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ABSTRACT 

The Thyrotropin-releasing hormone (TRH) is a hormone produced by the 

hypothalamus having a central role in the regulation of the Hypothalamus-Pituitary-

Thyroid axis in vertebrates. Therefore, it has a central role in regulating metabolism, 

growth and reproduction. However, its wide distribution throughout the brain and in 

other regions of the body suggests that it works also as a neurotransmitter and 

neuromodulator and that is implicated in a variety of other functions. However, very 

little is known about its role in invertebrates and how the TRH signalling evolved. 

The aim of this work was to characterize and assess the role of the TRH pathway 

during the development of the sea urchin Strongylocentrotus purpuratus. Combining 

classic Whole Mount In Situ Hybridization and immunostaining with information from 

scRNA-seq data generated in the Arnone lab, it was possible to characterize the cells 

that are producing the TRH (TRHergic) and the ones that are responding thorough the 

TRH receptor (TRHR). Moreover, it was investigated how the TRHergic neurons are 

integrated in the larva sensory system, focusing on three components: the larval apical 

organ (considered to be the larva central nervous system), the dopaminergic system 

(which is known to regulate arm growth in response to food), and the photoreceptor 

system mediated by the Go-Opsin3.2 (known to be coexpressed in the TRHergic cells of 

S. purpuratus). A first characterization of the TRHergic cells was performed also in other 

sea urchin species, mainly the Mediterranean Paracentrotus lividus, highlighting 

similarities and differences at morphological level that might be the result of a 

differential regulation and/or function in these species, therefore, providing initial 

information on how this signalling system evolved in closely related species. 

Furthermore, knock-down experiments using morpholino oligonucleotides to disrupt 

the TRH signalling showed that this neuropeptide is required for arm growth in S. 

purpuratus. Similarly, the Opsin 3.2 knock-down showed to affect arm elongation.   

Based on these evidences, it was set up a protocol to evaluate the larval phenotypic 

response to food availability under the classic 12h light:12h dark cycle and in constant 

dark, showing for the first time the role of the light in such response. 

In conclusion, this work described the complex interaction between the TRH pathway 

and other components of the larva sensory/neurosecretory system, laying the 

foundations for further studies aiming to elucidate how the sensory/neurosecretory 
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system develops and evolved, and how it is controlling phenotypic and developmental 

adaptation to the environment. 
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Introduction 

 

1.1 Sensory control of larval growth  

Animals have the capability to adapt their development to the external conditions 

and in this manner boost their fitness. This control can affect developmental rates but 

also produce distinct larval and adult morphologies. For example food availability and 

temperature affects body size in copepods (Ban 1994). Furthermore, the Hyla 

chrysoscelis tadpoles develop bright red tails and a set of trunk muscles in presence of 

dragonfly larvae that feed on them, these characteristics help them escaping from their 

predators (Gilbert and Epel 2009; McCollum and Van Buskirk 1996). Another interesting 

example is sex determination in turtles that is not demanded to a specific set of 

chromosomes, but depends on the temperature at which the eggs are incubated (Bull 

and Vogt 1979). This has ecological relevance under the light of higher temperatures 

experienced by these animals as result of the climate change. A less dramatic example, 

but having important effects on the fitness and developmental rate, is the phenotypic 

plasticity shown by sea urchin larvae in response to food availability (more details on 

this will be given in Chapter 1.4).  

This means that the phenotypes do not depend only on the genotype received from 

the parents and need to be investigated under a wider point of view. Moreover, the 

environment is not just selecting the most “favourable variations” but it is also taking an 

“active” role in the production of such variations. During the past decades a whole field 

of research emerged, aiming at integrating the studies on the genetic bases of 

morphological variation (evo-devo) and the influence of the external environment on 

this variation. Such field is known as eco-evo-devo (or eco-devo) (for a comprehensive 

review of this topic see (Beldade, Mateus, and Keller 2011; Gilbert and Epel 2009)). 

The capability of a single genotype to produce multiple phenotypes in different 

environments is called phenotypic plasticity or, more specifically, developmental 

plasticity when the regulation influences the development of pre-adult stages. On the 

other hand, there are cases in which despite environmental and/or genetic 
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perturbation, the development produces the same phenotype, a process known as 

robustness (or canalization).  However, plasticity or robustness of a phenotype and 

environmental or genetic sources of variability are not fixed, as a character might 

acquire plasticity or robustness and a phenotype induced by the environment can be 

genetically “fixed” (an evolutionary process known as genetic assimilation) (Beldade et 

al. 2011; Paaby and Testa 2018). 

But which are the molecular mechanisms at the basis of such processes and how the 

environmental conditions can affect development? This topic is now subject of research 

and an overview on what has been discovered can be found in (Beldade et al. 2011). 

Briefly, the environmental condition ultimately act at the level of gene expression 

(therefore no changes in the gene sequence is required) and a complex interaction 

between the larva sensory system (demanded to the perception of the conditions), the 

neuroendocrine system (which translate the collected information in physiological 

responses), the genome (which encodes the instuctions necessary for the development) 

and the epigenetic regulation of gene expression is in place. 

 

1.1.1 Sensory system 

Fundamental for all animals is the ability to collect information from the external and 

the internal environments and to appropriately respond to such stimuli in order to 

maintain homeostasis, locate food and threats, and interact with conspecific. The 

sensory system is the part of the nervous system demanded to the processing of such 

information. The stimulus (e.g. chemicals, light) is detected by a sensory receptor, which 

consists of one or more cells highly differentiated. The receptor transforms the stimulus 

in an electric signal: usually the activation of the receptor changes the membrane 

potential of the sensory neuron, triggering an action potential. This allows the 

information to travel along neurons and establish a “common language” for all the 

sensory systems (Poli 2006). In the organisms having a Central Nervous System (CNS) 

the sensory stimulus is transferred, through neural pathways of afferent neurons, from 

the receptor to specialized areas of the brain where it is processed. From these areas 

efferent nerves carry the output information (which represent the answer to the 

stimulus) toward the peripheral effector organs (mostly muscles and glands, Figure 1.1).  

Indeed, this path is characteristic of animals having a complex and well developed 
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CNS. Nevertheless, it has been proposed that the Urbilateria (the lastcommon ancestor 

of Bilateria) already possessed a simple nervous system containing cells which had both 

the capability to sense the stimulus (sensory function) and to elicit a response by 

secreting signalling molecules (neurosecretory function) (Hartenstein 2006; Tessmar-

Raible 2007; Tessmar-Raible et al. 2007). These sensory-neurosecretory cells were able 

to sense environmental cues and directly modulate neuropeptide and non-peptidergic 

neuromodulator secretion to induce a specific response. Such minimal modules 

included for example photosensitive-neuroendocrine cells controlling neurohormones 

secretion under particular light conditions (Tessmar-Raible et al. 2007).  

 

Figure 1.1| Illustration of a typical sensory system 
The stimulus is received by sensory neurons located in the skin. The signal 
travels as electrical signal along the axon of the sensory afferent neuron and 
eventually reaches the brain. Here the information is processed and integrated 
with signals from other sensory neurons and an output is carried to the 
periphery by efferent fibres, in this example represented by motor neurons.  
Picture from: https://en.wikipedia.org/wiki/Afferent_nerve_fiber   
OpenStax - https://cnx.org/contents/FPtK1zmh@8.25:fEI3C8Ot@10/Preface    

https://en.wikipedia.org/wiki/Afferent_nerve_fiber
https://cnx.org/contents/FPtK1zmh@8.25:fEI3C8Ot@10/Preface
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1.1.2 Neurosecretory cells and Sensory-neurosecretory centres 

   In multicellular organisms, cells can communicate through direct intercellular contacts 

or indirectly into the extracellular space or into the circulatory system. The nervous 

system possesses both types of cell-cell communications. Neurons can directly connect 

to each other or to other cells through the formation of synapses allowing the release 

of electrical or chemical (neurotransmitters and neuromodulators) signals. Moreover, 

neurons can secrete signal molecules into the circulatory system (e.g. blood stream, 

haemolymph) (Hartenstein 2006). These molecules are named neurohormones 

because, being produced by neurons, they influence cells situated at a considerable 

distance. The neurons producing hormones are also called neurosecretory cells and 

constitute the neurosecretory or neuroendocrine system (Hartenstein 2006; Tessmar-

Raible et al. 2007). 

   From a morphological point of view neuroendocrine cells are characterized by the 

presence of large (100-200 nm) dense core vesicles (DCVs) which are characteristics of 

all endocrine cells. Besides, neurosecretory cells are characterised by the expression of 

the genes involved in the synthesis, modification, activation and release of 

neuropeptides and non-peptidergicidic hormones and neuromodulators (Tessmar-

Raible 2007). 

   These neurosecretory cells are present in all animal brains. In Cnidarians, which 

possess a diffused nervous system, these cells are scattered; while in animals having a 

more centralised nervous system they form cluster of cells known as neurosecretory 

centers (Tessmar-Raible 2007). Examples of these centers are in the pars intercerebralis 

of insects and in the hypothalamus of vertebrates. Moreover, many marine larvae 

possess an anterior cluster of sensory-neurosecretory cells called apical organ, involved 

in the detection of various environmental cues and in the controls of physiological and 

behavioural processes (for example ciliary beating, settlement and metamorphosis) 

(Byrne et al. 2007; Conzelmann et al. 2013; Sinigaglia et al. 2015; Voronezhskaya and 

Khabarova 2003). 

   Despite the variety of the neurosecretory/neuroendocrine systems, many studies 

revealed similarities among them. First, many neuropeptide signalling systems revealed 

an ancient origin despite the fact that neuropeptide orthologuesare often highly 

divergent and events of lineage-specific loss occurred (Elphick, Mirabeau, and 
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Larhammar 2018; Jékely 2013; Mirabeau and Joly 2013). Moreover, Hartenstein and 

Tessmar-Raible (Hartenstein 2006; Tessmar-Raible 2007; Tessmar-Raible et al. 2007) 

with their pioneer work extensively reviewed the molecular, morphological and 

developmental similarities among the vertebrate and invertebrate 

neurosecretory/neuroendocrine systems. For example, many transcription factors have 

been suggested to have a conserved role in the specification of these cells (e.g. rx, otp, 

vtn, vax, nk2.1). Finally, Williams and colleagues, reconstructing the synaptic and 

peptidergic connectome of the Platynereis dumerilii (a marine annelid) apical organ, 

unrevealed the fact that this structure appears to work as a “chemical brain” mostly 

relying on volume transmission of neuropeptides rather than on synaptic transmission 

(Williams et al. 2017). Furthermore, they confirmed and expanded the existence of 

molecular similarities between the Platynereis apical organ and the vertebrate 

hypothalamus, corroborating the hypothesis of an evolutionary relationship between 

the apical organ and the hypothalamus.  

 

 

1.2 Thyrotropin-Releasing Hormone (TRH) 

   The fascinating history of the Thyrotropin-releasing hormone (TRH) discovery and 

characterization began during the 1950s when first, pioneering studies highlighted the 

physiological effects of the hypothalamus on the pituitary. The TRH structure was then 

independently determined in 1969  by Roger Guillemin and Andrew V. Schally (Bøler et 

al. 1969; Burgus et al. 1969). Subsequently, they shared one half of the Nobel Prize in 

Physiology or Medicine 1977 "for their discoveries concerning the peptide hormone 

production of the brain” (the other half was assigned to Rosalyn Yalow that received the 

prize "for the development of radioimmunoassays of peptide hormones").  

On the basis of these discoveries the TRH received its name (Reichlin 1989). However, 

since then, the vision of this molecule as a mere hormone regulating the Hypothalamus-

Pituitary-Thyroid axis (APT-axis) has changed and it is now known that TRH is expressed 

in other areas of brain and body, and that it subserves a variety of functions. 
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1.2.1 TRH peptide structure    

In mammals, TRH consists of three amino acids:  a pyroglutamate at the N-terminus, 

a histidine and an amidate proline at the C-terminus, (abbreviated to pQHP-NH2). This 

sequence is fully conserved through the vertebrates, indicating that strong evolutionary 

pressure has acted to preserve its structure (Galas et al. 2009). Chordata also have a 

tripeptide TRH (pQSP-NH2). In contrast, echinoderm most predicted TRHs are 

tetrapeptides (pQ[W/Y][Y/F/P][T/G/A]NH2) (Semmens et al. 2016; Van Sinay et al. 

2017). However, like vertebrate's TRH, they are small peptides with a pyroglutamate at 

the N-terminus, an amide group at the C-terminus, and amino acids with aromatic or 

cyclic side chains at the second and third positions (Figure 1.2). 

Therefore, TRH is widely distributed throughout the deuterostomian lineage, 

suggesting an ancient origin for this neuropeptide hormone (Van Sinay et al. 2017), even 

though the primary amino acid sequence is poorly conserved outside vertebrates. 

 

 

Figure 1.2| TRH and TRH-like peptide sequences alignment 
Amino acid sequence alignment of TRH-like neuropeptides of representative protostomians 
and deuterostomians. Identical amino acids are highlighted in black, and similar amino acids 
are highlighted in yellow (pQ is a post-translationally modified glutamate or glutamine). 
Sequences were placed and coloured according to their phyletic group. (Adapted from Van 
Sinary et al., 2017). 
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1.2.2 TRH synthesis and signalling  

As the other neuropeptides, TRH is produced from a larger precursor (proTRH) (Figure 

1.3) containing multiple copies of the final peptide (5 for rat and mouse, 6 for humans 

(Lee, Stewart, and Goodman 1988; Yamada et al. 1990)) and some other non-TRH 

peptides. The proTRH also contains a signal sequence of 20-25 amino acids at the N-

terminus necessary for the precursor to enter into the regulatory secretory pathway, 

through which neuropeptides are maturated and accumulated in storage vesicles to be 

released only upon stimulation. 

 

 

 

The signal peptide guides the proTRH into the lumen of the rough endoplasmic 

reticulum (ER) where the signal sequence is removed. The TRH precursor is then 

transported through the Golgi Complex and accumulated in into large dense-cored 

vesicles (DVCs), also called Secretory Granules (SGs), that undergo secretion only after 

Figure 1.3| Schematic representation of TRH synthesis 
The figure above summarises the main steps for TRH synthesis in vertebrates. Once in the 
cytoplasm, the mRNA is translated and a precursor named preproTRH is directed to the 
endoplasmatic reticulum (ER). Once in the lumen, the signal peptide is removed and the 
proTRH continue its way through the Golgi. Here the cleavage processes begin. Meanwhile, 
the peptides are accumulated into the Secretory Granules (SGs), where the last steps of 
maturation, including post-translational modifications, occur. Adapted from (Nillni 2010). 
ER = endoplasmatic reticulum; TGN = trans-Golgi network; ISGs = immature secretory 
granules 
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appropriate stimuli (Burbach 2011). Through all these steps proTRH is processed to 

produce the mature peptides. Prohormone convertases (PCs) catalyse the proteolysis of 

the precursor. The enzymes specifically involved in proTRH maturation are PC1/3 and 

PC2. Interestingly it has been shown that N- and C- terminal proTRH derived fragments 

behave independently and are sorted in different vesicles (Nillni and Sevarino 1999; 

Perello, Stuart, and Nillni 2008). Subsequently, the enzymes carboxyl peptidase E and D 

(CPE, CPD) remove C-terminal basic residues. Finally, the TRH precursor undergoes post-

translational modifications through which the C-terminal glycine is amidated by the 

enzyme Peptidyl-glycine alpha-amidating monooxygenase (PAM) and the N-terminus 

glutamate is transformed in a pyroglutamate (pQ) by the N-glutaminyl cyclase (for an 

extensive description of the TRH synthesis and maturation see (Nillni 2010; Nillni and 

Sevarino 1999)).  

TRH signalling activity is mediated by specific TRH receptors (TRHR) which belong to the 

G protein-coupled receptors (GPCRs) superfamily, also known as seven-(pass)-

transmembrane domain receptors, or 7TM receptors. In rats two types of TRHRs have 

been identified, TRH-R1 and TRH-R2. A TRH-R3 was identified in Xenopus laevis (Bidaud 

et al. 2002) and medaka (Mekuchi et al. 2011). These receptors showed species-specific 

and tissue-specific differences in the anatomical distribution, with TRH-R1 mainly 

expressed in the anterior pituitary, neuroendocrine brain regions, autonomic nervous 

system and visceral brainstem regions; while TRH-R2 is highly expressed in brain areas 

that are important for the transmission of somatosensory signals and higher central 

nervous system functions (Sun, Lu, and Gershengorn 2003). The intracellular signalling 

cascade is mainly mediated by Gq/11 protein (Aragay, Katz, and Simon 1992). The 

activation of TRHR by TRH, subsequently, results in the phospholipase C activation, 

which stimulates phosphatidylinositol 4,5-P2 (PIP2) hydrolysis to form inositol 1,4,5- 

triphosphosphate (InsP3) and 1,2-diacylglycerol (DAG). These second messengers 

stimulate increase in intracellular calcium levels and activation of protein kinase C (PKC) 

respectively (Figure 1.4) (Hsieh and Martin 1992; Kiley et al. 1991). Moreover, TRH-R 

transduction cascade can be mediated by mitogen-activated protein kinase (MAPK)  

(Kanda et al. 1994; Ohmichi et al. 1994). 
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1.2.3 Hypophysiotropic TRH function and regulation 

Indeed, the most well established and characterized function of TRH is the regulation 

of the hypothalamic-pituitary-thyroid axis (HPT) in vertebrates and the subsequent 

central role in regulating metabolism and growth. This pathway has been largely 

investigated in mammals (rats and mouse), leading to an extraordinary amount of 

literature (for reviews (Lechan, Hollenberg, and Fekete 2016; Nillni 2010, 2018). 

