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Abstract  

Members of the early-branching metazoan phylum of Cnidaria are well-recognized as a sister 

group to bilaterians making them an ideal candidate to study the evolution of the 

eumetazoan nervous system. I began to unravel the neurogenesis transcriptional network in 

Hydractinia by generating transgenic reporter animals expressing fluorescent proteins under 

the control of neurogenesis-related genes, and a Piwi1 reporter line that marks stem cells. 

By generating these lines, I was able to trace neuronal cells and their precursors to study 

their fate in regeneration. Tracing of individual differentiated neurons showed that the 

injured nervous system is re-established by de novo neurogenesis rather than by 

migration/proliferation of existing neurons. Using Piwi1, SoxB2 and Rfamide reporter lines, I 

was able to apply fluorescence-activated cell sorting (FACS) to sort cells along the 

neurogenesis pathway for subsequent RNA sequencing. In addition, these lines where 

further analyzed using imaging flow cytometry by focusing on the level of the transgene 

expression and morphology of the cells. Working with our animal model, is a novel 

opportunity to shed light on neural lineage specification markers as well as understanding 

how commitment of cells to a certain lineage is established.  

In addition, the role of SoxB genes during embryonic development seems to be more 

complex than originally thought. SoxB1 knockdown affected many lineages as it is expressed 

in stem cells, whereas SoxB2 knockdown affected specifically the neuronal lineage as it is 

expressed in neural progenitor cells with a preference to distinct neuronal subtypes. Along 

with over-expression studies, SoxB1 seems to act in a similar manner with the mammalian 

Sox2 as it is required for cells to remain in a pluripotent state. These data provide an insight 

into a potentially conserved role of SoxB genes between bilaterians and cnidarians. 
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1.1 The Phylum Cnidaria 

The early-branching metazoan phylum, Cnidaria, is a well-supported sister group to 

bilaterians and comprised by the commonly known sea anemones, reef-forming and soft 

corals, jellyfish, the freshwater Hydra, and marine hydroids (Figure 1.1). This diverse group 

is the oldest eumetazoan phylum and contains over å11,000 described species, 

predominantly living in marine environments and along with the phyla Ctenophora, 

Placozoa, and Porifera, are considered as the early diverging/basal animals (Hejnol et al., 

2009; Pick et al., 2010; Zapata et al., 2015).  

The phylum Cnidaria is divided into two major clades: Medusozoa and Anthozoa (Bridge et 

al., 1995). The Anthozoa contains the Hexacoralia (e.g. sea anemones and stony corals) and 

Octocoralia (e.g. soft corals, gorgonians, sea pens) clades. The Medusozoa clade is much 

more diverse. It is divided into four subgroups, including some å3,700 described species: 

Hydrozoa (hydromedusae, hydroids, siphonophores), Cubozoa (box jellies), Scyphozoa (true 

jellyfish) and Staurozoa (stalked jellyfish) (Cartwright et al., 2007; Daly et al., 2007; Zapata et 

al., 2015).  

 

 

 

 

 

 

 

 

Figure 1.1. Simplified phylogenetic relations between the cnidarian sub-clades and Bilateria.  

 

All cnidarians are diploblastic organisms; they develop from only two embryonic germ layers, 

ectoderm and endoderm, and lack a mesoderm. Postembryonic cnidarians have a body wall 

consisting of two epithelial layers, an outer epidermis and inner gastrodermis, separated by 

an extracellular matrix known as mesoglea (Salvini-Plawen, 1978). The adult epithelial layers 
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are not direct descendants of the two embryonic germ layers, at least in some cnidarians 

(Gahan et al., 2016; Steinmetz et al., 2017). The body plans of cnidarians are diverse, as well 

as their life cycles and morphologies. Cnidarians are often characterized as άǎƛƳǇƭŜέ ŀƴƛmals 

due to presumed simplicity based on lack of knowledge of their biology. Cnidarians are 

morphologically simpler than most bilaterians, but their complexity is probably 

underestimated. They are described as having radial symmetry but only a subset of the 

phylumΩǎ species exhibits this trait. Depending on the clade or individual species within the 

phylum, some have bilateral symmetry or directional asymmetry (Hyman, 1940; Manuel, 

2009).  

Despite their body plan differences, cnidarians have a single opening on one side of the 

animal which acts both as mouth and anus and generally is surrounded by tentacles bearing 

nematocytes (Technau and Steele, 2011).  Members of the Cnidaria exhibit a variety of cell 

types found in all animals such as epithelial cells, sensory and ganglionic nerve cells, gland 

cells, and muscle cells. The shared characteristic of all cnidarians is the presence of a phylum-

defining intracellular structure called the cnidae with the most diverse and universal cnidae 

being the nematocysts (also called stinging structures). Nematocysts are extrusive organelles 

mostly used for predation and defense, as well as for adhesion, by excreting a mixture of 

toxic substances located in the nematocyst capsules (Holstein, 1981; Tardent and Holstein, 

1982).  

Cnidarian species display two main life cycle patterns and considerable variation is present 

within these modes. Most cnidarians are capable of sexual reproduction and, in some cases, 

they can also asexually reproduce through budding and/or colony formation (Collins, 2002). 

The life cycle of medusozoans is rather complex as they can reproduce both sexually and 

asexually by an alternation between an asexual polyp and a free-living sexual medusa stage 

although variations with this rule are common. AnthozoansΩ ǊŜǇǊƻŘǳŎǘƛƻƴ ƛǎ ŀƭǎƻ ǎŜȄǳŀƭ ŀƴŘ 

asexual, but they lack a medusa stage altogether (Technau and Steele, 2011). The medusa 

stage is believed to have been lost and gained multiple times in different lineages of 

Medusozoa and for that reason certain medusozoans do not exhibit the medusa stage, like 

Hydractinia. In this case, the medusa stage is reduced and remains attached to the polyp, 

serving as gonads (Plickert et al., 2012).       
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1.2 Main cnidarian model systems   

Cnidarians have been utilized for many decades now to study key aspects in evolutionary 

biology, from nervous system evolution to the formation of germ layers, to symbiosis.  

Well-studied cnidarians including species from both the Anthozoa and Hydrozoa clades, such 

as Nematostella vectensis and Acropora spp., and Hydra spp. and Hydractinia spp., 

respectively. N. vectensis, one of the most commonly used cnidarian models, is the first 

member of its phylum whose genome has been sequenced (Putnam et al., 2007). It exhibits 

a typical anthozoan life cycle ς from embryo to larva to adult polyps (Fritzenwanker and 

Technau, 2002).  Due to its ease of maintenance and culture, and the great experimental 

accessibility, N. vectensis has been greatly utilised as a developmental model system 

(Genikhovich and Technau, 2009). On the other hand, Acropora ς a major contributor to the 

Australian Great Barrier Reef ς can provide insights into the diversification within the 

anthozoan clade, and is useful for the study of the formation of calcified skeletons and 

intracellular symbiosis; both being essential for the formation of coral reefs (Shinzato et al., 

2011; Ball et al., 2002). 

Within the hydrozoan clade, the freshwater polyp Hydra has been the major player for 

centuries, and classical studies regarding asexual budding, regeneration and tissue grafting 

experiments have been first described by the Swiss scholar Trembley back in the 1700s 

(Trembley, 1744; Glauber et al., 2010). Hydra can reproduce both asexually by budding of 

new polyps, and sexually by shedding gametes. Its polyps are dioecious (separate sexes) or 

hermaphroditic depending on the species and/or strains which makes it an excellent 

candidate to study embryogenesis and gametogenesis (Miller et al., 2000; Technau et al., 

2003). For many years, transgenesis was not feasible in this animal or indeed in any other 

cnidarian; a lack that impeded the understanding of biological mechanisms and processes. 

After long-term efforts, the first stable transgenic reporter line was reporter in 2006 (Wittlieb 

et al., 2006) and since then many studies have been published describing the tracking of cell 

fate, manipulation of genes by overexpression/knockdown, as well as sorting of cells for 

downstream applications (Juliano et al., 2014; Khalturin, et al., 2007; Siebert et al., 2008; 

Hemmrich et al., 2012; Nishimiya-Fujisawa and Kobayashi, 2012).   

Both Hydractinia species ς Hydractinia echinata and Hydractinia symbiolongicarpus ς have 

been established models for versatile applications such as developmental biology, 

allorecognition, reproduction and environmental studies for over a century. As a typical 

hydrozoan representative, Hydractinia ς like Hydra ς offers a unique opportunity to study 
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neurogenesis, axial patterning, regeneration, and stem cell biology (Frank et al., 2001). A 

more detailed description of Hydractinia as an animal model follows in the next section 

(section 1.3). 
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1.3 Hydractinia as a model organism  

Hydractinia, a colonial marine hydroid can be described as a great representative of the 

Cnidaria phylum and an excellent animal model to study cell and developmental biology, as 

its utility let to the assembly of the very first concepts and terms in biology, including the 

characterisation of stem and germ cells (Weismann, 1883).  

More than 30 Hydractinia species have been described to date with two North Atlantic ones 

ς the European Hydractinia echinata and the American H. Symbiolongicarpus ς being 

intensively utilised to study allorecognition, stem cells, and developmental biology (Frank et 

al., 2001). The closely related species Podocoryna carnea (previously known as Hydractinia 

carnea) has been of special interest as its life cycle includes a medusa stage. Podocoryna is 

also used as an animal model for regeneration studies through trans- and de-differentiation 

(Schuchert, 2011).  

In its nature habitat, Hydractinia inhabits the shells of hermit crabs with each adult colony 

having four main types of polyps: feeding (gastrozooids) and sexual (gonozooids) polyps, and 

the less frequent ones dactylozooids and tentaculozooids (Frank et al., 2001). In Hydractinia 

colonies, the sexes are always separated and genetically determined (Nicotra M., 

unpublished data).  

What makes Hydractinia an attractive model for studying fundamental questions in the field 

of evolutionary and developmental biology is its easy culture in laboratory settings and broad 

technique toolbox currently available. It is cultivable in the lab and all the life stages are 

accessible for manipulation: from zygote to adult feeding and sexual polyps (Plickert et al., 

2012). Since the generation of stable transgenic lines is feasible (Künzel et al., 2010), cell-fate 

studies can provide insights into how cells commit to certain lineages as well as their fate in 

both embryogenesis and regeneration contexts (Bradshaw et al., 2015). In addition, 

molecular tools are available for other mis-expression studies including RNA interference 

(Millane et al., 2011; Flici et al., 2017), short-hairpin RNA interference (DuBuc et al., 2020; 

this thesis), morpholino injections (Kanska and Frank, 2013), mRNA and plasmid injections 

for over- and ectopic expression studies (Duffy et al., 2010). CRISPR/Cas9-mediated 

mutagenesis protocols are also available for this animal model (Gahan et al., 2017; Sanders 

et al., 2018). Flow cytometric analysis has been recently made available along with sorting of 

distinct cell populations in order to start understanding the transcriptional regulatory 

network of certain cell lineages (DuBuc et al., 2020; this thesis).   
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In addition to IȅŘǊŀŎǘƛƴƛŀΩs many technical benefits, this animal model also offers an 

advantage as a model system from a biological point of view. It can be used in comparative 

studies as its genome encodes more homologous to vertebrate genes than other classical 

animal models such as C. elegans and Drosophila (Kortschak et al., 2001; Soza-Ried et al., 

2010; Technau and Steele, 2011), indicating a conserved gene inventory of all major signaling 

pathways used in animal developmental control.  

Moreover, Hydractinia, as a clonal animal, does not sequester a germ line during 

embryogenesis (DuBuc et al., 2020). Instead, adult stem cells contribute to both somatic 

tissues and gametes continuously. This property makes this animal an attractive model 

system to study germ cell specification and the evolution of bilaterian sequestered germ 

lines. Also, the fact that Hydractinia, like all cnidarians, are diploplastic animals meaning that 

they have only endoderm and ectoderm, makes is an ideal candidate to study the evolution 

of mesoderm layer evolutionary origin.  

These few examples showcase the value of Hydractinia as an excellent animal model to study 

evolutionary and developmental biology.  
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1.4 Life cycle  

Hydrozoan cnidarians have a complex life cycle with two dominant life stages: polyp and 

medusa. In Hydractinia, the medusa stage is rudimentary reduced to sessile gonophores. The 

sexes are separated and both sexes release gametes daily into the water in a light-induced 

spawning act (Kraus et al., 2014). Following fertilization, the zygotes develop within 2-3 days 

into a planula larva that can be induced to metamorphoses to primary polyps ς this process 

usually takes one day. Primary polyps are the founders of new colonies and secondary polyps 

are then generated by budding from interconnected stolons (gastrovascular tubes) (Fig. 

1.2A), and within 2-3 months, the colony will be sexually mature and ready to spawn. Each 

colony is either female or male ς both sexes are not present within the same colony (Fig. 

1.2B-D). The stolonal tissue, covered by a chitinous periderm, is responsible for the 

distribution and exchange of nutrients and cells between polyps of the same colony as well 

as for defense purposes in order to avoid fusion of two colonies that do not share the same 

allorecognition alleles through active rejection ς a process that resembles tissue rejection in 

organ transplantation (Shenk, 1991; Powell et al., 2007; Nicotra et al., 2009). 
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Figure 1.2. (A) Life cycle of Hydractinia and morphology of the (B) feeling polyp, (C) female sexual polyp, and (D) 

male sexual polyp. Hydractinia reproduces clonally and sexually daily. Sexual reproduction involves many stages 

beginning with multiple cleavage stages followed by the establishment of fully developed larva. Upon 

metamorphosis induction, the larva will rearrange its body plan resulting into a primary polyp. Within a few 

months, this primary polyp will asexually reproduce to generate a sexually mature colony, including either female 

or male sexual polyps.     

 

One of the most intriguing features of nearly all cnidarians is the ability to metamorphose. 

Metamorphosis derives from the Greek word ˃ ʶˍʰ˃ˈˊ˒˖ˋʽˌ (metamórphosis) which 

describes the transition from one morphe (˃ˇˊ˒ʺ) to another, in this case, from larval to 

adult tissue. During this process, the planula larvae, upon the receival of appropriate internal 

and external stimulation, can completely re-arrange its tissue architecture and give rise to a 

different structure from the original one, the primary polyp. It has been previously described 

that this process is depended on the presence of bacteria which provide the external signals 

required (Müller, 1973; Müller et al., 1976). This bacterial inducer stimulates GLWamide+ 

sensory neurons located at the aboral end of the larva and causes the activation of a signal 

transduction cascade and ultimately the release of the neuropeptide GLWamide. This 

neuropeptide diffuses posteriorly and acts as a hormone and triggers and synchronises 

metamorphosis in the entire larva by acting as the internal signal (Schmich et al., 1998; Leitz, 

1998).   

It has been well documented by Seipp and colleagues (2001; 2010) that apoptosis has a 

fundamental role during the process of metamorphosis by eliminating cells that are no 

longer needed (larval posterior end and anterior cap) before reaching a distinct turning point 

which is followed by a subsequent development of adult features. Distinct neuronal 

subtypes, such as GLWamide- and RFamide- expressing neurons, are subject to apoptosis 

during metamorphosis and hence, a de novo establishment of the adult nervous system is 

required by proliferation and commitment of stem cells to the neural lineage.    
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1.5 Body plan and cellular composition 

The body plan of Hydractinia is rather simple. The adult polyp is composed of two 

myoepithelial layers ς gastrodermis and epidermis ς with several other cell types positioned 

in the interstitial spaces. These include stem cells, neurons, nematocytes, and gland cells 

(Figure 1.3) (Plickert et al., 2012). Even though the nervous system of Hydractinia has been 

considered relatively simple for many years, recent evidence including the study by Flici and 

colleagues (2017) and this thesis, suggest a much more anatomically complex system. A 

detailed description of the structure and composition of the nervous system follows in the 

section 1.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Schematic representation of Hydractinia body plan in the adult stage. Polyps are composed by two 

epithelial layers separated by an extracellular matrix-like layer, named mesoglea. In the epidermal layer, 

proliferative cells such as stem cells (i-cells), nematoblasts and neuroblasts are located in the interstitial spaces. 

In this layer, other cell types are found such as neuronal cells, nematocytes and mucous cells. In the gastrodermal 

layer, gland cells are found as well as muscle cells.  
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One of the main characteristic features of hydrozoans is the presence of a population of stem 

cells residing primarily in the interstitial spaces (interstitial cells; i-cells) of the epidermal 

epithelial layer. As a population, i-cells remain pluripotent throughout the orƎŀƴƛǎƳΩǎ ƭƛŦŜ and 

constantly express genes whose bilaterian homologues are well known for their involvement 

in both stem and germ cell biology (Bradshaw et al., 2015; Plickert et al., 2012; Frank et al., 

2009; Gahan et al., 2016). Up until now, there has been no clear distinction between stem 

and germ cells as classic markers for either population, like Vasa, Nanos1 and Pl10, are 

expressed in both subsets (Künzel et al., 2010). Recently, DuBuc et al. (2020) demonstrated 

that transcription factor AP2 acts as a molecular switch to commit adult stem cells (i-cells) to 

the germ cell fate.    

So far, i-cells have only been found in hydrozoans and Hydra and Hydractinia are the two 

genera in which most investigations have been made (Bode, 1996; Bosch et al., 2010; David, 

2012; Weismann, 1883; Müller et al., 2004; Künzel et al., 2010; Millane et al., 2011; Bradshaw 

et al., 2015). In the adult Hydra polyp, there are three distinct cell lineages responsible for 

its homeostatic maintenance - epidermal epithelial, gastrodermal epithelial, and interstitial 

lineage. The two epithelial lineages, although not classical stem cells, being already 

differentiated epithelia-muscle cells, preserve the self-renewal capacity and can be 

described as mitotic unipotent stem cells (David, 2012). On the other hand, the interstitial 

stem cell lineage contains continuously proliferative multipotent stem cells, which provide 

an inexhaustible source for the replacement of all other cell types, including germ cells (David 

and Murphy, 1977; Bosch and David, 1987, Bode et al., 1987; Nishimiya-Fujisawa and 

Kobayashi, 2012).  

In Hydractinia, by contrast, epithelial cells do proliferate but are probably derived at least 

partly from i-cells that also give rise to all other somatic cells and germ cells (Duffy et al., 

2010; Müller et al., 2004). During embryogenesis, i-cells first arise in the gastrodermis and 

upon metamorphosis they migrate to the epidermis (Emma McMahon, 2018). In the adult 

polyp, they are found in a band-like zone in the lower half of the body column primarily in 

the epidermis and upon wound healing or head regeneration they are able to migrate to the 

injury site and form a blastema in order to re-establish the missing tissue. On the other hand, 

i-cells in stolonal tissue are more ubiquitously distributed (Bradshaw et al., 2015). 

