencing to see what alternate genetic changes
may be occurring because of losing an important part of DA signaling, slc6a3 or drd1b. From
there, we could determine if other signaling systems are compensating for this disrupted DA
signaling that may allow for a stable dominance to form in these mutated fish.

Although it appears that these two proteins do not alter aggression by total number of attacks,
it would be prudent to examine different aspects of agonistic behavior, such as quantifying the
intensity of each aggressive encounter during video tracking or administering the mirror assay.
With these tests, we can highlight possible subtle differences in both intensity and type of
aggression (e.g., overt aggression; attack attempts, or restrained aggression, such as erection of
fins). However, since mutations in both slc6a3 and drd1b do not appear to regulate the stability
of social dominance in zebrafish, this led me to question whether stable dominance in both
mutant lines led to altered motor behavior, as observed previously in WTs.

Status-dependent neuromodulation of spinal motor circuits
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Stable dominance relationships correlate with increased escape probability and decreased
swimming in subordinate zebrafish (Miller et al., 2017), and both DRD1 and DAT have been
implicated in regulating locomotion in mice (Jaber et al., 1997; Crawford et al., 1997). My goal
was to discern how a mutation in the zebrafish genes, s/c6a3 and drd1b, alter escape and
swimming behavior and to determine how the relationship between DA neuromodulation results
in status-dependent motor circuit excitability. This dissertation provides evidence that slc6a3"
fish display bottom-dwelling behavior and decreased swimming frequency and that drd1b¢ fish
show a significant increase in escape circuit excitability and decreased swimming frequency.
Further Drd1b regulates M-cell activation through an inhibitory interneuron, and subordinates
decrease DA signaling onto spinal motor circuits through decreased DA signaling from the
hypothalamic PTar region (Figure 20).

The effects of mutated slc6a3 on place preference and swimming behavior

In agreement with other established Dat knockout lines (Kacprzak et al., 2017; Wang et al.,
2019) my CRISPR-sl/c6a3 mutant line displayed bottom-dwelling swimming in the pairing tank,
which persisted regardless of social dominance (Figure 13). Further, slc6a3(" fish exhibited
significantly less swimming compared to slc6a3*"* siblings during the 1-minute acquisition
before escape testing (Figure 14). These results are contrary to mice (Jaber et al., 1997),
Drosophila (van er Voet et al., 2005), and humans (Gill et al., 1997), where either a DAT
knockout or polymorphism is associated with hyperactivity. Although inconsistent with other
species, my results support previous findings that decreased Dat in larval and adult group-housed
zebrafish is associated with decreased swimming (Kacprzak et al., 2017; Wang et al., 2020).

Unlike swimming, slc6a3(~ fish showed no variation from slc6a3** siblings in escape

response probability regardless of social phenotype (Figure 14). Possible interpretation suggests
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this mutation does not alter escape behavior. However, it is important to disentangle the nuanced
differences in assays to test M-cell excitability. In our assay, the two-minute inter-stimulus
interval (ISI) may have been sufficient for DA to be cleared from the synapse instead of reuptake
into the presynaptic terminal before the next stimulus, resulting in no change in M-cell
excitability between slc6a3” and slc6a3*"* siblings. To address whether there is altered DA
clearance in slc6a3¢" fish, habituation experiments will be informative; whereby presenting
suprathreshold auditory pulses at a higher frequency to decrease the time that the recycling
machinery has between pulses to remove DA from the synaptic cleft. This will result in more DA
binding to post-synaptic receptors and a faster rate of habituation compared to WT controls.
Additionally, we could perform prepulse inhibition (PPI) experiments to determine whether the
mutation in slc6a3 alters sensorimotor gating and the ability of slc6a3 to filter out non-salient
stimuli (Curzon et al., 2009). Dopamine has been shown to be involved in PPI of the acoustic
startle response (Mansbach et al., 1988; Zhang et al., 2000), so performing these tests may
provide more detailed explanations regarding the rate of saturation of DA in sic6a3~ and how
that might influence activation of the M-cells.