 Briefly, a subset of TRHergic neurons located in a specific area of the hypothalamus, 

called paraventricular nucleus (PVN), project through the Median Eminence (ME). Here 

the TRH is released in the blood stream of the hypophysial-portal system and reaches 

the pituitary gland (also known as hypophysis).  In the pituitary,  TRH stimulates the 

production and release of Thyroid-Stimulating hormone (TSH) and Prolactin (PRL) 

(hypophisiotropic activity of TRH) (Takahara, Arimura, and Schally 1974). The TSH in turn 

regulates the activity of the thyroid gland, inducing the production and secretion of the 

Thyroid Hormones (THs): thyroxine (T4) and triidothyronine (T3) (Vassart and Dumont 

1992). THs are produced by coupling iodine with tyrosine residues and regulate a variety 

of processes, such as: metabolism, development and metamorphosis (for reviews see 

(Holzer and Laudet 2015; Laudet 2011; Mullur, Liu, and Brent 2014)). The TH signaling is 

mainly mediated by the Thyroid Hormone Receptors (TRs), which belong to the nuclear 

Figure 1.4| TRHRs signalling transduction cascade 
Schematic representation of the intracellular signalling pathways 
activated by binding of TRH to its receptors (adapted from (Sun et al. 
2003)).  



Page | 23  
 

receptor family and are classified as Transcription factors (TFs). Interestingly, in contrast 

with other nuclear receptors, when the ligand is not present, TRs recruit transcriptional 

repression complexes and bind the DNA inhibiting the transcription. When the receptor 

binds the hormone, the complex is disassembled and the receptor forms a new 

heterodimer with the retinoic X receptor (RXR) that binds the target genes activating 

their expression (Bakker 2004; Leid et al. 1992). Interestingly, THs have been shown to 

down-regulate TRH gene expression through the TRβ2 (Abel et al. 2001), establishing a 

negative feedback between THs and hypophysiotropic TRH. However, the mechanisms 

of this process are not clear, especially because the activation of the TRβ2 would be 

predicted to activate TRH expression (Lechan et al. 2016). Moreover, THs can regulate 

TRH production in the hypothalamus not only at gene expression level, but also at post-

translational level (downregulating the enzymes PC1/3 and PC2 responsible for the TRH 

synthesis) and controlling the TRH degradation (through enzyme pyroglutamyl 

peptidase II, or PPII) (Perello et al. 2006; Schomburg and Bauer 1995; Vella and 

Hollenberg 2009).  

The TRH neurons located in the hypothalamus are at the center of a complex system 

that controls hormonal and behavioural responses regulating energy intake and feeding 

(Hollenberg 2008; Lechan and Fekete 2006). The hormone leptin was proposed as a vital 

signal that initiates the neuroendocrine response to fasting, signalling the switch from 

the fed to the starved state at the hypothalamic level. In fact, starvation induces a 

decrease in circulating levels of leptin. This fall is the signal to the brain that suppresses 

TRH gene expression in the PVN, causing a decrease of TH levels. The major consequence 

of thyroid hormone suppression includes activation of the stress axis, and suppression 

of reproduction, linear growth, and the thyroid axis. Thus, the suppression of thyroid 

hormones during starvation reduces metabolic rate and preserves energy stores. Leptin 

activates different subgroups of TRH neurons in the PVN, directly via the leptin receptors 

located on the TRH-neurons (inducing activation of TRH promoter via STAT3 response 

elements located in the TRH promoter), and indirectly via the stimulation of the alpha-

melanocortin (alpha-MSH) system (which exert its regulatory activity on the Trh 

promoter via CREB response elements).  

Furthermore, the TRH expression in the PVN is subjected to regulation by 

neuropeptide Y (NPY), and melanocortin peptides (alpha-MSH). In addition, other 
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hormones and catecholamines regulate the expression of TRH in the PVN including 

dopamine, serotonin, histamine, somatostanin, endogenous opiod peptides, vasoactive 

intestinal polypeptide, gamma-amminobutyric acid, cytoquines, and adiponectin 

(reviewed in (Nillni 2010)).  

   Another important factor that influences the TRH expression is the exposure to cold  

(Uribe et al. 1993). This stress strongly stimulates the HPT axis through adrenergic 

inputs. Rats subjected to cold temperatures increase TRH mRNA levels within 30 to 60 

minutes of the stimulus. Thus, the levels of thyroid hormones increase. 

Finally, it has been shown, both in vivo and in vitro, that TRH mRNA levels in the 

hypothalamus fluctuate during the diurnal cycle in rats (Covarrubias et al. 1994). 

 

1.2.4 Nonhypophysiotropic TRH  

Despite its name, given on the basis of the first evidences of a function in controlling 

thyrotropin release, over the years became more and more evident that TRH has a role 

in controlling a variety of functions, both inside and outside the CNS. Extra-hypothalamic 

and non-hypophysiotropic TRH distribution and function have been reviewed in (Lechan 

et al. 2016; Morley 1979). Interestingly, even inside the hypothalamus not all the 

TRHergic neurons are hyphophisiotropic, as they do not project to the median 

eminence. Moreover, the wide distribution of TRH and TRHR transcripts, and TRH 

binding sites across the brain suggests a function as neurotransmitter or 

neuromodulator (Sharif 1989). Summarizing, TRH have been found in spinal cord, retina, 

pancreatic β-cells, lung, heart, testis, gastrointestinal tract, placenta, and in more 

regions (Burt 1979; Díaz et al. 2002; Lechan et al. 2016; Leduque et al. 1987; Martino et 

al. 1980). From a functional point of view, TRH has been associated with a variety of 

process, comprising: arousal, gastric acid secretion, memory, body temperature 

regulation, gastrointestinal motility, hearth rate, insulin secretion, food intake, 

locomotion, and more. 
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1.2.5 Role and regulation of TRH in fish 

  In fish, the role of TRH in the regulation of the HPT-axis is equivocal as TRH 

administrations have been reported to stimulate, have no effect or inhibit TSH secretion 

(Abbott and Volkoff 2011; Han et al. 2004; Kagabu et al. 1998; Melamed et al. 1995). 

Nevertheless, TRH stimulates the release of Growth Hormone (GH) and Prolactin (PRL) 

from the pituitary  (Galas et al. 2009; Semmens and Elphick 2017). 

   Abbott and Volkoff, in 2011, analysed the role of TRH in food intake and locomotion 

in goldfish (Carassius auratus). They found that the central injection of 10 or 100 ng/g 

of TRH induces an increase in food consumption (food intake: they give the food as 

pellet, food consumption was measured by counting the number of pellets eaten by 

each fish per hour, and converted on mg of food/wet body weight/time; feeding acts: 

consumption of pellets, bumping at the pellets, and pittings). Then it seems that, in 

goldfish, TRH increases food intake and locomotion. Thus, they have analysed the effects 

of fasting on TRH expression. The results show that a 3-day, but not a 10 day, fast period 

induces a small but significant increase on TRH expression in the hypothalamus of 

goldfish, suggesting that TRH is involved in the regulation of feeding in fish. Also some 

fishes display a two-phase response to fasting: they first increase their locomotor 

activity in order to increase their chance of finding food and if fasting is prolonged, the 

animals decrease in locomotion and metabolic rate. This is according to the increase of 

TRH expression at 3 days but not at 10 days.   

1.2.6 Role and regulation of TRH in Caenorhabditis elegans 

The function of TRH in invertebrates remains poorly investigated. Putative TRH 

peptides have been identified, outside vertebrates, in amphioxus, echinoderms and the 

nematode C. elegans (Mirabeau and Joly 2013; Rowe and Elphick 2012; Semmens et al. 

2016; Van Sinay et al. 2017), while TRHR have been identified in ambulacrarians, 

lophotrochozoans, and nematodes and in the annelid Platynereis dumerilii (Bauknecht 

and Jékely 2015; Mirabeau and Joly 2013). However, studies aiming at characterizing the 

TRH function in invertebrates are lacking (Lazcano et al. 2021). In 2017, Van Sinary and 

collaborators identified two TRH-like neuropeptides in C. elegans and took advantage of 

CRISPR/Cas9 to assess the function of the peptide and its receptor (Van Sinay et al. 

2017). Summarising, they found that TRH-like neuropeptides promote growth in this 

worm, through the activation of their receptor TRHR-1. Peptides and receptor are 
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expressed in worm pharynx, although mutants deficient for TRH signalling have no 

defects in pharyngeal pumping or isthmus peristalsis rates. Also, their growth defect 

depends on bacterial diet. In addition, TRH-1 mutants have a reduced number of 

offspring. This study suggested that TRH originated before the divergence of 

protostomes and deuterostomes, and perhaps ancestrally have been involved in the 

control of postembryonic growth and reproduction. 

 

 

1.3 Non-visual opsins: emerging role and open questions in vertebrates 
and invertebrates  

Animal opsins are membrane proteins which are able to sense the light thanks to a 

Schiff base linkage to a chromophore (Hargrave et al. 1983; Terakita 2005). The 

chromophore is usually 11-cis-retinal, more rarely another closely related molecule (e.g. 

flies (Seki et al. 1994)); while the protein is a member of the GPCR family (Hargrave et 

al. 1983).  The link happens at a specific amino acidic residue: a lysine (K) situated in the 

VII helix (K296 in the bovine rhodopsin, the first opsin to be fully characterized at the 

level of primary amino acid sequence and 3D structure and often used as reference for 

comparisons with other opsins (Hargrave et al. 1983; Schertler, Villa, and Henderson 

1993)). The presence of this specific residue can then be used as fingerprint to identify 

a GPCR as bona fide opsin (D’Aniello et al. 2015). The activation of the opsin happens 

when the chromophore adsorbs a photon, this leads to a conformational change in the 

11-cis-retinal which became all-trans-retinal, inducing a conformational change in the 

protein. The activated opsin can subsequently bind a G protein (guanine nucleotide-

binding protein). The signalling cascade activated depends on which G protein type is 

involved. For example, vertebrate visual opsins have been reported to recruit Gt 

proteins with subsequent decrease in cGMP, closure of ionic channels and final cell 

membrane hyperpolarization.  In contrast, melanopsins and many invertebrate opsins, 

have been reported to activate a Gq-mediated transduction cascade, which involves IP3 

and PLC and eventually produce membrane depolarization (reviewed in (Shichida and 

Imai 1998; Shichida and Matsuyama 2009)). Moreover, in 1997 a phototransduction 

cascade mediated by Go opsins was discovered in scallop hyperpolarizing 

photoreceptors (Kojima et al. 1997). In contrast, Platynereis Go-opsin1 has been 
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reported to mediate depolarization (Gühmann et al. 2015).  

Opsins have been classified in a variety of main groups, also depending on which 

phyla were taken into account (D’Aniello et al. 2015; Peirson, Halford, and Foster 2009; 

Porter et al. 2011; Shichida and Matsuyama 2009; Terakita 2005). These groups are 

often in agreement with the functional classification (Shichida and Matsuyama 2009; 

Terakita 2005). The most recent papers tend to classify opsins in: ciliary opsins (or c-

opsins, containing vertebrate visual pigments), rhabdomeric opsins (or r-opsins, 

containing for example the melanopsins), neuropsins, peropsins, RGR opsins and Go-

opsins. Additionally, cnidarian opsins (also known as cnidops) have been found to make 

a separate group, closely related to the vertebrate c-opsins (Porter et al. 2011). 

Moreover, a phylogenetic analysis by D'Aniello and collaborators including 

Ambulacrarian (Figure 1.5) opsin sequences revealed two putative novel groups present 

only in echinoderms, called echinopsin A and echinopsin B (D’Aniello et al. 2015). 

Further analyses revealed that these putative echinoderm specific opsins actually 

belong to larger groups, whose identity still need to be clarified (Arendt 2017; Delroisse, 

Mallefet, and Flammang 2016; Ramirez et al. 2016; Valencia et al. 2019; Vöcking et al. 

2017). 

Opsins constitute the molecular basis for photoreceptors cells to sense light, a 

function required not only for vision but also to synchronize behaviour and physiology 

with the external environment on a daily and seasonal basis. For example, light is used 

to entrain circadian clocks (Menaker 2003) and modulate sleep and arousal (Altimus et 

al. 2008). Moreover, light intensity can be used by aquatic animals to adjust their vertical 

position in the water column (Gühmann et al. 2015) and to avoid high UV levels (Leech 

and Johnsen 2003; Nilsson 2013; Verasztó et al. 2018). Studies aiming to elucidate 

evolution and function of non-visual opsins in vertebrates have been extensively 

reviewed by (Peirson et al. 2009). 

As highlighted in the review, however, the mechanisms at the basis of these 

processes are still poorly understood and further studies are required. Moreover, a 

comparative approach comprising not only the primary structure of opsins but also the 

cellular structure and function of photoreceptor cells and organs across a variety of 

phyla (and not only vertebrates and closely related species) is required to elucidate high-

resolution spatial vision evolution (Nilsson 2013). This approach would possibly help 
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shedding light also on the molecular mechanisms at the basis of light-dependent process 

such as circadian clocks entrainment, arousal, locomotion, etc. 

.

 

Figure 1.5| Phylogeny and amino acid sequences of ambulacrarian opsins 
On the left, the phylogenetic tree produced  by (D’Aniello et al. 2015) comprsing opsins 
sequences from Homo sapiens and 31 ambulacrarian species groups opsins in eight clusters: 
R-opsins, c-opsins, Go-opsins, neuropsins, peropsins and RGR-opsin.  
On the right, a graphical representation of the TM7 amino acid pattern obtained from multiple 
alignment of the highly conserved regions. The size of each amino acid residue is proportional 
to the probability to find the residue in that position. The lysine in position 10 is the one 
involved in the Schiff base linkage with the chromophore.  
Adapted from (D’Aniello et al. 2015). 
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1.4 The experimental system: sea urchin as model system to study 
sensory-neurosecretory nervous system function and evolution 

Sea urchins (class Echinoidea) are deuterostomian invertebrates belonging to the 

phylum Echinodermata, which also comprises sea stars (Asteroidea), sea cucumbers 

(Holothuroidea), brittle stars (Ophiuroidea) and sea lilies (Crinoide).  These animals have 

been used as model system since the second half of the 19th century, and had a central 

role in the experiments that allowed scientists to understand the basis of development, 

inheritance, and the Central Dogma of Biology and subsequently of molecular biology. 

(Ernst 2011) performed an extensive review of this topic, starting from the studies 

performed by Derbes, Dufosse and von Baer during the 1840s on fertilization and 

embryogenesis, going through the work of Theodor Boveri at the Stazione Zoologica of 

Naples, to finish with the work of Roy Britten and Eric Davidson. 

These animals have a complex life cycle, since most of them are indirect developer. 

This means that the first developmental stages do not directly give rise to a miniature of 

the adult, but produces an organism capable of free swimming and feeding, the larva 

stage. The sea urchin larva spends its life in the water column feeding on unicellurar 

algae, and eventually goes through metamorphosis (eg. S. purpuratus, P. lividus, 

Heliocidaris tuberculata). Nonetheless, examples of direct development exist (e.g. H. 

erythrogramma), giving the opportunity to compare the two life cycles forms in closely 

related species.  

Sea urchins have been successfully used as model system thanks to some 

characteristics. First of all, they have an external fertilization and embryos freely 

develops in the sea water. This allows to easily follow each step of development. 

Moreover, adults are easy to maintain and gametes can be quickly obtained throughout 

most of the year when adults are housed under a 12h light/dark cycle. Also, a female 

can release thousands of eggs in one spawning event and gametes develops 

synchronously after fertilization, leading to a consistent amount of synchronous 

embryos and larvae. Moreover, they develop quite fast. For example, P. lividus, growing 

at 18°C, reaches the early pluteus stage at 48 hpf, while S. purpuratus at 72 hpf (when 

housed at 15°). Furthermore, embryos and larvae are transparent and easy to handle.  

Also, since the first sea urchin genome was sequenced in 2006 (Sodergren et al. 

2006), many bioinformatic tools have been readilyavailable: BLAST search, primer 
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design for cloning and gene expression evaluation, etc.  Moreover, sea urchin eggs are 

quite steady and can be microinjected with a variety of molecules. For example, 

morpholino antisense oligonucleotides (MASO or MO) to down-regulate gene 

expression, synthetic mRNAs and proteins to overexpress genes, cis-regulatory modules 

to decipher regulatory mechanisms, and also CRISPR/Cas9 has been successfully applied 

to knock-out and knock-in genes (Arnone, Dmochowski, and Gache 2004; Cheers and 

Ettensohn 2004; Ettensohn, Wessel, and Wray 2004; Materna 2017) 

 

1.4.1 Sea urchin development and larval morphology  

The sea urchins are gonochoristic and have external fertilization, therefore gametes 

are released in the water column. Once the egg is fertilized, the embryonic stages of 

development begin and the zygote undergoes a series of rapid cleavages that give rise 

to a ciliated blastula. This consists of a single layer of cells surrounding an internal cavity 

(called blastocoel). The blastula is still embedded in the fertilization envelop but it soon 

starts hatching and freely swim in the water column thanks to a long tuft of cilia situated 

at the animal pole.  

At this point the gastrulation processes begin. The gastrula vegetal pole became 

thicker and flat, forming the vegetal plate.  From this layer, some cells leave the 

epithelium and start migrating into the blastocoel thanks to the formation of filopodia. 

These cells are known as Primary Mesenchyme Cells (PMCs) and will eventually give rise 

to the larval skeleton. Subsequently, the cells at the vegetal pole start an invagination 

process, producing the first opening of the future gut, which at this point is called 

blastopore and that, in deuterostomian animals like sea urchins, will become the anus. 

Then the cells continue invaginating, forming a tube, the archenteron, that elongates 

toward the anterior domain of the embryo. While the archenteron elongates the PMCs 

arrange around it to form a ring. Once in their final positions, the PMCs begin the 

skeleton deposition. At the same time, a population of cells situated at the tip of the 

archenteron forms two ceoelomic pouches at the sides of the tip, while another group 

of neighbouring cells interacts with the ectoderm and will give rise to the second 

opening of the gut: the mouth. Meanwhile, the gut acquires a tripartite structure 

through the formation of two sphincters: the cardiac sphincter separating the 

esophagus from the stomach, and the pyloric sphincter which divide the stomach from 
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the intestine. Finally, a band of densely ciliated ectoderm surround the oral region and 

forms the Ciliary Band (CB).  At this point the embryo acquired a distinctive shape, 

resembling an arrow and is called prism stage.  

When the mouth opens the embryonic development is complete and the larval stage 

begins. The sea urchin larva is called pluteus (plural plutei) and, at early stages has a 

particular shape resembling the Eiffel tower, with the apex oriented downward and the 

mouth upward (Figure 1.6). The early pluteus possess four arms, two situated at the 

sides of the mouth (the oral arms), on the aboral region, and other two on the ventral 

side (the post oral arms). These arms are covered by the CB and are sustained by the 

larval skeleton growing underneath. They have an important function, because the 

ciliary beating collect and direct the food toward the mouth. 

