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Zusammenfassung

Das Leben in sozialen Gruppen ist charakteristisch fur zahlreiche Arten und bestimmt
vielfaltige Aspekte ihres Verhaltens. Die Einordnung in hierarchische Geflige, der Ver-
such, sich fortzupflanzen, das gemeinsame Suchen nach Nahrung und die Abwehr von
Raubtieren, um nur wenige Beispiele zu nennen, erfordert vom einzelnen Tier die Anpas-
sung an die jeweilige soziale Situation. Daflr ist es erforderlich, dass der soziale Kontext
wahrgenommen und verstanden wird. Eine logische Erweiterung dieses Gedankens ist
es, dass auch die Abwesenheit von Artgenossen eine bestimmte soziale Situation darstellt
und ein Tier vor spezifische Herausforderungen stellen kann.

Es ist bekannt, dass soziale Isolation zu einer Aktivierung der Stressachse fiihren kann,
ebenso wurde in verschiedenen Vertebraten gezeigt, dass Isolationsbedingungen mit einer
verstarkten Aggressionsbereitschaft einhergehen. Bislang ist noch nicht detailliert gezeigt
worden, wie genau die Anwesenheit oder Abwesenheit von Artgenossen Tiere auf der
physiologischen oder genetischen Ebene beeinflussen kann. In der vorliegenden Arbeit
wird der Einfluss, den soziale Isolation auf die Regulation von Genexpression hat, unter-

sucht.

Einfluss sozialer Isolation auf die neuronale Genexpression

Zu diesem Zweck wurden Zebrafische in verschiedenen Konditionen herangezogen.
Zebrafische stammen aus der Familie der Karpfenfische und bilden nattrlicherweise Schwarme
mit Artgenossen. Sie sind vergleichsweise klein, sodass sie in groer Zahl gehalten werden
knnen, was es mglich macht, stark unterschiedliche soziale Konditionen zu untersuchen.

Ein weiterer Vorteil dieses Organismus ist es, dass er seit vielen Jahren gut in Labora-
torien etabliert ist und sein Genom exakt beschrieben wurde. Dies ermglicht es, Gen-

expressionsstudien durchzufhren und mit hoher Prazision Transkripte bestimmten Genen
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zuzuordnen. Zebrafische entwickeln wahrend der ersten Wochen ihrer Ontogenese eine
starke Praferenz fur Artgenossen. Dies resultiert in einer Attraktion zueinander, die sich
im Schwimmverhalten spiegelt - nach wenigen Wochen der Entwicklung tendieren die Fis-
che dazu, in Richtung von Artgenossen zu schwimmen. Dies nahmen wir als Indiz dafdr,
dass die neuronalen Schaltkreise, die fiir soziale Interaktion relevant sind, sich tber diesen
Zeitraum hinweg entwickeln. Fische wurden flr 5, 8, 14, oder 21 Tage isoliert oder in Grup-
pen von funf als soziale Kontrolle gehalten. Danach wurde das Hirn extrahiert und RNA
isoliert. Die Genexpression zwischen isolierten und sozialen Tieren wurde mittels Next
Generation Sequencing untersucht, einer Methode, in der die Anzahl der Transkripte, die
sich einem bestimmten Gen zuordnen lassen, ermittelt wird. Zu allen Zeitpunkten wur-
den mehr als 17.000 Gene identifiziert und in einer differenziellen Genexpressionsanalyse
wurde 319 Gene gefunden, die in isolierten Tieren zu einem anderen, entweder geringeren
oder hdheren Grade synthetisiert werden.

Nur vier dieser Gene sind konsistent zu allen Zeitpunkten in isolierten Tieren in einem
geringeren Ausmaf gefunden worden. Dabei handelt es sich um die Gene fosab, npas4a,
egr1 und pth2. In der vorliegenden Arbeit fokussierte ich mich auf die Analyse von pth2,
da dieses Gen zum einen stark unterreprasentiert in der wissenschaftlichen Literatur ist
und zum anderen aufgrund seiner Eigenschaften als Neuropeptid potentiell von gro3em
Interesse sein konnte - Neuropeptide sind in vielen Verhaltensweisen relevant und kénnen

eine groBe Anzahl an neuronalen Zellen beeinflussen.

Expressionsdynamik des Neuropeptids pth2

Zunachst testete ich, wie genau die Expression von pth2 durch soziale Isolation bzw.
ein soziales Umfeld reguliert wird. Zu diesem Zweck wurden Zebrafischlarven, die bis

Tag 5 von Artgenossen isoliert hochgezogen worden waren, mit gleichaltrigen Zebrafis-
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chen in Kontakt gebracht. Dieses soziale Umfeld wurde flr unterschiedliche Zeitraume
aufrechterhalten, sodass ein zeitliches Profil der Genexpression erstellt werden konnte.
Nach 12 Stunden sozialer Interaktion war pth2 so stark exprimiert wie in anderen Lar-
ven, die sich seit ihrer Geburt in einem sozialen Umfeld befanden. Jedoch war ein erster
signifikanter Anstieg bereits nach 30 Minuten zu beobachten. In einem Experiment, in
dem sozial aufgewachsene Zebrafische an Tag 5 isoliert wurden, zeigt sich, dass nach 6
Stunden sozialer Isolation bereits ein starker Abfall des Genprodukts zu beobachten war.
Diese beiden Experimente zeigten, dass pth2 bidirektional durch das soziale Umfeld reg-
uliert wird - die Expression des Gens steigt an wenn Artgenossen in der Nahe sind und
sinkt ab unter Isolationsbedingungen. Desweiteren wurden Zebrafische in verschiedenen
Dichten aufgezogen. Dieses experimentelle Vorgehen demonstrierte, dass pth2 umso
starker gebildet wird, je mehr Artgenossen im gleichen Tank vorhanden sind. Mit einem
mathematischen Model, das sowohl die Dichte von Artgenossen als auch die Zeit, die sie
miteinander verbringen, in einer linearen Regression verbindet um das Expressionslevel
von pth2 vorherzusagen, konnte gezeigt werden, dass mit diesen beiden Faktoren die

Expressionsstarke des Gens sehr genau prognostiziert werden kann.

Wahrnehmung von Artgenossen liber das Seitenlinienorgan

Es stellte sich anschlieBend die Frage, wie genau die Fische die Anwesenheit von
Artgenossen bemerken - erfolgt dies Uber das visuelle, das olfaktorische, oder eventuell
das mechanosensorische System? In einem Versuch, den visuellen Beitrag zur Regula-
tion von pth2 zu analysieren, wurden Fische in Kammern gesetzt, die durch eine transpar-
ente Scheibe von einem angrenzenden Areal getrennt waren. Auf diese Weise konnte die
Larven zwar visuellen Kontakt zu Artgenossen aufnehmen, diese aber weder chemisch

wahrnehmen noch ihre Schwimmbewegungen spiren. So konnte gezeigt werden, dass
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die rein visuelle Wahrnehmung von Artgenossen nicht ausreichend ist um die Genexpres-
sion von pth2 zu steigern. GleichermalBen konnte gezeigt werden, dass Wasser, in dem
zuvor zahlreiche Artgenossen schwammen und das folge dessen mit zebrafischspezifis-
chen Molekilen angereicht war, keinen Einfluss auf das Level von pth2 hatte. Mittels des
Antibiotikums Neomycin und des Schwermetallsalzes Kupfersulfat wurde nun das Seiten-
linienorgan ablatiert. Dieses Organ ist wesentlich fur die Wahrnehmung von mechanis-
chen Reizen im Wasser durch Fische. Die Behandlung durch Neomycin und Kupfersulfat
zerstort die Haarsinneszellen, die verantwortlich sind flr die Transduktion von Wasser-
wellen in neuronale Reize. In den so behandelten Fischen war es nun nicht mehr méglich,
durch die Einfihrung von Artgenossen das Expressionslevel von pth2 zu erhdhen. Dies
zeigte deutlich, dass ein intaktes Seitenlinienorgan fiir den beobachteten Effekt notwendig
war. Nun stellte sich die Frage, wie genau der Stimulus beschaffen war, den die Fische
wahrnahmen. Mit einem elektrisch steuerbaren Piezovibrator wurden verschiedene Stim-
ulationsparadigmen versucht. Dabei wurde die Frequenz der Stimulation und die Lange
der Pulse variiert. Diese Experimente fUhrten nicht zu einem Anstieg in pth2. Nach-
dem das Bewegungsmuster von Zebrafischlarven genau studiert wurde, konnte ich ein
Model ihrer Bewegungstendenzen erstellen, das die Dauer der Beschleunigungsphasen
modellierte, in denen der Fisch mit dem Schwanz schlug und separat die Verteilung der
Pausenlange schatzte, in denen der Fisch bewegungslos war. Dieses Model wurde nun
benutzt, um den Piezo zu steuern und entsprechende Vibrationen im Wasser auszulosen.
Dies fUhrte nun in der Tat zu einem Anstieg von pth2, was demonstrierte, dass die mech-
anische Wahrnehmung von Artgenossen nicht nur notwendig, sondern auch ausreichend

fur die Regulation des Neuropeptides pth2 war.



Auswirkung von pth2 auf das Verhalten von Zebrafischen

Es ist bekannt, dass Neuropeptide flr viele verschiedene Verhaltensweisen von Rel-
evanz sind. Um festzustellen, welchen Effekt die Expression von pth2 auf Zebrafische
hat, wurde im Rahmen dieser Arbeit ein erster Versuch unternommen, das Verhalten von
Tieren zu charakterisieren, in denen pth2 nicht weiter funktionell war. Dazu wurden Mu-
tanten eingeflihrt, in denen entweder pth2 selbst oder der entsprechende Rezeptor, pth2r
trunkiert sind und denen dadurch wesentliche Elemente der normalen Sequenz fehlen.
Diese Fische zeigten kein offensichtliches Defizit - ihre Schwimmgeschwindigkeit unter-
schied sich nicht von normalen Artgenossen, auch zeigte sich kein Unterschied in ihrer
Bereitschaft, neue Areale zu erkunden, der lediglich auf die Mutation zurtckgefihrt wer-
den konnte. Es wurde weiterhin untersucht, ob sich die soziale Praferenz gegeniber
Artgenossen in den Mutanten anders darstellt. Zu diesem Zweck wurden die Tiere in kleine
Tanksysteme eingeflihrt, in denen sie Uber transparente Zwischenwande die Moglichkeit
hatten, visuellen Kontakt zu Artgenossen zu halten. In normalen Tieren flhrte dieser Auf-
bau dazu, dass ein groBer Teil der Zeit direkt an der Scheibe, in kleinstmdglicher Distanz
zu Artgenossen verbracht wurde. Auf dieser Ebene war kein Unterschied zu Mutanten er-
sichtlich. In einem weiteren Versuchsaufbau wurden die Tiere durch eine starke Vibration
zu einer Fluchtbewegung veranlasst. Dieses Experiment sollte zeigen, wie nervos oder
furchtsam die Mutanten im Vergleich zu normalen Wildtyptieren waren. In diesem Kontext
zeigte sich ein leichter, aber signifikanter Anstieg der Fluchtreaktionen bei Tieren mit einer
Mutation in pth2.

Zusammenfassend zeige ich in dieser Arbeit, dass das Neuropeptid pth2 durch die
Anwesenheit von Artgenossen bidirektional und schnell in seiner Expression reguliert wird
und dass diese Regulation Uber das Seitenlinienorgan erfolgt. Erste Versuche demonstri-

eren, dass pth2 eventuell dazu beitragt, defensives Verhalten zu steuern.
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Abstract

Across the entire animal kingdom, sociality, i.e. the tendency of individual animals to
form a group with conspecifics, is a common trait. Environmental changes have to be met
with corresponding, quick adaptations. For social species, the presence of conspecifics
is important for survival and if social animals are deprived of access to conspecifics, this
can lead to strong and lasting changes on a physiological level as well as behaviour. Gene
expression changes responsible for these adaptations have so far not been understood in
detail. As social isolation leads to changes on a neuronal level, it is important to investigate
the gene expression changes that are induced in the brain. In this thesis, next-generation
RNA-sequencing was applied to zebrafish, a well-established model organism character-
ized by its high degree of companionship. Within the entire brain, gene expression was
analysed in zebrafish that were raised either with conspecifis or in isolation, ranging from
5 to 21 days post fertilization. Using this approach, several genes were identified that
were downregulated by social isolation. In this thesis, | focused on one of these consis-
tently downregulated genes, parathyroid hormone 2 (pth2). The expression of pth2 was
demonstrated to be bidirectionally regulated by the number of conspecifics present and
to be responsive to changes in the social environment within 30 minutes. Regulation of
pth2 does not occur by visual or chemosensory access to conspecifcs, but is mediated
by mechanosensory perception of other fish via the lateral line. In an experiment using
an artificial mechanical stimulation paradigm, it was shown that the features necessary to
elicit pth2 transcription closely mimick the locomotion of actual zebrafish. Other, similar

stimulation paradigms are not capable to induce this transcriptional response.
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Chapter 1

Introduction

1.1 A biological account of social isolation

Across all phyla of metazoans, there are examples of animals forming cohesive and dis-
tinct groups with conspecifics [1} 2, 3, [4]. This tendency has been shown to contribute to
overall individual fitness by offering protection of the crowd to the individual animal [5], pro-
viding access to potential mating partners [6] and allowing for the development of elaborate
social structures that enable animals to perform division-of-labor strategies or cooperative
brood care [7].

Furthermore, in social species the acute or chronic deprivation of access to conspecifics
induces phenotypic and physiological adaptations. These adaptations have been shown to
have a net-negative long-term effect on the animal’s health and survival. A wide variety of
physiological systems has been demonstrated to be modulated by the social environment.
For example, prolonged isolation activates the sympatho-adrenomedullary system in rats
and acts as a strong stressor [8]. In some strains of mice, individual housing leads to an
accelerated body weight gain and promotes the development of adiposity and diabetes [9].
As another example, a study in the fruit fly Drosophila melanogaster showed that social
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interaction drastically prolongs life expectancy in normally short-lived antioxidant enzyme
Cu/Zn superoxide dismutase mutants [10]. These findings imply that the social environ-
ment regulates physiological functions. However, there is no comprehensive understand-
ing as to how social interaction shapes an animal on a fundamental physiological or even

genetic level.

1.1.1 Sociality across phyla

Sociality can be thought of as the tendency of animals to congregate and live in groups,
a behaviour that is referred to as gregariousness. Advanced levels of sociality include
cooperation between individuals and so-called eusocial behavior as additional character-
istics. Eusocial species are characterized by the presence of overlapping generations in
a group of conspecifics, division of labor, and collective brood care, but not all of these
features are necessarily observed together [11]. Full eusociality (i.e. the presence of all
three above characteristics) is only realized in some insects (e.g. bees, termites, ants)
[12], crustaceans (e.g. Synalpheus regalis) [13], rodents (naked-mole rats) [11], and hu-
mans [14]. Apart from these more sophisticated examples of sociality, congregating in
groups is a prevalent mode of living for a huge number of vertebrate taxa (fig. and is

characterized by a wide range of behavioral adaptations, such as

+ social eavesdropping: animals can make inferences about dominance hierarchies

by observing interactions between conspecifics [13]

+ social buffering: the presence of conspecifics attenuates fear responses, indicating

that behavior is altered in social contexts [16, [17]

» shared decision-making: in groups of animals, decisions are made e.g. regarding
the direction the group is heading into, how close the animals are to each other and

2
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whether a certain area is good for foraging [18]

+ collective movement: if several individuals move together (e.g. schooling in fish),

individual trajectories are heavily influenced by other members of the group [19]

\ petromyzontiformes (lampreys)

\ chondrichthyes (sharks and rays)
\ actinopterygii (ray-finned fish)
\ actinistia (coelacanths)
\\ dipnoi (lungfish)

anura (frogs)
\ urodela (salamanders)
testudomorpha (turtles)
lepidosauria (lizards and snakes)

crocodilia (alligators and crocodiles)

aves (birds)

BRURUURUUERD

mammalia (mammals)

Figure 1.1: This schematic, phylogenetic tree of the vertebrates (evolutionary time is not
accurately portrayed by distance) shows the groups in which living in collectives has been
observed once or several times, indicated by the green boxes. Group living is thus quite
prevalent already during earlier branching.

The fact that gregariousness is observed in so many species (see fig. and that
the presence of conspecifics can alter physiological processes implies an importance of
group living and social interactions to an individual. Sociality opens up new possibilites to
learn from and engage with the environment - in short, whether conspecifics are present
or not influences the behavioral choices an animal can make. The relevance of a social
environment is also reflected by findings in several species, in which larger groups are
correlated with brain size. For example, locusts exist in two behavioral states, either as
solitary animals when the environment provides sufficient food for all individuals, or in a
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gregarious mode when food becomes sparse [20]. A neuroanatomical comparison be-
tween solitary and gregarious locusts shows that the social animals have substantially
larger brains with altered proportions [21]. Similar trend were observed in vertebrates: the
highly social spotted hyena (Crocuta crocuta) has a larger neocortex than the monoga-
mous aardwolf (Proteles cristata), the striped hyena (Hyaena hyaena), which lives solitarily
or in small groups and the brown hyena (Parahyaena brunnea) which is found in groups of
up to 14 individuals [22]. The same trend was observed in big cats [23], ungulates [24],
and primates [25].

In most cases of group-living animals, the presence of other individuals can be con-
sidered the default mode. To better understand the importance of social interaction, it is
useful to study sociality using an approach in which behavioral, physiological, and genetic

adaptations are analysed in cases in which animals are deprived of social access.

1.1.2 Behavioral and cognitive impact of social isolation

The vast majority of studies on the effects of social isolation on animals normally living
in groups has been conducted in a laboratory setting and not in the wild. Additionally,
among the species that were used in experiments like this, rodents are the most-scrutinized
animals, leading to a potentially biased account of the impact of social isolation. Published
studies use a variety of isolation paradigms, making it more difficult to compare findings.
Highlighting this points, table[1.1]lists several representative isolation studies performed on

rodents over the last decades.
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First Author

Year

Species and Procedure

Isolation paradigm

Reference

Angulo

1991

Adult male CD rats were
isolated for 7 - 21 days.
Social control: animals in

a group of 3.

Not specified

[26]

Dong

1999

Male ddY mice were isolated from

postnatal day (PND) 28 for 2, 4, 6, 8 or 10 weeks.

Social control: Groups of 5.

Not specified

[27]

Del-Bel

2002

Male wistar rats were isolated
from PND 21 for 6 weeks.

Social control: Groups of 6.

Not specified

(28]

Pascual

2006

Male Sprague-Dawley rats were
isolated from PND 18 until PND 32.

Social control: Groups of 4.

Auditory and olfactory

contact

[29]

Levine

2007

Male Sprague-Dawley rats were

isolated from PND 20 for 18 or 26 days.

Social control: Groups of 3.

Not specified

[30]

Lukkes

2009

Male Sprague-Dawley rats were
isolated from PND 21 for 3 weeks.

Social control: animals in a group of 3.

Not specified

[31]

Robinson

2010

Male SpragueDawley rats were
isolated from PND 21 for 8 weeks.

Social control: animals in a group of 8.

Visual, auditory and

olfactory contact

[32]

Hermes

2011

Female Sprague-Dawley
rats were isolated from PND
19 - 70. Social control: animals

in a group of 2 - 3.

Visual, auditory and

olfactory contact

[33]
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Male Sprague-Dawley rats were

isolated from PND 21 until PND 48, .
Meng 2011 Not specified [34]
followed by four weeks of group housing.

Social control: 4 animals per cage.

Male Sprague-Dawley rats were
Auditory and olfactory
Han 2012 | isolated from PND 21 for 2 weeks. [35]
contact
Social control: animals in a group of 3.

Male ICR mice were isolated at PND

Matsumoto | 2012 | 28 for 3, 7, or 56 days. Not specified [36]

Social control: 5 mice per cage.

Male and female Sprague-Dawley rats
Visual, auditory and
Wall 2012 | were isolated from PND 21 for 4 weeks. [37]
olfactory contact
Social control: groups of 4.

Female and male buffalo rats were
Swerdlow | 2013 | isolated from PND 24 until PND 53 or 75. Not specified [38]

Social control: animals in a group of 2 - 3.

Male ddY mice were isolated
Prevention of visual
Araki 2015 | from PND 21 for six weeks. [39]
contact
Social control: Groups of 6.

