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Abstract

The proposed fiSoci al Decision Making Netw

interconnected brain arebslievedto regulate social behawioacross vertebrate taxX@/hile

the role of the SDMN in complex social behaviours is relatively well understood, we know
comparatively little abouhe role ofthe SDMNin simplegrouping andesponses tsocial
cues.While the existence of the SDMN in mammals is well suppoitedole in social
behaviar in other taxa is less well studidly analysing neuronal activation in the preoptic
area (POA), dorsal nucleus of the ventral telencephalic area (Vd), supracommissural nucleus
of the ventral telencephalic area (Vs), and vémualeus of the ventral telencephalic area
(Vv) in zebrafish Danio rerio) | aimedto determine how these four nodes of the SDMN
respond wheshoalingand when exposed thfferentsocial cues. Combined visual and
olfactory exposure to conspecifics significantly incredsedlsof the phosphorylated
ribosome S6 protein (PS6) in tROA, however surprisingly there was no change @A
PSé6levelswhen fish were allowed to shoal, sugtieg the POA may in fact be responding to
social cues rather thamoaling itself Other nodes of the SDMN showed no changes in PS6
levels. Based on these findingmvestigated® OA regulation ofshoalingby analging
expression of isotocin (IT) neuromsthe POA of two populations of zebrafish with different
shoaling phenotypes$found that more social fish had more magnocellular IT neurons than
less social fish, but there were no differences in parvocellular or gigantocEllueuron
numbersMy findings provide evidence that the POAénsitiveto social cues but is not
necessarily activated by shoaling. Furthermorg resultsdemonstrate thatdult plasticity in

magnocellular IT neurons is associated with changes in shoaling tendenciesfislzebra
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Abbreviations:

AH Anterior hypothalamus

AVP Arginine Vasopressin

AVT Arginine Vasotocin

bIAMY Basolateral amygdala
BNST/meAMY Bed nucleus of the stria terminalis/medial amygdala
DAB 3 , -Biadpinobenzidine

GLMM General linear mixed model
IEGs Immediate early genes

IT Isotocin

LS Lateral septum

MS222 Tricaine methanesulfonate
NAcc Nucleus accumbens

OCT Optimal cutting temperature
oT Oxytocin

PAG/CG Periaqueductal gy/central gey
POA Preoptic area

PS6 PhospheS6 ribosomal protein
SDMN SocialDecisionMaking Network

TPp Periventricular nucleus of the posterior tuberculum
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VMH

VP

Vs

VTA

Vv

Dorsal nucleus of the ventral telencephalic area

Ventromedial hypothalamus

Ventral pallidum

Supracommissural nucleus of the ventedgéncephalic area

Ventral tegmental area

Ventral nucleus of the ventral telencephalic area



Chapter One: Introduction
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1.1 The Social Decision Making Network

The Social Decision Making Network (SDMN) is a proposed network of highly
conserved and interconnected brains areasshgpothesized to regulate social behaviour
and reward in vertebrates (Crews, 2003; Good
SDMN is comprised of two interconnected networks, the Social Behaviour Net8BhK)
and the mesolimbic reward systéfigure 1). TheSBN regulates social behaviours including
sexual behaviour and reproduction, aggression, and parental care (Newman, 1999). Social
behaviour is regulated by neurons located in key regions &Bh&hat secrete and contain
receptors for nonapeptidmdsexst er oi d hor mones (O6Connell &
mesolimbic reward system, including the dopaminergic system, is responsible for the
evaluation of salience of an external stimulus (Deco & Rolls, 2005; Wickens et al., 2007).
The mesolimbic rewardystem is interconnected with tisBN, regulating social behaviours
through reinforcement of responses to extesoalalstimuli in reproduction, dominance
interactionsor caring for offspring (Numan, 2007; Paredes, 2009; Fuxjager et al., 2010).
Through he integration of botthe SBNand the mesolimbic reward system, the SDMN is
understood to be an integrated and evolutionarily ancient circuit that regulates responses to

both socialandnee oci al salient sti mul.i (O6Connell &
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Figure 1.Representation of tfteDMN and its constituent partdie mammaliaisBN
(yellow),the mesolimbic reward system (blue), and brain regions that are implicated in both
functions (green). Arrows represent connections between brain regions. Figure obtained

from O6Connel | & Hof mann, 2011).
1.1.1 SDMN in Mammals

Several key nodes of tl&8N have beeshownin mammals to mediate a wide range
of social behavioursviany of these nodes are either located within or are highly
interconnected with thieypothalamusA core region of th&BN is the preoptic area (POA)

a brain regioradjacento the third ventricle in the hypothalamus and a key neuroendocrine
region responsible for the regulation of a wide range of social behaviours including

aggressionsexual behaviour, and parental care (Heimer & Larsson, 1967; Malsbury, 1971;
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Hull & Dominguez, 2006; Lee & Brown, 2007). The POA is also involved in the processing

of social olfactory cues, making it a key area for the processing of social information
(Landgraf et al., 2003; Bielsky & Young, 2004). Other characterized regions 8BNe

include the anterior hypothalamus (AH), ventromedial hypothalamus (VMH), and the
periagueductajreycentralgrey (PAG/CG). The AH is believed to be a crucial node for the
regulation of aggression as well as parental care (Ferris & Potegal, 1988; Bridges et al.,
1999). The VMH is interconnected with both the amygdala and other regions of the
hypothalamus and has been shown to be a regulator of aggression, feeding, and female
receptivity in breeding (Panksepp et al., 1970; Saper et al., 1976; Malsbury et al., 1977). The
PAG/CG is important for several social behaviours in both sexes including reproduction,
aggression, and vocal communi cat,l982r ( Fl oody
Bandler & Carrive, 1988; KollackValker & Newman, 1995; Lonstein & Stern, 1997;

Jirgens, 2002; Schulz et al., 2005). Like many other regions in the SENdFPAG/CG also
contains sex steroid receptaovhich areconsidered to bindamental in the neural regulation

of sexual behaviour and aggress{®ubinow et al., 199@ylurphy, et al., 1999).