 

 

The larval skeleton is made of calcite ad consists of a pair of spicules (or rods) growing 

on the ventral side, toward the back of the embryo, forming a tip. These spicules are 

commonly knowns as Body Rod (BR). Other two sets of spicules grow underneath the 

raising arms. The ones situated on the ventral side called as Post Oral (PO), while the 

other pair goes across the larva, transversally to the antero-posterior axis, and when 

reaches the sides of the gut curves upward toward the oral arm. The first portion of 

these spicules can be named Oral Transversal (OT), while the portion after the curve can 

be named Oral Distal (OD). In some species the curve between OT and OD is quite sharp 

(e.g. in P. lividus), while in other is smooth and is not really possible to distinctly separate 

Figure 1.6| Sea urchin larvae morphology 
Different views of a sea urchin larva at four armed-pluteus stage.  
In pink are the serotonergic neurons and the apical organ area. In blue are the neurons 
underneath the ciliary band. 
A = anterior, P = posterior, D = dorsal, V = ventral, L = left, R = right 
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where the OT ends and the OD starts (e.g. S. purpuratus). Additional pairs of spicules, 

and arms, may be present in different species (e.g. Arbacia lixula as additional arm 

growing at the apex). The Gene Regulatory Network (GRN) responsible for sea urchin 

skeleton specification has been extensively studied. It is well known, for example, that 

the ectoderm plays a fundamental role in regulating skeletogenesis through signallings 

that include the VEGF and FGF (Adomako-Ankomah and Ettensohn 2014; Duloquin, 

Lhomond, and Gache 2007; McIntyre et al. 2014; Röttinger et al. 2008).  

The pluteus spends several months in the water column, feeding on unicellular algae. 

While growing, additional sets of arms arises on the post-oral and oral regions, and the 

larva goes from the 4-armed pluteus stage, through the 6-armed pluteus, to the final 8-

armed larva. Meanwhile, the left coelomic pouch, interacting with the ectoderm, 

produces the rudiment of the adult. When the rudiment reaches about the size of the 

larval stomach, the larva became competent and can undergoes through 

metamorphosis. This process requires appropriate stimuli from the environment, in 

particular from the biofilm, on which the newborn juvenile will feed (Castilla-Gavilán et 

al. 2020; Voronezhskaya and Khabarova 2003; Zupo et al. 2018).  

The whole process has been described in details in many books and papers (e.g.  

(Ettensohn et al. 2004; Giudice 1986; Schroeder 1986) and  

https://www.ncbi.nlm.nih.gov/books/NBK9987/).  Also, many videos can be found on 

YouTube (e.g. https://www.youtube.com/watch?v=LKaam4zW0Uk). 

 

1.4.2 The sea urchin sensory-neurosecretory nervous system 

Sea urchins are generally considered to have a simple nervous system and to have 

only basic responses to the environment; nonetheless, they showed to be able to 

respond to a variety of stimuli. 

For example, despite the absence of eyes or obvious eye-like structures, adult sea 

urchins have light-induced behaviours, such as light avoidance, phototaxis, color change, 

spine and tube foot movements, and spatial vision (Kirwan et al. 2018; Millott 1976; 

Yerramilli and Johnsen 2010). Ullrich-Luter and collaborators (Ullrich-Luter et al. 2011; 

Ullrich-Lüter, D’Aniello, and Arnone 2013), revealed a complex set of photoreceptors in 

the tube foot, and the widespread distribution of both a c-opsin (Sp-Opsin 1) and a r-

opsin (Sp-Opsin 4) throughout the body of the animal. These evidences suggest that the 

https://www.ncbi.nlm.nih.gov/books/NBK9987/
https://www.youtube.com/watch?v=LKaam4zW0Uk


Page | 33  
 

spherical body of the sea urchin might act as a giant eye.  

Moreover, the analysis of the sea urchin S. purpuratus genome revealed the presence 

of a wide variety of chemosensory molecules (Raible et al. 2006; Burke et al. 2006). 

Indeed, sea urchin larvae are capable to sense environmental stimuli, that are necessary 

to induce their metamorphosis.  

But how is organized their nervous system? Adult sea urchins have a decentralized 

nervous system which consists of a nerve ring encircling the gut on the ventral side of 

the animal. From this ring five radial nerves arises and branches in smaller fibres which 

innervates the appendices (spines, tube feet, pedicellarie). Ganglia are present too, 

especially at the base of the spines and of the disk situated on top of the tube feet 

(Figure 1.7, B). The adult nervous system is formed together with the larval rudiment 

and is generally thought to be independent from the larval one (Burke et al. 2006; 

Nakajima et al. 2004).  

The larval nervous system, instead, can be divided in a “central nervous system” and 

in a “peripheral nervous system” (Figure 1.7, A) ( Burke et al. 2006). The central nervous 

system consists of a group of serotonergic neurons called apical organ, these are ciliated 

cells and their function has been linked with metamorphosis (Hadfield, Meleshkevitch, 

and Boudko 2016) and ciliary beating (Voronezhskaya and Khabarova 2003; Yaguchi and 

Katow 2003; Yoshihiro et al. 1992). For a review on this structure in echinoderm see 

(Byrne et al. 2007)). The organization of the serotonergic neurons is very peculiar, as 

huge flask shaped serotonergic cells are interspersed by smaller interneurons having a 

rounded shape (Nakajima et al. 2004). 

The larva peripheral nervous system consists of a set of neurons innervating the 

ciliary band, a pair of ganglia situated on the lower-lip of the mouth, and additional 

neuronal cells on top of the stomach, and next to the anus. From these cells nerve fibres 

project to connect neurons, and to innervate the aboral epithelium (Bisgrove and Burke 

1987; Burke 1978).  
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Despite the apparent simplicity of the sea urchin nervous system, the analysis of the 

S. purpuratus genome first revealed the complexity of the neuropeptidergic system 

leading to the identification of about 40 genes encoding neuropeptide precursors (Rowe 

and Elphick 2012; Wood et al. 2018), including also a Sp-Trh (SPU_008352). Moreover, 

a recent analysis by (Wood et al. 2018) contributed to unravel a previously unknown 

complexity at neurochemical level as they identified 7 different neuronal subtypes at 72 

hpf, expressing each a different subset of neuropeptides. Furthermore, Paganos and 

colleagues, reconstructing the larval cell type families at a single cell resolution, were 

able to unravel up to 12 neuronal types at 72 hpf (likely representing different cell 

types), expanding our understanding of the complexity of the sea urchin larva nervous 

system (Paganos et al. 2021).  

In conclusion, sea urchins (and Echinoderms in general), represent a unique system 

to investigate the evolution and function of various features of the nervous system: e.g. 

evolution and function of vision (Nilsson 2013), evolution of neuropeptide signallings 

(Semmens et al. 2016; Semmens and Elphick 2017), evolution of pancreatic endocrine 

cells (Perillo et al. 2018). This thanks to their phylogenetic position, in fact echinoderms, 

together with hemichordates form the Ambulacraria, which is the vertebrates sister 

Figure 1.7| Sea urchin nervous system  
Cartoons organization of the sea urchin nervous system (in red) at early pluteus (A) and adult 
stage (lateral perspective in B and cross-section of adult radial nerve and test in C). 
CB = ciliary band (cyan); AO = apical organ; OG = oral ganglia; M = mout; LG = lateral ganglia; 
A = anus; RN = radial nerve; NR = nerve ring; ENS = epineural sinus; T = test; LN = lateral 
nerve; P = pore; TF = tube foot; RWC = radial water canal; Am = ampulla; G = ganglion; S = 
spine  
Adapted from ( Burke et al. 2006). 
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group. Moreover, being  invertebrate deuterostomes they bridge an evolutionary gap 

between the classic vertebrates (and therefore deuterostomes) models (zebrafish, 

mouse) and the protostomian invertebrates (D. melanogaster and C. elegans) (Semmens 

and Elphick 2017). 

 

 

 

1.4.3 Sea urchin as model system to study phenotypic plasticity 

Another interesting feature of the sea urchins is the fact that they possess a 

phenotypic plasticity in response to food availability in the environment such that larvae 

develop longer arms when food is scarce (Kalachev, Yurchenko, and Osten 2018; 

McAlister and Miner 2018; Sewell, Cameron, and McArdle 2004). The surface of ciliated 

ectoderm is proportional to the length of the arms and this means that larvae with 

longer arms can capture food more efficiently. Nonetheless,  growing longer arms has a 

cost in terms of maternal resources expenditure (Adams et al. 2011). In 2011, Adams 

and colleagues also demonstrated that a dopamine signalling is in place in S. purpuratus 

to inhibit arm growth when there is food in the environment. The same response has 

been confirmed in other two sea urchin species: Mesocentrotus nudus and 

Strongylocentrotus intermedius (Kalachev 2020).  

Even though this phenotypic plasticity is not as dramatic as two different patterns on 

the butterfly wings’ (Brakefield 1997), it represents an interesting case of study and 

Figure 1.8| Diversity of the sea urchin neuron populations 
 Schematic representation of the 72 hpf pluteus larva showing the localization of the 12 
different neuronal populations. Adapted from (Paganos et al. 2021). 
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offers a phenotype that is easy to measure and quantify and all the advantages of 

working with an animal for which many molecular biology tools are available. Moreover, 

studying the molecular basis of this response would lead to a better understanding of 

how the sea urchins sensory-nervous system works at larval stage, which are the 

molecules and the elements of the nervous system involved, which is their role and how 

they interact to each-other. 
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1.5 Aim 

The TRH pathway has been extensively investigated in vertebrates, however little is 

known in invertebrates. Despite the fact that records of TRH and TRH-like peptides and 

TRHR receptors have been published, little has been done to understand their function. 

In 2017, Van Sinary and colleagues suggested a conserved ancestral function in post 

embryonic growth and reproduction regulation, based on their studies on C. elegans. 

Sea urchins are a perfect model system to fill this gap of knowledge, based on their 

phylogenetic position and the extensive knowledge already available on their 

development and genomes. In particular, this study took advantage of two species, the 

Pacific S. purpuratus, which was the main model system used, and the Mediterranean 

P. lividus.  

First aim of this work was to assess the role of the TRH neuropeptide pathway during 

the sea urchin S. purpuratus larval growth and to understand how this pathway is 

integrated in the larva sensory-neurosensory systems (Figure 1.9). In particular, I 

focused on three components of this system:  

 the serotonergic system, because the TRHergic cells appear to connect with the 

serotonergic neurons of the apical organ;  

 the dopaminergic system, because it has been reported that a dopamine-

mediated morphogenetic response is involved in adaptation to food availability 

by controlling arm growth in the S. purpuratus larvae (Adams et al. 2011) and 

preliminary data we obtained highlighted a role for TRH in regulating arm 

growth; 

 the photoreceptor system, because the TRHergic cells in S. purpuratus are also 

photoreceptors expressing the Go-Opsin Sp-Opsin3.2. 

Finally, to expand our knowledge on how the TRH pathway evolved, we took 

advantage of other sea urchin species available at Stazione Zoologica, focusing on the 

Mediterranean P. lividus. In fact, being S. purpuratus and P. lividus two sea urchin 

species at a considerable evolutionary distance (about 40 MYears), the results obtained 

will eventually allow to make some preliminary evolutionary comparisons.  
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Figure 1.9| Sea urchin sensory system  
Sea urchin larvae utilise environmental cues to adjust their developmental trajectories and 
boost their fitness. The molecular mechanisms at the base of this process are being studied. 
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Materials and Methods 

 

2.1 S. purpuratus: animal husbandry and culturing 

   Adult S. purpuratus have been obtained from Peter Halmay and Patrick Leahy 

(Kerchoff Marine Laboratory, California Institute of Technology, Pasadena, CA, USA). At 

Stazione Zoologica Anton Dohrn of Naples (SZN), the animals have been housed in large 

tanks filled with circulating Mediterranean sea water at 15°C and fed with algae. 

   Since there is no external morphological difference between male and female the 

sex can be determined only after gametes release has begun. The spawning of S. 

purpuratus was induced through vigorous shaking, injection of 0.5 M potassium chloride 

(KCl) was avoided because survival of the animals is lower. Sperm was collected dry 

directly from the gonopores using a glass pipette and stored at 4 °C until use. Female 

sea urchins were placed upside down on a small glass beaker filled with filtered seawater 

(FSW). Since at Stazione Zoologica it is available Mediterranean sea water but S. 

purpuratus is a species living in the Pacific Ocean, the sea water was diluted 9:1 to reach 

the appropriate salinity (from now on FSW 9:1). Collected eggs were passed through a 

200 μm Nitex filter to remove debris and kept on a cold plate or in an incubator at 15°C 

until the fertilization to avoid damages due to the high temperature.  

   To proceed with the fertilization, 1 μl of dry sperm was diluted in 10 ml FSW 9:1 and 

some drops were added to the eggs concentrated in 20-25 ml.  The event of fertilization 

was monitored using a stereo microscope to observe the formation of the fertilization 

membrane. Fertilized eggs were washed two or three times with FSW 9:1 to remove the 

excess of sperm and diluted in 4L glass beakers or into 6-well plates, accordingly with 

experimental conditions. In “normal” conditions the beakers where placed in incubators 

at 15 °C under a 12h light/dark cycle. Larvae were fed with 5000 cells per ml of Dunaliella 

tertiolecta.  
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2.2 P. lividus: animal husbandry and culturing 

   P. lividus gametes were obtained by injection of 0.5 M KCl from the Stazione's 

Marine Biological Resources service. The eggs were fertilized and reared as described 

for S. purpuratus with the difference that undiluted FSW was used and cultures were 

placed at 18°C. To grow larvae until metamorphosis, they were reared in 2L or 4L glass 

beakers and fed three times per week with a mix of 70% of D. tertiolecta and 30 % 

Isochrysis galbana when available.   The amount of algae was increased from 5000 

cells/ml to 80000-10000 cells/ml, according to the needs of the cultures as described in 

(Zupo et al. 2018). Cultures were cleaned two times per week removing most of the sea 

water and replacing it with fresh FSW. After metamorphosis, juveniles were fed with 

seaweed.  

 

2.3 Morpholino Oligonucleotide Microinjection experiments 

    In order to assess the role of TRH and Opsin3.2 in vivo in the sea urchin S. 

purpuratus, Morpholino Antisense Oligonucleotides (MASOs) were injected into 

zygotes. This technique is very well established in the Arnone Lab and demonstrated to 

be effective in knocking-down gene expression in sea urchins. The MASOs against Sp-

TRH and Sp-Opsin3.2, produced by Gene Tools (Corvallis, OR), were already available in 

the laboratory (Table 2.1).  As a control experiment, a Standard Morpholino Control 

oligo modified with 3’ Carboxyfluorescein (control-fluo MASO, Gene Tools) was injected 

in parallel. 

Gene  Morpholino sequence 5’->3’ Type  Reference  

Sp-Opsin 
3.2 

ATGTGGTCGAATCCGCACGAAATGA Translation 
blocker 

(Petrone 
2015) 

Sp-Trh GCCCTCTTGCTAAGTCCTCTTGCTA Translation 
blocker 

(Wood et 
al., in 
preparation) 

FluoMO GeneTool, standard control MO, 
modified with Fluorescein.  

Control 
morpholino 

 

Table 2.1| List of morpholinos used in this work 
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2.3.1 Preparation of materials  

1) Preparation of morpholinos stock solutions: Morpholinos were resuspended in 

double-distilled H2O (ddH2O) according to the manufacturers’ guidelines to a 

concentration of 0,5-1 mM.  

2) Protamine plate preparation: 60 mm plastic Petri-dish lids (Falcon) were filled 

for 1 minute with 1% protamine sulfate solution (in dH20). Following protamine 

coating, dishes were washed thoroughly with distilled water to remove 

protamine sulfate solution excess, and air-dried. The protamine sulfate solution 

was kept in at 4°C and reused several times. Before rowing eggs, a 1-inch scratch 

was made in the center of the dish, using a razor blade, and then the dish was 

rinsed in clean filtered seawater.  

3) Microinjection needle preparation: needles for microinjection were prepared 

from 1.0 mm outside diameter, 0.75 mm inside diameter, borosilicate glass 

supplied by Sutter Instrument Co. Novato, CA (No. B100-75-10). Fine-tipped 

microinjection needles were pulled on a Sutter P-97 micropipette puller (P=300; 

H=560; Pu=140; V=80; T=200) and, just prior to injection, were touched against 

the scratch in the microinjection dish to break open the tip to a diameter of ~0.4-

0.9 μm.  

4) Preparation of glass pipettes for egg transfer: glass Pasteur pipettes were 

heated on a Bunsen flame until the glass became hot and soft. At this point the 

two ends were quickly pulled. This process makes glass pipettes with a very thin 

diameter than can be easily controlled using a mouthpiece connected to it by a 

tube, as described in (Wessel, Voronina, and Brooks 2004). The so called mouth-

pipettes are very useful to handle not only eggs but also embryos and larvae. 

5) Preparation of solutions for microinjection: MASOs working solutions were 

made as it follows: 0.2 mM morpholino, 0.2 M KCL and ddH2O. The solutions 

were heated at 65° C for 5 min, filtered using 0.2 μm filters and centrifuged at 

5000g for 15 min. At this point the filter was removed and the solutions 

centrifuged at maximum speed until use.  

6) S. purpuratus egg preparation: once the collected eggs have settled under 

gravity, they were filtered twice through 200 μm Nitex filter to remove adhering 

matter. Sea urchin eggs are coated by a jelly layer, which interfere with the 
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injection procedure.  For S. purpuratus, his layer can be easily removed by 

filtering the eggs a couple of times and by passing them through a Pasteur 

pipette having a narrow internal diameter. The dejellied eggs, which can be 

recognized because they don’t float anymore, are then transferred on a Petri 

dish filled with filtered MFSW diluted 9:1 containing 2 mM of para-aminobenzoic 

acid (PABA).  