Importantly, a mutation in s/c6a3 may result in a lack of protein throughout development,
which could induce homeostatic compensatory mechanisms that override DA saturation because
of Dat absence into adulthood. One possible scenario is regulation of receptor expression on
postsynaptic membranes. DA receptors are readily trafficked to and from the membrane to
reflect the supply of a neurotransmitter in the synaptic cleft (Wolf et al., 2003) and decreased
transmembrane DRDI1 receptor expression has been seen in DAT knockout mice (Dumartin et
al., 2000). An increase in synaptic DA due to chronically decreased Dat may result in Drd1b

receptor trafficking away from the membrane in zebrafish, resulting in a WT escape phenotype.
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A previous study has shown that acute ablation of DA neurons via microinjection of 6-
hydroxydopamine (6-OHDA), resulted in locomotor deficiencies (Vijayanathan et al., 2017).
Additionally, acute pharmacological blockage of Dat activation leads to further depression of the
escape response in group-housed WT fish (Appendix E). Taken together, we can hypothesize
that a chronic decrease in slc6a3 leads to compensatory mechanisms regarding the startle escape
circuit. To test this hypothesis, we could perform in-situ hybridization (ISH), antibody staining,
or generate transgenic lines probing for increased astrocytes, vmat2, degradative enzymes, or
DA -receptor expression changes. Additional complementary experiments include qPCR, or
Western Blot. Together, these experiments would provide insights to better interpret why slc6a3
’) fish display escape circuit activation comparable to WT siblings.
Decreased drd1b and altered swimming and escape behavior

The role of DRD1b in locomotor behavior has been well established in mammals (Crawford
et al., 1997; Muller et al., 2010; Rial et al., 2020; Nakamura et al., 2021). In this study, drd1b"”
fish decreased swimming frequency and an increased sensitivity in escape regardless of social
phenotype (Figure 15). These results suggest that the Drd1b plays a more prominent modulatory
role in status-dependent motor circuit excitability. Interestingly, decreasing DRD1b activity
correlates with increased startle behavior. Using pharmacological and electrophysiological
methods, DA has been ascribed an excitatory role for the M-cells (Pereda et al., 1992, Mu et al.,
2012), but histological analysis using a Tol-56 reporter line in adult zebrafish showed that the
Drdl1 is not expressed on M-cells (Appendix F). These results suggest that status-dependent
changes in DA work indirectly through an inhibitory interneuron to regulate M-cell excitability.
This has been previously reported, where blocking Drd1 activation led to enhanced visually

evoked M-cell startle behavior (Yao et al., 2016), and that inhibitory interneurons are involved
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during visually evoked escape. My goal was to expand on these results to discern which
inhibitory input is the conduit for DA modulation of the M-cell circuit in a status-dependent
manner. There are two established inhibitory inputs onto the M-cells: GABA and glycine
(Diamond & Roper, 1973; Lee & Eaton, 1993; see. Korn & Faber, 2005). I initially hypothesized
that, based solely on location of an abundance of receptors near the VIII'" nerve on the lateral
dendrite (Figure 3B), that GABA would be the inhibitory interneuron modulated by DA.
Alternatively, there is a dense population of glycine receptors near the axon hillock, which could
instead mean that glycine neurons may be the inhibitory interneurons subject to DA modulation.
Exploring possible inhibitory interneurons mediated by DA signaling

To determine whether DA mediates M-cell excitability through GABAergic inhibition, I
pharmacologically blocked activation of GABAergic type A receptors (GABA4A) with
bicuculline. If GABA was activated by Drd1, then blockage of GABAA would produce a similar
change in excitability as drd1b”. Yet, blocking GABA4 led to no noticeable change in
dominant escape excitability, but decreased escape probability in subordinates. These results are
perplexing because there is known inhibition from GABAA on M-cell lateral dendrites (Diamon
et al., 1973; Lee & Eaton, 1993), where bicuculline decreases inhibitory post synaptic potentials
(IPSPs). Since our results are contradictory to the established literature on GABAergic inhibition
of the M-cells, I would begin by repeating our antagonist experiment to ensure reproducibility. In
addition to the pharmacological approach taken in this study, we can test a genetic knockout of
GABAA receptor. However, if these results persist, this may suggest an unknown modulatory
role of GABA receptors on either other inhibitory inputs such as regulating glycine inhibition of
the M-cells, or regulation of higher brain circuits responsible for M-cell excitability. Although an