Swiss albino female mice were isolated
Kumari 2016 | from 2 months after birth for two months. Not specified [40]

Social control: not specified.

Male and female Sprague-Dawley
rats were isolated from

Ko 2016 Not specified [41]
PND 21-23 for 9 weeks.

Social control: Groups of 2 - 3.

Male Sprague-Dawley rats were

. isolated from PND 21 to 34, followed by -
Li 2016 Not specified [42]
three weeks of group housing.

Social control: Groups of 3.
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Male C57BL/6 mice were
Lander 2017 | isolated from PND 38 for 3 weeks. Not specified [43]

Social control: not specified.

Male NMRI mice were isolated

Haj-Mirzaian | 2019 | from PND 21 - 25 to 5 weeks of social isolation. Not specified [44]

Social control: Groups of 6.

Table 1.1: This table lists isolation paradigms in rodents from different
studies over the past decades. The precise conditions of isolation are
rarely explicitely stated (i.e. whether the animal had access to con-
specifics via visual, auditory, or olfactory cues), making comparisons

difficult.

However, some consistent observations have been reported in studies across phyla:

Social isolation alters defensive behavior. In some of the earliest studies on so-
cial isolation, primates were isolated some hours after birth for up to 12 months in steel
cages [45]. The effect of this treatment was measured by comparing the social behavior
of pairs of isolation-reared monkeys with that of pairs of socially reared animals. When
first removed from social isolation, animals usually appeared unresponsive as if in shock
[45]. This state was characterized by self-clutching and rocking back and forth. Afterwards,
animals reared in isolation did not interact with each other except for short bursts of ag-
gression directed towards the other monkey. The authors attributed the lack of interaction
to an increased level of fear [45]. In general, when animals are paired with conspecifics
after isolation, increased aggressive tendencies such as biting and chasing are common
[26l 137, 146]. Beyond situations of direct social interaction, isolation increases anxiety in
paradigms testing the propensity to explore novel environments: In the open field exper-
iment, animals are placed in an empty box which they are free to roam in. Normally, no

shelter or objects are provided. In these contexts, previously isolated animals consistently
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restrict their exploration to the walls of the field, avoiding the open space in which they
would be more at risk of being spotted and preyed upon [33] 140, 43]. Increased anxiety
levels are observed in several other experimental approaches as well: In the looming disk
paradigm, a screen above the animals displays a black disk that quickly becomes larger,
mimicking an attack from above. In this task, animals first freeze and then try to escape.
After the disk disappers, the animals readily resume normal behavior [47]. However, an-
imals reared in isolation show persistent freezing in this period [48]. The same tendency
was observed in an auditory fear conditioning experiment. In this paradigm, a tone was
paired with a footshock. Animals learned the association and after conditioning, froze in
response to the tone alone. After the tone, this defensive behavior stopped and animals
resumed to move around in their cage [49]. Animals reared in social isolation displayed
continued freezing in this paradigm after the tone was heard [48]. Additionally, also in an
unconditioned shock response experiment, in which the behavior of socially reared rats
upon a footshock was compared with conspecifics reared in isolation, social isolation dra-
matically increased flinching and vocalizations upon a shock [50]. Attempts to attenuate
these behavioral changes by resocialization have shown that increased aggression lev-
els can be partially reversed. The success of attenuation by resocialization is negatively
correlated with the length of isolation the animals previously experienced [43] 51]

This defensive behavior can be interpreted as an adaptation to social isolation. Under
social conditions, animals are less at risk of being killed by predators as group living leads
to a dilution of risk [52, 53] and a better chance of spotting predators [54, 55]. Indeed,
it has been reported that vigilance of individual animals is negatively correlated with flock

size [96].

Attention-related behaviors are modulated by social isolation. Under normal con-

ditions, animals tune their responses to the environment they are in. For example, unan-
8



Introduction Chapter 1

ticipated noises in a quiet environment lead to a defensive reaction known as the startle
response in a large number of species [57, 58|, 59]. After repeated exposures to star-
tle stimuli, animals normally habituate and display a less pronounced startle response.
A similiar trend is observed if the startle stimulus is preceded by a sub-threshold stimu-
lus (prepulse inhibition) [60, 61]. In previously isolated animals, this attenuation is severely
reduced: Even in a noisy environment, animals still react to sudden stimuli [38,142]. The ex-
act molecular mechanism underlying this adaptation is not yet clearly identified. However,
some studies in rodents suggest a reduced activation of muscarinic acetylcholine (ACh)
receptors in isolated animals that prevents decreased attention to sensory cues in noisy
situations [62, 63].

As explained, these changes can be seen as adaptations to a situation in which the iso-
lated animal is required to pay increased attention to its environment for prolonged periods
of time in order to ensure its survival - the loss of the protective presence of conspecifics
needs to be accounted for.

Learning and memory are impaired by social isolation. Additionally, deprivation
of social interaction leads to a decline in working memory, extensively illustrated by work
on spatial memory [64] 65| 166]. Isolated animals showed a decreased ability to identify
objects whose location had changed in an object-location test [67]. In another experi-
ment, the Morris-water-maze, animals learn the position of a hidden platform in opaque
water and their ability to retain this information is later assessed by the time the animals
spend in proximity of the learned position after the platform is removed. Social isolation
strongly decreases the fraction of time spent in the correct quadrant in this experiment [68].
Additionally, social isolation impairs the ability of guinea pigs to learn the path through
a maze, further indicating an effect of isolation on spatial learning [64]. The formation
of spatial memory as described in the above examples depends in mammals on activity

in the hippocampal formation. In socially isolated animals, neurotrophic factors such as
9
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brain-derived neurotrophic factor (BDNF) are downregulated in the hippocampus [69, [70].
BDNFE| normally promotes survival of neurons and has been shown to be important for
long-term memory by influencing synaptogenesis [71]. In accordance with this, cells in
the hippocampal formation are also morphologically altered by social isolation: A clear re-
duction in dendritic spine density was found in rats which were isolated for 8 weeks after
weaning [72].

Another memory system that is impaired in isolated animals is social recognition. This
term refers to the ability of animals to recognize specific individuals and distinguish them
from others. This type of memory is necessary for the formation of social groups because
it enables animals to build relationships and hierarchies [73]. Under laboratory settings, a
common approach to measure the ability of e.g. a mouse to recognize a conspecific is to
assess whether a decrease in spontaneous investigation behaviors are observed when the
animal is reexposed to conspecific they have been introduced to before for a single session
of only a couple of minutes [74]. Animals reared in isolation are capable of recognizing a
familiar conspecific after a period of 30 minutes, but their recognition capabilities are de-
creased for longer periods (i.e. 24 hours up to 7 days) [75]. The same study demonstrated
that social isolation of only one day is sufficient to prevent mice to acquire long-term social
recognition memory [75]. Injection of anisomycin in the dorsal hippocampus 3 hours after
the first social exposure prevented the formation of long-term social recognition memory
[76]. Social isolation appears to selectively block the protein synthesis-dependent forma-
tion of long-term social recognition [75] 77, [78]. In another social recognition task, the
habituation-dishabituation paradigm, this finding was corroborated. In this task, animals
are repeatedly exposed to familiar conspecifics and the time they spend near those other
animals normally decreases with each exposure. When a new, unfamiliar animal is then
introduced, the time the experimental animal spends exploring the novel cage mate re-

turns to its original value, confirming a stimulus-specific habituation [79]. Shahar-Gold
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et al. ([80]) extended these findings to rats and modified the habituation-dishabituation
paradigm the following way: During the acquisition period animals had three consecutive
5 minute encounters with the same conspecific, separated by 10 minutes of break. After
24 hours and 7 days, the animals were tested with two additional 5 minute encounters -
one with the familiar conspecific and one with a novel animal. Group-housed animals were
clearly able to differentiate between familar and unfamiliar conspecifics, but animals who
were kept in isolation was not capable of this distinction even 24 hours after acquisition
[80]. In contrast, another group of animals that was only isolated after the initial acquisition
showed no deficits, suggesting that social isolation impaired memory acquisition but not
retrieval [80].

In humans, social isolation has been linked with a decline of cognitive abilities [81] and
several large-scale studies across different cultures and continents have shown that this
finding generalizes around the globe: The US Health and Retirement Study from 1998 to
2010 showed that perceived social isolation predicted accelerated cognitive decline over
12 years independent of baseline socio-demographic factors, social network, health condi-
tions and depression (which were assessed twice a year over the study period) [82]. The
same conclusion was drawn from the China Health and Retirement Longitudinal Study
earlier this year [83]. Another study on a european cohort of middle and older-aged adults
showed that social isolation predicted a worse score in cognitive tests such as immediate
recall, in which participants were asked to list 10 items that were just shown to them and
a digit span task, which requires participants to repeat a series of digits either in the same
or backward order [84].

Decreased cognitive abilities can hardly be considered a positive adaptation to social
isolation and argue instead for social interaction to be a requirement for normal neurophys-

iological function in gregarious species.

11



Introduction Chapter 1

1.1.3 Physiological consequences of social isolation

If social isolation alters behavioural features, how does it affect the organism’s phys-
iology? Social isolation is generally considered to be a stressful experience and has
been reported to correlate with altered activity of the hypothalamic-pituitary-adrenal axis
(HPA axis). This pathway is a set of feedback connections amongst three components:
the paraventricular nucleus (PVN) of the hypothalamus, the anterior pituitary gland at the
base of the brain, and the adrenal glands (see fig. [1.2). The [PVN is located lateral to
the third ventricle and contains parvocellular neurosecretory cells that project to the neu-
rohemal median eminence, where they release corticotropin releasing factor (CRE).
reaches the anterior pituitary gland and stimulates there the expression and release of
adrenocorticotropic hormone (ACTH), which circulates through the bloodstream and trig-
gers the expression and release of glucocorticoids from the cortex of the adrenal gland
[85]. Glucocorticoids, along with the stress response, regulate many physiological func-
tions such as energy homeostasis, immune response, and development of the organism
[85] 186]. Their effect is mediated by their binding to glucocorticoid receptors (and miner-
alocorticoid receptors) in the cytosol of cells. Glucocorticoid binding leads to a homod-
imerization of the receptors which then regulate transcription either positively by promoting
gene expression as transcription factors (fransactivation) in the nucleus or negatively by
binding to transcription factors in the cytosol. This binding prevents translocation of those
transcription factors to the nucleus (transrepression) [87]. The [HPA axis|is sensitive to the
perception of risks and dangerous situations. Many experiments have addressed the po-
tential regulation of effector molecules of the by social isolation. For example,
social isolation leads to increased levels of cortisol (hypercortisolism) in wild baboons [88].
The same effect is observed in other vertebrate species, including naked mole rats [89]

and cichlids [90].
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CRF and ACTH, the molecular factors that act upstream of glucocorticoid release (see
fig. [1.2), could potentially mediate these changes. When rats are injected with [CRF], it
elevates blood plasma levels of corticosterone, the most potent glucocorticoid in rodents
[91], in both group-housed and isolation-reared animals. However, the increase is more
pronounced in isolated animals [92], arguing for an increased sensitivity to CRF under
isolated conditions. Indeed, in rodents that have been isolated early during development,
receptor levels are elevated [31], [93]. Some studies in fish have shown that social
isolation does not necessarily lead to an increased stress response. Giacomini et al. have
demonstrated that individually housed zebrafish have a blunted cortisol response to acute
stressors such as being chased for two minutes with a net [94]. In another experiment,
cortisol levels were compared between socially reared adult zebrafish and conspecifics
reared in isolation for six months. Between these groups, no difference in cortisol levels
was found [95]. As such, it needs to be emphasized that findings regarding the impact of
social isolation on have not been consistent across studies and species, arguing
for a certain context-specificity.

Several other neurophysiological features across the brain are affected by social iso-
lation. For example, several neurotransmitters have been reported to be modulated in
isolated animals, depending on the brain region. While a footshock leads to enhanced
presynaptic 5-HT release in the nucleus accumbens, which is only observed in isolated
rodents and not in group housed conspecifics, 5-HT release is decreased in the prefrontal
cortex and hippocampus [98]. Social isolation in rats has been shown to decrease neu-
ronal excitability in the nucleus accumbens, which is mediated by a reduced expression
of cAMP responsive element binding protein (CREB), a transcription factor. Local over-
expression of by injecting AAV:CREB was sufficient to partially rescue the anxiety
phenotype observed after isolation [99]. Another study further revealed that the decreased

overall excitability in the nucleus accumbens was mediated by increased firing rates of
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Figure 1.2: This cartoon highlights key molecules of the stress axis and the tissues in-
volved. a, Parvocellular neurons in the [PVN| of the hypothalamus receive input about
stressful situations [85]. Additionally, they are activated by circadian signals from the
suprachiasmatic nucleus [96]. These cells then release which in turn triggers the
relase of from the anterior pituitary gland [85]. Rising levels of [ACTH] lead to the
release of glucocorticoids such as cortisol from the adrenal gland. Cortisol itself has
been described to provide negative feedback to both the pituitary gland and the [PVN|
thus limiting furter glucocorticoid release [97]. b, Glucocorticoids are known to bind to
glucocorticoid receptors (GR), inducing homodimerization [87]. The active homodimer
can then either induce (transactivation) or inhibit (transrepression) gene expression [87].

14



Introduction Chapter 1

GABAergic medium spiny neurons. This change in excitability was due to increased ex-
pression and phosphorylation of a voltage-dependent sodium channel (Na,1.6) [100]. In
other brain areas, such as the cortex and hippocampus, GABA 4 receptors are reported to
be desensitized in isolated animals [101], adding further evidence that GABAergic trans-
mission is altered by social isolation. The sensitivity of GABA 4 receptors can be altered by
neurosteroids such as allopregnanolone, which is synthesized in the brain of vertebrates
by converting progesterone in two enzymatic steps [102]. Social isolation reduces the ex-
pression of allopregnanolone in rodents and humans [103] by downregulation of one of
these enzymes, 5a-reductase type | [101]. Supplementing socially isolated rats with allo-
pregnanolone analogs can partially rescue the increased aggression phenotype observed
in these animals [104].

Other studies found that dopaminergic neurons in the dorsal raphe nucleus are strongly
excited by social cues after social isolation [105] and that basal dopamine turnover is in-
creased by isolation in the prefrontal cortex and the amygdaloid complex [106]. By and
large, several different neurophysiological systems in distinct brain areas have been found
to display altered functionality in isolated animals, however, direct links with behavior have

been demonstrated only in a select few cases.

1.1.4 Impact of social isolation on gene regulation

In his book Sociobiology, E. O. Wilson pointed out that there are recurrent organiza-
tional patterns of social life across taxa and that this is likely due to social evolution [107].
As evolution works by natural selection of genes and genetic variants, it is likely that there
are specific genetic modules associated with social behavior [108]. In this framework, a
comparative genetic approach studying gregarious species from different taxa might help

us to understand how complex social traits derived from more ancestral conditions. As-
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sessing genes that are regulated by distinct social contexts (e.g. social isolation versus
group housing) is thus a useful approach to understand how the social environment shapes
an animal on a genetic level and what kind of genes are likely to play a role in social be-
haviour. Several studies have investigated the impact of social isolation on gene transcrip-
tion and although there are still many missing pieces, several emerging themes can be
identified, as described below.

Immediate-early genes are responsive to different social situations. In response
to strong neuronal depolarization, a small group of genes becomes reliably upregulated
without the need for prior translation of transcription factors. These immediate early genes
(IEGs) are commonly used in unbiased approaches to identify neuronal correlates of par-
ticular behaviours. The differential expression of IEGs in response to social interaction
or isolation has been reported and used to identify neural circuits that might be involved
with social interaction [109, [110Q]. It is important to note, however, that the differential ex-
pression of under social isolation conditions cannot be completely explained by the
presumably reduced sensory information load. This is suggested by the observed patterns
of differential expression of [EGslin socially isolated animals. Indeed, several experiments
showed that there is specificity in the response of [EGs| to social conditions: For example,
the IEG early growth response protein 1 is downregulated by social isolation in the
frontal cortex of mice, while the closely related genes egr2, egr3, and egr4 are not re-
sponsive to this condition [36]. This particular gene has been observed to be consistently
downregulated in situations of social deprivation also in birds [111] and prairie voles [112]
and to be highly responsive to social information in cichlids [113] [114].

Key regulators of the immune response are differentially expressed in isolated
animals. About ten years ago, it was recognized that the social environment shapes gene
transcription in human leukocytes [115, [116]. Social isolation downregulates the expres-

sion of genes involved with Type | interferon innate antiviral responses and in antibody
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production, but upregulates inflammation-related genes [115, [117]. These changes can
be seen as adaptations to a decreased risk of socially-transmitted microbes and viruses
and as preparation for fight-or-flight situations [118]. Following these initial observations in
isolation-studies, a similar pattern of differential gene expression was identified in several
adverse conditions (e.g. low socioeconomic status [119] or bereavement [120]), arguing for
the existence of a conserved transcriptional response to adversity [117,[121] in leukocytes
that is triggered by cognitive appreciation of risk or danger [118].

Hormones are regulated by social information. Another common theme of social
isolation studies is the involvement of peptides with hormonal function in the response to
social interaction or isolation. For example, it is well established that the nonapeptides oxy-
tocin and vasopressin are key molecules in the regulation of social interaction [122]. It was
shown that social isolation for eight weeks after weaning in rats decreased oxytocin and
increased vasopressin expression levels in both male and female animals [123]. Another
study showed that social isolation increased binding affinity of both neuropeptides to their
respective receptors [124]. In prairie voles, chronic social isolation for four weeks reduced
mRNA abundance of the oxytocin receptor in the hypothalamus [125].

An intriguing example of a neuropeptide reacting to the social environment is a member
of the tachykinin family, Tac2. This peptide becomes upregulated after prolonged isolation
and triggers aggressive behaviors in rodents [48]. Since a homologous tachykinin regu-
lates aggression in fruit flies, it is conceivable that this is a conserved regulatory mecha-
nism [126].

Another molecule, neuropeptide Y, is an anxiolytic and neuroprotective neuropeptide
[127]. It is also an important regulator of energy homeostasis and promotes food intake
[128]. Exposure to stress alters its expression in different brain areas [127]. Social isolation
of adult male Wistar rats for 12 weeks increased neuropeptide Y expression levels in the

striatum and the hypothalamus [129]. In juvenile male rats, one week of social isolation
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was sufficient to increase hypothalamic expression levels of neuropeptide Y [130].

Recently, the neuropeptide urotensin 2B was found to be downregulated in the forebrain
of songbirds after acute social isolation [131]. In songbirds, this gene is important for the
development of the vocal control center in the forebrain [132].

In fruit flies, isolation-induced aggression has been shown to be mediated by another
neuropeptide, Drosulfakinin [133], suggesting that neuropeptidergic control of isolation-
induced brain states might be a convergent theme in social species.

Despite the insights described above, there is still no comprehensive understanding of
how social isolation alters transcription. Most studies testing the genetic correlates of social
interaction and isolation have focused on candidate genes. It is thus very likely that many
genes involved with these factors still remain to be discovered. An unbiased approach
utilizing different social species from across the phylogenetic tree would be useful in order

to identify these presumed ”social genes”.

1.2 Zebrafish as a model system

Fish are a paraphyletic group of tetrapods and thus do not compose their own class (fig.
[1.7). They branched from other tetrapods about 360 million years ago and extant species
make up about 50 % of all known vertebrates [134]. These animals display a surprisingly
huge variety of social systems, including solitary lifestyle, monogamous mating partners as
well as harems [134] and tremendously huge schools of fish that consist of up to 3 billion
individuals [135] [136]. Zebrafish are one of the species that are routinely worked with in
biomedical research, mainly due to their short generation time, their translucency during
the larval stage and their well annotated genome, which makes the animal amenable to
genetic manipulation and analysis. In the context of social interactions and isolation stud-

ies, it is of particular relevance that zebrafish, due to their size, can easily be housed in
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large numbers without requiring a lot of space. From an early developmental stage, these
animals are attracted to conspecifics [137, [138] and at around four weeks of age display
a strong and stable preference to stay close to other zebrafish [139]. This characteristic
feature enables them to form cohesive groups that move together, normally referred to as

schools [140Q].