 

2.3.2 Microinjection procedure  

   Dejellied eggs were placed in groups of hundreds in a line on the protamine sulfate-

coated dish containing a few mL of the sea water and PABA solution. This is easily done 

using a mouth-pipette. The internal diameter of a “rowing” pipette should be roughly 

the same as the egg diameter to warranty optimal rowing of eggs (80 μm for S. 

purpuratus). The injection plate was positioned at the top of the row of eggs and 2-3 

drops of freshly diluted sperm suspension were added. The needle was quickly moved, 

with the solution flowing, in and out of the egg. The procedure was repeated for the 

next egg in line until the entire plate was injected. As additional control, a dish 

containing some of uninjected eggs were fertilized at the same time.  

 

2.3.3 Morphant embryos culturing 

   Immediately after the microinjection the zygotes were washed two or three times 

with fresh MFSW 9:1 to remove the sperm and placed in the incubator at 15°C and let 

develop for 24 h. The day after, S. purpuratus embryos reached the blastula stage and 

where then hatching from the fertilization envelop. This makes easy and safe to transfer 

the embryos without damaging them. Blastulae were then transferred in 6-well plates 

using the mouth-pipette. 100 embryos were placed in each well containing 4 ml of FSW 

9:1. The plate where then placed in the incubator and reared accordingly to the 

experimental design. 

 

2.4 Basic molecular biology techniques 

2.4.1 RNA extraction 

Samples for RNA extraction were collected into 1.5 ml Eppendorf tubes and 
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centrifuged at 4°C, maximum speed for at least 5 minutes to remove all the sea water. 

The volume of the pellet was checked: 

o When the pellet was small (less than 10-20 µl) RNA was extracted using the 

RNAqueous-Micro Kit. In this case 150 µl Lysis buffer was added to the 

samples.  

o When the pellet was abundant, RNA was extracted using TRIZOL. In this case 

up to 1 ml of TRIZOL was added to the samples. 

Samples were then vortexed thoroughly to complete dissolve the specimens. Since 

sea urchin larvae are quite delicate and covered with a single layer of epithelial cells, it 

is not necessary to use a pestle to homogenize the samples.  

Samples were fast frozen in liquid nitrogen and stored at -80°C. 

RNA extraction using the RNAqueous-Micro Kit: RNA was extracted following the 

manufacturer’s instructions. Briefly, one 75 µl of 100% ethanol was added to the lysate 

and the mix was vortexed briefly but thoroughly. The lysate/ethanol mix was loaded 

onto a Micro Filter Cartridge Assembly and centrifuged for 1 minute at maximum speed; 

the RNA bound to the filter was washed with the two washing solutions provided in the 

kit and then eluted in 20 µl Elution Buffer. A DNAse step was performed according to 

the manufacturer’s instructions. 

RNA extraction using TRIZOL: 200 µl of chloroform was added to 1 ml of samples in 

TRIZOL. The solution was thoroughly mixed (but not vortexed). At this point the solution 

was opaque and milky. Samples were centrifuged for 10 min at max speed at +4°C.  At 

this point the solution was divided in three phases: the pink one at the bottom 

(containing the chloroform), the supernatant at the top (containing the RNA) and 

between both there are the proteins. The supernatant was transferred in a clean 1.5 

tube and the chloroform step performed again to ensure to remove as much 

contamination as possible. 200 µl of isopropanol was added to the samples and they 

were transferred at -20°C overnight. The day after samples were centrifuged at max 

speed for 30 min at +4°C. At this point the RNA forms a pellet, the supernatant was 

removed and the RNA washed add 1 ml of cold ethanol 70% made in DEPC H2O. Samples 

were centrifuged at maximum speed for 10 minutes at +4°C and the ethanol removed. 

RNA was finally resuspended in 20 µl of DEPC H2O and the concentration measured 

using a NanoDrop.  
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Quality of the RNA was asses running 200 ng of RNA on an agarose gel 1% in TAE. 

 

2.4.2 cDNA synthesis 

cDNA was synthesized from 0.5-1 µg of total RNA using the SuperScript VILO cDNA 

synthesis kit (Invitrogen) according to the manufacturers’ instruction. The synthesis of 

the cDNA was performed in the PCR machine, using the following program: 25°C for 

10min, 42°C for 60 min, 85°C for 5min. The cDNA was stored at -20 ºC until use. 

 

2.4.3 PCR amplification and purification  

Polymerase chain reaction (PCR) is a method that allows logarithmic amplification of 

short DNA sequences within a longer double stranded DNA molecule. Each amplification 

reaction was conducted in a volume of 25 or 50 µl containing: 100 ng DNA template, 1X 

green buffer, 0.2 mM dNTP mix, 50 ρmol/μl of each primer, 1U/µl GoTaq G2 Flexi DNA 

Polymerase (Promega) and H2O. The amplification cycles were conducted in a PCR 

MJResearch PTC100 using the following steps:  

1. Initial denaturation step at 95 °C for 5 minutes  

2. denaturation at 94 ºC for 30 seconds  

3. Annealing at 55-65 ºC (depending on the primers’ Tm) for 30 s 

4. Extension at 72 ºC for 0.5-2 minutes (considered 1 minute to synthesize 1 kb).  

5. The amplification cycles from 2 to 4 were repeated 30 times 

6. An extension cycle was carried out at 72 ºC or 10 minutes to complete all the 

strands.  

The PCR product was purified using the GeneElute PCR Clean-Up Kit according to the 

manufacturer’s instructions. 

 

2.4.4 DNA sequencing 

The DNA sequences were obtained by the Molecular Biology Service of the Stazione 

Zoologica Anton Dohrn in Naples. 

 

2.4.5 qPCR 

A qPCR experiment measures the number of cycles needed to attain a threshold 
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concentration of qPCR product (Ct). The number of cycles needed for the standard to 

reach a specified Ct can be compared to the Ct for an unknown. A higher Ct implies a 

lower initial concentration in the sample, and vice versa. The threshold value is chosen 

to fall within the exponential amplification phase, before limiting reagents become a 

factor in the efficiency of each cycle.  

qPCR reactions were performed in technical triplicate using the ViiA 7 REAL TIME PCR 

with SYBR Green chemistry (Applied Biosystems). All primer pairs were validated by 

qPCR against a negative control (water). Each reaction contained 5 μl of SYBR Green 

reagent, forward and reverse primer mix at final 0,5 μM final concentration each, 1 μl 

of diluted cDNA and water up to 10 μl. Thermal cycling parameters were 95 °C for 15 s, 

60 °C for 1 min, 40 cycles, followed by a denaturation step to verify the presence of a 

single product. For triplicate samples, Ct mean is calculated as the average among the 

replicates.  

   Ubiquitin has been chosen as reference mRNA to normalize the data since it is 

known to be expressed at constant levels during the first phases of development. 

Ubiquitin Ct was used also to previously check the cDNA quality and to choose its right 

concentration for the final qPCR experiment.  Primers sequences are reported in the 

(Table 2.2). 

 

 

QuantStudio™ Real-Time PCR Software has been used to visualize the raw data and 

obtain an excel file containing the Cts for each reaction, the Ct means for each technical 

replicate and the corresponding standard deviations (Ct_SD). Data were normalized 

using the following equation: 

ΔCt =  CtInt −  CtUbiq 

Where CtInt is the Ct mean of the gene of interest and CtUbiq is the mean of the Ct 

Gene  Primer Forward (5'->3') Primer Reverse (5'->3') Source   

Sp-Ubiquitin CACAGGCAAGACCATCACAC GAGAGAGTGCGACCATCCTC (Cuomo 
2017) 

Sp-TRH GCCAGTACCCAGGTGGTAAA CGTAGCTCAGGCGATGGTAT (Wood et al. 
2018)   

Table 2.2| Primers used in qPCR experiments 
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for the Ubiquitin.   

 

 

2.5 Immunohistochemistry (IHC) 

2.5.1 Specimen fixation for IHC 

Specimen for IHC were fixed in 4 % PFA made in FSW at Room Temperature (RT).   The 

incubation time was adapted to the size of the specimens. For embryos and early pluteus 

stages 10-15 minutes are perfect, while at later pluteus stages the incubation time can 

be increased to a 20 min. After the incubation, the samples were thoroughly washed 3-

4 times with PBS and stored at 4°C. 

Juveniles were fixed for 15 minutes in 4% PFA, washed once with PBS to remove the 

fixative and then incubated in cold methanol for 15 min on ice. Finally, they were washed 

3-4 times with PBS and stored at 4°C. 

2.5.2 Immunostaining protocol 

o Samples were incubated in blocking solution (4 % Sheep Serum and 1% BSA 

in PBS) for 1 h at Room Temperature (RT).  

o Primary antibodies of interest were diluted at the appropriate concentration 

in blocking solution (table x contains ab and dilutions). Blocking solution was 

removed from the samples and replaced with the diluted antibody. Samples 

were incubated in the primary antibody at 4*C over night or at 37 °C for 1h 

and 30 min.  

o Samples were washed 5-6 times with PBS at RT. 

o The appropriate secondary antibodies (in accordance with the species in 

which the primary antibody was produced) were  diluted 1:1000 in blocking 

solution. Samples were incubated with the secondary antibodies for 1h at RT. 

From now on samples were kept in dark to prevent photobleaching of the 

secondary antibody by covering them with an aluminium foil. 

o Samples were washed 5-6 times with PBS at RT. 

o DAPI diluted 1:10000 (from a 10mg/ml stock prepared in water) was added to 

stain the nuclei. 

o Samples were finally mounted and imaged with a Zeiss LSM 700 confocal 
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microscope  

Alternatively, specimen fixed for in situ (see chapter 4.6) can be used for IHC, in this 

case the samples were first rehydrated in PBS. This demonstrated to be the best 

approach for TRH.  

Gene name Type Dilution 

Serotonin polyclonal anti-rabbit 1:1000 

Acetylated a-tubulin monoclonal anti-mouse 1:200 

Beta-tubulin monoclonal anti-mouse 1:100 

Synaptotagmin B monoclonal mouse undiluted 

TRH polyclonal anti-rabbit 1:400 

Opsin 3.2 polyclonal anti-rat 1:400 

 

2.6 Whole-mount Fluorescent In Situ Hybridization (WMISH) 

Whole mount RNA Fluorescent in situ hybridization (WMISH) was performed as 

described in (Perillo et al., 2021). 

Probes for Pl-TRH, were produced using the fast protocol for probe synthesis. Details 

of the primers used for cloning are in Table 2.4.  

Probes for Sp-TRH, Sp-TRHR, and Sp-Fgf9/16/20, were produced from clones received 

from our collaborators Paola Oliveri and Natalie Wood.  

Gene Forward Primer Reverse Primer Source 

Sp-Chrna9_4 ACACGGAAAACCGTCTCATC CCGACAGTGCCTCTTTCTTC 
(Paganos 

2021) 

Sp-Opsin3.2 CGCCCTCTACCTGACCTTAG GCGCGAAAACTCTGCTGATA 
(Paganos 

2021) 

Sp-Tph ATCGAATCGAGAAAGGCTCA GGTCAATTCGTCTCGGACAT 
(Paganos 

2021) 

Sp-Trh Clones gifted by Oliveri’s lab Clones gifted by Oliveri’s lab 
(Wood et al. 

2018) 

Sp-TrhR Clones gifted by Oliveri’s lab Clones gifted by Oliveri’s lab 

 (Wood et 
al, 

manuscript 
in 

preparation) 

Sp-
Fgf9/16/20 

Clones gifted by Oliveri’s lab Clones gifted by Oliveri’s lab 
(Lerner, 
2013) 

Table 2.3| List of antibody used for this work 

Table 2.4| Primers used to clone genes and additional clones sources 
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2.6.1 Specimen fixation for WMISH 

Specimens were collected in 1.5 or 2 ml Eppendorf tubes and allowed to settle on ice. 

Alternatively, they were gently centrifuged at 500 g. SW was removed and larvae were 

quickly resuspended in Fixative I (4% PFA, 0.1M MOPS pH7, 0.5M NaCl in DEPC water). 

Samples were incubated in Fixative I at 4°C for at least one night, then the fixative was 

removed and the samples washed 3 times with MOPS buffer 0.1M MOPS pH7, 0.5M 

NaCl, 0.1% Tween-20 in nuclease-free water) to remove all the fixative. Samples were 

then dehydrated with increasing ethanol solutions (30%, 50%, and 70% ethanol in DEPC 

water) and stored in 70% ethanol at -20°C: 

2.6.2 Fast gene cloning protocol 

First step to produce an antisense RNA probe is to identify the mRNA sequence of the 

gene of interest. For the sea urchin S. purpuratus CDS sequences were obtained from 

Echinobase (available at https://new.echinobase.org/other/static-

echinobase/citingMOD.jsp), and from the first P. lividus  assembly (unpublished data). 

Probes were designed to be around 1000 bp of length (except cases in which this was 

not possible). Primers were designed by using the online tool Primer3 

(https://primer3.ut.ee/). At the reverse primer was added the Promoter sequence for 

the Sp6 RNA polymerase (5′-ATTTAGGTGACACTATAG-3′). This step allows to skip the 

process of cloning the target sequence into a vector, which is a long time consuming 

process.  The sequence of interest was then cloned performing a PCR using cDNA 

(obtained from larvae at the appropriate stage of development) and the designed 

primers. The annealing temperature was adapted to the Tm of the forward primer (since 

the reverse one will always have a higher Tm).  The PCR product was checked to be of 

the expected size on an agarose gel. The PCR reaction was then purified as described 

above (Chapter 2.4.3) and quantified at the Nanodrop. The PCR product was set to 

sequence to verify the amplified sequences. The probes were finally synthesized using 

the desired protocol. 

2.6.3 Traditional gene cloning 

The traditional protocol for gene cloning using a vector was applied when greater 

amount of probe was necessary and for the clones received from the Oliveri Lab (e.g., in 

the case of Sp-Trh, Sp-TrhR and Sp-Fgf9/16/20). cDNA isolated from 72 or 96 hpf or the 

https://new.echinobase.org/other/static-echinobase/citingMOD.jsp
https://new.echinobase.org/other/static-echinobase/citingMOD.jsp
https://primer3.ut.ee/
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was used to clone the sequence of interest (also in this case sequences of at least 1000 

bp, when possible). After purification, the PCR product or, alternatively, the received 

clone,  was inserted into the pGEM®-T Easy Vector (Promega) using the T4 DNA ligation 

Enzyme (Promega). Ligation was performed O/N. at 15°C according to the 

manufacturer’s guidelines. The following day a fraction of the reaction was used to 

transform competent bacteria. 

Competent bacteria were obtained from the Molecular Biology and Sequencing 

service at Stazione Zoologica. Briefly, 4 μl of ligation reaction were added into 50 μl of 

competent bacteria and incubated on ice for 40 min. subsequently, the tube containing 

bacteria and ligand reaction was placed at 42 °C for 90s and then transferred on ice for 

2-3 min. The heat shock induces the bacteria to incorporate the recombinant plasmids 

(transformation). The transformed bacteria ere then placed in 1 ml of LB buffer (NaCl 

10g/l Bacto-tryptone 10 g/l, Bacto-yeast extract 5 g/l) preheated at 37 °C and incubated 

at 37 °C for 1 h.  

Subsequently, about 100 μl of bacteria was placed on a Petri dish containing solid LB 

(NaCl 10g/l Bacto-tryptone 10 g/l, Bacto-yeast extract 5 g/l, agar 15 g/l) in the presence 

of ampicillin (100 mg/ml) and coated with (100 mM) IPTG and X-Gal (20 mg/ml). the 

bacteria were let to grow on the plates O/N at 37°C or over the weekend at RT. Finally, 

only bacteria from successfully transformed colonies (white) were collected and placed 

into 3 ml of LB containing ampicillin and let to grow O/N at 37 °C. The plasmid DNA was 

finally purified using a plasmid purification kit (SIGMA) according to manufacturers’ 

instructions.

2.6.4 Labelled riboprobes synthesis 

RNA probes for Fluorescent in situ hybridization can be labelled either during the in 

vitro transcription reaction or post-transcriptionally. Both approaches have been 

applied for this work. 

Digoxigenin (Roche) or Fluorescein (Roche) labelled ribonucleotides were used to 

generate digoxigenin or fluorescein-labelled RNA probes during in vitro transcription. 

500–1000 ng of linear DNA were used as a template for the in vitro transcription reaction 

according to the manufacturers’ instructions, and the reaction was incubated at 37°C 

for 2 hours. Then RNase free DNase I was added (1U/μl) to remove the DNA template, 

and the mix was incubated for another 20 minutes at 37 °C. Unincorporated nucleotides 
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and the reagent leftovers were removed by purifying the RNA probes using the Mini 

Quick Spin RNA Columns G-50 Sephadex (Roche).  

Dinitrophenol (DNP) labelled probes were labelled post-transcriptionally. The first 

step was to in vitro transcribe unlabelled RNA starting from 500–1000 ng of linear DNA; 

the reaction was carried out at 37°C for 2 hours according to the manufacturers’ 

instructions and purified using the Mini Quick Spin RNA Columns G-50 Sephadex 

(Roche).  2.5 – 5μg of pure unlabelled RNA was used as a template for the DNP Labelling 

kit (Mirus). The DNP labelling kit consists of the DNP label, a linker that facilitates 

electrostatic interactions with nucleic acids, and the reactive alkylating group that 

attaches the reagent to non-base-pairing sites on the guanine ring. The labelling reaction 

was carried out at 37°C for 2 hours, and the labelled RNA probe was purified as described 

above. 

RNA probes were stored at −80 °C until use. 

 

 

2.7 TRH immunolocalization 

TRH immunolocalization was performed using a custom antibody produced by 

GenScript (US) against the Sp-TRH peptide. The QYPG-NH2-amide have been chosen as 

target, because it was the most represented among the peptides encoded by the Sp-

TRH precursor. The company produced a polyclonal antibody in rabbit using the 

sequence: CQYPG-NH2 (with the amidated glycine). The cysteine at the beginning was 

required for the production process to conjugate the peptide to a protein carrier (KLH). 

After antibody final purification the producer obtained 9 fractions.  

2.7.1 Western blot 

In order to compare the levels of TRH neuropeptide in different conditions I tried to 

set up a protocol for western blotting.  However, I needed to take into account the very 

small dimensions of TRH: Sp-TRH consists of only four amino acids (pQYPG-NH2), while 

the pure peptide we received from GenScript together with the antibody consists of five 

amino acids (CQYPG-NH2). These peptides have a theoretical molecular weight of 0.46 

kDa for the Sp-TRH and 0.57kDa for the pure peptides (calculated using 

https://www.bioinformatics.org/sms/prot_mw.html).  