The mesolimbic reward system is believed to mediate social behaviour and social
decisionmakingthrough the regulation of rewadO 6 C d & hoémlann, 2011).
Reinforcing dopaminergic signalling induced by rewarding social cues is hypothesized to
thus act as a mechanism driving social decision makieg.brain regions in the mammalian
mesolimbic reward system include the striatum, nucleasmbens (NAcc), ventral pallidum
(VP), basolateral amygdala (bIAMY), hippocampaisd the ventral tegmental ar@éarA).
Thestriatumis involved in reinforcement learning, thus mediating learning anddjedted
actions (Wickens et al., 2007). The NAcc integrates sensorimotor information in order to
regulate evaluation and approach or avoidance of a stimulus (Ikemoto & Pankseppit1999)

projects to the VP and receives projections from the blAMYhappocampusas well as
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receiving a high level of dopaminergic projections from the VTA (Fallon & Moore, 1978;
Beckstead et al., 1979; Heimer et al., 199Rese projections from the VTére an

important component of the mesolimbic reward systenopardine release in the NAcc has
beenrepeatedlymplicated in the regulation of reward and reinforcem&aigmone et al.,
2001;Salamone & Correa, 2002)he VP receives input from ttstriatum and NAcc and

projects to several brain regions including the hypothalamus and VTA (Haber et al., 1985;
Groenewegen et al., 1993; Ikemoto, 2007). The VP also regulates the behavioural output of
goaldirected behaviours and reward processing (Mogensdn &080; Smith et al., 2009).

The bIAMY projects to the hypothalamus through the stria terminalis, and $tridte@mand

NAcc (Russchen & Price, 1984; LeDoux et al., 1987; Turner & Herkenham, 1991; Petrovich
et al., 1996; Wright et al., 1996; Risoldagt 1997). The blIAMY is implicated in goeal

directed behaviour by modulating the activation of dopaminergic neurons located in the VTA
(Maeda & Mogenson, 1981)he hippocampus is responsible for memory, including the
formation of memaories of experiencasdaspatial representations of the environment
(O6Keefe & Nadel, 1978; Andersen et al ., 200
of social behaviour, the hippocampus is responsible for the encoding of social memory such
as social recognition anddiitating social learning (Kogan et al., 2000he VTA is the

primary component of the dopaminergic system, releasing dopainine NAccas a

response toewardingstimuli and facilitating reinforcemergEallon & Moore, 1978;

Phillipson, 1979; Domesi¢ck988; Le Moal & Simon, 1991; Spanagel & Weiss, 1999). The
VTA and NAcc have thus been implicated in the regulaticemfoductive behaviowand

parental care (Brackett & Edwards, 1984; Sirinathsinghiji et al., 1986; Hansen et al., 1991,

Hasegawa, 1991; Sotr&ayon, 2001).

The mammaliatsBN and the mesolimbic reward systewerlap at two key nodes

the lateral septum (LS) and the bed nucleus of the stria terminalis/medial amygdala
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(BNST/meAMY), regions that are hypothesized to regulaté bocial behaviour and reward.

The mammalian LS receives projections fromhimpocampusAH, POA, and VMH, and

projects to both the hypothalamus and midbrain (Meiback & Siegel, 1977; Swanson &
Cowan, 1977; Swanson & Cowan, 1979; Staigetignberger, 289; Risold & Swanson,

1997). The LS and VTA are reciprocally interconnected via the dopaminergic system, and LS
stimulation of the VTA has been shown to produce excitatory effects on dopaminergic
neurons located in the VTA (Maeda & Mogenson, 1981; Swari€8?). The meAMY

projects to the hypothalamus through the stria terminalis, modulating reproductive,
aggressive, and parental behaviours (Canteras et al., 1994; Risold et al., 1997; Swanson &
Petrovich, 1998; Sheehan et al., 2001; Choi et al., 2005)a8imthe BNST mediates
aggression and reproductive behaviours (Valcourt & Sachs, 1979; Shaikh et al., 1986; Powers
et al., 1987). However, the BNST is also largely involved in motivational behaviour through
its excitatory effects on dopaminergic neurtotated in the VTA (Delfs et al., 2000;

Georges & Astordones, 2001).