exciting avenue to explore, our results suggest that GABA is not the conduit through which DA
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regulates M-cell excitability. This result prompted me to adjust my focus to glycinergic
inhibition.

Blocking glycine receptors (GlyRs), using strychnine, resulted in no change in escape
sensitivity in subordinates, but a significant increase in escape probability of dominants (Figure
18). These results support that glycine is the conduit for auditory evoked DA modulation of M-
cell excitability and provide further support for conclusions in larval zebrafish where the M-cells
receive glycinergic input from hindbrain glycine neurons (Moly & Hatta, 2011), and that these
neurons are activated by Drd1 (Yao et al., 2016).

To visualize whether there are status-dependent changes in Drd1 expression on hindbrain
glycine neurons, I stained for Drd1 in Tg(GlyT2a:GAL4,UAS: GFP) fish. We were unable to
localize which specific nuclei to target based on M-cell location. However, other labs have
shown feedforward inhibition of the M-cells occurs from glycinergic neurons surrounding the M-
cells and project a bundle of axons contralaterally across the midline (Koyama et al., 2011; Moly
& Hatta, 2011). Using this landmark to narrow down our focus, we quantified the number of co-
expressing 7g(GlyT2a: GAL4,UAS: GFP) and Drd1-stained neurons in this region and found a
significant decrease in co-expression in subordinates (Figure 19). Although exciting, the
conclusions we draw from these results should be conservative due to a few caveats. The first
being that we have no visual evidence of the location of the M-cells in relation to the glycinergic
neurons. The second being that expression patterns of this antibody have not been verified in
zebrafish, and thus, could non-specifically label other targets. I have attempted to verify this
antibody in 5 dpf larval fish but was unsuccessful. In lieu of staining, I searched the listed
immunogen from the ThermoFisher website on UniProt (GFWPFGSFC) and blasted the protein

sequence against danio rerio. There was a 100% match with three DA receptors: Drd1b, Drdl,
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and Drd7. This investigation supports the need for expression pattern comparison with this
antibody. In acknowledgment of these caveats, our preliminary results suggest that social
dominance alters Drd1 expression on hindbrain glycine neurons that may provide feedforward
inhibition to regulate M-cell excitability.
Decreased number of Dat+ neurons in the subordinate hypothalamic PTar region

Having seen both status-dependent DA modulation of the escape circuit and altered Drd1
expression on hindbrain glycine neurons that are likely to provide feedforward inhibition to the
M-cells, I was curious whether the hypothalamic region responsible for providing descending
DA input onto this circuit (PTar) was altered by social dominance. Using the
TgPAC(slc6a3: EGFP) line, we found that Dat+ cells in PTar were significantly decreased in
subordinate fish (Figure 20). One caveat to this method is that these cells were not labeled with
the nuclear marker, DAPI, so it is unclear whether these cells are undergoing apoptosis or if
they’re simply no longer expressing the EGFP transgene. Moreover, the PTar region has been
shown to co-express glutamate in rats (Kawano et al., 2006), mice (Fougére et al., 2021) and in
zebrafish at the larval and juvenile stage (Filippi et al., 2014). To investigate the possibility that
the PTar region turns off DA signaling in favor of glutamate signaling, I generated a double
transgenic line 7gPAC(slc6a3:EGFP),Tg(VGlut2:RFP) to probe regions in the hypothalamus for
co-expression. The PTar neurons in adult zebrafish lack co-expression of glutamate and
dopamine (Appendix G). Therefore, it is unlikely that these cells will switch their transmitter
identity and suggests that the number of neurons within the PTar nucleus is indeed prone to
social regulation.