Hydractinia i-cells express a variety of markers depending on the sub-population in question. 

For instance, genes like Piwi and Vasa (Bradshaw et al., 2015; Rebscher et al., 2008) are 

expressed in i-cells responsible for self-renewal and stem cell maintenance whereas Nanos2 
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is implicated in the neural lineage commitment (Kanska and Frank, 2013). However, since 

several i-cell-defined genes are expressed by multiple distinct sub-populations, comparable 

to the planarian neoblasts (Van Wolfswinkel et al., 2014; Adler and Sanchez Alvarado, 2015), 

the need for more definitive molecular markers for various i-cell subsets are highly needed 

as well as markers for populations further down the commitment path to start understanding 

how the stem cells in Hydractinia behave and define multiple lineages.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page | 21  
 

1.6 Evolution of the nervous system 

Even though many aspects regarding the development of the nervous system have been 

intensively studied in the past decades, its evolutionary origins are still not well understood. 

Restricted phylogenetic representation and studies based mostly on standard model 

organisms contributed to the lack of a viable theory regarding the ancestral development of 

the nervous system.  

The positioning of Cnidarians as a sister group to Bilateria makes them an ideal candidate to 

study the evolution of eumetazoan nervous system and to reconstruct the 

cnidarian/bilaterian ancestor (Hejnol et al., 2009; Pick et al., 2010). However, the origin of 

the nervous system is a controversial topic. While cnidarians have nerve nets, no neurons 

have been found in placozoans and sponges ς the closest outgroup to cnidarian-bilaterian 

ancestor (Galliot et al., 2009; Galliot and Quiquand, 2011; Marlow and Arendt, 2014; Moroz 

et al., 2014). However, a recent study on the placozoa Trichoplax showed that these animals 

do express Elav (DuBuc et al., 2019), which is a broad neuronal marker in the sea anemone 

Nematostella (Marlow et al., 2009; Kelava et al., 2015). This, however, neither confirm nor 

rejecting the existence of neuronal populations in these animals.   

Regardless of that, it is well accepted that bilaterian and cnidarian nervous systems are 

homologous. Based on that, many questions can be addressed regarding the structure and 

molecular determinants of the nervous systems. For example, how patterning and cell 

commitment is facilitated, how the nervous system is organized, and what genes and 

pathways are involved in such processes.   

In most animals, neural progenitors arise within the context of the epithelial ectoderm layer, 

once internalization of embryonic cells destined to produce the inner organs is established. 

In cnidarians, endodermal cells also acquire the potential to form neural cells (Nakanishi et 

al., 2012). Neurogenesis in bilaterians is followed by the separation of neural cells from the 

epithelial ectoderm and then by migration, proliferation and differentiation (Hartenstein and 

Stollewerk, 2015). 

The neurogenic potential can be spread out over the entire ectoderm which results in the 

formation of a more generalized neurogenic ectoderm (nerve plexus - found in Cnidarians), 

whereas when the potential is restricted to a specific region (neuroectoderm), a CNS is 

formed (Richards and Rentzsch, 2014). Neural precursors can directly differentiate as 

neurons or ƎƛǾŜ ǊƛǎŜ ǘƻ άǎǘŜƳ-cell-ƭƛƪŜέ ǇǊƻƎŜƴƛǘƻǊǎ ǿƘƛŎƘ Ŏŀƴ ŘƛǾƛŘŜ ŀǎȅƳƳŜǘǊƛŎŀƭƭȅ όǎŜƭŦ-
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renewal and a second daughter cell that is committed to neural differentiation) (Noctor et 

al., 2004; Kowalczyk et al., 2009). Then, neural progenitors can either be internalized via 

ingression, invagination or delamination, or remain integrated within the neuroepithelium 

surface (Fig. 1.4). 

 

 

 

 

 

 

 

Figure 1.4. Schematic representation of the basic steps in neurogenesis. Cells first acquire neurogenic potential 

(A), then neural progenitors will pattern themselves in various ways (B), proliferate (C), and migrate (D). Figure 

adapted from Hartenstein and Stollewerk (2015).  Neurogenesis begins when ectodermal cells (also endodermal 

cells in cnidarians) acquire the neurogenic potential. Following, neural progenitors or precursors arise within the 

particular domain (neurogenic ectoderm or endoderm) and pattern themselves stochastically or invariant 

depending on the animal. Afterwards, neural progenitor cells will either directly differentiate to neurons or give 

rise to proliferating neural progenitors which in turn they can asymmetrically self-renew. Finally, neural 

progenitors will either remain integrated within the neuroepithelium or internalise by delamination, ingression, 

or invagination (Hartenstein and Stollewerk, 2015).  

Cnidarians do not present a central nervous system (CNS) like bilaterians. Instead, they have 

structurally a much simpler system, yet with a considerable degree of functional complexity. 

The nerve net is composed by sensory and ganglionic neurons whose processes are 

interspersed among the epithelial cells of both epidermis and gastrodermis (diffused nervous 

system). Several cnidarian species present some degree of regionalization of the neural 

structure (Watanabe et al., 2009). For instance, regionalization can be characteristically seen 

in the medusozoans which incorporate an eye-bearing sensory system. All the 

aforementioned cell types are derived from stem cell populations lodged in interstitial spaces 

of epithelia, and hence named interstitial cells (i-cells). I-cells do not only give rise to sensory 

neurons, nematocytes and ganglion cells, but also give rise to germline cells and multiple 

secretory cell types (Khalturin et al., 2007). 
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For instance, Hydra, a freshwater polyp and a typical example of the structural simplicity of 

this animal family, has at least three neuronal cell types: sensory and ganglionic neurons, and 

nematocytes. The later one exhibits mechanosensory functions with a great level of 

complexity, underlying the usefulness of this Phylum in understanding fundamental 

processes in a less complex environment (David et al., 2008). 

As mentioned above, the cnidarian nervous system has a basiepithelial nerve plexus form; 

neurons and their processes form part of the epithelium as they are located between the 

apical junctions of the epithelium and the basement membrane (Hartenstein and Stollewerk, 

2015). However, some members of this family present condensed neurites and neuronal cell 

bodies to form circular or linear tracts; features seen in bilaterian animals (Koizumi et al., 

2004). 

Cnidarian nervous systems are highly peptidergic. Classical neurotransmitters that have been 

long studied in higher eukaryotes are also involved in cnidarian neurotransmission (Kass-

Simon and Pierobon, 2007). In brief, neurotransmission is the process by which 

neurotransmitters (signaling molecules ς including peptides) are released by a neuron and 

bind and activate receptors from another neuron (Takahashi and Takeda, 2015). 

Neuropeptides are derived from nerve cells and range from as short as three amino acids 

(Nillni et al., 1996) to as long as 70 amino acids (Truman, 1992), whereas neuropeptide 

receptors belong primarily to the family of G protein-coupled receptors (Fujisawa and 

Hayakawa, 2012).  

To date, three major neuropeptide families have been well characterized in cnidarians: 

FMRFamide-like peptides (FLPs), GLWamides, and PRXamide peptides.  

The most extensively studied among all classes (Anthozoa, Cubozoa, Scyphozoa and 

Hydrozoa) is the FLP family (Grimmelikhuijzen et al., 1991; Anderson et al., 2004; 

Grimmelikhuijzen et al., 1985). The FMRFamide peptide is composed of four amino acid 

residues with C-terminal amidation and it was first isolated from the cerebral ganglion of the 

clam Macrocallista nimbosa (Price and Greenberg, 1977a; 1977b). FLPs are further 

subdivided into two groups: FMRFamide-related peptides (FaRPs) which contain N-terminal 

extensions of the C-terminal FMRFamide or FLRFamide code sequences (Price and 

Greenberg, 1989), and FLPs which include all peptides with the RFamide sequence only (18). 

In Hydra and Hydractinia polyps, FMRFamide-positive neurons can be found in the epidermis 

around the mouth opening, whereas RFamide-positive ganglion cells are located at the head 
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region, peducle (in Hydra) and tentacles (Grimmelikhuijzen et al., 1985; Grimmelikhuijzen et 

al., 1991; Koizumi et al., 1992).  

Another NP family, the GLWamide-s, has been demonstrated to be expressed in cnidarians, 

especially in Hydra and Hydractinia (Schmich et al., 1998). GLWamides have characteristic 

structural features in their N- and C-terminal regions. For instance, most of the peptides 

belonging to this family share a GLWamide motif at their C-termini (Takahashi and Takeda, 

2015).  

The third class of neuropeptides in cnidarians has been studied in a much less extend 

compared to the other two families. PRXamide peptides are generally divided in three 

subgroups: Pheromone biosynthesis activating neuropeptides (Raina et al., 1989), small 

cardioactive neuropeptides (Morris et al., 1982; Lloyd et al., 1987), and antho-RPamide and 

related peptides (Carstensen et al., 1992). So far, PRXpeptides have only been identified in 

Hydra magnipapillata (Hym-355; Takahashi et al., 2000) and in Anthopleura elegantissma 

(Antho-RPamide; Carstensen et al., 1992), and both of them share homology with members 

of the last group (antho-RPamide and related peptides). 

Generally, FLPs have various roles in muscle contraction, feeding, sensory activity, 

metamorphosis, and larval movement. On the other hand, GLWamides have roles in planula 

migration, oocyte maturation and spawning, as well as in metamorphosis and in muscle 

contraction. Hym-355 which belongs to the PRXamide peptide family enhances neuronal 

differentiation, along with muscle contraction, oocyte maturation and spawning (Takahashi 

and Takeda, 2015). 

Both GLWamide- and FMRFamide-positive neurons seem to play a significant role in the 

regulation of metamorphosis induction as they directly receive environmental cues (Müller, 

1969). The two NP families are also involved in the regulation of the creeping behavior of 

planula towards a light source. Phototaxis was suppressed or promoted by the exogenously 

administration of RFamide or LWamide peptides, respectively (Katsukura et al., 2004). 

Neurosecretory cells in vertebrates form a distinct population of nerve cells and release NPs 

anywhere along the cell body and neurites, as well as at the synapses, whereas in the 

cnidarian nervous system the distribution of synaptic vesicles is limited at the synapses 

(Hartenstein, 2006; Westfall, 1987). Furthermore, synaptic connections in cnidarians can be 

established between ganglionic neurons and between sensory and epithelial muscular cells 

(Westfall, 1973; Kinnamon and Westfall, 1982). Hence, the synapse-restricted secretion of 
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NPs may serve as a directed signal transmission rather than a generalized undirected 

neurosecretion. 

The regulation of neural differentiation and cell type specification by neurogenic 

transcription factors seems to be conserved between Bilateria and Cnidaria, but the 

molecular nature of the neural inducers in the cnidarians is still not specified. For instance, 

the bone morphogenetic protein (BMP) signaling is involved in the triggering of regionalized 

neurogenesis in Bilateria (Levine and Brivanlou, 2007). Recent studies using Nematostella did 

show asymmetric expression of BMP2/4 and its antagonist Chordin around the blastopore 

lip at the gastrula stage, whereas in bilaterians Chordin antagonizes Bmp activity on the 

opposite side of the dorsal-ventral axis (Rentzsch et al., 2006). 

Transcriptional regulators are essential for guiding cells to a specific identity. SoxB 

transcription factors are central in neurodevelopment. Their presence or absence 

determines whether a neural precursor cell will self-renew or differentiate into a specialized 

cell. Furthermore, they maintain the neuroectoderm in a proliferative state as they provide 

neurogenic potential but at the same time inhibit neural differentiation (Sasai, 2001; Elkouris 

et al., 2011). More specific, the expression of SoxB factors is under the control of various 

signaling pathways, notably the BMP/BMP antagonist and the Wnt pathways (Mizuseki et 

al., 1998; Niehrs, 2010). In mammals, 20 Sox proteins have been identified and classified into 

groups (SoxA-SoxH) based on the degree of amino acid identity within the HMG (high 

mobility group)-box (Reiprich and Wegner, 2015). In cnidarians, specifically in Anthozoa and 

Hydrozoa, an almost complete set of homologous genes that have critical roles in bilaterian 

neurodevelopment (neurogenesis, neuronal specification and network formation) has been 

described. Among them are the proneural basic helix loop helix (bHLH) factors, SoxB genes, 

zinc-finger protein genes, and neuron specific RNA binding proteins (RBPs) (Watanabe et al., 

2009). 

The fact that Cnidaria possess an almost complete set of such genes implicated in bilaterian 

neurodevelopment with a relatively morphological simple nervous system, makes this 

phylum ideal to study cellular and developmental processes that establish and maintain a 

nervous system. In Hydractinia, nervous system development and cell commitment to the 

neural fate has not been fully characterised. 
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1.7 SoxB family of transcription factors  

As briefly mentioned in the previous section, the Sox family of transcription factors (TFs) are 

versatile regulators of stem and progenitor cell fate with a central role in neurodevelopment.  

Studies focused on this superfamily began with the discovery of the mammalian testis-

determining factor Sry (Gubbay et al., 1990; Sinclair et al., 1990). They identified the protein 

domain, now called high-mobility-group (HMG) which binds DNA in a sequence-specific 

manner and based on the amino acid similarity (Ó 50%) to this domain of Sry, other Sox 

proteins were identified. In total, 20 Sox genes have been identified in humans and mice 

(Schepers et al., 2002). Sox proteins sharing Ó 80% similarity in the HMG domain are divided 

into different subgroups: SoxA-H (Wegner, 2010).  

Members from the same Sox group share biochemical properties and overlapping functions 

whereas Sox TFs from different groups have distinct biological functions despite the same 

protein consensus motif. Sox factors can achieve target gene selectivity through differential 

affinity for distinct flanking sequences next to consensus Sox sites through post-translational 

modifications, homo- or heterodimerization among Sox proteins, or through interaction with 

other co-factors (Wegner, 2010).   

Sox TFs are well recognized as master regulators in many developmental and physiological 

processes by facilitating cell-type specific genetic programs both in stem and progenitor cells 

as well as in highly specialized cell types (Kamachi and Kondoh, 2013). Members of the Sox 

TF family are conserved along the animal kingdom (Fig. 1.5), and of great interest is the group 

B of the Sox family as they regulate neural progenitors from early development and they are 

implicated in nervous system development (Sarkar and Hochedlinger, 2013).  
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Figure 1.5. Phylogenetic analysis of Sox HMG domains. Image adapted from Flici et al (2017). 12 Sox-like 

sequences were identified in Hydractinia. Eight of these sequences belonged to groups B, C, E and F, whereas the 

remaining four sequences were unstable in their placement on the tree falling either at the base of the tree (not 

in known groups) or within group B. Species are abbreviated as following: Ami, Acropora millepora; Aqu, 

Amphimedon queenslandica; Bfl, Branchiostoma floridae; Cel, Caenorhabditis elegans; Cin, Ciona intestinalis; 

Che, Clytia hemisphaerica; Dme, Drosophila melanogaster; Emu, Ephydatia muelleri; Hec, Hydractinia echinata; 

Hma, Hydra magnipapillata; Hsa, Homo sapiens; Lgi, Lottia gigantea; Mle, Mnemiopsis leidyi; Mmu, Mus 

musculus; Nve, Nematostella vectensis; Ppi, Pleurobrachia pileus; Sci, Sycon ciliatum; Spu, Strongylocentrotus 

purpuratus; Tad, Trichoplax adhaerens.   
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Vertebrate SoxB TFs are subdivided into two subgroups, SoxB1 (Sox1, Sox2, Sox3) and SoxB2 

(Sox14, Sox21) with roles in self-renewal and pluripotency maintenance (Sarkar and 

Hochedlinger, 2013), and in neural differentiation, respectively (Graham et al., 2003).  The 

effect of Sox2 on self-renewal and differentiation of embryonic stem cells (ESCs) is highly 

dosage-dependent suggesting that its expression needs to be in equilibrium with other co-

factors in order to maintain a pluripotency state (Kopp et al., 2008).  Based on numerous 

studies, Sox2 acts in a cooperation with other TFs that are also dosage-sensitive, such as 

Nanog and Oct4, in order to maintain regulatory networks responsible for self-renewal while 

repressing differentiation programs in ESCs (Boyer et al., 2006; Chen et al., 2008; Kim et al., 

2008; Orkin and Hochedlinger, 2011). For instance, Sox2 and Oct4 closely collaborate to each 

other to efficiently bind to DNA and recruit other cofactors for gene activation (Tomioka et 

al., 2002; Masui et al., 2007). hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ {ƻȄ ¢Cǎ Ŏŀƴ ŀŎǘ ƻǇǇƻǎƛƴƎ ǘƻ ŜŀŎƘ ƻǘƘŜǊΩǎ 

function. For example, Sox17 (SoxF group) antagonizes Sox2 function by repressing target 

genes and this action is partly accomplished by displacing Nanog from silenced Nanog/Sox2 

targets resulting in their transcriptional activation (Niakan et al., 2010). Sox2 also has a role 

in ectoderm development by determining early neural lineage specification in the embryo. 

This regulation of cell fate commitment by Sox2 is achieved by antagonizing other factors 

such as Tbx6 which is a regulator of presomitic mesoderm development (Takemoto et al., 

2011). 

Based on the above examples and many more additional studies, it is well recognized that 

Sox2 determines cell fate by antagonizing directly or indirectly TFs of alternative lineages in 

a highly cell type and developmental stage specific manner. Another example is how Sox2 

biases cells multipotent optic cup progenitors towards a neurogenic fate by antagonizing 

Pax6. When Sox2 was ablated, these cells were biased towards a non-neurogenic epithelium 

fate (Pax6-driven fate), supporting this notion (Matsushima et al., 2011).  

Apart from its role during embryogenesis, Sox2 is also a key regulator of central and 

peripheral nervous system (CNS, PNS) development, by controlling proliferation and 

differentiation of neural stem cells (Pevny and Nicolis, 2010). Sox2 expression overlaps with 

that of the other two SoxB1 TFs, namely Sox1 and Sox3 in the CNS and PNS (Bylund et al., 

2003). It has also been reported that Sox2 expression is not only important in maintaining 

stem cells and progenitors, but also for the differentiation of neuronal subsets such as 

GABAergic neurons in cortex and olfactory bulb (Cavallaro et al., 2008). Defining the 

mechanisms by which the same TFs regulate both neural progenitor maintenance and cell 
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differentiation within the same lineage will provide insights into the molecular mechanisms 

responsible for such various outcomes. 

However, not only members of the SoxB1 family are responsible for stem and progenitor cell 

maintenance. Most Sox TFs are expressed in various types of stem and progenitor cells or 

tissues. For example, Sox9 (SoxE) is expressed in stem and progenitor cells in the adult 

intestine, exocrine pancreas and liver under both homeostatic and injury conditions 

(Furuyama et al., 2011). Another example from the SoxF group, Sox17 is required for fetal 

and neonatal hematopoietic stem cell maintenance but it is dispensable in adult 

hematopoiesis (Kim et al., 2007).  