1.1.2 Teleost Homologues of the SDMN

O6Connel | a n d prbbodedrilze existeric@ di 4 cbrserved vertebrate
SDMN, involvinghomologues of mammalian SDMN brain regions based on structure,
development, and morphologligure 2). Based on thee suggesteldomologied
investigated neuronal activation in four key nodes optioposedeleost SDMN. These four
nodes included the wbst POA, the dorsal nucleus of the ventral telencephalic area (Vd), the
supracommissural nucleus of the ventral telencephalic area (Vs), and the ventral nucleus of
the ventral telencephalic area (Vv). The POA in teleosts is considered to be homologous to
the POA in mammals and is similarly considered to be crucial for the regulation of a wide
range of social behaviours including sexual behavaoglaggressiorfDemski & Knigge,

1971; Macey et al., 1974; Satou et al., 1984; Wong, 2000). The teleost POA is reciprocally
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interconnected with the hypothalamus and telencephalon (Folgueira et al., 2004b), and also
contains receptors for sesteroid hormones (Forlanoat, 2005, 2010; Munchrath &

Hofmann, 2010). The Vd is hypothesized to be a homologue of the mammaliaraNd\c

associated with reward, asciintains dopamine receptors which are activated by

dopaminergic projections from the periventricular nucleus@fposterior tuberculum (TPp),

a putative teleost VTA homologue (Rink & Wul
In the context of socidiehaviourthe Vd is thought to be a reward centre that responds to

social cues if they are considered rewardqin@é Connel | & HBvaénoeann, 2011
suggests that the Vs is a homologue of the mammalian meAMY and BNST due to shared

gene markers and functional similarity in both sociality and reward (Demski & Knigge 1971;
Satou et al ., 1 9 8 4nnell & Hafmann, 20EL}. Tha Vs.also pjeds4o; O06 C
several hypothalamic regions including the TPp (Folgueira et al., 2004a). Finally, the Vv is
considered homologous to the mammalian LS and is associated with reproduction in both

males and females (Kyle & B, 1982; Satou, et al., 1984). The Vv receives input from the

TPp and is thualso thought to be involved roth sociality and reward (Rink & Wullimann,

2001).
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Figure 2. Proposed homologies of the SBN and mesolimbic reward system in
mammals and telats represented in sagittal brain sections. Yellow regions represent
regions associated with the SBN, blue with the mesolimbic reward system, and green regions

associated with bothetworks Fi gur e obt ained from O6Conne

1.2 Simple Social Behaviour

Grouping is a common behaviour exhibited in a wide range of species that benefits
individual fitness, such as reducing predation risk, increasing foraging success, and

increasing opportunities for mating (Krause & Ruxton, 2002). The role of the SDMN in the
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context of complex social behaviours such as reproduction and aggression is relatively well
understood, however comparatively little work has been done on the role of the SDMN in
simple social behaviour such as groupimgestigation into simple sociakbaviour is

important in order to establisthether thanechanismthat underpin this simpleehaviour

are shared wititmore complex social behaviouExposure to conspecifics elicited

differences in immediate early gene (IEG) expression iisIN between gregarious and
territorial birds (Goodson et al., 2005)EG responses in the ventrolateral septum, AH, and
lateral subdivision of the VMH were significantly higher in gregarious species of birds, while
IEG expression in the extended AH was negdyiorrelated with socialityNonapeptide
neurons located in the stria terminalis and LS have been hypothesized to promote flocking
behaviour in estrildid finches (Goodson et al., 2009b). Similarly, pharmacological
manipulation of nonapeptide receptorshie POA has indicated that V1a receptor antagonists
decrease gregarious behaviour, suggesting that together these neurons and receptors promote
preference for larger flock sizes (Kelly et al., 20THese findings highlight theotential

role of the SDMNn simple grouping behaviour and provide a novel opportunity to

investigate how grouping and social cues affect neuronal activation in the SDMN.

Zebrafish Danio rerio) make an ideal model organism for investigating the role of
the SDMN in simple social behaviour as they are a highly social spgkatsgroups into
shoals and find the presence of cor#ips socially reinforcing (Miklosi & Andrew, 2006;
Saverino & Gewi, 2008). Ithasalsobeensuggested that a number of biological and
behavioural properties are conserved between zebrafismamdnals allowing for cross
species comparison of neural regulation of simple social behaviour (Norton &@afly

2010).
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1.3 The Teleost Preoptic Area

Data compiled from multiple comparative studies provide evidence that there are
specifictypes ofconservedeurons located within the teleost POA that are homologous to
neuron typegdentified in other species (Fox et al., 79Fhompson & Walton, 2004; Aubin
Horth, 2007; Backstr°m & Winberg, 2009; Wal't
2011; Oldfield & Hofmann, 2011). These neuron types include parvocellular, magnocellular,
and gigantocellulanonapeptideeurons (Braford &orthcutt, 1983}hat have been

identified base@n morphology, soma size, and localization (Godwin & Thompson, 2012).

These different types of neurons are hypothesized to regulate different types of social
behavioursParvocellular neurons are expressed along the rostral and ventral regions of the
POA with populations of small neurons located lateral to the third ventricle. These
parvocellular neurons are typically thought to be involved in the regulation of stress
respamses, social approach, and subordinance (Godwin & Thompson, Zele)st
parvocellulameurons are considered to be homologous tpdineocellular neurons found in
thesupraoptic nucleus identified in tetrapod taxa and the paraventricular nucleus of the

mammalian POA (Van den Dungen, 1982; Moore & Lowry, 1998).

