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1 Introduction

1.1 The Nonapeptide neurohormonal system

Neuronal hormones are used in all bilaterian animals to govern and regulate diverse bodily
functions and processes. These hormones are produced in the brain and released into animal
bodily fluids. Here, we focus on a highly conserved neurohormonal system, the Nonapeptide
neurohormonal system.

The Nonapeptide system consists of the neuronal hormone, e.g. Vasopressin and Oxytocin
in mammals, and the hormone receptors. As the name of the system suggests, the peptides
themselves mostly consist of nine amino acids. It is encoded within a larger preprohormone,
which is proteolytically cleaved to release the proper hormone. While the Nonapeptide family
is conserved in lophotrochozoans and Deuterostomia, it is only present in basal ecdysozoans,
like Tribolium castaneum. In higher ecdysozoans, like Drosophila species, it has been lost [108].
However, the receptors for the Nonapeptides are present in the genomes of all bilaterian species
[54, 108]. This suggests that the receptors follow a different evolutionary course than their
ligands.

In contrast to neurotransmitters used in synaptic signal transmission, the hormones are not
synthesized in the axons but inside the cell soma. The hormones are transported in so-called
large dense core vesicles (LCDVs) to the release sites. The release is not restricted to synapses
but the Nonapeptide hormones are released from all sites along the cell membrane. Based on
the long-lasting process of replenishing a secreted hormone pool, these are not suitable for fast
responses to outer cues but rather represent a way to mediate longer-lasting processes [108].

In vertebrates, the Nonapeptide hormones are released into the blood stream from specific
cells within the hypothalamus where they can act on the development and function of peripheral
organs [109]. In addition, these hormones are also secreted into the CSF, the cerebro-spinal
fluid. This so-called liquor cerebrospinalis represents the liquid inside and around the brain. In
mammals, the Nonapeptides in the CSF are thought to act as neuromodulators to regulate diverse
behaviours [25, 9].
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1 Introduction

1.2 Evolution of the different Nonapeptides

The peptide hormones of the Nonapeptide neuronal hormonal system have different names in dif-
ferent phyla [37, 87]. For example, the mammalian homologues are called Arginine-Vasopressin
and Oxytocin while the homologues in teleost fishes are called Vasotocin and Isotocin. Therefore,
we refer to the family here as to the Nonapeptide superfamily, since most homologues share a
conserved hormone core of nine amino acids with only few exceptions. Recently, longer Non-
apeptide homologues have been identified in two urochordate species [66, 112] (see also Figure
1.1). The mammalian peptides were first identified in 1952 [26] and since then homologous
peptides in diverse bilaterian species were found. Due to a lack of proper genome information,
the Nonapeptides themselves were mostly purified and sequenced on a peptide level [37]. This
lead to a difficult, incoherent nomenclature since all homologues with only slightly different
amino acid sequences were named differently. In figure 1.1, the nomenclature and sequence of
the diverse members of the Nonapeptide superfamily is shown.

Name 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Oxytocin C Y I Q N C P L G Mammalia

Mesotocin C Y I Q N C P I G Non‐mammalian tetrapods, Marsupials

Isotocin C Y I S N C P I G Teleosts

Glumitocin C Y I S N C P G G Chondrichthyes

Valitocin C Y I Q N C P V G Chondrichthyes

Aspargtocin C Y I N N C P L G Chondrichthyes

Asvatocin C Y I N N C P V G Chondrichthyes

Phasvatocin C Y F N N C P V G Chondrichthyes

Phasitocin C Y F N N C P I G Chondrichthyes

Vasopressin C Y F Q N C P R G Mammalia

Lysipressin C Y F Q N C P K G Pigs, Marsupials. Warthogs

Phenypressin C F F Q N C P R G Marsupials

Vasotocin C Y I Q N C P R G Non‐mammalian vertebrates

Ci‐Vasopressin C F F R D C S N M D W Y R Ciona intestinalis  (Urochordate)

Oxytocin‐like peptide X Y I S D C P N S R F W S T Styela plicata  (Tunicate)

Annetocin C F V R N C P T G Annelids

Vasotocin C F V R N C P G G Annelids

Arg‐Conopressin C I I R N C P R G Molluscs

Lys‐Conopressin C F I R N C P K G Molluscs

Cephalotocin C Y F R N C P I G Molluscs

Octopressin C F W T S C P I G Molluscs

Nonapeptide hormone family members
Species

Figure 1.1: The Nonapeptide superfamily Diverse known orthologues of the Nonapeptide superfam-
ily are shown. The highly conserved cystein residues are labelled red and positively charged
amino acids are labelled yellow. Note that most invertebrates contain a positively charged
amino acid, although mostly not at the position eight as in vertebrates (except for molluscs
where the fourth position is also positively charged). The data for this table is taken from
[37, 16, 66, 112].

Basal vertebrates, like lampreys and hagfish, as well as most invertebrates contain only one
ortholog [63, 113, 109, 47], whereas all other vertebrates contain at least two homologues. It has
been suggested that in vertebrates the eighth amino acid of vertebrate Nonapeptide homologues
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defines if it is "vasopressin-like" or "oxytocin-like". The eighth amino acid of Vasopressin is
positively charged, whereas the corresponding amino acid of Oxytocin is neutral (see Figure 1.1).
This lead to the belief that all vertebrate Nonapeptides with a positively charged amino acid
were related to Vasopressin and all hormones with a neutral amino acid were related to Oxytocin
[1, 37]. One paralogue always has a neutral and the other one a positively charged amino acid
at position eight. Thus, it is a long-standing belief that only one duplication occurred in the
vertebrate lineage [74, 1, 36, 46, 47]. However, this means that the phylogeny of the Nonapeptide
superfamily in vertebrates is inferred from a single amino acid.

We tested how the different Nonapeptides relate to each other by using whole preprohor-
mone sequences for a phylogenetic analysis as well as by taking genomic arrangements, domain
structure and regulatory similarities into account. In addition to that, we also examine other
evolutionary aspects of the Nonapeptide system as well as the GnRH neurohormonal system by
inferring evolutionary history from functional properties and vice versa.

1.3 Functions of the Nonapeptide system

Within the mammalian brain, Vasopressin and Oxytocin act as autocrin and paracrin neuromod-
ulators that are thought to exert long-lasting behaviour changes (for reviews see [77, 78, 73]
and also [37, 40, 7, 16]). For example, the expression pattern of the vasopressin receptor V1a
within the brain of different mammals seems to be unique for each species. These differences
are thought to be responsible for diverse species-specific behaviours, especially related to social
bonding [40]. This was shown in a study where the expression pattern of the V1a receptor was
artificially altered and changes in social bonding were detected [128, 25]. A connection between
the development of reproductive organs and Vasopressin-like hormones was found in several
studies [109, 39, 2, 33, 67]. Furthermore, the Nonapeptides are often implicated to affect several
aspects of reproduction [7, 25, 78, 33] in diverse species. Additionally, secretion of the Non-
apeptides is strongly responsive to changes in body fluid osmolarity. Thus, the Nonapeptides in
many bilaterian species are involved in salt homeostasis, osmoregulation and therefore excretion
[7]. For example, in mammalian species the Vasopressin receptor V2 in certain regions of the
loop of Henle. There, Vasopressin helps in generating an osmotic gradient [6, 14]. It also plays
important roles in salt homeostasis. For example, in rats it has been shown that Vasopressin
can act antidiuretic as well as natriuretic. Similar effects are also observed in non-mammalian
vertebrates. In the flounder and Triakis scyllium a direct connection between plasma osmolarity
and Vasotocin content has been found [121, 61]. In summary, there is evidence that specific
Nonapeptides play important roles in water conservation and excretion [7].
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1.4 Linking the Nonapeptide system to light sensation

Animals living in fresh or sea water often reproduce via external fertilisation. This means that
the gonadal products are expelled from the body into the open water. In order to ensure that
the eggs are properly fertilised, the process of reproduction has to be synchronised. For that, the
animals rely on external cues such as exogenous light cycles. These are either circadian, lunar or
seasonal light cycles. Often circadian cycles are superimposed on either seasonal or lunar cycles.

The fish Takifugu niphobles has been shown to have a semi-lunar reproductive cycle and the
amount of secreted Nonapeptides also cycles in correlation with reproductive capacity [85].
Furthermore, Fundulus heteroclitus has been shown to have a lunar reproduction cycle and the
secretion of a Nonapeptide is thought to control this behaviour [103]. A seasonal reproductive
cycle has also been shown for other fish species, for example Gasterosteus aculeatus [43], the catfish
Heteropneustes fossilis [100] and Medaka [68].

In conclusion, a correlation of the amount of secreted Nonapeptide with light-dependent
reproductive cycles has been found for several species. However, so far, it is unclear how the
light-cycle dependent secretion of the Nonapeptide hormones in diverse species is regulated.

1.4.1 A conserved minimal module provides a possible explanation

In 2007, a study showed that a subset of vasotocinergic neurons, i.e. neurons that secrete the
neuronal hormone Vasotocin, in the annelid Platynereis dumerilii and the vertebrate Zebrafish
also express a presumptive light-sensitive ciliary Opsin molecule. In addition to that, in both
species the cells are defined by the expression of a similar subset of transcription factors, namely
Rx, nk2.1, otp and miR-7. This "molecular fingerprint" is conserved in annelids and vertebrates.
Based on its complexity and the high degree of conservation on the level of specifying factors,
the cell type can be regarded as ancient because it must have already been present in the common
ancestor of Platynereis dumerilii and Zebrafish, namely Urbilateria [109].

The co-expression of the neuronal hormone Vasotocin with a presumptive light-sensitive Opsin
molecule in a conserved cell type prompted the hypothesis that this cell type coordinates light-
dependent Vasotocin secretion. Therefore, the response to light perception would be integrated
within one single cell (see figure 1.2). In conclusion, these sensory-neurosecretory cells provide
a possible explanation to the regulation of light cycle-dependent Vasotocin secretion identified
in diverse species [109].
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LIGHT

TMT-Opsin

Vasotocin

Reproduction

Figure 1.2: A conserved sensory neurosecretory cell type The current hypothesis is that a light input
enters the cell and is taken up via a specific ciliary Opsin molecule (TMT Opsin in Zebrafish).
The same cell then integrates this signal and responds to it via the secretion of the neuronal
hormone Vasotocin. The hormone influences several aspects of reproduction. This cell type
represents an ancient minimal module that must have already been present in Urbilateria
[109] since it is conserved in diverse bilaterian species.

1.5 Opsins in vertebrates

1.5.1 Origin of Opsin molecules

Opsins belong to the superfamily of G-protein-coupled receptors (GPCRs). This is one of the
largest protein families in mammals with more than 800 members identified alone in the human
genome. An extensive phylogenetic analysis shows that within the GPCRs five families exist,
namely the Adhesion-, Secretin-, Glutamate-, Frizzled/Tas2- and the Rhodopsin families [31]. The
potential ligands are extremely variable and range from ions, odorants, lipids and peptides (e.g.
Vasopressin and Oxytocin) to photons [31]. Also, the signal transduction cascade downstream of
the receptor varies considerably. In my thesis, I only focus on members of the Rhodopsin family,
namely the presumptive light-sensitive Opsin family (ALPHA group) as well as the receptors for
the Nonapeptide hormone system (BETA group) [31].

1.5.2 Diverse Opsin families

The presumptive light-sensitive Opsin family is further subdivided into three different subtypes,
namely the ciliary Opsins, the rhabdomeric Opsins and the photoisomerases (Figure 1.3). In
addition, other Opsins have been identified that do not fit in these three subtypes, namely
neuropsins [99]. I will not explicitly consider the photoisomerases nor neuropsins here.
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Figure 1.3: Overview picture of Opsin phylogeny Here, the phylogeny of Opsins is shown. At a
first level, the G protein-coupled receptors can be distinguished by their ligands. Opsins
usually bind a retinal chromophore that undergoes structural changes upon light absorption.
Thereby, the structure of the receptor changes and activates or inactivates it. However, light
absorbance has not been proven for all of them. The Opsins are further divided into three
major families: ciliary- and rhabdomeric Opsins as well as photoisomerases. The ciliary
and rhabdomeric Opsins are expressed in different cell types that are specified by different
factors and they also employ different downstream signalling cascades [3]. In this figure, TMT
Opsins, Encephalopsins and invertebrate ciliary Opsins cluster together in one group and are
called "Encephalopsins". However, as I will argue below, these rather represent three different
families with specific structural features. The figure is taken from [99] with modifications.
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1.5 Opsins in vertebrates

The names "ciliary" and "rhabdomeric" Opsins derive from the cell type morphology that
express the respective Opsin molecule. Many photoreceptor cells enlarge their surface by folding
the cell membrane. The rhabdomeric photoreceptor cells fold the apical cell surface while
the ciliary photoreceptor cells fold the ciliary membrane [3]. In 2004, a ciliary photoreceptor
molecule (C-Opsin) has been identified in the protostomian species Platynereis dumerilii. The
ciliary photoreceptor cells also employ similar specifying gene regulatory networks as the cells
in vertebrates. This is based on the finding that the ciliary photoreceptor cells in vertebrates and
Platynereis dumerilii express for example a homologous Rx transcription factor. This changed
the existing view that there are "vertebrate-type" Opsins (i.e. C-Opsins) and "invertebrate-type"
Opsins (i.e. R-Opsins) [5, 109]. However, so far only few protostomian ciliary Opsins have been
identified and the connection to a specific ciliary cell type morphology is not clear for all of them
(for example see [115]).

It is believed, that Urbilateria already had specific rhabdomeric and ciliary Opsins as well as the
corresponding rhabdomeric and ciliary photoreceptor cells. In invertebrates, the rhabdomeric
cells formed simple eyes together with pigment cells to mediate directional photoresponses. The
ciliary photoreceptor cells resided within the brain to mediate non-directional photoresponses,
like circadian photoentrainment. However, in the vertebrate lineage, both photoreceptor cell
types are present in the retina with the ciliary photoreceptors being the major visual photorecep-
tors. Thus, two independent lineages of light-sensitive cells reside within the vertebrate retina
[5] and the vertebrate eye therefore represents a composite structure. In the course of this thesis,
I will focus on specific ciliary Opsins, namely TMT Opsins and Encephalopsins that are present
in the inner vertebrate brain.

1.5.3 TMT Opsins and Encephalopsins

Encephalopsin has been identified in 1999 as an Opsin expressed in a wide variety of regions
within the mouse brain and in the testes [10]. In another study, mouse Encephalopsin was also
detected in the developing and adult eyes [102]. Later on, the expression of encephalopsin in
humans was assessed. A northern blot confirmed the expression in a wide variety of tissues,
like the retina, lung, liver and kidney [48]. Thus, there are species-specific differences between
the expression pattern of encephalopsin in humans and mice [10]. Additionally, differences in
the structural organisation between the human and mouse encephalopsin orthologue have been
found. While the murine encephalopsin gene seems to encode for only one isoform, it was shown
that at least six different splice isoforms of human Encephalopsin exist. However, only two of these
seem to encode for proteins since the other four splice variants contain a premature stop codons
[65]. Therefore, it is likely that these transcripts are degraded by nonsense-mediated mRNA
decay [101, 80]. Furthermore, the encephalopsin gene is intertwined with the adjacent KMO gene
(Kynurenine 3-monooxygenase, NP_003670 (H. sapiens), NP_598570 (M. musculus)) in humans
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but not in mice. Thus, there are differences in the encephalopsin gene structure and expression
between humans and mice which so far have not been implicated to any function [65].

In 2003, a protein similar to Encephalopsin has been discovered in Zebrafish and Fugu, namely
TMT Opsin (Teleost Multiple Tissue Opsin) [86]. The authors cloned one TMT Opsin orthologue
in each species and tested the expression using semi-quantitative RT-PCR as well as a cross-species
RNAse Protection Assay. They could identify expression in the heart, brain, liver, kidney, eye
and one zebrafish cell line (PAC2 fibroblast cell line). However, they did not test the expression
in developing embryos. Furthermore, the authors did not find any particular function for the
identified Opsin molecules. An involvement in the circadian clock based on the broad expression
pattern was suggested [86]. However, the broad expression pattern the authors identified is the
only support for that. The authors did not use in situ hybridisation techniques to identify the
cells and tissues that express the TMT Opsin. In 2007, it was found that the identified Zebrafish
TMT Opsin homologue is not expressed in a wide variety of tissues in the developing embryo
but has very distinct expression domains within the brain, especially in the hypothalamus [109]
where it is in part co-expressed with the neuronal hormone Vasotocin.

1.6 Model organisms

1.6.1 Platynereis dumerilii

Platynereis dumerilii is an annelid species that lives along the coasts in the Mediterranean, but also
a wide geographic distribution in warm seas has been reported. It is a marine model organisms
which can be cultured in the lab in plastic boxes in a mixture of natural and artificial sea water.
The animal has been cultured in the lab since the early 1950ies [30].

Platynereis dumerilii has a generation time of approximately three month. After a longer growth
phase in self-spun tubes, the animals start to mature and undergo metamorphosis. The animal
changes from a pelagic lifestyle to a benthic one [30]. This means that it begins to swim in the
search of a mate. Having found a mate, the worms engage in a so-called nuptial dance. The
animals swim very fast in narrow circles around each other until the eggs and sperm are released
into the sea water. The eggs are fertilised externally. One couple produces up to about 3000 eggs
which develop synchronously over a longer time period [30]. Thus, the animals invest a lot of
resources into the generation of the gametes, which they expel all at once. Mature females mostly
consist of eggs and after these are released the worm shrinks dramatically and dies shortly after
their first mating. Mature males can mate more often, yet they also die at most one day after
their first mating.
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1.6 Model organisms

Why choosing Platynereis dumerilii as a model organism?

There are several reasons why Platynereis dumerilii is an interesting model organism. First, it is a
lophotrochozoan species. Lophotrochozoans are a major protostomian group. They represent a
sister group to ecdysozoans. Protostomia belong to the Bilateria along with the Deuterostomia
(see Figure 1.4). All Bilateria with spiralian cleavage belong to the Lophotrochozoa. However,
the absence of spiralian cleavage does not exclude species from the lophotrochozoans. Within
the lophotrochozoans, two subgroups emerge, namely Trochozoa and Platyzoa. Trochozoa are
characterised by the existence of a trochophore larva. For Platyzoa, the relationship is less clear
and still under debate. Thus, I will not further adress these. Ecdysozoans comprise other proto-
stomes, for example arthropods and nematodes. The other bilaterian branch, the deuterostomes,
consist of the Chordata (Vertebrata, Cephalochordata and Urochordata), Echinodermata, Hemi-
chordata and Xenoturbellida [38]. In today’s molecular research, the major model organsims are
either deuterostomes, like mice, or ecdysozoans, like Drosophila melanogaster and Caenorhabditis
elegans. Although lophotrochozoans represent the biggest group [38] , they are widely ignored in
today’s molecular biological research except for research done on few molluscan species. Thus,
Platynereis dumerilii represents a model organism important for comparative research since it
belongs to a broad and widely ignored bilaterian group.

Ecdysozoa

Lophotrochozoa

DeuterostomiaProtostomia

Figure 1.4: Bilaterian phylogeny Within bilaterians, two major branches exist, one of the Deuteros-
tomes (e.g. Homo sapiens)) and one of the Protostomes. The protostomes are further sub-
divided into Lophotrochozoans (e.g. Platynereis dumerilii) and Ecdysozoans (e.g. Drosophila
melanogaster).