Like in many other Sox factors, Sox2 expression is positively or negatively regulated by 

different extracellular and intracellular modulators in adult and pluripotent stem cells. Major 

signaling pathways control Sox2 TF expression levels during embryonic development, tissue 

homeostasis and regeneration in a context-dependent manner. For instance, Wnt signaling 

positively regulates Sox2 expression in the endodermal progenitors of the developing taste 

buds, derived from progenitor cells of the pharyngeal endoderm, causing their 

differentiation in the expense of keratinocytes (Okubo et al., 2006). On the other hand, Sox2 

upregulation by Fgf signaling on calvarian osteoblast progenitors leads to Wnt signaling 

inhibition as Sox2 is physically associated with beta-catenin (Mansukhami et al., 2005). 

Furthermore, Sox2 itself can modulate these signals by directly activating or repressing key 

regulators of such major pathways.  

Furthermore, activation of Sox2 by extracellular signaling is followed by intracellular 

interactions with other core pluripotency factors, cell cycle regulators, miRNAs, and 

activating and repressive chromatin regulators to control gene expression which in turn 

balances self-renewal and/or differentiation in pluripotent cells (Sarkar and Hochedlinger, 

2013). 

Sox gene family members exert key roles during development and beyond (Fig. 1.7) and any 

developmental disorders arising due to SOX mutations are referred to as SOXopathies, just 

as RASopathies which are due to mutations in components of the Ras/MAPK pathway 

(Angelozzi and Lefebvre, 2019; Tajan et al., 2018). To date, SOXopathies have only been 

related to half of the Sox gene family (10 out of 20).  Most SOXpathies are rare developmental 

disorders and the mutations underlining them are generally de novo, heterozygous and 

inactivating (loss of function) revealing gene haploinsufficiency (Angelozzi and Lefebvre, 
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2019). These mutations are predominantly found in the DNA-binding domain HMG box 

which mediates DNA binding, nuclear trafficking, protein-protein interactions and other 

crucial functions (Gubbay et al., 1990; Sinclair et al., 1990), and result in various 

developmental defects.  

To date, most of the SOXopathies reported are regarding distinct SRY mutations. This is 

probably because SRY is a master determinant of sex determination and is present in only 

one copy, thus it has no other SoxA gene to share its function with. Most mutations identified 

in this gene cause XY sex reversal and since its only functional domain is the HMG domain, 

most of the alterations are found within these residues (Berta et al., 1990; Berkovitz et al., 

1992; Harley et al., 2003). 

Furthermore, SOX2 heterozygous loss-of-function mutations were reported to cause 

developmental delay, learning difficulties and a range of craniofacial and genital disorders 

(Kelberman and Dattani, 2007; Slavotinek, 2018). In addition, SOX2 homozygous deletion in 

mice resulted in early embryogenesis death due to failure to form pluripotent epiblast (Zhang 

and Cui, 2014). Another example of the vital importance of these genes is the SoxF group. 

Members of this group (Sox7, Sox17, Sox18) encode transcriptional activators central to 

several developmental processes such as cardiogenesis, vasculogenesis, and angiogenesis 

(Lilly et al., 2017; Francois et al., 2010; Seguin et al., 2008; Lange et al., 2014; Pennisi et al., 

2000). Mutations identified in these genes resulted in a range of developmental 

abnormalities such as hypotrichosis-lymphedema-telangiectasia syndrome and congenital 

anomalies of the kidney and urinary tract (Irrthum et al., 2003; Gimelli et al., 2010).   

Apart from germline SOX mutations (SOXopathies), dysregulations of SOX genes have been 

also involved in at least one tumor type (Grimm et al., 2019). Since Sox factors are key 

regulators of cell fate, increased or decreased activities of these genes can cause drastic 

changes in cell stemness, survival, proliferation and differentiation. Their dysregulation can 

occur at any level: genetic, epigenetic, transcriptional, translational and post-translational.   

In addition to vertebrates, Sox TFs have been well studied in bilaterian invertebrates (Bowles 

et al., 2000). Based on phylogenetic analysis, Drosophila has two SoxB-like proteins: 

SoxNeuro (SoxB1-like) and Dichaete (SoxB2-like), and both proteins are involved in the 

regulation of neurodevelopment with a partial redundancy in their function (Buescher et al., 

2002; Ferrero et al., 2014).  
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However, Sox genes are conserved throughout the animal kingdom and surprisingly diverse 

in non-bilaterian animal lineages such as ctenophores, sponges, placozoans and cnidarians 

(Schnitzler et al., 2014). Sox-like genes are present in the unicellular choanoflagellate 

Monosiga brevicollis (King et al., 2008) suggesting that the origin of Sox proteins predates 

multicellularity. However, studies based on phylogenetic analyses support the hypothesis 

that true Sox genes arose at the base of the animals and that four major Sox groups (B, C, E 

and F) were fully diversified in ctenophores as shown in Fig 1.6 (Schnitzler et al., 2014; 

Larroux et al., 2006; Fortunato et al., 2012; Jager et al., 2006; Jager et al., 2008; Hejnol et al., 

2009; Dunn et al., 2008; Ryan et al., 2013). Based on the findings presented by Schnitzler and 

colleagues (2014), not true Sox genes are the ones whose sequences always clustered 

outside the Sox gene family with outgroup sequences. This evolutionary hypothesis suggests 

that Sox TFs diversified early and remained relatively stable throughout animal evolution.  

 

  

  

 

 

 

 

 

 

 

 

Figure 1.6. Evolutionary history of Sox transcription factor family. Image obtained from Schnitzler et al., 2014. Sox 

genes are diverse in non-bilaterian animal lineages such as ctenophores, sponges, placozoans and cnidarians. 

True Sox genes arose at the base of the animals, whereas Sox-like genes are present even earlier, at unicellular 

organisms such as Choanoflagellata. In addition, SoxF group seemed to be lost in Porifera and Placozoa.   
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In cnidarians, Sox genes have been identified in several animals including Hydractinia spp. 

(Flici et al., 2017), Nematostella vectensis (Richards and Rentzsch, 2014, 2015; Watanabe et 

al., 2014), Clytia hemishpaerica (Jager et al., 2011), Hydra magnipapillata (Chapman et al., 

2010; Jager et al., 2006), and Acropora millepora (Shinzato et al., 2008). So far, the functional 

roles of SoxB TFs were only studied in Hydractinia and Nematostella.   

The first evidences for the existence of dedicated neural progenitor cells (NPCs) able to 

strictly generate multiple neural cells types outside the Bilateria came from the anthozoan 

cnidarian Nematostella (Richards and Rentzsch, 2014). Based on this study, the three major 

neuronal types in cnidarians, namely sensory and ganglionic neurons and nematocytes, are 

derived from NvSoxB(2)-expressing cells, but it is unclear whether NPCs are a homo- or 

heterogeneous NPC population. One possibility is that sensory and ganglionic neurons are 

derived from a subpopulation of NvSoxB(2)-expressing cells and nematocytes from another 

one as, at least on the molecular and morphological level, these neuronal populations differ 

from each other ς sensory/ganglionic neurons vs nematocytes (Marlow et al., 2009; 

Nakanishi et al., 2012).  

In addition, these NPCs displayed asymmetric cell cycle behavior suggesting differential self-

renewal and/or adaptation of distinct fates within NvSoxB(2)+ lineages. These observations 

are in line with mammalian and Drosophila studies in which changes in the length of cell cycle 

phases denote changes in the future trajectories of these NPCs (Takahashi et al., 1995; 

Calegari et al., 2005; Bowman et al., 2008; Bayraktar et al., 2010). Moreover, the absolute 

numbers of NvSoxB(2)+ cells in the ectoderm did not change from blastula to planula stages. 

This observation favors a scenario in which NvSoxB(2) promotes and/or stabilizes NPC fate. 

This is in line with previous studies describing the neural potential of ectodermal cells by 

characterizing the expression of other Sox genes, namely NvSoxB(1), NvSox1 and NvSox3 

(Magie et al., 2005). Furthermore, a study from the same group (Richards and Rentzsch, 

2015) also demonstrated that Notch signaling, a key regulator of ƴŜǳǊŀƭ ǇǊƻƎŜƴƛǘƻǊǎΩ 

maintenance, regulates NPCs in Nematostella along with NvSoxB(2) via parallel and yet 

interacting mechanisms. In brief, Notch signaling regulates neurogenesis by maintaining 

NPCs in an undifferentiated state. It does so by inducing the expression of bHLH genes of the 

Hes family which in turn act as repressors of proneural bHLH genes (Bertrand et al., 2002).   

Unlike Nematostella, neurogenesis in hydrozoans like Hydra and Hydractinia, is of 

endodermal origin (Martin, 1988; Jager et al., 2011; Kanska and Frank, 2013; Gahan et al., 

2016). Based on a phylogenetic analysis of Sox HMG domains (Flici et al., 2017), 12 Sox-like 



Page | 33  
 

sequences were identified in Hydractinia. Eight of these sequences belonged to groups B, C, 

E and F, whereas the remaining four sequences were unstable in their placement on the tree 

falling either at the base of the tree (not in known groups) or within group B. Unlike the 

subgrouping of SoxB genes in vertebrates into SoxB1 and SoxB2 subgroups, Hydractinia SoxB 

genes failed to further resolve their subgrouping within this cluster.  

Hydractinia has three SoxB genes, namely SoxB1, SoxB2, and SoxB3, and all of them are 

ŜȄǇǊŜǎǎŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŀƴƛƳŀƭΩǎ ƭƛŦŜΦ ¢ƘŜ ǎǘǳŘȅ ǿŀǎ ǇǊƛƳŀǊƛƭy focused on SoxB2 and SoxB3 

and the data were in the line the scenario in which SoxB2 is expressed in NPCs and SoxB3 in 

post-mitotic cells committed to become neurons/nematocytes. This suggests a similar mode 

of action during neurogenesis between anthozoans and hydrozoans (Richards and Rentzsch, 

2014, 2015). In addition, this study also showed that SoxB2 and SoxB3 positively regulate 

neurogenesis during development, tissue homeostasis, and regeneration with these two 

genes being in part functionally redundant.  

Despite the extensive work done on SoxB2 and SoxB3 in Hydractinia, little is known about 

the third member of SoxB family: SoxB1. Since SoxB2 and SoxB3 seem to be expressed 

sequentially based on their functions with the former expressed in NPCs and the latter in 

differentiating/differentiated neurons and nematocytes, it can be hypothesized that SoxB1 

acts upstream of these two and has a conserved role with mammalian Sox2. The majority of 

the work presented in this thesis will try to further elucidate the roles of these three SoxB 

genes during embryonic neurodevelopment and adult nervous system regeneration and test 

the hypothesis regarding their sequential expression.  
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1.8 Evolution of animal regeneration 

Regeneration, in simple terms, is the identical or largely similar restoration of any lost body 

part and can occur at multiple levels; cellular (e.g. regrowth of severed nerve axon), tissue 

(e.g. growth of epidermis covering a wound), organ (e.g. liver and lens), structure (e.g. limb 

regeneration in salamander), and whole-body regeneration (e.g. cnidarians and planarians) 

(Fig. 1.7). Many fundamental questions regarding this fascinating branch of developmental 

biology remain unexplored or partially answered. One of the oldest questions about 

regeneration is whether this property is an ancestral characteristic that is a general trait 

among animals or whether it is a set of specific adaptations acquired by certain taxa in order 

to face different circumstances. However, some phenomena complicate even more the 

ŜǾƻƭǳǘƛƻƴŀǊȅ ƘƛǎǘƻǊȅ ƻŦ ǊŜƎŜƴŜǊŀǘƛƻƴ ŀǎ ǘƘŜȅ ŀǊŜ ƴŀƳŜŘ άǊŜƎŜƴŜǊŀǘƛƻƴέ ōǳǘ ƳƛƎƘǘ ƘŀǾŜ ŀǊƛǎŜƴ 

independently. The main reason for the slow advancement of this field was the inability to 

carry out genetic studies in species with various regeneration potential, but fortunately with 

the advancement of methodologies and expansion of the genetic toolbox, such studies are 

becoming feasible nowadays.    

  

 

 

 

 

 

 

 

Figure 1.7. Regeneration occurs at multiple levels: whole-body, structure, internal organ, tissue, and cell 

regeneration. Image adapted from Bely and Nyberg (2009). 

 

During regeneration many processes are employed such as rearrangement of pre-existing 

tissues, use of adult somatic cells, and trans-differentiation or de-differentiation of cells. 

Many processes can be used within the same animal and different modes are often 

employed in closely related taxa (Sanchez Alvarado and Tsonis, 2006; Bradshaw et al., 2015). 
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Regeneration was originally classified by T. H. Morgan into two major groups. Animals that 

achieve regeneration through morphallaxis ς a mechanism involving no or limited cell 

proliferation, where new structures are formed by remodeling existing tissue. The other 

regeneration mode is known as epimorphosis ς a mechanism involving cell proliferation 

(Morgan, 1901). The processes of morphallaxis and epimorphosis are not mutually exclusive 

with various taxa often using both to re-establish missing tissues (Sanchez Alvarado, 2000; 

Bradshaw et al., 2015). 

Regeneration through epimorphosis can be further divided into two groups: blastemal and 

non-blastemal regeneration. During the former, specialized structures (regeneration 

blastema) can be formed within hours or days post amputation. It is composed of an outer 

layer which covers the wound site, and a second cell population that proliferate and 

accumulate beneath the first layer (Sanchez Alvarado and Tsonis, 2006). For example, during 

regeneration, planarians go through both morphallaxis and epimorphosis. They first close 

the wound by cells already present in the injury site and the second population of cells reside 

within the blastema are derived from migration and proliferation of neoblasts ς pluripotent 

stem cells (Reddien and Sanchez Alvarado, 2004; Guedelhoefer and Sanchez Alvarado, 2012). 

Non-blastemal epimorphic regeneration occurs through trans-differentiation, de-

differentiation, and proliferation of already existing stem cells present in the injured tissue 

(Jopling et al., 2011; Tanaka and Reddien, 2011). This phenomenon is observed during retina 

and lens regeneration in newts (Call et al., 2005). 

The earliest studies documenting extensive regeneration potential are dated more than 200 

years ago on the freshwater solitary polyp Hydra vulgaris by Abraham Trembley (Lenhoff and 

Lenhoff, 1986). Since then, Hydra has been considered as one of the classical models to study 

regeneration.  Hydra employs a combination of morphallaxis and epimorphosis to 

regenerate (Chera et al., 2009), and it has been shown that any fragment that holds at least 

a few hundred epithelial cells can regenerate into a full-size animal, as epithelial cells are 

considered as stem cells. However, epimorphic regeneration in Hydra is incomplete since not 

all cell types are regenerated. Another interesting property of Hydra is its unique ability to 

reform a whole animal by aggregation of dissociated cells (Gierer et al., 1972; Galliot and 

Schmid, 2002; Holstein et al., 2003; Bode, 2009). This phenomenon could lead to a more in-

depth understanding of the molecular basis of de novo organizer formation.  

Another interesting side of regeneration is whether it should be treated as a distinct 

evolutionary phenomenon or associated with other developmental modes such as 
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embryogenesis, asexual reproduction, and growth. Studies suggest that regeneration can 

only be initiated by an unpredictable injury, leaving a wounded multicellular stump, and it 

also involves regeneration-specific features such as regeneration-specific gene expression 

(Brockes and Kumar, 2008; Lengfeld et al., 2009). Also, regeneration has a unique 

phylogenetic distribution unlike other developmental phenomena such as asexual 

reproduction and embryogenesis. It occurs only in a subset of animals unlike embryogenesis 

which is ubiquitous, and regeneration can be lost in asexually reproducing groups despite 

their close evolutionary links (Bely and Wray, 2001; Lengfeld et al., 2009).  

A recent study from Warner et al (2019) suggests regeneration is a partial redeployment of 

the embryonic gene network using the anthozoan cnidarian Nematostella vectensis. By 

employing this unique whole-body regeneration animal model, they showed that the 

regenerative program partially reuses elements from the embryonic gene network at the 

transcriptomic level. They also identified regeneration specific modules driving cellular 

events unique to regeneration. This is the first study regarding cnidarian regeneration that 

shows this overlap in gene networks between embryonic and regenerative states. In order 

to start understanding this exciting side of regeneration and answer fundamental questions, 

further studies from various clades that have, or not regenerative capacities are needed for 

comparisons.  

Nematostella also serves an excellent comparative system for regeneration. Following 

bisection through the oral-aboral axis, both halves of this animal can fully regenerate into 

normal polyps (Reitzel et al., 2007; Trevino et al., 2011; Bossert et al., 2013). Unlike Hydra, 

this anthozoan does not appear to have i-cells, and therefore cell proliferation is required in 

order to complete the regenerative process (Passamaneck and Martindale, 2012). 

Interestingly, wound healing acts as initiator of regeneration where the onset of proliferation 

serves as a transition between wound healing and a regenerative response (DuBuc et al., 

2014).   

Hydractinia offers a great comparative system for regenerative studies. I-cells are located in 

the lower part of the body column and upon decapitation, they are able to migrate to the 

injury site in order to form a blastema and regenerate the missing head region, like 

planarians (Gahan et al., 2016; Reddien and Sanchez Alvarado, 2004). Bradshaw et al. (2015) 

demonstrated that decapitation was followed by a wound healing process without requiring 

any cell proliferation. Instead, i-cells started migrating to the injury site within the first 4-6 

hours post decapitation from the body column and proliferated during migration and locally 
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to form a blastema. Full re-establishment of the missing head region was done within 2-3 

days post decapitation (Fig. 1.8). Unlike oral injury, aboral wound closure did not resulted in 

a blastema formation but instead polyps transformed into stolonal tissue and then budded 

new polyps. This suggests that distinct mechanisms govern oral and aboral regeneration in 

Hydractinia.   

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Overview of head regeneration in Hydractinia. Image adopted from Gahan et al. (2016). Head 

regeneration is a short process that lasts two to three days. Upon decapitation, wound closure is completed 

within a few hours, which in turn is followed by the migration of i-cells to the injury site. Migrating i-cells will form 

a blastema which is able to provide cells to the re-establishment of the missing head region.    

 

The mechanisms governing animal regeneration can be species-specific but also tissue-

specific within a single species. With the development of transgenesis and other tools in 

Hydractinia, a new window of opportunities becomes available to study in vivo cell migration 

during development and regeneration. These studies will facilitate the understanding of cell 

dynamics during injury/decapitation and further contribute to the general picture of the 

evolution of animal regeneration.  
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1.9 Project aims 

Hydractinia and all the members of the phylum Cnidaria are recognized as sister group to 

bilaterians and one of the extant, Eumetazoa exhibiting nervous system. This makes 

cnidarians excellent candidates to study the evolution of the nervous system. The general 

objective of my PhD project was to study cell fate commitment during nervous system 

establishment in both embryogenesis and regeneration contexts with an emphasis on SoxB 

genes. 