Magnocellular and gigantocellular neurons expressed in the caudal region of the
teleostPOA are considered homologous to tha@gnocellular and gigantocellular neurons of
themammalian supraoptitucleus and the paraventricular nucleus in tetrapods based on their
colocalization with neurons that produce corticotropic releasing hormone and expression of
the Nurrl orphan receptor (Olivereau et al., 1988; Kapsimali et al., 2001). Magnocellular
neuronsare midsized neurons locatextljacento the third ventricle, while gigantocellular
neurons are larger neurons located in the caudal and dorsal region of the POA (Godwin &

Thompson, 2012). Both magnocellular and gigantocellular netnaresbeen implicad in
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reproductive and aggressive behaviours (Godwin & Thompson, 206&ever, little is

known abouthe role ofthese cell types ithe regulation o§imple grouping behaviour.

14 Study 1: Activation of the SDMN

The first experiment aimed to determimaw differenttypesof social exposure
activate different nodes of the SDMN usiihg phosphorylated S6 ribosomal protd?$§ as
a proxy for detecting neuronal activity using immunohistochemical methods. Experimental
fish were exposetb a stimulus shoal for 30 minutes with differing levels of soctaitact
Subjects were either only given Visual exposure to a sk givenVisual + Olfactory
exposurewere placed ira Shoaling condition where subjects could physically interact with
the stimulus shoabr were placed ia nashoal Control condition. By investigatimgultiple
nodeswithin the SDMNI aimed tounderstandhow different components dhe SDMN
process and integrate information and social cues, as well as determine whether the SDMN
responds as a unitary structure, or if different nodes respond differently to different types of

related social cues.

| predicted thaas the level of social exposure increased, and subjects were provided
access to increasingly rich social informatithat PS@evelswould increase in the POA.
This is due to evidence that expression of the H&6Gincreases in the POA in response to
affiliative social stimuli but does not when exposed to aversive or aggressive social stimuli
(Goodson & Wang, 2006; Goodson et al., 2009a; Bolborea et al., 2010; Ho et al., 2010).
Additionally, exposure to female conspecifics, but not mélas been shown ®icit an
increase ievel of PS6 in the POA of malguppies(Poecilia reticulatd (Fischer et al.,
2018).1 further hypothesized to find increase PS6levelsin the Vd, Vs, and Vv as the
level of social exposure became increasingly rich. This is due toubleementof these

nodes in the mesolimbic reward pathway and the possibility that although the Visual and
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Visual + Olfactory conditions may be sociallynstilating, they may not necessarily be
rewarding and thus may not elicit strong responses in these brain areas, Whexpased
stronger responses in the Shoaling condition as evidence indicates that zebraishiéihd
stimuli rewardingand this condition provided the greatest social stim{Miklosi &

Andrew, 2006; Saverino & Gerlai, 2008).

1.41 PhospheS6 Ribosomal Protein

Ribosomal protein S6 is a component of the protein translation machinery which
underges cellular activitydependent phosphorylation. It has emerged as a method for
assaying neuronal activity due to its rapid and transient phosphorylation in response to a
stimulus, resulting in detectable levels of the phosphorylated S6 ribosomal pr&éjn (P
Neuronal activation elicits changes in gene expression, causinggusational
modification of specific amino acid residues on the S6 protein (Biever et al., 2015). S6 is
sequentially phosphorylated across five serine residues: the Ser235, 2354424and 247
residues (Krieg et al., 1988). Protein phosphorylation at Ser235 and Ser236 is detectable five
minutes after exposure to a stimulus, and peaks at thirty minutes, after which expression is
maintained for multiple hours (lwenofu et al., 20B&ver et al., 2015; Pirbhoy et al., 2016).
Immunohistochemistry using antibodies for PS6 permits accurate detection, quantification,
and localization of neuronal activation (Knight et al., 2012). While quantifying the expression
of IEGs such as EGR orFosis a common proxy for detecting neuronal activation,
interspecies variation in IEG gene sequenaesesantibodies raised in mammals to not
always work properly for immunohistochemistry in other taxa, such as fish. Conversely,
ribosomal proteins aradghly conserved between species and multiple maraomgiin
antibodies have been validated for use in fish, and thus can be used with confidence in

zebrafish (Shin et al., 2012; Schultz et al., 2017; Scheldeman et al., 2017).
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15 NonapeptideRegulation of Social Behaviour

My resultsfrom Study 1 as well as broader reseaioko the neural basis dish
sociality highlights the importance of the POA as a mediator of social behaviour in teleosts
(CabreraAlvarez et al., 2017)To further investigate the rothat the POA plays imebrafish
grouping behavioyt investigatedsariation inPOA function in zebrafislpopulatiors with
different social phenotypef order to do sbfocused omonapeptides, peptide hormones
expressed in the teleost POA that aredmental in the regulation of a wide range of social

behaviours across vertebrate taxa (Urano & Ando, 2011).
15.1 Nonapeptides in Mammals

Evidence shows that the mammalian nonapeptides arginine vasopressin (AVP) and
oxytocin (OT) are key regulators oftmeviours including affiliation, parental behaviour,
bonding, social recognition, and aggression in mammalian species (Melin & Kihlstroem,
1963; Williams et al., 1992 Winslow et al., 1993b; Williams et al., 1994; Benelli et al.,
1995; Gubernick et al., 1995; Engelmann et al., 1998; Kow & Pfaff, 1998; Wang et al., 2000;
Meddle et al., 2007; Caldwell et al., 200Besearch investigating the role of OT in social
behaviair suggestthat OT may be functioning as a promoter of affiliative behaviour in
mammals. In rodents, ventricular administration of OT promotes social affiliation and has
been shown to reduce anxiety and aggressive behaviour (Witt et al., 1992; Dharmatlhika
al., 1997; Cho et al., 1999; Harmon et al., 2002; Lubin et al., 2003). OT has been found to
facilitate affiliation and inhibit stress responses by instigating changes in the neural
processing of external social stimuli in the amygdala (Kirsch e2@05; Petrovic et al.,

2008).