1.2.1 Development of sensory systems in zebrafish

Zebrafish mate by external fertilization, usually resulting in several hundreds of eggs
per clutch. Embryogenesis occurs over the course of only a few days (see figure [1.3),
resulting in a fully independent larva at about 5 days post fertilization (dpf). Upon reaching
the juvenile stage with 30 days, animals develop an adult pigmentation pattern and fins.
Sexual maturity is usually reached within 90[dpfl Zebrafish can reach up to 4 years of age
but start to lose fecundity and show other signs of age-related decline at 1 - 2 years of age
under normal laboratory settings [141]. Zebrafish develop the capacity to perceive their
surroundings and act on this information quite early. Already between 2 and 4[dpf, animals
react to sudden light intensity changes with a startle response and track the stripes on
a rotating drum beginning around 3 [dpf, which is evidence for pattern vision [142]. This
ability to recognize moving visual patterns has been investigated by utilizing two behavioral
paradigms, the optokinetic response and the optomotor response (OMR). The [OKRI
are stereotypical eye movements, saccades, that track rotating or moving stripes. For this

paradigm, the underlying circuit has been described in detail.
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Figure 1.3: Here, the first stages of zebrafish development are shown. Early embryo-
genesis occurs comparably fast and with 3 days of age, zebrafish hatch. They become
entirely independent shortly after. The stages depicted are taken from Kimmel et al., 1995
[143], and were reused with kind permission of Wiley (©1995 WILEY-LISS, INC.).

The velocity-to-position integrator that relates eye position to the velocity of the moving
field is a group of hindbrain neurons that encode eye position via a population code of
persistent activity [144] and drive oculomotor nuclei [145]. When moving stripe patterns

are projected on the ground of a tank, zebrafish tend to swim in the direction opposite
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to the optic flow. This behavior is robustly observed at 7 [dpf| [146]. On a sensory level,
this is mediated by direction-selective retinal ganglion cells [145]. Signals from both eyes
are integrated in the pretectum [147] and this information is used in the hindbrain reticular
formation to induce forward and turning motion by activating spinal cord neurons [148].
When larval zebrafish are given the choice to freely explore their surroundings, they tend
to move towards better illuminated areas (positive phototaxis). Whole-brain imaging of re-
strained animals in a virtual environment showed that a self-oscillating population of hind-
brain neurons in rhombomer 2 and 3 controls the direction of swim bouts and biases them
towards better illuminated areas [149] [150]. Zebrafish are able to change the distribution
of melanin pigments in their skin to match ambient illumination levels, which is mediated
by a direct projection from the retina to the hypothalamus, where melanin-concentrating
hormone (MCH) is released, regulating dispersal of pigments [151]. Animals with visual
impairments are unable to utilize this system and appear darker than healthy fish already
at early larval stages [152]. Furthermore, the ability to effectively catch prey is also medi-
ated primarily by vision and is observed as early as at 4 [dpf| [153]. In the context of social
interaction, the reinforcing effect of visual access to conspecifics has been described as
early as 6 [dpf| [137]. Over development, the visually mediated attraction to conspecifics
becomes increasingly stronger and reaches adult levels in juvenile animals at around 28
[dpf| [139].

The functionality of chemosensation has been demonstrated at early developmental
stages in zebrafish. At 3 [dpf, zebrafish are repelled by chemical irritants [154} [155], evi-
dence of their capacity for chemosensation. With 4 [dpf|, larvae increase their swimming
speed in response to the presence of amino acid chemostimulants in the surrounding
medium [156]. Pairing natural odorants such as the amino acids alanine and valine as
well as artificial odorants such as phenylethyl alcohol with food flakes as unconditioned

simulus increased appetitive swimming, measured as the number of turns of more than
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90 degrees over a 30 seconds period [157]. This effect was not observed when both
nostrils were closed, demonstrating that the conditioning is based on olfactory cues [157].
Chemosensation of social cues has been demonstrated as well. Juvenile zebrafish are able
to distinguish between unfamiliar kin and non-kin conspecifics based on olfactory stimuli
[158]. This ability is acquired during an imprinting phase on day 6 post fertilization [159]. It
was later shown that the process involves recognition of the major histocompatibility com-
plex class Il [160Q], which is a specific task of crypt cells in the olfactory epithelium of
zebrafish [161]. The presence of chemical cues from conspecifics in the holding water was
shown to lead to alterations in swimming behavior of adult zebrafish, although the exact
identity of those cues was not elucidated [162].

The spatial organization of the olfactory system in zebrafish is similar to mammals,
although the number of odorant receptor genes existent in zebrafish and the number of
glomeruli is about one order of magnitude less than what is observed in mammals [163].

Another important sensory system, the lateral line, will be discussed in a separate

section.

1.2.2 The zebrafish genome

The zebrafish genome contains more than 26,000 annotated genes on 25 chromo-
somes. This high number is due to the genome duplication that occurred after the split be-
tween fish and other tetrapods, leading to a huge number of duplicate genes in fish which
allowed for a high rate of genetic diversification [164]. Nevertheless, when comparing hu-
man and zebrafish genome, about 47 % of all human genes have a one-to-one relationship
with an ortholog in fish and 71 % of human genes have at least one orthologous gene in
zebrafish [164]. A first attempt to functionally assess the zebrafish genome and make

this species amenable to genetic analysis was performed in the 1990s in the laboratory of
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Christiane NUsslein-Volhard, when her group conducted a mutagenesis screen and identi-
fied about 4,000 mutant lines that showed abnormal behavioral or developmental features
[165]. By now, the zebrafish has been genetically modified by TALENs, Tol2-mediated
transgenesis and CRISPR-based approaches [166, [167]. In addition, a large number of
cell-type specific driver lines on the basis of the Gal4/UAS system have been established.
Building on this molecular toolkit, an increasing number of behaviors has been linked to

underlying cellular and molecular correlates [147, [149].

1.2.3 Social behavior in zebrafish

Zebrafish are group-living animals that display a wide variety of social behaviours. On
the most basic level, a strong tendency to congregate with conspecifics is observed in ju-
venile and adult zebrafish. This social preference increases with development and matures
at about 28[dpf|[139]. The sight of conspecifics has been linked to a specific dopaminergic
reward system in adults [168], but rewarding properties of visual access to conspecifics
have been demonstrated as early as at 6 [dpf| [139, [137], arguing that social access and
interaction are of importance already at the larval stage. Indeed, the presence of con-
specifics shapes behavioral features of larval zebrafish [169] and computational modeling
has demonstrated that the trajectories of 7[dpf|larvae are already biased towards the loca-
tion of conspecifics, a tendency that grows stronger with age [138,[139]. In adult fish, this
preference in conjunction with the ability to adjust one’s own movement with the locomotion
of close neighbors enables complex collective behaviors such as schooling and shoaling
[140]. These behaviours are defined as distinct modes of collective behavior in older juve-
nile and adult fish. Their characteristic difference is the polarity of the group: It was found
that the animals always follow the attraction rule outlined above [138| [139], thus forming

a cohesive group. However, they can either swim in a polarized manner in the same di-
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rection (schooling) or be more dispersed, thus resulting in less directed movement and
more exploration of the current location (shoaling) [170]. This distinction was first made
in zebrafish in 2012, when Miller and Gerlai plotted the distribution of the polarization of a
group of fish and showed its bimodality, corresponding to the two modes described above
[140]. Schooling and shoaling have been described as a defensive mode used to protect
the group against predators [171].

Social conditions also shape behavioral responses to threats. When zebrafish are con-
fronted with a substance called Schreckstoff (literally translated to fear stuff), which is
released by conspecifics when they are hurt, they enter a state of intense distress, indi-
cated by prolonged freezing and strongly increased swimming speed [172]. Visual access
to conspecifics not exposed to Schreckstoff can significantly decrease the effect of this
compound, a phenomenon referred to as social buffering [17]. This indicates that access
to other fish modulates the neural circuitry involved with assessing dangerous situations
and adapting the behavioural response according to the state of surrounding fish.

Zebrafish have been shown to pay detailed attention to social interactions in their sur-
roundings. For example, social information is gauged from observing conspecific inter-
action (social eavesdropping), providing an animal with information about its place in a
hierarchy. This behavior has been linked to profound changes in the brain transcriptome of
adult zebrafish [173] [15]. These findings highlight that zebrafish display a variety of social
interactions and utilize social information for decision-making.

In other fish species, too, social information has been shown to be relevant for the
animal’s behavior. Knowledge about the social hierarchy is important for social plasticity, a
phenomenon in which animals adapt their behavior according to their status within a group
[174,[175]. Socially dominant fish are characterized by their ability to win fights in diadic,
aggressive encounters. Dominant males have been shown to display territorial behavior

[176] and in both sexes, dominance is associated with higher reproductive success [177].
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1.2.4 Impact of social isolation on bony fish

How are fish affected when they are deprived of access to conspecifics? A consis-
tent finding is a positive association between isolation and aggressive behavior, an effect
observed in cichlids [178, [179], the fighting fish Betta splendens [180] and the swordtail
Xiphophorus helleri [181]. Another effect is the impairment of neurogenesis in isolated
fish, supported by findings in trout [182], electric fish [183], and zebrafish [95]. In contrast
with the results discussed in section[1.1.2], social isolation led to increased locomotion and
decreased anxiety levels in adult zebrafish [184, 185/ 110]. However, it induced decreased
locomotion in larvae [186], indicating a developmental stage-dependent effect. Overall,
these findings indicate that social isolation in fish affects systems similar to what was ob-
served in other species, although a detailed understanding ranging from behavioral to the

molecular level is certainly missing.

1.3 The lateral line system

In the present study, mechanosensation was identified as an important channel for
social information (further discussed in the results section). How are mechanical cues
perceived in water? When animals move in water, they induce pressure gradients around
them. A sensory system tuned to these kind of mechanosensory stimulation would be
highly informative for an animal. Indeed, all fish and a majority of aquatic vertebrates pos-
sess a so-called lateral line system enabling them to detect movement-induced waves or
vibrations in their proximity [187]. Initially believed to deliver only coarse mechanosensory
information, recent research has demonstrated that perception via the lateral line can be

used in complex interactions, such as social communication [188].
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1.3.1 Anatomy and physiology of the lateral line system

The lateral line consists of individual sensory units, neuromasts, that are distributed
along the body of the animal in two major systems: the anterior lateral line, covering
mainly the head of the animal, and the posterior lateral line localized caudally. These
neuromasts contain specialized epithelial cells with apical bundles of stereocilia that are
embedded in a gelatinous cupula [189]. Upon deflection, mechanosensitive ion-channels
in the membrane of the stereocilia open up and allow for the influx of K+ and Ca?*. Hair
cells possess a membrane potential (V;,,) of approximately -70 to -50 mV [189, 97]. The
extracellular K concentration is about 2 — 4 mM and the intracellular one reaches 125 —
140 mM [189], resulting in an inward driving force tha pulls K into the cell upon increased
conductance. A moderate deflection of the hair cell bundle thus depolarizes the membrane
potential whereas movement in the opposite direction actually slightly hyperpolarizes the
cell. This is due to the fact that the mechanosensitive channels are positioned in a way
that movement in one direction stretches them while they are actively closed by movement
of the hair bundle in the opposite direction, increasing the dynamic range over which a hair
cell can encode information [190]. Depolarization increases glutamate release at the basal
part of the hair cells, which induces graded potentials in the afferent fibers conveying this

information to downstream areas of the lateral line system [189].

1.3.2 Information processing in the lateral line system

The first step of signal filtering occurs at the level of neuromasts, which are arranged
in two locations: the superficial ones, that are tuned to frequencies below 30 Hz and canal
neuromasts, that are receptive from 30 — 200 Hz [191]. During locomotion, efference
copies of the motor signal inhibit neuromast activity [192]. Information from the lateral
line is then conveyed via afferent fibers to the ganglia of the anterior and posterior lateral
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line, respectively [193]. At this point and also in more central processing centers, projec-
tions adhere to a somatotopic mapping principle [194), [195]. The next relay station is the
medial octavolateral nucleus (MON). Second-order projections from the terminate
both ipsi- and contralaterally in the torus semicircularis (see figure[1.4). Finally, information
is projected to different diencephalic nuclei. Dorsal parts of the telencephalon have also
been described to receive lateral line input [196]. Electrophysiological recordings have
demonstrated that units in higher-order brain areas involved with the processing of infor-
mation from the lateral line become tuned to increasingly complex patterns. For example,
medullary and midbrain lateral line units react to amplitude-modulated sinusoidal water
motions [197] and units in the torus semicircularis have been shown to be phase-locked to
particular frequencies [198]. Although there is ample evidence to support the notion that
fish use lateral line information to hunt and navigate their environment, it is not clear yet
how complex the representations are that are built with these sensory perceptions [187].
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Figure 1.4: This cartoon depicts the position of individual neuromasts of the anterior
lateral line as blue and those of the posterior lateral line as green dots. Higher-order pro-
cessing stations are for reasons of clarity only shown for one side of the posterior lateral
line, however, the other side as well as the anterior lateral line are following basically the
same pathway. Afferent fibers convey signals from the neuromasts to the corresponding
lateral line ganglion (here shown in the same color as the posterior neuromasts, but with
a bigger radius) [193]. From there, signals are transferred within the hindbrain to the [MON|
(shown in purple). This nucleus projects then to the torus semicircularis within the mid-
brain (shown in red) [196]. The [MON| and the torus semicircularis are the best-described
higher-order processing centers of lateral line information. However, projections to other
areas such as the telencephalon and the thalamus have been described as well (see
section|(1.3.2).
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1.3.3 Communication via mechanosensation

Only a few studies have focused on higher-order perception via the lateral line. Butler
and Maruska showed that the ablation of the lateral line increases the propensity of cichlids
to engage in a fight, presumably because they utilize lateral line information to gauge the
size of their opponent [188]. It was also demonstrated that fish use vibrational cues to
elicit spawning behavior during mating [199]. These results indicate that mechanosensory
perception via the lateral line might indeed be an important channel for communication or

gathering social information from the environment.

1.4 The biological relevance of parathyroid hormone-2

In the experiments discussed in this thesis, the expression of the neuropeptide parathyroid
hormone 2 was found to be regulated by the social environment. What is known

about this molecule and its function?

1.4.1 Modulation of brain function by neuropeptides

Neurons propagate information on different timescales: activation of ionotropic recep-
tors and ion channels rapidly increases conductance for the corresponding ions, which can
result in changes in the cell’'s membrane potential [200]. These depolarizations can induce
action potentials that are quickly transmitted over long distances [201]. On another level,
network properties are also modulated by the presence of many small peptides, typically
acting on a G protein-coupled receptor (GPCR). These neuromodulators can alter the in-
trinsic firing properties of neurons and change effective synaptic strength. This indirectly
reconfigures neuronal circuits on top of the connectome by strengthening some synapses

and weakening others, potentially strongly altering network computations [202, 203, [204].
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Neuropeptides are genetically encoded as prepropeptides that become active by protease-
mediated cleavage [205]. They constitute a diverse class of signaling molecules and 30
different neuropeptide families have been traced back to the last common ancestor of pro-
tostomes and deuterostomes, indicating that neuropeptidergic signaling is an ancient and
conserved mode of neuronal communication [206, 204, 207]. Neuropeptidergic modulation
can exert influence by very different means and either change or help to conserve func-
tionality over a wide variety of systems. For example, changes in ambient temperature are
a relevant factor that can influence neuronal excitability in poikilotherm animals. Work on
the stomatogastric ganglion in crustaceans has demonstrated that several neuropeptides
increase robustness of neuronal timing despite changes in temperature, thus enabling a
neural circuit to serve its function in different environmental conditions [208, 209]. Next to
maintaining functionality by promoting network robustness, neuropeptides can also change
behavioural outputs of neuronal circuits. One example of this feature is a study in the ne-
matode Caenorhabditis elegans which demonstrated that nociceptive inputs promote the
aggregation of these normally solitary worms via the neuropeptide npr-1 [210]. In general,
several hundreds of neuropeptides have been described in metazoans and only some of
them have been assigned a function [206]. The neuropeptide [pth2] which this work fo-
cuses on, belongs to a certain class of neuropeptides which has been characterized to

some extent.

1.4.2 Class B of G-protein coupled receptors (GPCRs)

Molecules activating GPCRs are normally classified based on the similarity of the re-
ceptors they activate. All GPCRs contain 7 transmembrane segments and share a par-
ticular signaling mechanism, which is their interaction with G-proteins, heterotrimeric GT-

Pases. It is currently believed that all GPCRs share a common evolutionary ancestry [211].
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The neuropeptide activates a receptor which is part of the family-B1 GPCRs [212].
Members of the B1 subfamily are classical hormone receptors with ligands of 27 - 141
amino acid residues. All members of this subfamily have been demonstrated to regulate
intracellular cyclic AMP (cAMP) concentrations by activating adenylate cyclase through the
stimulatory G protein G [212] (see fig. [1.5). However, the different receptors have been
implicated in very different physiological functions, such as glucose homeostasis by the
PAC1 receptor [213], release of ACTH by the CRF1R [214], and calcium homeostasis by
the PTHR [215].
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Figure 1.5: This cartoon illustrates the signaling cascade described for stimulatory
GPCRs (Gg), which are described for all members of the class B of GPCRs. Bind-
ing of the ligand L activates Gg which promotes the exchange of a bound guanosine
diphosphate to a guanosine triphosphate (GTP). This leads to a conformational
change of the G-protein, after which it activates the integral membrane protein adenylyl
cyclase (shown in brown). Adenylyl cyclase now begins to catalyze the conversion of
adenosine triphosphate (ATP) to[cAMPL The secondary messenger targets and activates
in most cells cAMP-dependent protein kinase (PKA), a heterotetrameric enzyme which
is normally inhibited by the presence of a dimer of regulatory subunits. [cAMP] binds and
inhibits the regulatory subunits, which allows the catalytic subunits to become active and
phosphorylate target proteins. Among the many demonstrated effects of this increased
phosphorylation is differential gene expression via the activation of enhancers and the
modulation of potassium channel permeability [212, 216].
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1.4.3 Expression patterns of PTH2 and PTH2R

Pth2 was first been characterized in bovine hypothalamic extracts by Ted Usdin in
1997 [217]. Initially referred to as tuberoinfundibular peptide of 39 amino acids length
(TIP39), pth2 has been identified in several tissues: in the brain and testis [218], kidney
and pancreas [219], and heart in rats [220]. A more in-depth characterization has been
performed on brain cell groups that express pth2, identifying two restricted localizations in

rodents and macaque (see fig. [1.6):
« the periventricular gray of the thalamus (PVG
« the posterior intralaminar complex of the thalamus (PIL)

+ the medial paralemniscal nucleus (MPL)

Both and [PIL are located in the subparafascicular area (SPE) of the posterior di-
encephalon and were initially believed to contain a contiguous group of pth2* cells [218].
However, subsequently, the was separated into the magnocellular or medial sub-
parafascicular nucleus (containing the [PVG) and the parvicellular or lateral subparafascic-
ular nucleus (containing the [PIL). With 600 - 1,000 cells per hemisphere, the PVG contains
the largest group of pth2" cells in the brain of young rodents [221, [222]. These neurons
roughly overlap with the position of the A11 dopaminergic cell group, but previous stud-
ies were unable to identify pth2/tyrosine hydroxylase double-labeled cells, suggesting that
these cell types are distinct [221], 223].

The lateral thalamus contains roughly 200-300 small pth2" cells in the [PILL They are
located medial to a cluster of calcitonin-gene related-peptide (CGRP) expressing neurons
and a fraction of the cells is double labeled with both [CGRP| and pth2 [221]. The neurons
in the medial part of the express c-fos after male ejaculation, whereas the lateral

cells do not, supporting the distinction between these cell groups [224]. and [PIL]
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receive neuronal input from very similar brain areas. Forebrain regions, such as the medial
prefrontal, insular, and entorhinal cortices, the subiculum, amygdala and the lateral septum
have been shown to project both diencephalic pth2t cell groups [225]. The auditory cortex
projects only to the [PIL] [226], 227]. A large part of diencephalic projections arise from
hypothalamic regions, the preoptic area, the anteroventral periventricular nucleus, and the
dorsal premamillary nuclei. Deep layers of the superior colliculus and cortical areas of the
inferior colliculus are labeled by retrograde tracers [228].