To start understanding how the nervous system is formed and arranged in this animal, my 

first aim was to determine the composition and structure of the nervous system with 

previously established markers both in embryonic and adult stages. This in-depth 

characterisation was lacking for Hydractinia, whereas for other cnidarians such as Hydra and 

Nematostella, this analysis has already been done. By having such characterisation in 

another cnidarian, more comparative studies regarding the evolution of the nervous system 

would be feasible in the feature.   

Since my general objective was to study embryogenesis with an emphasis on SoxB genes, I 

aimed to identify their roles during embryonic neurogenesis, as well as during nervous 

system regeneration. A previous study regarding this family of genes was performed in 

Hydractinia but the focus was mostly on SoxB2 and SoxB3 with a greater emphasis in the 

adult neurogenesis as positive regulators of this process. For that reason, I wanted to 

understand the contribution of all three SoxB genes primarily in embryonic neurogenesis as 

well as the role of SoxB1 in adult neurogenesis.  

Furthermore, I was interested to reveal the transcriptional profile along the neuronal lineage 

by utilizing transgenic reporter animals. For that, I wanted to find a reliable and reproducible 

technique to achieve that aim. Since flow cytometry was an incredible way to achieve my 

goal, I wanted to establish this essential technique in Hydractinia and utilize it to identify the 

transcriptional profile of certain cell populations along the neuronal lineage.  
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In more detail, the specific aims of my project were: 

1. Determine the composition of Hydractinia nervous system:  

a. During embryogenesis 

b. In adult stages 

2. The roles of SoxB transcription factors in development and regeneration: 

a. Spatial and temporal expression of SoxB genes 

b. Cell fate commitment during nervous system regeneration 

c. Roles of SoxB genes during development 

d. Role of SoxB1 in adult stage 

3. Transcriptional profiling along the neural lineage: 

a. Decipher distinct cell populations based on flow cytometric profiling 

b. Explore gene expression patterns in different stages of the neural lineage  
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Chapter 2: Materials and Methods 
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2.1 Animal care 

2.1.1 Culture and metamorphosis 

For the purposes of the present study, the marine hydroid Hydractinia symbiolongicarpus 

was used as an animal model. In the wild, H. symbiolongicarpus is found on the hermit crab 

shell and under laboratory conditions, stable clones were grown on glass microscope slides 

and cultured at 20-22ꜛ C in artificial seawater under a 14:10 light:dark cycle regime. They were 

fed four times a week with freshly hatched Artemia nauplii and once a week with oysters 

(pureed when fresh and then stored frozen in aliquots). 

Spawning takes place approximately one and a half hours after light induction by the release 

of gametes (sperm and oocytes) in a water column. Once collected, the embryos can be 

stored in 4ꜛC for up to 4 hours to halt their development and provide a wider timeframe for 

injections. 

Once the embryo reaches the planula larval stage, metamorphosis is be induced by a 3-4 

hours incubation in 1:5 580mM CsCl:ASW. Once metamorphosing larvae fully retract, they 

are place in the desired substrate to settle and form a new colony. The same workflow is also 

applied for microinjected embryos (transgenesis).  

 

2.1.2 Microinjection 

For plasmid or shRNAi injections, the embryos were placed in a 35mm petri dish with a 100˃m 

plankton net attached. Generally, plasmids were injected at 3-4 g˃/ l˃ concentration eluted in 

nuclease-free water. For shRNAi injection concentrations see section 2.5. Injection needles 

were prepared from glass capillaries with filament (Narishige; GD-1) using a pulling machine.  

For shRNAi injections, fluorescent Dextran was mixed to 1:20 ratio in order to select the 

injected embryos. For all the types of injections, 400 mM KCl was mixed with the injectable 

product to 1:5 ratio.  

 

2.1.3 Polyp manipulation  

In order to remove sexual or feeding polyps from the colony, the whole slide was placed in 

4% MgCl2 (prepared in 1:1 ASW:diH2O) for 10-15min. For regeneration experiments, 

individual polyps were decapitated by a transverse cut right below the tentacle base and 

further used for various experiments.     
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2.2 Generation of SoxB1/B2/B3 transgenic reporter animals 

2.2.1 Plasmid design overview 

For the generation of SoxB1/B2/B3 reporter lines, tdTomato, GFP and mScarlet fluorescent 

ǇǊƻǘŜƛƴǎ ǿŜǊŜ ŜȄǇǊŜǎǎŜŘ ǳƴŘŜǊ ōƻǘƘ ǘƘŜ рΩ ŀƴŘ оΩ ƎŜƴƻƳƛŎ ŎƻƴǘǊƻƭ elements of the three 

genes respectively (Fig. 2.1). All the primers designed and used can be found in Appendix A, 

and sequences used in Appendix B.    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic of SoxB1 (A), SoxB2 (B) and SoxB3 (C) plasmid constructs for the generation of transgenic 

reporter lines. Numbers indicate the primers used (Appendix A). 

 

2.2.2 SoxB1::tdTomato::SoxB1 reporter line 

Gibson assembly-based cloning was utilized to generate this construct. Forward and reverse 

PCR primers were designed with 20-25bp overhangs on both the backbone and the 

ŦƭǳƻǊŜǎŎŜƴǘ ǇǊƻǘŜƛƴ ǘƻ ƳŀǘŎƘ ǘƘŜ рΩ ŀƴŘ оΩ ƎŜƴƻƳƛŎ ǊŜƎƛƻƴǎΦ .ƻǘƘ ǳǇǎǘǊŜŀƳ ŀƴŘ ŘƻǿƴǎǘǊŜŀƳ 

genomic regions of Hydractinia SoxB1 coding sequence were cloned without any overhangs. 

The assembly was carried out in two phases. First, the promoter, tdTomato and terminator 
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were assembled by using 100ng from each fragment, 2x Gibson master mix (NEBuilder HiFi 

DNA Assembly Master Mix; E2621) and nuclease-free water to a final reaction volume of 10˃l. 

The reaction mixture was then incubated for one hour at 50Cꜛ. The resulted fragment was 

used as a PCR template to confirm the assembly. Upon confirmation, the cassette was used 

in the second phase in which it was mixed with the cloned backbone containing the overhangs 

along with 2x Gibson master mix and nuclease-free water and incubated at 50ꜛC for one hour 

as well. Correct assembly was confirmed by both PCR and sequencing. The resulted plasmid 

was transformed into chemically competent bacteria as described in section 2.2.7 and 

plasmid is extracted as described in section 2.2.8.    

 

2.2.3 SoxB2::GFP::SoxB2 reporter line 

This construct was generated by restriction digest-based cloning. First, primers were 

designed to clone the genomic regions upstream and downstream of Hydractinia SoxB2 

coding sequence. The ̡-tubulin::GFP::̡-tubulin was used as a template for the generation of 

this reporter construct and primers with overhanging restriction sites where designed to 

ŎƭƻƴŜ ƻǳǘ ōƻǘƘ ǘƘŜ ǇǊƻƳƻǘŜǊ ŀƴŘ ǘƘŜ ǘŜǊƳƛƴŀǘƻǊ ƛŦ ǘƘƛǎ ƭƛƴŜΦ CƛǊǎǘΣ ǘƘŜ {ƻȄ.н рΩ ƎŜƴƻƳƛŎ ǊŜƎƛƻƴ 

was inserted in the construct (SoxB2::GFP:: ̡ -tubulin) and after confirmation of the insertion, 

ǘƘŜ оΩ ƎŜƴƻƳƛŎ ǊŜƎƛƻƴ ǿŀǎ ǊŜǇƭŀŎŜŘ ŀǎ ǿŜƭƭ ōȅ ǘƘŜ оΩ {ƻȄ.н ƎŜƴƻƳƛŎ ǊŜƎƛƻƴ 

(SoxB2::GFP::SoxB2) by restriction digest-based cloning (see section 2.2.6).    The plasmid was 

then transformed into chemically competent bacteria (see section 2.2.7 and 2.2.8).     

 

2.2.4 SoxB3::mScarlet::SoxB3 reporter line 

The SoxB3 reporter line was generated by Gibson assembly-based cloning. Like SoxB1 

reporter line, PCR primers were designed to clone both the upstream and downstream 

genomic regions of Hydractinia SoxB3 coding sequence without any overhangs. The construct 

was originally designed to contain GFP and for reasons mentioned later, GFP was replaced by 

mScarlet. Primers were also designed with 20-30bp overhangs on both the backbone and GFP 

ǘƻ Ŧƭŀƴƪ ǘƘŜ рΩ ŀƴŘ оΩ ƎŜƴƻƳƛŎ ǊŜƎƛƻƴ ŦǊŀƎƳŜƴǘǎΦ CƻǊ ōƻǘƘ {ƻȄ.м ŀƴŘ {ƻȄ.о ƭƛƴŜǎ ǘƘŜ ǎŀƳŜ 

assembly strategy was followed (see section 2.2.2). In order to replace GFP with mScarlet, 

primers were designed with overhanging restriction sites for both the vector and the 

fluorescent protein. The resulted fragments were ligated (see section 2.2.6) and the resulted 

vector was transformed into chemically competent bacteria (see section 2.2.7 and 2.2.8).       
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2.2.5 PCR and gel DNA extraction 

Two main approaches were used for PCR purposes: Phusion High-Fidelity DNA Polymerase 

(Thermo Fisher Scientific; F530), and MyTaq DNA Polymerase (BioLine; BIO-21101).  Phusion 

approach was used for all cloning PCRs and Mytaq approach mostly for insert confirmation 

t/wǎ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜΩǎ ƎǳƛŘŜƭƛƴŜǎΦ !ƭƭ t/w ǇǊƻŘǳŎǘǎ ǿŜǊŜ Ǌŀƴ ƻƴ м҈ ŀƎŀǊƻǎŜ ƎŜƭǎ όCƛǎƘŜǊΤ 

BP1356 ) for 25-20min at 100V and visualized using the FluorChem FC2 Imager. Gel DNA 

extraction of the desired bands was carried out by using Nucleospin Gel and PCR clean-up kit 

ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ όaŀŎƘŜǊŜȅ-Nagel; 740609.50). The eluted DNA 

concentration and purity was measured by NanoDrop spectrophotometer.   

 

2.2.6 Restriction digest-based cloning 

After successful PCR and gel DNA extraction, the desired fragments (backbone and inserts) 

were digested with the appropriate restriction enzymes by using 100ng of the backbone 

fragment and either equimolar or 3x molar excess of the insert fragment along with 0.5-1 l˃ 

of each restriction enzyme, and 10x reaction buffer and nuclease-free water to a final 

reaction volume of 20˃l. The reaction mixtures were placed at a 37Cꜛ water bath for one hour 

followed by a 20min heat inactivation phase at 80Cꜛ. The reaction mixtures were then placed 

in room temperature (RT) to gradually cool down. Ligation was then carried out by adding 

0.7˃ l T4 DNA ligase 5U/˃l (Thermo Fisher Scientific; EL0011) and 2.3l˃ 10x T4 DNA ligase 

buffer. The ligation could be achieved by either a 60min incubation at RT or overnight (ON) 

at 4ꜛ C. 

 

2.2.7 Bacterial production, transformation and culture  

Chemically competent XL1 Blue Escherichia coli (E. coli) bacteria must be first made along 

with LB broth and agar without antibiotics and autoclaved.  Once all the materials needed 

were prepared, bacteria taken from the stock sample were mixed with LB broth, spread on 

agar plates and incubated ON at 37ꜛC. The following day, individual colonies were selected 

and grown without any antibiotics in 5ml of broth ON at 37Cꜛ along with the necessary 

controls. The 5ml bacterial culture was then inoculated in 300ml of LB broth and allowed to 

grow at a 37ꜛC incubator for ~2-3hours until an OD600 of 0.35-0.40 is reached. Once the 

optical density was at the desired level, the media was aliquoted in 50ml pre-chilled tubes 

and centrifuged for 10min at 3500RPM at 4Cꜛ. The supernatant was then discarded, and 
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pellets were resuspended in 5ml of pre-chilled sterile-filtered 0.1M CaCl2 and left on ice for 

10min. Bacterial resuspensions were centrifuged again at 3500RPM for 10min at 4Cꜛ and 

resuspended in 1ml of pre-chilled sterile-filtered 14% glycerol / 0.1M CaCl2. Chemically 

competent bacteria were then aliquoted into pre-chilled 1.5ml tubes and stored at 80ꜛC for 

future use.   

Chemically competent XL1 Blue bacterial transformation was achieved by adding either the 

ligation mixture (from section 2.2.4) or 500-1000ng of plasmid into 50˃l of bacteria. The tubes 

containing the mixture were transferred to a 42ꜛC water bath for 90seconds and then were 

immediately placed on ice for 5min. LB broth was then added to a final volume of 200l˃ and 

incubated at 37ꜛC at least for 30min for the bacteria to recover. LB agar plates containing the 

appropriate antibiotic (carbenicillin 100˃g/ml - working concentration) were pre-warmed 

and once the bacteria had recovered, were spread onto the plates and incubated at 37Cꜛ ON. 

The resulted colonies were individually selected and grown ON at 37Cꜛ in 5ml LB broth 

containing antibiotics along with necessary controls to exclude the possibility of 

contamination. The following day, plasmids were extracted as described in section 2.2.6. 

 

2.2.8 Plasmid extraction  

Plasmid extraction was performed either for small- or large-scale culture volumes. Before any 

plasmid extraction approach, 500˃l bacterial culture was taken and stored in -80ꜛ C for future 

use (mixed with 90% glycerol, 1:1).   For the small-scale colony culture (5ml), the GenElute 

Plasmid Miniprep kit was used (Sigma-!ƭŘǊƛŎƘΤ t[bорлύ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘions. 

For large-scale cultures (300ml), an in-house protocol was used. Bacterial suspension was 

aliquoted in 50ml tubes and centrifuged at 7000RPM for 10min at 4Cꜛ. The resulting pellets 

were resuspended in 10ml resuspension buffer (25mM Tris-HCl pH8, 10mM glucose, 10mM 

EDTA pH8; solution needed to be autoclaved) by a gentle mixing. Then, 20ml lysis buffer 

(0.2M NaOH, 1%SDS) were added and tubes are gently inverted several times to ensure 

solutions were well mixed and left for 5min at RT before adding 15ml neutralization buffer 

(3M CH3CO2K, 11.5% v/v glacial acetic acid). Solutions were further mixed by gentle inversion 

and then left on ice for 5min before centrifuged at full speed (RPM) for 15min at 4Cꜛ. The 

resulted supernatant was filter by placing 125mm filter paper (Fisher; FB59025) shaped into 

a cone onto a 50ml tube and 0.6 volumes of 100% isopropanol was added and mixed to the 

collected flow through before being placed for 20min at -20ꜛ C (it can also be placed at -20ꜛ C 
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ON). Next, the suspensions were centrifuged at 7500RPM for 15min at 4ꜛC and the resulted 

pellets were washed once with 10ml 75% ethanol (at this point the pellets are combined in 

one tube) before being centrifuged one more time at 7500RPM for 15min at 4Cꜛ. The pellet 

was then resuspended in 1ml nuclease-free water with RNase mix [RNase mix: 2l˃ RNaseA 

(Thermo-Fisher Scientific; EN0531, 1˃l RNase T1 (Thermo-Fisher Scientific; EN0541)] and 

incubated at 37ꜛC for one hour. Afterwards, SDS and NaCl were added to the mixture at 1% 

and 0.5M final concentrations respectively along with 2l˃ Proteinase K (25mg/ml stock) for 

one hour at 55ꜛC and then the samples were ready for phenol:chloroform plasmid extraction. 

Based on a standard phenol:chloroform extraction protocol, one volume each of phenol 

(Sigma-Aldrich; P4557) and chloroform (Sigma-Aldrich; C2432) were added to the mixture 

and mixed vigorously before being centrifuged at maximum speed (RPM) for 3min at RT. 

Next, the upper aqueous layer was collected, and equal volume of chloroform was added, 

followed by centrifugation at maximum speed (RPM) for 3min at RT. Again, the upper 

aqueous layer was collected, and plasmid precipitation was achieved by adding 2.5 volumes 

of 100% ethanol and 1/10th volume 5M KCl followed by a maximum-speed centrifugation at 

RT. The resulted pellet was washed once or twice with 1ml 75% ethanol and let to air dry 

before resuspending in 20-40˃ l nuclease-free water (depends on the desired concentration).  

Plasmid microinjections and embryo maintenance were performed as described in sections 

2.1.1 and 2.1.2.  

2.2.9 Genomic DNA extraction, and RNA extraction for cDNA synthesis  

For genomic DNA extraction, ~200-300 polyps were used. Once the ASW was completely 

removed, the tissue was macerated and lysed by adding 200l˃ of DNA lysis buffer (100mM 

Tris HCl pH8, 50mM EDTA, 1% SDS) and by using a plastic pestle (cleaned with bleach, ethanol 

and diH2O prior use). An additional 800˃l of DNA lysis buffer was added and maceration was 

continued until there were no visible clumps. Next, 2˃ l of each RNaseA and RNase T1 were 

added and incubated at 37ꜛC for one hour, followed by the addition of 8˃l of Proteinase K 

(stock: 25mg/ml) and incubated for an additional 2-3 hours at 50ꜛC. The genomic DNA was 

then extracted using a standard phenol:chloroform extraction protocol as described in 

section 2.2.8 with the replacement of KCl with 1/10th the volume of 5M NaCl.  
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2.3 Cellular Staining 

2.3.1 Immunofluorescence (IF) staining 

Polyps or larvae were first relaxed and cut as described in Section 2.1.3 prior fixation. For 

standard IF staining, the tissue was fixed in 4% PFA in PBS for 60min at RT or ON at 4Cꜛ 

followed by three washes of 10min each with PBS with 0.3% TritonX-100 (PBSTx). For storage, 

the tissue was dehydrated by incubation in increasing concentrations of ethanol diluted in 

PBSTx and stored in -20ꜛ C (25%, 50%, 75% and 100%; 5min each wash). Tissue was then 

slowly rehydrated by washing in decreasing concentrations of ethanol followed by three 

washes of 10min each with PBSTx. The tissue was then blocked for one hour in 3% BSA in 

PBSTx and primary antibodies were added ON at 4Cꜛ (Table 2.2). The following day, tissue 

was washed three times 10min each with PBSTx and blocked again for 15min with 5% serum 

in BSA/PBSTx (goat serum unless indicated otherwise). Secondary antibodies (Table 2.3) were 

added based on the host of the primary antibodies in 5% serum in BSA/PBSTx for one hour in 

RT and then the tissue was washed three times 10min each with PBSTx. Nuclear staining was 

then carried out with Hoechst 33258 (use: 1 in 2000; stock: 20mg/ml; Sigma-Aldrich; B2883) 

for 15min at RT followed by three washes 10min each with PBSTx. Tissue was then mounted 

in Fluoroshield (Sigma-Aldrich; F6182) on glass microscopic slides (Fisher Scientific; 

11562203).  