Both AVP and OT are considered toibgortantin the neural processing of olfactory

socialinformation and for social discrimination (Bielsky & Young, 2004). Research shows
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that OT specifically is crucial in social olfactiamd social recognition through facilitating
changesn neuronal activity and synaptic efficacy in the olfactory bulbs (Keverne, 1999;
Brennan, 2001)Administration of OT to the amygdala in éfiockout mice has been shown

to restore social recognition (fgison et al., 2001). Furthermore, peripheral administration of
low doses of OT has also been shown to facilitate social interaction in male rats (Popik et al.,
1992). Together these findings suggest that OT may promote affiliative behaviour in

mammalian gecies.

Despite the common perception of nonapeptides as ubiquitous regulators of social
behaviours, a high level of disparity is found in nonapeptide function and expression between
species and sex. Research investigating the role of AVP in affiliatdpairbonding
between two different species of voles has highlighted differences in AVP hormone and
receptor function based on speesgecific differences in social structuRrairie voles
(Microtus ochrogastérare a highly social and sexually monogas species that practices
biparental care for offspring, while Montane volbdrotus montanusare a solitary and
sexually promiscuous species (Young et al., 1999a). Centrally administered AVP was shown
to increase affiliation itmalePrairie voles buhot inmaleMontane voles (Young et al.,
1999a). In male Prairie voles affiliation and mating alasbeen shown to stimulate AVP
release, facilitating paioonding, as well as promoting parental care and aggression towards
unfamiliar males (Insel & Sham, 1992; Winslow et al., 1993a; Insel et al., 1994; Lim et al.,

2004).

In general, expression of OT and OT receptors is higher in females than it is in males
(Zingg & Laporte, 2003; Carter, 200estrus in female Prairie voles is activated by
courtship behaviour and olfactory signalling from male voles, stimulating OT release
(Williams et al., 1994; Cushing & Carter, 200Bndogenous binding of OT released during

mating to the NAcc facilitates ¢hformation of paibonding in female Prairie voles,
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nonapeptides thus performing seemingly complementary roles in mating behaviour between
sexegWilliams et al., 1992 Neumann, 2009 he administration of OT antagonists
additionallyblocks partner prerencdormationin female Prairie voles, suggesting that OT is

essential for facilitating affiliation and selective pbaonding in females (Cho et al., 1999).

Further research investigating species and sex differences in voles has suggested that
differences in behaviour may be associated wihapeptideeceptor patterning/entral
forebrain expression of the V1a recepgtomaleshas been shown to be higher in
monogamous California deer mice and marmoset monkeygpared to related sexually
promiscuous species, indicating that AVP mediation of social attachmeaies of
monogamous species is evolutionarily conserved (B&steedith et al., 1999; Young, 1999;
Young et al., 1999bMale Prairie voles were fourtd havehigherAVP receptolevelsin
the VP than male Montane voles (Young et al., 1998hile female Prairie voles have also
been found to have more OT receptors in the NAcc than female Montane voles (Young et al.,
2001). Together, these findings ialesand other mammalBustrate sex differencan

nonapeptide receptexpression are associated with specific social phenotypes across.species

Despite the abundance of research investigating the role of nonapeptides in complex
social behavioursy mammals there is comparatively little investigating their role in simple
social behaviour such as grouping. This is perhaps a functibe difficulty of studying
grouping in mammalsompared tan smaller gregarious animals such as shoaling fish or

flocking birds.

15.2 Nonapeptide Function in Teleosts

The function oinonapeptidesm fish has received much less attentilban in
mammalglespite the conservation of these neuropeptides across vertebrates, and the rich

range of social behaviours seen in fish spe@esuping behaviour is also much easier to
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study in small shoaling or schooling teleost species, supblaafish providing
opportunitesto investigate the role of nonapeptides in simple social behaviour. By
investigating POAlonapeptideignalling in the context afimple social behaviour in
teleostswe can further understand haariation in nonapeptide signalling might lmeolved

in changes in shoaling tendencies

The teleost homologues of AVP and OT are arginine vasotocin (AVT) and isotocin
(IT) (Urano & Ando, 2011). In zebrafisAVT and IT are primarily expressed in
neurosecretory cells located along the third ventiictbe ventral POA, with additional
expression in the caudal region of the hypothalamus (Godwin & Thompson, 2012).
Nonapeptide neurons in teleosts thia locatedn the POA project to the posterior pituitary,
which releases the nonapeptides into theppery througtihe hypophysis, as well as to the
median eminence of the anterior pituitary where they are implicated in adrenocorticotropin
release. Further nonapeptide projections from the POA to the hindbrain additionally play a
role in autonomic nervousystem functionality (Goodson & Thompson, 2010). These
projections to the periphery and hindbrain are thought to regulate physiological responses to
external stressors, while central release of nonapeptides in the POA is hypothesized to

mediate social bek#&urs (Goodson, 2008; Thompson & Walton, 2009).