Conclusions and future directions
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Results from experiments in this dissertation have culminated into a new working model that
forms a basis for future hypotheses. This conclusion will discuss this new working model and
provide a series of proposed experiments to examine more deeply the connection between social
dominance and altered neuromodulatory mechanisms onto motor circuits.

Proposed Model

In the normal, control condition, zebrafish receive DAergic input from the hypothalamic
PTar region to hindbrain glycinergic nuclei. This signal activates Drd1b receptors on these
hindbrain glycinergic neurons, increasing inhibitory feedforward signal from glycine to the M-
cells and leading to an overall decreased sensitivity of the M-cells to an incoming auditory
stimulus (Figure 21A). However, by becoming a social subordinate, DA signaling from the PTar
nucleus is reduced due to fewer DAT+ cells (Figure 20). This decreases the amount of DA
available in the DA—glycine synaptic cleft, resulting in less membrane bound Drd1b on glycine
neurons due to potential receptor trafficking away from the membrane via GRK binding or PKA
phosphorylation. Consequently, this reduces the excitability of the inhibitory glycine neurons,
and results in less feedforward inhibition of the M-cells and ultimately increased sensitivity of
the M-cells to incoming excitation from the VIII" nerve (Figure 21B).

Startle escape probability of drd b~ fish was significantly increased regardless of social
phenotype. Further, initial analysis suggests that hindbrain glycinergic neurons that may be
important for feedforward inhibition of the M-cells show decreased Drd1 expression in
subordinates (Figure 19). In addition, we have evidence that there is decreased DA input from
the hypothalamic PTar nucleus in subordinates (Figure 20). These results tie into the observed

decreased Dat in subordinates, whereby losing the number of presynaptic terminals present

97



would consequently lead to reduced Dat expression. To test the effects of potential decreased Dat
on motor behavior I generated a slc6a3" line.

Results from slc6a3"” were a bit less straightforward than the drd1b~. I observed that a
mutation in slc6a3 does not affect startle escape in mutant group-housed fish. Few possibilities

may account for this result. The first is that both group-housed WT and group-housed slc6a3"”

l 3 ﬁ Dopamine Dopamine

Glycine

Glycine

Group-housed/Dominant Subordinate

% =A11 DA Neuron * = Glycine Neuron - =DRD1b Receptor l__U__l = Glycine Receptor

Figure 21. Working Model Illustrating status-dependent signaling onto the M-cell circuit.
(A) In group housed or dominants fish, hypothalamic DA neurons (PTar) activate
hindbrain glycine neurons the Drd1b. This increased inhibitory drive from glycine onto
the M-cells and results in decreased M-cell excitability. (B) By becoming a social
subordinate, the DA input from the PTar is decreased. This causes a decrease in
membrane bound Drd1b on hindbrain glycine neurons, and results in decreased inhibition
from glycine to the M-cells. These changes result in more easily excitable M-cells and an
increased escape probability in subordinates.
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fish presumably have the same amount of DA PTar input. The only presynaptic difference is an
excess of DA without proper clearance in the slc6a3(”, rather than decreased DA input from
PTar. This idea is further supported in that when sic6a3¢" fish form dominance relationships,
there is an increased escape probability in slc6a3 subordinates. As a subordinate, these
slc6a3 have decreased DA input onto the glycinergic cells and show the same shift in
excitability as WT subordinates. From these results and the proposed model, there is plenty that
can be done to probe the possibility of the model versus alternative mechanisms.
Future Directions

A caveat to our current examination of Drdl staining on hindbrain glycinergic neurons is that
we do not have the M-cells as a landmark. Visualizing the M-cells in adults using either
immunohistochemistry (IHC) or a transgene has proven difficult. To strengthen our argument
that feedforward hindbrain glycine neurons exhibit status-dependent Drd1 expression is to
replicate this experiment where the M-cells are labeled. One such way is to perform multiplexed
in-situ hybridization, as described in Choi et al., 2018, to probe for the M-cells, glycine neurons,
and Drd1 expression. One concern with adults is finding the proper slice thickness to find a
balance between thickness that will ensure penetration by the probes, can successfully be
imaged, and that can incorporate all targets. I would suggest trying different sectioning planes in
addition to find the best visualization. This experiment would provide either support for or
counterevidence to our claim that there is decreased Drd1 expression on glycine cells involved in
feedforward inhibition of M-cell excitability.