Medially positioned to the fibers of the lateral lemniscus, there is another distinct pth2*™
group of cells located in the rostral pons [218]. These cells receive rich input from brain
areas involved with the processing of sensory information, such as the auditory cortex,
and both the superior and inferior colliculus as well as the lateral preoptic area, the [PIL
and hypothalamic regions [229].

All three groups of pth2* cells have widespread projections. After electrolytic lesion
of the a decreased number of pth2" projections was detected in the medial pre-
frontal cortex, the lateral septum, the amygdala, the thalamic paraventricular nucleus, the
hypothalamus and the periaqueductal gray, indicating that these regions receive input from
the [221]. Neurons in the [PIL] project to the ipsilateral amygdala and hypothalamus.
Few projections were found to reach other forebrain structures such as the prefrontal cor-
tex and the nucleus accumbens [221]. From the MPL], pth2" projections reach the superior
and inferior colliculus and the spinal cord. However, these data relied on lesion studies,
anterograde tracings from the [MPL| have not been successful, leaving many of the [MPLI
projections to still be verified [221] 225].

The pth2 receptor is abundantly expressed in the brain of rodents, macaque, and fish
[230} 231} 222}, 232], with the most detailed description being available for rodents. In gen-
eral, the regions expressing pth2r also receive projections from one of the pth2* clusters.

Particularly high concentrations of the receptor were found in the lateral septum and the
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amygdala, the preoptic area and the hypothalamus [225]. In fish, the receptor is found to

be strongly expressed throughout the entire brain [232].

INPUT OUTPUT
Cortex Cortex
(IL, PrL, Ins, Ect) (IL, PrL, Ins, Ect)
Subiculum

Auditory Cortex

Subiculum sup. colliculus

sup. colliculus inf. colliculus
inf. colliculus lat. septum
lat. septum preoptic area

PIL thalamic
paraventricular ncl.
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Figure 1.6: Projections to the three known locations of pth2" cells in rodents are shown
on the left, whereas the sites these cells project to are shown on the right. Abbreviations:
infralimbic cortex (L), prelimbic cortex (PrL), insular cortex (Ins), ectorhinal cortex (Ect),
superior (SUp), inferior (inf). Adapted after Dobolyi et al. 2010 [225].

1.4.4 Functions of PTH2

Owing to the multitude of projections pth2" cells make, it is not easy to pinpoint a par-
ticular function for this neuromodulator system. However, in rodents it has been implicated
in several processes. The injection of PTH2 in the spinal canal leads to a dose-dependent

nocifensive response, scratching and licking [218]. Furthermore, it decreased latencies to
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withdrawal in paw pressure experiments. If PTH2 was injected together with a seques-
tering antibody against it, pressure sensitivity decreased again [218]. The pth2 receptor
is expressed in lamina |l of the spinal cord, where most nociceptive afferents terminate.
These results suggest that pth2 plays a role in the modulation of pain perception.

As several regions in which pth2* fibers are found are thought to be important for anxi-
ety and depression-like behavior, the effect of pth2 was analysed after its administration in
rats and by observing behavior in knock-out (KQ) mice [233]234]. In general, [KQ animals
could not be distinguished from wildtype littermates; no strong phenotypic abnormalities
are detected. In open field explorations, no evaluated behavior was altered [234]. In a dif-
ferent set of experiments testing anxiety in the elevated plus maze, rats entered the open
arms more often after administration of PTH2, suggesting an anxiolytic effect [233]. How-
ever, KO mice did not display any strong and reliable phenotype in any of the paradigms
tested, including a novel open field, dark-light emergence or the elevated plus maze [234].
Differences between the KO and WT mice became apparent when animals were tested
under stressful conditions, such as after short restraint or under a bright light source. In
these cases, mice visited the open arms fewer times and also spent less time there
[234]. In experiments in which the animals underwent fear conditioning, KOl animals froze
significantly more than their wildtype littermates when the shock-paired tone was heard 24
hours after the training session [234].

Other datasets suggest that pth2 is involved with neuroendocrinergic regulation. After
intracerebroventricular administration of PTH2, increases of[ACTH|and luteinizing hormone
(LH) were observed in plasma [235]. In one experiment, the ventricular injection of PTH2
blunted the release of growth hormone (GH) for several hours [236]. A potential impact
on both oxytocin and arginine-vasopressin, two neuropeptides heavily implicated in social
interaction was observed as well [237,, [238].

In particular in view of the last two peptides, it is worth mentioning that in several studies
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pth2 appears to play a role in social contexts. An increased c-fos immunoreactivity in
pth2t cells was observed in the [PIL] of mother rats after interacting with their pups [238].
In fact, suckling of the pups was shown to activate these cells strongly [239] and abolished
pth2r activity in a KO animal led to a marked decrease in pup weight during development,

indicative of an impairment in maternal care [240].
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Materials and Methods

2.1 Materials

2.1.1 Chemicals & biological material

Component Company Lot or Catalog number
4-(4-diethylaminostyryl)- | Sigma-Aldrich C D-3418
N-methylpyridinium

iodide

4-iodophenol Sigma-Aldrich C 110201-25G
Borate Alfa Aesar C J60803
Chloroform Sigma-Aldrich L SHBC7853V
CaCly Sigma-Aldrich C C1016
Copper(ll) sulfate Sigma-Aldrich C C1297
Dextran Sulfate Sigma-Aldrich C D8906
Formamide Ambion C AM9342
H,O, Sigma-Aldrich C H1009
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Heparin Sigma-Aldrich C H3393
NaCl Sigma-Aldrich C 31434
NaCitrate Tocris C 3161
Neomycin Sigma-Aldrich C N1876
NaOH Carl Roth C6771.1
Maleic acid Sigma-Aldrich C M0375
MgSO, Sigma-Aldrich C M7506
One Shot TOP10 chemi- | Thermofisher Scientific C 404006
cally competent cells

Phusion High-Fidelity | Thermofisher Scientific L 00679781
DNA Polymerase

QuantiTect Reverse Tran- | QIAGEN C 205311
scription Kit

SSC (20x) Sigma-Aldrich C S6693
SYBR Green PCR Mas- | Thermofisher Scientific C 4309155
ter Mix

Tryptone in-house manufactured NA

Tag DNA Polymerase NEB C M0273S
Torula RNA Sigma-Aldrich C R6625
Triton-X 100 BioXtra C T9284-100ML
Trizol Ambion L16655301
Tween20 Sigma C P1379-500ML
Tyramides Thermo Fisher C B40953
yeast extract Merck C 103753
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2.1.2 Antibodies

| Antibody (species) | Company | Lot or Catalog number |
a-pth2 (guinea pig) Custom antibody (PSL) NA
a-znp1 (rabbit) Synaptic Systems C 106002

2.1.3 Devices

| Component | Company | Lot or Catalog number |
Arduino Mega 2560 Rev3 | Arduino C A000067
Frequency Generator | Tektronix NA
AFG3102
Incubator (SHEL LAB) Sheldon Manufacturing NA
MicroAmp Fast Optical | Applied Biosytsems C 4346906

96-Well Reaction Plate
with Barcode

MicroAmp Optical Adhe- | Applied Biosystems C 4311971
sive Film

Microcentrifuge 5415R Eppendorf NA
Real-Time PCR System | Applied Biosytems NA
RNase-free 1.5 mL Mi- | Ambion L 23118089
crocentrifuge Tubes

RNeasy MinElute | QIAGEN C 74204
Cleanup Kit

Soft-Ject Syringe Henke Sass Wolf L 18D09C8
ZebTEC Tank System Tecniplast NA

2.1.4 Solution recipes

E3 medium
| Reagent | final concentration
NaCl 5mM
KCI 17 mM
CaCl, 0.33 mM
MgSOs 0.33 mM

Lysogeny broth (LB)
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| Reagent | amount
Tryptone 109
yeast extract 59
NaCl 5¢
ddH,O 1000 mL

RNA probe pre-hybridization buffer

| Reagent | final concentration
formamide 50 %
20x SSC 5x
torula RNA 5 mg/ml
heparin 50 pg/ml
Tween20 0.1 %

RNA probe hybridization buffer

| Reagent | final concentration
formamide 50 %
20x SSC 5x
torula RNA 5 mg/ml
heparin 50 pg/mi
Tween20 0.1 %
Dextran sulfate 5 %
20x SSC

| Reagent | Amount
NaCl 175.3 ¢
NaCitrate 88.2¢g
ddH50 1000 ml
Formamide Buffer

| Reagent | Amount
formamide 500 mL
20x SSC 100 mL
ddH>,0O 400 mi
Tween20 1mL
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Maleic Acid Buffer

| Reagent | Concentration
maleic acid 100 mM
NaCl 150 mM
NaOH adjusttopH 7.5

Tyramide Signal Amplification buffer

| Reagent | Concentration
borate with 0.1 % Triton-X 100, pH 8.5 | 100 mM
H50, 0.003 %
dextran sulfate 2%
4-iodophenol 350 — 450 pg/ml
tyramide 1:100

2.1.5 Animal lines

The following animal lines were used in this study:

» Konstanz wildtype strain (KN)

« Nacre phenotypic mutant strain (mitfa—/~)

pth25423129 " pre-mature stop codon

* pth2rsa1116  premature stop codon

Medaka wildtype strain

* Artemia
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2.2 Methods

2.2.1 Animal husbandry

Adult and juvenile zebrafish of the lines Konstanz wildtype (KN) and Nacre (mitfa—/~)
were housed at 28 °C, using a light cycle of 14-hour light/10-hour dark and kept in 1.1
or 3.5 L ZebTEC tanks at a density of 5-35 fish of both sexes. lIsolated fish and their
socially-reared siblings were kept in 1.1 L tanks as of 6[dpfl Animals were fed three times a
day with brine shrimp (Artemia salina) and/or GEMMA Micro. Vinegar eelworms ( Turbatrix
aceti) were fed to larval and juvenile fish. Larvae up to 5|dpf|were kept in dishes (10 or 15
cm diameter) filled with E3 medium in a 28 °C incubator with the same light/dark cycle. All
animal procedures conformed to the institutional guidelines of the Max Planck Society and
were approved by the Regierungsprsidium Darmstadt, Germany (governmental ID: V 54-
19 ¢ 20/15-F126/1016 and V 54-19 ¢ 20/15- F126/1013). Fish husbandry was performed

by Anett-Yvonn Loos, Annette Hittling, and Dmitrij Burgard.

2.2.2 RNA extraction

For RNA isolation, whole heads were used from larvae and juveniles, while brains
were extracted from adults. For larvae and juveniles, 10 to 15 animals were combined
per replicate, and 2 brains were pooled for adult fish. Samples were collected on dry ice in
RNase-free tubes and stored in 700 nL of TRIzol (ambion) either for immediate processing
or storage for up to 3 days at 4 °C. Samples were homogenized using a 0.6 mm diameter
needle attached to a 1 mL syringe. 140 u L of chloroform (Sigma-Aldrich) was added, and
the tubes were vortexed for 15 seconds and centrifuged at 12,000 rcf for 15 minutes at 4 °C.
After phase-separation, 200 1L of the clear aqueous phase was purified with the RNeasy

MinElute Cleanup Kit (QIAGEN) in accordance with the manufacturers’ instructions. RNA
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was eluted in water and the concentration was spectrophotometrically measured. RNA
extraction for the experiments described in sections [3.3] - was performed by Lukas
Anneser, lvan Alcantara, and Anja Gemmer. For some experiments, homogenization was

performed by Jan GlUsing.

2.2.3 Spectrophotometric and fluorometric analysis of RNA

A spectrophotometer (NanoDrop™ 2000) was used to determine purity and concentra-
tion of RNA and DNA samples. 1 ul of sample was placed on the pedestal of the spec-
trophotometer and its absorbance was measured from 220 — 350 nm. Aromatic bases in
the structure of both RNA and DNA are characterized by peak absorbance at 260 nm. This

property can be used to derive concentrations according to the Beer-Lambert law:
A = ecl,

with A being the absorbance, ¢ a specific extinction coefficient, ¢ the concentration, and
| the path length.

Before the construction of libraries for NGS, sample concentration was determined by
performing fluorometric analysis of RNA using the Qubit 4 fluorometer. As absorbance
at 260 nm is not uniquely characteristic of RNA and DNA, a more targeted approach is
the use of fluorescent dyes that specifically bind to nucleotide strands. 190 ! of Qubit
working solution was mixed with 10 ul of supplied standards and used to calibrate the
measurement. 1 ul of sample was mixed with 199 ul of Qubit working solution, mixed and
incubated at room temperature for 2 minutes. Sample concentration was then determined

by the machine by interpolating from the standards.

42



Materials and Methods Chapter 2

2.2.4 RNA integrity measurement

For NGS experiments, RNA quality was assessed using the Agilent 2100 Bioanalyzer
system and only samples with a RIN [241] of at least 9 were included. Before measure-
ment, the electrodes were cleaned using 350 ul of RNaseZAP and 350 ul of RNase-free
water for 1 minute each. Reagents were equilibrated to room temperature for 30 minutes.
RNA 6000 Nano dye was vortexed and centrifuged. 1 ul was added to a 65 pl aliquot of
filtered gel. The mixture was vortexed and incubated at room temperature for 30 minutes.
9 ul of the gel-dye mix was loaded into a chip and homogeneously distributed using the

supplied chip priming station according to manufacturer’s instructions.
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Figure 2.1: Panel a shows a typical result of the RIN measurement using the Agilent
2100 Bioanalyzer platform. The two prominent bands in each sample correspond to 18 S
and 28 S ribosomal RNA. In panel b, the intensity of these bands is shown. Area under
the curve is measured for both ribosomal RNA peaks and the ratio is used to determine
potential degradation of RNA. In this particular example, no degradation was observed,
corresponding to a RIN of 10.

5 nl of RNA 6000 Nano marker was loaded into each well. Ladder and samples were
heat denatured at 70 °C for 2 minutes before loading 1 ul of each into a separate well. The
chip was mixed using the IKA vortex mixer for 60 seconds at 2400 rpm. Within 5 minutes,

the chip was loaded into the Agilent 2100 Bioanalyzer and the run was started.

2.2.5 Reverse transcription

To obtain copy DNA (cDNA), 200 ng of RNA were reversely transcribed. Template RNA
was mixed with gDNA wipeout buffer and RNase-free water in a total reaction volume of 14
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pl and incubated at 42 C for 2 minutes to remove genomic DNA (gDNA). Afterwards, the
reaction was placed on ice for 2 minutes. 4 ul of 5x reaction buffer, and 1 pl each of primer
mix and reverse transcriptase was added to a final volume of 20 ul. The reaction was
incubated at 42 °C for 15 minutes and inactivated at 95 C for 3 minutes. Afterwards, the
obtained cDNA was either used directly or frozen at -20 C. The cDNA for the experiments
described in sections [3.3] - was produced by Lukas Anneser, lvan Alcantara, and

Anja Gemmer.

2.2.6 Next generation sequencing

200 ng of RNA was used for sample preparation with the TruSeq Stranded mRNA Kit
(Mlumina). Libraries were prepared according to the manufacturers recommendations. In
short, by using poly-T oligos attached to magnetic beads, messenger RNA (mBNA) was
enriched by selecting for molecules containing poly-A parts. The was fragmented
and primed with random hexamers for the conversion to [cDNAL Using AMPure XB beads,
double-stranded cDNA was enriched and purified. A single A nucleotide was added to
the 3-end to subsequently add i7 sequencing adapters. Incorporation of these specific
sequences allowed for the identification of particular samples after sequencing. Libraries
were purified, quantified using the Qubit 4 fluorometer (Invitrogen), and the average library
size assessed with the Agilent HS DNA assay (Agilent). Equal amounts of all libraries were
pooled and diluted to 4 nM in 10 mM Tris-HCI, ph 8.5, 0.1% Tween20. Equal amounts (5
L) of library and 2 M NaOH were mixed and incubated for 5 minutes at room temperature
to denature the DNA molecules. The mixture was neutralized by adding 5 pL of 200
mM Tris-HCI, pH 7.0. Denatured libraries were then diluted to 1.3 pM and loaded on a
Mid Output Flow Cell (lllumina). Sequencing was performed on a NextSeq 500 machine

(Hlumina) using 151 sequencing cycles.
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2.2.7 Differential expression analysis

The obtained sequencing reads were mapped to the current Danio rerio genome as-
sembly (GRCz11). This was done by utilizing the STAR algorithm [242]. Non-canonical in-
tron motifs were excluded from mapping. Additionally, the options —outFilterScoreMinOverLread
and —outFilterMatchNminOverLread were set to 0.25, respectively. The reads that were
mapped to individual genes were then counted with the featureCounts algorithm, using
default options [243]. Gene annotation was complemented with the ENSEMBL gene ID,
external gene name, description, GO-term, and entrezgene ID using the BioMart pipeline
[244]. To identify differentially expressed genes, the edgeR Bioconductor package was
used [32]. Since our experiments were designed in a paired manner (fish raised either iso-
lated or under social conditions were siblings), our design matrix formed an additive model
using batch identity and treatment, but no interaction term, which is typical for paired de-
signs like this. After gene dispersion estimation, a linear model was fitted, and the effect
of social isolation on gene expression was tested. The p-values for individual genes were
multiple-testing corrected with the false-discovery rate correction method by Benjamini and

Hochberg [243].

2.2.8 Analysis of single-cell sequencing data sets

The dataset from Raj et al. ([246]) was obtained from the Gene Expression Omnibus
accession number GSE105010 and analysed in R using the Seurat package [247]. The
dataset from mouse cortex and hippocampus [248] and from human cortex [249] were
analysed using the USCS Cell Browser online tool [250]. In all cases, gene expression
of pth2r was extracted for all cells across all cell clusters. For the zebrafish data, a boot-
strap analysis was performed by randomly assigning cells to clusters and comparing the
relative prevalence of pth2r in these random clusters to the actual ones. Bootstrapped
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clusters contained as many cells as the actually discovered, corresponding clusters. 1,000
bootstrap-replicates were performed. In mouse and human data, pth2r expression was

binarized as either expressed or not, quantitative differences were not displayed.

2.29 qPCR

200 ng of RNA were reversely transcribed using the QuantiTect Reverse Transcription
Kit (QIAGEN), adhering to the manufacturers recommendations (see section[2.2.5). cDNA
was diluted 1:10 to be used as template in the gPCR reaction. Each sample was composed
of 5 uL of cDNA template, 1.3 pL primers, and 6.25 uL. SYBR Green PCR master mix
(Applied Biosystems). For the gPCR, an initial denaturation step at 95 °C for 10 minutes,
followed by 40 cycles of denaturation (95 °C, 15 seconds) and amplification (60 °C, 60
seconds) on a Real Time PCR System (Applied Biosystems) was used. For all approaches,
the fluorescence threshold C, was set to 0.9 for all genes. In paired experiments, relative
expression was computed by calculating the fold-change between control and experimental
condition within each biological replicate. For unpaired experiments, relative expression
was calculated in comparison with the mean value of the control condition. In all cases,

the AC, method was used according to the following formula:

AC; = Cy(gene) — Cy(reference)
AAC; = ACy(experimental condition) — AC:(baseline)

relative fold change = 27AAC

The following primers were used to determine expression levels:
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| Gene | Sequence 5°— 3’ |
pth2 forward CCACGCAACACACAGTCAAG
pth2 reverse GCAAGTTACTTTGCAGAGGTC
pth1a forward CTCTGAGAAGCAAACGGGCA
pth1a reverse GCTTCCCCTGGATACAGCTC
pth1b forward ATGCACCAGCTCCGAAACAT
pth1b reverse CCTCTTGCTAATTGGCAGTCCT
pth4 forward ATGCACCAGCTCCGAAACAT
pth4 reverse CCTCTTGCTAATTGGCAGTCCT
pthlha forward CTGACGACGATCGTGAGGAC
pthla reverse GCAAGGATCCAAATCTGTGGC
pthihb forward GCAGACAACGGCGTTCAGTC
pthlhb reverse GTTTGGACACTCCCTTCGCT
tbp forward GTACTCACAGGTGCCAAGGT
tbp reverse GATTGCGTAGGTCACCCCAG
StAR forward [251] TCAAATTGTGTGCTGGCATT
StAR reverse [251] CCAAGTGCTAGCTCCAGGTC
nr3c1 forward [251] ACAGCTTCTTCCAGCCTCAG
nr3c1 reverse [251] CCGGTGTTCTCCTGTTTGAT

Quantitative PCR in the experiments described in sections [3.3)— was performed

by Lukas Anneser and lvan Alcantara.