Moreover they have a theoretical isoelectric point (pI) of 5.52 (calculated using 

https://www.bioinformatics.org/sms/prot_mw.html
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https://web.expasy.org/compute_pi/). 

P. lividus or S purpuratus cultures were grown until late pluteus stage according to 

the protocol at Chapters 1 and 2.2. Larvae were sampled and embryos collected into 1.5 

ml tubes. Samples were centrifuged at 500 rpm for 15 min at 4°C. The collected pellets 

were washed once in PBS, centrifuged again in the same conditions. All the PBS was then 

removed and the pellet was rapidly frozen in liquid nitrogen (N2) and kept at -80°C until 

use. 

To obtain the total proteins, the collected pellets, were homogenized on ice in PBS 

with 0.5% Triton X-100, pH 7.4, supplemented with proteases and phosphatases 

inhibitors (1mM NaVO4, 1mM NaF, 1mM PMSF, cocktail of phosphatases and proteases 

inhibitors), according to the protocol set up by (Milito 2019). 

For the first western blot attempt pre cast gels NuPage 4-12% Bis-Tris (Invitrogen) 

were and MES Buffer as running buffer (MES is suggested for smaller proteins, from 2 to 

200 kDa). The run was performed at 90 V for 15 min and then increased ad 120 V for 

other 20 min. The run was when the dye front reached the middle of the gel in order to 

avoid the small peptides escaping from it. The transferring procedure was a major 

concern. To avoid losing the peptides two layers of PVDF membranes (0.22 µm) were 

used and transfer was performed at 100 V for only 20 min. This lead to an incomplete 

or absent transfer of the high weight molecular markers. Afterwards, proteins were 

blocked on PVDF membranes by incubation in blocking solution (5% powder milk in PBS, 

0.1% Tween20) for 1 hour at room temperature. The membranes were then incubated 

overnight at 4°C with anti-Sp-TRH primary antibody (rabbit, 1:500). The membranes 

were then washed six times with PBS, 0.1% Tween20 and incubated for 1 hour at room 

temperature with the secondary antibodies peroxidase-conjugated diluted 1:5000 in 

Blocking solution. Protein bands were visualized using the ECL Western blotting 

Detection Reagents (Amersham). Unfortunately, this attempt was unsuccessful and a 

further trial was made using hand-made gels.  

    For this trial I chose a separating gel 15% acrylamide (30% T, 2.7% C) in 0.375M Tris 

with 0.1% SDS at pH= 8.58 with a stacking gel 5 % acrylamide (30% T, 2.7% C) in 0.063M 

Tris buffer with 0.1% SDS at pH 6.66. Run was performed at 90V for 15 minutes and then 

increased at 120V for other 32 min. Also in this case a fast transfer on PVDF membranes 

was performed: 100V for 20 min. Revelation of the antigen was made as previously 

https://web.expasy.org/compute_pi/
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described. For this attempt tree different samples were loaded:  

1- 1µg of pure peptide 

2- total proteins extracted from about 1000 Paracentrotus lividus larvae 

3- 20 µg of total proteins extracted from a sample of S. purpuratus.  

   In this attempt some bands were obtained on the sample containing 20 µg of total 

proteins, these bands have higher molecular weight than the expected. However, the 

pure peptide was not detected (Figure 2.1).  

At this point I decided to check in literature if somebody was able to detect small 

peptide of comparable dimensions and isoelectric point (pI). I found an interesting study 

made by (Sarfo, Moorhead, and Turner 2003) in which they set up a procedure to detect 

small peptides. They tested ten peptides having different isoelectric points, sizes, and 

hydrophobicity using hand-made polyacrylamide gels. Unfortunately, all the peptides 

investigated were far bigger than Sp-TRH (the smaller was 1.19 kDa).  In the Table 2.5 

there is a comparison on the recipes used by Sarfo and colleagues and mines. Acid-urea 

system for peptide separation demonstrated to be applicable to only to basic peptides 

at low pH and high urea gel conditions. The glycine-SDS system was quite similar to the 

one I previously used. The results obtained by Sarfo and colleagues with small acid 

peptides showed that these are detected less effectively that the basic ones. Basing on 

this information, I performed a last attempt using a 16% acrylamide separating gel with 

a 4% acrylamide stacking gel using two different sample buffers, one with and another 

Figure 2.1| Images of the PVDF membranes took at the ChemiDoc  
A chemiluminescence given by the ECL western blotting detection reagents. 
 B colorimetric acquisition allowing to see the markers. 
1= 1µg of pure peptide. 2= total proteins extracted from about 1000 P. lividus larvae. 3= 
20 µg of total proteins extracted from a sample of S. purpuratus. 
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without SDS (see Table 2.6) and loading three different concentrations of the pure 

peptide received from GenScript (10 µg, 20 µg and 40 µg), we also decided to detect the 

peptides by Coomassie blue stain. Results are shown  in Figure 2.2 A and B. 

Unfortunately, after Coomassie blue gel staining no band was visible (Figure 2.2 B). This 

might indicate that a so small and acid peptide cannot enter the gel at all. 

In conclusion, it was not possible to set up a western blotting protocol to visualize the 

TRH peptide. However, it might be able to distinguish the precursor.  

 

 

  

A B 

Figure 2.2| Western blots 
A Western blot gel running. M= marker, on the left samples in sample buffer made 
without SDS, on the right sample in sample buffer made with SDS. 10, 20 and 40 indicate 
the µg of pure peptide loaded into the corresponding well. B Gel after staining with 
Coomassie blue. M=marker 
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 My gel (Sarfo et al. 2003) 

 Tris-glycine-SDS Glycine-SDS ACID-urea gel 

I Separating 
gel 

 

15% acrylamide 
(30% T, 2.7% C) 
In 0.375M Tris with 

0.1% SDS at pH= 8.58 
 

12.5 and 16% 
acrylamide (30%T, 

2.67% C) was 
polymerised 
in 0.376 M Tris 

buffer with 0.1% SDS 
at pH 8.8. 

12.5% acrylamide 
(30%T, 2.67% C) was 
polymerised in 0.2 M 
acetic acid with 4 M 

urea. 

II Stacking gel 
 

5 % acrylamide 
(30% T, 2.7% C) was 

polymerised in 0.063M 
Tris buffer with 0.1% 

SDS at pH 6.66 
 

4% acrylamide 
(30% T, 2.67% C) was 
polymerised in 0.025 

M Tris buffer with 
0.1% 

SDS at pH 6.8. 
 

7% acrylamide 
(30% T, 2.67% C) was 
polymerised in 0.125 

M acetic acid with 4 M 
urea. 

III Sample 
buffer 

LDS sample buffer 

0.05 M Tris, 20% 
glycerol, 0.1% 

bromophenol blue 
at pH 6.8. 

 

0.06 M (final 
concentration) acetic 

acid, 20% glycerol, 
4 M urea, a ~--0.01% 

methyl 
green for 1 ml 

sample buffer. 

IV Running 
buffer 

 

(recipe for 10x 
buffer) 

Trizma base 0.25 
M, Glycine 0.9 M , SDS 

1% 

0.025 M Tris, 0.2 M 
glycine and 

0.1% SDS at pH 8.4. 

5 % acetic acid. 

Table 2.5| Comparison of three protocols for western blot.  

 
 

SAMPLE BUFFER-
no SDS 

SAMPLE BUFFER + 
SDS 

Tris-HCL 0.025 M Tris-HCL 0.025 M Tris-HCL 

Glycerol 10% glycerol 10% glycerol 

Bromophenol 
0.05% 

bromophenol 

0.05% 
bromophenol 

SDS X 2% SDS 

pH= 6.8   

Table 2.6| Sample buffers recipes 
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2.7.2 TRH antibody specificity evaluation 

Since it was impossible to evaluate TRH specificity using a western blot, TRH 

immunostaining was performed using a few of the obtained fractions and the signals 

compared with the results obtained from WMISH.  

Signal was obtained in two cells at the sides of the apical organ, which are also proved 

to be producing the Trh mRNA (see results in 3.2.1), however, some additional stainings 

could be observed the lower-lip and (at later stages) in the upper section of the stomach, 

next to the cardiac sphincter. These additional signals can be observed especially using 

fractions below #7 (eg #3 and #4), which have lower affinity with the peptide. Moreover, 

since no Trh WMISH experiment stained cells in such locations, it was concluded that 

these stainings are most likely unspecific.  

2.8 S. purpuratus genome survey 

In order to identify sea urchin genes possibly homolog to the vertebrate genes 

involved in the TRH pathway, I first made a list of the gene of interest from the published 

data. Then I obtained the protein sequence from a vertebrate species (mostly rat and 

human). Finally, I used this sequence to perform a BLASTp search using the BLASTp tool 

by NIH (available at https://blast.ncbi.nlm.nih.gov/Blast.cgi) or using the BLAST tool 

available on Echinobase. Alternatively, when no significant hint was produced, I took 

advantage of the” Search by name” tool available on Echinobase or I looked in literature.  

For my work I firstly used the old EchinoBase version (available at 

http://legacy.echinobase.org/Echinobase/)  and then I switched on the New version 

when this was available (New Echinobase, available at 

https://new.echinobase.org/entry/). Notice that currently the old version is not 

functioning, however, since the transcriptomic data we used in our lab are based on the 

old gene nomenclature (SPU numbers and corresponding WHLs), I preferably used the 

SPU identifier while writing this thesis. 

 

 

2.9 Phenotype observation and evaluation 

To evaluate the phenotypic plasticity displayed by sea urchin larvae, the length of the 

rods that forms the skeleton was measured. In fact, the rods that grows underneath the 

oral and post oral arms are proportional to the arm length but it is easier to understand 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://legacy.echinobase.org/Echinobase/
https://new.echinobase.org/entry/
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where they start and end, while measuring the arm length would lead to a bigger 

uncertainty on where the starting point can be placed.  

To make more visible the spicules, a ZEISS Axio Imager.M1 Microscope (alternatively 

a ZEISS Apotome.2 Microscope) equipped with a Differential Inference Contrast (DIC) 

prism mounted on a 20X Objective. When the sea urchin skeleton is observed using DIC 

it assumes a rainbow colour gradient and is therefore much easier to understand the 

extremities of a rod. This process does not need any treatment or staining and can be 

therefore immediately applied.  

At the desired developmental stage, a drop of PFA 8% (20 ul) was added to each well. 

Dead larvae sink and can be easily collected by gently rotating the plate. In this manner 

the specimens were concentrated at the centre of the well. Since the number of sample 

to image was considerable, the specimens where fixed in PFA 4 % (made in SW) for 10 

minutes at RT and washed a couple of times with PBS 1x at high pH (above 8 is sufficient 

but even higher is preferable). This step allows to store the samples at 4°C for a longer 

time. The PBS with a high pH prevent the spicules from being dissolved, through it 

interferes with permeability of the larvae and these could not be used for 

immunostainings. 

In order to place the spicules on the same focal plane, larvae were mounted on a slide 

(26x76 mm) and a coverslip was gently placed on top.  A tiny amount of play dough was 

applied on the corners of the coverslip to leave a bit of space and avoid the specimens 

to be destroyed. Finally, the larvae were squashed by gently pressing on the corners of 

the coverslip.  The samples where then imaged using the 20x objective. The images 

where analysed using the ZEN 3.1 software (blue edition). The measures where then 

transferred on a spread sheet. 
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Statistical data analysis was carried out in R 4.0.2 using the package brms: Bayesian 

Regression Models using 'Stan'(software for performing full Bayesian inference 

(see https://mc-stan.org/) (Bürkner 2017, 2018; Carpenter et al. 2017). This package 

allows to easily fit Bayesian generalized (non-)linear multivariate multilevel models 

using using Hamiltonian Monte Carlo simulation.  

Multilevel linear regression models were used to estimate the influence of several 

predictors on the length of larval arms, modelled according to a Gaussian distribution, 

which is a plausible generative model for arm growth. Group level ‘random intercepts’ 

estimated the influence of the individual animal on these relationships.  

For each model, joint posterior probabilities were calculated from four Markov 

chains. Model quality was checked by assessing effective sample size of the chains and 

the Gelman-Rubin test statistic (Gelman and Rubin 1992) and by inspecting the chain 

traces. Alternative plausible models (detailed in results) were compared using leave-one 

out cross validation (LOO, which estimates pointwise out-of-sample prediction accuracy 

of models to find the best supported. Bayesian Markov chain models produce joint 

probability distributions which are estimates of the probability of the various effects 

(see Non book component).  

R Markdown (rmarkdown) (https://rmarkdown.rstudio.com/) was used to generate 

the reports attached in the appendix. The raw data and the detailed analysis can be 

found in the Non book component in the “phenotypic plasticity data analysis” folder.   

Figure 2.3| S. purpuratus, skeleton 
On the left a DIC picture of a S. purpuratus larva showing the skeleton structure. On 
the right a schematic representation of the larva showing the spicules. 
OD+OT = Oral Distal plus Oral Transversal (yellow); PO = Post Oral (pink); BR, Body Rod 
(light blue). 

https://mc-stan.org/
https://rmarkdown.rstudio.com/
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Molecular reconstruction of the TRH pathway in the sea urchin 
S. purpuratus 

 

3.1 TRH pathway components in the S. purpuratus genome 

First step to reconstruct the TRH pathway in the sea urchin S. purpuratus, was to 

identify the main players, the TRH peptide and its receptor, in the sea urchin genome. 

In 2012 Rowe and Elphick identified a precursor of a thyrotropin-releasing hormone-

like peptide which they named Sp-TRHLP  (Rowe and Elphick 2012). The gene was 

annotated in the old version of EchinoBase with the ID: SPU_008352. This was the first 

TRH-like precursor to be identified in an invertebrate. In the boxes below, the CDS 

sequence and the protein sequence are reported as annotated on EchinoBase (Figure 

3.1 and Figure 3.2). 

 

The Sp-TRH peptide precursor shares all the classic characteristics of a neuropeptide 

Figure 3.1| Sp-TRH CDS sequence 
Sp-TRH CDS sequence obtained from EchinoBase.  

 

>SPU_008352.1 CDS Sequence 
ATGACGCTACGTTCGTTGGCTTTCCGCAAGAAGTTCGTTAAAGAGATAGCTGACTGGGTGCAA
GGAAAGGAAATCCCTTTGAGGAATCAATATTGGGGCGATGTAGCGGAGGAAGAGGAGGAAG
AAGAACTTGGCATGTTGTCCCCTGATTCAGAGAAACGCCAGTACCCAGGTGGTAAAAGACAGT
ATCCAGGAGGCAAGCGTCAGTATCCAGGAGGGAAACGTCAATACCCCGGCGGCAAGCGTCAG
TTTCCGGCTGGCAAAAGGCAGTTCGTCGGAGGTGAACTTATACCATCGCCTGAGCTACGTCAA
TGGCCCGGTGGAAAGCGTCAATGGCCCGGTGGAAAGCGTCAATGGCCCGGTGGTAAGCGTCA
ATATCCCGGTGGAAAGCGTCAATATCCAGGTGGTAAGCGCCAATGGCCCGAAGTTAAGAGGC
AATACCCTGGTGGCAAACGGTCGGAAGACGATCAAGATCTCCTGCCCATGGAAATCCGACAAT
ACCCTGGCGGTAAACGCCAATGGCCCGGTGGTAAACGACAGTATCCCGGAGGGAAGAGGCA
ATACCCTGGAGGGAAACGGCAATTTCCTGGTGGAAAGCGGCAGTTCGTCGGTGGGGAAGCAC
TCGAACAAGAATCGAACATCAACAAGCGATTCGCCCCTGAAGACGACACCATGGACTTCTTTA
GGCTATCCCAGTTATATGACACGAACGATAATATAGTCGCAGATGAAGGAGAATTAGCTCTAG
AGGATCTCCTGGATGACATCATGGTTGACACGAGGCCAGAGTTTGAAGACCCAAGGGACTTG
TTACTAGGCAATGTTGACCAAGAAGATGTTCTTGCTTTAGATTTATCGGCTTTACTTGGAGATA
GAAACCCAAACAACGGGTGGTAA 
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precursor. First, it has a signal peptide at the N-terminus (Figure 3.2, in red). Moreover, 

it contains multiple copies of the TRH peptide plus a few other putative peptides, in 

particular: include 10 copies of the sequence QYPGG (highlighted in yellow), four copies 

of the sequence QWPGG (highlighted in green) and single copies of the sequences 

QFPAG, QFPGG, QFVGGELIPSPEL, QWPEV and QFVGGEALEQESNIN (Figure 3.2). The 

presence of a N-terminal glutamine (Q) residue and a C-terminal glycine (G) residue 

indicate post-translational modifications giving rise to a N-terminal pyroglutamate 

residue (pQ) and C-terminal amide group. For example, the precursors QYPGG peptide 

would produce a mature peptide with the structure pGlu-Tyr-Pro-Gly-NH2 (pQYPG-

NH2). The pQYPG-NH2 (abbreviated as QYPG) peptide, named Sp-TRH, shares structural 

similarities with the human Thyrotropin Releasing Hormone (pGlu-His-Pro-NH2) (Figure 

1.2). Finally, these peptide sequences are bounded by classic monobasic or dibasic 

cleavage sites. 

   Furthermore, Rowe and Elphick highlight the fact that Sp-TRH peptide (pQYPG-NH2) 

also shares sequence similarity with Sp-GnRH (S. purpuratus Gonadotropin-releasing 

hormone, pGlu-Val-His-His-Arg-Phe-Ser-Gly-Trp-Arg-Pro-Gly-NH2) and other GnRH-type 

peptides. This similarity is intriguing and they suggest that TRH-type peptides might 

originated from a GnRH-type peptide. 

 

 

   The existence of a Sp-TRH indicates that the origins of the TRH-type peptides may 

date back at least as far as the common ancestor of deuterostomes. 