In addition, there are alternative ways to test the expression of Drd1 on glycinergic neurons.
One mechanism known to cause internalization of GPCRs are G protein-coupled receptor

kinases (GRKSs) (Gurevich & Gurevich, 2019). GRK4a has been shown to selectively bind to
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Drd1 independently of activation of these receptors and induce receptor internalization (Rankin
et al., 2006). Thus, staining for GRK could indicate whether there is increased Drd1b
internalization in subordinates.

An additional interesting question is whether there are changes in glycine receptor
availability on the M-cells in subordinates. If subordinates have decreased glycine activation due
to decreased DA signaling, this may induce GlyR receptor internalization on the M-cells. It is
known that GlyRs on the M-cells can exhibit recycling in and out of the membrane (Ogino et al.,
2019), and so staining for GlyR in an M-cell transgenic line could provide evidence that glycine
signal onto the M-cells is altered in subordinates.

Finally, the PTar region exhibits the ability for neurogenesis into adulthood (Vijayanathan et
al., 2017), and so there is a possibility for these neurons to undergo cycles of apoptosis and
neurogenesis based on social experience. To determine if social subordination leads to cell death
future studies would benefit from utilizing apoptotic markers, such as Caspase-3 or TUNEL, in
dominants and subordinates. One caveat is that cell death would most likely occur throughout the
14-day pairing period rather than on a single day. This makes sampling at different times points
imperative for being able to tease apart when cell death is occurring. This would give us a
broader look at if these cells are undergoing apoptosis and at what time point during social
interactions apoptosis occurs. Taken together, results from these proposed experiments will give
us more detailed information about the nature of the status-dependent plasticity of the PTar
nucleus.

In conclusion, the work from this dissertation provides evidence that (1) social
dominance alters stripe coloration, (2) that s/c6a3 and drd1b expression is regulated in a status-

dependent manner, (3) that decreased expression of slc6a3 and drd1b results in altered
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synergistic neuromodulation underlying motor circuits, and that (4) these changes may extend
from decreased DA signaling from the hypothalamic PTar nucleus. These results, along with
proposed future experiments, provide a detailed look into the status-dependent connection
between multiple brain regions, and further, the mechanistic changes that result in altered

synergistic neuromodulation of motor circuits.
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APPENDIX A: ANIMAL USE PROTOCOL APPROVAL LETTER

T East Carolina University.

T

Animal Care and
Use Commitee

212 Ed Warren Life
Sciences Building December 1 ] 20 1 4

East Carolina University

Greenville, NC 27834 Fadl ISSa, PhD.

2527442436 ofice  DEpartment of Biology

252-744-2355 fax Howell Science Complex
East Carolina University

Dear Dr. Issa:

Your Animal Use Protocol entitled, "Developmental and Functional Effects of
Spinocerebellar Ataxia Type-13 on Zebrafish Cerebellum and the Effects of Social
Experience on Zebrafish Startle Escape Response" (AUP #D320) was reviewed by this
institution's Animal Care and Use Committee on 12/1/14. The following action was taken
by the Committee:

"Approved as submitted"
*Please contact Dale Aycock at 744-2997 prior to hazard use*

A copy is enclosed for your laboratory files. Please be reminded that all animal
procedures must be conducted as described in the approved Animal Use Protocol.
Modifications of these procedures cannot be performed without prior approval of the
ACUC. The Animal Welfare Act and Public Health Service Guidelines require the
ACUC to suspend activities not in accordance with approved procedures and report such
activities to the responsible University Official (Vice Chancellor for Health Sciences or
Vice Chancellor for Academic Affairs) and appropriate federal Agencies. Please ensure
that all personnel associated with this protocol have access to this approved copy of
the AUP and are familiar with its contents.