2.2.10 Social isolation

To obtain eggs, single pairs of sexually mature zebrafish were placed in a spawning
tank overnight. Embryos obtained from these setups were screened so that deformed and
dead embryos animals could be removed. For isolation procedures, larvae were individ-
ually placed in a 12-well dish filled with 3 mL E3 at 2 |dpfi To exclude the possibility of
visual contact between the fish, white paper strips were placed between adjacent wells.
In experiments with animals at later developmental stages, animals were placed in a 1.1
L tank in a ZebTEC system containing artificial plants at 6 dpf. Grey plastic insert pre-

vented animals to see conspecifics in adjacent tanks. Socially-reared animals were kept
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in a density-matched manner (1 fish per 3 mL medium) in 10 cm dishes with 45 mL of E3.
Unless specified in the corresponding section, the social control group always consisted of
5 fish per dish or tank. When animals received access to conspecifics, siblings from the
same batch were used as social stimulus. However, in some experiments it was necessary

to use mitfa—/~ fish were in order to distinguish between treatment group and social stimuli.

2.2.11 Chemosensory access to conspecifics

To give isolated fish chemical access to conspecifics, medium was obtained from 10 cm
dishes in which 100 siblings in 45 mL E3 were placed. This medium was used to replace
the water in the dish of the isolated animals. The swap took place repeatedly every hour for
three hours, after which time the animals were sacrificed. To allow for a direct comparison
with the actual effect of conspecifics on pth2 transcription, previously isolated siblings were

given access to conspecifics in the same volume for the same period of time.

2.2.12 Visual access to conspecifics

Larvae raised in isolation from 2 — 5 dpf were subjected to a paradigm using a dual
compartment chamber with dimensions 1.5 x 3 x 1 cm®. Adjacent compartments were pre-
vented from chemical exchange by a transparent plexiglass barrier. In all conditions, fish
were placed in one compartment of this chamber for three hours in total. To enable the fish
to visually perceive conspecifics, 6 age-matched larvae were put next to the previously-
isolated fish, separated only by the transparent barrier. In the physical access condition, 5
age-matched fish were placed with the previously isolated fish in the very same compart-
ment. In order to identify the animals reared in isolation, pigmentation mutants (mitfa=/~)
were used in these experiments. This experiment was jointly performed by Lukas Anneser,
Ivan Alcantara, and Anja Gemmer.
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2.2.13 Lateral line ablation

5 dpf old previously isolated larvae were exposed to 50 uM CuSO, for 10 minutes or to
100 M neomycin for 5 minutes. These chemicals were then washed out by exchanging
the medium three times. Animals thus treated were then placed in a 10 cm dish (45 mL
E3) for three hours together with 14 untreated conspecifics (mitfa~/~). This was supposed
to test whether social exposure still had an effect on pth2 transcription after the ablation
procedure. Individual replicates of this experiment were performed by Lukas Anneser, Ivan

Alcantara, and Kristina Mirkes.

2.2.14 Exposure to artemia and medaka

Previously isolated animals were placed in a dish with either 14 or 1,000 artemia (brine
shrimp) at 5 dpf. In another experiment, previously isolated animals were exposed to
either 5 medaka or 5 zebrafish. All experiments allowed the animals to freely explore their
settings for three hours. The medaka experiments were performed by Lukas Anneser, Anja
Gemmer, and Ivan Alcantara in the MPI for Heart and Lung Research in Bad Nauheim with
the help of Simon Howard and Nana Fukuda (medaka husbandry) from the group of Didier

Stainier.

2.2.15 DASPEI live staining

Hair cells in the lateral line were visualized by immersing live animals at 5 dpf in 50 p M
(Sigma-Aldrich) for 30 minutes. Medium was exchanged three times with fresh
E3 before mounting the animals in agarose (1%). Using this live staining approach, the
effectiveness of ablation using neomycin or CuSO, was assessed under an Axio Zoom.V16

(Zeiss).
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2.2.16 Extraction and modeling of behavioral features

Zebrafish larvae that were reared in isolation freely explored a 10-cm dish filled with 45
mL E3 medium for 10 minutes. Their movements were recorded using an acA2040-90uc
camera (Basler) with a frame rate of 20 fps at a resolution of 1.500 x 1.500 pixels. Videos
were segmented using a common Gaussian-Mixture background-subtraction algorithm.
Features extraction was performed with the OpenCV framework, using empirically adapted

parameters. Manual accuracy checks were done for all videos.

2.2.17 Mechanical stimulation

One piezo element (UPF-76Q-220, Ekulit) was introduced per well of a 12-well dish. Its
vibration frequency was regulated using a frequency generator (AFG3102, Tektronix) after
signal amplification with a custom-built amplifier. Generally, the frequency generator was
set to output 60 or 70 Hz continuously or in bursts of different lengths (300, 500, 700, 800,
5000 ms) with a peak-to-peak voltage of 5.0 V. To create more complex and irregular stim-
ulation, the frequency generator was set to external trigger control and gated using a TTL
pulse delivered by an Arduino Mega 2560 Rev3 (Arduino). The Arduino board itsel was
simply relaying signals from a custom-written MATLAB script, which defined pause periods
during which no stimulation was delivered by sampling from a log-logistic distribution (u =
0.27, 0 = 0.21) and activity periods during which the piezo was vibrating by sampling from
a normal distribution (1 = 0.15, o = 0.1). In total, animals were exposed to this stimulation
paradigm was for three hours, unless otherwise specified in the main text. To validate the
vibration pattern transferred by the piezo to animals in the dish, we obtained video record-
ings of the artificial mechanical stimulation paradigm described above. Using a sampling
rate of 180 Hz and a sampling period of 60 seconds, we obtained videos with a BASLER
acA1920-150uc. Intensity time series were obtained for pixels at the center of the dish
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near the piezo and at the edge of the dish, where water became clearly visible by piezo
activation. We applied a fast Fourier transform to analyse the frequency of our stimulation
and verified that the piezo paradigm produced water movement at the intended frequency
in the entirety of the dish. The piezo setup was provided by Norman Heller from the electri-
cal workshop and Andreas Umminger from the mechanical workshop. Experiments were

conducted by Lukas Anneser, lvan Alcantara, Anja Gemme and Kristina Mirkes.

2.2.18 Free exploration

5[dpf|fish were allowed to freely explore a small dish with a diameter of 10 cm filled with
45 mL E3 medium for 10 minutes. Their movement was recorded using acA2040-90uc
camera (Basler) with a framerate of 20 fps at a resolution of 1.500 x 1.500 pixels. Us-
ing a custom-written python script, videos were background-subtracted with a common
Gaussian-Mixture segmentation algorithm. Animals were identified using the OpenCV
simple blob detector with parameters adapted for our setting. This resulted in a highly
successful tracking of the individual animals. Frames in which the fish was not success-
fully identified by the algorithm were manually curated. Velocity of animals was computed
by calculating the euclidean distance traversed between consecutive frames. Bouts were
identified using the velocity track by implementing a simple peak-detection algorithm. Anx-
iety of animals was measured by using boldness as a proxy score that reports the time

animals spent in the center of the dish as a fraction of the total time:

timecenter

boldness = -
1MEtotal

2.2.19 Social preference testing in the U-chamber

21 [dpf| were placed in the U-chamber (described in [139]) and allowed to explore it for

15 minutes. After this habituation time, 3 conspecifics were placed in one of the randomly
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chosen adjacent chambers. Those chambers are visually accessible and only separated
from the main part of the dish by transparent plexiglass. Animals were recorded with a
acA2040-90uc camera (Basler) with a framerate of 10 fps at a resolution of 1.500 x 1.500
pixels and their trajectories over time were computed using a custom-written algorithm.
Whenever the animal was entering the area in front of one of the chambers, this was

counted for computing a social preference index (SPI) (see fig. [2.2):

SP[ — timesocial

timesocial+antisocial

/ ,
Figure 2.2: In order to compute the ISP, two areas directly in front of the adjacent com-
partments were identified as either social (green) or anti-social (magenta). The time spent

in the green area normalized by the entire time spent in one of the two areas was used to
determine social preference.

2.2.20 Social preference testing in the open field

At 21 [dpf| of age, animals were allowed to freely explore a rectangular open field for
15 minutes. After this baseline period, 3 age- and size-matched conspecifics were placed
in one of the adjacent, visually accessible chambers (separated from main chamber by
plexiglass). After 15 additional minutes of exploration, the experiment ended. During the
entire time, animals were recorded using the setup described above. To compute the
in this case, the time the animal spent in the 50 % of the arena that were closer to the
adjacent chamber in which conspecifics were placed, was divided by the total time spent
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in the chamber. Social preference tests were performed by Anja Gemmer, lvan Alcantara,

and Kristina Mirkes.

2.2.21 gDNA extraction

To obtain genomic DNA, tissue samples were placdd in microcentrifuge tubes with 50
!l of 50 mM NaOH. Tissue was heated to 95 °C for 20 minutes while shaking at 800 rpm.
The tubes were placed on ice for 1 minute, and 5 ul of 1 M Tris-HCI (pH 8.0) were added for
neutralization. The mixture was centrifuged for 5 minutes at 8,000 rcf to pellet the debris.

Samples were either used immediately or stored at -20 °C.

2.2.22 Polymerase chain reaction

For PCR, HotStarTag DNA Polymerase was used in the following setup:

| Component | Volume/reaction
10x PCR Buffer 5pul
dNTP mix (10 mM of each) 1 pl
forward primer (10 uM) 0.5 ul
reverse primer (10 uM) 0.5 ul
HotStarTaq DNA Polymerase 0.25 ul
distilled water 41.75 pl
template DNA 1 pl

The PCR of the pth2 probe sequence was conducted according to the following cycling

protocol:
Initial activation step 95 °C 15 minutes
Denaturation 94 °C 30 seconds
Annealing 55 °C 30 seconds
Extension 72 °C 60 seconds
Number of cycles: 35
Final extension 72 °C 10 minutes
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2.2.23 TA cloning

For visualizing pth2, | cloned a 564 bp fragment from cDNA using the primers 5’-
GAAAGAGGCACCGTAGGCAA-3 and 5-CTCTTCTGCTGGTGACCCAC-3’ in a regular
TA-cloning approach using HotStarTaq. The PCR product was purified using a PCR purifi-

cation kit (provider) and the ligation set up in the following way:

| Reagent | Volume |
PCR product 2 ul
Salt solution (supplied) | 1 ul
Water 1 ul
Topo vector 1 ul

The reaction was gently mixed and incubated at room temperature for 5 minutes. For
transformation, OneShot cells were thawed on ice for 10 minutes. 2 pl of the ligation mix
was added to the cell suspension and gently mixed by tapping the tube. After incubation
on ice for 30 minutes, a heatshock at 42 °C was applied for 30 seconds and the cells were
subsequently placed on ice for 2 minutes. Afterwards, 950 ul of LB medium were added to
the cell suspension and the mixture was incubated at 37 “for 60 minutes. LB-plates infused
with ampicillin were pre-warmed to 37 °C and 100 u/ of the cell suspension was spreaded
on the plate. The plate was then placed in an incubator at 37 °C overnight. The next
day, colonies were picked for amplification in an overnight culture for subsequent plasmid

preparation.

2.2.24 Fixation of specimens

Animals were killed by rapid immersion in ice-cold water (0 — 4 °C). After cessaction
of gill and heart movement, animals were transferred into 4 % paraformaldehyde (PEA)
in phosphate-buffered saline (PBS). Specimens were kept in this cross-fixing chemical

overnight at 4 °C while gently shaking.
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The next day, animals were washed 5 times for 5 minutes with phosphate-buffered
saline with triton-X 100 (PBT) to remove [PFAl traces. Animals were stepwise transferred
into methanol in increasing concentrations (25 — 50 — 75 — 100 % methanol in [PBT) for 10
minutes each. After the last step, liquid was replaced by fresh methanol and animals were
placed at -20 °C for at least 24 hours.

For subsequent use in fluorescent in situ hybridization (EISH) or immunostainings,
specimens were first permeabilized in 2 % H,O, in 100 % methanol and then stepwise
rehydrated from 100 - 25 % methanol in [PBT] in decreasing steps of 25 % each for 10
minutes. Animals were then washed in PBT 2 times for 5 minutes each and subjected to

downstream procedures.

2.2.25 In-situ hybridization

Probes were synthesized by linearizing vectors upstream of the probe sequence and
in-vitro transcription with either the SP6 or T7 promoter.

After rehydration (see above), animals were permeabilized by incubating them in pro-
teinase K (50 pg/ml in PBT) for 2.30 minutes at room temperature. Animals were quickly
washed in PBT twice and post-fixed in 4 % [PEAlfor 20 minutes at room temperature while
gently shaking. Traces of PFA were removed by washing 5 times in PBT for 5 minutes
each. Animals were prehybridized in hybridization buffer for 60 minutes at 65 °C. Labeled
RNA probes were diluted 1:500 in hybridization buffer with 5 % dextran sulfate and de-
natured at 80 °C for 5 minutes. Hybridization buffer was then replaced by the denatured
probe and probe hybridization took place for at least 15 hours at 65 °C.

The next day, probes were removed and stored at -20 °C to be re-used. Specimens
were washed 3 times 30 minutes in a mixture of 50 % formamide and 2x SSC-Triton (SSC

with 0.1 % Triton-X 100), one time in 2x SSC-Triton for 15 minutes, and 3 times 30 minutes
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in 0.2 SSC-Triton, all at 65 °C. Animals were rinsed twice with PBT at room temperature
and then with maleic acid buffer with 0.1 % Triton-X 100 (MABT)). Blocking took place for
at least 2 hours at room temperature in 2x Blocking Buffer (Roche) in [MABT. Depending
on the labeling of the probe (digoxigenin or fluorescein), either an «{DIG or an a-
fluorescein antibody conjugated with horseradish-peroxidase was diluted in the blocking
solution (dilution of 1:500) and incubated with the specimens overnight at 4 °C under gentle
shaking.

The antibody mix was removed and the specimens washed 6 times for 20 minutes each
with [PBT] on a shaker. Animals were rinsed twice in 100 mM borate (pH 8.5) with 0.1 %
Triton-X 100. A tyramide signal amplification (TSA) reaction mix was freshly prepared and
tyramides were diluted 1:100. reaction took place for 20 minutes at room tempera-
ture in the dark. Specimens were then rinsed 4 times thoroughly in PBT and in addition
washed twice in PBT for 30 minutes each. Afterwards, specimens were either used in a

downstream immunostaining for double-labeling or directly prepared for imaging.

2.2.26 Immunostaining

After re-hydration or (see above), animals were washed once in phosphate-
buffered saline with triton-X 100 and DMSO (PBTX) for 5 minutes. Blocking was performed
with 10 % natural goat serum (NGS) in[PBTX for at least 2 hours. Primary antibodies were
diluted in 1 % INGSI (standard dilution 1:500) and incubated overnight at 4 °C.

The next day, the antibody solution was removed and the specimens washed 2 times
5 minutes each in 1 % in PBTX. Afterwards, the animals were washed for at least
6 hours with 1 % in PBTX]| the solution was changed at least 6 times. Secondary
antibodies were usually diluted 1:1000 in 1 % [NGS]in and incubated overnight at 4
°C while gently shaking. Specimen were then rinsed twice with 0.1 % in PBTX and
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then washed 3 times 30 minutes on a shaker at room temperature. To prepare samples for

imaging, they were transferred to 80 % glycerol in[PBT] and mounted on coverslips.

2.2.27 Confocal imaging

After in-situ hybridization and immunohistochemistry, animals were transferred step-
wise into 80 % glycerol and mounted dorsally for imaging using an inverted confocal mi-
croscope (LSM-780 or LSM-880, Zeiss, Jena, Gemany). For all conditions, animals were
imaged with a 20x air objective. Lasers were used at a power range of 2 - 3 %. Acquisition
took place in 16-bit mode as z-stacks with a 1024 x 1024 or 2048 x 2048 xy resolution
covering the entire brain of a larva. Bidirectional scanning was used. Detector gain in
each channel was adjusted to cover approximately 90 % of the dynamic range and avoid

saturated pixels.

2.2.28 Registration to Z-Brain atlas

The stacks obtained were co-stained with znp-1. Registration to the z-brain atlas was
performed with the CMTK toolkit with standard settings [252, 253]. For visualization of the
cell clusters, cell bodies were manually annotated in a representative registered stack using
the Fiji Multi-point tool84 and overlaid with the ElavI3-H2BRFP [253] stack to visualize the

zebrafish brain.
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Results

3.1 Transcriptional responses to social isolation revealed

by Next Generation Sequencing

To assess the impact of social isolation on gene transcription in the central nervous sys-
tem, zebrafish were reared either in isolation or in groups of 5 starting from 2 [dpf| until 5, 8,
14, or 21 [dpf| reflecting the developmental trajectory from larval to juvenile fish. After these
periods, the animals were sacrificed and at the later stages, the brain was extracted. At 5
and 8 [dpfl, whole heads (without the eyes) were obtained, rather than brains. From these
tissues, RNA was extracted and used for Next Generation Sequencing. Across all devel-
opmental stages and conditions, more than 17,000 genes were detected, corresponding
to approximately 65 % of the annotated zebrafish genome (fig. [3.7).

Differential expression analysis revealed 319 genes, in total, that were differentially
expressed between conditions. The difference between isolated and social fish was more
pronounced at earlier stages. Of the differentially expressed genes, only four (egri|, neuronal

PAS domain protein 4a (npas44), v-fos FBJ murine osteosarcoma viral oncogene homolog
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Figure 3.1: A detection criterion of at least 10 reads per gene on average for age-matched
samples was used to include genes in the subsequent analysis. Panel a shows the num-
ber of genes that were detected at each age group using this criterion, panel b shows the
overlap between developmental stages.

Ab (fosab), and were consistently downregulated in isolated animals across all devel-
opmental stages (fig. [3.2). Three of these (egri] [npas4a, and[fosab) were [EGsl Members

of this class are characterized by a rapid transcriptional response to cellular activity. In

neurons, their transcription is stimulated by an increase in intracellular Ca** mediated by

depolarization-induced opening of voltage-dependent calcium-channels. As social isola-

tion deprives animals of a many sensory cues and the possibility to interact with con-

specifics, it is to be expected that this treatment leads to a decrease in IEG transcription,

so no further analysis on those genes was conducted. The differential expression of [pthg

in isolated animals was independently validated by gPCR at several developmental stages

(fig. B-2).

60



Results Chapter 3

8dpf 14 dpf ONGS
OogPCR

- socially reared --

N
o
o

o
\l
o

o
)
S

o
[¥)
&)

relative pth2 expression

L

5 8 21
age (dpf)

Figure 3.2: The Venn diagram in panel a shows the number of differentially expressed
genes in each age group and the overlap between groups. Only four genes were consis-
tently downregulated at all developmental stages. Panel b shows the validation of [pth2
downregulation in isolated fish by qPCR. Adapted after [254].

o
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3.2 Differential expression analysis in the pth family

The neuropeptide is a member of the pth family, comprising several genes that
have been described to mediate various physiological functions, most notably the regu-
lation of Ca®" homeostasis. Since gene families normally emerge by duplications which
might include regulatory sequences, | wanted to verify whether is the only member
of its family that responds to social isolation by differential transcription. To accomplish
this, | raised animals either under social conditions (groups of 15 fish) or socially iso-
lated beginning at 2 [dpf| and ending at 5 [dpfl At this point, animals were sacrificed and
transcription levels of the genes parathyroid hormone 1a (pth1d), parathyroid hormone
1b (pth1B), parathyroid hormone-like hormone a (pthlhd), parathyroid hormone-like hor-
mone b (pthlhb)), and parathyroid hormone 4 were assessed using gPCR. Only [pth2
was sensitive to the social environment, while all other genes did not display differential
expression following isolation (fig. [3.3).
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Figure 3.3: This graph shows the gene expression analysis of the pth gene family. Only
[pthd was affected by social isolation (n = 10 for all experiments, paired t-test, one-sided,
Benjamini-Hochberg-corrected: pth2, pi—gs2 < 0.001, pthla, pi—_o52 = 0.62, pthib,
Pt=—255 = 0.09 pth1a, Pt=155 = 0.31, pth1b, Pt=—092 = 0.57, pth4, Pt=051 = 0.62).
Adapted after [254].