It has been shown that striking similarities between the annelid Platynereis dumerilii and ver-
tebrates exist on the genomic level. A global phylogeny of protein sequences that are present
in all bilaterian species was used to show that on the exon-level, Platynereis dumerilii rather re-
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sembles vertebrates than Ecdysozoans do. In addition, the gene structure of Platynereis dumerilii
is complex as is the gene structure in humans. Thus, the last common ancestor of humans and
Platynereis dumerilii likely shared the complex gene structures. However, other vertebrates as
well as Ecdysozoans have simple gene structures. This suggests that in the course of evolution
the gene structures were simplified in these animal [93]. Thus, also in this respect, Platynereis
dumerilii is an important species for comparative research.

Another important factor is that Platynereis dumerilii is a marine species. Although there are
huge numbers of marine species, they are most often not applicable for molecular biological
research. This is in part due to the fact that most marine animals cannot be cultured in the lab,
let alone in defined medium. Platynereis dumerilii can not only be kept in the laboratory, but
it also does not need much space per individual. Also, the generation time of approximately
three months makes a lab culture possible. Furthermore, many other marine organisms have a
much longer generation time. One couple produces vast amount of offspring that develop syn-
chronously and can therefore also be used for many developmental studies. In addition, several
molecular biological techniques have been established, like whole-mount in situ hybridisation.

Since the fertilisation is external, the maturation of males and females has to be synchronised.
As many other marine organisms, Platynereis dumerilii synchronises the reproduction using ex-
ternal light cycles. They employ a lunar cycle for their maturation. This means that during
full moon, the animals usually do not mature. The number of maturing animals peaks around
new moon. The exact time of the peak or the number of peaks is dependent on the genomic
background, however the number of maturing animals declines around full moon in all lines.
This rhythmic behaviour was shown to be governed by an inner lunar clock [51, 52]. This means
that the animal is entrained by the full moon and it shows this behaviour also in free-running
conditions (i.e. the animals encounter no moon anymore after entrainment with several moon
phases). In the lab culture, the full moon can be simulated using a white lamp that is on seven
consecutive nights of every fourth week [30].

1.6.2 Medaka and Zebrafish

The teleost fishes Medaka and Zebrafish represent two commonly used vertebrate model or-
ganisms in molecular biology. The fishes can be easily and, compared to mice, cheaply held in
the laboratory. The genome sequences of both species are freely available online [57], although
the Zebrafish genome sequencing project still awaits completion. Both species are amenable for
diverse embryological and molecular procedures like cell transplantation, micro-injection and in
situ hybridisation.

After a teleost-specific genome duplication, the lineages within the teleostei evolved indepen-
dently and so did the duplicated genes of the different species. In general, after the a duplication
event, a gene could either be affected by gene loss, sub- or neofunctionalisation [88, 34]. Since
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the species evolved independently, the duplicated genes evolved independently. Functions that
are carried out by one gene in other vertebrates might be split up between these duplicates in
a species-specific way in teleosts. Thus, the analysis of homologous genes from the two teleost
fish species Medaka and Zebrafish might provide interesting insights into the ancestral function
of this gene [124, 34]. Also, the last common ancestor of Medaka and Zebrafish lived around
115-200 million years ago (Myr). The phylogenetic position of these species makes them well
suited for comparative analyses of gene regulation and gene expression [34].

Medaka originates from Japan, Korea and eastern China. These regions have seasons and con-
sistently Medaka shows seasonality in certain physiological processes, for example concerning
reproductive capacity [68] but also locomotor activity [126]. On the other hand, Zebrafish is a
subtropical fresh-water fish that never experiences seasons and no seasonality has been reported
in Zebrafish so far. Based on the idea that deep brain photoreceptors are important to mediate
light-dependent non-visual tasks like photoperiodic time measurement [91, 106], it would be
very interesting to know if this is also the case for the TMT Opsins in Medaka and, if yes, what
function they have in Zebrafish. Thus, trying to answer the question why this cell type is con-
served in Zebrafish and Medaka possibly provides means to assay the presence and absence of
seasonality in both species.

1.7 Goal of my thesis

The primary goal of my thesis is to further investigate the conserved ancient cell type that
is characterised by the co-expression of a presumptive light-sensitive Opsin molecule and the
neuronal hormone Vasotocin. First, I want to further characterise the Nonapeptide hormonal
system in Platynereis dumerilii. I compare the vasotocin expression between new and full moon
phases and between mature and immature worms. Additionally, I identify two receptors for
the Vasotocin hormone in the annelid’s genome. A second part concerns the characterisation of
the transcriptional regulation of the vasotocin gene in vertebrates. We compare the expression
domains in Medaka and Zebrafish as well as establish and analyse transgenic cross-species
reporter lines. Finally, I work on an functional in vivo characterisation of the TMT Opsin positive
cells. This subproject led to the discovery of many novel TMT Opsin members, which I further
characterised by using a bioinformatic as well as a molecular approach.
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2 Materials and Methods

2.1 Animal culture

2.1.1 Platynereis dumerilii

The animals were cultured in plastic boxes with a mixture of natural and artificial sea water at
18◦C. The light regime is 16 hours light followed by a 8 hours dark period. Three days before and
after the real full moon light was turned on during the dark period in order to entrain the animals
in their lunar rhythm. Two rooms are available, one with a full moon-phase corresponding to the
real full moon and one with a full moon-phase corresponding to the real new moon. During my
experiments I did not distinguish between the two rooms. The animals I used for the quantitative
RT-PCR experiments were from the B321xxx(x)-inbred line. The B stands for Berlin, where the
strain was initially kept and each number represents one further generation of inbreeding. For
the cloning experiments, only wildtype animals were used. This means that they do not have a
controlled inbred genomic background.

2.1.2 Fish

The fishes were cultured in freshwater tanks at 26◦C. For all cloning experiments and the whole-
mount in situ hybridisation experiments, the inbred Cab strain (Medaka) and the WIK, AB, TL or
Tüb strains were used. Embryos were obtained by scraping them off the female belly (Medaka)
or by standard breeding in breeding tanks (Zebrafish). These breeding tanks have an inlay with
a "rough" surface needed to induce matings. The eggs fall through the inlay and are easily
collected. The embryos were kept in 1xERM (Medaka) or 1xE3 (Zebrafish) fish medium. After
the embryos were capable of swimming (approx. after 7 days), they were set out in larger tanks
and fed with dust food. After few weeks, the diet was changed to dust food and artemia and
later on to flake food and artemia.
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2.2 Vasotocin system in Platynereis dumerilii

2.2.1 Cloning the Vasotocin receptors

Several protein sequences of known Vasotocin receptors were downloaded from the NCBI
database. The Lymnaea stagnalis orthologues (AAA91998.1 and AAC46987) were used to blast
the genomes of Lottia gigantea (a mollusc as Lymnaea stagnalis), the crustacean Daphnia pulex and
the annelids Helobdella robusta and Capitella capitata. The best hits were assessed by reblasting
them against the non-redundant NCBI protein database. With the obtained protein sequences a
multiple sequence alignment was prepared using ClustalX2 [75]. Highly conserved regions were
manually identified. These conserved regions were subsequently used to design degenerate
primer pairs. Degenerate primers are mixtures of primers with specific differences in the nu-
cleotide composition that in combination correspond to the backtranslated conserved stretches
of several homologous proteins. The identified conserved amino acid sequence was manually
backtranslated using the common genetic code. Three different nested forward primers and
four different reverse primers were designed. These four primers were used to potentially dis-
criminate between two distinct Vasotocin receptor homologues, since two homologues have also
been discovered in Lymnaea stagnalis [114]. The melting temperature (later on referred to as X)
of the degenerate primer mixture were calculated using the program Oligo6 made by Molecular
Biology Insights, Inc..

The degenerate primers were used for several nested PCR reactions to clone the Vasotocin
receptors of Platynereis dumerilii. RNA for the cDNA conversion was used from two different
stages, namely 50hpf and 75hpf. The RNA was extracted by J. Zantke using the RNAeasy Mini
standard RNA extraction protocol for animal tissues. The cDNA was generated from 1µg total
RNA using the Roche Transcriptor High Fidelity Kit as described in the manual. After the
whole procedure, 40µl ddH2O were added to the cDNA preparation. This cDNA was used to
amplify the Platynereis Vasotocin receptor fragments by degenerated PCR using the Quiagen
HotStarTaq as in the manual with certain changes. The final mix had a total volume of 50µl.
From a 100µM primer stock, 1.5µl were used for one reaction from each primer. 3µl of the diluted
cDNA were used per reaction. The program was as follows: 98◦C for 15 minutes to activate the
TAQ polymerase. Then 5 cycles of 95◦C for 1 minute (Denaturing phase), X − 5◦C for 2 minutes
(Annealing phase) and 72◦C for 4 minutes (Elongation phase). These were followed by 35 cycles
using the same scheme as before except using the calculated melting temperature of X as the
annealing temperature. After a final elongation phase at 72◦C for 10 minutes, the reactions were
stored at 10◦C. One µl of the resulting PCR reactions were used as template for a nested PCR
reaction. Otherwise the reaction mixture and the cycling scheme was the same as above. The
reactions were loaded on a 2% agarose-metaphor gel with a 1 : 1 ratio. Metaphor is a special
type of agarose used to properly distinguish small bands. Single bands with a size roughly
corresponding to the fragment sizes identified in the various invertebrate receptors were gel-

14



2.2 Vasotocin system in Platynereis dumerilii

eluted from a SYBRsafe-containing gel (Invitrogen) and subcloned into the pGemT-Easy vector
system as described in the manual. The vectors were tested by EcoRI digestion (Fermentas) as
well as by HinfI digestion (Fermentas). The EcoRI digestion releases the whole insert to check
the correct size of the insert. HinfI has a recognition sequence of GANTC where N stands for any
nucleotide. Therefore, the enzyme cuts rather often in random DNA stretches and thus can be
used for DNA fingerprinting. Inserts with the same overall size as shown with the EcoRI digest
but a different sequence can be identified. All vectors that showed a different HinfI restriction
pattern were sent to sequencing. The presence of the correct Vasotocin receptor sequence was
confirmed by blasting the obtained sequences against the non-redundant NCBI protein database
using blastX. Two different receptor fragments have been cloned.

The partial sequences of the Vasotocin receptors were used to generate threefold nested primers
to amplify the 5’ and 3’ end of the corresponding genes via RACE PCR [32]. For that, the RNA
extracted at 75hpf was used for the cDNA conversion using the Clontech SMART Race Kit. Two
different cDNA preparations were made, one to amplify the 5’ and the other to amplify the 3’ end
as described in the protocol. For both reactions, 1µg total RNA was used as starting material.
The Quiagen HotStarTaq was used for the RACE PCR and 10µl of Q-Solution were added to each
reaction. Additionally, 5µl of the universal primer from the Clontech SMART RACE Kit was used
together with 3µl gene-specific primer (5µM working solution). The same PCR cycling scheme as
for the degenerate PCR was used. Irrespective of the high melting temperature calculated for the
used gene-specific primers the annealing temperature was set to 55◦C for the first 5 cycles and to
59◦C for the other 35 cycles. For the nested PCR reactions, one µl of the primary PCR reaction was
used and the annealing temperature of the 35 cycles were set to 60◦C. Otherwise, the reactions
were carried out as described above. 10µl of the nested RACE PCR reactions were loaded on
one 2% agarose-metaphor gel (mixed 1 : 1) for each gene. The gel was blotted overnight on a
nylon membrane using a dry blot technique. In short, the DNA was denatured by soaking the
gel in 0.5M NaOH,1.5M NaCl for 20 minutes. The gel was placed on saran wrap with the slots
down. The nylon membrane (Amersham) was placed on the gel followed by two thick blotting
Whatman papers and a stack of paper towels. A bottle was used to weight the whole stack. The
next day, the blot was unbuilt and the wells marked using a pencil. The membrane was dried and
a radioactive probe was generated using the RadPrime labeling kit (Invitrogen) with the cloned
Vasotocin receptor fragments obtained via degenerated PCRas described in the manual. This
probe was used to visualize fragments in the gel that contain an overlap with the cloned receptor
fragments. The probe was purified using Illustra ProbeQuant G50 sephadex columns as in the
manufacturer’s descriptions. Subsequently, the probe was hybridised using a standard southern
blot protocol [98]. The largest identified bands were cut out of a preparative SYBRSafe-containing
gel, subcloned into the pGemT-Easy vector and transformed into Top10 chemical competent cells
(Invitrogen) as in the manufacturer’s description. The grown plates were used for a colony lift.
A colony lift membrane (Whatman Optitran BA − 585, 0.45µm d : 82mm) was placed shortly on
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the plate containing the bacteria, then lifted and the bacteria were denatured on 3MM Whatman
paper soaked in 0.5M NaOH, 1.5M NaCl for 5 minutes. The membranes were neutralised using
1.5M NaCl, 1M Tris-HCl and finally equilibrated on 2xSSC. The membranes were dried and
the bacteria containing the correct fragment were identified by hybridising the same radioactive
probes as before to the attached DNA. In this way, the bacteria containing the fragment of interest
could be isolated immediately and sent to sequencing to confirm the correct clones.

2.2.2 Sequence analysis

Since the Vasotocin receptors belong to the seven transmembrane GPCRs, the seven transmem-
brane topology was tested using the program TMHMM. A multiple sequence alignment was
prepared using Muscle [28, 29] with several known vertebrate and invertebrate Nonapeptide
receptors (Figure 3.1). Mammalian GnRH receptors were used as an outgroup since it has been
shown that these are closely related sister molecules with a common ancestral receptor [31, 56].
The phylogenetic analysis was calculated using the neighbour-Joining algorithm implemented
in the program ClustalX2 [75] excluding position with gaps and correcting for multiple substitu-
tions. 1000 bootstrap replicas were calculated and the tree was visualised using FigTree.

2.2.3 Expression analysis

Immature animals were collected at the same circadian timepoint (13:00-14:00) at new moon and
full moon phases (from the In- and Outphase rooms, respectively). The whole experimental
setup was prepared twice during different full moon phases. This was done because it was
found that vasotocin mRNA levels fluctuate over a day and do not oscillate (J. Zantke, personal
communication). Therefore, it is likely that the expression levels are different between different
days and circadian timepoints. Analysing the expression in two independent experiments might
also provide the possibility to detect a certain trend.

Mature males were used for the analysis as well as immature worms irrespective of gender.
The number of pooled heads of mature males differed between the different experimental setups.
The first time, 15 mature males were pooled prior RNA extraction. The second time, only 5 were
pooled. Thus, the first timepoint for mature males averages over 15 animals and the second over
5 animals. This happened because at the second time, only five animals were available in the
culture. Also, this affects the statistical significance of the outcome since no biological replicates
were treated as two biological replicates. For the statistical analysis, the values obtained for
the mature males in both experimental setups were pooled. For all immature animals, three
biological replicates of five randomly chosen heads were prepared. For each biological replicate
five randomly chosen heads of immature animals were pooled and three technical replicates
were prepared for each biological replicate.

16



2.2 Vasotocin system in Platynereis dumerilii

The RNA was extracted using the RNAeasy Mini Kit according the standard animal tissue RNA
extraction protocol. The RNA was eluted twice with the same 30µl of RNAse-free water. The
RNA concentration was measured using Nanodrop and 0.5µg were used to generate cDNA using
the Quantitect Reverse Transcription Kit (Quiagen) according to the manufacturer’s instructions.
After the cDNA conversion, 40µl PCR-grade water was added. The qRT-PCR primers for vasotocin
have already been generated and tested previously (unpublished). As an internal control, I used
the gene cdc5, for which primers were also already available. The qRT-PCR reaction was prepared
using the Power SYBRGreen PCR MasterMix from Applied BioSystems. The mastermix was
mixed with the respective primer pair (final concentration of 0.5pM/µl) and usually 5µl cDNA.
The reaction had a final volume of 20µl. A standard qRT-PCR reaction was started using the
Applied BioSystems StepONEPlus Real Time PCR System.

The resulting data were subsequently analysed using the REST MCS Beta 2006 software with
a pair wise fixed reallocation randomisation test [92] and the resulting graph was prepared
using Microsoft Excel 2007. A randomisation test is a non-parametric method, which does not
assume any kind of distributions about the data. On the other hand, the T-test is a parametric
method and assumes a normal data distribution. Such a non-parametric approach is essentially
important for data sets generated by quantitative RT-PCR since these often do not follow a normal
distribution [92]. The means of both experimental groups (e.g. full moon vs. new moon) were
compared and the probability that we observed the differences in the samples, if the population
means would be the same, was calculated. A randomisation test initially assumes that the data
was randomly allocated to the two groups. The number of randomisations could be chosen
and was always set to 2000. For each of these permutations the test statistic was calculated
and thereby, a distribution of the test statistic was generated. One compares how extreme the
found difference between the two real data groups was in relation to the generated distribution.
The p-value then indicates the probability of obtaining test statistics that exceed, i.e. are more
extreme, the obtained value for the real, non-randomised input data. A p-value below 0.05
is thought to indicate significantly different results (see [92] and G.W. Horgan and J. Rouault,
http://www.bioss.ac.uk/smart/unix/mrandt/slides/frames.htm).
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2.3 Regulation of vasotocin expression in vertebrates

2.3.1 Analysis of nonapeptide expression in Medaka

The genes encoding for the Nonapeptides Vasotocin and Isotocin were predicted using FGeneSH+

from Softberry using the identified Fugu homologues as templates and the genomic region, that I
identified via TBlastN at EnsEMBL [57]. I cloned the genes using a nested PCR, subcloned it into
the pCRII-Topo cloning vector (Invitrogen) as described in the manual. Midipreps of the correct
vector were prepared and from that DIG- and Fluo-labelled cRNA probes were made as described
in the appendix. Then different whole-mount in situ hybridisations were prepared to test the
expression of the Nonapeptides in the developing animal. Pictures were either taken using the
Zeiss Axioplan2 microscope (for NBT/BCIP staining) or the Leica LSM 510 Meta (fluorescent
staining).

2.3.2 Reporter lines

Reporter lines are useful tools to label diverse cell types specifically. The labelled cell type can
be used for several types of studies. For example, it is possible to isolate the labelled cells using
laser microdissection. The isolated cells can subsequently be used for a number of analyses, like
cell-specific transcriptome studies. However, reporter lines can also be used to study enhancer
elements to assess in which cells or tissues the enhancer element drives the expression. Here,
we use cross-species reporter lines. These utilise enhancer/promotor elements from one species
and we test their functionality in another species. Thereby, we assess if the enhancer/promotor
elements can be interpreted by the cross-species proteoms and thus we test the conservation of
the enhancer/promotor elements across species.

2.3.3 Analysis of the vasotocin reporter line in Medaka

A Medaka vasotocin reporter line, that was prepared by Kristin Tessmar-Raible (unpublished)
was analysed. The construct originates from Fugu and a similar construct was already used
to generate transgenic mice [36] (See Figure 2.1). Four different Medaka insertion lines were
available in the fourth generation. In mice, endogenous vasopressin is expressed in the SCN
(suprachiasmatic nucleus), the PVN (paraventricular nuclei) and the SON (supraoptic nuclei)
within the hypothalamus. The authors of this study found that the Fugu vasotocin gene is
expressed in the PVN as well as SON, but fails to be expressed in the SCN. Additionally, the
authors found that the potential regulatory regions reside 3’ of the Fugu vasotocin gene. The
used construct is shown in figure 2.1. We analysed the expression of the reporter gene by
in vivo microscopy using the Leica LMD6500. The animals were embedded in sucrose with
0.2% Tricaine to anaesthesize the fishes. Pictures were taken as well as enhanced using the
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accompanying microscope software. Additionally, I analysed the lines using different whole-
mount in situ hybridization techniques (see appendix). Pictures were taken using the Leica
LMD6500 for Medaka as well as the Zeiss Axioplan2 for Zebrafish.