Research investigating the role of nonapeptides in teleosts has primarily focused on
behavioursuch asggression and dominan@emsar and Godwin (2004) demonstrated that
AVT is crucial for the formatiorf territorial status in both male and femblaehead wrasse
(Thalassoma bifasciatymAntagonism of the AVT V1 receptbiocked territorial
dominance over vacated territories in both males and fenfE@Sadministratiorhas been
shown toreduce aggressin in dominant male zebrafish (Filby et al., 201R)bordinate male
Neolampologus pulchecichlids have been shown to express higher levels of AVT in the

brain than dominant maleldowever,dominant males exhibit increased AVT expression in
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the periphery, likely due to its role in the retention of urine, a social signal of submission

(Reddon et al., 2015).

While AVT functions as a mediator of aggressioninteleiosts mul t i pl e spec
role in aggression appears to vary by speciesgénous IT did not impact aggression in
damselfish $tegastes leucosticiuSantangelo & Bass, 20Q6jowever, IT does seem to be
implicated inthe evaluation of conspecifics in the context of aggres$i@molamprologus
pulchercichlids demonstrated increased sensitivity to opponent size and exhibited more
submissive displays following administration
(2012) also found that IT facilitated an increase in pate@@ inAmatitlania nigrofasciata
cichlids following mate removal while treatment with an IT antagonist blocked paternal care.
Dominantfalse clownfish Amphirion ocellari$ have been shown to have more parvocellular
IT neurons than subordinates, indicating that neural IT varies based on social status (lwata et

al., 2010).

As in mammalsnonapeptides in teleosts are regulators of a wide range of social
behaviours, thoughridings indicatehatnonapeptide regulation of behaviour varies between
species and context, indicating that the role of nonapeptides in teleost social behaviour is still
not fully understoodAdministration of an AVT/IT receptor antagonist has been shiown
reduce affiliative behaviour and aggressiodmatitlania nigrofasciataichlids during pai
bonding, but no effect was observed on fish withgs®blisled pair-bonds (Oldfield &

Hofmann, 2011). Ventricular administration of AVT was shown to increasgship
behaviour in malevhite perch orone americang but courtship vocalizations were
inhibited in maleplainfin midshipman fist{Porichthys notatusfollowing AVT

administration (Goodson & Bass, 2000; Salek et al., 2002).
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Little is currentlyknown about the role of nonapeptides in simple shoaling behaviour
in teleostsThompson & Walton (2004) showed that administratiofirdacilitated social
approach irgoldfish (Carassius auratys Conversely, AVT administration inhibited social
approach while an AVT receptor antagonist was stimulatory on social appFoatttermore
administration of both IT and AVT have been shown to increase shoaling preference in
wildtype zelvafish (Braida etal., 2012) Nonapeptide signalling has also been shown to be
plastic in response to social phenotyplessritorial male cichlids have been shown to express
higher total levels of AVT than neterritorial males (Greenwood et al., 2008). However,
territorial males were found to haless expression of AVT in the parvocellular nucleus of
the POA than notterritorial cichlids,indicating plasticity in nonapeptide expression based on
social phenotypes:urther research in cichlids has shown that neural IT tsehigp sociaN.
pulcherthan norsocialTelmatochromis temporalsi c hl i ds ( O6 Cdineseor et
studies suggest that nonapeptide signalling in teleosts is @astis associated with specific
social phenotypes. Such changes in nonapeptide signalling are not seen in mammals, where
variation in social behaviour is more typically associated with changed in honapeptide
receptor abundance and patternimgé€l et al., 1994; Insel & Young, 2000; Cxadson &

Young, 2008).

16 Study 2: NonapeptideExpression inDifferent

Populations

To investigatehe role of IT in grouping behaviour in zebrafislkcharacterized IT
neurons from two populations of zebrafish with different social phenotypes using
immunohistochemistry. These different populations were generated by exposing one
population of zebrafish to an enrichglysicalenvironment at 5 months ofj@ while the

other population was kept in a standard control environment. After 4 weeks of enriched
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housing populations reliably exhibited robust differences in shoaling behaviours when tested
Behavioural phenotyping indicated that zebrafish housed @mached environment

expressed more dense shoaling behaviour with significantly more time spent within 2 body
lengths of other fish, and shorter average path lengths to other shoal members. This is
consistent with hypotheses that environmental enrichnenalgeneralized impact on neural
function and activity in a broad range of taxa by promoting neural plasticity (van Praag et al.,

2000; Salvanes et al., 2013).

| hypothesized that the more social population of zebrafish would express more IT
neurons thathe less social population of zebrafish. This was based on previous evidence that
IT administration promotes affiliative behaviour in teleosts (Thompson & Walton, 2004;
Braida et al., 2012). By quantifying expression of different types of IT neuronsdretwe
populations of zebrafishwasable todetermine whethdil & neuroral phenotype varies in
responséo environmental changesd whether this is associated wgttouping behaviour

phenotypes.
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2.1 Ethical Approval

All tests and procedures the present studiege r e approved by the
Welfare and Ethics Review Steering Group (Ethical Approval JK_WS2Q)and all

husbandry and euthanasia methods were iordaace with UK Home Office guidance.