  Furthermore, Burke and colleagues in 2006 identified in S. purpuratus a gene 

encoding a protein that is closely related to mammalian TRH receptors (Sp-TrhR, 

SPU_010167) ( Burke et al. 2006), this is very important to investigate the physiological 

>SPU_008352. 
MWACILGYVTWGGAALPTILGKELVLSENDGPEIADWVQGKEIPLRNQYWGDVAEEEEEEELGMLS
PDSEKRQYPGGKRQYPGGKRQYPGGKRQYPGGKRQFPAGKRQFVGGELIPSPELRQWPGGKRQW
PGGKRQWPGGKRQYPGGKRQYPGGKRQWPEVKRQYPGGKRSEDDQDLLPMEIRQYPGGKRQWP
GGKRQYPGGKRQYPGGKRQFPGGKRQFVGGEALEQESNINKRFAPEDDTMDFFRLSQLYDTNDNIV
ADEGELALEDLLDDIMVDTRPEFEDPRDLLLGNVDQEDVLALDLSALLGDRNPNNGW 

Figure 3.2| Sp-TRH protein precursor sequence 
Sequence obtained from EchinoBase. The signal peptide is in red, QYPGG precursos of the final 
QYPGa peptide are highlighted in yellow. In green are highlighted the precursor sequences of 
the second most abundant peptide likely produced from the precursor: QWPGG. 
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roles of Sp-TRH in sea urchin (Rowe and Elphick 2012). 

To understand whether the Sp-TRH peptide is the cognate ligand for the Sp-TRHR a 

deorphanization experiment was carried out by Natalie Wood (Wood et al., in 

preparation). Summarizing, the Sp-TRH induced a dose-dependent bioluminescence in 

Sp-TRHR transfected cells, while a Sp-GnRH and a sea star Ar-TRH (Asterias rubens TRH) 

peptides were not able to induce a response. 

Nonetheless, as illustrated in the introduction, the TRH pathway in vertebrates is way 

more complex that the mere TRH-TRHR interaction. Therefore, I investigated whether 

other components of the vertebrate TRH pathway might be present also in S. 

purpuratus. For this I performed a genome survey (as described in Chapter 2.8). The 

obtained list of genes was divided in 4 sections:  

1) genes involved in TRH synthesis and secretion; 

2) genes from the PVN TRH neurons and HPT-axis, such as the components of the 

Thyroid Hormone (TH) pathway; 

3) TRHR transduction cascade; 

4) other known interplayers. 

The table generated is included in the additional files as Table_TRH_pathway. 

A first look at the obtained table revealed that some components of the TRH pathway 

might be present in S. purpuratus but also that many fundamental components could 

not be found. Looking for example at the enzymes involved in the TRH synthesis, while 

it was possible to identify homologs of PC2 (enzyme involved in the ProTRH cleavage), 

CPE and PAM (enzymes involved in post-translational modifications of peptides), the 

existence of a PC1/3 homolog appears more unlikely (which in vertebrates is not only 

responsible for the first cleavage of the TRH precursor but has also an important 

regulatory role). Moreover, many of the elements that are upstream and downstream 

the TRH core. For example, the whole signalling from POMC neurons (which in 

vertebrates are involved in the regulation of the TRH in response to food) is absent. 

Another important peptide responsible for the regulation of the TRH neurons in 

response to food intake, the hormone leptin, seems to be absent in the S. purpuratus 

genome, even though a leptin receptor-like gene exist (SPU_019414, annotated as 

Leptin receptor gene-related protein-like in the new version of Echinobase).  

Even though this result is very preliminary it can be used as starting point to identify 
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interesting genes and plan future experiments.  

 

3.2 Molecular characterization at cell level 

3.2.1 TRHergic cells in S. purpuratus 

In order to identify which are the TRHergic cells in S. purpuratus a custom antibody 

was produced for the Arnone lab by GeneScript (more details in Chapter 2.7) and 

immunostaining was combined with fluorescent WMISH.  

At early pluteus stage (72 hpf) WMISH and immunostaining marked one-two cells 

(rarely three) situated at the base of the oral arms (Figure 3.3, a) A1-B2, b) A and B) at 

the sides of the region where the apical organ is situated. The position of the TRH cells 

appears to not be fixed, as in different larvae may look more on the edge of the mouth 

or more inside the body of the larva (toward the dorsal side). However, much of this 

difference seems to be due to a different orientation of the larva. In fact, when plutei 

are observed on a lateral view or the full projections are separated in the single focal 

planes (z-stacks, or stacks) in most cases it is possible to observe these cells embedded 

in the oral ectoderm (Figure 3.6). Moreover, double immunostaining using a pan-

neuronal marker (1E11) ( Burke et al. 2006), confirm that the TRH cells are neurons 

(Figure 3.4, b) A). 

At 96 hpf three-four TRHergic cells can be stained at the sides of the apical region 

(Figure 3.3, a) C1-D2; Figure 3.4 b) C and D). Therefore, the number of TRH cells appears 

to increase during the development (Figure 3.4, a), and between 5 dpf and 1 wpf 

additional TRH positive cells appears, some inside the apical organ region (Figure 3.4, b).  

The increasing number of TRHergic cells is an interesting feature. Expressing a 

neuropeptide these cells appears to be terminal differentiated cells; however the 

morphology of some cells at 72 hpf (Figure 3.4, a) B), the close  juxtaposition of the two 

cells on the same side at 96 hpf, and the fact that these two cells appears to have a 

projection in common (Figure 3.4, b) B, white arrows) seem to suggest that the TRH cells 

might undergo mitotic division to give rise to more cells. Interestingly,  (Wood et al. 

2018) showed that the neurons in this region are proliferating. Finally, the scRNA-seq 

data generated in the Arnone Lab sustain this hypothesis as the TRH cell type were found 

to have genes involved in gene proliferation (Dr. Periklis Paganos, personal 

communications).   Nonetheless, it is possible that de novo specification is also in place. 
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The possibility that a terminal differentiated neuron might proliferate is very fascinating 

and further investigation combining EdU labelling of mitotic cells and TRH stainings 

might provide clue on this evidence. 

 

 

Figure 3.3|TRHergic cells characterization at 72 and 96 hpf 
a) Sp-Trh fluorescent WMISH at 72 and 96 hpf. Larvae are shown in two different views, 
the dorsal view with larvae oriented with the back (dorsal side) facing the observer and 
the oral view in which the larva is seen from the upside.  
b) TRH and 1E11 double immunostaining at 72 and 96 hpf. 1E11 marks neurons in sea 
urchins  
e = esophagus; m = mouth; g = gut; a = anus. 
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Figure 3.4| TRH characterization in S. purpuratus at different developmental stages 
a) S. purpuratus larvae at 72hpf (A and B), 96 hpf (C), and 1wpf (D) shows that the number of 
TRH cells increases over the time.  
b) double TRH and 1E11 immunostaining at 6dpf (A) and 1wpf (B). Single channels are splitted 
in A to show that TRH and SynB colocalize in the same cells. The arrows indicate two TRH cells 
which projections seems to converge in one neurophil. 
m = mouth; g = gut; s = stomach. 
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To further investigate the morphology of the TRHergic cells, immunostaining using 

the TRH antibody was performed on larvae fixed in 4% PFA O/N using the procedure to 

fix specimens for in situ described in  Chapter 2.6.1. In fact, this trick revealed to preserve 

the projection of the TRH cells. This allowed to observe that, while the body of the cell 

is situated close to the mouth of the larva, the projections run toward the dorsal side of 

the pluteus (Figure 3.5, a). 

 

 

 

Figure 3.5| TRHergic cells characterization 
a) TRH immunostaining was performed on larvae fixed for in situ and rehydrated before to 
start the immunostaining procedure. One larva is shown in oral view and the second in dorsal 
view. This fixation allows to better stain not only the cell bodies but also the projections. 
b) double TRH and acetylated tubulin immunostainings on Sp-Trh WMISH, highlight the 
structure of the TRH cells and the surrounding epithelium. 
Scale bar 50 µm. 
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This path is masked when a full projection picture is obtained from a larva in 

dorsal/ventral view, as the axons look to be flatten (Figure 3.4; Figure 3.5). Nonetheless, 

observing the single z-stacks from the same larvae, it appears evident that the cell body 

and the tail of the projection are not on the same focal plane (Figure 3.6). In both cases 

the larvae are seen from the back, as the first slice shows the nucleus of the dorsal 

ectoderm. Continuing towards the other side, the nuclei at the centre disappears, while 

a second line of cells arise below the most external one on top. This second line of nuclei 

belongs to the mouth ectoderm. Between the mouth and the external ectoderm few 

nuclei can be observed, mostly located at the centre, in the apical region. Finally, many 

nuclei appear, encircling the mouth. These nuclei belong to the oral ectoderm. In this 

path the end of the TRH projections appears first, in the centre of the larva, indicating 

that they are located dorsally, subsequently, proceeding toward the oral side, they 

became closer to the sides and also the body of the cells starts to appear. The very last 

focal planes, finally, show the nuclei situated on the very edge on the oral ectoderm. 

This area on top of the mouth is called oral hood and is here that the nuclei of the TRH 

cells appears to be located in the S. purpuratus early larva (Figure 3.6, b) stacks from 12 

to 14). 

Interestingly, double staining with an anti-acetylated tubulin antibody, revealed the 

presence of cilia next to the TRH cells (Figure 3.6, b), suggesting that these cells possess 

a cilium or a cilium-like structure. Indeed, electron microscopy is necessary to reveal the 

exact morphology of these cells and reveal whether they possess or not such ciliated 

structure. In any case, the proximity of the TRH cells to the epithelium seems to indicate 

that they are in contact with the external environment, at least at this stage. Attempt to 

observe these cells by TEM were made but, due to the small number of cells and their 

peculiar location, where unsuccessful. Nonetheless, further investigations will be 

performed in future taking advantage of a Serial block-face scanning electron 

microscopy reconstruction of a S. purpuratus larva produced in the lab in collaboration 

with Dr. Giovanna Benvenuto.  
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Figure 3.6| TRH cells morphology at single stack resolution 
a) Single stacks from the full projection of the 6 dpf larva shown in Figure 3.4, panel  b) 
shows that the TRH axons run along the larval apical organ. 
b)  Single stacks from the full projection of the larva A Figure 3.5, panel  b), shows that the 
TRH projections run underneath the cell nuclei situated on the apical organ region. Also 
the projections are on different focal planes. Finally, the stacks 12-13 suggests that a 
cilium-like structure arises from the TRH cells, on the side of the cells opposite to the apical 
organ region. 
Numbers in the pink squares indicate the progression of the focal planes. 
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To better understand the relative position of the TRHergic cells and the larval apical 

organ, Sp-Tph WMISH was performed to stain the serotonergic neurons (TPH = 

Tryptophan hydroxylase, a key enzyme for serotonin production). Subsequently, TRH 

immunostaining was performed in order to investigate the localization of the 

projections other than the cell bodies. Serotonergic cells are known to be located 

between the oral arms, on the dorsal side (Takacs et al. 2004) and double TRH and Tph 

staining showed that the TRH projections run between the serotonergic neurons (Figure 

3.7) while the cell bodies are situated at the sides of the apical organ, on a different focal 

plane (Figure 3.7).  

 

Figure 3.7| TRHergic cells and larval apical organ  
WMISH for Sp-Tph was performed to stain the serotonergic neurons at 96 hpf, TRH 
immunostaining was performed to visualize TRH cells and investigate their location relatively 
to the apical organ. On the bottom, the single stacks are shown and the number in the pink 
squares indicates the progression of the z-stacks. 
M= mouth  
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Furthermore, at 72 hpf from the single cell RNA sequencing data available in the lab, 

the TRH cells are predicted to produce the neurotransmitter acetylcholine (as they 

express Sp-Chat). Many genes encoding for cholinergic receptors are present in the S. 

purpuratus genome, one of which is the Sp-Chrna9_4, which is expressed in some of the 

neurons innervating the apical domain and the ciliary band (Paganos et al. 2021). A Sp-

Chrna9_4 probe was used to stain these neurons and use them to identify the external 

edges of the oral ectoderm (Figure 3.8). This staining confirmed that the TRH neurons 

are not part of the CB domain but are more internal. Moreover, a lateral view showed 

Figure 3.8| TRH neurons and Ciliary Band neurons  
Combined Sp-Chrna9_4 WMISH and TRH immunostaining on a larve at 96 hpf.  
a) Larva is shown in oral view.  
B) In  A Larva is shown in lateral view, in B a schematic representation of the larva shows the 
TRHergic cell (green) projects toward the serotonerci neurons (pink). 
M= mouth, OH = oral hood 
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as the cell body is located on the very edge of the oral hood, while the projection reaches 

the dorsal side (Figure 3.8, b)). 

Finally, (Wood et al. 2018) showed that TRH cells express also another neuropeptide, 

Sp-FSALFa, which is not restricted to these cells but is expressed in additional domains 

(post oral neurons, mouth neurons located in the lower-lip, and in the midgut). This 

suggest that TRH cells have a complex role that is mediated not only by this 

neuropeptide signalling. In fact, other data from our lab (collaboration with Dr. Paganos, 

unpublished) showed that the TRH/FSALFamide cells are also expressing a Nitric Oxide 

Synthase (NOS) and, therefore can produce Nitic Oxide. Therefore, these cells can 

produce a variety of signalling molecules, and  are most likely regulating larval behaviour 

and/or physiology at multiple levels.  

 

3.2.2 TRH cells are photoreceptors expressing a Go-Opsin 

Another interesting feature of the TRHergic cells is the fact that they are likely non-

directional photoreceptors since it has been shown that they express a Go-Opsin, the 

Sp-Opsin3.2, but there are no shading pigments that could be used for directional 

photoperception in the proximity of the cells (Petrone 2015; Valero-Gracia et al. 

2016)(Wood et al., manuscript in preparation). Combined in situ hybridization and 

immunostaining suggest that at 72 hpf the two TRH cells are positive to the Opsin3.2 

antibody. Subsequently, 96 hpf also the additional TRH cell express the Opsin3.2. 

Moreover, the Sp-Trh mRNA is concentrated in the body of the cells while the TRH 

peptide is transported along the axons and is accumulated on the side of the cell facing 

the apical organ. The Opsin 3.2, instead, is localized on the opposite side of the cell and 

a cilium-like structure was stained, resembling a photoreceptor structure. Interestingly, 

(Valencia et al. 2019) showed that these cells express orthologs of vertebrate 

transcription factors typically involved in  ciliary photoreceptors specification: Otx, Six3, 

Tbx2/3, and Rx. 

These pieces of evidence suggest that the TRHergic cells might be involved in a non-

visual response to the light, such as circadian clock entrainment, on regulation of ciliary 

beating for UV avoidance. A very recent work by (Yaguchi and Yaguchi, 2021) showed 

that Go-Opsin signalling is in place in Hemicentrotus pulcherrimus to control pyloric 

sphincter opening during larval stages. This signalling is mediated by serotonin and Nitric 
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Oxide (NO). The Go-Opsin they investigated is homologous to the Sp-Opsin3.2 and is 

expressed by cells localized in a very similar position.  

 

 

3.2.3 TRH receptors in S. purpuratus 

Once identified and characterized the TRHergic cells, it was necessary to understand 

where the TRH receptors (TRHR) are localized.  

Since the TRH cells project toward the apical organ, the TRHR was expected to be 

expressed by cells localized in this area. Fluorescent WMISH was performed at both 72 

and 96 hpf using a Sp-Trhr probe. Surprisingly, no TRHR was localized in the apical organ 

Figure 3.9| TRH cells are photoreceptors 
Sp-Trh WMISH combined with double immunostaining of TRH and Opsin3.2 reveals that the 
TRHergic cells are also photoreceptors.  
A: At 72 hpf mainly one-two TRHergic cells can be found, both of them are also 
immunopositive to the Opsin3.2. Opsin antibody stains a peculiar structure, resembling very 
much a classic photoreceptor.  
B: at 96 hpf three Trh/Opsin3.2 cells were stained. 
M = mouth; g =gut 
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region; instead, Sp-Trhr was clearly stained on the ectoderm covering the oral and post 

oral arms (Figure 3.10).  

 

 

Figure 3.10| TRH and TRH  localization is S. purpuratus 
A and B shows double Sp-Trh and Sp-TrhR WMISH at 72hpf pluteus stage.  
C and D shows double Sp-Trh and Sp-TrhR WMISH at 96 hpf pluteus stage.  
At both stages TRH R are localized od the ectoderm covering the tips of the oral arms. Some  
TrhR was stained also along the ciliary band ectogerm toeard the post oral arms. 
E and F shows a TRH immunostaining on a double  Sp-Trh and Sp-TrhR WMISH at 96 hpf. 
a =anus; m = mouth; g =gut 
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This imply that TRH peptide needs to be diffused inside the larva to reach its 

receptors. A mechanism called volume transmission already proposed to be in place in 

the vertebrate brain (Agnati et al. 2010; Moroz 2021; van den Pol 2012), and for 

serotonin neurotransmitter in the sea urchin apical organ (Yaguchi and Yaguchi 2021).  

Moreover, looking more in detail to the double WMISH for Sp-Trh and Sp-Trhr, it 

seems that the receptors are not expressed in the TRHergic cells.  

Figure 3.11| Details of a double Sp-Trh and Sp-Trhr WMISH 
The observation of the larva in B, Figure 3.10, at single stack level shows that the TRHR 
mRNA is not expressed by the TRH cells. Instead, the receptors are situated on the 
ectoderm covering the arm tip.  
The numbers in the light blue boxes indicate the progression of the single stacks, with the 
stack 1 being the more dorsal focal plane showing the ectoderm covering the very tip of 
the oral arm. Moving from 1 to 14, the focus goes from dorsal to ventral and in 14 the very 
edge of the oral ectoderm is at focus, showing the TRHergic cells. 
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3.2.4 TRH pathway: clues from scRNAseq data 

Being the TRH pathway so complex, the list of possible component obtained from the 

genome survey analysis contained a huge number of genes. Luckily, I could take 

advantage of the scRNA-seq data generated in the Arnone lab by my colleague Dr. 

Periklis Paganos. In particular, of interest were the dataset of 72 hpf and 5 dpf.  

Being this analysis based on the WHLs, first step was to obtain these identifiers from 

the SPU numbers, this was automatically done by Dr. Danila Voronov. In this step, some 

genes not having a correspondent WHL went discarded. The final list of genes is included 

in the Non book component as annot_trh_pathway_SPU. 