Figure 2.1: Schematic representation of the reporter constructs At the top, a schematic representa-
tion of the Fugu vasotocin genomic locus is shown. Three different genes are located in this
locus next to the vasotocin gene. The construct used in mice contained the complete Fugu
vasotocin gene as well as the adjacent ORF (2) completely and fragments of the genes 1 and 3
[36]. The reporter construct used in this study is much shorter and does not contain any ORF
except a fluorescent marker protein (GFP2 or mCherry) integrated within the Fugu vasotocin
locus. In order to properly compare the fish with the mouse reporter line, the construct used
for the mouse reporter line was recloned via fusion PCR. We fused the missing 3’ and 5’
fragments to the already existing vasotocin locus with the integrated reporter gene.

2.3.4 Generation of a new vasotocin reporter line in Danio rerio

The same construct used to generate the Vasotocin reporter lines in Medaka was cloned into
a Zebrafish transgenesis injection vector. This vector is the destination vector of the Tol2Kit
[70]. 5’ and 3’ of the insert, two specific sites are present within the vector, namely Tol2 sites.
This vector is co-injected with mRNA encoding for the Tol2 transposase. This transposase
helps integrating the genetic material between the Tol2 sites into the Zebrafish genome via a
so far unknown mechanism [94, 70]. The mRNA of the Tol2 transposase was made using the
mMessage mMachine Kit from Ambion as in the manufacturer’s instructions. As a template for
the in vitro transcription, a vector from the Tol2Kit (pCS2FA-transposase), linearised with NotI
(NEB) and purified with the PCR purification Kit from Quiagen was used.

The whole construct was amplified with primers that contained specific restriction sites at
the 5’ end. After the PCR reaction, the product and the injection vector was digested using the
same enzymes. After dephosphorylation of the vector using the Antarctic Phosphatase (NEB)
as described in the manual, the vector and the cleaved PCR product were ligated using a 1:3
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molar ratio and a standard T4 ligase (NEB). The correct vector was partially sequenced and
tested using a restriction digest. Then, an endotoxin-free maxi prep was made using the Quiagen
Endotoxin-Free Maxiprep Kit according to the manual. 25ng/µl of the vector were injected into
Zebrafish embryos together with 20ng/µl Tol2 mRNA (see Appendix).

The injected embryos were tested for ectopic expression of the reporter gene anywhere in
the body one day after the injection. The presence of the fluorescent reporter protein was
assessed using the Zeiss SteREO Lumar with appropriate filters and HiLite. At this time, the
reporter gene is often misexpressed and all embryos that showed any expression where raised.
Usually, only in the F1 generation the reporter gene is properly expressed. The fishes were mated
and several embryos of one batch were used to extract genomic DNA using the Nucleospin
Tissue kit from Macherey-Nagel. The genomic DNA was eluted with 100µl elution buffer and
200ng of this genomic DNA were used for a genotyping PCR in order to verify if the construct
was transmitted to the next generation. For each genotyping reaction, three independent PCR
reactions were made. One that amplified a fragment at the 5’ end, one in the middle and one at
the 3’ end of the construct. The FirePol Taq form Solis BioDyne was used according to standard
PCR conditions in a total volume of 50µl. The cycling scheme was as follows: 95◦C for 4 minutes,
then 35 cycles with 95◦C for one minute, 62◦C for one minute and 72◦C for one minute. After a
final elongation phase at 72◦C for 10 minutes the reactions were stored at 10◦C until gel analysis
on a 1.2% agarose gel. Each amplicon for all three independent reactions should have a size of
about 500 nucleotides.

2.3.5 Other vasotocin reporter lines

The constructs used for the Medaka and Zebrafish reporter lines were shorter than the one used
for the transgenic mouse vasotocin reporter line ([36], Figure 2.1). In particular, it lacked partially
the genomic region 3’ of the vasotocin gene that was shown to be necessary for the expression
of Fugu vasotocin in the hypothalamus of the transgenic mice. In order to compare the mouse
and teleost reporter lines properly, a construct as the one used in mice was prepared. The only
difference was the incorporation of the fluorescent reporter gene into the vasotocin gene locus as in
the aforementioned shorter constructs used in fish. This construct was prepared using different
fusion PCRs (see Figure 2.1). In short, the 5’end and the 3’end of the longer construct were
used to design primers to amplify two regions, beginning from the respective ends of the longer
construct and ending within roughly 100bp of the shorter construct. These primers contained an
ISceI-site at the 5’ends. The two amplicons were then purified, mixed with the injection vector
of the shorter construct and the primers at the ends of the longer construct were used to amplify
the complete final construct with the GFP2 inserted (see Figure 2.1). The PCR was digested using
ISceI (NEB) and the band with the correct size (approx. 11kbp) was gel-eluted and cloned into
the pDestISceI-Tol2 Vector. This vector represents a Gateway destination vector that contains
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ISceI sites as well as Tol2 sites. This means that in Zebrafish, the ISceI sites will additionally
be integrated into the genome. Since ISceI originates from yeast [110], no major complications
are expected. However, when injecting this vector into Medaka, the existing Tol2 sites might
harm because the Tol2 transposae originates from Medaka and might lead to the incorporation
of the vector backbone into the genome where it might jump, thereby potentially mutagenizing
the animals. This problem was overcome by amplifying the construct from the vectors with
primers that contain an attached ISceI site at the 5’ end using a high-fidelity polymerase for the
PCR reaction. The amplified product was gel-eluted using the Quiagen Gel Extraction Kit as in
the manual and quantified using Nanodrop. 25ng/µl were used from the PCR product to inject
Medaka embryos. The Zebrafish embryos were injected with the vector as described above.

2.3.6 Phylogenetic analysis

cDNA and protein sequences from many Nonapeptide genes across bilateria were retrieved from
NCBI and the EnsEMBL genome browser. The cDNA as well as the protein sequences were used
for the phylogenetic analysis. The protein sequences were aligned using ClustalX2 [75] and
the cDNA sequences were aligned using Muscle [28, 29]. The phylogeny was assessed using
the neighbour-joining algorithm (ClustalX2, [75]), the maximum-likelihood algorithm (PhyML3,
[45]) and Baysian phylogenetic inference (MrBayes, [58]). For the neighbour-joining analysis,
multiple substitutions were corrected and positions with gaps were ignored. 1000 Bootstrap
replicas were calculated. PhyML3 was used with standard settings, estimating all values possible
to estimate. The LG model was used for the analysis of the protein sequences and the GTR model
for the analysis of the nucleotide sequences. For the analysis with MrBayes the GTR model
was used for the nucleotide sequences with gamma-distributed rate variation across sites and a
proportion of invariable sites. For the proteins, a fixed rate model was estimated by setting the
aamodelpr parameter to "mixed". Thereby, regularly new models are assessed and they contribute
to the final result according to their posterior probability values. The tree was calculated until
the standard deviation of split frequencies fell below 0.01, which happened usually after 100.000
generations. 25% were discarded as burnin. The resulting trees were visualised using FigTree
and manually tested for similarities. Important nodes that are identical in all three trees were
numbered using the obtained bootstrap values from the neighbour-joining and the maximum
likelihood analysis as well as the posterior probability values from the baysian phylogenetic
inference. The same protein alignment was used for a domain comparison analysis between the
diverse Nonapeptide orthologs.
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2.4 TMT Opsin family in vertebrates

2.4.1 Sequence analysis

The published Fugu TMT Opsin protein sequence [86] was obtained via the NCBI database (Acc.:
NP_001027778.1) and blasted against the genomes of diverse vertebrate species using TBlastN
(i.e. Blast a protein sequence against a translated DNA database) within the EnsEMBL genome
browser [57]. The species were: Mammals: Human, Mouse, Rat and Chimpanzee. Non-
mammalian tetrapods: Anole Lizard, Zebra Finch, Chicken and Frog. Teleosts: Stickleback,
Tetraodon, Medaka, Fugu, Zebrafish. The results were sorted according to the lowest E-Values
so that the best hits were shown on top. Since each exon usually represents a single entry, all
entries in close proximity to each other (i.e. in similar region on chromosome, group or scaffold)
were treated as one. The genomic DNA, often also including neighbouring genes, was then
used for a homology-based gene prediction using the program FGeneSH+ from Softberry with
standard settings. The previously identified Fugu TMT Opsin protein [86] was used to enhance
the prediction. The genes in the DNA stretch are predicted using hidden markov models and then
the prediction fitting best to the provided homologous protein is reassessed taking the provided
homologous protein sequence into account. The resulting proteins were then blasted against
the Non-redundant Protein database on the NCBI webserver to verify the results. If a TMT
Opsin-like protein was identified, the best hits of the blast search also represented TMT Opsin
like sequences. As soon as two different proteins were discovered (most often another vertebrate
visual or non-visual ciliary Opsin, like Vertebrate Ancient Opsin, Pineal Opsin or Rhodopsin) for
one species, the search within the initial TBlastN results from the EnsEMBL server was stopped.

The obtained protein sequences were used for a phylogenetic analysis. The proteins were
aligned using Muscle [28, 29] and a phylogenetic analysis, as described for the Nonapeptide
protein sequences, was prepared. Several members of the RGR photoisomerases were used as
an outgroup. In addition, several visual and non-visual ciliary Opsin sequences were included
to find the relation of the TMT Opsins with these Opsin families. Another tree was prepared
including invertebrate ciliary and rhabdomeric Opsins as well as Melanopsins. This tree was
prepared with a neighbour-joining algorithm. 1000 bootstrap replicas were calculated using the
program ClustalX2 [75]. The alignment was also used to analyse amino acid residues identified
in other Opsin molecules as being important for Opsin function. Additionally, for each Opsin
group the seven transmembrane topology was assessed for one completely predicted Opsin
homologue using the program TMHMM. In order to compare longer stretches of amino acids
between different Opsin families, the tool WebLogo [20] was used with standard settings. All
other Opsin sequences were obtained from the NCBI database or via personal communication
(Enrique Arboleda). Furthermore, several incompletely predicted TMT Opsin sequences were
omitted from this analysis (see Figures 3.16, 3.17 and 3.18). However, all were included for
another phylogenetic analysis using the neighbour-joining algorithm to see to which cluster the

22



2.4 TMT Opsin family in vertebrates

truncated sequences would fit (data not shown). Like this, the clustering of the incompletely
predicted sequences was assessed.

In order to generate reporter lines, regulatory regions were predicted using the phylogenetic
footprinting assay. For that, only the teleost homologues of one group were used. This was
prepared for the TMT Opsin groups A2 and B. All genomic regions were downloaded from
the EnsEMBL genome browser. The genes were predicted again using the Softberry FGeneSH+

program, which then also gives the orientation of the gene as well as the exact position of the
exons within to the genomic fragment. This was used to build an annotation file according to
the requirements of the Mulan software [89, 76]. The genomic regions as well as the annotation
were uploaded to the Mulan webserver and repeats were masked according to Fugu genomic
DNA for all. The suggested phylogenetic tree was accepted and the output was tested using a
minimal ECR length of 70 and minimal ECR identity of 50%. Non-coding conserved regions were
blasted against the protein database using blastX on the NCBI server to exclude non-annotated
conserved genes from the analysis.

2.4.2 Cloning of the fish TMT Opsins

All identified Opsin homologues from Medaka and Zebrafish were cloned in order to verify that
the different TMT Opsins of Medaka and Zebrafish do not represent pseudogenes. Subsequently
the obtained fragments were used to generate an antisense DIG-labelled cRNA probe for whole-
mount in situ hybridisation to assess the expression domains of the genes.

The TMT Opsin cDNA sequences were used to predict primer pairs with the program Primer3
using the standard settings [97]. The primer locations were then compared to the multiple
sequence alignment to assess if these primers were located in properly predicted regions. The
primers were used to clone the TMT Opsin homologues using RT-PCR. The used cDNA was
prepared from 1µg total RNA of several seven day old Medaka embryos and from 1µg adult
Zebrafish brain total RNA using the Roche Transcriptor High Fidelity cDNA conversion kit.
The resulting cDNA was diluted using 40µl water. The Medaka RNA was isolated using the
standard RNA extraction protocol from the Quiagen RNAeasy Mini Kit. The Zebrafish adult
brain RNA was already prepared by Kristin Tessmar-Raible. The PCR was done using the Fusion
Polymerase by Finnzymes with 3µl of the cDNA and 2µl of a 5µM primer solution in a final
volume of 50µl. The annealing temperature was set to 60◦C for all reactions and the buffer HF
was used with standard conditions. Some Zebrafish TMT Opsins could not be cloned using the
Phusion Polymerase but were successfully cloned using FirePol from Solis Biodyne in a standard
reaction. 8µl of the PCR reactions were loaded on a 1.2% agarose-TAE gel to test if a fragment
with the correct size was amplified. Then, the remaining PCR reactions were loaded on a 1.2%
preparative gel containing SYBRSafe (Invitrogen). The bands were eluted using the Quiagen
Gel Extraction kit as in the manual. The DNA was eluted using the same 30µl Elution buffer
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twice. Then 3µl were used for subcloning into the pJet vector using the Fermentas CloneJet
Blunt-End cloning Kit as in the manufacturer’s instructions. The vector was transformed into
Top10 chemical competent cells (Invitrogen) according to the manual.

2.4.3 Expression analysis

The expression was analysed using the standard whole-mount in situ protocol (see Appendix).
For Zebrafish, only three day old embryos were used for the analysis. For medaka, three and five
day old embryos were used. Animals were mounted in 87% glycerol and pictures were taken
using the Zeiss Axioplan 2 microscope (Zebrafish) and the Leica LMD650 (Medaka). The images
were further enhanced using MacBiophotonics ImageJ (for the minimum projection of Z-stacks)
or Adobe Photoshop for brightness and contrast enhancement.
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3 Results and Discussion

3.1 The Nonapeptide system in Platynereis dumerilii

3.1.1 Cloning of two Nonapeptide receptors in Platynereis dumerilii

A Nonapeptide homologue, called Vasotocin, has already been identified in Platynereis dumer-
ilii[109]. However, so far no receptor to that neuronal hormone has been cloned. Since the
expression domains of the receptors indicate the target tissue of the neuronal hormone, I cloned
fragments of the Vasotocin receptors using degenerate PCR. We found several fragments po-
tentially encoding Vasotocin receptors in the published genome of the annelids Capitella capitata
and Helobdella robusta. Furthermore, two distinct Nonapeptide receptors have been identified
in Lymnaea stagnalis [114]. This lead us believe that also in Platynereis dumerilii more than one
receptor for the Nonapeptide might exist. Thus, we designed the degenerate primers in a way
that potentially two distinct Vasotocin receptors could be identified.

Indeed, we managed to clone two fragments that encode for two different putative Vasotocin
receptors. Their homology to other already identified Nonapeptide receptors has been assessed
by blasting them against the non-redundant protein database at the NCBI server. In order to
get the full-length coding sequence, a 3’- and 5’-RACE PCR was prepared using primers that
annealed within the two receptor fragments. Thereby, more sequence information was obtained,
however the full-length coding sequence still remains undetermined. The obtained sequences
were then analysed thoroughly.

First, a phylogenetic analysis was prepared using a neighbour-joining algorithm. Vertebrate
GnRH receptors were used as an outgroup since these represent the closest sister group to
known Nonapeptide receptors [31]. There are two main branches. One contains all the verte-
brate Nonapeptide receptors while the other one contains the invertebrate homologues from the
lophotrochozoans Octopus vulgaris, Lymnaea stagnalis and the novel identified homologues from
Platynereis dumerilii. In Octopus vulgaris the Nonapeptide receptors underwent a species-specific
duplication as did the Nonapeptides (see below).

The Nonapeptide receptors belong to the Rhodopsin family of G-protein coupled receptors.
They also have seven transmembrane structures. These can be predicted using a software called
TMHMM. Obviously, not all seven transmembrane domains were properly predicted although
as in the case of one Lymnaea stagnalis orthologue all were predicted correctly (Figure 3.2).
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Figure 3.1: Phylogenetic analysis of the Nonapeptide receptors A phylogenetic analysis of diverse
Nonapeptide receptors identified from diverse species was prepared using ClustalX2 [75].
GnRH receptors (black) were used as an outgroup since these represent a closely related sister
group to the Nonapeptide receptors [31]. Two main branches appear, one contains all verte-
brate Nonapeptide receptors (red) and in the other one all invertebrate homologues cluster
(blue, green for the Platynereis dumerilii homologues identified in this study). Abbreviations
are described in the appendix.
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Figure 3.2: Transmembrane domain analysis of the identified Vasotocin receptors Here, the out-
put of the transmembrane domain analysis using the online tool TMHMM for the two cloned
Vasotocin receptors is shown. The analysis at the top was prepared using one Nonapeptide
receptor of Lymnaea stagnalis as a positive control. The seven transmembrane domains that
should be highly conserved are present (indicated by the red peaks), however I could only
identify six transmembrane domains for both Platynereis dumerilii Vasotocin receptors. This is
most likely due to incomplete sequence information obtained with the RACE PCR reactions.
However, the position of the transmembrane domains seem to be conserved between the
different homologues.
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Based on the alignment we deduce that the RACE PCR did not give us the complete coding
sequence with the 5’ end missing in the vtnR1 homologue and the 3’end missing in the vtnR2
homologue. This could have several reasons. The most likely explanation is that the 3’ RACE
PCR primer annealed unspecifically to a stretch that has some complementary in the 3’ region of
the Vasotocin receptor 2. The other receptor lacks a proper 5’ end which indicates that likely the
reverse transcription during the cDNA conversion starting from the 3’end stopped prematurely.
This could happen because of rigid secondary structures formed by the mRNA. Furthermore,
it could be that the Platynereis dumerilii homologues really lack these domains, which is rather
unlikely based on the high conservation of related genes. Another possibility would be that
we discovered additional transciption initiation and termination sites, respectively. However,
similar changes in the transcriptional regulation have not been reported for other homologues.

3.1.2 Is vasotocin expression under lunar control?

The gene for the neuronal hormone Vasotocin in Platynereis dumerilii has already been cloned
previously [109]. A subset of the Vasotocin secreting cells in Platynereis dumerilii also express
a ciliary Opsin. Since this cell type is highly conserved it was suggested that it regulates the
secretion of Vasotocin according to exogenous light cycles that correlate to reproductive cycles.
For Platynereis dumerilii, a lunar reproductive cycle has been identified [51]. Thus, I tested the
expression of the vasotocin gene using quantitative RT-PCR. The mRNA levels were measured
in the heads of immature animals during new moon and full moon as well as in mature males
during new moon.