22 Aim

My first experiment aimed to determine how different key nodes of the SDMN are
activated in zebrafish in response to shoaling or social cues. Byiagdbvels of the PS6
protein usingmmunohistochemistry, | was able to quantify neuronal activation in the POA,
Vd, Vs, and Vv under four contexts: a-aboal Control, Visual exposure to a stimulus shoal,

Visual + Olfactory exposur® a stimulusor actualswimming with a shoal.

2.3 Subjeds

Subjects were 48 adultffear old) male wiletype strain zebrafisiD@nio rerio)
taken from our breeding population. Zebrafish were originally obtained as a cohort of over
2000 larvae from multiple matings from the University of Manchester and redrectgool
John Moores University. Subjects in each housing tank were thus a mixture of fish from
different matings. Subjects were housed-iitré clear polycarbonate tanks (dimensions
17cmwidth x 15cmheightx 32cm length with water temperature maahed at 27 + 1 °C,
and pH maintained at 7.4 £ 0.2. Water quality was tested once per week for pH, ammonia,
nitrites, and nitrates. Tanks were placed in cusaiit recirculating rack systems in which
water constantly circulated through tanks into sumpeaxh rack. Sumps were fitted with
biofilters, mechanical filters, UV lights to prevgrathogergrowth, and two Eheim 150W
water heaters per sump. Each rack system had a 30% water change once per week. Home

tanks included one plastic plant and an image of gravel substrate placed beneath the
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transparent tank bottoms. Fish wi&ept on a 14:10 hour lid/dark cycle anded a diet of
flake food daily (Tetramin Tropical Flakes, Tetra, USA) as well as supplementary live

artemia once weekly.

Testing took place in the surgical suite of the Life Sciences Buildingiire4anks
similar t o tetasks (Bigute B)eThd testing thn@sncontained one plastic plant
and an air bubbler, as well as a clear plastic partition between the left and right portions of the
tank. The addition of the divider was necessary for separating experimental and stimulus
shoal fish during the social exposure component of the experimental procedure. The partition
was secured in place using aquarsafe silicon sealant.ensured that there were no leaks
through the partition or sealant daily before testing in order to etisat no water would
cross the barrier, preventing the exchange of confounding olfactory information. A slotted
partition was usetbr the Visual + Olfactory exposum®ndition in order to allow for the
exchange of olfactory cues while still keeping expental subjects separate from the
stimulus shoal. This was accomplished through piercing small holes through a similar thin
clear plastic partition. Tanks were tested before the experimental period to ensure that water

would flow between sides of the tgrdut fish could not fit through the holes.
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Figure 3.Visual representation of testing setup during each experimental condition.
Exposure and stimulus portions of tanks were divided using a clear impermeable partition.
This partition was slotted in theddal + Olfactory condition and solid in all other

conditions.
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2.3.1 Experimental Groups

The experimental conditions consisted of four different contexts of social exposure
with varying levels of social informatiovisual exposure, Visual + Olfactory exposure, a
Shoaling condition, and a rshoal Control condition. In the Visual exposure condition
subjects were exposed to a stimulus shoal with a iclegg@rmeablelastic divider separating
the fish so that they cadisee each other, but not could not physically interact. In the Visual +
Olfactory condition subjects were separated from the stimulus shoal by a slotted clear plastic
divider that allowed for water to flow between sides of the partition but were smatjletm
prevent subjects from crossing the barrier, allowing for the exchange of olfactotyutues
preventing physical interactioim the Shoaling conditigrihe stimulus shoal was placed in
the subject side of the testing tank, mearsingjects were allwed to freely physically
interact with the stimulus shoal. In the Control condition subjects were placed in an empty
tank with no conspecifics. All conditions utilized tanks with partitions in order to control for
free swimming space between groups. Abbjeats were housed in isolation the night before
testing with obscuring dividers between tanks in order to control for confounding social

exposure.

Subjects were divided into four groups of 12 randomly selected males and assigned to
one of the four stimuis conditions. Sixteen female stimulus fish from our population were
randomly selected for use in the stimulus shoals. This allowed for stimulus fiskwa@apped
between subject& order to minimize stimulus fish stress and potential changes in
respondhg to the experimental subjects. The stimulus shoal size was determined based on
early evidence indicating that shoals of as low of four zebrafish exhibit shoaling behaviour
patterns that are indistinguishable from that of larger groups (Breder & Halj9di6),

Female individuals were used as stimulus fish and males used as experimental fish in order to

easily identify the male experimental subject at the end of the exposure period by visual
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inspection, thus minimizing time between exposure and euthaaasigll as avoiding
stressful and potentially harmful invasive identification methods such as fin clipping or

fluorescent tagging.

The exposure period began immediatgterthe experimental subjects were placed
into the tank and lasted for 30 minut&ke length of this exposure period was chosen due to
evidence indicating that while PS6 is detectable after 5 minutes, it peaks after 30 minutes and
is then maintained for several hours (Biever et al., 2015). This exposure period was
considered ideal fanccurately measuring thevelo f PS6 i n subjectsd bra

immunohistochemistry.