3.3 Dynamics of pth2 expression

The above results imply that gene transcription of [pthdis regulated by the presence of
conspecifics. However, the deprivation of conspecifics lasted for several days, raising the
question as to whether and how quickly gene expression of pth2 can adapt upon acute
exposure to or deprivation of other fish. In addition, the effect was observed by only con-
trasting pth2 transcript levels of isolated fish with those of social animals at a particular
density. However, what would happen if animals were tested at different densities - are

pth2 levels more strongly regulated by higher densities of conspecifics?

3.3.1 Time dependency of pth2 transcription

To test the response of pth2 expression to acute changes in the social environment, |

raised animals in isolation beginning at 2 |dpf. At 5 [dpf| (after 3 days of isolation), the fish
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were exposed to conspecifics for 30, 60, 180, or 720 minutes and their levels were
measured by qPCR. The above fish were compared to isolated siblings from the same
batch as well as animals that were raised with conspecifics since fertilization. A statisti-
cally significant increase in levels was already observed after 30 minutes of exposure
to other fish. After 720 minutes, transcript levels were indistinguishable from socially reared
animals, so within 12 hours, a complete recovery was apparent.

The above results are evidence for an acute up-regulation of [pthd in response to the pres-
ence of conspecifics. Can the regulation also accur quickly in the opposite direction? For
example, does the acute isolation of a socially-reared fish result in a rapid drop in pth2
levels? To test this, animals were acutely isolated after 5 days of social rearing and
levels were analyzed after 3 and 6 hours. After three hours of social exposure, pth2 levels
were not reduced, however, after 6 hours | observed a strong downregulation of [pthZ (fig.
[3.4). Transcript levels therefore were upreglated by the presence of conspecifics and their
continued presence was required to maintain transcription at this increased rate. Both the
upregulation of pth2 in the presence of other fish and its decrease upon acute isolation

occured on a rapid timescale (within minutes to hours).
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Figure 3.4: Panel a shows the upregulation of pth2 levels in previously isolated zebrafish
upon exposure to conspecifics for different periods of time. Transcription levels of animals
reared in isolation or with conspecifics were normalized to 0 and 1, respectively. Values
were compared to transcript levels of isolated fish (unpaired t-test, one-sided, BH-cor-
rected: 30 minutes, p(,—15¢—1.89) < 0.05, 60 minutes, p(,—10,1—245) < 0.01, 3 hours,
P(n=10,t=4.95) < 0.001, 12 hours, p(;,—g ¢=7.13) < 0.001). In b, downregulation of pth2 in
response to acute social deprivation is depicted. Animals were isolated for 3 or 6 hours,
pth2-levels were normalized as in a). Values were compared to transcript levels of socially
reared fish (unpaired t-test, one-sided, BH-corrected: 3 hours, p(,—g ——_1.04) = 0.31, 6
hours, p(,,—3,+=—3.66) < 0.01). Adapted after [254].

3.3.2 Transcription of pth2 is dependent on conspecific density

The quick, bidirectional response of pth2 to the presence or absence of conspecifics
was observed using a group of 15 zebrafish as the social control condition. However, does
pth2 respond to other fish in a merely qualitative or also a quantitative manner? That is,
given a situation in which e.g. twice as many animals are present in the same volume, how
much does pth2 increase?

To test this, | raised animals either in isolation or in groups of 5, 20, 50, or 100 fish per

tank until 8[dpfl At this point, animals were sacrificed and their pth2 transcript levels were
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measured and compared.
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Figure 3.5: The transcription levels of pth2 were positively correlated with the number of
conspecifics present. This graph shows pth2 levels after raising animals in different group
sizes until the age of 8 dpf. The dashed line indicates pth2 levels of isolated animals.
Adapted after [254].

The results indicated that pth2 increases with the number of conspecifics present in
a sublinear manner. Saturation was not observed even in the condition of 100 animals
per tank. These data imply a quantitative relationship between the number of conspecifics
present and pth2 levels.

As the number of interactions between animals and the amount of sensory cues per-
ceived is contingent upon how close animals are to each other, it is possible that a small
number of animals in a small volume has the same effect than a large number of animals in
a large volume - is it the absolute number of animals that is perceived or their density? To
investigate this difference, 5 previously isolated animals were together acutely introduced
to receptacles of different volumes (3, 15, 45, or 135 ml) for three hours. Then, pth2 levels
were measured by gPCR. This way, the absolute number of fish was held constant but their
density varied. | found that pth2 levels were indeed sensitive to the density of conspecifics:

the larger the volume of the receptacle, the lower was the observed social environment-
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induced increase in pth2. This finding indicates that in fact the density of animals is of

relevance for the regulation of pth2 transcript levels 3.6]
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Figure 3.6: Previously isolated fish (5 [dpf) were exposed to conspecifics in groups of 5
for 3 hours in different volumes. Transcript levels of pth2 were negatively correlated with
volume, indicating that it is the density of conspecifics that is of relevance for regulating
transcription. 10 replicates were obtained in this experiment.

3.3.3 Modeling the expression landscape of pth2

The results above demonstrate that the neuropeptide pth2 is quickly and bidirectionally
regulated by the density of conspecifics. However, if these results are reliable, it should
be possible to predict changes in pth2 levels based on knowledge of the above-specified

variables:
» Time of social exposure
* Number of conspecifics in a given environment

» Volume that is available to the animals to explore.
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As the relationship between pth2 levels and these variables appears to be of a sigmoid
shape (see figures [3.4] a, [3.6), a logarithmic data transformation should result in a
linear relationship, allowing for multivariate linear regression. | used the datasets | had

previously acquired to fit a model of the form

pth2=a+b*loglov+C*F+d*logioT

with D = {x € Q,|z > 1}, as we assume isolated animals possess the lowest-possible
amount of pth2. | describe all other expression levels in relation to this value. Furthermore,
as a linear relationship could result in negative outcomes, a lower boundary is required,
which is instantiated by our definition of the domain of the function D.

In this formula, pth2 indicates relative transcript levels, V the available volume, F the
number of fish in a given experiment, and T the time animals are exposed to each other.

The coefficients were fitted as b = —0.62, ¢ = 0.07, and d = —2.02 with an intercept of

—2.53 (fig. B.7).
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Figure 3.7: Panel a shows the expression landscape of pth2 according to a multivariate
linear regression model that incorporates time of social exposure and volume in which
the animals move to predict changes in pth2 levels. In this particular instance, transcript
levels were modeled for a group of five fish. In panel b, | measured pth2 expression after
different paradigms and found predictions and measurements to be tightly correlated.
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Using this model, | was able to accurately predict changes in pth2 levels after exposing
animals to conspecifics in specific settings (fig. b). Taken together, these findings
demonstrate that different densities lead to specific steady-state transcription levels (fig.
[3.5). However, within the first hours of exposure to conspecifics, the increase of transcripts

is positively correlated with density, so that pth2 levels rise faster at higher densities.

3.3.4 Dynamic regulation of pth2 occurs at all developmental stages

So far, the dynamic nature of pth2 transcription has been demonstrated at earlier de-
velopmental stages. Do these observations also hold true for juvenile and adult fish? To
test this, animals were raised until 21 [dpflor 3 months post fertilization (mpf), respectively,
either in isolation or in groups of 10. At 20 [dpf, socially reared animals were placed in
isolation for 24 hours. After this period, levels in the fish isolated for 20 days and then
exposed to conspecifics for just 24 hours were indistinguishable from animals that were
reared in isolation from 2 — 21 [dpfl This indicates that pth2 is still dynamically regulated at
the juvenile stage (fig. [3.8)a). At 3|mpf] previously isolated animals were placed in groups
of 10 conspecifics for 24 hours and socially reared fish were isolated for the same duration.
Afterwards, pth2 levels were measured. These acute treatments were sufficient to, in the
case of acute social exposure, raise pth2 levels to those of animals that have been under
social conditions for their entire life. In the case of acute social isolation, pth2 levels were
strongly and significantly decreased (fig. b). These data demonstrate that the dynamic
regulation of pth2 can be observed throughout all developmental stages of the zebrafish

lifespan.
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Figure 3.8: Animals were raised either in isolation or in groups of 10 to the juvenile stage
(a) or adulthood (b). At 21 dpf, transcript levels after 24 hours of isolation were similar to
animals that were isolated since 2 dpf, indicated by the dashed line (n = 5 for all, paired
t-test, one-sided, BH-corrected: 24 h isolation, p;=_g.01 = 0.98, social, p;=—_23.6 < 0.001).
In panel b, the impact of the social environment on adults is shown. After three months,
isolated fish were exposed to conspecifics for one week (isolated + short soc.), socially
reared fish were isolated for the same duration (social + short iso.). For isolated condition,
n = 3, for all other n = 4 (unpaired t-test, one-sided, BH-corrected. Isolated vs isolated,
short social: p;=_5.49 < 0.01, social vs isolated, short social: p;—_g.04 = 0.48, social vs
social, short isolation p;—g.46 < 0.001), isolated vs social, short isolation: p;—g.4¢ < 0.01.

Adapted after [254].

3.4 Perception of conspecifics

The presence of conspecifics is sufficient to drastically change the expression pattern

of the neuropeptide pth2. How are other fish perceived by the animal? Several channels

of sensory information are available:

* Visual cues

+ Olfactory/chemical cues
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» Mechanical cues

To determine the mechanism, | examined the potential contribution of each specific sen-

sory domain indicated above to the social regulation of pth2 levels.

3.4.1 Chemical exposure to conspecifics does not regulate pth2

The presence of fish might induce changes in the chemical composition of the medium.
For example, specialized molecules or waste products might be secreted and serve as
signals that can be detected by other animals, including conspecifics. The perception of
these molecules could lead to differential expression of pth2. In adult zebrafish, rapid
olfactory discrimination learning has been described. Based on the delivery of different
odors, animals were able to learn where they would receive food [255]. Already in larval
fish, chemosensation plays an important role and 5 - 6 [dpf| animals require olfaction to
recognize kin [161].

To test the hypothesis that pth2 is regulated by the perception of conspecifics via olfac-
tion, | raised animals in isolation from 2 — 5[dpfl At this point, the medium in the animals’
dish was exchanged with medium obtained from a dish in which animals had been raised
in high density (100 fish in 45 ml E3, kin-imbued medium). Every hour, medium was ex-
changed with this kin-imbued medium for a total duration of 3 hours. Afterwards, pth2
levels were measured using gPCR. The swap with kin-imbued medium had no measure-

able effect on pth2 transcript levels, which were indistinguishable from untreated, isolated

fish (fig. 3.9).
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Figure 3.9: Panel a shows the schematic approach: Previously isolated animals were
given chemical access to conspecifics via a medium swap. The boxplots in b show the
impact this of chemosensory access to conspecifics has on pth2 levels. Expression is
plotted in relation to isolation-reared siblings (dashed line). For all conditions, n = 3
(paired, one-sided t-test, BH-corrected. Medium swap: p:—g.1s = 0.87, social rescue:
Pi=—18.43 < 0.01). Adapted after [254].

3.4.2 Visual access to conspecifics is insufficient to trigger pth2 tran-

scription

Zebrafish have a good sense of vision and are indeed strongly dependent on visual
input to navigate their surroundings and capture prey [256), 257, 258]. In addition, they
develop a social preference towards conspecifics that is purely visually mediated early on
in life [137, [139]. Furthermore, juvenile zebrafish appear to possess neural networks that
are tuned towards recognizing movement patterns that are stereotypical of conspecifics
[259]. Work from our lab has shown that visual access to conspecifics has rewarding
properties for animals as early as 6 dpf [137]. To test whether visual cues from conspecifics
contribute to the regulation of pth2, animals were raised in isolation from 2 — 5 or 21 [dpf|

They were then individually placed in a custom-built experimental setup consisting of two
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adjacent chambers that were separated by a transparent barrier that allowed for visual
cues to be obtained from the adjacent chamber. Conspecifics were added either to the
chamber in which the isolated animal was placed in or in the adjacent chamber, so that
either direct access to conspecifics was possible or only visual access was given. Four

different configurations were tested:

1. Isolation — No conspecifis were added to any chamber, so that the experimental

animal was isolated throughout the entire experiment.

2. Physical access — Addition of 5 conspecifics to the chamber of the previously iso-

lated animal, allowing for direct interaction.

3. Visual access — Addition of 6 conspecifics to the adjacent chamber, so that only

visual access was allowed.

4. Visual & physical access — Conspecifics were placed in both chambers, so that

visual access to twice as many fish was provided.
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Figure 3.10: Previously isolated animals (depicted in green) were placed in four different
conditions, as shown in a: They were given direct physical access to conspecifics, only
visual access through plexiglass, both kinds of access or were kept in isolation. The
boxplot in b shows the relative expression of pth2 in response to these treatments. The
impact of visual and physical access as well as the interaction of both was evaluated using
a 2-way ANOVA. At 5 dpf, n = 5 for all groups. For visual access, pr—3.01 = 0.09, physical
access, pPr=s3.94 < 0.001, visual-physical interaction, pp—293 = 0.11. At 21 dpf, n =6
for all groups. For visual access, pr—g.0002 = 0.99, physical access, pr=30.64 < 0.001,
visual-physical interaction, pr—g.¢0 = 0.44. Adapted after [254].

If visual access regulates pth2 transcription, we would expect condition 2 and 3 to yield
similar increases in pth2. Condition 4 should result in the strongest increase, as it offers

visual access to the largest number of animals. However, there was no significant increase
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in pth2 levels when animals only had visual access to conspecifics. Paired visual & physical
access did not result in a further increase when compared to physical access alone (fig.
[3.10). This indicates that vision is not the sensory modality that regulates pth2 levels
following social isolation. If this was correct, then the regulation of pth2 by an animal’s
social environment should be observed even in total darkness, making it impossible to
receive visual cues from other fish. Indeed, when | placed previously isolated fish together
with conspecifics in darkness for three hours, the usual increase of pth2 was observed,
providing further evidence that visual cues are not regulating the transcription of pth2 (fig.

3.11).
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Figure 3.11: When previously isolated animals were exposed to conspecifics either in
complete darkness or with ambient light, pth2 increased in both conditions. In both cases,
six replicates were performed. Horizontal dashed line indicates expression level in iso-
lated fish. For social exposure in darkness, p;=7.59 < 0.001, social exposure under illumi-
nation, p;—10.04 < 0.001, comparison between social exposure under illumination and in
darkness, p;—_1.42 = 0.22. Adapted after [254].
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3.4.3 Ablation of the lateral line with neomycin and CuSO,

Movement under water induces the propagation of waves. Percerption of water motion
can thus be highly informative about the presence of prey or predators. Zebrafish can per-
ceive pressure gradients in water via the lateral line. This organ consists of mechanosen-
sitive neuromasts that are deposited along the head and the side of the animal [187].
Hair cells are deflected by water flow resulting changes in firing frequency, thus encoding
strength of the wave. The orientation of the neuromasts can additionally encode direction-
ality of water motion. If conspecifics are perceived via this system, then ablation of the
lateral should abolish the increase in pth2 normally induced by the presence of other fish.
To test this, a reliable method was required to specifically interfere with the function of the
lateral line while leaving other sensory systems intact. It has been reported that aminogly-
cosides and heavy metals such as CuSO, can be used to ablate neuromast cells rather
specifically [260| 261, 262]. | treated 5 [dpf| zebrafish with low doses of neomycin (100 uM,
5 minutes) or CuSQO, (50 M, 10 minutes) and tested the incorporation of a

cationic dye used for live staining of hair cells [263]. 4 Both treatments resulted in a stark

| 4-Di-2-ASP || merge |

g
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Y
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Figure 3.12: Visualization of hair cells in the lateral line (white arrowheads) and the olfac-
tory epithelium (grey arrowheads) in 5 dpf fish under control conditions and after treatment
with neomycin or CuSO4. Scale bar = 1 mm. Adapted after [254].
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decrease in the fluorescent signal obtained from |4-Di-2-ASP), indicating the likely loss or
compromised health of the lateral line. is not specific for the lateral line, it
is also incorporated e.g. in the olfactory bulb [264]. This area was not affected by the

treatment, suggesting a specific effect of neomycin and CuSO,

3.4.4 Ablation of the lateral line prevents pth2 regulation by con-
specifics

Under normal conditions, exposure to conspecifics induces an increase in pth2 tran-
script levels in previously isolated fish. Is this still the case in fish whose lateral line has
been ablated using neomycin or CuSQO; (fig. [3.12)? Animals that were reared in isolation
were quickly exposed to either neomycin or CuSo, and then - after thorough washing -
placed with 14 untreated conspecifics of a different phenotype (KN with mitfa=/~) for three
hours. This period of social exposure is normally sufficient to induce a strong increase in
pth2. However, when transcript levels were measured, no difference was found between
the neomycin or CuSQO, treated previously isolated fish and their continuously isolated sib-
lings (fig. [3.13). These data indicate that perception via the lateral line is necessary for
the regulation of pth2 that is observed in the presence of conspecifics. Compromising the
lateral line’s function by ablation prevents the expected increase of pth2 transcript levels.
Thus, it is likely that the water motion induced by the movement of fish is the salient cue

driving pth2 regulation.

76



Results Chapter 3

O

6.
C
R
) O
n
o
o -
S 4
()
N
s
Q.

2.
2 ° °
© Co—od.. . =0=....
© o ©
—_

0.

E3 CuSO, Neomycin
3 hours social rescue

Figure 3.13: Boxplot depicts relative pth2 levels after exposure to conspecifics for three
hours. Dashed line indicates pth2 levels in isolated animals. No difference to this base-
line level was detected in animals whose lateral line was ablated. For control animals,
P(n=9,1—6.57) < 0.001, after CuSO4 treatment, p(,,—5 ;—1.39) = 0.25, after neomycin treat-
ment, P(,—5,1—1.35) = 0.25. Adapted after [254].

3.4.5 Response to the presence of different species

Mechanosensation via the lateral line has been proposed to play a role in social inter-
action [175], but it is not clear how precisely an animal can represent its environment using
this sense. Given the above findings, the lateral line appears to be necessary for the per-
ception of conspecifics, which regulates the transcription of pth2. However, what specific
features of conspecific movement are relevant for this? Is the increase in pth2 brought
about by an increased turbulence in the water? To test this, previously isolated animals
(5 [dpf) were exposed to two different species whose locomotion patterns are either very
distinct from or rather similar to zebrafish swimming patterns.

First, previously isolated animals were exposed to larvae of the brine shrimp (artemia
salina). These animals move by rhythmic strokes of their appendages. Neither a small (n

= 14 in 45 ml) or a huge large number of artemia (n ~ 1,000 in 45 ml) was able to rescue
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pth2 levels in previously isolated fish (fig. 3.14]a).

Medaka (Oryzias latipes) are small fish that are comparable in size to zebrafish. When
previously isolated fish were exposed to size-matched medaka for 3 hours, an increase in
pth2 levels was observed that was similar to exposure to zebrafish siblings (fig. b -
c). This suggests that there is a specific set of mechanical features that are recognized
by the lateral line system and downstream neural circuits, enabling the zebrafish to extract
information about its environment and the presence of conspecifics, but not necessarily
selective to those - other fish of similar size and with comparable locomotion features are

recognized as well.
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Figure 3.14: Panel a shows the impact of the presence of artemia on pth2 levels in
previously isolated zebrafish. Neither a small number (n = 14) nor the excess of artemia
(n =~ 1,000) was sufficient to increase transcript abundance. Paired, one-sided t-test,
BH-corrected, n=3 for all conditions. With 14 artemia, p;—1.12 = 0.38, with approximately
1,000 artemia, p;—_g.79 = 0.51, with 14 zebrafish, p;—15.29 < 0.05. In panel b, a cartoon
of zebrafish and medaka are shown at the developmental stage they were used in the
experiment. Medaka grow slower than zebrafish, that's why older fish were used in this
paradigm. Panel ¢ shows the increase in pth2 levels in previously isolated zebrafish upon
exposure to either medaka or siblings for three hours. For medaka, p;—5.69 < 0.01, for
zebrafishp;—10.2 < 0.001. Number of replicates = 3 in all cases. Panel a adapted after
[254].
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3.5 Movement parameters of isolated and social animals

The results outlined above indicate that a particular kind of mechanical stimulation
triggers transcription of the neuropeptide pth2. This suggests that if an artifical stimula-
tion paradigm is used that sufficiently closely mimicks these relevant features, pth2 levels

should increase in previously isolated animals, even in the absence of other fish.