The expression of the vasotocin gene has been assessed in order to determine if the mRNA
levels cycle according to the lunar rhythm and also if Vasotocin can be implicated to play a role in
maturation. The experiments were prepared twice during different moon phases and the worms
were beheaded at the same circadian timepoint. The experiment was repeated because it was
already found that vasotocin expression is variable during a 48h cycle and worms at the same
timepoints at different days can have highly variable vasotocin mRNA levels (J. Zantke, personal
communication). By repeating the experiment independently at the same circadian timepoint
and at the same day of different new and full moon phases, at least a trend can be estimated. For
each sample, three different biological replicas were prepared using immature animals. On the
other hand several heads of mature males were pooled but no biological replicates were made.
Thus this data has to be treated as preliminary data.

In both experimental setups, it was found that the vasotocin levels of immature worms does
not change significantly corresponding to the moon phase. However, mature males always had
significantly upregulated levels of vasotocin expression (Figure 3.3). This suggests a role of the
neuronal hormone Vasotocin in maturation but excludes it from being a direct downstream target
of the lunar clock. It has to be stressed that this experiment has to be repeated to gain proper
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statistical significance concerning the upregulation of vasotocin levels in mature animals.
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Figure 3.3: Expression levels of vasotocin in Platynereis dumerilii heads Here, the qRT-PCR
results of two different experimental setups are shown (labelled with 1 and 2, respectively).
The expression was analysed using the REST software. Error bars represent the standard error
calculated by the REST software taking all biological and technical replicates into account [92].
All expressions were related to the level of Full moon 1, that is the expression level of vasotocin
under full moon conditions in heads of immature animals during the first experiment. The
expression of immature animals is highly similar in all four sampling points. In mature males,
Vasotocin is significantly upregulated. Although the standard deviation is very high a clear
increase in vasotocin mRNA levels was detected in both independent experiments (labelled
with 1 and 2). For the statistical analysis, both experiments with the mature males were treated
alone and as biological replicates. In all of these cases, they are significantly different from the
vasotocin levels in immature males at a 5% significance level.

A problem could be that this assay does not take sex-specific differences into account. Non-
apeptides are known to be differentially regulated between males and females. Immature males
and females are impossible to distinguish based on outer morphological cues. The only way to
distinguish them is to cut them and analyse a coelomic extract under the microscope. In males,
single gamete precursors can be identified while they are clustered in females. However, this is
only possible as soon as the worm reaches a certain size. Before that, the gametes cannot be seen
or distinguished. Although mature males and females can be easily distinguished I focused on
mature males. The females are very likely to start spawning when they are transferred out of
the raising cup into fresh natural sea water. Thus, potentially more females have to be collected
and usually the needed amount of mature females was not available at the specific timepoint.
Therefore, I decided to carry out these experiments with mature males although sex-specific
differences might exist that might provide important insights into the mechanism of maturation
in Platynereis dumerilii. Furthermore, I did not test the expression in mature males during full
moon conditions. Thus, since usually almost no worm matures during a full moon phase, it
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cannot be excluded that the vasotocin gene is regulated in a moon-dependent manner in mature
animals.

3.1.3 Outlook

We wanted to assess the expression domains of both receptors in developing embryos as well as
adult tissues. Thereby, we could have identified cells that are responsive to secreted Vasotocin.
For whole mount in situ hybridisation experiments, three different probes were used per gene, the
fragment obtained via degenerate PCR and the two RACE PCR fragments. However, although
often tried at diverse stages and circadian timepoints, a specific expression pattern could never
be identified. This might be due to a very low expression level in the cell which can be detected
by highly sensitive PCR-based methods but fails to give a signal when using whole-mount in
situ hybridisation.

Furthermore, the quantitative RT-PCR experiments only assess mRNA abundance. However,
the secretion of neuropeptides can also regulated on other levels. For example, the hormone-
containing vesicles are often already primed at the membrane surface and await a signal for
the fusion of the vesicle with the target membrane. Thereby, the peptide release response
can be accelerated. Since these hormones are stored in these vesicles, the mRNA does not
necessarily correlate with secreted hormone levels. However, it would be possible to assess
the proper hormone either by purifying and later on quantifying it or by ELISA, which would
require a specific antibody against the Platynereis dumerilli Nonapeptide. Nevertheless, the
significant upregulation of vasotocin mRNA levels suggests an important role of Vasotocin in
the maturation of Platynereis dumerilii. Furthermore, a direct moon-dependent regulation on the
level of transcription can be excluded based on the presented qRT-PCR results.
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3.2 The regulation of vasotocin expression in vertebrates

3.2.1 Independent duplication of the Nonapeptide hormone genes in vertebrates

The Nonapeptide hormones exist in diverse non-vertebrate species such as echinoderms and
annelids, but has been lost in nematodes and higher insects [108]. I will focus especially on the
evolutionary history of the Nonapeptide in the vertebrate lineage. Basal vertebrates, like lam-
preys and hagfish, as well as most invertebrates possess only one orthologue [63, 113, 109, 47, 46],
whereas all higher vertebrates possess at least two homologues. The correct phylogenetic group-
ing of homologues is important, as often conclusions about functional conservation or diver-
gence are drawn from it. Many authors assume that this increase in gene number reflects an
early duplication of an ancestral gene in the vertebrate lineage that gave rise to independent
Arginine-Vasopressin and Oxytocin lineages [47, 46, 117, 36, 18, 37, 74]. There are few indications
for that. First, when comparing the different vertebrate Nonapeptide sequences, one homo-
logue always has a neutral amino acid at the position eight ("Oxytocin-like" hormones), whereas
the corresponding amino acid in the other homologue is positively charged ("Vasopressin"-like
hormones) [37]. Additionally, similarities in the genomic regions endcoding the Nonapeptides
between diverse vertebrate species have been found [46, 47]. In transgenic mice and rats, the Fugu
vasotocin and isotocin genomic regions show expression of the Fugu Nonapeptides in vasopressin-
ergic and oxytocinergic neurons, respectively [117, 36]. However, we re-assess the phylogeny
of the vertebrate Nonapeptides by using whole preprohormone sequences for a phylogenetic
analysis as well as by taking genomic arrangements, domain structure and the evolution of
regulatory elements into account. We analysed the data present in the literature and examined
the phylogeny of the Nonapeptide superfamily using whole preprohormone cDNA and protein
sequences (Figure 3.4), the domain structure of the Nonapeptide homologues (Figure 3.5 and the
arrangement of the different genomic loci encoding the Nonapeptide genes. In contrast to cur-
rent belief, we conclude that rather several independent duplications occurred during vertebrate
evolution and we also discuss important functional implications.

First, we obtained protein and cDNA sequences for identified Nonapeptide orthologues of
different species through the NCBI and EnsEMBL databases [57]. Upon alignment of these
sequences, trees were generated using neighbour-joining, maximum-likelihood and Bayesian
algorithms implemented in the programs ClustalX2, PhyML3.0 and MrBayes3.1.2 [75, 45, 58]
(Figure 3.4). All trees consistently show an independent duplication of mammalian Arginine-
Vasopressin and Oxytocin on the one hand, and teleost Isotocins and Vasotocins on the other
hand. Node support is strong, independent of the method and the usage of cDNA or protein
sequences (Figure 3.4). Our conclusion confirms previous analyses [60, 59], but is in contrast to
other more recent interpretations [47].

We next asked if the independent duplications of the ancestral vertebrate Nonapeptide locus
are reflected in the domain structure of the different homologues. The preprohormone consists
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Figure 3.4: Revisited phylogeny of the vertebrate Nonapeptide orthologs (a) A phylogenetic
analysis has been prepared using the DNA sequences of several vertebrate Nonapeptide ho-
mologues. Invertebrate Nonapeptide preprohormone sequences were used as an outgroup.
The tree was generated upon a multiple sequence alignment with Muscle using three differ-
ent methods: neighbour-Joining (ClustalX2), Maximum-likelihood (PhyML3.0) and Baysian
phylogenetic inference (MrBayes3.1.2) [45, 58, 75]. The numbers indicate the bootstrap values
(1000 for NJ- and 100 for ML-analysis) and the posterior probability values obtained with
the baysian analysis after 100000 generation with 25% burn-in. The tree has the topology of
the baysian analysis. It clearly shows highly supported independent duplications within the
teleost and mammalian lineage. The names represent the Genus and the capital letter indi-
cates the species (e.g. MusM: Mus musculus). Abbreviations: AVP: Arg-Vasopressin, OXT:
Oxytocin, VTN: Vasotocin, MTN: Mesotocin, ITN: Isotocin, ATN: Annetocin, CPN: Cono-
pressin, CTN: Cephalotocin, OPN: Octopressin. (b) The phylogenetic analysis was repeated
using corresponding protein sequences (compare to (a)) except that the multiple sequence
alignment was prepared using ClustalX2 [75]. In these trees we see independent duplications
within the teleost and mammalian lineage as well. The position of the members from the non-
mammalian tetrapods is less clear. In addition, we tested Vasotocin and Mesotocin sequences
of the chicken Gallus gallus but these sequences seem to be diverged, because they jumped
between branches and led to lower support values.
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of four different parts: the signal peptide, the Nonapeptide (the actual hormone), Neurophysin
and Copeptin. The region that includes the Nonapeptide sequence and the Neurophysin domain
is highly conserved in all homologues, whereas the Copeptin domain with a leucin-rich core
segment is more variable (Figure 3.5). Consistent with their close relatedness, teleost Isotocins
and Vasotocins both contain the Copeptin domain, whereas it is absent in vertebrate Mesotocins
and mammalian Oxytocins. A basic cleavage site and an N-linked glycosylation site preceding
the Copeptin domain have been identified in human Vasopressin [21]. These sites are also
present in Vasotocins of hagfish, coelacanths and non-mammalian tetrapods except for birds
[46, 47], although their functionality is unclear [82]. Teleost vasotocin and isotocin genes lack
these C-terminal sequence features [46, 47] (Figure 3.5). In summary, the domain structure of
the vertebrate Nonapeptide family members alone does not allow a clear conclusion about the
orthology relationships of the different members. On the one hand, it supports an independent
teleost duplication. On the other hand, Mesotocin and mammalian Oxytocin resemble each other
by the lack of the Copeptin domain, which is, conversely, present in Vasotocin and Vasopressin.
However, as we argue below, the loss of the Copeptin domain can be interpreted as a case of
functional convergence.

Vertebrate VTN
Mammalian AVP

Vertebrate MTN
Mammalian OXT

Teleost ITN 
Teleost VTN

Invertebrate
VTN homologs

SP NP Neurophysin NxT Copeptin

(  )

Figure 3.5: Domain comparison between the different Nonapeptide homologues A compari-
son of the domain structure of the Nonapeptide superfamily is shown. Vasotocin in non-
mammalian amniotes and mammalian Vasopressin contain the widely conserved copeptin
domain while it is not present in the Mesotocin and Oxytocin homologues in the same species.
However, it is retained in teleost Isotocins. In addition, it was shown that the Copeptin is
cleaved in mammalian Vasopressin. Although the cleavage site is conserved on a sequence
level, it was shown in frogs that it is not functional [82]. The VTN orthologue of Gallus gallus
contains the N-linked glycosylation site (NxT) but lacks a homologous cleavage site. Thus,
the differences in the domain structure and the preprohormone processing also indicate a
divergent evolutionary history of the vertebrate Nonapeptide superfamily. Abbreviations:
SP: Signal peptide, NP: Nonapeptide, NxT: N-linked glycosilation site, Scissors indicate a
proteolytic cleavage site.
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Finally, we assessed the organisation of the genomic loci in mammals, non-mammalian
tetrapods and teleosts. Mammalian Vasopressin and Oxytocin genes are oriented in a head-
to-head fashion, whereas their orthologues in non-mammalian tetrapods are found in tandem
orientation. The teleost Nonapeptide gene loci are more variable. In some teleosts, the vasotocin
and isotocin genes are not directly linked to each other, but five genes are present in between.
In zebrafish, the genes are even located on two different chromosomes [46, 47]. This divergent
organization of the genomic loci is in accordance with the proposed independent duplications in
vertebrates. One set of data, however, seems to support orthology between vasotocin/vasopressin
and isotocin/oxytocin. The regulatory regions of the teleost Takifugu rubripes vasotocin and isotocin
genes are capable of driving the expression of a gene in transgenic mice and rats in vasopressin-
ergic and oxytocinergic cells, respectively. This finding has been interpreted to indicate a closer
relatedness of vasotocin/vasopressin and isotocin/oxytocin genes [117, 36]. Based on the outlined
history of gene duplications, we propose an alternative scenario: the single ancestral chordate
precursor locus could have already contained distinct cis-regulatory elements, as they are found
in the current teleost and mammalian loci. Upon duplication of this ancestral gene locus, includ-
ing its regulatory regions, similar, but convergent subfunctionalisation might have occurred in
different vertebrate groups. Such a scenario would also explain the ability of mammals to dis-
tinctly interpret the cis-regulatory regions of the Fugu Nonapeptide genes [116, 36]. In conclusion,
the evolution of the Nonapeptide superfamily is more divergent than it has been assumed previ-
ously. Our re-analysis suggests that the ancestral Nonapeptide preprohormone gene duplicated
independently at least two times during vertebrate evolution, giving rise to vasopressin and oxy-
tocin in mammals and to vasotocin and isotocin in teleosts. These independent duplications have
to be accounted for when discussing the functional evolution of the Nonapeptide superfamily.

Particularly, the in-depth analysis of the prohormone domain structure has interesting func-
tional implications. So far, physiological functions have only been described for the name-giving
Nonapeptides. The C-terminal rest of the prohormones is believed to serve as a carrier/folding
aid for the respective Nonapeptide [21]. However, as mentioned above, the Copeptin domain
follows its own evolutionary path, indicative of a separate physiological function. It is present in
both teleost homologues [46, 47]. In non-mammalian tetrapods, however, it can be either present
(Vasotocin) or absent (Mesotocin) from the prohormone [82], indicating that it is not strictly
required for Nonapeptide function. Similarly, mammalian Oxytocin lacks the entire Copeptin
amino acid stretch, whereas it is present in the Vasopressin precursor. Together, these data sug-
gest that the different components of the prohormone precursor could carry different functions.
In line with this, mammalian vasopressinergic cells secrete Copeptin separately from Vasopressin
and Neurophysin [21, 84].
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3.2.2 Regulation of the Nonapeptide gene expression in vertebrates

We analysed so-called reporter lines to assess conservation of regulatory elements across different
species. In 2003, a transgenic reporter mouse was established that contained the Fugu vasotocin
genomic locus [36]. In mouse, the Nonapeptide ortholog is usually expressed in the SCN, the
PVN and SON of the hypothalamus. The authors of this study showed that the genomic region
of the vasotocin locus can induce expression of the Fugu vasotocin gene in a mouse background.
Additionally, the authors could show that the regulatory regions that drive the expression of
vasotocin are located at the 3’end of the gene and might even span the adjacent open reading
frame. A scheme of the used construct is shown in Figure 2.1 [36].

Kristin Tessmar-Raible generated a reporter line in the species Medaka (unpublished). For
that, a similar albeit shorter fragment of the Fugu vasotocin genomic region was used (see Figure
2.1). Four independent insertion lines were already available in the fourth generation. In order
to analyse the reporter line, I first cloned the Medaka Nonapeptide orthologues using standard
RT-PCR. The obtained fragment was subsequently used to generate antisense probes for whole-
mount in situ hybridisation. Additionally, the ontogeny of the Vasotocin expressing cells was
determined.

Differences in the ontogeny of vasotocin expression domains between Medaka and
Zebrafish

The ontogeny of vasotocinergic cells has already been established for Zebrafish [27]. In this
system, the cells first appear in 24hpf embryos in the ventral hypothalamus. One day later,
cells that express vasotocin in 48hpf embryos were identified in the dorsal preoptic area. In
addition to that, cell movements in the ventral hypothalamus domain have been reported. The
other Nonapeptide gene, isotocin, is only expressed in the dorsal preoptic area, in cells that are
in close vicinity to the vasotocin expressing cells [27]. As can be seen in Figure 3.6, the first
Vasotocin expressing cells form at stage 33 to 34. These seem to reside within the dorsal preoptic
area. During the same day, the expression domain broadens, more cells activate the vasotocin
expression within the dorsal preoptic area. Shortly after that, cells in the ventral hypothalamus
start to express the vasotocin gene. This shows that there are temporal differences between
the vasotocin expression in Medaka and Zebrafish since the two prominent expression domains
in the Zebrafish brain appear in a reversed order in Medaka. However, whole-mount in situ
hybridisation experiments represent snapshots of the development. Thus, I cannot exclude that
the domains are moving and changing position. One way to do that would be via two-color
whole mount in situ hybridisation using probes against vasotocin and isotocin. Since isotocin
is only expressed in the dorsal preoptic area, this domain can be identified and correlated to
the developing vasotocin gene expression. Nevertheless, if the developmental timing of the
occurence of both vasotocin-expressing domains is correct, then the ontogeny of vasotocinergic
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cells in Medaka is different from the one in Zebrafish, where it has been shown that the ventral
hypothalamic region appears first and only approximately one day later, the dorsal preoptic area
starts to express vasotocin [27]. This suggests that there are differences in the temporal regulation
of the development of vasotocin-secreting domains. However, the site where vasotocin seems to
be eventually expressed in similar regions in both species.

Figure 3.6: Ontogeny of vasopressinergic cells in Medaka A whole mount in situ hybridisation was
prepared using approximately five days old embryos (stage 34 - 36). The embryos develop
slightly asynchronously within one petri dish. The vasotocin mRNA was visualised using
DIG-labelled antisense cRNA probes and a NBT-BCIP staining. In several fishes no staining
was visible (not shown) but additionally, there were fishes with expression domains at the
same site but with different sizes. The domain that appears alone is most likely located at the
dorsal preoptic area. There is also a growth of this domain that seemed to correlate with the
developmental stage of the embryos. Furthermore, a ventral hypothalamic region could only
be identified together with the dorsal region. If the ventral hypothalamic region occurred, the
dorsal expression site was rather large in comparison to others. The expression domains are
encircled.

Next, I tested the expression of the homologous Nonapeptide gene isotocin in comparison
to vasotocin using 2-color fluorescent whole-mount in situ hybridisation. In zebrafish, isotocin
is only expressed in the dorsal preoptic area in cells that are in close vicinity to vasotocinergic
neurons. An isotocin expression domain in the ventral hypothalamus has not been identified [27].
In medaka, isotocin is also only expressed within the dorsal preoptic area. As in Zebrafish, the
medaka isotocinergic neurons are in close vicinity to the the vasotocinergic neurons and there is
no co-expression of both Nonapeptides in any cell (Figure 3.7).

Analysis of the Medaka vasotocin reporter lines

Furthermore, I analysed the expression of the fluorescent reporter gene in the reporter lines. I
used in vivo fluorescence microscopy as well as whole-mount in situ hybridisation techniques.
Two distinct expression domains are visible at the region where also the neuronal hormone is
expressed. Additional ectopic expression can be seen around the anterior commissure and the
lenses. However, no GFP expression was detected in the ventral hypothalamus.

In order to verify the expression domains seen in vivo, I prepared whole-mount in situ hybridi-
sation using DIG labelled antisense probes against GFP. In Figure 3.9, a representative staining is
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Figure 3.7: Co-expression of Medaka vasotocin and isotocin Here, a 2-color fluorescent whole
mount in situ hybridisation is shown. Vasotocinergic neurons are labelled red while isotocin-
ergic neurons are labelled green. The background label is anti-acetylated tubulin, which did
not penetrate the embryo well for unknown reasons. A Z-stack was recorded using the Zeiss
LSM 510 Meta with a 20x objective. A maximum intensity projection was prepared using
the MacBiophotonics ImageJ package. Because a maximum intensity projection is used, cells
seem to partially overlap (yellow spots). However, this is due to the overlay of several images
and analysing the whole stack in 3D makes it clear that there is no co-expression.