Sincerely yours,

WA

Susan McRae, Ph.D.
Chair, Animal Care and Use Committee

SM/jd

Enclosure




APPENDIX B: ANIMAL USE AND CARE COMMITTEE APPROVAL LETTER

,\|\| Il East Carolina University.

Animal Care and
Use Commitee

212 Ed Warren Life
Sciences Building

East Carolina University
Greenville, NC 27834

252-744-2436 office
252-744-2355 fax

MEMORANDUM

TO: Katie Clements

Department of Biology

FROM: Dorcas O’Rourke, D.V.M
University Veterinarian w

SUBIJECT: Certificate of Training
Training Date 10/8/14

DATE: October 8, 2014

This letter is provided to certify that you have completed training in humane methods
of animal experimentation, proper handling of selected species of research animals,
and methods for reporting deficiencies in animal care and treatment. The training was
provided in accordance with U.S. Department of Agriculture (9 CFR 2.32) regulations
and the Public Health Service Policy.

This training included information on ECU animal care organizational structure,
regulatory requirements, [ACUC procedures, program for veterinary and animal care,
occupational health and safety program, and methods for reporting concerns.
Information on biology and care, proper restraint and procedures, and allergies and
zoonoses were also provided.

We suggest that you retain this letter in your training file for future reference.



APPENDIX C: SUPPLEMENTAL FIGURE - L-DOPA
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Figure 22. The effect of L-DOPA on startle escape. Startle response
probability before (control) and after injection of L-DOPA for dominant
(A) and subordinate (B) zebrafish. Control and experimental data are
also compared to a second set of control animals that were sham injected
with equal volume of RO water. In dominants, L-DOPA leads to
moderate increase in startle probability, while in subordinates L-DOPA
leads to a decrease in startle.




APPENDIX D: SUPPLEMENTAL FIGURE — ANTAGONIST SWIMMING
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Figure 23. Effects of DRD1, GABAA and glycine receptor antagonists on swimming. (A)
Raster plots of individual group-housed, dominant and subordinate zebrafish before (Control)
and after injection of DRDI antagonist (SCH 23390). (B) Raster plots of individual group-
housed, dominant and subordinate zebrafish before (Control) and after injection of GABAA
antagonist (Bicuculline)*. (C) Raster plots of individual group-housed, dominant and
subordinate zebrafish before (Control) and after injection of glycine receptor antagonist
(Strychnine). Each row represents the swimming activity of individual fish, and each circle
represents a swim burst. *Bicuculline swimming was only recorded for 10 seconds rather than

60 seconds.




APPENDIX E: SUPPLEMENTAL FIGURE — DAT ANTAGONIST
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Figure 24. DAT antagonist decreases escape in WT group-housed fish. WT
Group-housed animals showed decreased escape probability with
administration of a DAT antagonist, as seen in the shift from the solid black
line to the dashed black line.




APPENDIX F: SUPPLEMENTAL FIGURE — M-CELL AND DRD1 COEXPRESSION

Tol-56:GFP

Anti-DRD1

Figure 25. No co-expression of DRDI1 on
M-cells. (Upper) Transverse section of an
M-cell with both dendrites in green.
(Middle) DRDI1 staining in magenta.
(Lower) Merged image of DRDI staining
on the M-cell. Co-expression would appear
white.




APPENDIX G: SUPPLEMENTAL FIGURE — GLUTAMATE AND DOPAMINE
COEXPRESSION

Figure 26. No Glutamate-DA co-expression in PTar. Tg(VGlut2:RFP),Tg(slc6a3:EGFP) line
labeling glutamate in magenta and dopamine in green, shows distinct expression patterns in
the hypothalamus (lower right region) and the habenula (upper left region). Boxed region
notates the hypothalamic PTar region and shows only GFP labeled magnocellular neurons.
Co-expression would appear white.