3.5.1 Artificial mechanical stimulation increases pth2 transcription

To test whether specific locomotion features induced transcription of pth2, previously
isolated animals (5 dpf) were placed individually in wells (3 ml, diameter of 1.5 cm). A piezo
actuator was lowered into the well and activated via a frequency generator whose output
could be controlled using custom-written MATLAB code. Using this setup, different stim-
ulation paradigms and their impact on pth2 were tested. According to published sources,
larval zebrafish accelerate by moving their tail with frequencies at about 60 — 70 Hz [265],
so the initial stimulation frequency was set to this range. Continuous activity of the piezo
at 70 Hz for three hours did not increase transcript levels significantly. The same experi-
ment performed in kin-imbued water also failed to alter pth2 abundance. In an attempt to
recreate the presence of several mechanical stimuli (which would be the case if several
fish were present in the well), the piezo was adapted to consist of two elements, with or
without flexible extensions. Delivery of mechanical stimulation was performed in discrete
epochs with the same inter-stimulus interval (300, 500, 700, 800, 5000 ms). None of these
paradigms brought about an increase in pth2 levels, further indicating that a distinct set of
features is necessary to induce transcription (fig. [3.75]a). Would it be possible to induce
an increase in pth2 transcript levels by using a stimulation paradigm that incorporated the

stochasticity of actual zebrafish locomotion?
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Figure 3.15: Panel a shows pthZ2 transcript levels relative to isolated siblings. A piezo
actuator was used to deliver mechanical stimulation at 70 Hz with different inter-stimulus
intervals, as indicated on the x-axis. Panel b is a schematic representation of the piezo
device we used and how it delivered stimulation to a zebrafish in a well. The boxplot in ¢
shows that variable stimulation does increase pth2 abundance. Paired, one-sided t-tests,
BH-corrected. For repetitive, regular stimulation of 300 ms intervals, p(,—g ;—0.s5) = 0.42,
for variable stimulation over three hours, p(,—10,+—3.76) < 0.01, for variable stimulation
over six hours, p(,,—10,¢=5.44) < 0.01. Adapted after [254].
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3.5.2 Modeling larval locomotor features

To build a model that captured the movement parameters characterizing the fish used
in the experiments above, it was necessary to collect high-quality video data that would
allow me to extract and reconstruct these locomotion features. Isolated animals (5 [dpf)
were allowed to explore a dish (diameter of 10 cm, 45 ml E3) while being recorded at a
framerate of 20 fps. The movement of animals was tracked and their trajectories were used
to compute common features such as their locomotion speed. As animals at these early
stages move in discrete bouts, a simple peak-detection algorithm could be used to identify
periods of acceleration as well as pause periods.

By measuring the time between velocity peaks, the distribution of pause periods can
be estimated (resulting in a slight overestimation of actual pause duration). The resulting
histogram is right-skewed with a long tail. Different distributions were fitted to the obtained
data and their quality of fit measured with the Akaike information criterion (AIC) (table [3.1),

with the log-logistic distribution providing the best fit.

| distribution | AIC |
log-logistic 7.94E+03
log-normal 8.91E+03

inverse-gaussian 9.23E+03
birnbaum-saunders | 9.46E+03

gamma 1.23E+04
logistic 1.55E+04
nakagami 1.79E+04
weibull 1.80E+04
rayleigh 1.82E+04

Table 3.1: This table summarizes the different distributions that were fit to the interbout-in-

terval dataset with the corresponding[AIC|as a quality of fit descriptor. Adapted after [254].

In addition, the duration of the bout period was estimated based on published results
and modeled as a normal distribution [266]. Taken together, the swimming profile of a ze-

brafish can be modeled using repeated drawing from these two distributions. This model
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recapitulates duration of the two different modes (propulsion and pause) in which locomo-
tion takes place. In addition, we utilized published larval tail beat frequency to accurately
model the mechanical stimulus its movement provides [265].

Using this model, | revisited the piezo-based stimulation paradigm. Indeed, when stim-
ulation was applied utilizing the model of zebrafish locomotion derived above, an increase
in pth2 was observed. In agreement with our results on the dynamics of pth2 expression,
a longer exposure to the artifical stimulation of 6 hours resulted in a further increase of
pth2 (fig. [3.15)¢). This finding in conjunction with the experiments in which the neuromasts
were ablated confirmed that pth2 is regulated by mechanosensation via the lateral line and

that mechanosensation is sufficient to induce the increase in pth2 transcript levels.
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Figure 3.16: To estimate realistic motion features, animals were allowed to freely explore
dishes (diameter of 10 cm, a). Their trajectories were reconstructed and used to estimate
the inter-bout interval (IBI) distribution (b and ¢). Adapted after [254].
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3.6 Visualization of pth2" cells

The experimental findings so far indicate that transcription of the neuropeptide pth2
is regulated by the perception of the movement of other fish. To understand the circuit
enabling this, the location of pth2™ cells needed to be identified. To this aim, the following

objectives were put forward:

« Visualization of the pth2 transcript by [FISH|
* Visulization of the pth2 peptide by immunostaining

« Registration of pth2" cells to a brain atlas

3.6.1 Creating an a toolset to visualize pth2

Visualization of mRNA is readily performed using [267), 268]. The neuropeptide
pth2 is encoded by a gene of 1.1 kb length. | amplified an exon-spanning sequence of
564 bp from cDNA and inserted it into a dual-promoter vector, enabling the transcription of
RNA probes (fig. [3.17|a).

To visualize the protein translated from pth2 mRNA, an external company (Peptide
Specialty Laboratories, Heidelberg) was consulted. An antigenicity analysis, in which a
combined score of surface probability and hydrophobicity was used resulted in the identi-
fication of two potential antigenic sequences that could be used to create antibodies. An
epitope in the sequence of the pro-peptide was used to immunize a guinea pig (fig.
b).
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Exon1 Exon?2 Exon 3

CDS

probe sequence 1173 bp

MALSLPPRPALLFLVLMSVTLMASAFPQPQLRPLQSNLPA
IGQEDSKGEQWEVVYPSISLRDWSIQMLTAPDFGAAKTGR
EQLVADDWLPLSQSQMEEELVKGWTGDWPSRVGHQQKR
NIVVADDAAFREKSKLLTAMERQKWLNSYMQKLLVVNSK

Figure 3.17: The pth2 gene consists of three exons, it is schematically depicted in panel
a. | designed to probe to overlap the coding sequence as well as the upstream untrans-
lated region. Panel b shows the aminoacid sequence of the translated pre-pro-peptide.
Antigenic sequences are highlighted in purple, the peptide sequence is shown in green.
The second antigenic epitope was chosen for immunization and thus antibody synthesis.

3.6.2 Visualization of pth2

The labeling of pth2 transcript by identified a bilateral cluster of cells located in
the midbrain of the zebrafish larva (fig. a). The mRNA was exclusively localized to
the somata, a commonly observation with transcripts of neuropeptides [269]. This very
specific localization allowed for straight-forward quantification of the number of pth2" cells
in the larval brain. At 5 dpf, there are 22 + 3.7 cells visualized in the midbrain by [FISHL.
Immunostainings against pth2 peptide likewise revealed a bilateral population of cells (fig.
b. Signal of both RNA-probe and antibody co-localized, indicating a specific detection
of pth2. Visualizing the presence of the pro-peptide by immunostaining showed that pth2*"

cells project in two major branches:

+ an anterior bilateral projection that enters the telencephalon and forms a dense neu-

ropil that connects the hemispheres (fig. e).
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* a posterior bilateral projection that at least reaches the level of the posterior part of

the optic tectum with few neurites crossing the midline (fig. c, d).

Figure 3.18: In panel a, a maximum-intensity projection (MIP) of a probe against
pth2 is shown, with the brain outlined in white. Transcripts of pth2 are only found in
somata, indicative of a very distinct localization. In b, a depth-encoded projection (0 - 184
wm) is shown, with single frames at different depths shown in c-e. Scalebar indicates 100

pm. Panels b — e adapted after [254].

3.6.3 Registration to the zebrafish brain atlas

The zebrafish brain has been analysed in great detail and virtual atlases have been
constructed that enable the mapping of acquired stacks to a stereotyped standard brain

[253]. | performed double-stainings against pth2 (transcript) and synaptotagmin 1/2 (znpT),
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which is a commonly used reference stain for registration of brain volumes [?]. The projec-
tion of visualized pth2 transcripts on the reference brain allowed to identify brain regions
that overlapped the expression pattern. This procedure placed the bilateral cluster of pth2*

cells in the ventral part of the dorsal thalamus (fig. [3.19).
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Alignment & Registration
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B Elavi3-H2BRFP
[ pth2

dorsal view

Figure 3.19: For registration of image stacks, a common reference stain was used. In
panel a, expression of the reference marker is shown after alignment of five dif-
ferent stacks. The [MIPlin b after registration shows how accurately the brain volumes
match after this procedure. Cell somata of pth2+ neurons were manually annotated after
registration and displayed by mapping them onto a ElavI3-H2BRFP stack from the z-brain
atlas [253], displayed in ¢ and d. Panel ¢ and d adapted after [254].
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3.6.4 Characterization of the anatomical environment of pth2* cells

Having the tools to visualize pth2-expressing cells allows for a detailed characterization
of the cellular neighborhood pth2* cells are embedded in as well as the investigation of po-
tentially co-expressed molecules. First, | tested whether pth2" cells co-express orthopedia
homeobox a by visualizing the otpa transcript in combination with an immunostain-
ing against pth2. The transcription factor otpa is an important developmental regulator
of neuroendocrine centers in the zebrafish diencephalon [270, 271]. The double-labeling
approach showed that pth2* cell somata are located at the lateral edge of the ofpa expres-
sion domain and that their anterior projections are following precisely its outline (fig.
a).

Since otpa is known to regulate the development of dopaminergic clusters | asked
whether pth2" cells might co-express dopamine. To test this, | performed a co-staining
against pth2 and the tyrosine hydroxylase protein, the enzyme catalyzing the conversion
of tyrosine to L-DOPA, which is the rate-limiting step in the synthesis of catecholamines.
Bona-fide dopaminergic cell clusters were located medial to the bilateral pth2™ clusters.
No overlapping expression of tyrosine hydroxylase and pth2 was observed (fig. b).

In mammals, it has been observed that pth2" cells project to oxytocinergic neurons
[238]. As oxytocin has been implicated in social interactions [122),272], | asked whether a
connection between pth2t and oxytocinergic cells exists in bony fish as well. Oxytocinergic
cells were located in a bilateral cluster in the preoptic hypothalamus [273]. Visualizing pth2
and oxytocin peptides in the same animal showed that the oxytocinergic cells were located
medially to the pth2" clusters. The anterior projections of the pth2-expressing cells were
closely apposed to oxytocinergic cells, but evidence for direct synaptic connections were

not observed.
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Figure 3.20: This figure shows the overlap between pth2™ cell bodies (dorsal) or neurites
(ventral) with ofpa mRNA (panel a), tyrosine hydroxylase protein (panel b), and oxytocin

protein (panel ¢). Visualization of pth2 was performed by immunostaining. Scale bars
indicate 100 um. Adapted after [254].
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3.7 Expression of pth2r within the zebrafish juvenile brain

To identify cell populations potentially influenced by the release of | used an
openly available single-cell sequencing dataset which provided data from the brain of juve-
nile (23 — 25 dpf) zebrafish [246]. In this dataset, approximately 9 % of all cells expressed
pth2r and the transcript was detected in all identified cell type clusters (see fig. [3.21). In
a bootstrap analysis, in which | randomly assigned cells to clusters, | could show that in a
large fraction of cell types, pth2r is at least as strongly expressed as one would expect by
chance (see fig. c). These data suggest that pth2 has a broadscale influence and

potentially modulates several different brain areas.
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Figure 3.21: The data in this figure were obtained from Gene Expression Omnibus ac-
cession number GSE105010 and analysed using the Seurat pipeline. Panel a shows the
individual cell types assigned in [246]. In panel b, the expression strength of pth2r is
shown, with gray indicating no expression and increasing purple shades indicating higher
expression levels. Barplots in ¢ show pth2rt cells for each cluster (measured). Addi-
tionally, a bootstrapped estimation indicates the percentage to be expected by random

sampling of cells. Lastly, the percentage of pth2r* cells across the entire population is
shown (all). Adapted after [254].

3.8 Expression of pth2r in mouse and human cortical cell

populations

As pth2 is found in most vertebrate species, is there a similar expression pattern of
pth2r observed in other animals as well? To test this, | utilized the openly available datasets
provided by the Allen Brain Institute. In a dataset obtained from mouse cortical and hip-
pocampal cells [248] (approx. 76.000 cells) and a dataset from human cortex [249] (ap-
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prox. 49.000 cells), | analyzed the expression pattern of pth2r (see fig. [3.22). In both
cases, the receptor appeared to be mainly expressed in glutamatergic cell populations and

its average expession varied from 7.2 % in mouse to 7.9 % in human.
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Figure 3.22: In this figure, expression strength of pth2r is depticted as identified in sin-
gle-cell RNA sequencing datasets from mouse and human brain areas [248, [249]. In all
cases, cells are shown in a tsne-plot as individual points. In the first row (cell types),
colors indicate different clusters of cell types as revealed by differential gene expres-
sion [248, 249]. The second row (cell class) indicates whether cells are glutamatergic,
GABAergic, or belong to a different category. In the last row (pth2r expression), transcript
abundance is binarized (black indicating the presence, blue the absence of pth2r).
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3.9 Contribution of the stress axis to pth2 expression

As social isolation induces stress in several species [274, 130, [36], it is conceivable
that the differential expression of pth2 in different social densities is at least influenced
by the stress levels of the animal. To test this, | revisted the initial dataset and
compared the expression level of genes that have been implicated in the regulation of
stress: steroidogenic acute regulatory protein (StAR), nuclear receptor subfamily 3, group
C, member 1 (nr3cq), proopiomelanocortin a (pomca), proopiomelanocortin b (pomcb),
arginine-vasopressin (@vp), and oxytocin (oxf). None of these genes were differentially
regulated when compared between social and isolated conditions (see fig. a) and
for two of these genes, this result was confirmed using gPCR (fig. b). These data
suggest that the stress axis is only mildly, if at all, activated by the treatment conditions

introduced above.
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Figure 3.23: In panel a, gene expression data of previously described stress-responsive
genes is depicted (see main text for gene details). For all genes, n = 6, FDR-corrected
quasi-likelihood F-test implemented in edgeR, StAR: p = 0.99, nr3c1: p = 0.99, avp: p
= 0.99, pomca: 0.99, pomcb: p = 0.99, oxt: p = 0.99). Panel b shows the validation of
gene expression by gPCR for StAR and nr3c1 after short introduction of conspecifics to
previously isolated fish for 3 hours. Boxplots show expression relative to mean levels of
isolated animals. Paired, one-sided t-tests, n = 6 for both genes. For StAR, p;—g.37=0.71,
for nr3c1, p=_0.45=0.66. Adapted after [254].

3.10 Phenotypic analysis of loss-of-function mutants

The neuropeptide pth2 is specifically recognized in the brain by its cognate receptor
parathyroid hormone 2 receptor a [232] and potentially by parathyroid hormone 2
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receptor b as well [275]. A targeted loss of function in pth2 itself or the downstream
receptors should be sufficient to disrupt signaling of this neuropeptide and thus enable us

to investigate how animals with or without pth2 behave in different paradigms.

3.10.1 Identification of loss-of-function mutants

Both for pth2 and [pth2ra, loss-of-function mutants have been identified in a large-
scale screen by the Stemple group [276]. In both cases, a single substitution leads to
a premature stop codon so that the final translation product is truncated. The mutation
pth25e23129/T=A is characterized by an amber stop codon replacing amino acid 55 out of
157, the mutation pth2rs*1189C=4 stops translation at amino acid 176 out of 575. In both
cases, at least around two thirds of the translation product is missing, likely leading to a
loss of function. In the behavioral experiments described below, both pth2:e231297=4 gng

pth2rse111691C=4 a5 well as wildtype animals as control were used.

3.10.2 Impact of pth2 on locomotion

In a first approach to characterize whether the loss of pth2 might have an impact on
the regular development of the animals, basic locomotion features were assessed. Ze-
brafish at different developmental stages (5, 14, and 21 [dpf) were allowed to freely explore
a dish (diameter 10 cm ) for 10 minutes. All mutant fish were maintained as heterozygous
and homozygous animals, so that homozygous mutants could be compared with their ho-
mozygous wildtype cousins, ensuring a close genetic relationship. The velocity of animals
increased with age, as was expected (fig. [3.24), but no clear difference was observed be-
tween homozygous mutants and wildtypes at any developmental stage. Additionally, the
animals’ propensity to explore the center of the dish was analysed (boldness). In novel
contexts, an animal’s anxiety can be assessed by looking at the degree of thigmotaxis dis-
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played (i.e. tendency to stay close to the walls in an open field) [184]. This degree was
measured using a boldness score that computed the fraction of time the animals spent in
the center of the dish. Older wildtype animals were more likely to stay close to the walls
than younger larvae, but only in pth2:%2312% there was a significant increase in boldness at
21 [dpf (fig. [3-24| c).
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Figure 3.24: Panel a shows an examplary trajectory of a 14 [dpf| wildtype animal. A clear
tendency to stay close to the walls of the open field can be observed. Scalebar =1 cm.
The boxplots in b show the velocity displayed by animals at different developmental stages
and of different genotypes. Number of replicates at 5 dpf = 10, at 14 dpf =4 -9, at 21 dpf =
4 —7. A two-way ANOVA showed that only age (pr—-76.5 < 0.001) influences velocity, but
genotype does not (pr—o.63 = 0.59). In panel ¢, the same trajectories are assessed for
boldness. Once again, age was the main variable of interest (pr—22.4 < 0.001). However,
an interaction effect of age and genotype was observed (pr—-3.3 < 0.05), highlighting the
fact that pth2°¢23129 animals display an increased boldness score at later stages.

3.10.3 Degree of anxiety as measured by the startle response

Another approach to measure anxiety levels in animals is the startle paradigm. In this
experiment, animals are disrupted by a sudden acoustic or mechanical stimulus, to which

they normally respond with a quick escape attempt [277,/59]. In zebrafish (and teleosteans
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in general), this escape response is dependent on a two-component circuit: The Mauthner
cells, that induce a fast response to different kinds of stimuli (short-latency C-start (SLC)
[61]) and a group of prepontine cells that drive a slower escape response (long-latency
C-start (LLC), [278]). When zebrafish larvae (5 dpf) were exposed to sudden mechani-
cal vibrations, these two escape types became clearly visible by plotting the number of
responses over the delay with which they took place after the stimulus onset (fig.
a). When wildtype animals were raised in different densities (1, 10, or 30 fish per group)
until 5 dpf and then tested in this paradigm, no significant differences were found, although
with increasing densities, fewer animals tended to respond to stimulation by startling (fig.
b). This was comcomitant with a non-significant decrease in [LLC| whereas the
remained unchanged. To assess whether pth2 has an impact on anxiety as measured by
the startle resonse, pth2:2%3!2% and pth2rs*!'1% animals were raised to 5 [dpf| in groups of
10 larvae per dish. At this stage, they were subjected to the startle paradigm. The loss-
of-function mutation in pth2r did not have any effect on the propensity to perform either a
or to respond to the stimulus at all.

For pth2:223129  animals appeared to be more likely to respond with an [LLC] (fig.

c, d) to a startle stimulus.
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Figure 3.25: Panel a shows response delay times after stimulus onset for 2476 animals.
The bimodal distribution is highlighting two different kinds of response types, SLCs and
LLCs. The boxplot in b depicts the impact of raising conditions on response ratio (n = 5
for density of 1, n = 4 for other densities). In panel ¢, responses of pth2523129 animals
in constant densities of 10 fish per experiment are shown (nyyr = 13, Nge23129 = 15).
An increased LLC response ratio is observed in the loss-of-function (LoF) animals
(pr=2.1 < 0.05). Panel d depicts startle responses in pth2rs® 1169 animals (nyyr = 22,
Nsa11169 = 21). No significant differences were identified.