GFP² expression in vivo

Figure 3.8: In vivo analysis of GFP2 expression The arrow indicates the two expression domains
of GFP2 that are within the dorsal preoptic area between the eyes. The picture represents a
projection of a Z-Stack. Thus, note that the ventral hypothalamic expression domain is not
detectable. Furthermore, ectopic expression within cells along the anterior commissure is
present.
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depicted. The three different pictures show different focus planes in the same animal. In all three
different insertion lines, ectopic expression can be detected in the anterior commissure. Addition-
ally, the expression domain in the dorsal preoptic area is also stained. However, the expression
domain seems to be larger than the endogenous vasotocin expression domain I identified.

Ventral plane Middle plane Dorsal plane

Wildtype Cab

Figure 3.9: Whole mount in situ hybridisation of GFP2 A whole mount in situ hybridisation shows
where the reporter gene is expressed. The left picture indicates the ventral expression domains,
the middle picture shows the focal plane in the middle of the embryo and the right picture
shows the dorsal focal plane. As in Figure 3.8, the dorsal preoptic area is stained while the
ventral hypothalamic domain is not stained at all. In addition many other ectopic expression
domains are present. The ectopic expression domain within the anterior commissure is present
in all insertion lines while the other domains are variable and therefore most likely due to
position effects.

In none of the insertion lines, any expression of the reporter gene was visible in the ventral
hypothalamus. However, all had a very broad expression domain at the site of the dorsal
preoptic area. In order to test, if the reporter gene is expressed in vasotocinergic neurons, a 2-
color fluorescent whole mount in situ hybridisation against vasotocin or isotocin and the reporter
gene was used to clearly distinguish the cells under the confocal microscope. Since the expression
is only visible within the dorsal preoptic area, the same batch of fishes was also used to stain
isotocin along with the reporter gene. Representative results are shown in figure 3.10.

In addition to the 2-color fluorescence whole mount in situ hybridisation, stainings for the
vasotocin mRNA was prepared using NBT-BCIP (data not shown). In few, no staining was
detected at all and in some the expression domains are as in the wildtype. However, in few
also ectopic expression of vasotocin was found in the anterior commissure. This could mean that
the construct somehow induces the expression of vasotocin. This would mean that potentially
the Vasotocin levels in these fishes are higher, providing that the cells contain the machinery
to process and secrete the neuronal hormone. An integration site-dependent mechanism could
also be possible. However, I have seen that in all four insertion lines and thus such a position
effect is rather unlikely. Another possibility would be that with my probes against Medaka
vasotocin I could also label the Fugu vasotocin gene. Although the gene is not expressed, it is

38



3.2 The regulation of vasotocin expression in vertebrates

FP
ITN

FP
VTN

Figure 3.10: Co-expression of the Nonapeptides with the Reporter genes Here, the co-expression
of the reporter gene is compared to the expression of the Nonapeptides Vasotocin and
Isotocin. The pictures were taken using a confocal microscope and a maximum intensity
projection was prepared using MacBiophotonics ImageJ. The vasotocin gene seems to be
always coexpressed with the reporter gene whereas the isotocin gene has some overlap
(yellow) but there are also cells that express isotocin or the reporter gene alone (red and green
arrows). Furthermore, the results for the vasotocin gene are inconsistent with the fact that the
isotocin and vasotocin genes are not co-expressed. Furthermore, other whole-mount in situ
hybridisation experiments gave inconsistent results (discussed in the text).

likely still present on the reporter gene mRNA. However, this would also mean that the probes
cross-react differently between different fishes. A possible explanation for the 2-color fluorescent
whole mount in situ hybridisation results would be that, the antibody-conjugated peroxidase
was not inactivated properly after the first staining. This could result in remaining peroxidase
activity in cells that should not be labelled with the second staining. However, increasing the
inactivation time did not result in changes. Furthermore, the 2-color fluorescence whole mount
in situ hybridisation of the genes vasotocin and isotocin were prepared in the same run and did
not show overlapping cells. Thus, the way to test the reporter lines still has to be optimised.

Generation and analysis of Zebrafisch reporter lines

The same construct as was used to generate the Medaka vasotocin reporter lines was used to
generate transgenic zebrafish lines. For that, the construct was recloned into a Tol2 Zebrafish
injection vector belonging to the Tol2Kit [70]. It was then injected into one- to two-cell stage
embryos along with mRNA encoding for the Tol2 transposase. The injected fishes were out-
crossed or incrossed and their offspring (F1) was analysed using the SteREO Lumar microscope.
However, in none of the embryos from several couples, the expression of the reporter gene could
be detected. This is surprising since the construct worked in Medaka and a similar construct
even works in mice.

In the next step, I used several embryos from one batch for genomic DNA extraction. This
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DNA was then used for genotyping PCR (Figure 3.11). Three different reactions per batch were
prepared. These reactions should amplify fragments of the construct at three different sites. In
this way, it was tested if the complete transgene was transmitted. Using this approach, I could
identify at least seven couples that transmitted the transgene to the next generation. The readout
was very clear since three independent PCR reactions were used and always a positive and
negative control was prepared. Although I found the gene to be transmitted to at least seven
different F1 generations, I could not identify the expression of the reporter gene in any of them.
This also makes possible integration site-dependent inhibition of gene expression rather unlikely
because at least seven different insertion lines exist. Nevertheless, genotyping via a PCR reaction
also provides several difficulties. Since I extracted the genomic DNA from a group of embryos, it
is still possible that only partial fragments that very between individuals were transmitted to the
next generation. This would require that the gametes of the parents are heterogenous concerning
the construct insertion site. Another possibility would be that the construct was disrupted and
integrated partially at different sites in the genome. Thus, I can still detect the fragments but the
close spatial relationship is missing and thus the reporter gene cannot be expressed.

Medaka Zebrafish

Medaka
WT

Zebrafish
WT

Medaka
VTN line

Zebrafish
VTN line

1 2 32 31

1 2 31 2 3

GFPGFP

Figure 3.11: Representative genotyping PCR At the bottom, the locations of the three amplicons
is depicted according to the construct used to generate transgenic animals. At the top, a
genotyping PCR reaction was analysed on a 1.2% agarose gel. The Medaka reporter lines
were used as a positive control. The genomic DNA of wildtype Medaka and Zebrafish was
used for the negative control. On the right side, the genotyping PCR results for the offspring
of one couple is shown.

This is of course a very surprising result. While the construct that originates from Fugu can be
used to drive the expression of a reporter gene at least partially in mice [36] and Medaka, it fails to
express the reporter gene in a Zebrafish background. This could also mean that Zebrafish cannot
interprete the Fugu promotor. However, this can be tested by using a promotor that is known to
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work in Zebrafish instead of the Fugu promotor. Another explanation is that Zebrafish changed
the cis-regulatory factors that drive the expression of vasotocin. This is also supported by other
facts. First, the development of vasotocin expressing domains is reversed between Medaka and
Zebrafish as shown above. Although the expression domains seem to be conserved, this could
be an indication for different gene regulatory networks that drive the expression. Another hint
comes from the genomic structure of the Nonapeptide genes locus. In several teleost species,
the vasotocin and isotocin genes are linked with several genes in between. These genes show
conserved synteny relationships. In other vertebrate species, these two genes are even more
closely linked. This linkage is also thought to be important for the regulation of Nonapeptide
gene expression [46, 47, 117]. However, Zebrafish is the only species in which these genes are
not linked but reside on different chromosomes [47]. If this linkage really is important for the
regulation of vasotocin expression, then Zebrafish must have evolved different mechanisms to
drive the expression in the proper neurons.

One way to test this would be to identify regulatory elements using the computational approach
phylogenetic footprinting. However, this cannot be done because the Zebrafish vasotocin gene
locus is not completely sequenced yet. Another possibility would be to inhibit known upstream
regulatory factors. For example, rx3, otp and sim1 have been identified to be upstream of vasotocin
in Zebrafish [27, 109]. Their expression in Medaka could be downregulated by injecting specific
morpholinos, thereby inhibiting translation. Additionally, natural occuring mutants could be
used. In these animals, the vasotocin expression could be identified using standard whole-mount
in situ hybridisation. In this way, it can be tested if these factors are also important for vasotocin
expression in Medaka. If not, then this would represent a strong indication for differences in the
upstream regulatory machinery and would explain why the Fugu construct works in Medaka
and mice but not in Zebrafish.

In order to correctly compare the different reporter lines, I recloned the construct that was
used in mice with the integrated reporter gene using fusion PCR as shown in figure 2.1. The
construct was cloned into the pDestISceITol2 injection vector. This vector was used to inject
zebrafish embryos. Because the Tol2 transposase is present in Medaka, the fragment with the
ISceI sites at both ends had to be amplified via PCR and injected together with ISceI protein as
a linear fragment. Unfortunately, in the course of the diploma thesis, the injected fishes did not
reproduce yet and thus I could not analyse them.

3.2.3 Evolutionary links between the GnRH and the Nonapeptide system

A common evolutionary origin links the Nonapeptide and GnRH neurohormonal systems

Several functional similarities exist between the Nonapeptide system and the GnRH-GAP de-
capeptide system (Figure 3.14). We compared both systems to better understand their functional
and evolutionary relationship. A first level of comparison between the systems concerns their
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role in reproduction. Most prominently, members of the Nonapeptide family have been well
established for their control of intraspecies communication/behavioural changes [111, 25]. These
behaviours are often connected to bonding, parental care or mating (see below, [84, 111, 83, 130,
13, 39, 40, 50, 79]). In addition, a connection between the development/maturation of reproduc-
tive organs and Nonapeptide hormones has been suggested by several studies for vertebrates
and invertebrates [109, 39, 2, 33, 67]. The GnRH-system also governs several aspects crucial
for gonadal development and reproduction directly and indirectly [62, 120, 42, 81]. Expres-
sion and functional studies also suggest a role for GnRH in the reproduction in invertebrates
[64, 19, 104, 95]. In mammals, Vasopressin and Oxytocin control a variety of behaviours, includ-
ing different male and female reproductive behaviours (see for example [37, 40, 7, 16]). A similar
behavioural function has also been described for frogs [25]. Thus, GnRH and the Nonapeptide
system have so far predominantly been connected to the regulation of reproduction. In addition,
secretion of Vasopressin and its orthologues is directly responsive to changes in body fluid os-
molarity [7]. Thus, many Nonapeptides are involved in salt homeostasis, osmoregulation and
therefore excretion [7]. Given their functional similarities, we wondered if these derive from a
shared evolutionary ancestry. Although there is no apparent sequence similarity between the
GnRH and Nonapeptide preprohormones, both encode two proteolytically released peptides.
Their major functional parts are of similar lengths (Nonapeptide vs. Decapeptide) and contain
additional C-terminal co-released peptides.

The evolutionary relationship of hormonal systems is often difficult to assess based on the
hormones alone, as these are relatively short and tend to evolve faster. In contrast, receptors are
often more reliable to track the history of hormonal systems, as they tend to be larger and easier
to detect by similarity searches. Indeed, both Nonapeptides and/or GnRH-GAP have been lost
from multiple invertebrate groups, whereas their receptors were maintained [112, 108, 54, 23, 15].
A closer analysis of the GnRH- and Nonapeptide receptors reveals that they belong to the same
Rhodopsin-family of G-protein coupled receptors (GPCRs) and are more closely related to each
other than to any other GPCR [54, 31]. Therefore, both receptors most likely derive from a
common precursor molecule, which suggests a common origin of the GnRH and Nonapeptide
neuronal hormone systems early in evolution [108].

Ontogeny and evolution mirrors the functional diversification of the Nonapeptide
superfamily

The seemingly unrelated functions of the Nonapeptide neurohormonal system in reproduction
and excretion are mirrored by the evolution and ontogeny of the reproductive and excretory
organs in diverse bilaterian species. These organs develop from the same anlage (Figure 3.12)
The vertebrate urogenital system consists of the kidney, testes or ovaries, as well as the duct
system that connects the excretory and the reproductive systems to the outside. All parts of this
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system originate from the intermediate mesoderm [35]. The ontogenetic connection between
osmoregulatory and reproductive organs is also conserved in many protostomes, most promi-
nently in lophotrochozoans. The postlarva of the "annelid stem species" [8] most likely had
tubular segmental organs that functioned as excretory as well as genital organs. Also, several
modern annelid species use their metanephridia (i.e. excretory systems) to expel their gonadal
products. It has been proposed that these organs share a common evolutionary heritage [8].
These relations leave us with the puzzling question, why two seemingly divergent functions like
reproduction and excretion as well as their organs originally evolved together.

Metanephridium Coelom

1 2 3 4

testis

mesonephros

duct system

A

B

Figure 3.12: Comparative view of urogenital development in annelids and vertebrates (A) The
development of metanephridia is depicted. These are excretory organs in annelids and they
are often used to expel gonadal products as well. As can be seen in the different segments,
the metanephridia develop from one single spot and grow into a tubule-like structure that
connects the coelom with the outer world. [8] (B) The phylogenetic development of the
urogenital system in amniotes is shown here. The schemes represent the urogenital system
in several sturgeon species (A), shark and urodele species (B and C) and in amniotes (D). In
the ancient urogenital system, the testis was still connected directly to the mesonephros. As
can be seen in B-D, the testis and mesonephros seperate during evolution. Therefore, the
excretory and reproductive organs share a common evolutionary origin. This is still apparent
by the fact that both systems develop from the same tissue anlage. Pictures reproduced after
[96].
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Why did reproductive and excretory organs evolve together?

The first hint that sheds light onto this relationship is the possible pheromone-like role of the
Nonapeptides conserved in basal chordates as well as in higher vertebrates. The CSF contains a
considerable amount of neuronal hormones. Whereas in vertebrates, the CSF is always discon-
nected from the environment, in the basal chordate amphioxus, both larvae and adults show a
continuity between their CSF and the outer sea water ([119, 55, 72], Fig. 3). During amphioxus
development, the edges of the neural plate bend up and fuse to form the neural tube. The ante-
rior part of the neural tube does not close entirely but rather leaves a porus, the larval anterior
neuropore [125]. In the adult, a remnant of the anterior neuropore still exists, namely Kölliker’s
pit (Fig. 3). The structure is filled with cilia [123] that are moving [55] [54]. The CSF/sea water
continuum allows vital dyes to be taken up via the anterior neuropore and to stain neurons within
the body [55]. This finding suggests that diffusion of small molecules, like peptide hormones,
through the anterior neuropore is possible.

Remarkably, pheromone-related functions of the Nonapeptide system exist in vertebrates. Va-
sopressin accumulates in the CSF after intranasal application [12] and sex-dependent differences
in the response to administered Vasopressin and Oxytocin were found. Human males rate faces
as unfriendlier after Vasopressin application, whereas females rate faces as friendlier [111]. Ad-
ditionally, intranasal administration of Oxytocin in human males modulates trust [69, 44, 9] as
well as the perception of displayed emotions [24]. The aforementioned possibility that neu-
ropeptides can be taken up and released by marine organisms and the fact that accumulation
of Vasopressin and Oxytocin in human CSF after intranasal application occurs [12] and affects
behaviour, indicates that uptake and release of Nonapeptides could be an evolutionary ancient
feature.
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Figure 3.13: Basal chordate anatomy is compatible with an ancestral pheromonal function for
neurohormones. a) Schematized head of an amphioxus larva (dorsal to the top, anterior
to the left). b) Close-up of the anterior neuropore (anp) region (boxed area in a). The
anp allows diffusion of small molecules between the CSF in the anterior cerebral vesicle
and the surrounding seawater. The figure is based on [71, 72], redrawn with permission.
Abbreviations: anp: anterior neuropore, fe: frontal eye, nc: notochord, lab: lamellar body,
mo: mouth, acv: anterior cerebral vesicle, inf: infundibulum
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A second aspect that provides a link between the seemingly divergent functions of ancient
neurohormonal factors considers the ontogenetic relationship of GnRH neurons and olfaction.
In mammals, a subset of the gnrh-gap expressing neurons appears first in the nasal placode and
subsequently migrates through the cribriform plate into the basal forebrain. Finally, the cells
will be positioned in the hypothalamus and innervate gonadotropin-secreting cells in the brain
[17]. Interestingly, these GnRH neurons do not only originate together with olfactory neurons
from the same placode, but will later receive direct input from olfactory neurons [127, 11]. Thus,
it has been proposed that the olfactory-hypothalamus-adenohypophysis axis originates from an
ancestral cell type that combined both olfactory and GnRH-secreting properties [4].

An ancestral chemosensory-neurosecretory system evolved in prebilaterian species

So far, we discussed that the GnRH and the Nonapeptide systems are functionally similar and
originated from one common ancestral hormonal system. Both play prominent roles in re-
production, including their function as pheromones and neuromodulators to influence several
intraspecies behaviours. Additionally, the Nonapeptide system is crucial for osmosensation and
subsequently, osmoregulation/excretion. In light of the additional link between the GnRH and
the olfactory system, we suggest that the ancestral GnRH/Nonapeptide hormonal system was
able to sense olfactory/pheromonal and chemical cues (Figure 3.14). We hypothesize that this
ancient chemosensory-neurosecretory system was used to sense outer environmental conditions,
and subsequently adjusted the organism to these conditions. Furthermore, this system would
have been able to respond to proper environmental mating conditions with the secretion of neu-
ronal peptide pheromones. These pheromones were sensed by other individuals and influenced
their reproductive behaviours. The same peptides also functioned as hormones and influenced
reproduction in both sender and receiver, thus providing a possible feedback-loop that ultimately
led to mating in favourable conditions. The predicted pheromone-like function of this ancestral
system seems to be still present in some of today’s metazoans. For example, secreted GnRH
induces mass spawning in the mollusc Mopalia sp. [41]. As outlined above, pheromone-like
transport of Nonapeptides is also possible. Such a broadly chemosensory system regulating
different body functions presumably had little possibilities to regulate gonadal growth or repro-
ductive behaviour in a more specific or detailed way. Molecular duplication of the ancestral
system then gave way to a more fine-tuned subfunctionalization.

When did this ancestral chemosensory-neurosecretory system evolve?

The molecules of both systems are present in the two major branches of the bilaterian animal
tree. Therefore, we conclude that the common ancestor of all bilaterian species (Urbilateria) must
have had both systems. In order to test if both were already in place at the dawn of metazoa,
we searched for the existence of related peptide hormones and their receptors in the available
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genomes of three non-bilaterian metazoa, namely Nematostella vectensis (Cnidaria), Trichoplax ad-
herens (Placozoa) and Monosiga brevicollis (protist). However, despite reported immunoreactivty
for GnRH in cnidarian species [62], we did not find any indication for the presence of GnRH-
and Nonapeptide- related neurohormones or receptors in the published genomes. As these
molecules must have evolved from a common precursor, at least this precursor molecule should
be detectable. Our failure to do so could be explained by incomplete genome sequences/assembly
or that these species lost the respective orthologues in the course of evolution.
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Figure 3.14: A scenario for the evolutionary diversification of the Nonapeptide and the GnRH
systems from a common precursor In this scenario, an ancestral prebilaterian chemosen-
sory and neurosecretory system (top) acted to sense environmental conditions and respond
to them by secretion of peptide pheromones/hormones to regulate homeostasis and various
aspects of reproduction. In the course of bilaterian evolution, these functions were sub-
divided between the Nonapeptide and GnRH neurohormonal systems (bottom). Shared
functions between the systems therefore reflect ancestry rather than convergence.
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3.2.4 Outlook

The proposed independent duplications of the Nonapeptide genes are very important, since
often assumptions concerning the function of diverse genes are drawn from evolutionary rela-
tionships. This is especially important, since experiments for the functional characterisation of
the Nonapeptides in diverse species are influenced by the assumed evolutionary history.