A first dotplot was produced based on the data at 72 hpf (Figure 3.12). Interestingly, 

these data predict TRH expression only in one cell cluster. Moreover, confirming our 

previous observation coupling TRH and 1E11 immunostaining, TRH cells are predicted 

to belong to the neuronal cells cluster. As explained in Periklis’ thesis, though, at this 

stage, neurons form one single cluster in the data, and subclustering is needed to 

appreciate their diversity (Paganos 2021). For this reason, a further dotplot containing 

only the components predicted to be in the TRHergic cells in the neuronal subclustering 

was produced (Figure 3.13). Interestingly, after subclustering TRH neurons form their 

own cell cluster, which was named distal apical plate neurons (pink in Figure 1.8). 

However, it was not possible to find the Opsin3.2 at this stage, maybe because it was 

too lowly expressed when larvae were collected. In fact, from Libero Petrone’s thesis, it 

is known that the Opsin3.2 transcript levels, which are in general low, have a circadian 

oscillation with a minimum at the switch between light to dark and a maximum at the 

switch from dark to light (Petrone 2015). Moreover, no Go-type protein was predicted 

in the TRHergic neurons. 

Another interesting prediction is that the TRH cells express two TFs (Sp-Creb3l3 and 

Sp-Stat), whose vertebrate counterparts are well known to regulate TRH gene 

expression, possibly suggesting that this regulation might be a conserved feature. 

Finally, a glutamate receptor (Sp-Glur1, which is present two times because has been 

assigned to two WHLs) and a dopamine receptor (Sp-Drd1_2) are predicted to be  
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Figure 3.12| TRH pathway at 72 hpf 
Dotplot showing the average expression (at 72 hpf) of genes identifyed in the genome 
survey. In green is indicated Sp-Trh, while in blue is identified the cell cluster in which TRH 
is predicted to be expressed. In purple is indicated Sp-TrhR.  
Dot plot was generated by Dr Paganos. 



Page | 76  
 

expressed in the same cells. Suggesting a control from glutamate and dopamine 

signalling.

 

 

TRH cells are also predicted to express a variety of receptors for molecules that were 

reported to regulate TRH-neuron activity in the PVN. For example, Opsin3.2/TRHergic 

cells at 5 dpf (Figure 3.14) are predicted express: glutamate receptor (e.g. Sp-Glur1), a 

number of GABA receptors (e.g. Sp-Gabbr1_3, and Sp-GabeA), somatostanin receptors 

(e.g Sp-Sstr5L_2), a BDNF receptor (Sp-Trk) and more. While at 72 hpf they are predicted 

to express also the dopamine receptor Sp-Drd1_2 (Figure 3.13). 

Because the number of TRH/Opsin 3.2 producing cells increases over the time, a 

better representation of this cell type at later stages of development was expected. For 

Figure 3.13| TRH prediction in the neuronal subclustering 
Dotplot showing the average expression in the neuronal subclustering (at 72 hpf) of genes from 
the genome survey that are predicted to be expressed in the TRH cells. Green box highlight the 
Sp-Trh gene in the graph while the blue box highlight the cell cluster that is predicted to express 
TRH. Dot plot was generated by Dr Paganos. 
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this reason, the scRNA-seq dataset at 5 dpf was interrogated using the same list of 

genes. As expected the number genes found was much higher. In order to obtain a more 

readable graph, we choose to first focus on the genes that are also present in the TRH 

cells (Figure 3.14). Surprisingly, at this stage two cell types were predicted to produce 

TRH and these two shows a quite distinct identity at the level of  expressed genes. The 

analysis of these data has not yet fully completed, therefore, the identities of the cell 

clusters are not yet available. Nonetheless, it is possible to make a few interesting 

observations.  

Firsts, at 5 dpf it was possible to identify a TRH/Opsins3.2 cell cluster (identity 12, 

Figure 3.14), suggesting that at this stage Sp-Opsin3.2 reaches an expression level that 

can be detected in the transcriptomic data. These cells are predicted to form a separate 

cluster, not embedded in the apical organ (they are predicted to not be serotonergic). 

The second cell cluster (11), on the contrary, stands out to belong to one of the two 

serotonergic cell types identified at this stage (as it contains Sp-Tph), while no Opsin3.2 

is predicted. Surprisingly, at 5 dpf, the TRH cells are predicted to express also a Sp-Trhde 

(which might be involved id TRH degradation and, subsequently, regulate its activity) 

and a TSHR (Sp-Tsh-r). Also, the cluster containing Sp-Trh and Sp-Tph but not Sp-Opsin3.2 

are predicted to express a Sp-Thr.  

As more extensively described in Chapter 1.2, the most known and investigated 

vertebrate TRH pathway consists of the TRH produced by the PVN. The TRH, through the 

TRHRs expressed in the pituitary gland, induces the release of the TSH. This hormone, in 

turn, is released and reaches the thyroid gland where, through its receptor (TRβ1), 

induces the release of the thyroid hormones. Thanks to the genome availability, it is 

known that some component of this pathway are encoded in the S. purpuratus  genome. 

However, little is known on their functions and interactions. The data collected in this 

study, combined with classic approaches, provide a tool to finely disentangle the 

components of the TRH pathway present in the sea urchin.  For example, in Cocurullo et 

al. (manuscript in preparation) we further investigate the existence of an organification 

pathway for Thyroid Hormone (TH) synthesis in sea urchin. First, we identified the 

putative molecular components of the sea urchin S. purpuratus THs, including genes 

involved in their synthesis (Sp-Pxdn), metabolism (Sp-DIOs), transport (Sp-Ttrl, 

SpMCT10/8/7) and response (Sp-Thr, Sp-Rxr and various integrins). Subsequently, we 
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combined the scRNA-seq data with WMISH and IHC to understand where the main 

toolkit is expressed during the sea urchin development, focusing at 48 and 72 hpf. Using 

this approach, we described the cell types that are potentially producing or responding 

to THs. Finally, an enrichment experiment performed growing larvae in artificial sea 

water with and without Iodine, provided evidence that an endogenous iodine 

organification process is in place, and that it is important for sea urchin skeletal growth. 

In fact, larvae grown with iodine had significantly longer spicules compared with larvae 

grown without the iodine source. 
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Figure 3.14| TRH cell types at 5 dpf 
Dotplot showing the average expression (at 5 dpf) of genes from the genome survey 
which are also expressed in the TRH cells. Green box highlight the Sp-Trh gene in the 
graph while the blue box highlight the cell clusters that are predicted to express TRH. In 
magenta is highligted Sp-Tph (the key enzyme for serotonin synthesis). In yellow is Sp-
Opsin3.2. Dot plot was generated by Dr Paganos. 
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3.3 Discussion and conclusions from the molecular reconstruction of the 
TRH pathway in the sea urchin S. purpuratus 

The molecular characterization of the TRHergic cells described how these cells are 

integrated in the larva sensory/neurosecretory system. Interestingly, these cells seem 

to have a double function. They are sensory photoreceptors thanks to the Opsin3.2, 

likely involved in non-visual functions such as regulation of vertical position for UV-

avoidance in the water column by regulating ciliary beating (as described in Petrone, 

2015 and Valero-Gracia et al., 2016). Moreover, they are neurosecretory cells producing 

a variety of signalling molecules, not only TRH, and possibly the other related peptides 

produced from the same precursor protein, but also a FSALF-amide (Wood et al. 2018) 

and a Kissepeptin (Sp-Kp) (Paganos 2021) and the NO (Paganos 2021). 

Furthermore, the predicted colocalization of Sp-Trh and Sp-Chat at 72hpf and the 

localization of the Sp-Chrna9_4 in sone neurons innervating the larva ciliary band, 

suggesting a possible involvement, or better, a possible mechanism through which the 

Opsin3.2/TRH cells might regulate the ciliary beating in response to light.  

Furthermore, the fact that the TRH cells are predicted to express many receptors for 

molecules that were reported to regulate TRH-neuron activity in the PVN (such as GABA, 

Dopamine, Somatostatin, Galanin, Glutamate) and to possess also Sp-Creb3l3 and Sp-

Stat, suggests that the upstream pathway regulating TRH activity might be more 

conserved and more ancient than previously thought.  

On the other hand, the TRH downstream pathway in sea urchin remains elusive. The 

existence of a TSH peptide, or its archetype thyrostimulin (Wang et al. 2018),  has not 

been yet characterized in S. purpuratus. Nonetheless, I could identify genes possibly 

coding for the thyrostimulin subunits in S. purpuratus genome and some of them are 

predicted to be expressed at 5 dpf, surprisingly, in the Trh/Tph cell cluster.  

The THs synthesis in sea urchin remains still elusive, in Cocurullo et al. (manuscript in 

preparation) we describe the possibility that iodine orgnanification and subsequent 

synthesis of THs in S. purpuratus might be in place and is important, at least at early 

developmental stages, for skeletal growth, since larva reared without iodine source 

develop shorter spicules.  
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TRH pathway in other sea urchin species 

 

The incredible diversity existing among sea urchin species makes them a perfect tool 

to study how evolution works and how new characteristics evolve. For example, the two 

Australian species H. tuberculata and H. erythrogramma, although belonging to the 

same genus Heliocidaris, display two completely different developmental modes. The 

first species develops through the classic indirect pathway, forming a feeding larval 

stage; the second, on the contrary, has a direct development and do not produces a 

pluteus larva. This allows to study evolution of direct development. 

Even when two species look more similar to each other, striking differences can be 

observed. This is the case of S. purpuratus and P. lividus. The first comes from the Pacific 

Ocean and develops at lower temperatures (15°C) and salinity (36 ppt), the second come 

from the Mediterranean Sea and prefer higher temperatures (18°C) and salinity (about 

38 ppt). Despite the fact that their plutei looks very similar, especially at earlier stages, 

few differences can be observed (Figure 4.1). First of all, they have different growth 

ratios and P. lividus grow much faster than S. purpuratus. More in details, P. lividus 

reaches gastrula stage at 24 hpf (while S. purpuratus at 48 hpf), and pluteus stage at 48 

hpf (while S. purpuratus at 72 hpf). Moreover, P. lividus plutei have, in proportion, much 

longer arms that S. purpuratus and larvae are longer and thinner. Moreover, is much 

easier, other that faster, to grow P. lividus from fertilization till post-metamorphic 

stages. All these characteristics makes the Mediterranean and the Pacific sea urchin two 

perfect systems to study how evolution works. Moreover, the possibility to obtain 

relatively easily and quickly, stages from embryos to post-metamorphic juveniles, gives 

the great opportunity to investigate how the larva sensory-neurosecretory nervous 

system develops in shapes and functions until adulthood.  

Striking morphological differences can also be observed between the two 

Mediterranean species: P. lividus and Arbacia lixula (Figure 4.1). The second species 
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produces plutei having even longer arms than Paracentrotus; moreover, they develop 

additional pairs of spicules from the apex. 

 

Is then natural to ask: how does such diversity arise? Which are the differences at 

molecular (genes involved, differences at expression level or the topology of cells 

expressing such genes) and regulatory (changes in the interaction between genes and 

between cells) levels. For example, while the core GRN responsible for skeleton 

specification and formation is most likely conserved, differences exist to produces such 

variety of larval shapes. Moreover, based on the TRH role in vivo which will be discussed 

in the next Chapter, how is it involved in such changes?  

First step to answer this last question is to understand whether and how TRH changes 

at level of gene expression and number and topology of the TRHergic cells in different 

species. For this study I could take advantage of the two Mediterranean P. lividus and A. 

lixula species which are available at Stazione Zoologica and of some H. tuberculata 

specimens kindly gifted by Prof. Maria Byrne from the Sydney University.  

4.1 Molecular characterization in P. lividus 

The first species taken into account is the P. lividus, that is commonly used at Stazione 

Zoologica being a local breed. TRH immunostaining was performed using the antibody 

produced against the anti Sp-TRH peptide. Very interestingly, this antibody gave a neat 

and clear staining also in the Mediterranean sea urchin (Figure 4.2, a), suggesting that 

the TRH primary structure is conserved. Immunostainings were first performed at 

Figure 4.1| Sea urchin plutei diversity 
A.lixula was imaged under a Leica stereomicroscope. P lividus was imaged under the 
Axio Imageger after placing the larva between a slide and the coverslip. S. purpuratus 
was imaged under a Leica DMI60009.  
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different pluteus stages: 48 and 72 hpf, and at 5 dpf. As for S. purpuratus, TRH 

immunopositive cells were initially stained at the sides of the apical organ region (Figure 

4.2, a) A). A first striking difference was that already at early pluteus stage two, 

sometimes more, cells were stained (Figure 4.2, a) A and B) and the number raised to 

about 4 already at 72 hpf (Figure 4.2, a) C). Therefore, the number of TRHergic cells in P. 

lividus seems to increase more quickly during the development, compared to S. 

purpuratus. Another difference is the positioning of such cells. While in S. purpuratus 

they were located at the sides of the apical organ but on the oral side of the larva, in P. 

lividus the first two cells appear just at the base of the oral arms, on the dorsal side of 

the larva (Figure 4.3, B). When new cells appear, some are located more externally 

(Figure 4.2, a) B-D white arrows). Moreover, already at 5 dpf, TRH projections fully 

colonized the apical organ region (Figure 4.2, a), eventually new TRH cells arise in this 

area. As in other plutei, the area between the oral arms contains a number of ciliated 

sensory cells, among these are the serotonergic cells forming the apical organ. In Figure 

4.2, b) A, a detail obtained at SEM shows the incredible amount of cilia concentrated in 

the area between the oral arms. In Figure 4.2, b) B and C, a broken larva was imaged, 

unrevealing the morphology of the cells situated at the connection between the oral 

arm and the apical organ region. Here it was possible to image one/two cells having an 

elongated shape, resembling the morphology and topology of the cells stained in a) 

larvae A and B. 

Double TRH and acetylated tubulin immunostaining on larvae at 5 dpf, suggests that 

also in P. lividus TRH cells might have a ciliated structure, suggesting that they are 

sensory cells.  

A disadvantage of working with P. lividus, is that a complete genome in not yet 

available, therefore all the techniques requiring gene identification and cloning are still 

complicated. Luckily, thanks to Dr. Danila Voronov it was recently possible to identify a 

TRH sequence in the P. lividus genome (not published).  Alignment of the Sp-Trh and Pl-

Trh gene (included in the Non book component as spRNAseq-pltranscriptome) shows a 

high conservation of the sequences in some specific regions, while the second half of 

the sequence is completely missing from P. lividus. Likely this is due to a technical 

problem, since the P. lividus assembly and annotation are still work in progress. 

Nonetheless, from this sequence was possible to design a probe that will be used to 
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further characterize the TRHergic cells in P. lividus. Also, it was possible to retrieve the 

Pl-TRH precursor amino acid sequence and align it with the Sp-TRH precursor one 

(included in the additional files, Sp and Pl TRH peptides). As expected the two proteins 

sequences share a higher sequence homology than the gene sequences. 

 

 

A preliminary WMISH showed that at 48 hpf the probe stains two cells at the sides of 

the apical organ, but more experiments are necessary to confirm this data and combined 

immunostaining is necessary prove colocalization of the mRNA and peptide 

immunolocalization using the antibody designed against the S. purpuratus peptide.  

Figure 4.2|TRH immunolocalization at early pluteus stages in P. lividus and larval 
morphology  
a) TRH immunostaining on P. lividus larvae at 48 hpf (A and B), 72 hpf (C) and 5dpf (D). white 
arrow indicates the most external TRHergic cells.  
b) SEM pictures of larvae at 72 hpf taken by Dr. Giovanna Benvenuto at SZN. The pluteus in 
A is almost in lateral view, with the mouth on the lower-left area of the picture. Above the 
mouth, a number of long cilia.  In B and C a tetail of a broken larva shows the organization of 
the epitheliun at the angle between the arm and the apical organ region, where TRH cells are 
located based on immunostaining.  
m  =mouth; oh = oral hood 
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Another important step to characterize the TRH pathway in P. lividus, is the 

identification and characterization of the TRHR. Since receptors are more conserved 

than peptides at gene level, a WMISH was performed using the probe build for the Sp-

TrhR. Sp-Fgf9/16/20 WMISH on P. lividus larvae was also carried out. The trhR probe 

stained cells located on the oral arm tips, very similarly to what observed in S. 

purpuratus. However, the staining was not so neat and clean and the identification of 

the Pl-TrhR will be necessary to produce a more specific probe to confirm this data. 

Surprisingly, Sp-Fgf probe, on the contrary, gave a very neat staining, very similar to the 

one observed in S. purpuratus, suggesting that the two sequences and topology of gene 

expression are conserved between the two species.  

 

Figure 4.3| TRH cells topology in P. lividus larvae at 5dpf 
A a pluteus larva in ventral view. B larva in Oral view, the TRH cells and projections 
run on the dorsal side of the embrio. 
m = mouth; oh = oral hoord; R = rhigth; L = left, green arrows hights the cells that 
seem to have a cilium.  
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The existence of a Pl-Trh gene and most likely of a Pl-TrhR, strongly suggests that this 

signalling pathway exists in both species. However, it still not known whether their 

function is conserved and on which degree. These preliminary evidences on the 

topology and development of the TRH cells suggests that differences exist. Clues on the 

role of this neuropeptide during P. lividus development would come from knock-down 

or knoc-kout experiments, which are complicated by the lack of genomic data. 

Nonetheless, gRNAs for CRISPR/Cas9 have been designed in the lab by Dr. Filomena 

Caccavale and shown to be effective in abolishing the staining performed using the Sp-

TRH antibody (personal communications, figures not shown). However, no 

morphological characterization was made, and one of my objectives in the short time is 

to perform such characterization.  

All the previous characterizations on both P. lividus and S. purpuratus were made at 

a relatively early pluteus stages. However, the sea urchin larva continues developing for 

many more weeks eventually forming additional arms and the adult rudiment. Along 

this time, its sensory-neurosecretory systems grow in number of cells involved and 

complexity, therefore, I was very curious to see how the TRH neurons are involved in 

this process.  