To increase tissue permeability, after fixation the tissue could be washed in increasing 

concentrations of methanol followed by two washes with 100% acetone. Then, decreasing 

concentrations of methanol were carried out followed by the standard IF protocol described 

above. 

Table 2.2. List of primary antibodies used. 

Primary Antibody Host Species Source Dilution 

Anti-Piwi1 Rabbit In house 1:2000 

Anti-Piwi2 Guinea pig In house 1:500 

Anti-acetylated 
tubulin 

Mouse Sigma-Aldrich; T7451 1:1000 

Anti-RFamide Rabbit Gunther Plickert 1:1000 

Anti-GLWamide Rabbit Thomas Leitz 1:1000 

Anti-Ncol1 Rabbit Suat Ozbek 1:500 

Anti-centrin2 Rabbit Ciaran Morrison 1:500 
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Anti-Ncol3 Guinea pig Suat Ozbek 1:500 

Anti-GFP Rabbit Santa Cruz; 8334 1:1000 

Anti-RFP Rat Chromotek; 5F8 1:1000 

  

Table 2.3. List of secondary antibodies used. 

Secondary Antibody Host Species Source Dilution 

Anti-rabbit AF488 Goat Abcam; ab150077 1:500 

Anti-rabbit AF594 Goat Abcam; ab150080 1:500 

Anti-rabbit AF647 Goat Abcam; ab150079 1:500 

Anti-mouse AF488 Goat Abcam; ab150113 1:500 

Anti-mouse AF594 Goat Abcam; ab150116 1:500 

Anti-mouse AF647 Goat Abcam; ab150115 1:500 

Anti-rat AF594 Goat Abcam; ab150160 1:500 

Anti-rat AF647 Goat Abcam; ab150159 1:500 

Anti-guinea pig AF594 Goat Abcam; ab150188 1:500 

 

Table 2.4.  List of antibodies used for western blotting. 

Antibody Host Species Source Dilution 

Goat anti-rat IgG H&L (HRP)  Goat Abcam; ab205720 1:1000 

Goat anti-rabbit IgG H&L (HRP) Goat Abcam; ab205718 1:1000 

Goat anti-guinea pig IgG H&L (HRP) Goat Abcam; ab97155 1:1000 

 

2.3.2 Nematocyte capsule staining by FITC-coupled lectin 

Tissue (polyps or larvae) was prepared and cut as described in section 2.1.3 prior fixation. All 

the steps described below were done on the shaker and in RT unless otherwise stated. 

Fixation was carried out by incubating the tissue in TBS-T for 10-30min. Following, the tissue 

was washed three times for 5 min each with TBST-T and blocked for one hour with 2% BSA in 

TBS. Three more washes of 5min each were carried out with TBS, and then lectin was added 

in a 15˃ g/ml final concentration diluted in TBS-T. Lectin incubation was for one hour and 

samples were protected from light. Then, three more washes of 5min each with TBS were 



Page | 50  
 

carried out, and Hoechst (1.1000) was added for 30min. Samples were washed again for three 

times before mounting them in Fluoromount. Mounted samples were left overnight at 4Cꜛ to 

cure before imaging. Samples could be imaged only within 2-3 days after curing and could be 

stored in 4ꜛC ς not 20ꜛ C.  

TBS (final concentrations): 20mM Tris-HCl, 100mM NaCl, 1mM CaCl2, 1mM MgCl2, adjust pH 

to 7.2 and fill up to 1000ml with dH2O.  

TBS-T: add 0.5% Triton (final concentration) 

 

2.3.3 EdU staining of cycling cells 

For the EdU staining, a Click-iTEdU Alexa Fluor 488 Imaging kit was used (Invitrogen; C10337) 

ŀƴŘ ŀƭƭ ǘƘŜ ǎƻƭǳǘƛƻƴǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

Adult polyps (intact or decapitated) were prepared as described in section 2.1.3. Prior 

fixation, the polyps were incubated in EdU solution for 30min or more depending on the 

experiment (stock concentration 10mM; 1˃l EdU/1ml ASW), washed three times in ASW and 

incubated in MgCl2 before fixation. Polyps are then fixed in 4%PFA in PBS for one hour at RT 

and washed once with 3% BSA in PBSTx for 30min. Next, two washes with PBSTx were carried 

out (1st wash: one hour; 2nd wash: 30min), followed by two washes with 3% BSA in PBSTx for 

5min each. The tissue was then incubated in Click-iT cocktail for 30min (~100˃l per 100 

polyps; protect from light) followed by three washes of 3% BSA in PBSTx for 20min each. At 

this stage, polyps could be mounted for imaging or continue to IF protocol for additional 

staining (see section 2.3.1).  

Briefly, the Click-iT cocktail was prepared by mixing 86l˃ 1x Click-iT reaction buffer, 4 l˃ CuSO4, 

0.24˃ l AF488 azide, and 10˃l reaction buffer additive (total volume ~100˃l).    
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2.4 In situ hybridization  

2.4.1 SoxB coding sequences cloning 

In order to start synthesizing the probes, the whole coding sequences all three SoxB genes 

were cloned from gDNA or cDNA (section 2.2.9) and inserted into a pGEM-T Easy Vector 

{ȅǎǘŜƳ L όtǊƻƳŜƎŀΤ !мослύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǎǘŀƴŘŀǊŘ ǊŜŀŎǘƛƻƴ ǇǊƻǘƻŎƻƭΦ .ǊƛŜŦƭȅΣ 

1.5˃ l of the coding sequence template (~100ng/l˃) was mixed with 0.5˃l pGEM vector along 

with 0.5˃ l T4 DNA ligase and 2.5˃l 2xrapid ligation buffer, and incubated ON at 4Cꜛ followed 

by normal bacterial transformation and plasmid extraction (see section 2.2.7 and 2.2.8). The 

plasmids were then sequenced to identify the orientation of the coding sequence within the 

plasmid as the pGEM vector contains both SP6 and T7 sites.  

 

2.4.2 RNA probe synthesis (for FISH) 

The coding sequences of the three SoxB genes and Piwi1 were first amplified by PCR (see 

section 2.2.5) from their vectors using generic SP6 and T7 primers (Appendix A) and then used 

as DNA templates for transcription. For the synthesis of SP6 probes, the HiScribe SP6 RNA 

Synthesis kit (NEB; E2070) is used and for T7 probes the HiScribe T7 High Yield RNA Synthesis 

kit (NEB; E2040) with a few modifications fǊƻƳ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ό¢ŀōƭŜ нΦрύΦ 

Table 2.5. Detailed description on how to make either SP6/T7 Fluorescein/Digoxigenin probes for FISH. 

   

FOR DIGOXIGENIN PROBES 

 (T7 OR SP6) 

ATP 2.5 ˃ l (5mM final conc.) 

GTP 2.5 ˃ l (5mM final conc.) 

CTP 2.5 ˃ l (5mM final conc.) 

UTP 2.5 ˃ l (5mM final conc.) 

Digoxigenin-11-UTP 

(Roche; 11209256910)  

3.75 ˃ l 

DNA template X ˃ l (0.5 ˃ Ǝύ 

SP6 or T7 polymerase mix 2.5 ˃ l 

SP6 or T7 reaction buffer 
(10x)  

нΦр ˃l 

RNase inhibitor (RiboLock0 

(Thermo-Fisher Scientific; E00381) 

лΦр ˃l 
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Nuclease-free H2O X ˃ l 

FOR FLUORESCEIN PROBES 

(T7 OR SP6) 

Fluorescein RNA labelling mix 
10X 

(Roche; 11685619910) 

2.5 ˃ l  

DNA template X ˃ l (0.5 ˃ Ǝύ 

SP6 or T7 polymerase mix 2.5 ˃ l 

SP6 or T7 reaction buffer 
(10x)  

нΦр ˃l 

RNase inhibitor (RiboLock0 

(Thermo-Fisher Scientific; E00381) 

лΦр ˃l 

Nuclease-free H2O X ˃ l 

 

Once the probes were made, a formaldehyde denature gel is made in order to check their 

quality. The 1.5% gel was prepared by dissolving 0.75g agarose in 36ml DEPC water and 

adding 5ml 10X MOPS and 9ml deionized formaldehyde (Sigma; F8875). The RNA samples 

and RiboRuler RNA ladder (Thermo Fisher Scientific; SM1821) were mixed 1:1 with 2x RNA 

gel loading dye (Thermo Fisher Scientific; R0641), heated for 10min at 70Cꜛ and then placed 

on ice for 2min. Once the gel had set, the samples/ladder were loaded and ran for 25-30min 

at 100V and visualized using FluorChem FC2 Imager. 

 

2.4.3 Double FISH protocol  

Tissue (embryos, larvae, feeding and sexual polyps) were cut and prepared as in section 2.1.3 

prior fixation. All the reagents and buffers used from this point onwards were ice cold before 

use. The animals were first fixed for 90seconds in ice-cold 0.2% glutaraldehyde (stock: 25%, 

Sigma-Aldrich; G5882) in 4% PFA (stock: 16%, Alfa Aesar; 43368) in filtered ASW and then in 

4% PFA in PBS-0.1% Tween (PTW) for one hour at 4Cꜛ followed by three quick washes with 

PTW. Both fixation steps were carried out in glass petri dishes and all the post-fixation steps 

in Eppendorf tubes. Post-fixation washes (5min each) were done in increasing concentrations 

of methanol in PTW (2x 25%MeOH, 2x 50%MeOH, 1x 75%MeOH, 3x 100%MeOH) and then 

the samples were either stored for future use or continued with the procedure. Next, the 

tissue was permeabilized by washes in increasing concentrations of methanol in acetone and 

rehydrated with washes in decreasing concentrations of methanol in PTW.  
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The next steps were done with reagents and buffers in RT. Following rehydration of the tissue, 

three PTW quick washes were done to remove any residual methanol and then the activity 

of PFA was quenched by two washes 5min each with glycine (2mg/ml; Fisher Scientific; 

BP381-1)) in PTW followed by three PTW washes. By this stage, the tissue was distributed in 

24-well tissue culture plates according to the needs. 

Once the tissue was allocated in the culture plate, it was pre-hybridized by adding pre-heated 

hybridization buffer ON (section 2.4.4), and then hybridized for two days in pre-heated 

hybridization buffer containing the desired probes (1ng/l˃). The hybridization temperature 

depends on the probe with the range being 55-60ꜛ C. 

Following, all the post-hybridization washes were done at hybridization temperature. First, 

the tissue was washed twice with a simpler version of the hybridization buffer (section 2.4.4) 

for 10min and 40min. Then, washes for 30min were carried out in decreasing concentrations 

of hybridization buffer in 2x SSC (see section000) followed by three washes of 15min each in 

2x SSC.  

At this point, all the washes/incubation steps were moved from hybridization temperature 

to RT. Quick washes in decreasing concentrations of 0.2x SSC in PTW were done followed by 

five quick washes in PTW. Once the post-hybridization washes were done, the endogenous 

peroxidase activity was quenched by incubating the tissue in 3% hydrogen peroxide (Fisher; 

H/1800/15) in PTW for one hour at RT protected from light followed by three washes of PTW 

for 10min each. The tissue was then incubated with the first antibody (anti-DIG POD, 1:1000; 

Roche 11207733910) in 1% blocking buffer (Roche; 11096176001) in maleic acid buffer 

(section 2.4.4) ON at 4 Cꜛ followed by three washes of 10min each with PTW. 

The developing process of the first antibody was done preferably with Rhodamine in 

developing buffer (section 2.4.4) with three incubations of one hour each at RT followed by 

an ON incubation at 4 Cꜛ.  

The next day, at least five PTW washes were carried out, or until the tissue has no residual 

Rhodamine or Fluorescein, and then the tissue was either prepared for mounting or a second 

antibody incubation. If the tissue was prepared with a single probe, it was then stained with 

the nuclear marker Hoechst (1:2000) in PTW for 15min and washed and mounted in 100mM 

Tris-pH8 in 50% TDE (Sigma; 166782). 

In the case of a double FISH, after the ON incubation with the developing buffer, the tissue 

was washed thoroughly with PTW and then washed once for 10min with 0.1M glycine pH2 
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followed by three quick PTW washes. The tissue was then shortly blocked with 1% blocking 

buffer in maleic acid buffer and incubated with the second antibody (anti-Fluorescein POD, 

1:1000, Roche; 11426346910) in 1% blocking buffer in maleic acid buffer ON at 4ꜛC followed 

by three washes of 10min each with PTW.  

The developing, post-developing washes, nuclear staining and mounting were done the same 

way as described above but instead of Rhodamine, Fluorescein was used. After the post-

developing washes but before TDE washes and mounting, the tissue could be quickly washed 

with increasing concentrations of methanol in PBS and then with decreasing concentrations 

of the same solutions to remove background staining.   

 

2.4.4 Buffers and solutions (for FISH) 

All the solutions and buffers were made with DEPC water. 

DEPC water: 500˃ l DEPC (Sigma; D5758) in 1L MiliQ water. Mixed well and left ON at 37Cꜛ. 

Autoclaved the next day.  

10X PBS in DEPC H2O: 80g NaCl, 2g KCl, 14.4g Na2HPO4, 2.4g KH2PO4 (per 1000ml) 

20X SSC in DEPC H2O: 175.3g NaCl, 88.2g Na3C6H5O7 (per 1000ml) 

Hybridization buffer (per 40ml): 20ml formamide (Sigma-Aldrich; F9037), 10ml 20x SSC pH4, 

100˃ l heparin (20mg/ml; Sigma-Aldrich; H3393), 100˃ l Tween20 (Sigma-Aldrich; P1379), 2ml 

20% SDS (Sigma-Aldrich; L3771), 100˃ l salmon sperm DNA (Sigma-Aldrich; D1626), 40mg 

blocking buffer powder, 1% dextran sulfate (Alfa Aesar; J70796), fill to 40ml with DEPC water 

and heat to help dissolve. 

ά{ƛƳǇƭŜǊέ ƘȅōǊƛŘƛȊŀǘƛƻƴ ōǳŦŦŜǊ όǇŜǊ плƳƭύΥ 20ml formamide, 10ml 20x SSC pH7.5, 100l˃ 

Tween20, 2ml 20% SDS, 100˃ l heparin (20mg/ml), fill to 40ml with DEPC water. 

1X Maleic acid buffer (per 500ml): 6.91g Maleic acid (Sigma-Aldrich; M0375), 4.38g NaCl 

(Sigma-Aldrich; S7653) and adjust the pH to 7.5 by adding NaOH pellets (Fisher; S/4920/53).  

Rhodamine/Fluorescein: Prepared as described in Wolenski et al., Nat Protoc, 2013 

Developing buffer: 2% dextran sulfate in PTW, 0.001% H2O2, 1:100 Rhodamine or Fluorescein, 

1:200 Iodophenol (100mg/ml in 100% ethanol). Always add fresh H2O2, 

Rhodamine/Fluorescein and Iodophenol.  
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2.4.5 DNA probe synthesis (for SABER FISH) 

Before starting to make the probes, all the reagents and tubes were placed on metal tube 

holders on ice to keep them ice cold. 

bŜȄǘΣ ǘƘŜ άƻƭƛƎƻ Ǉƻƻƭέ ǿŀǎ ƳŀŘŜ ōȅ ƳƛȄƛƴƎ ǘƘŜ ǊŜǉǳƛǊŜŘ ŀƳƻǳƴǘ ƻŦ ƻƭƛƎƻǎ όŎƻƴŎŜƴǘǊŀǘƛƻƴΥ 

10˃ M) to have a final volume of 10˃l. For example, if 15 oligos were used per probe, then 

0.67˃ l from each oligo was used to have a total volume of 10l˃. After making the oligo pool, 

in a separate PCR tube 10˃l of the desired hairpin was added and left on ice until needed.  

The master mix was then prepared as follow and placed in the tube with the exact order as 

written here: 

1. 10˃ l - 10X ThermoPol buffer (or 10X PBS) 

2. пп˃ƭ - nuclease-free H2O 

3. мл˃ƭ - 100mM MgSO4 

4. 5 l˃ - dNTP mix (A, T, C only; 6mM each) 

5. мл˃ƭ - м˃a /ƭŜŀƴD  

6. м˃ƭ - Bst LF polymerase 

The above master mix (80˃l) was added to the PCR tube already containing the hairpin (90l˃ 

total). The tubes were then placed in a PCR machine and the following program was used: 

1. Heat cycler to 37ꜛC 

2. Pause the program and insert the tubes containing the master mix + hairpin 

3. Incubate for 15min at 37ꜛ C 

4. Pause the program, add the oligo pool and mix well 

5. Incubate for 4 hours at 37ꜛ C 

6. Heat to 80ꜛC for 20min  

7. Cool down to 4ꜛC 

Once the PCR reaction was done, the Monarch PCR & DNA clean-up kit (NEB #T1030S) was 

ǳǎŜŘ ǘƻ ŜƭǳǘŜ ǘƘŜ ǇǊƻōŜǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ bŀƴƻŘǊƻǇ ǿŀǎ ǘƘŜƴ ǳǎŜŘ 

to measure the single-stranded DNA amount.  

 

2.4.6 SABER FISH protocol  

Tissue was fix and dehydrated the same way like in the normal fluorescence in situ 

hybridisation described in section 2.4.3. Samples were then bleached by incubating in 1% 
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H2O2 diluted in 100% MeOH (ice cold) for 45 min (RT / on the rocker), followed by 2 quick 

washes with ice-cold 100% MeOH. Then, tissues were permeabilised by quick washing in 

decreasing and then increasing concentrations of methanol diluted in acetone (1x 75% 

MeOH, 1x 50% MeOH, 2x 25% MeOH, 1x 50% MeOH, 1x 75% MeOH, 1x 100% MeOH), 

followed by rehydration with quick washes in decreasing concentrations of methanol in PTW 

(1x 75% MeOH, 1x 50% MeOH, 1x 25% MeOH).  

The next steps are done with reagents and buffers in RT. Following rehydration of the tissue, 

three PTW quick washes are done to remove any residual methanol and then the activity of 

PFA is quenched by two washes 5min each with glycine (2mg/ml; Fisher Scientific; BP381-1)) 

in PTW followed by three PTW washes. By this stage, the tissue is distributed in 24-well tissue 

culture plates according to the needs. 