Furthermore, I analysed the expression of vasotocin and its regulation in two different teleost
fish species. Striking differences between the vasotocin expression were identified. The newly
established reporter lines with the complete construct that was used in mice [36] will show if the
important regulatory regions are located outside of the construct that was used to generate the
analysed fish reporter lines. In addition to that, the vasotocin gene locus of the teleost species
should be analysed using a phylogenetic footprinting approach to identify conserved regulatory
regions. Unfortunately, this locus has not been fully annotated in the published Zebrafish genome
and thus differences in conserved non-coding and potentially regulatory elements could not be
identified. However, a comparative analysis of this locus should provide further indications for
the way the nonapeptide genes are regulated in vertebrates.

Finally, we compared the functions and the phylogenetic relationship of the Nonapeptide and
the GnRH systems. Thereby, we deduced that both derive from a common prebilaterian hor-
monal system that governs several aspects of reproduction and that this system was broadly
chemosensory in nature. Analysing the pheromone-like aspects of the GnRH and Nonapeptide
system in chordate species might provide further insights into the functions of the proposed
ancient hormonal system. In addition, it has been found that some GnRH- and Nonapeptide
releasing cells express a presumptive light-sensitive Opsin molecule [109, 49]. Thus, the ancient
hormonal system might also have responded to outer light clues. However, this is often depen-
dent on exogenous light cycles and thus, light might have an effect over a longer time-period
while the chemosensory nature of this system likely initiates immediate responses.
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3.3 Identification of a novel deep brain photoreceptor family

In the previous sections, I discussed my results concerning the Nonapeptide hormonal system
in diverse species and as stated previously, the hormones are secreted according to exogenous
light cycles. Our hypothesis is that deep brain photoreceptor cells are responsible for that. These
cells co-express the Nonapeptide and a member of a specific Opsin family [109]. In this section,
I want to discuss the results I obtained during the characterisation of this specific Opsin family.

In 1999, two studies independently reported that a deep brain photoreceptor-like molecule
exists in mammalian brains [10, 48]. The gene and its expression domains were identified in
adult human and mouse tissues. In 2003, a group reported that they discovered a potential
homologue to Encephalopsin, namely TMT Opsin [86]. The authors suggested that based on the
overall similarities the TMT Opsin and Encephalopsin genes are closely related but based on the
percentage of sequence identity these Opsins rather represent two different families. However,
Encephalopsins and TMT Opsins were regarded as true homologues in another study [122]. One
member of the TMT Opsin family has been identified in Zebrafish and one member in Fugu [86].
The authors found that it is expressed in a variety of tissues and organs in adult fishes. However,
in 2007 it was shown that the gene is not expressed in a variety of tissues and organs in developing
fishes but is restricted to neuronal regions, most prominently in the hypothalamus. Since these
Opsins are deep brain photoreceptors they might also play important roles in photoperiodic time
measurement. Additionally, a conserved co-expression with the neuronal hormone Vasotocin in
some cells was found. This lead to the hypothesis that this Opsin might be implicated in the
regulation of seasonal Vasotocin secretion [109].

3.3.1 Initial identification of the novel TMT Opsin homologues

I blasted several vertebrate genomes (see Figure 3.18) and found that only one ortholog exists in
diverse mammalian species, namely Encephalopsin. In all other vertebrate species, I could iden-
tify one Encephalopsin homologue. Additionally, in the genomes of marsupials, non-mammalian
tetrapods and teleosts I found members of the TMT Opsin family. I predicted the identified ho-
mologues and prepared a multiple sequence alignment to test if some Opsins were likely to be
falsly predicted. Indeed, some seemed to be truncated, which can be explained by incomplete
assembly of the respective genome sequences or by incorrect gene prediction.
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Figure 3.15: Vertebrate phylogeny A phylogenetic analysis of the vertebrates is shown. The tree was
taken from the EnsEMBL genome browser [57] and modified using FigTree. The genome
sequences for the species used to build the tree are available. Eutheria (shown in green) seem
to lack any evidence for the existence of TMT Opsins while in all other species I could identify
either several complete paralogs or at least fragments of TMT Opsin genes (as for two marsu-
pial species). I tested the eutherian species Tursiops truncatus, Bos taurus, Loxodonta africana,
Mus musculus, Rattus norvegicus, Pan troglodytes and Homo sapiens. This means I cannot ex-
clude the existence of TMT Opsins in other eutherian species, but based on the phylogenetic
position of all tested species, they likely represent all eutherian groups. Furthermore, for
almost all of these species, one Encephalopsin homologue has been automatically annotated,
except for Sus scrofa which most likely is due to incomplete genome assembly. Interestingly,
in all of these species one Encephalopsin homologue has been identified despite several
genome duplications.
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In order to see how these homologues relate to each other and to other already identified visual
and non-visual rhabdomeric and ciliary Opsins a phylogenetic analysis was prepared (Figure
3.16 and 3.17). For the calculation of the first tree, the neighbour-joining algorithm was used.
Members of the ciliary and rhabdomeric Opsins were included to see where the TMT Opsin and
Encephalopsin family clusters. The second tree was calculated using three different algorithms
and the output always had a similar topology. Furthermore, all important nodes are highly
supported by all three methods. The tree in figure 3.17 shows the topology resulting from the
baysian phylogenetic inference.

The TMT Opsins and Encephalopsins cluster together with the ciliary Opsins when compared
to rhabdomeric Opsins (Figure 3.16). Furthermore, the bootstrap values around the invertebrate
ciliary Opsins show a very low support for the existing branches although the support is high
when omitting this group. Also, the branch clusters rather to the other ciliary Opsins when
calculating the tree using a maximum likelihood algorithm (data not shown). This suggests
that the invertebrate ciliary Opsins represent an outgroup to the vertebrate ciliary Opsins and
diverged before the divergence of the ciliary Opsins. The branch that includes all TMT Opsins
and Encephalopsins is always separated from other identified visual and non-visual ciliary
Opsins (Figure 3.17). Furthermore, four distinct groups form. One contains the mammalian
Encephalopsin homologues as well as one homologue for each species. The other three groups
represent three different TMT Opsin families, namely TMT Opsin family A, B and C. In these
groups, teleost-specific duplications were identified. However, it has to be stressed that the
identification of these Opsin genes highly depend on genome coverage. Therefore, the identified
members might not represent all existing TMT Opsin or Encephalopsin orthologues. In table 3.18,
a summary of the phylogenetic clustering in the diverse species is shown which also highlights
teleost specific duplications.

I identified clear TMT Opsin homologues from non-mammalian tetrapod species and from five
different teleost fish species (Figure 3.18). Interestingly, I also found fragments of TMT Opsin-like
proteins in Macropus eugenii and Ornithorhynchus anatinus when blasting the already annotated
TMT Opsin like-protein of Monodelphis domestica (XP_001372147.1) against both genomes. I only
could find fragments of the TMT Opsin homologues in both species, which is most likely due
to a low genome coverage. These are marsupials, an infraclass to placental mammals. Placental
mammals (Eutheria) seem to have lost the TMT Opsin family, since I could not find any indications
for its presence in available genomes although many have a very high coverage, like the human
and mouse genomes.
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Figure 3.16: Phylogeny of the TMT Opsins and Encephalopsins in relation to other Opsin
families A phylogenetic analysis using different rhabdomeric Opsins, Melanopsins and
ciliary Opsins in addition to TMT Opsins and Encephalopsins was prepared using ClustalX2
[75]. The TMT Opsins and Encephalopsins cluster together with ciliary Opsins and outside
of rhabdomeric Opsins. RGR Opsins were used as an outgroup.
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Figure 3.17: Phylogeny of the TMT Opsins and Encephalopsins in relation to visual and non-
visual vertebrate ciliary Opsins This phylogenetic analysis was prepared to compare the
relation between the different TMT Opsin and Encephalopsin homologues to each other. The
tree was calculated using three different methods: neighbour-joining, Maximum likelihood
and Baysian phylogenetic inference. The support values for all important nodes are indicated
and the topology of the tree is according to the baysian phylogenetic inference. It has to be
stressed that not all homologues were included since not for all I could predict a complete
seven transmembrane domain. The tree clearly shows that Encephalopsin homologues
cluster outside of the TMT Opsins. Three different TMT Opsin families were identified that
contain homologues from different groups. Again, RGR Opsins were used as an outgroup.
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Figure 3.18: Summary of the identified TMT Opsin and Encephalopsin family This table shows
the animals that were used for the initial blast search for novel TMT Opsin and Encephalopsin
family members. It also indicates on which chromosome, scaffold or group the genes are en-
coded and which have been predicted properly and thus also have been used for the phyloge-
netic analysis. Furthermore, the affiliation of the specific Opsins to the Encephalopsin or the
different TMT Opsin families is indicated and species-specific duplications are highlighted.
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Furthermore, Encephalopsin seems to be highly conserved in vertebrate species. This is
deduced from the automatic annotation of the genomes accessible via the EnsEMBL genome
browser [57]. In almost every vertebrate genome that can be accessed online, one Encephalopsin
homologue has been annotated (except for Sus scrofa which could also be explained by incomplete
genome coverage). This conservation of gene number despite whole-genome duplications that
occurred during vertebrate evolution suggests that the gene number might also be under selective
pressure. However, in order to test this, the function of the Encephalopsin homologues have to
be unravelled. Despite a not well supported role in asthma susceptibility [122], no function has
ever been suggested for Encephalopsins.

3.3.2 Analysis of the novel Opsin sequences

In order to verify that the identified genes represent real Opsin genes I analysed specific amino
acid residues that are known to be crucial for Opsin function and therefore characterise Opsin
proteins. This was done by analysing a multiple sequence alignment with all TMT Opsin
homologues and other important Opsin families. All compared amino acids are highlighted in
the scheme of the bovine Rhodopsin structure that was published in 2000 [90] (Figure 3.19). All
numbered sequence positions mentioned later on refer to the corresponding position in bovine
Rhodopsin.

In Figure 3.20 the main conserved sequence characteristics are compared. The overall seven
transmembrane structure is conserved as for all GPCRs. All of the novel identified Opsins contain
a highly conserved Lysine residue that is needed to covalently attach the light-absorbent retinal
group to the Opsin protein (see figure 3.21). Furthermore, the transducin binding domain as well
as the cystein residues that form a cystein bridge are highly conserved. The transducin binding
domain is usually ERY for the TMT Opsins and Encephalopsins. However, all homologues
that cluster within the TMT Opsin B group have the sequence DRY. This might not only have
functional implications, but also indicates that the phylogenetic clustering obtained with the
TMT Opsin B family is correct, since all homologues that cluster in this group have a DRY at
this position while all others an ERY. Furthermore, I tested the Exon-Exon boundaries of the
homologues I identified in Zebrafish and Medaka. For all homologues, the three exon-exon
boundaries are at the same position within the gene. Interestingly, these intron positions are
also conserved in other visual and non-visual ciliary Opsins [86]. An additional second intron
is present in vertebrate ancient Opsins, pinopsins as well as the visual Opsins. However, the
position of this second exon is not conserved. Other Opsin families have a completely different
intron-exon structure. Therefore, the genomic structure of the TMT Opsins and Encephalopsins
also indicate that these genes are closely related to ciliary Opsins.
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Figure 3.19: Schematic representation of the structure of bovine Rhodopsin In 2000, the structure
of the bovine Rhodopsin homologue has been elucidated [90]. This schematic representation
of the structure is taken from [90] and important amino acid residues were highlighted.
In dark red, the highly conserved transducin binding domain is highlighted. In red, the
two residues that act as a counterion in diverse Opsin molecules is labelled. The orange
ellipse marks the highly conserved cystein residues that form a cystein bridge and in yellow,
the retinal-binding lysine residue is marked. Finally, the sequence within the green ellipse
represents a highly conserved C-terminal stretch that is thought to be crucial for G protein
binding and also serves as a signature sequence that distinguishes ciliary Opsins from other
Opsin families. [4]
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Figure 3.20: Comparison of potentially functional amino acid residues in the novel identified
Opsin families This table shows the comparison of highly important structural features
and amino acid residues within the Encephalopsin and TMT Opsin family. All members
highly resemble the light-sensitive bovine Rhodopsin and can therefore potentially act as
light-absorbent molecules as well.

At position 113 in the bovine Rhodopsin the amino acid Glutamate (E) serves as a so-called
counterion. This counterion is needed to balance a positive charge that is present when 11-cis
retinal binds covalently to the highly conserved lysine residue at position 296. Usually, the
retinal group absorbs UV light. However, in the presence of a counterion the wavelength of the
absorbed light shifts to a visible range [105, 107]. In vertebrate ciliary Opsins, the counterion
is at the position 113. The corresponding amino acid in invertebrate Opsins is neutral and
therefore cannot act as a counterion. It was discovered, that the amino acid at the position 181,
which is a negatively charged Glutamate in all rhabdomeric Opsins in invertebrates acts as a
counterion [105, 107]. It has been proposed that the ancestor of the rhabdomeric and ciliary also
used the counterion at the position 181 and vertebrate ciliary Opsins evolved in a way that the
counterion is at the position 113. This is supported by the fact that cephalopodian retinochrome,
a Rhodopsin-like protein, uses the glutamate at position 181 as a counterion [105, 107, 99]. I
compared the amino acids at the corresponding positions in the novel identified Opsin proteins.
The results and a structural scheme of the counterion function in vertebrate and invertebrate
Opsins are shown in Figure 3.21.

Encephalopsins have a negatively charged amino acid at the position 113. The amino acid is
not glutamate but rather an aspartate. This change in amino acid likely does not have an effect
since both amino acids are quite similar and aspartate can also function as a counterion [99].
Furthermore, this charged amino acid residue lies within a predicted transmembrane region. It
is likely that the negative charge has to be counterbalanced, which suggests that this residue
likely acts as a counterion. As can be seen in the table, TMT Opsins have the same amino acids at
the position 113 and 181 as the invertebrate rhabdomeric as well as ciliary Opsins. This suggests
that TMT Opsins have different structural features than other so far identified vertebrate ciliary
Opsins. Based on the occurence of the same counterion setup in vertebrate TMT Opsins, it is likely
that the counterion setup identifed in protostomian rhabdomeric and ciliary Opsins represents
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Figure 3.21: Potential counterions in diverse Opsin families A counterion is a negatively charged
amino acid residue that interacts and balances a positive charge that emerges after the
covalent binding of the retinal group to a highly conserved lysine residue (shown on the left,
picture taken fron [99]). The counterion in vertebrate ciliary Opsins (visual and nonvisual)
usually is a negatively charged amino acid at the position 113. However, in other families, like
invertebrate Opsins, Melanopsins, Peropsins, RGR Opsins as well as TMT Opsins, the amino
acid at the corresponding position 113 is not negatively charged but neutral. However, for
some of them, it has been shown that they employ a highly conserved glutamate at position
181 as a counterion [105, 107]. The table on the left illustrates the amino acid residues at the
respective positions 113 and 181 for diverse Opsin families. The asterisk indicates that most
but not all Amphioxus Opsin homologues share the indicated counterion setup.

the ancestral setup. Other vertebrate ciliary Opsins evolved in a way that the counterion is
shifted to the position 113. In summary, divergent Opsin families like the vertebrate TMT Opsin
and the rhabdomeric Opsins share this specific regulatory feature while it has been changed only
in other vertebrate ciliary Opsins. Thus, it is most likely that the ancestral Opsin employed a
counterion at position 181 and that many vertebrate ciliary Opsin families shifted the counterion
to the position 113 [99].

A C-terminal stretch close to the seventh transmembrane domain important for the binding
of G-proteins exists. This stretch has also been implicated in representing a signature sequence
that distinguishes ciliary from rhabdomeric Opsins [5]. I compared the corresponding sequence
stretches between the different Opsin families using a sequence logo. As can be seen in figure
3.22, this C-terminal sequence stretch is highly conserved between the vertebrate visual and non-
visual Opsins as well as TMT Opsins. This suggests that despite the invertebrate-type counterion
setup shown above the TMT Opsins contain that ciliary-type C-terminal stretch. However, the
corresponding C-terminal stretch of Encephalopsins differs considerably from the stretch in
other vertebrate ciliary Opsins. It also does not resemble any other Opsin group. This means
that the C-terminal stretch does not represent a clear signature sequence, since Encephalopsins
are ciliary Opsins based on the phylogenetic clustering and the gene structure. Furthermore, it
suggests that differences in the binding of a G-protein exist between Encephalopsins and other
vertebrate ciliary Opsins. Taken together, based on the phylogenetic clustering, the differences
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in the counterion setup and the differences between the C-terminal stretches of TMT Opsins and
Encephalopsins, I conclude that these rather represent two different Opsin families. Thus, TMT
Opsins are not homologous to Encephalopsins but rather represent two distinct Opsin families
(as suggested by Moutsaki et al., [86]). Furthermore, since no TMT Opsin homologue has been
found in the genome of eutherians but in all other vertebrate groups, I deduce that the TMT
Opsin family likely was lost in eutherians.

3.3.3 Opsin expression in two teleost species, Medaka and Zebrafish

In the next step, I wanted to assess the gene expression to determine if the novel members of
the TMT Opsin family are expressed in diverse tissues and organs as suggested earlier [86]. If
yes, this could mean that the authors of this study rather assessed the expression of several
TMT Opsin homologues at once instead of only the one they identified. Since the authors used
a cross-species RNA protection assay to assess the expression pattern, similar Opsin proteins
might also have been detected. Furthermore, for one TMT Opsin homologue it has been shown
that it is discretely expressed in the hypothalamus of Zebrafish. It would be interesting to know
if the identified novel members of this family are always expressed sites from where neuronal
hormones are secreted.

I cloned fragments of all TMT Opsin and Encephalopsin homologues I found in Medaka and
Zebrafish. This also means that all identified members of this family are in fact expressed since the
mRNA must have been present. Therefore they do not represent pseudogenes that emerged from
a recent duplication and currently degenerate via genetic drift. I prepared antisense DIG-labelled
cRNA probes to test where these Opsins are expressed via whole-mount in situ hybridisation.
However, not for all cloned Opsins a clear expression pattern could be identified. This suggests
that either the genes are expressed at a very low level or unknown technical difficulties hindered
the whole-mount in situ hybridisation procedure for some unknown reason. Interestingly, I
almost exclusively found expression in distinct and confined areas within the central nervous
system for all of the novel members from the TMT Opsin family. Only the zebrafish TMT Opsin
B2 homologue seems to be expressed within the swim bladder in two stripes.