24 Euthanasia & Tissue Processing

Following exposure, experimental subjects were removed from the testing tank and
quickly euthanized using buffered tricaine methanesal® (MS222, 300mg/L, Sigma
Aldrich, Dorset, UK) dissolved in tank water, an approved Schedule One method of
euthanasia. This euthanasia procedure was adopted from a procedure by Neiffer & Stamper
(2009) MS222 was prepared in concentrated 50ml buffered frozen aliquots and adjusted to
pH 7.4, identical to the pH of the home tanks. These aliquots were defrosted and combined
with 200ml of tank water to dilute the MS222 to a working concentration of 300mg/L.
Subjects were immersed in the MS222 fek(®minutes and observed until there had been an
absence of opercular movement for 3 minutes,

brains were subsequently dissected using a standard protocol by Gupta & VROLD).
24.1 TissuePreservation & Sectioning

Foll owing dissections, subjectsd brains w

Temperature (OCT) compound in moulds and then immediatelyfsozgn in dry icechilled
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hexane. Frozen tissue was storee2@fC until sectioning. Sectioning was performed using a
Leica CM3050 S Cryostat. Whole brains were sectioned cdyané&b slices26 m t hi c k
thawmounted onto Superfrost Plus slides (Fisher Scientific, Loughborough, UK) in two

parallel series. Slides were stored2f°C until processed for immunohistochistny.

Brain tissue for this project was not pdiged or sucrose cryoprotected before
freezing, but rather immediately snripzen and then posixed on the slides immediately
before immunohistochemical staining. This was due to preliminary test si#tine PS6
antibody which indicated was extremely sensitive to ovixation. If whole brains were
fixed or if the fixation period lasted any longer than 10 minutes, then no staining would be
observed. Antigen retrieval techniques were also testgraved unsuccessful in producing
successful staining in owixed brain tissue. These fixation constraints additionally
prevented any form of doublabel staining with other primary antibodies that required

overnight whole brain fixation.

2.5 Immunohistochemistry

Sections were thawed and-dnied before processing for staining. Slides were first
immersed in 4% paraformaldehy@6 paraformaldehyde powder + 1x PB&)10 minutes
to postfix brain tissue. Following immersion, sections were tvashed in 0.1M Phosphate
buffered saline (1x PBS) three times for five minutes and outlined using a hydrophobic pen
between the second and third washes in order to prevent liquid from running off the slides
during incubations. Sections were then incubatealblocking buffer comprised of 2%
normal goat serum (Vector Laboratories, Peterborough, UK) diluted in PBST (1x PBS +
0.1% Triton %X100) for 60 minutes in a moist chamber in order to block nonspecific binding

of the antibodies. The sections were theubated in an anRS6 (Ser235/236) rabbit
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polyclonal antibody (antibody #2211, Cell Sidinay Technology, London, UK) diluted to

1:600 in blocking solution, and then stored at 4°C overnight in a moist chamber.

The following day the slides were washbadee times in 1x PBS for
5 minutesthenincubated with a goat anatabbit IgG H&L AlexaFluo¥594 fluorescent
secondary antibody (ab150080, Abcam, Cambridge, UK) diluted to 1:500 in blocking
solution for 1 hour at room temperature in a moist chambeeiddhk. The slides were then
washed three times in 1x PBS for 5 minutes in the dark and briefly dippedanided water
to remove excess salt. Three to four drops of Fluoroshield + DAPI mounting medium
(Abcam) were added before carefully mounting cdymsnto the slides using tweezers.
Coverslips were then sealed on all sides using clear nail varnish in order to prevent mounting
medium from drying out. Slides were stored in a sealed con&@idéCto prevent light

exposure and accidental contacthwiihe tissue throughout the duration of imaging.

25.1 Imaging

Imaging took place in the Imaging Suite of the Life Sciences Building using a
fluorescenteica LMD6 microscope at 20x magnification. Individual brain regions were
imaged bilaterally using RH@bsorption peak = 54851nm)and DAPI(absorption peak =
340-380nm)fluorescence filterBrain regions were identified using an atlas by Wullimann et

al. (1996).

In order to reliably and consistently quantify PSsitive neurons in both
hemispheres analysed images using FIJI (Imagelprocessedmages using a custom
macra Images weréaded,contrast was enhanced, then the background removegesma
were then converted to black and white (8 bit) and threshold adjusted using auto threshold
with a triangle method. Images were thersgeckled, and holes filled. Watershed was then

run in order to subdivide overlapping neurons. Neurons were theredousing Analge
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Particles with size 240 pixels and circularity GIL00. Five representative samples of each
brain region (examples Figure7} were used per subject for the POA, Vd, and Vv, and two
samples used for the Vs due to the small size of #ie begion. Representative samples
were chosen based on image clarity, minimal tissue damage, and bksxkgfound

autofluorescence that would leadaccurateneuron counts.
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Figure 4. Sample image of the POA with anatomical refer@ndecated in green). Brain

atlas image taken from Wullimann et al. (1996).
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Figure 5. Sample image of the Vd with anatomical reference (indicated in green). Brain atlas

image taken from Wullimann et al. (1996).
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Figure 6. Sample image of the Vs with amaical reference (indicated in green). Brain atlas

image taken from Wullimann et al. (1996).
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Figure 7. Sample image of the Vv with anatomical reference (indicated in green). Brain atlas

image taken from Wullimann et al. (1996).

2.6 Analysis of Data

In order to analse thelevel of PS6 in the sampled brain regions between
conditions | compared numbers of P§®@sitive cells in each region individually. Counts
were analged using a Generalized Linear Mixed Model (GLMM) with a negative binomial
error family for each brain area, using subject ID as a random factor in order to control for

sampling of multiple sections per individual within each region. Models were fitted to the