3.10.4

Impact of pth2 on social preference in the U-chamber

As pth2 is strongly influenced by the presence of conspecifics, it is possible that this

neuropeptide modulates social interaction. Over development, zebrafish develop a strong

tendency to swim towards conspecifics and stay close to them [139]. One approach to

measure the extent of this preference is to place animals in a U-shaped chamber with two
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visually accessible adjacent compartments. In one of those chambers, conspecifics are
placed, the other remains empty [139]. From the time animals spend in the area close to
the "social” compartment, a can be computed, ranging from 0 (no time spent close
to conspecifics) to 1 (animals are always close to other fish). At 21 dpf, pth2°¢23129 and
pth2rsa111%9 figsh were placed in the U-chamber for 15 minutes and allowed to explore it
freely. Afterwards, conspecifics were added to one of the adjacent compartments. In
both cases, the was computed. In all cases, animals displayed a stong tendency to
approach conspecifics, and in the case of the mutants, this effect was not different from
wildtypes (fig. [3.26).
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Figure 3.26: Panel a is a schematic representation of the experimental setup. Both arms
of the U-shaped chamber are separated from the lower part by a transparent plexiglass
barrier (indicated by purple line). The boxplots in b show the stark increase in [SP] when
conspecifics were present in one of the adjacent chambers (test as compared to base-
line). Number of replicates = 8.

3.10.5 Social preference of pth2 mutants in open field

In the experiment above, animals have to move into one arm of the U-shaped chamber
to gain visual access to conspecifics. In another approach to measure social preference
without forcing the animals to make this behavioral choice before they even see other

fish, 21 [dpf| zebrafish were placed in an open field with two adjacent chambers, that were
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both visually accessible from every location in the field (fig. a). After a baseline
exploration of 15 minutes, conspecifics were placed in one of the adjacent chambers and
[SPI was computed by measuring the time the animals spend in the area that is closer to
the conspecifics than to the empty compartment on the other side. In this experiment as
well, a strong [SP] was observed in wildtype as well as pth2:2312° and pth2rs*'1% fish and

no clear difference between the genotypes was found (fig. b).
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Figure 3.27: In panel a, a schematic of the experimental design is shown. Purple lines
indicate transparent plexiglass barriers, the dashed line in the middle of the open field
shows how the [SPIlwas computed - if animals moved to the left of the line, this increased
the SPI. The boxplot in b shows the result of the experiment: in all cases, a strong pref-
erence towards conspecifics was observed with no clear distinction between genotypes.
Number of replicates = 8.
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Discussion

4.1 Social regulation of gene expression

Social animals are highly dependent on the group they live with. This dependency can
be observed on the molecular level, and several genes have been reported to be regulated
by the social environment [48] [173] [108]. The presence of conspecifics can be thought
of as a particular state for the animal, which is contrasted by its opposite, social isolation.
However, is it appropriate to conceptualize the wide range of possible social scenarios in
a binarized manner? Using this framework, comparing the presence of conspecifics with
their absence and how these two states alter an animal’s physiology or gene expression
will result in the detection of qualitative differences. So far, the impact of social interactions
or dominance hierarchies on gene expression was mostly analysed in a qualitative frame-
work, so that e.g. gonadotropin-releasing hormone 1 becomes upregulated in
subordinate cichlids after the removal of dominant males [113] or that the neuropeptide
tac2 is strongly expressed in rats after prolonged periods of isolation [48]. Here, we show
that the neuropeptide pth2 quantitatively reflects the density of conspecifics in its environ-
ment and is consistently downregulated in isolated animals at all developmental stages
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tested. The data presented in this thesis suggest that zebrafish perceive the presence
of conspecifics in a fine-grained and nuanced manner. Recent findings in rodents have
shown that the presence of conspecifics evokes responses in different neuronal popula-
tions, based on the degree of kinship [279] and affiliation [280].

In many animal species, social isolation leads to responses of the stress axis [274),1281),
282]. Increased cortisol levels have been associated with social isolation in primates [88],
rodents [89], and fish [90]. In particular, studies in rodents have shown that social isolation
can lead to increased levels of [CRE|[31], 93], one of the molecules mediating glucocorticoid
release (see fig. [1.2). This raises the question whether observed transcriptional changes
might be explained as part of the animal’s stress response. However, the effect of social
isolation is far from homogeneous across species, which makes it difficult to draw general
conclusions about the effect of social isolation [282]. In zebrafish, social isolation has
indeed been shown to even decrease cortisol level in several independent studies [94, 95,
283]. In our own dataset, we did not observe any genes involved with the stress
response to be differentially regulated.

Given that many brain areas have been found to be dedicated to particular tasks, it is
likely that neural circuits involved with the perception of conspecifics are localized to car-
tain brain areas. In this study, a global sequencing screen was performed, in which we as-
sessed gene expression in the entire central nervous system. This was a strength yet also
limitation of our study: It enabled us to identify pth2 to be differentially expressed based
on the social environment. However, a more fine-grained approach might be useful to dis-
sect the impact social isolation has on different brain areas. It has been suggested that
social information is processed in designated circuits in vertebrates [284], implicating in
particular the preoptic area [109], the anterior and ventromedial hypothalamus [285, 286],
the periaqueductal gray [287, 288]|, the lateral septum [279] and the bed nucleus of the

stria terminalis [289] as nodes of a social decision-making network [284], i.e. the network
104



Discussion Chapter 4

responsible for choices regarding the interaction with conspecifics such as mate choice or
territory defense. In zebrafish, c-fos stainings after social exposure in previously isolated
or socially raised animals provided evidence that some brain areas are more responsive to
social cues than others: the preoptic area and the dorsal hypothalamus were identified in
this study [110]. Probing gene expression responses in distinct brain areas as opposed to
the global approach we used in this study might increase the statistical power to the extent
that is necessary to identify genes that become regulated in response to social cues in
particular brain regions.

Another natural extension of the work presented here would be the analysis of the three
additional genes that were downregulated at all developmental stages analysed. These
genes, npas4a, fosab, and egr1 are immediate-early genes and their expression thus sig-
nals neuronal depolarization [110]. An approach in which the expression of these genes is
mapped to different brain areas by in-situ hybridization might be useful to gain additional
insights regarding what brain areas are differentially affected by the presence or absence
of conspecifics [110, 253]. In rats, c-fos immunohistochemistry after social isolation has
shown that the medial prefrontal cortex, the ventral tegmental area, and the nucleus ac-
cumbens shell express lower amounts of this IEG [65]. Another study showed that c-fos

expression after social isolation is decreased in the basolateral amygdala [290].

4.2 Information processing of mechanosensory cues and
transcriptional regulation of pth2

This thesis provides evidence that the neuropeptide pth2 is strongly upregulated by
the presence of other fish and that this is mediated by the perception of mechanosensory

cues. A large body of studies has described in detail how cues perceived by the lateral
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line are processed in the teleostean nervous system (summarized in section and it
is thus of interest to ponder the exact circuit involved. The thalamus, where we identified
pth2* cell, receives input from the torus semicircularis, a higher-order processing area
of mechanosensory cues [291] 292]. Additionally, the other sensory modalities conveyed
by the octaval nerve are processed here in designated areas as well [293]: The nucleus
centralis receives auditory information [294, 295], the dorsal part processes electrosen-
sory cues in weakly electric fish [296, 297]. Mechanosensory information impinges on
the ventrolateral part of the torus semicircularis [298]. Our finding that only very specific
stimulation patterns induce the transcription of pth2 is in line with findings that neurons in
the nucleus centralis of the torus semicircularis are specifically tuned to vocalizations of
conspecifics [299, 1300, [301]. Mechanical cues at particular frequencies have been shown
to be important signals for different kinds of behavior in fish: For example, spawning be-
havior in salmon is elicited and timed by vibrational cues of both fish [302] and these cues
are processed by the lateral line [199]. The authors used a vibrating sphere to show that
spawning is specifically induced by frequencies of 21 Hz [199]. In blinded fish, vibrations
induce an unconditioned feeding response (i.e. movement towards the source of vibration,
followed by the attempt to swallow the source) and these vibrations are most strongly in-
duced at 50 Hz [303]. These data in conjunction with our findings suggest that the lateral
line is capable of using different stimulus properties such as the vibrational frequency and
the temporal features of the stimulus and potentially detect particular combinations. This
is indicative of feature detectors, i.e. neurons or neuronal networks in higher-order areas
of the lateral line circuit that filter sensory stimuli to detect behaviorally meaningful cues
[304].

Electrophysiological recordings in the ventrolateral part of the torus semicircularis in
combination with stimulation by our established piezo-paradigm might be a useful way to

identify those potential feature detecting units [299, [300]. Another approach to find brain
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areas responding to piezo stimulation would be the application of brain-wide imaging of
calcium dynamics in combination with piezo stimulation [295, [305]. This would enable
the simultaneous interrogation of all areas possibly implicated in the neural processing of
lateral line information. Although this second approach lacks in temporal resolution as
compared to electrophysiological recordings, it makes it possible to look at the processing
of mechanosensory cues in an unbiased manner while maintaining the biological integrity
of the animal.

Another question is how the detection of specific mechanosensory cues is then used to
trigger the transcription of pth2 in thalamic cells. For several neuropeptides, secretion and
synthesis are coupled, which means that there is a common mechanism triggering both
the release of neuropeptides from dense-core vesicles and and their synthesis in order to
restore peptide levels [306]. The release of dense-core vesicle content is controlled by pro-
teins modulated by calcium levels such as CamKIl, which in turn phosphorylate and thus
activate the ryanodine receptor, further facilitating calcium release from the endoplasmic
reticulum [307,[308]. In addition, voltage-induced increase of intracellular Ca?* levels have
been shown to not only cause secretion [309] but also trigger the transcription of the corre-
sponding neuropeptide genes as well [310, [311]. This prevalent coupling of secretion and
synthesis that is observed in neuropeptides would suggest that the excitation of the pth2*™
neurons by feature-detecting cells might be sufficient to trigger transcription. A detailed
analysis of the molecular cascade involved will be necessary to identify the driver of tran-
scription and a differential chromatin immunoprecipitation analysis of the upstream region
of pth2 in isolated and social animals would be a suitable tool to identify the transcription
factors involved. However, based on the extensive work performed on the lateral line, a
proposed minimum circuit necessary to propagate information from the neuromasts to the
pth2*™ cells in the thalamus would consist of the following connections: Activated neuro-

masts release glutamate, inducing graded potentials in the afferent fibers of the anterior
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or posterior lateral line [189]. Both converge on the medial octavolateral nucleus in the
hindbrain, which collects mechanosensory and auditory information [196]. This nucleus
projects to the torus semicircularis in the midbrain, which itself has been described to be
connected to the thalamus [196], where we showed the pth2* cells (see figure [4.1). This

hypothesized circuit could now be tested in detail with the methods outlined above.

midbrain

forebrain hindbrain

spinal cord

aLL

Figure 4.1: This cartoon illustrates a potential minimum path for the propagation of sen-
sory information from the lateral line to the pth2" cells in the thalamus. Abbreviations:
aLL - anterior lateral line, pLL - posterior lateral line, MON - medial octavolateral nucleus,
TSc - torus semicircularis.

4.3 Mechanosensory perception of social cues

Our results suggest that some social cues in zebrafish are perceived via the lateral
line, which receives mechanosensory cues from the surrounding water. In other systems,
mechanosensation has been found to play an important role in the transmission of social
information. For example, cichlid males have been observed to gauge an opponent’s size
before engaging in an actual fight for dominance. They do this by performing aggressive
lateral displays, during which they suddenly move their body parallel to the body axis of
their potential opponent, thus creating a turbulence in the water that is proportional to their
body’s size. Under normal circumstances, these lateral displays are sufficient to prevent

a fight if one of the males is significantly larger than the other. However, if the lateral line
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is chemically ablated, assessment of the opponent before a fight takes about 10 times as
long and, once the fish physically engage, cichlids whose lateral line was ablated rely more
on contact behavior such as biting or ramming of their opponent [188, 312].

Another example of how mechanical cues inform animals about their social environ-
ment is found in locusts. These animals either exist in a solitary state, when the number
of locusts in an area is low, but can enter a gregarious state if the density of conspecifics
becomes too high [20]. This switch is triggered by the specific stimulation of an animal’s
hindlegs, leading to the formation of locust swarms [313, [314]. Our data further supports
the notion that social cues can be transmitted mechanically. It remains to be determined
how complex the representations can be that are derived from this kind of input.

In the context of social interaction, work on mechanical cues transferring social in-
formation is relatively sparse. Most research focuses on visual or olfactory information
[139, [315]. One possible reason for this becomes clear in the particular case of fish and
other aquatic animals: Mechanical stimuli lead to complex water movements that are com-
putationally expensive to model and understand [316),1317,,1318]. It is thus very challenging
to recapitulate salient features of e.g. conspecific locomotion in a precise manner. In the
piezo paradigm introduced in this thesis, pth2 levels were increased approximately 1.4-fold
as compared to baseline levels of isolated animals after 3 hours of stimulation (see fig.
[3.15). The model we fit our data to (from actual conspecifics - see fig. would predict
an upregulation of about 1.9-fold, suggesting that we have not recapitulated all relevant
features in our approach sufficiently to perfectly mimic the presence of conspecifics. One
obvious difference is the static location of the piezo and its orientation - while actual con-
specifics move around and beat their tails in a horizontal plane, the piezo actuator delivers
stimulation from above and remains at the same place. Nevertheless, the fact that this
stimulation was sufficient to induce pth2 transcription demonstrates quite clearly that at

least a necessary part of the features recognized by the system was recapitulated.
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It is interesting to consider the discovered system in an evolutionary framework. The
data presented in this thesis suggest that pth2 is not regulated by any other modality than
mechanosensation. This is in contrast with data from rodents, which show that projections
from the auditory cortex and the superior colliculus reach pth2"™ cells [225] as well. It is
conceivable that over evolutionary time the circuit became modified and received additional
inputs from other modalities. Additionally, in zebrafish we only identified one population of
pth2* cells, whereas in rodents, three different groups have been identified [225] (see fig.
[1.6). To understand the evolution of this system and the way it changed would require the
investigation of pth2"™ cells in representative vertebrate clades. A particularly interesting
first approach would be the analysis of anurans, as these animals posses a lateral line
as well but can also spend time outside the water for limited amounts of time. Does the
presence of conspecifics e.g. in tadpoles lead to an increased transcription of pth2? Is
the system shut off while animals are outside the water or are there already compensatory

projections in place that inform the animal about the presence of conspecifics?

4.4 Modulatory effects of pth2

In other model systems, pth2 has been shown to be involved in specific forms of social
interaction. The presence of pups induced depolarization of cells in the [PILl as indicated
by increased expression of c-fos. The vast majority of these cells expressed pth2 [238].
It was shown that specifically suckling of the pups led to a strong increase in pth2 levels
[239]. Other studies demonstrated that projections from pth2" cells reach oxytocinergic
[218l [319] and arginine-vasopressin-positive cells [320], cell-types that have been impli-
cated in the regulation of social behaviour in several studies across a wide variety of model
organisms [321}, 272]. It is thus likely that the rapid regulation of pth2 by changes in the

social environment that is reported in this thesis might be linked to social behavior as well.
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It can be excluded that pth2 regulates maternal care in zebrafish, too, as this species does
not display any parental care. Several aspects of social interaction were tested and re-
ported in this thesis using animals with a nonsense mutation in the pth2 and pth2r gene.
No difference was observed in the social preference that animals display towards con-

specifics (see figs. [3.26/ and (3.27). It will be worthwhile to explore social interaction in a

more in-depth manner by going beyond simple preference tests and give animals the op-
portunity to freely explore their surroundings together at later stages of development. Late-
stage juvenile and adult fish display rich social interaction such as schooling and shoaling
[140, 171] and the way animals interact in a novel environment allows for the analysis fo
several parameters of interest, such as the general features of the shoal such as cohesive-
ness or polarization [18], which can also be interpreted as indications of anxiety.

It is in fact quite relevant that in the startle paradigm we applied in this work to analyse
the impact of the presence or absence of pth2, we observed an appreciable difference be-
tween wildtype and mutant animals in our behavioral tests (see fig. [3.25). Several studies
implicate pth2 in the regulation of anxiety-like behaviors [234, 322]. Social isolation has
been shown to increase states of anxiety and fear [40, |65, [323] and produce a prepulse
inhibition deficit in startle paradigms [63, [324]. Further analysis of anxiety-related behav-
iors in zebrafish such as prepulse inhibition, light preference [325], or fear memory might
be useful to gain additional insight in the way pth2 is potentially modulating behavior.

To appreciate the effect of pth2, it will be necessary to modulate its abundance in a
controlled manner and analyse the neural dynamics of pth2" cells in different scenarios.
Worthwhile paths to explore to this aim would include the generation of transgenic lines
targeting pth2* cells e.g. via CRISPR-Cas9-based approaches [326] or the injection of
a construct containing the pth2 open reading frame under the control of an externally
controlled element such as the heatshock promoter [327]. The external application of

synthesized peptide could be a useful approach, but it needs to be validated whether the
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peptide can enter the brain or needs to be injected. Likewise, it remains to be validated

how long the peptide would be active in the brain [328].

4.5 Summary

In this thesis, | introduced experimental evidence that the neuropeptide pth2 is regu-
lated by the social environment in zebrafish. Its transcription is quickly increased or de-
creased in the presence or absence of conspecifics. Neither visual nor chemical cues from
conspecifics are sufficient to trigger transcription, but the mechanosensory perception of
others via the lateral line was shown to be necessary for this effect to take place. In an
approach to model the mechanical cues perceived by the animal, the movement of larval
zebrafish was mimicked by a piezo actuator and while many different stimulation paradigms
failed to trigger the transcription of pth2, the precise modeling of larval locomotion induced
a significant upregulation of pth2. Cells expressing pth2 are found in a bilateral cluster in
the thalamus of zebrafish at the edge of the otpa®™ expression domain. First experiments
were conducted with animals in which a nonsense mutation either in the gene of pth2 or
pth2r prevents gene products to be functional. In the analysis of these fish, a slight effect
was observed in pth2-/~ animals in the startle paradigm, in which more animals displayed
a potentially indicating an effect of pth2 on the regulation of anxiety states. Future
directions have been described in the discussion above, providing examples of how this

socially modulated neuropeptidergic system can be explored in more detail.
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Computer Code

The following Matlab code was used to trigger the piezo and induce a stimulation pattern

that was similar to the actual movement of zebrafish larvae.

% clear workspace

clear all

% create interbout-interval and bout length distribution:
pd_ibi = makedist(’Loglogistic’,’'mu’,-0.27, sigma’ ,0.21);
pd_bout = makedist(’Normal’, 0.15, 0.1);

%% create arduino object
a = arduino;
a.configurePin(’'D9’, ’Unset’);

a.configurePin(’D9’, ’DigitalOQutput’);

%% pre—specify the random number generator and create lists

%% to store interbout-intervals and bouts
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rng( default’);
IBl_dist = [];
bout_dist = [];

%% track time
totalTime = O;

boutProfile = [0 1];

while totalTime < (3.1+«3600) % will run for at least 3.1 hours

bout = abs(random(pd_bout));
a.writeDigitalPin(’'D9’ ,1);

pause (bout);

totalTime = totalTime + bout;

boutProfile = [boutProfile; totalTime O0];
a.writeDigitalPin(’'D9’ ,0);

ibi = abs(random(pd_ibi));

pause(ibi);

IBl_dist = [IBl_dist, ibil];

bout_dist [bout_dist, bout];

totalTime totalTime + ibi;

boutProfile = [boutProfile; totalTime 1];

end
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clear a
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Differentially Expressed Genes

B.1 Differentially expressed genes at 5 dpf

The following table displays all genes that were identified to be differentially expressed
in our NGS] experiment at 5 [dpf
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B.2 Differentially expressed genes at 8 dpf

The following table displays all genes that were identified to be differentially expressed
in our NGS] experiment at 8 [dpf|
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B.3 Differentially expressed genes at 14 dpf

The following table displays all genes that were identified to be differentially expressed
in our experiment at 14 [dpf|
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B.4 Differentially expressed genes at 21 dpf

The following table displays all genes that were identified to be differentially expressed
in our NGS] experiment at 21 [dpfl.
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