I never found any expression in other tissues and organs. It is also apparent that paralogues that
cluster within one group also show different expression patterns. This suggests that extensive
sub- and neofunctionalisation occurred after the duplication event. Thus, the closely related
homologues likely exert different functions or similar functions in different cells of the brain.
This of course contradicts earlier results [86]. As mentioned above, it would be possible that
the authors rather detected several homologues instead of only the one they were looking at.
However, since no expression in any other organ for any TMT Opsin homologue was detected,
it could also be that the TMT Opsin expressing cells form later in development, sometime after
seven days post fertilization for Medaka and five days post fertilization for Zebrafish. In fact, it
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Figure 3.22: Sequence logos of a C-terminal stretch important for G protein binding Here, a
comparison between the conserved sequence stretch at the C-terminos from several Opsin
homologues is shown. The sequences were aligned and the stretch within the single groups
was analysed using the tool WebLogo. The TMT Opsin family strongly resembles the other
vertebrate visual and non-visual ciliary Opsins. However, the Encephalopsin family does
not resemble any other family. Thus, differences in the downstream signalling are expected
since this region is important for G protein binding. Furthermore, this does not represent a
signature sequence [5] to determine if an Opsin molecule belongs to the ciliary Opsins, since
the Encephalopsins represent clear ciliary Opsins based on the phylogenetic clustering and
the gene structure.
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Figure 3.23: Expression pattern of Zebrafish TMT Opsins The expression of the indicated TMT
Opsin homologues was analysed in 3 days old embryos. Deep brain photoreceptor cells
could be identified in all regions of the brain. Interestingly, the TMT Opsin homologues
are all expressed in distinct confined regions. Interestingly, even closely related paralogues
show very divergent expression domains. Unfortunately, not for all identified Opsin genes
an expression pattern was identified. The left column shows the lateral view with anterior
to the left and dorsal to the top. The right column shows a dorsal view with anterior to the
left.
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seems that the number of expression domains increase with age in Zebrafish and Medaka. This is
shown for the expression of Medaka homologues in Figure 3.24 and we found a similar increase
in expression domains also in developing Zebrafish (data not shown). In Medaka, most domains
that are present in five days old embryos are also present in seven days old embryos, however
additional domains appear.

TMT Opsin A2 TMT Opsin C1 TMT Opsin B

5 days5 days

7 days

Figure 3.24: Expression pattern of Medaka TMT Opsins The upper row shows the expression in
five days old embryos and the lower row shows the expression on seven days old embryos.
The pictures in the lower row represent minimal intensity projections of a Z-Stack to show
all domains at once. The pictures of the upper row show one focal plane. However, all
cells that were present are visible. The top right picture was taken by Thomas Hoffmann.
It illustrates the highly conserved pineal expression domain (compare to Figure 3.23. Note,
that after seven days of development several new expression domains are visible. The fishes
are shown with a dorsal view with anterior to the left.

Interestingly, only few expression domains of homologous TMT Opsins seem to be conserved
between different species. One example for that is the TMT Opsin B family. In this family,
homologues from medaka, chicken and zebrafish exist among homologues of other species.
The medaka homologue is specifically expressed in few cells within the amacrine layer of the
eye. The cells seem to be enriched behind the lense, thus making light excitation despite the
eye pigment possible. Furthermore, the expression of the homologous TMT Opsin in chicken
can also be found in the amacrine layer of the eye (personal communication). In the zebrafish
genome two homologues that cluster into the TMT Opsin B group were identified. One of these
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homologues shows expression in the pineal gland. A similar pineal expression was also detected
with the TMT Opsin B homologue in Medaka. However, the pineal expression in medaka seems
to be regulated by unknown cues because the expression could not always be detected although
other expression domains were always found. In the course of this thesis, it was not possible
to elucidate the regulatory mechanisms for that. A pineal expression of a presumptive light-
sensitive Opsin molecule is very interesting since the pineal gland is known to be light-receptive
and also highly neurosecretory [118]. It is well known that cells from the pineal gland secrete
melatonin in order to translate an outer circadian cycle into an internal melatonin-level rhythm
[119, 129]. A study from 2007 shows that the zebrafish pineal gland expresses two ciliary Opsins,
namely exo-Rhodopsin and red-cone Opsin. Furthermore, it was shown that the amount of light
that is absorbed for each wavelength cannot be explained with the absorption of both Opsins.
Thus, the authors suggested that other visual pigments are co-expressed in the pineal gland of
Zebrafish [129]. The function of the specific Opsins in the pineal gland were not addressed. Since
the Zebrafish TMT Opsin B2 homologue and the Medaka TMT Opsin B homolog are expressed
in the pineal gland, it is possible that these represent the other identified Opsins that correspond
to the pineal absorption spectrum. However, this still awaits verification.

Eye-specific expression of TMT Opsin B

Frontal view Lateral view

Figure 3.25: The Medaka TMT Opsin B homologue is expressed in the eye The expression of the
TMT Opsin B homologue in the eyes is shown. The lense was removed to better visualize
the staining. At the left, it can be seen that the TMT Opsin B-positive cells are restricted to
the amacrine cell layer. The expression at this site is also conserved in the chicken (personal
communication) with the homologous TMT Opsin. The picture on the left indicates that the
cells are expressed behind the lense and thus should receive proper light input despite the
eye pigment.
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3.3.4 Conserved alternative splicing events

For subsequent functional analysis we cloned the full-length coding sequence of the novel Opsins
I found in Medaka and Zebrafish using a combination of RACE PCR and nested RT-PCR. The
full-length sequences of most Opsin homologues from Medaka were cloned by Ruth Fischer (All
except A2 and C2, which so far could not be cloned).

Interestingly, the nested PCR reactions from Zebrafish spanning the whole coding sequence
represented one single band on an agarose gel, whereas fragments with different sizes were
cloned from Medaka cDNA. When analysing the sequences, we found only one isoform for all
Zebrafish TMT Opsins. However, in Medaka alternative splicing has been detected in several of
the Opsin genes.

Interestingly, for the human and mouse Encephalopsin homologues a similar relationship was
found. Whereas in mice no alternative splicing was detected, six different splice isoforms for the
human Encephalopsin have been detected [65]. The human Encephalopsin gene has at least six
different exons. The sequence used in this study is the complete sequence that is encoded by the
four exons 1, 2, 5 and 6. In alternatively spliced isoforms, two additional exons are present after
the second exon. Four of these six isoforms contain a premature stop codon and therefore should
be degraded via NMD [101, 80]. For the Medaka Encephalopsin homologue we discovered
two isoforms. One of them corresponds to the predicted sequence, whereas the other one lacks
the complete exon 2. This type of alternative splicing is called exon skipping. This leads to a
frameshift and subsequently to a premature stop codon before the last exon-exon junction. This
is usually an indication for the degradation of the mRNA via non-sense mediated mRNA decay
(NMD) [101, 80].

For the Medaka TMT Opsin A1 and B1 homologues three different isoforms were discovered.
In addition to the complete predicted protein we found two different splice isoforms for both
genes. In both genes, a cryptic splice site in exon one is used to generate mRNA that contains
a premature stop codon. Therefore, members of the TMT Opsin families A and B share the
exact same cryptic splice site despite the phylogentic clustering that is backed up by specific
differences in the transducin binding domain (as discussed above). This suggests that this
alternative splicing isoform dates back to the common precursor of both TMT Opsin families
and was retained during evolution. However, no alternative splicing event was identified in the
TMT Opsin C family so far. This strongly suggests a functional role for these different isoforms.
In addition to the alternative splicing described above, both homologues have additional cryptic
splice sites in the first and second exon, respectively. Both isoforms again contain premature stop
codons and therefore cannot produce functional proteins.

The function of any of these isoforms is not clear. Since the alternatively spliced transcripts with
premature stop codons can be detected very efficiently via RT-PCR, they seem to be relatively
abundant when compared to the complete transcript. Furthermore, the conservation of the
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Figure 3.26: Alternative splicing identified in Medaka TMT Opsin and Encephalopsin homo-
logues The gene structure identified for the two TMT Opsins A1 and B1 as well as for the
Encephalopsin homologue is shown. While we could identify the correctly spliced isoform
(black lines) for all of them we found additional alternative splicing events (red and blue
lines). In the case of Encephalopsin, the exon 2 is skipped (Exon skipping) while the TMT
Opsins have additional cryptic splice sites within the exons 1 or 2, respectively. No alternative
splicing has been detected for Zebrafish TMT Opsin or Encephalopsin homologues.

alternative splicing sites in different TMT Opsin families suggest that an important functional
component might be present. It could be that nonsense-mediated mRNA decay is used to
regulate the Encephalopsin and TMT Opsin mRNA pools in the cell. However, a role of NMD in
the regulation of gene expression is under debate [101, 80]. Another important factor to consider
is that the alternatively spliced transcripts might not be present in all expression domains. As
shown above, I identified that the Opsins are expressed in a several distinct domains within the
developing brain. However, some domains might not express the complete protein based on the
occurence of the alternatively spliced isoform. Additionally, we could not identify these splice
isoforms in Zebrafish. This might be due to the fact that adult brain cDNA was used to clone
the TMT Opsin and Encephalopsin homologues in Zebrafish and whole 22 days old embryos
were used for Medaka. Thus, we cannot exclude that these splice isoforms are present during
Zebrafish development, but we did not detect them in adult brain tissue.

3.3.5 Generation of reporter lines

An interesting evolutionary question opens up when analysing the different expression domains
of the homologous members of the TMT Opsin family in teleosts. Although the genes derive
from a common precursor molecule, their expression domains show that even paralogous genes
are expressed in different domains. This means that the members of this family were subjected to
extensive sub- and neofunctionalisation that followed gene duplication. Therefore, the upstream
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regulatory sequences that guide a cell type-specific expression of the TMT Opsin homologues
must have changed. We analysed this by trying to identify potential regulatory regions of some
TMT Opsin groups via phylogenetic footprinting. In short, this is the comparison of homologous
genomic DNA loci encoding for the gene of interest from diverse species. All non-coding yet
still conserved sequence stretches likely represent regulatory regions. I analysed members of
the TMT Opsin A and B family. Genomic regions of the five available teleost fish genomes were
analysed using the program Mulan [76]. In figure 3.27, the results are depicted.

Figure 3.27: Phylogenetic footprinting for two TMT Opsin families Here, the results for two
phylogentic footprinting analyses are shown. The Fugu genomic region was used as a
template and it was compared to the corresponding genomic regions of four different teleost
species. The genomic regions that were used were chosen according to the phylogenetic
clustering identified with the TMT Opsin homologues. Blue peaks indicate the highly
conserved exons. Pink and red peaks indicate non-coding conserved regions. However, the
peaks in the third intron and 3’ of the TMT Opsin homologue B rather represent another
gene that was not annotated. In the analysis of the TMT Opsin A family, these peaks are
also present, yet a lower degree of conservation is identified. Also, the gene is not known
to be expressed from this locus based on EnsEMBL annotations and I therefore conclude
that these represent remnants of the gene that changed via genetic drift. Together with the
phylogenetic clustering of TMT Opsins, I conclude that the ancestral TMT Opsin gene was
intertwined with the other gene before the paralogues emerged after several duplication
events.

I could identify several peaks upstream of the TMT Opsin homologues of the A1 and B
family. In the same plots, conserved elements are also identified in the third exon and 3’ of
the gene. When blasting them against the NCBI non-redundant protein database, I found that
the conserved sequences represent the protein α-2,6-sialyltransferase II. Interestingly, the α-2,6-
sialyltransferase II gene is intertwined with the TMT Opsin B orthologue. However, similar peaks
are also identified between the TMT Opsin A1 family. Not only are the peaks lower, indicating
less conservation across species but also no other α-2,6-sialyltransferase II paralogue has been
annotated at this locus [57]. However, this does not exclude the conserved remnants from being
regulatory regions important to guide TMT Opsin expression.

This suggests that the common ancestral molecule that gave rise to the TMT Opsin A, B and C
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family already was already linked to α-2,6-sialyltransferase II. Several copies of that gene were not
needed and the genes were lost via genetic drift. This must have been a relatively recent event
since the remnants of this gene are still detectable in the TMT Opsin family A. I did not prepare
phylogenetic footprinting for the TMT Opsin C family, but based on the phylogenetic analysis it
seems that the B and C families are more related to each other than to the A family. Therefore,
the B and C families likely shared a common ancestral molecule with the TMT Opsin A family.

In order to characterise the identified potential regulatory regions I cloned the complete third
intron from the Medaka TMT Opsin A1 homologue as well as 6.5 kilobases upstream of the TMT
Opsin homologues in front of a fluorescent reporter gene. I included all upstream sequences
until the endogenous start codon. In this way I cloned all identified non-coding conserved
regions as well as the highly conserved third intron into a reporter vector. This vector was
subsequently used to generate transgenic Zebrafish and Medaka in order to label specifically the
cell types that express the TMT Opsin A1 homolog. The resulting reporter lines should then be
used to functionally adress the TMT Opsin expressing cell type. For example, it is possible to
isolate the reporter gene expressing cells using laser microdissection or fluorescence activated
cell sorting (FACS). Additionally, one important step would be the characterisation of the cell
type morphology. As discussed above, ciliary photoreceptor cells contain a cilium with a large
number of membrane stacks to increase their own surface and therefore the light sensitivity. This
is because more Opsins can act within a larger membrane surface. If the specific TMT Opsin-
expressing cells are labelled with GFP, then an immonugold-labelled antibody against the GFP
transgene can be used to identify the cells using electron microscopy. In this way, the morphology
of the cells can be analysed and might also provide hints for a potential light-receptive capacity
of the TMT Opsin proteins.

3.3.6 Outlook

Deep-brain photoreceptors are often implicated to guide photoperiodic time measurement.
Thereby the animals can discriminate between differences in daylength and therefore seasons. In
order to identify if these Opsins are important for this process, fishes could be raised under long-
and short-day conditions (usually 16 hours light, 8 hours dark and vice versa). The expression
levels in specific expression domains could be assessed via in situ hybridisation in fishes kept
under the different light regimes.

The identification of several new members of the TMT Opsin family and their distinct and
confined expression domains within the brain provide us with the problem that a functional
characterisation will be very difficult. At first, the hypothesis that the TMT Opsin A2 homologue
that is co-expressed with the neuronal hormone Vasotocin could regulate Vasotocin secretion is
still valid. However, it is difficult to hypothesise about similar functions of the other homologues,
since they are expressed in various regions within the brain, some of which are not known to be
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neurosecretory.
There are three different Rx transcription factors encoded in the teleost genome. In Medaka, the

Rx3 homologue is expressed in the eye and also in the hypothalamus and neurohypophysis [22].
The other Rx homologues are only expressed within the eye during development ([53], MEPD).
It has been shown that Rx genes are important for the specification of ciliary Opsin photoreceptor
cells in the eye and a hypothesis exists that Rx genes are crucial for the specification of ciliary
photoreceptor cells (reviewed in [3]). However, the dispersed confined expression pattern of
the TMT Opsin genes within the brain suggest that this might not always be true. Based on
the expression pattern and the only partial overlap with Rx genes suggest that the TMT Opsin-
expressing cells might be regulated differently than other ciliary photoreceptor cells. Another
possibility would be that the cells acquire their cell identity via Rx genes before but later on move
to their respective target sites. An interesting experiment would be to test with whole mount
in situ hybridisation the expression of TMT Opsins in Rx3 deficient animals. Either natural
occurring mutants can be used for that or the respective Rx genes can be knocked down using a
morpholino-based approach.

As suggested above, the alternative splicing that we detected in Medaka might have a potential
regulatory role. It would be interesting to test if the splice isoforms that contain a premature
stop codon are localised to different regions within the brain. Thereby, it might be possible to
characterise domains where the correct isoform is expressed and thus also the correct protein is
produced. This could be done by whole-mount in situ hybridisation using small antisense LNA
probes. These LNA probes should be used against the alternative exon-exon junctions. LNAs
are characterised by a very high melting temperature that specifically drops when a mismatch
is present. Thus, the size of the LNA can be very small and it can still be effectively used to
selectively label the cells that express either isoform. Furthermore, the alternative splicing might
also regulate the amount of functional mRNA within a cell. Therefore, it could also be tested if
the levels of both transcripts change with outer cues. For example, a circadian or photoperiodic
regulation of TMT Opsin alternative splicing is imaginable. This could be tested by using
quantitative RT-PCR specifically detecting either Opsin isoform. A method for that would be to
detect the specific isoforms with Taqman probes that span the respective exon-exon junctions.
However, when doing so, the different expression domains within the brain have to be taken into
account.

67



68



4 Conclusion

In conclusion, I analysed various aspects of a highly conserved system of sensory-neurosecretory
cells in three different species, namely Platynereis dumerilii, Medaka and Zebrafish.

In Platynereis dumerilii, I cloned the so far unknown homologues of the Vasotocin receptors. In
addition, I analysed the expression of vasotocin in respect to the lunar rhythm. It seems that the
expression of vasotocin does not correlate with a lunar cycle. It likely plays a role in maturation
since the hormone is upregulated in maturing males. This suggests that the vasotocin gene is
not directly connected to the lunar clock but rather to maturation, which on the other hand is
governed by a lunar clock.

In vertebrates the sensory and neurosecretory aspects of this system was analysed indepen-
dently from each other. In the first part, we analysed the evolutionary history of the Nonapeptide
gene family in vertebrates where we found that likely independent duplications gave rise to the
Nonaptide genes in today’s vertebrates. Furthermore, we deduced a common evolutionary ori-
gin of the GnRH and the Nonapeptide system based on functional and phylogenetic comparisons.
We conclude that both systems evolved from an ancient pre-bilaterian broadly chemosensory
neurosecretory system that regulated different aspects of reproduction. In addition to the the-
oretical part, we analysed cross-species reporter lines in Medaka and Zebrafish that use Fugu
enhancer and promotor elements. We conclude that the expression of the vasotocin gene in Ze-
brafish is differentially regulated since the reporter gene fails to be expressed in Zebrafish but
works at least partly in Medaka and also in mice [36].

In the final project, I identified several members of the TMT Opsin and Encephalopsin deep
brain photoreceptor families in vertebrates. After intensive sequence analysis I conclude that both
are indeed seperate Opsin families that have distinct structural features that clearly distinguishes
them from other so far identified ciliary Opsins. However, both families are highly conserved in
vertebrates except the TMT Opsin family was lost in eutherian species. I analysed the expression
of several of these novel Opsin homologues in Medaka and Zebrafish and found that the genes
are expressed in confined domains in all brain regions. The expression was found in regions
that are known to be neurosecretory, like the hypothalamus [109] or the pineal gland. However,
the genes are also expressed in other domains that so far are not known to be neurosecretory.
Based on the assumption that the identified genes encode for light-responsive proteins, many
more deep brain photoreceptor regions within the teleost brain than previously assumed were
discovered.
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5 Appendix

5.1 Whole mount in situ hybridisation in Medaka and Zebrafish

Whole mount in situ hybridisation is a method used to visualize RNA within the whole body
of an animal. This can be done in Medaka as well as in Zebrafish embryos. First, the embryos
at the proper stage of interest have to be fixed in 4% PFA in 2x PTW (2xPBS, 0.1% Tween20) for
4-6 hours at roomtemperature on a shaker and optionally also up until 6 days at 4◦C. After that,
the embryos were washed in 1xPTW and bleached using 0.5% KOH, 3% H2O2 for roughly 30
minutes in a basket until the pigmentation is completely dissolved. Then, the embryos were put
to 100% MeOH and put on a shaker for 1 hour. During this hour, the MeOH was replaced once
and after the hour, the MeOH was replaced and the fishes stored at −20◦C. At this stage, the
embryos can be stored for several months.