Samples were then washed once for 5 min in Triethanolamine pH8 (TEA), followed by another 

wash in TEA pH8 with the addition of 6˃l of acetic anhydrite. Acetic anhydrite would form a 

drop-like appearance in the well and so the samples were left on the rocker until the drop 

was dissolved. Another wash with TEA followed but this time 12l˃ of acidic anhydrite were 

added and placed on the rocker until drop was dissolved. A few washes with PTW followed.  

Samples were then placed in Whyb buffer (pre-warmed at 43ꜛC) and incubated at 43ꜛC for 

10 min. Whyb buffer was then replaced with Hyb1 buffer (pre-warmed at 43ꜛ C) and placed 

in a 43ꜛ C incubator overnight (pre-hybridisation). The next day, probes were pre-heated to 

60ꜛ C in Hybe buffer and once Hyb1 buffer was removed, probes in Hybe buffer were added. 

Probes were added at a concentration of 1g˃/120˃ l (e.g. 96˃ l hybe buffer, 5˃ l of 200ng/˃ l of 

probe 1, 5˃ l of 200ng/˃ l of probe 2, and 14˃l diH2O). Since Hyb1 buffer was very viscous, in 

order to remove it without losing any samples, it was quickly diluted with Whyb. Tissue was 

then incubated with the probes for two days at 43ꜛ C. 

All the following steps were done at hybe temperature and all the reagents were pre-warmed 

(43ꜛ C). Probes were removed and replaced with Whyb buffer for 10 min. Probes could be re-

used up to three times. Then, two washes with Whyb buffer for 30 min each were done, 

followed by a 10 min wash with 50% Whyb buffer in 2x SSCTw. Two more washes with 2X 

SSCTw were followed for 10 min each.  

The steps followed were performed at 37ꜛC. 2x SSCTw was replaced with PTW (two quick 

washes), and samples were then transferred in a 37Cꜛ incubator. Once the samples were 

warmed up to 37ꜛC, Hyb2/fluor solution was added and samples were incubated for one hour 
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at 37ꜛ C. Hyb2/fluor solution was also pre-warmed at 37ꜛC before it was added to the samples 

(e.g. 96˃ l Hyb2 buffer, 2.4˃l fluor oligo 1, 2.4˃l fluor oligo 2, and 19.2˃l diH2O). 

After thay, Hyb2/fluor solution was replaced with pre-warmed Whyb2 for a 10 min incubation 

at 37ꜛ C followed by two washes of 5 min each with PTW. Nuclear staining was then 

performed in RT by diluting Hoechst in PTW (1:2000) and incubating the samples for 45-60 

min at RT. Samples were then quickly washed twice with PTW and mounted in 97% TDE. 

Samples were imaged within 4 days.             

 

 2.4.7 Buffers and solutions (for SABER FISH) 

All solutions were made using diH2O instead of DEPC water. 

Whyb (wash hyb buffer): 2XSSC pH7, 1% Tween20, 40% formamide, fill up with diH2O. 

Hyb1 (pre-hybridisation): 2XSSC pH7, 1% Tween20, 40% formamide, 10% Dextran sulfate, fill 

up with diH2O. 

Hyde buffer: 20ml formamide, 10ml 20x SSC pH4, 100l˃ heparin (20mg/ml, 100˃l Tween20, 

2ml 20% SDS, 100˃l salmon sperm DNA, 40mg blocking buffer powder, 1% dextran sulfate, 

fill to 40ml with diH2O and heat to help dissolve.   

Hyb2 (for fluorescence detection): 1X PBS, 0.2% Tween20, 10% Dextran sulfate, fill up with 

diH2O. 

Whyb2: 1X PBS, 0.1% Tween20, 30% formamide, fill up with diH2O. 

2X SSCTw: 2X SSC pH7, 0.1% Tween20 

 

2.5 Gain and loss of function approaches 

2.5.1 Short-hairpin RNA interference  

For short-hairpin RNA interference experiments, primers were designed to clone unique sites 

of the three SoxB genes (Appendix A). Stock primers (100mM) containing a T7 site were 

directly used and incubated at 98ꜛC for 2min and then left in RT for 10min to anneal; 2l˃ of 

each primer were used and mixed with nuclease-free water to a final reaction volume of 20˃ l. 

Following, T7 transcription was carried out by using the total reaction volume from the 

previous step (20˃l) as a DNA template along with 3.5˃l of each NTP (ATP, GTP, UTP, CTP; 
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100mM stock concentration), 4˃l of 10x reaction buffer and 3 l˃ of T7 RNA polymerase mix 

(HiScribe T7 High Yield RNA Synthesis kit, NEB; E2040). The mixture was then incubated ON 

at 37ꜛ C. The next day, the products were DNase treated for one hour at 37Cꜛ with 40˃ l of 

DNase solution (5˃l DNaseI in 35˃l RDD buffer; Qiagen RNAse-free DNase set; 79254) and 

RNA was isolated by using Quick-RNA MiniPrep kit (Zymo Research; R1054) following 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ ŜƭǳǘŜŘ wb! ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ǳǎƛƴƎ bŀƴƻ5ǊƻǇ ŀƴŘ ǘƘŜ ǉǳŀƭƛǘȅ 

was checked by running a formaldehyde denature gel (section 2.4.2). Embryos were injected 

at a concentration of 250 ng/˃l for all three SoxB genes, and for Piwi1/Piwi2.  

 

2.5.2 Overexpression constructs 

Plasmid construct for SoxB1 ectopic expression was designed as illustrated in Fig. 2.2.  

 

 

 

Figure 2.2. Construct design for over-expressing SoxB1 in RFamide context. 

Primers with overhang restriction sites and a linker on the forward primer only were designed 

for the coding sequence to be amplified from the plasmid generated in section 2.4.1. 

Following, this fragment was inserted by restriction digest (see section 2.2.6) to an already 

digested Piwi1::AP2::P2A::Piwi1 plasmid (AP2 was digested out) and the 

Linker::SoxB1::P2A::GFP cassette was digested out from the plasmid in order to be ligated 

into RFamide plasmid. 

Once the insertion was confirmed by both sequencing and PCR, the plasmid was transformed 

into bacteria, followed by bacterial culture and plasmid extraction as described in sections 

2.2.7 and 2.2.8.   

 

 

2.6 In vivo imaging  

Polyps from transgenic colonies were isolated and decapitated (see section 2.1.3). Next, they 

were transferred carefully in 35mm imaging dishes with a glass bottom (Ibidi; D 263) and 

0.5% low-melt agarose in filtered ASW was placed drop by drop on individual polyps in order 

L SoxB1 CS P2A GFP 

NotI SacI 

RFamide 5Ω  ̡tubulin3Ω 
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to secure them as closer to the bottom of the dish as possible. Once the polyps were settled, 

low-melt agarose was poured in the dish in order to cover the whole bottom and once it was 

polymerized, an Andor spinning disc confocal microscope was used to generate time-lapse 

movies. Data were then analysed using ImageJ/Fiji software (ImageJ 1.52i version). 
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2.7 Flow cytometric techniques 

2.7.1 Tissue dissociation  

Adult polyps were cut from their colonies as described in section 2.1.3 and placed in 0.5% 

pronase (Sigma-Aldrich; 10165921001) in filtered ASW (20 polyps/200˃ l) for 2-3 hours with 

constant rocking in RT. Every 30 min a gentle mixing was given to accelerate the process. 

Once the tissue was fully dissociated, the reaction was stopped by adding BSA at a final 

concentration of 0.1%. Following, the cell suspension was passed through a 100m˃ filter to 

remove any residual clumps. By this point, cell suspensions were transferred to FACS tubes 

(Sarstedt; 55.1578) (Fig. 2.3).   

 

 

 

  

 

 

 

   

 

 

 

Figure 2.3. Schematic representation of tissue dissociation procedure for flow cytometric analysis. For details see 

section 2.7.1 
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2.7.2 Flow Cytometry 

After tissue dissociation, cells were stained with 7.5l˃ of 1mg/ml Hoechst33342 per 200˃l cell 

suspension (37.5˃ g/ml; Sigma-Aldrich 14533) for 20 min at 18ꜛC and analysed using BD 

FACSCanto II (Becton-Dickinson Biosciences). The gating of distinct cell populations was 

performed using the BD FACSDivaTM software (Becton-Dickinson Biosciences) based on the 

transgene (GFP) and Hoechst expression levels of the cells. Wild type cells were always used 

as a control and to set the gates.  The resulted data were analysed using FlowJo V10 software 

(FlowJo). For the measurement of GFP and Hoechst fluorescence levels, the blue (488nm) 

and violet (405nm) excitation lasers were used with 530/30nm and 450/50nm optical filters 

respectively.  

 

2.7.3 Imaging Flow Cytometry 

To determine the morphological nature of the cell populations identified by flow cytometry, 

the ImageStreamx Mark II imaging flow cytometer (Amnis) was utilized. Cells were prepared 

as described in sections 2.7.1 and 2.7.2. The gating was performed using the INSIRETM 

software and data were analysed using the IDEASTM software (Amnis).  

 

2.7.4 Fluorescence-activated cell sorting and RNA extraction 

A hundred polyps from each reporter line (x3 clones) were dissociated as described in section 

2.7.1 and stained with a nuclear marker as in section 2.7.2. The cells were gated based on 

their GFP and Hoechst fluorescent intensity using the BD FACSDiva software and sorted on a 

BD FACSAria II flow cytometer (Becton-Dickinson Biosciences) using a 100 m˃ nozzle size. 

Cells were sorted directly into 5ml tubes containing 600 l˃ Trizol for subsequent RNA 

extraction using the Direct-zolTM RNA MiniPrep kit (Zymo Research R2050) based on 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴŎǘǊǳŎǘƛƻƴǎΦ 9ȄǘǊŀ ŎŜƭƭǎ ǿŜǊŜ ǎƻǊǘŜŘ ŘƛǊŜŎǘƭȅ ƛƴǘƻ ǎŜŀ ǿŀǘŜǊ ŦƻǊ ǇǳǊƛǘȅ ŎƘŜŎƪΦ 

To avoid applying more stress to the cells, the sheath fluid of the instrument was replaced by 

filtered sea water.  

 

2.7.5 Cell cycle analysis  

For cell cycle analysis, cells were prepared as described in section 2.7.1 and nuclear staining 

was performed as stated in section 2.7.2. The only thing that changed was the way the data 

were analysed. Detailed analysis can be found in section 5.5. 
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2.8 Protein detection by Western blotting 

2.8.1 Protein extraction 

Prior to protein extraction, polyps were starved for two days. For a good yield of protein, 3-

5mg of tissue were homogenized by adding 10% w/v of RIPA buffer (150mM NaCl, 0.1% Triton 

X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris HCl pH8). EDTA-free protease 

inhibitor cocktail (Roche; 11873580001) at a final concentration of 1X was added fresh every 

time. Once the tissue was fully homogenized with a pestle, the samples were left on ice for 

30min and then centrifuged at 1000g for 10min at 4Cꜛ. The protein concentration was then 

measured by using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific; 23227) 

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ ǇǊƻǘŜƛƴ ŜȄǘǊŀŎǘ ǿŀǎ ǘƘŜƴ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ƴŜǿ 

tube and either stored at -80ꜛ C or used straight away.  

Sample preparation for gel loading was achieved by boiling them for 5min at 95Cꜛ in 2X PG 

loading buffer (100mM Tris HCl pH6.4, 4% SDS, 0.01%bromophenol blue, 20% glycerol).  

 

2.8.2 Gel preparation and protein transfer  

Both SDS gels ς separating and stacking ς were made as outline below (Tables 2.6, 2.7, 2.8): 

Separating gel (12% or 15% depending on the protein size): 

Table 2.6. Detailed recipe for 12% separating gel. 

12% gel 5ml 10ml 15ml 20ml 25ml 30ml 

ŘIіh 1.7ml 3.3ml 5ml 6.6ml 8.3ml 9.9ml 

30% acrylamide 

(Fisher; BP1410-01) 

2ml 4ml 6ml 8ml 10ml 12ml 

1.5M Tris (pH 
8.8) 

1.3ml 2.5ml 3.8ml 5ml 6.3ml 7.5ml 

10% SDS 50ul 100ul 150ul 200ul 250ul 300ul 

10% APS  

(Sigma Aldrich; A3678) 

50ul 100ul 150ul 200ul 250ul 300ul 

TEMED 

(Roth; 2367.1) 

2ul 4ul 6ul 8ul 10ul 12ul 
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Table 2.7. Detailed recipe for 15% separating gel. 

15% gel 5ml 10ml 15ml 20ml 25ml 30ml 

ŘƛIіh 1.2ml 2.3ml 3.5ml 4.6ml 5.7ml 6.9ml 

30% acrylamide 2.5ml 5ml 7.5ml 10ml 12.5ml 5ml 

1.5M Tris (pH 
8.8) 

1.3ml 2.5ml 3.8ml 5ml 6.3ml 7.5ml 

10% SDS 50ul 100ul 150ul 200ul 250ul 300ul 

10% APS 50ul 100ul 150ul 200ul 250ul 300ul 

TEMED 2ul 4ul 6ul 8ul 10ul 12ul 

 

Stacking gel:  

Table 2.8. Detailed recipe for stacking gel. 

 1ml 2ml 3ml 4ml 5ml 6ml 8ml 10ml 

ŘƛIіh 680ul 1.4ml 2.1ml 2.7ml 3.4ml 4.1ml 5.5ml 6.8ml 

30% acrylamide 170ul 330ul 500ul 670ul 830ul 1ml 1.3ml 1.7ml 

1M Tris (pH 6.8) 130ul 250ul 380ul 500ul 630ul 750ul 1ml 1.25ml 

10% SDS 10ul 20ul 30ul 40ul 50ul 60ul 80ul 100ul 

10% APS 10ul 20ul 30ul 40ul 50ul 60ul 80ul 100ul 

TEMED 1ul 2ul 3ul 4ul 5ul 6ul 8ul 10ul 

 

When making the gels, TEMED was added last and APS was added before that to avoid rapid 

polymerization of the gel. After pouring the separating gel, 500l˃ of 100% isopropanol was 

added to the top of the gel to ensure the gel was set straight. Once the gel was polymerized, 

isopropanol was removed, and the stacking gel was carefully poured along with the comb. 

After the gels were set, they were inserted into the electrophoresis tank system, and 1x 

running buffer (25mM Tris base, 190mM Glycine, 0.1% SDS in diH2O) was poured until the 

system was fully covered. Once the samples along with the ladder (PageRuler Prestained 

Protein Ladder, Thermo Fisher Scientific; 26619) were prepared as described in section 2.9.1 

and loaded into the gel, they were run for ~2hours at 100V (or until the protein ladder dye 

reached the bottom of the gel).  
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At this point, the gels were removed from the tank system and the proteins run on the gel 

could be visualized to make sure they are present by Coomassie staining (section 2.8.3).  

CƻƭƭƻǿƛƴƎΣ ŜŀŎƘ ƎŜƭ ǿŀǎ ΨǎŀƴŘǿƛŎƘŜŘΩ ōŜǘǿŜŜƴ ǇǊŜ-soaked sponges and filter paper. The 

sponges were soaked in pre-chilled 1x transfer buffer composed of 25mM Tris, 190mM 

Glycine, 20% Methanol ς in diH2O; 10X buffer was stored without Methanol. Also, the 

nitrocellulose transfer membrane (Thermo Fisher Scientific; 88018) was placed directly on 

top of the gel in a negative to positive direction in order for the proteins to be transferred to 

the membrane and not run out from the other site. ¢ƘŜ ΨǎŀƴŘǿƛŎƘΩ ǿŀǎ ǘƘŜƴ ǇƭŀŎŜŘ ŀƴŘ 

secured into a casket which in turn it was placed into the tank system covered with 1x transfer 

buffer, placed in 4ꜛC (cold room) and run ON at 20V.  

The next day, the efficiency of the protein transfer was checked by washing the membrane 

with Ponceau S solution (Sigma Aldrich; P7170) for a few minutes or until the protein bands 

start appearing. The membrane was then washed a few times with PTW (1x PBS, 0.1% Tween 

20) or until the solution is colourless.  

 

2.8.3 Coomassie staining 

For protein detection by Coomassie staining, the protein samples and the gel running 

procedures were as described in section 2.9.1 and 2.9.2. Once the proteins were run, the gels 

were boiled in Coomassie staining buffer (500ml buffer: 50% Methanol, 10% Acetic acid, 0.5g 

Brilliant Blue R ς Sigma Aldrich; B7920, 0.5g Brilliant Blue G ς Sigma Aldrich; B0770 ς in diH2O) 

and left to rock at RT for 10min. Next, the Coomassie staining buffer was removed, replaced 

by de-stain buffer (30% Methanol, 10% Acetic acid ς in diH2O) and boiled again. The de-stain 

buffer was frequently changed until protein bands were visible and easily distinguishable. The 

gel could then be used to transfer the proteins onto transfer membrane and continued to 

antibody staining.  

 

2.8.4 Antibody staining  

Prior to antibody staining, the gels and protein extracts were prepared and run as described 

in the above sections. After a few washes with PTW, the membrane was blocked for one hour 

with 3% BSA in PTW, and then incubated with primary antibody (section 2.3.1) ON at 4Cꜛ. The 

following day, the membrane was washed a few times with PTW (at least 5min each wash) 

and the HRP (secondary) antibody (section 2.3.1) was added diluted in 3% BSA in PTW and 
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incubated for one hour at RT. The membrane was then washed again a few times with PTW, 

and protein bands were visualized using the Pierce ECL Western Blotting Substrate Solution 

(Thermo Fisher Scientific; 32106) as per manufŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ мΥм Řƛƭǳǘƛƻƴ ǿŀǎ 

placed directly onto the membrane, incubated for one minute (protected from light) and then 

immediately after, imaged using a pre-cooled CCD camera.    
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2.9 SoxB1 antibody production 

2.9.1 Protein expression, induction and extraction 

Primers were designed to amplify a fragment of SoxB1 coding sequence ς containing a 6x 

HisTag sequence in the N terminal region ς which did not include the HMG box or other 

conserved sites between the three SoxB genes (Appendix A). The cloned fragment was then 

inserted into a pET-3a expression vector by restriction digest (see section 2.2.6), transformed 

into chemically competent E. coli bacteria as described in section 2.2.7 and plasmid was 

extracted as described in section 2.2.8. Following, plasmid extraction was carried out (see 

section 2.2.8), transformed again into Rosetta DE3 pLysS bacteria and plated onto 

carbenicillin-containing LB agar plates and incubated ON at 37Cꜛ.  