The probes were prepared from two possible types of templates. Either the gene was cloned
within a vector that contained T7 or SP6 transcription start sites in the proper orientation or a
PCR was prepared to isolate the fragment with specific primers. The reverse primer is attached to
a T7 or SP6 site. If a vector was used, then the vector had to be cut with a restriction enzyme that
linearizes the vector at the opposite site of the antisense probe template than the transcription
start site. The vector and PCR products should be checked on a gel if linearisation or amplification
worked efficiently. Then, after purification with either the Quiagen PCR Purification Kit or the
Quiagen Gel Extraction kit as in the manual, the concentration is assessed and 1µg of the vector is
used for the in vitro transcription reaction. For the PCR, 200ng were used for the reaction. Then,
the reaction was started by mixing 2µl of the DIG-UTP dNTP mix (Roche) with 1µl RNAsin
(RNAse inhibitor, Promega), 2µl of the RNA polymerase (SP6 or T7, NEB) and 2µl Transcription
buffer (NEB) and water to 20µl. The reaction is incubated at 37◦C for 3 − 4 hours and then 1µl
RNAse-free DNAse (NEB) was added. After 20 minutes, the reaction was stopped by cleaning
it up using the RNAsy Mini Kit (RNA Cleanup protocol). It wis eluted with 50µl RNAse-free
water. Then, 2µl are tested on a gel in formamide containing loading buffer. Prior to loading,
the sample is heated to 94◦C for 5 minutes. Only one thick band should be visible. If so, 150µl
Hyb-Mix are added to the probe and then stored at −20◦C.

All following steps have to be made at room temperature and in 2ml SafeLock tubes unless
otherwise indicated. The embryos are rehydrated in a series of MeOH, 1xPTW mixtures (75%
MeOH, 50% MeOH, 25% MeOH; 5 minutes each). Then the embryos are washed twice with
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1xPTW for five minutes. The embryos are treated with ProteinaseK to facilitate probe and
antibody penetration. The time of ProteinaseK digest is dependent on species, developmental
stage and ProteinaseK batch. For Zebrafish, it takes usually 11 minutes and for Medaka usually
20 − 2 minutes for the used stages. However ProteinaseK digestion times have to be found
empirically for each stage. After the ProteinaseK digest, the digest was stopped by rinsing the
embryos shortly in 2mg/ml glycine/1xPTW. Then, the embryos were postfixed for 20-30 minutes
in 4% PFA/1xPTW. After postfixation the embryos were washed with 1xPTW 6 times (Medaka)
or 4 times (Zebrafish). The embryos were prehybridised by incubating them in Hyb-Mix (50%
formamide, 5xSSC, 0.1% Tween20, 0.5mg/ml torula RNA, 50µg/ml Heparin) at 65◦C for 2-4 hours.
After that, 20µl of the probes were denatured in 175µl Hyb-Mix at 80◦C. Then, the Hyb-Mix with
the fish embryos was replaced by the 200µl probe mixture. The probe was hybridised to the
mRNAs at 65◦C overnight.

The next day, the embryos were washed to remove non-bound probe. The washes were all per-
formed at 65◦C. For zebrafish, they were as follows: 5 minutes in Hyb- (50% formamide, 5xSSC,
0.1% Tween20), 3x10 minutes in 25% Hyb- in 2xSSCT, 5 minutes in 2xSSCT and 2x30 minutes in
0.2xSSCT. These steps are followed by one wash step for five minutes in 0.2xSSCT,MABT (1:1)
at roomtemperature and then five minutes MABT. For Medaka, the following was used: 2x30
minutes in 50% formamide/2xSSCT, 15 minutes in 2xSSCT and 2x30 minutes in 0.2xSSCT.

After the washes, the embryos have to be blocked to exclude unspecific binding of the antibody.
This is done for 1−2 hour(s) using either MABT + 2% DIG block (Roche) (Maleic acid buffer plus
Tween) (Zebrafish) or 5% sheep serum in 1xPTW (Medaka). Then, the embryos are incubated with
anti-DIG antibody (1 : 2000 (Medaka) or 1 : 4000 (Zebrafish) dilution in the respective blocking
solution) either overnight at 4◦C or for 2 hours at room temperature. After the incubation,
the antibody is washed off either six times with 1xPTW or 5 times with MABT for 10 minutes
each. If the antibody was applied at roomtemperature, then one of the washes can be put to
4◦C overnight. The embryos are transferred to a 6- or 24-well plate and then stained. Medaka
embryos are first equilibrated in staining buffer (2M TrisHCl, 5M NaCl, 1M MgCl2, 10% Tween20).
The embryos are then stained in SB+NBT (337.5µg/ml)/BCIP(175µg/ml) for several hours until
staining appeared. Zebrafish embryos are put to BM Purple, a commercially available NBT/BCIP
substrate (Roche) until staining was visible. The reaction is stopped by washing the embryos
twice in 1xPTW (one wash overnight at 4◦C). The next day, the embryos are refixed in 4% PFA
for 30 minutes, washed with 1xPTW three times and then put to 87% glycerol until they were
mounted on microscope slides for image acquisition.
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Fluorescent 2-color WM-ISH – “CHECK PROTOCOL” 

 

DAY 1 
 

o Fix as usual, MeOH treated animals at -20°C, all steps in 2ml tubes 
o Rehydrate in 75% MeOH/PTW for 5 minutes at RT 
o Rehydrate in 50% MeOH/PTW for 5 minutes at RT 
o Rehydrate in25% MeOH/PTW for 5 minutes at RT 
o Wash in PTW for 5 minutes 
o Wash in PTW for 5 minutes 
o Digest with Proteinase K at 22°C 

 ([10µg/ml PTW] >>> 5µl stock [20mg/ml] in 10ml PTW) 
o Stage 30 >>> 16 minutes 
o Stage 32-34 >>> 20 minutes 
o Stage 37 >>> 25 minutes 

o Rinse shortly with 2mg/ml glycine/PTW (1:100 dilution of Stock in PTW) 
o Fix in 4%PFA/PTW for 20 minutes 
o Wash in PTW for 5 minutes 
o Wash in PTW for 5 minutes 
o Wash in PTW for 5 minutes 
o Wash in PTW for 5 minutes 
o Wash in PTW for 5 minutes 
o Prehybridize in Hyb-Mix at 65°C for 2h 
o Mix 20µl of each probe (XXX-DIG/XXX-FLUO) with 160µl Hyb-Mix/sample, heat to 80°C 
o Remove Hyb-Mix and add probe with Hyb-Mix 
o Incubate at 65°C o/n 

 
 

DAY 2 
 

o Remove the probe mix 
o Wash embryos with 50% formamide/2xSSCT for 30 minutes at 65°C 
o Wash embryos with 50% formamide/2xSSCT for 30 minutes at 65°C 
o Wash embryos with 2xSSCT for 15 minutes at 65°C 
o Wash embryos with 0,2xSSCT for 30 minutes at 65°C 
o Wash embryos with TNT for 5 minutes at RT 

o (100mM TrisHCl, pH 7.5; 350mM NaCl;0.1%Tween20) 
o Wash embryos with TNT for 5 minutes at RT 
o Block embryos in TNB (TNT plus 2% DIG Block) for 2h at RT 
o Add 200µl Anti-Fluo-Fab-POD (Roche) (1:50 diluted in TNB) o/n at 4°C, 

o Dissolve lyophilized antibody with 1ml water to obtain 150U/ml 
 
 
 
 
 



DAY 3 

 
o Rinse with TNT 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Rinse in 100µl TSA Amplification Diluent 
o Dilute Fluorescein Fluorophore Tyramide 1:50 in TSA Amplification Diluent (i.e. staining 

solution) 
o Add staining solution (covered embryos, ~100µl) 
o ALL STEPS IN THE DARK!!! 
o Stain for 30 minutes to 1.5 hours, wash few fishes with TNT twice and check 

fluorescence using the SteREO Lumar 
o After sufficient staining, rinse embryos using TNT  
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Incubate in 1%H2O2/TNT without shaking in the dark for 20 minutes 
o Wash with TNT for 5 minutes 
o Wash with TNT for 5 minutes 
o Wash with TNT for 5 minutes 
o Wash with TNT for 5 minutes 
o Wash with TNT for 5 minutes 
o Block embryos with 1% Roche Blocking reagent/TNT at RT on a shaker 
o Add Anti-Dig-POD antibody (Roche) at a 1:100 dilution AND Anti ac. tub. AB (1.2:100)  

in TNB overnight at 4°C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



DAY 4 

 
o ALL STESPS IN THE DARK!!! 
o Rinse with TNT 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Rinse in 100µl TSA Amplification Diluent 
o Dilute Cy3 Fluorophore Tyramide 1:50 in TSA Amplification Diluent 
o Add staining solution (covered embryos, ~100µl) 
o Stain for 30 minutes, wash few fishes with TNT twice and check fluorescence 

using the SteREO Lumar 
o After sufficient staining, rinse embryos using TNT  
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Incubate embryos using anti mouse Cy5 (0.5:100 in TNT) for 2h at RT in the dark 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Wash with TNT for 10 minutes 
o Remove all TNT and add DABCO Glycerol, let stay at 4°C o/n 

 

 



5 Appendix

5.2 Injection of Zebrafish and Medaka

The injection solution was different between Medaka and Zebrafish. In Medaka, the vectors
or PCR products were injected (20 − 25ng/µl) with the meganuclease ISceI (NEB, stored at
−80◦C), 0.5x ISceI buffer (NEB) in a total volume of 20µl water. For Zebrafish, the vector DNA
was injected (20 − 25ng/µl) along with mRNA from the transposase Tol2. This transposase is
encoded on a vector and part of the Tol2Kit [70]. The vector was cut using NotI (Fermentas), the
cutting was verified on a gel and the vector was purified using the Quiagen PCR Purification
Kit. Then, an in vitro transcription has been started using the linearized vector as the template.
The reaction was prepared using the Ambion mMessage mMachine SP6 Kit according to the
protocol. This kit adds a cap-structure to the transcribed mRNA and it can therefore be injected
in cells where it is translated. Thus, while the meganuclease ISceI is injected as a protein, the Tol2
transposase is injected as mRNA and is only translated in the injected embryo. At the beginning,
several injection markers were added (FITC or TRITC, Molecular Probes). However, this was
stopped since the needle tended to clog more often and the expression of the transgene was not
well detectable because of bleedthrough. Thus, later on, the injection markers were not added
anymore to the mix. The mix was centrifuged at full speed for 5 minutes and then stored on ice.
3µl were used to fill the needles.

In medaka, the fertilized eggs were scraped off of the belly from several females. They were
rolled on a sheet of Whatman paper in order to dry and separate them by removing the hair-like
structures. Medaka embryos can be kept at 4◦C or on ice, which slows down their development.
This is not possible with Zebrafish eggs that are much more vulnerable to such cold temperatures.
Zebrafish couples were set up the day before the injection in so-called mating cages. In these
cages, the fishes are seperated by a plastic disc and mating is induced in the morning after the
disc is removed. After 30 minutes, the eggs can be collected easily because they fall through an
inlay and remain seperated from the parents.

The eggs were fixed in a petri dish that contains a solid agarose layer (1.5% agarose in fish
medium) with furrows where the embryos can be placed in using forceps. The embryos were
positioned so that the eggs face the upper right corner from where the needle will penetrate
the embryo. The petri dish with the fishes was put under a Zeiss Binocular. The capillaries
(Science Products, GB100F-10 (0.58x1x100mm) for Medaka and GB100TF10 (0.78x1x100mm).
The numbers indicate inner diameter x outer diameter x length) were pulled to needles using the
Sutter Instrument Flaming/Brown Micropipette Puller P97 with the following settings: (Medaka)
Pressure: 500, Heat: 560, Pull: 28, Velocity: 30, Time: 150. (Zebrafish) Pressure: 500, Heat: 510,
Pull: 100, Velocity: 170, Time: 120. The needle was attached to a needle holder connected to
the InjectMan NI2 to move the needle properly and the FemtoJet -express- to regulate the air
supply. The injection solution was injected in one to two-cell stage embryos. The amount was
variable but it usually was one third of the cell volume. The embryos were then kept in the same
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petridish after the injection at 28◦C. The next day, expression of the reporter gene was assessed
using the Zeiss SteREO Lumar. Any animal with expression in any part of the body were raised
to adulthood.
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ATN Annetocin
AVP Arginine-Vasopressin

C Opsin Ciliary Opsin
Cc Catostomus commersoni

cDNA complementary Deoxyribonucleic acid
CPN Conopressin

cRNA complementary Ribonucleic acid
CSF Cerebrospinal fluid/Central spinal fluid
CTN Cephalotocin
DNA Deoxyribonucleic acid
ECR Evolutionary Conserved Region
Ef Eisenia fetida

ELISA Enzyme-linked immunosorbent assay
ERM Embryo Rearing Medium
FACS Fluorescence-activated cell sorting
G_R GnRH receptor
GFP Green fluorescent protein
Gg Gallus Gallus

GnRH Gonadotropin Releasing Hormone
GPCRs G protein-coupled receptors

Hs Homo sapiens
ITN Isotocin
itnR Isotocin receptor

LCDVs Large Dense Core Vesicles
LNA locked nucleic acid
Ls Lymnaea stagnalis

Mm Mus musculus
MTN Mesotocin
mtnR Mesotocin receptor
Myr Million years
NMD Nonsense-mediated RNA decay
NP Nonapeptide

NxT N-linked glycosilation site
Ol Oryzias latipes

OPN Octopressin
Otp Orthopedia
Ov Octopus vulgaris
OXT Oxytocin
oxtR Oxytocin receptor
PCR Polymerase Chain Reaction
Pdu Platynereis dumerilii
PVN Paraventricular Nucleus

qRT-PCR quantitative Reverse Transcriptase-PCR
R Opsin Rhabdomeric Opsin

RACE PCR Rapid Amplification of cDNA Ends
Rc Rana catesbeiana

RGR Opsins RPE retinal G protein-coupled receptor
RNA Ribonucleic acid

RT-PCR Reverse Transcriptase PCR
Rx Retinal homeobox

SCN Suprachiasmatic Nucleus
Sim1 Single-minded homolog 1
SON Supraoptic nucleus
SP Signalpeptide

TMT Opsin Teleost Multiple Tissue Opsin
vpR Vasopressin receptor
VTN Vasotocin

Amino acids according to IUPAC rules

Used abbreviations



5 Appendix

5.3 Used software

TMHMM - Prediction of transmembrane domains
http://www.cbs.dtu.dk/services/TMHMM/

Softberry - Homology-based gene prediction (and many other tools)
http://linux1.softberry.com/berry.phtml

Mulan - Phylogenetic footprinting
http://mulan.dcode.org/

Vista - Phylogenetic footprinting
http://genome.lbl.gov/vista/index.shtml

REST - qRT-PCR data analysis
http://www.gene-quantification.de/

Primer3 - Primer design software
http://frodo.wi.mit.edu/primer3/

Oligocalc - Primer properties calculations
http://www.basic.northwestern.edu/biotools/oligocalc.html

IDT DNA Tools - Misc. tools, Primer properties calculations
http://eu.idtdna.com/Scitools/Scitools.aspx

EBI Tools - Misc. tools, Muscle
http://www.ebi.ac.uk/Tools/

Expasy Tools - Misc. tools
http://www.expasy.ch/tools/

CLC Main Workbench 5 - Overall sequence management
http://www.clcbio.com/

NCBI webserver
http://www.ncbi.nlm.nih.gov/

EnsEMBL genome browser
http://www.ensembl.org/index.html

JGI genome browser
http://genome.jgi-psf.org/

PhyML3.0 - Phylogenetic analysis
http://www.atgc-montpellier.fr/phyml/

MrBayes3 - Phylogenetic analysis
http://mrbayes.csit.fsu.edu/

ClustalX2 - Sequence alignment and phylogenetic analysis
no homepage available
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6 Abstract

In today’s neuroscience, the brain is mostly seen as an integrative organ that processes infor-
mation perceived by peripheral sensory organs. However, besides its processing function, the
vertebrate brain contains many cells that have been suggested to be directly sensory. We focus
on one specific type of such sensory-neurosecretory cells. These cells express the presumptive
light-sensitive Opsin molecule and secrete the neuronal Nonapeptide hormone Vasotocin. These
cells are highly conserved and present in vertebrates, as was shown for Zebrafish, as well as in
invertebrate species, such as the annelid Platynereis dumerilii. Thus, they presumably already
existed in Urbilateria and form the ancient core of the vertebrate brain (Tessmar-Raible, 2007).

In many species, the secretion pattern of the neuronal hormone Vasotocin correlates with
reproductive cycles that are governed by exogenous light cycles. It has been suggested that this
cell type acts as a conserved minimal module that controls the cycling Vasotocin hormone levels
(Tessmar-Raible, 2007).

The goal of my diploma thesis is to further investigate different aspects of this system to
finally come closer towards a functional characterisation of this highly conserved, sensory-
neurosecretory cell type. For that I work on three different projects. First, I further characterise
the Vasotocin hormonal system in Platynereis dumerilii. Second, I investigate how the expression
of vasotocin is regulated in diverse vertebrate species and finally, I characterise novel presumptive
light-sensitive members of a deep brain photoreceptor family in vertebrates.
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7 Zusammenfassung

Das Gehirn wird oft als integratives Organ beschrieben, welches Informationen von peripheren
sensorischen Organen bekommt, prozessiert und einen bestimmten Output erzeugt. Jedoch
kann das Gehirn nicht nur Informationen prozessieren, es ist auch in der Lage selbst Informa-
tionen aufzunehmen. Es wurden im Gehirn von einigen Spezies Zellen beschrieben, die direkt
sensorisch sind. Diese Zellen sekretieren oft auch neuronale Hormone und bilden den anzes-
tralen Kern des Wirbeltiergehirns. Wir arbeiten an einem bestimmten Typ dieser sensorischen
neurosekretorischen Zellen. Diese exprimieren ein wahrscheinlich licht-sensitives Opsin Pro-
tein und sekretieren ein neuronales Hormon der Nonapeptid Superfamilie, nämlich Vasotocin.
Diese Zellen sind höchst konserviert und wurden in Fischen sowie in Würmern entdeckt. Da-
her müssen diese Zellen im gemeinsamen Vorläufer der beiden Spezies bereits existiert haben
(Urbilateria) (Tessmar-Raible, 2007).

Unsere Hypothese ist, dass dieser Zelltyp ein anzestrales, hochkonserviertes Minimalmodul
repräsentiert, das die Sekretion von Vasotocin reguliert. Das beruht auf der Beobachtung dass
in einigen Spezies die Sekretion von Vasotocin mit den spezifischen Reproduktionszyklen kor-
reliert. Diese Reproduktionszyklen werden meist über exogene Lichtzyklen reguliert. Das Ziel
meiner Diplomarbeit war es verschiedene Aspekte dieses Systems genauer zu untersuchen, um
schlussendlich zur funktionellen Charakterisierung von diesem sensorisch-neurosekretorischem
Zelltyp beizutragen.

Ich arbeitete an drei verschiedenen Projekten. Das erste Projekt umfasst die Charakterisierung
einiger Aspekte des Nonapeptid Hormonsystems in Platynereis dumerilii. Im Rahmen des zweiten
Projektes habe ich untersucht wie die Expression von vasotocin in Vertebraten reguliert wird.
Abschließend habe ich neue wahrscheinlich licht-sensitive Mitglieder einer Photorezeptorfamilie
in Vertebraten identifiziert und charakterisiert.
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