The resulted colonies were selected the next day and added to 20ml of LB broth containing 

both carbenicillin (final concentration 100˃g/ml; stock: 100mg/ml) and chloramphenicol 

(final concentration 34˃g/ml; stock: 34mg/ml in ethanol). The bacterial cultures were 

incubated ON at 37ꜛ C and the following day added to 1L of LB broth containing both 

antibiotics. The culture was incubated at 37ꜛC and closely monitored until OD reached 0.5-

0.6 (3-4hours). At this point, 1ml of media was taken, centrifuged for at full speed for 10min 

at RT and the pellet was stored at -20ꜛ C for Western blot analysis.  

In order to initiate protein induction, Isopropyl ̡-D-1-thiogalactopyranoside (IPTG) was 

added at a final concentration of 0.4mM (stock: 1M). To avoid/reduce degradation product 

accumulation, the culture was incubated at 25ꜛC instead of 37ꜛ C. Every hour for four hours, 

1ml aliquots were taken, centrifuged at full speed for 10min at RT, and pellets were stored at 

-20ꜛ C for Western blot analysis. The remaining culture was spun down in 500ml tubes for 

20min at 30000g (Avanti J20 XPI centrifuge; JLA 10.5 roter) and the resulted pellets were 

stored stored at -20ꜛ C for Western blot analysis.  

To confirm the protein expression level, the aliquots collected at the above steps (uninduced 

and during induction) were spun again for 1min at 11000g to remove any residual 

supernatant. The resulted pellets were lysed by resuspending in 200l˃ 1X protein gel buffer 

and heated to 95ꜛC for 5min. Samples were then loaded and run on SDS PAGE gel and protein 

was visualized by Coomassie staining (section 2.8.3).  

Once induction was confirmed,  the remaining pellets (resulted from the 50ml aliquots) were 

lysed by resuspending them in 30ml of fresh pre-chilled native extraction buffer (0.1M Tris 

HCl pH8, 0.5M NaCl, 10% glycerol, 1% NP-40, 1mM DTT, 0.1mM PMSF). Following, the pellet 
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solution was sonicated in order to achieve a lump-free solution using the following settings: 

ǘƛƳŜΥ мΩΤ ŀƳǇƭƛǘǳŘŜΥ пл҈Τ ǇǳƭǎŜ ƻƴΥ рΩΩΤ ǇǳƭǎŜ ƻŦŦΥ млΩΩΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ǿŀǎ ǊŜǇŜŀǘŜŘ ǳƴǘƛƭ a lump-

free solution is achieved.  

2.9.2 Soluble Vs Insoluble protein expression 

To determine whether the protein was soluble or insoluble, 1ml aliquot was taken from the 

sonicated product and centrifuged at RT for 10min at full speed. The supernatant was 

transferred to a separate tube and the pellet was resuspended in 1ml of pre-chilled native 

extraction buffer. Both supernatant and pellet solutions were then tested for protein 

presence by running them on SDS PAGE gel and visualized by Coomassie staining (section 

2.8.3).  The remainder of the sonicated product was aliquoted in 50ml tubes (Thermo 

Scientific Nalgene; 3119-0050) centrifuged at RT for 20min at 30000g (Avanti J20 XPI 

centrifuge; JA-17 rotor) and both supernatant and pellet were stored in -20ꜛ C until protein 

solubility was identified. 

Since the protein of interested was found in the pellet, an insoluble protein purification 

approach was taken. The stored pellet was resuspended and washed twice in 30ml of wash 

buffer (0.1mM DTT, 50mM Tris pH7.5, 100mM NaCl ς in diH2O) and spun down for 15min at 

30000g. The supernatant was then discarded and 1ml of DMSO was added without mixing. 

The tube was placed on a rocker at RT for 30-60min until the pellet was fully dissolved. For 

further solubilization, 5ml of Buffer A (final concentrations: 50mM Tris HCl pH7.5; 50mM 

NaCl; 20mM imidazole ς in diH2O) were added to the pellet solution and left on rocker for an 

additional one hour. The solution was then centrifuged at 30000g for 15min. The supernatant 

was kept and further diluted by adding 30-35ml of Buffer A. To finally purify the protein, the 

supernatant solution was injected to a column chromatographer using HisTrap HP nickel 

column (Ettan Liquid Chromatograph; GE). The purity of the protein was then confirmed by 

running the samples on SDS PAGE gel and visualized by Coomassie staining (section 2.8.3). 

2.9.3 Antibody production 

The final purified protein extracts were shipped to Eurogentec in Belgium for immunization 

into host animals (2X rats). The total amount of protein sent was 1.2mg (0.768mg/ml) and 

two rats were immunized for a period of 28 days in which four injections with the antigen 

took place. Pre-immune, medium and final bleed serums were shipped back to us for use.  
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Chapter 3: Characterisation of the nervous system 

3.1: Introduction & Aims 

3.2: Nervous system establishment during embryogenesis 

3.3: Nervous system characterisation in adult stages 

3.4: Summary 
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3.1 Introduction & Aims 

Nervous system development is a fine-tuned process involving many transcription factors 

and other key regulators. Several studies provided evidences of the different genes involved 

during this process in cnidarians (see section 1.7) but a more in-depth characterisation of the 

nervous system is lacking from the literature.    

Neurogenesis begins when ectodermal cells (also endodermal cells in cnidarians) acquire the 

neurogenic potential. Following, neural progenitors or precursors arise within the particular 

domain (neurogenic ectoderm or endoderm) and pattern themselves stochastically or 

invariant depending on the animal. Afterwards, neural progenitor cells will either directly 

differentiate to neurons or give rise to proliferating neural progenitors which in turn can 

asymmetrically self-renew. Finally, neural progenitors will either remain integrated within 

the neuroepithelium or internalise by delamination, ingression, or invagination (Hartenstein 

and Stollewerk, 2015).  

Many genetic modules of the early neurogenesis which guide cells through proliferative 

phases toward post-mitotic cells are highly conserved throughout the animal kingdom. For 

instance, the SoxB family of transcriptional regulators provide neurogenic potential and at 

the same time inhibit neuronal differentiation by maintaining neural progenitors in an 

undifferentiated state (Sasai, 2001). Basic helix-loop-helix (bHLH) transcription factors, 

known as proneural genes, have also been found to regulate neurogenesis in various species 

across the animal kingdom such as Drosophila and various vertebrates (Quan and Hassan, 

2005), and the sea anemone Nematostella vectensis (Richards and Rentzsch, 2015).   

In order to start understanding how neurogenesis is established, I characterised the 

composition of HydractiniaΩs neurodevelopment at three embryonic stages; pre-planula 

larvae (24 HPF), early planula larvae (48 HPF), late planula (72 HPF), as well as at the adult 

stages including feeding and male/female sexual polyps. The main aim of this chapter was to 

determine the timing of the emergence of various cell populations along the neural lineage.  

I used established markers for this characterisation including two neuropeptide markers 

(GLWamide and RFamide), a pan-neural/cilia marker (acetylated tubulin), two nematoblast 

markers (Ncol1 and Ncol3), a stem cell marker (Piwi1), and an S-phase marker (EdU).  

With this characterisation, I aim to shed light into how the nervous system is established in 

Hydractinia and how a fully functional neuronal network during adulthood is presented.     
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3.2 Nervous system establishment during embryogenesis 

Firstly, I used neuronal lineage markers that are expressed in differentiated neurons. As seen 

in Fig. 3.3, the neuropeptide GLWamide was expressed in a small subset of cells at 24 HPF 

and by 48 HPF a fine network of sensory neurons was established primarily in the aboral pole 

of the planula and to a less extend also in the oral side. By 78 HPF, a stage at which the 

nervous system of the larvae has been fully established, the GLWamide+ neurons were 

concentrated on the aboral end of the larva; an area where these neurons are highly needed 

for metamorphosis induction as discussed in the introduction chapter (Schmich et al., 1998; 

Leitz, 1998).   
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Figure 3.1. Visualisation of GLWamide+ neurons during larval development in Hydractinia by IF. Images are z-stack 

projections. Green: GLWamide; Blue: Hoechst. Scale bar: 40˃ m. 

Next, a second neuronal lineage marker was used; the neuropeptide RFamide. As seen in Fig. 

3.2, RFamide+ neurons were not seen at the early planula stage (24 HPF), but later in 

development (48 HPF onwards). These neurons were also located in the aboral side of the 

larva as they also have a role in metamorphosis (Katsukura et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Visualisation of RFamide+ neurons during larval development in Hydractinia by IF. Images are z-stack 

projections. Green: RFamide; Blue: Hoechst. Scale bar: 40˃m. 
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Acetylated tubulin 

I then used an anti-acetylated tubulin antibody to stain cilia and neurons during larval 

development (Fig. 3.3). At the early stages of development, cilia predominantly express this 

marker and at the later stages a network of both cilia and neuronal-like cells is formed. 

Among cnidarians, anti-acetylated alpha tubulin antibody is used as a pan-neural marker 

including staining of cilia and cnidocytes, as shown in previous studies (Dupre and Yuste, 

2017; Quiroga Artigas et al., 2018; Plachetzki et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Visualisation of acetylated tubulin+ cilia and putative neurons during larval development in Hydractinia 

using IF.  Images are z-stack projections. Red: acetylated tubulin; Blue: Hoechst. Scale bar: 40˃ m. 



Page | 73  
 

In addition, nematoblast (Ncol3) and stem cell (Piwi1) markers were used in order to 

determine the distribution of these cells during development. As seen in Fig. 3.4, both 

nematoblasts and stem cells are distributed throughout the gastrodermal layer of the early 

planula and as the larva develops further, they are more concentrated in the oral part of the 

animal.    

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.4. Distribution of nematoblasts (Ncol3+) and stem cells (Piwi1+) during larval development in Hydractinia, 

studied by IF. Images are z-stack projections. Red: Ncol3; Green: Piwi1; Blue: Hoechst. Scale bar: 40˃ m. 
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In order to check the proliferation status of the various developmental stages, EdU 

incubation assays were performed. As it can be seen in Fig. 3.5, during the pre-planula stage, 

proliferative cells are found both epidermal and gastrodermal and as the larva develops, 

proliferative cells become restricted to the gastrodermis, consistent with the location of i-

cells and progeny (Gahan et al., 2016).   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Visualisation of proliferative cells (EdU+) during larval development in Hydractinia. On the left column 

the epidermis of the larva can be seen and on the right column the gastrodermis is shown. Images are z-stack 

projections. Red: EdU; Blue: Hoechst. Scale bar: 40˃ m. 
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The final part of the embryonic and larval nervous system characterisation was the analysis 

of nematocyst distribution. As seen in Fig. 3.6, at 24 HPF, nematocysts are only present in 

small numbers. As the larva develops nematocysts are easily distinguishable on the 

epidermis of the animal with a much higher presence on the oral side of the larva than on 

the aboral side.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Visualisation of nematocysts during larval development in Hydractinia. On the left column the aboral 

side of the larva can be seen and on the right column the oral side is shown. Images are z-stack projections. Green: 

lectin-GFP (nematocysts); Blue: Hoechst. Scale bar: 40˃ m. 
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3.3 The nervous system of adult polyps 

The same approach as in the above section was used to characterise the nervous system in 

the adult stages of Hydractinia. I used antibodies against two neuropeptides, GLWamide and 

RFamide, to locate the differentiated neurons expressing these neuronal lineage markers. 

As seen in Fig. 3.7, these two neuropeptides have distinct expression patterns. GLWamide+ 

neurons are mostly expressed in the body column of the feeding polyp with a small subset 

seen in the head region. In contrast, the RFamide+ neurons are primarily located in the head 

region and in the tentacles, with some ganglionic neurons running along the body column of 

the polyp.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Distribution of GLWamide+ and RFamide+ neurons in the head and body regions of feeding polyps of 

Hydractinia. Images are z-stack projections. Red: GLWamide; Green: RFamide; Blue: Hoechst. Scale bar: 40˃m. 
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In the sexual polyps, these neuropeptides also exhibit distinct expression patterns. The 

GLWamide-expressing cells are mostly located in the sporosacs of both male and female 

sexual polyps, whereas the RFamide-expressing cells are found in the body column of these 

types of polyps (Fig. 3.8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Distribution of GLWamide+ and RFamide+ neurons in sexual polyps (male and female) of Hydractinia. 

Images are z-stack projections. Red: GLWamide; Green: RFamide; Blue: Hoechst. Scale bar: 40˃ m. 
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Next, I checked where acetylated tubulin was located in feeding and sexual polyps. As shown 

in Fig. 3.9, acetylated tubulin was predominantly found in ciliated cells and cnidocytes (based 

on cell morphology) surrounding the tentacles of the polyps. 

In the female sexual polyp, acetylated tubulin+ cells were found in the space separating 

individual oocytes within a sporosac. On the other hand, in the male sexual polyp, acetylated 

tubulin+ cells were found surrounding each sporosacs. In the mature sporosacs, these cells 

resembled muscle cells based on their morphology. In both types of sexual polyps, acetylated 

tubulin+ cells were also found in the head region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Distribution of cells positive for acetylated tubulin in feeding and sexual polyps (male and female). 

Images are z-stack projections. Red: acetylated tubulin; Blue: Hoechst. Scale bar: 40˃ m. 
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Cells expressing the two nematoblast markers, Ncol1 and Ncol3 were located in the body 

column of the feeding polyp (Fig. 3.10). The two nematoblast markers were largely co-

expressed. As shown before by other groups, Ncol1 and Ncol3 minicollagens are expressed 

in early stage developing cnidocytes (Zenkert et al., 2011; Babonis and Martindale, 2017). No 

expression is observed in the oral part of the animal, i.e. above the tentacles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Distribution of cells positive for the nematoblast markers Nocl1 and Ncol3 in feeding polyp of 

Hydractinia. On the left column the expression of each marker is shown alone, and on the right column the co-

expression is presented in low and high magnification. Images are z-stack projections. Green: Ncol1; Red: Ncol3; 

Blue: Hoechst. Scale bar: 40˃ m. 
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The two nematoblast lineage markers are also highly co-expressed in the male sexual polyps 

of Hydractinia, namely in the body column of the animal as seen in Fig. 3.11.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Distribution of cells positive for the nematoblast markers Nocl1 and Ncol3 in the male sexual polyp 

of Hydractinia. On the left column the expression of each marker is shown and on the right column the co-

expression of them is presented in low and high magnification. Images are z-stack projections. Green: Ncol1; Red: 

Ncol3; Blue: Hoechst. Scale bar: 40˃m. 
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3.4 Summary 

In this chapter I aimed to characterise how the nervous system is composed in Hydractinia 

during larval development as well as in the adult stages (feeding and sexual polyps). By using 

known neuronal markers as well as a stem cell marker, I was able to show the structure and 

distribution of neuronal populations.  

During the early stages of neurogenesis (24 HPF / pre-planula larva), proliferative cells are 

spread throughout the epidermis and gastrodermis, but in later stages of development this 

process is strictly confined to the gastrodermis. Stem cells (Piwi1+ cells) and nematoblasts 

(Ncol3+ cells) are located since the early stages of development in the gastrodermis. No i-

cells or nematoblasts were detected in the epidermis.  

Distinct populations of neurons expressing the neuropeptides GLWamide and RFamide are 

established at different timeframes from each other. GLWamide+ neurons appear at an 

earlier stage than the RFamide+ neurons during development. Also, the appearance of 

nematocysts is not highly noticed during the early stages of development, but at later stages 

the numbers are increased with many of them concentrated at the oral side of the larva. 

At the adult stages, the cells with proliferative potential like nematoblasts are in the 

epidermis of the polyp in a confined area in the body column. A similar pattern is observed 

in the sexual polyps as well. The RFamide+ neurons are concentrated in the head region of 

the adult polyp forming a neuronal network. Some of these neurons are also found in the 

tentacles as well as along the body column of the animal. In sexual polyps, these neurons are 

mostly found in the body column. As seen in feeding polyps, the location of the GLWamide+ 

neurons is distinct from the RFamide+ neurons; however, neurons expressing the GLWamide 

neuropeptide are mostly found in the body column of feeding polyps but in sexual polyps 

they are predominantly found in the tissue surrounding the sporosacs. This suggests division 

of the polyp anatomy into distinct neuronal territories. 

Another marker used for the characterisation of the nervous system was acetylated tubulin 

which also marks cilia. During larval development, acetylated tubulin+ cells are found in the 

epidermal tissue but in the adult stages it is restricted to the epidermis. Its expression pattern 

in sexual polyps is of great interest which will be discussed in Chapter 6. 

Summarising these findings, the nervous system of Hydractinia is unusual in animals in that 

it originates in the endodermal layer. Additional markers are highly needed to fully 

characterise hydrozoan nervous systems and their development.  
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Chapter 4: SoxB transcription factors and their roles in development 

and regeneration 

4.1: Introduction & Aims 

4.2: Spatial expression of SoxB genes in Hydractinia 

4.3: Generation of SoxB1 and SoxB2 transgenic reporter lines 

4.4: Lineage tracing during nervous system regeneration 

4.5: Knock-down studies of SoxB genes during development  

4.6: Ectopic expression studies of SoxB1 

4.7: Summary 

 

  



Page | 83  
 

4.1: Introduction and Aims 

Transcriptional regulators are essential for guiding cells to a specific identity. SoxB 

transcription factors are central in neurodevelopment. Their presence or absence 

determines whether a neural precursor cell will self-renew or differentiate into a specialized 

cell. They maintain the neuroectoderm in a proliferative state as they provide neurogenic 

potential but at the same time inhibit neural differentiation (Sasai, 2001; Elkouris et al., 

2011). The expression of SoxB factors is under the control of various signaling pathways, 

notably the BMP and the Wnt pathways (Mizuseki et al., 1998; Niehrs, 2010). In mammals, 

20 Sox proteins have been identified and classified into groups (SoxA-SoxH) based on the 

degree of amino acid identity within the HMG (high mobility group)-box (Reiprich and 

Wegner, 2015). In Cnidarians, specifically in Anthozoa and Hydrozoa, an almost complete set 

of homologous genes that have critical roles in bilaterian neurodevelopment (neurogenesis, 

neuronal specification and network formation) has been described. Among them are the 

proneural basic helix loop helix (bHLH) factors, SoxB genes, zinc-finger protein genes, and 

neuron specific RNA binding proteins (RBPs) (Watanabe et al., 2009). 

In Hydractinia, three SoxB genes are present, namely SoxB1, SoxB2 and SoxB3 (Flici et al., 

2017). As was previously shown, SoxB2 is predominantly expressed in proliferative neural 

progenitor cells, and SoxB3 in differentiated neurons and nematocytes.  

The main aim of this chapter was primarily to understand how SoxB genes in Hydractinia 

regulate embryonic neurogenesis and their contribution, if any, to the re-establishment of 

adult nervous system upon injury. Specifically, I aimed to characterize the third SoxB 

transcription factor ς SoxB1 ς as no studies to date described its expression pattern and role. 

In addition, Flici et al. (2017) showed a partial overlap in terms of expression and function of 

{ƻȄ.н ŀƴŘ {ƻȄ.оΣ ŀƴŘ ƻƴŜ ƻŦ Ƴȅ Ǝƻŀƭǎ ǿŀǎ ǘƻ ŦƛƴŘ ǿƘŜǘƘŜǊ {ƻȄ.мΩǎ ŜȄǇǊŜǎǎƛƻƴ ƻǾŜǊƭŀǇǎ ǿƛǘƘ 

SoxB2 or SoxB3 in the neural lineage. For this, I wanted to characterise the spatial expression 

of all three SoxB genes by in situ hybridization. My main hypothesis was that SoxB genes are 

expressed sequentially along the neuronal lineage.  

Another aim was to generate transgenic reporter lines for these genes in order to assess their 

roles during nervous system regeneration in vivo. Also, in order to confirm the hypothesis 

that the SoxB genes are expressed sequentially along the neural lineage, I aimed to generate 

double transgenic reporter lines, namely SoxB1/SoxB2 and SoxB2/SoxB3, and visualize the 

transition from one to the other by in vivo single-cell tracing during regeneration, a context 

where extensive neurogenesis occurs.  
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I also wanted to understand the roles of the SoxB genes in development. To evaluate the 

knockdown effects of these genes, I used various antibody-based markers to stain 3 days 

post fertilisation (DPF) larvae. I chose this specific timepoint as by this stage of larval 

development, the animals should be metamorphosis competent and exhibit a fully 

developed and functional nervous system. Short hairpin RNA-mediated gene knockdowns 

have been demonstrated by our group and other groups to be highly efficient compared to 

other methods such as morpholino and RNAi (Dubuc et al., 2020; He et al., 2018).  
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4.2: Spatial expression of SoxB genes in Hydractinia 

The expression pattern of the three SoxB genes present in Hydractinia was determined by 

in-situ hybridization.  SoxB1 was expressed in both male and female sexual polyps. 

Particularly, SoxB1 was always found in cells expressing Piwi1, which includes i-cells as well 

as germ cells. In more detail, in the male sexual polyp, SoxB1 was found in the germinal zone 

in which stem cells commit to become germ cells (Dubuc et al., 2020), as well as in i-cells (Fig. 

4.1). In the female sexual polyp, the same trend was present as different stages of developing 

oocytes expressed SoxB1 and Piwi1 (Fig. 4.2). In both polyp types, Piwi1 and SoxB1 were 

always co-expressed suggesting that the latter could be used as an i-cell and germ cell, similar 

to Piwi1/Piwi2.   
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Figure 4.1. Double fluorescence in-situ hybridization of SoxB1 and Piwi1 in the male sexual polyp of Hydractinia. 

A lower magnification of the sexual polyp shows a very similar expression pattern for both genes (A), and a closer 

look confirms the full co-expression of those genes in the same cells. These cells include germ cells (B) and i-cells 

(C). Green arrows: Piwi1+ cells, red arrows: SoxB1+ cells, white arrows Piwi1+/SoxB1+ cells. Low magnification 

images are z-stack projections and the higher magnification images are single optical slices. Green: Piwi1; Red: 

SoxB1; Blue: Hoechst. Scale bar: 40˃m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Double fluorescence in-situ hybridization of SoxB1 and Piwi1 in the female sexual polyp of Hydractinia. 

A lower magnification of the sexual polyp shows co-expression of these genes (A), and a closer look confirms the 

full co-expression in developing oocytes. Different focal planes show developing oocytes at different stages (B 

and C). Images are single optical slices. Green: Piwi1; Red: SoxB1; Blue: Hoechst. Scale bar: 40˃ m. 
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I also checked the expression of SoxB1 in feeding polyps to see if its expression pattern 

overlaps with Piwi1, like in the sexual polyps, by single-molecule fluorescence in situ 

hybridization. Indeed, as shown in Fig. 4.3, SoxB1 was expressed in the lower body of the 

animal where most i-cells reside and was fully co-expressed with Piwi1. As shown in the same 

figure, SoxB1+ cells are only found in the proliferative zone of the animal and nearly absent 

outside of this area. In hypostome, the most oral part of the animal, SoxB1 was not present 

at all.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Single-molecule fluorescence in-situ hybridization of SoxB1 and Piwi1 in the feeding polyp of 

Hydractinia. SoxB1 is always co-expressed with Piwi1 and a strong expression is observed in the proliferative band 

of the animal, which is located at the lower body. Expression is also observed, though at much lower levels, in 

the rest of the body column but not in the head region. Images are single optical slices. Green: Piwi1; Red: SoxB1; 

Blue: Hoechst. Scale bar: 40˃ m. 
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Next, I performed single-molecule fluorescence in-situ hybridization to examine the 

expression patterns of SoxB1 and SoxB2 in feeding polyps.  SoxB1 and SoxB2 partially 

overlapped, suggesting a sequential expression of those genes. Another possibly scenario is 

the existence of a separated cell population expressing both genes, resulting to three distinct 

populations: SoxB1+/SoxB2-, SoxB1+/SoxB2+, SoxB1-/SoxB2+. In more detail, as seen in Fig. 

4.4, in the lower part of the body column, only SoxB1 was expressed while SoxB2 was not. 

SoxB2 started being expressed higher in the body column and at this stage was co-expressed 

with SoxB1. Further up in the body column, the expression of SoxB1 was gradually diminished 

whereas that of SoxB2 was gradually enhanced in a reverse correlation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Single molecule fluorescence in-situ hybridization of SoxB1 and SoxB2 in the feeding polyp of 

Hydractinia. SoxB1 is widely expressed in the lower part of the body, an area in which SoxB2 is scarcely expressed. 

More orally, SoxB2 is widely co-expressed with SoxB1. Further orally, SoxB1 is gradually reduced whereas SoxB2 

is enhanced in a reverse correlation (pink arrows show SoxB1+ cells, green arrows show SoxB2+ cells and white 

arrows show SoxB1+ / SoxB2+ cells). Images are single optical slices. Red: SoxB1; Green: SoxB2; Blue: Hoechst. 

Scale bar: 40 ˃m.  
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A similar phenomenon was observed when I performed single-molecule fluorescence in-situ 

hybridization to examine the expression patterns of SoxB2 and SoxB3 in feeding polyps, as 

seen in Fig. 4.5. SoxB2 and SoxB3 partially overlapped in the body column of the animal 

suggesting that these two genes are also sequentially expressed during neurogenesis. 

Another possibly scenario is the existence of a separated cell population expressing both 

genes, resulting to three distinct populations: SoxB2+/SoxB3-, SoxB2+/SoxB3+, SoxB2-/SoxB3+. 

Higher expression of SoxB2 was observed in the body column, whereas SoxB3 was highly 

expressed in the upper part of the animal, close to the base of the tentacles. In the upper 

part of the body column SoxB2 was gradually diminished while SoxB3 expression was 

enhanced in a reverse correlation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Single-molecule fluorescence in-situ hybridization of SoxB2 and SoxB3 in a feeding polyp of 

Hydractinia. SoxB2 is expressed in mid body column, an area in which SoxB3 is low. Towards the oral end, SoxB3 

gradually starts been co-expressed with SoxB2. Further orally, SoxB2 is gradually downregulated whereas SoxB3 

is enhanced in a reverse correlation. Green arrows show SoxB2+ cells, pink arrows show SoxB3+ cells, and white 

arrows show SoxB2+ / SoxB3+ cells. Images are single optical slices. Green: SoxB2; Red: SoxB3; Blue: Hoechst. Scale 

bar: 80˃ m. 
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4.3: Generation of SoxB1 and SoxB2 transgenic reporter lines 

To monitor in vivo the dynamics of SoxB1+ cells during larval development, I generated a 

reporter line expressing tdTomato under the genomic control elements of SoxB1, (see 

Section 2.2.2). By time-lapse imaging, I was able to visualise how these cells behave over a 

period of 48 hours as shown in Fig. 4.5. Every hour, a stack of confocal images was taken by 

spinning disc microscopy, starting at 24 hours post fertilisation (HPF) until 72 HPF ς a point 

at which larvae are fully developed and ready for metamorphosis induction. As shown below, 

SoxB1-tdTomato+ cells were rare during the first hours of imaging but as the larva developed, 

these cells became numerous in the gastrodermal tissue of the larva. These results are 

consistent with the known location of i-cells, residing in this tissue layer in Hydractinia 

embryos and larvae. The relatively low numbers of SoxB1-tdTomato+ cells during the early 

stages of development does not necessarily indicate low numbers of i-cells, as the 

maturation time of the fluorescent protein tdTomato may contribute a delay.     

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. In vivo tracking of SoxB1-tdTomato+ cells during larval development over the course of 48 hours ς 

from 24 HPF to 72 HPF. Images are z-stack projections of a few slices. Red: tdTomato. Scale bar: 40˃ m. 
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I used feeding polyps from SoxB1::tdTomato colonies to check their proliferation status by 

an S-phase marker (EdU) and a stem cell marker (Piwi1). I concluded that SoxB1-tdTomato+ 

cells are cycling stem cells as they were positive for both markers and were located in the 

proliferative zone of the body column of the feeding polyp. No tdTomato fluorescence was 

observed in the head region (Fig. 4.6). 

 Both male and female SoxB1 colonies were generated. As seen in Fig. 4.7, SoxB1-tdTomato+ 

cells are present in the young sporosacs and body column of the male sexual polyp. In the 

female sexual polyp, the oocytes are SoxB1-tdTomato+ and due to the long half-life of the 

fluorescence protein, the different stages of oocyte maturation are observed as a function 

of fluorescence brightness. These results are consistent with the SoxB1/Piwi1 in situ 

hybridisation experiments as shown in Fig. 4.3, confirming the faithfulness of this reporter 

line and the role of SoxB1 as i-cell/germ cell marker.   
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Figure 4.6. SoxB1 transgenic reporter feeding polyps. Polyps were stained with anti-RFP to detect the fluorescent 

protein of the transgene (red), with anti-Piwi1 antibody for stem cells (green), and with S-phase marker EdU 

(cyan). SoxB1-tdTomato transgene is expressed in i-cells (Piwi1+ cells) and they are also cycling cells. No staining 

was observed in the head region as expected and most of the staining was seen in the proliferative area in the 

body column. Low magnification images (feeding polyp) are z-stack projections and the higher magnification 

images (head region & lower body region) are single optical slices. Green: Piwi1; Red: tdTomato; Cyan: EdU; Blue: 

Hoechst. Scale bar: 40˃m. 

 

 

 

 

 

 

 

 

Figure 4.7. SoxB1 transgenic reporter male and female sexual polyps. SoxB1-tdTomato is expressed in i-cells and 

young sporosacs in the male, and in oocytes in the female, as observed by IF. Images are z-stack projections. Red: 

tdTomato; Blue: Hoechst. Scale bar: 40˃ m. 

 

I also generated a reporter line expressing GFP under the genomic control elements of SoxB2. 

SoxB2-GFP+ cells were expressed throughout the epidermis at the larval stage in elongated, 

neuronal-like cells in the aboral pole (Fig. 4.8A). Moreover, in the primary polyp, neuronal-

ƭƛƪŜ ŎŜƭƭǎ ǿŜǊŜ ƘƛƎƘƭȅ ŎƻƴŎŜƴǘǊŀǘŜŘ ƛƴ ǘƘŜ ƘŜŀŘ ǊŜƎƛƻƴ όCƛƎΦ пΦу.Σ .ΩΣ .ΩΩύ ŀƴŘ ƛƴter-connected 

neurons were found in the stolons (Fig. 4.8C). Throughout the body of the adult polyp 

neuronal- and nematoblast-like SoxB2-GFP+ cells were observed (Fig. 4.8D).  
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Figure 4.8. Live imaging of SoxB2 transgenic reporter animals. (A) SoxB2-GFP is expressed in the epidermal layer 

in the larval stage mostly in the aboral pole. (B) In neuronal-like cells in the head region (B-.ΩΩύΦ ό/ύ [ƻƴƎ 

interconnected neurons were found in the stolons of the primary polyp. (D) Neuronal- and nematoblast-like cells 

were observed in the body column of the adults. Red: GFP; Blue: Hoechst. Scale bars: 40 ˃m. 

After establishing stable SoxB1 and SoxB2 transgenic reporter animals, I generated double 

transgenic animals by crossing SoxB1 and SoxB2 colonies in order to use them for single cell 

tracing studies as will be shown in the following section. By characterizing the double 

transgenic animals by IF, I observed a similar pattern consistent with the double in situ 

hybridisation results (see Fig. 4.4). As shown in Fig. 4.9, cells expressing both transgenes were 

observed at various levels as well as cells expressing either fluorescence protein.  

 

 

 

 

 

 

Figure 4.9.  Characterisation of SoxB1 / SoxB2 double transgenic reporter animal by IF. Cells expressing both 

transgenes at various levels were found as shown by the examples pointed by the arrows, consistent with the in-

situ hybridisation findings (red arrows show SoxB1+ cells, green arrows show SoxB2+ cells, and white arrows show 

SoxB1+ / SoxB2+ cells). Images are single optical slices. Red: tdTomato; Green: GFP; Blue: Hoechst. Scale bar: 

40˃ m. 
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4.4: Tracing of single cells during nervous system regeneration 

Hydractinia head regeneration requires proliferation and blastema formation. During this 

regeneration process, Hydractinia can replace not only cell types that are required for basic 

head structure such as epithelial cells, but also neurons and nematocytes. To date, the 

contribution of post-mitotic neurons, as well as neural progenitors in nervous system re-

establishment has not been documented. In this section, I aimed to understand how these 

cell types contribute to head regeneration.   

Previous members of the lab (Dr J. Gahan & S. Quillinan) generated a transgenic reporter line 

expressing GFP under the genomic control elements of the neuropeptide RFamide precursor. 

I utilised this animal and I generated second generation transgenic animals in order to 

understand whether this type of neurons contribute to nervous system regeneration upon 

injury/decapitation. Head regeneration in Hydractinia takes two to three days to be 

completed and by generating time-lapse movies, I was able to trace individual neurons and 

determine their fate and contribution to head regeneration.   

I first identified individual neurons based on their morphology and location in the body 

column and followed them during first 20 HPD. As shown in Fig. 4.10, neurons located both 

in the lower and the higher parts of the body column do not contribute to head regeneration 

as they remain static and non-proliferative over the course of 20 hours. (Figs. 4.11, 4.12).  
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Figure 4.10. In vivo tracing of RFamide-GFP+ neurons during regeneration located in the lower part of the body 

column. After following an individual neuron (circled), no migration was observed indicating no role during this 

process. Images are single optical slices. Green: GFP. Scale bar: 40˃ m 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. In vivo tracing of RFamide-GFP+ neurons during regeneration located in the upper part of the body 

column. After following an individual neuron (circled), no migration was observed indicating no role during this 

process. Images are single optical slices. Green: GFP. Scale bar: 40 ˃ m. 

 

Since there was no visible migration or any signs of contribution of the RFamide-GFP+ 

neurons to regeneration during the first 20 hours of head regeneration, I made time-lapse 

movies from 24 HPD ς 72 HPD, a timeframe at which the nervous system and the head are 

fully re-established. I followed individual neurons, as seen in Fig. 4.12, and the same 

behaviour was observed. RFamide-GFP+ neurons did not migrate to the injury side to 

contribute to blastema formation and/or nervous system regeneration, nor did they 

proliferate. Instead, they stayed at the original position and at the same time a new network 

of RFamide+ neurons appeared as the head was regenerated, suggesting that de novo 

neurogenesis was the main source of neurons to the regenerating new head.  
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Figure 4.12. In vivo tracing of RFamide-GFP+ neurons during head regeneration from 24 HPD until 72 HPD. An 

individual neuron (circled) is shown in the time series. No significant migration was observed.  Images are z-stack 

projections of a few slices. Green: GFP. Scale bar: 40 ˃ m. 
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To test the hypothesis of de novo neurogenesis during head regeneration, I decapitated 

animals, performed a pulse EdU incorporation (30 minutes) to detect cells that undergo 

proliferation, and fixed the decapitated animals at 12 HPD, 24 HPD, 36 HPD and 48 HPD. I 

stained the samples with anti-Piwi2 antibody to label i-cells.  

As seen in Fig. 4.13, in the intact head, only a few cells are proliferative and stem cells are 

not present. Instead, there is a fine network of RFamide neurons covering the whole area. 

During blastema formation (first 24 HPD), there is a huge increase in proliferation as 

indicated by the presence of EdU+ and Piwi2+ cells (most of them are EdU+/Piwi2+ cells). A 

few RFamide+ cells are also present at these stages, but most probably are remnants of the 

nervous system. At the next time point I checked (36 HPD), new tissue was present above 

the blastema zone which was most likely the newly formed head. In this newly formed area, 

RFamide neurons were present and the absence of proliferation and stem cell markers (no 

co-expression) suggests de novo neurogenesis. By 48 HPD, tentacle buds were formed and 

more RFamide+ neurons were present in this area.  
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Figure 4.13. De novo neurogenesis during head regeneration. Time-course experiment in which the proliferation 

status (EdU), stem cell distribution (Piwi2), and neuronal contribution (RFamide) in nervous system re-

establishment was documented (up to 48 HPD).  Images are z-stack projections of a few slices. Red: EdU; Green: 

GFP; Purple: Piwi2. Scale bar: 40 ˃m. 
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Once the G1 SoxB2::GFP transgenic reporter line was established, I was able to observe how 

SoxB2-GFP+ cells behave during head regeneration by in vivo tracing.  

As seen in Fig. 4.14, SoxB2-GFP+ cells increase in numbers during the early stages of 

regeneration. Late on, the increase in cell numbers was mostly concentrated in the injury 

side in order to re-establish the missing head region. The increasing number of GFP+ cells was 

unlikely to be primarily due to mitosis, given the short time elapsing. Hydractinia i-cells and 

progeny have a cell cycle duration of approximately 24 hours (McMahon, 2018). A scenario 

in which i-cells differentiate to neural progenitors and start expressing SoxB2 is more 

plausible.   

Figs. 4.15, 4.16, and 4.17 show a follow up of individual cells from the lower part of the body, 

from a position closer to the injury side, and from the blastema area, respectively. In the 

absence of a nuclear marker, and due to the low resolution of the images, it is difficult to 

draw a final conclusion on the dynamics of SoxB2+ cell behaviour in these cases. The data are 

consistent with both proliferation of existing SoxB2+ cells and with a scenario of i-cells 

become committed to the neural lineage and start expressing SoxB2. 
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