Figure 4.4| TrhR and Fgf9/16/20 in P. lividus 
WMISH was performed using the Sp-TrhR probe, in A, and the Sp-Fgf9/16/20 
probe, in B.  both larvae are shown in oral view.  
m = mouth; a = anus 
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 As expected, the number of TRH neurons showed to greatly increase in number at 

least until 6-armed pluteus stage (Figure 4.5, A1 and A2) when a numerous group of cells 

was stained in the apical region, between the oral arms. At 8-armed pluteus stages, on 

the contrary, it was not possible to stain more than a few cells situated in the apical 

region (Figure 4.5, B1 and B2), maybe due to technical problems during the 

immunostaining (it is possible that at this stage a permeabilization step is required, as 

with juveniles) or in imaging such huge larvae. However, an attempt on 8-armed 

metamorphosing suggests that eventually the TRH cells colonize the whole apical organ 

and also the oral arms (Figure 4.5, C1 and C2) (besides also at earlier stages a few cells 

were stained in the arms). Moreover, a complex network of axons seems to project from 

larva, most likely innervating the larval tissues that still cover the juvenile. After 

metamorphosis, the TRH neuropeptide could be stained throughout the whole 

specimen (Figure 4.6 and Figure 4.7). This seemed to be localized especially in the 

ganglia situated at the base of the tube foot disks (Figure 4.6 and Figure 4.7, magenta 

arrows), in the buccal tube feet (Figure 4.6, E1 and E2), at the base of the spines (Figure 

4.7, A, B1, B2), and others. Furthermore, TRH positive cells were stained around the tube 

foot disks (Figure 4.6, B, C, D1 and D2). These cells have a very peculiar shape: they 

appear elongated, maybe bipolar. Suggesting that they might be specialized sensory 

neurons. This is very intriguing since it is known that in the tube feet are located 

photoreceptors cells involved in the adult vision (Ullrich-Luter et al. 2011).  
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Figure 4.5| TRH characterization in P. lividus at late pluteus stages 
TRH immunostaining on P. lividus pluteui at later developmental stages. 
 The white arrows in C1 and C2 indicate the larval tissue containing the apical organ still 
attached on the rudiment.  
m = mouth; a = anus 
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Figure 4.6| TRH immunolocalization in P. lividus juvenile, oral view 
A: Pl juvenile was first imaged using a 10x objective to give an overview on its morphology. 
The smaller dotted squares shows the area further imaged using an higher magnification 
objective. The letters indicates in which picture a magnification that structure has been 
shown.   
B: a partial projection of the focal planes including the tests showing the base of the spines 
and some other structures situated around the mouth. 
C, D, E, and E1: shows closer magnifications of tube feet.  
F and F1: shows a magnification of one of the 5 small appendices situated around the mouth. 
m = mouth, tf = tube foot; s = spine; the magenta arrows show the ganglia located at the 
base of the tube foot disks.  
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Figure 4.7| TRH immunolocalization in P. lividus juvenile, aboral view 
A: Pl juvenile was first imaged using a 10x objective to give an overview on its morphology. 
The smaller dotted squares shows the area further imaged using an higher magnification 
objective. The letters indicates in which picture a magnification that structure has been 
shown.   
C1 and C2: show the detail of the base of a spine, with and without nucleai. 
D1 and D2: a tube foot imaged from the aboral side of the animal. The magenta arrow 
shows the ganglion located at the base of the tube foot disk. In D2 a magenta line was 
used to draw and illustrate the shape of the tube foot. 
tf = tube foot; s = spine 
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Another important step is to understand whether Pl-TRH cells also express a Go-

opsin. Opsin3.2 genes have been described in sea urchin species other than S. 

purpuratus. In particular, a P. lividus Opsin3.2 and a Lytechinus variegatus Opin3.2, have 

been reported (D’Aniello et al. 2015). Moreover, in 2021 Junko Yaguchi and Shunsuke 

Yaguchi characterized the expression and function of the Opsin3.2 in Hemicentrotus 

pulcherrimus (Yaguchi and Yaguchi 2021).  They found it to be expressed in two cells 

situated at the sides of the apical organ, in a position that very much resemble the Sp-

Opsin3.2. They suggested that this opsin mediates the pyloric sphincter opening in 

response to light stimuli. Such response involves a Opsin3.2-serotonin-Nitic Oxide 

signalling and provide another possible role for the Opsin 3.2/TRH cells to be 

investigated in S. purpuratus and P. lividus. 

Unfortunately, despite our efforts, we have not yet succeeded in cloning the Pl-

Opsin3.2 as both primers for probe synthesis (designed by Dr. Paganos) and qPCR 

(designed by me) failed to amplify a specific product (Figure 4.8).  Therefore, it is possible 

that Pl-Opsin3.2 is not functional. Another possibility is that samples were collected 

when it was too lowly expressed.  

The identification and cloning of the Pl-Opsin3.2 could provide evidence that the 

connection between TRH and Opsin3.2 is conserved in sea urchins. On the other hand, 

the possibility that the Opsin 3.2 signalling is not functioning in P. lividus would provide 

an exciting scenario to study how Opsin signalling evolves.  

 

 

 

 

 

Figure 4.8| Opsins qPCR primer test  
Primers designed for Pl-Opsin1 (used as 
negative control), Pl-Opsin2, Pl-Opsin 3.1 
and Pl-Opsin 3.2 were tested on a cDNA 
mix (two were obtained from samples 
collected at 48 hpf and one at 72 hpf)   
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4.2 Molecular characterization in A. lixula and H. tuberculata 

TRH immunostaining was performed on A. lixula and H. tuberculata larvae collected 

at pluteus stage. 

In A. lixula a number of TRH immunopositive cells could be stained in the area 

between the oral arms (Figure 4.9, A). To visualize the serotonergic neuron, larvae were 

stained also using a commercial anti-serotonin antibody (Figure 4.9, B and C). 

Surprisingly, the apical organ was much more developed than the one of S. Purpuratus 

and P. lividus at a comparable developmental stage as serotonergic cells were stained 

also in the oral arms (while the serotonergic neurons in the lower lip which are known 

to arise at later stage were not yet present). Moreover, a long projection running from 

the apical organ toward the post oral arms was also stained.   

 

TRH immunostaining performed on the Australian H. tuberculata, which has longer 

arms as P. lividus but a more compact and large body, similar to S. purpuratus but lacking 

an apex, stained about 2 cells located at each side of the apical organ region (Figure 

Figure 4.9| TRH and serotonin immunostaining on Al plutei 
A: TRH antibody stained a number of cells located all along the larval 
apical organ region. 
B and C: the larval apical organ was stained using an anti-serotonin 
antibody.  
m = mouth 
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4.10). More similar to the Sp-TRH cells, than to the Pl-and Al-TRH cells. Also, one of these 

cells in some larvae appeared to be shifted more inside the arm.  

 

4.3 Discussion and conclusions: TRH in other sea urchin species 

These preliminary data suggest that a TRH signalling pathway exists in many sea 

urchin species other than S. purpuratus. Nonetheless, the role of such TRH pathways 

have not yet been characterized and the link with the light perception remains 

enigmatic, especially in P. lividus.  This last species, however, represent a powerful tool 

to study the evolution of the TRH neuropeptide function in sea urchins. The accelerated 

capacity to culture this species to post-metamorphic stages permits us to study not only 

the development of the TRH neuropeptide system but the entire larva sensory-

neurosecretory system. Finally, the peculiar shape and localization of the TRH cells in 

the tube foot disks suggests that these cells might be the photoreceptors expressing the 

r-Opsin4. If this observation will be proved by double staining of the TRH and the Opsin 

4, it would open an amazing scenario to further investigations and it would be possible 

to speculate that the TRH mediates the visual function of such photoreceptors.  

 

Figure 4.10| TRH immunostaining on H. tuberculata larvae 
H. tuberculata specimen fixed for in situ were stained the TRH antibody and a 
commefcial antibody for β-tubulin to highlighr the cell structure. 
m = mouth; a = anus; the white arrows shows the TRH cells in the arms. 
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TRH function in vivo 

 

5.1 TRH-role in vivo: preliminary evidences 

In order to assess the role of TRH in vivo, a morpholino antisense oligonucleotide 

(MASO) designed against Sp-Trh was microinjected in S. purpuratus zygotes to knock-

down its expression. 

A preliminary experiment was performed to assess the phenotype of the morphant 

larvae. A final concentration of 200 µM of TRH-MO was injected and the morphology of 

the larvae was observed at 1 wpf (Figure 5.1). The observed phenotypes (Figure 5.1, a) 

were divided in four categories: 

 Ph1a = was assigned to larvae that were developing normally  

 Ph1b = was assigned to larvae that were developing normally but showed 

longer arm  

 Ph2 = was assigned to larvae having an overall normal shape but which arms 

did not develop  

 Ph3 = was assigned to larvae having a body shape completely affected 

Subsequently the larvae belonging to these categories were counted for each 

treatment. Two sets of controls were made: first not injected larvae were separated 

two, to one group was given food (C_Fed) while the others no (C_Starving). Moreover, 

to asses also the impact of the microinjection procedure on the larval morphology, a 

control morpholino linked to a fluorescent marker (C_Fluo) was injected in parallel to 

the TRH-MO. TRH morphants showed to have a high percentage of larvae that did not 

develop properly (Figure 5.1, b and c). Most of these larvae (about 70%), in fact, showed 

a Ph2 and therefore did not develop proper arms. Furthermore, a small percentage of 

larvae microinjected with the TRH MO, had a morphology completely affected, most 

likely due to a toxic effect of the morpholino. Finally, another small percentage of larvae  
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had a normal phenotype, either because they escaped the microinjection or because 

they were able to recover.  Also, TRH immunostaining was performed to confirm that 

the TRH-MO was effective in knocking-down TRH peptide synthesis (Figure 5.1, d).  

Figure 5.1| TRH  function in S. purpuratus preliminary assessment in vivo 
Injected and control arvae were observed at 1wpf pluteus stage. 
a) Pictures of the observed phenothypes (Ph). Ph1a was assigned to larvae developing normally 
(orange). Ph1b was assigned to larvae that were developing normally but showed longer arm 
(yellow). Ph2 was assigned to larvae having an overall normal shape but which arms did not 
develop (green). Ph3 was assigned to larvae having a body shape completely affected (cyan). 
b) Graphical representation of the proportion of the four observed phenotypes in each 
treatment. N= represent the total number of larvae observed for that specific treatment. 
c) Summary table showing the number of observed larvae and their distribution among 
treatments and phenotypes.  
d) Double TRH immunostaining of a control and an injected larva. The absence of TRH 
immunostaining (green) in the morphant larvae confirm that TRH morpholino was still effective 
at 1 wpf.  
M = mouth 
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In conclusion, Sp-Trh expression demonstrated to be necessary for arm growth during 

S. purpuratus development. 

 

 

5.2 Working hypothesis 

Based on the data obtained by molecular and preliminary functional 

characterizations, and taking advantage of the vast literature available, I build a working 

hypothesis, trying to understand which are the element of the TRH pathway in sea 

urchins and how these elements can be linked (Figure 5.2). First, come the evidence that 

the TRH signalling is necessary for the arm development. From the literature it is known 

that arm elongation is inhibited by a dopamine signalling when there is food in the 

environment.  

 

 

 

Dopaminergic neurons in S. purpuratus at early pluteus stage, have been shown to 

Figure 5.2| Working hypothesis 
On the left are represented the TRHergic cells (in green). The coexpression with an opsin 
suggests that TRH synthesis or, more likely, TRH secretion might be regulated by the 
activation of the Opsin3.2 under the light stimulus (indicated with a yellow dotted arrow). 
On the right is represented the dopamine signalling (magenta) that is known to inhibit arm 
length in response to food availability. Whether the two pathway are directly or indirectly 
linked has been indicated by a double dotted arrow.   
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be located in two groups of neurons situated on the larval post oral arms (Adams et al. 

2011), additional dopaminergic neurons are located in the larva lower-lip (Bisgrove and 

Burke 1987). For this reasons, I choose to put the TRH and the dopaminergic signallings 

on different tracks. While a solid line links food to the dopamine signalling (indicating 

that this link has been proved), a dotted line links the same variable to the TRH pathway 

to state this as hypothesis to be confirmed or denied. Moreover, since the two signalling 

pathways ultimately act at level of arm elongation, it is conceivable that a direct or 

indirect interaction between them occurs, also supported by the prediction of a Sp-

Drd1_2 colocalization in the TRH cells (this is indicated by a dotted double arrow). A 

molecule (or more) responsible to signal the presence of food has not been jet found, 

for this reason a square containing question marks has been inserted in place. Finally, 

the TRH cells are most likely able to sense light stimuli through the Opsin3.2. Based on 

the opsins mechanism of action, it is very likely that the activation of the Go-Opsin might 

affect the TRH peptide release (this possibility is indicated using another dotted arrow). 

This scheme was used as base to make questions and hypothesis, and design 

experiments to answer them.  

 

 

5.3 TRH pathway and skeletogenesis: reconstructing the possible 
pathway 

The evidence that: 

1) TRH expression is required for S. purpuratus arm growth; 

2) TRH impairment reduces Oral and Post Oral spicules growth; 

3) TRHR are not expressed in skeletogenic cells; 

lead to the question: how is TRH regulating these functions? 

Two fundamental signals are known to regulate skeletogenesis: VEGF anf FGF 

(Adomako-Ankomah and Ettensohn 2014). Therefore, Sp-Trh, Sp-TrhR, Sp-Vegf, Sp-

VegfR, Sp-fgf9/16/20, Sp-fgfR1, and Sp-fgfR2 together with Sp-Msp130 (markers for 

skeletogenic cells) were firstly investigated in the scRNA-seq data at 72hpf. 

 Interestingly Trh and Vegf are predicted to be expressed in the neuronal cell cluster 

(Figure 5.3). Furthermore, Fgf9/16/20 is predicted to be expressed in a variety of cell 

clusters: skeletal cell, cardiac sphincter, anus and mouth. This complex pathway was 
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confirmed by in situ hybridization (Figure 5.4).  More in details, Fgf skeletogenic positive 

cells can be stained at the tip of the post oral and oral arms. The ones at the oral side 

appears to be more posterior and more dorsal that TRH cells (Figure 5.4, B and F).  

 

Despite full projections in certain views makes the Fgf (in the oral skeletogenic domain) 

and TRH cells overlap (Figure 5.4, D and F), from the lateral view (Figure 5.4, B) and 

analysing the single stacks (not shown), it is possible to appreciate that they are most 

likely not touching. Moreover, VegfR was predicted to co-localize with Fgf9/16/20 in the 

skeletogenic cells. Interestingly, TrhR was predicted to co-localize with both FgfR1 and 

FgfR2. Moreover, in situ hybridization experiments to visualize Vegf and Fgf9/16/20 

gene expression on TRH-MO and TRHR-MO injected larvae, showed a reduction of their 

expression (Wood et al., in preparation). This suggests that TRH is indirectly regulating 

Vegf and Fgf9/16/20.  

 This pattern confirms the known complex interaction between skeletogenic cells, 

ectoderm and nervous system in regulating spicules and arm growth and introduces a 

new element in this interplay: the TRH/Opsin3.2 cells. This evidence, strongly suggest 

that light (through the Opsin3.2) as well as dopamine has an important regulatory role 

on skeletogenesis and arm growth.  

Figure 5.3| TRH downstream pathway reconstruction 
Dotplot showing the average expression of Sp-Trh, Sp-TrhR, Sp-Vegf, Sp-VegfR, Sp-
Fgf9/16/20, Sp-FgfR1, Sp-FgfR2, and Sp-Msp130. The graph was obtained from scRNA seq at 
72hpf by Dr. Periklis Paganos. 
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However, the question whether TRH and dopamine signalling pathway interact 

remained unsolved.  

Figure 5.4| Sp-Trh and Sp-Fgf9/16/20 localization 
A and B: Double WMISH for Sp-Trh and Sp-Fgf9/16/20 at 72 hpf showing the relative position of 
the Fgf and Trh cells. 
C and D: Double WMISH for Sp-Trh and Sp-Fgf9/16/20 at 96 hpf. 
E and F:  Double WMISH for Sp-Trh and Sp-Fgf9/16/20 at 96 hpf was combined with TRH 
immunostaining.  
The pictures are full projections and different views are shown to describe the relative position 
of TRHergic anf FGF9/16/20 cells.  
m=mouth;  a=anus; s=stomach; e=esophagus; i=intestine 
 



Page | 101  
 

5.4 TRH and Opsin 3.2 – role in vivo 

As introduced in Chapter 3.2.2, the TRHergic cells are also expressing the Opsin3.2. 

Based on the action mechanism of these molecules is conceivable that activation of 

Opsin 3.2 under light stimulus has a downstream effect on the TRH, especially at level 

of peptide release.  Subsequently comes the question: what happens when the Opsin3.2 

is disrupted (Figure 5.5)? 

To answer this question an antisense morpholino oligonucleotide against Sp-Opsin3.2 

was injected in sea urchin zygotes (Figure 5.6, a). A control morpholino (FluoMO) and 

TRH-MO were also injected in parallel. First step was to assess the phenotype of the 

injected larvae.  Figure 5.6 b) shows the observed phenotypes. Interestingly, Opsin3.2 

morphant larvae had a morphology very similar to the TRH morphant ones, meaning 

that larvae displayed an impaired arm growth. 

In order to quantitatively measure these phenotypes, spicule length was evaluated 

as described in 2.9. Data analysis was complicated by the fact that part of the larvae 

injected had a normal phenotype, as also described in the preliminary experiment for 

TRH-MO. For the statistical analysis of the data, Bayesian inference was applied to build 

a multivariate/multilevel model. Raw data and the whole analysis can be found in the 

Additional files in the “phenotypic plasticity data analysis” folder, Sp April2021.      

 

 

Figure 5.5| Hypothesis tested: TRH and Opsin 3.2 distruption 
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In this model also individual variability and autocorrelation were taken into account by 

introducing as group level effect the variable “larva”. Up to 6 measures may come from 

the same individual as three spicules were measured and each larva possess two sets of 

them, one on the left and one on the right side of the body (Figure 1.6). First of all, the 

effect of the microinjection procedure was taken into account by comparing uninjected 

larvae (Control starved) with larvae injected using a control morpholino (FluoMO). 

Overall FluoMO showed shorter arms, even though the general morphology was quite 

normal.  Nonetheless, the model produced from the data shows that the TRH and 

Opsin3.2 morphants larvae have much shorter PO arms when compared with non-

injected larvae and larvae injected with the control morpholino (Figure 5.6, c). The effect 

on the oral arms (measured as OD+OT), appears more ambiguous, as a negative effect 

of the microinjection procedure on the arm length was observed. The TRH morphants 

appear to have much shorter OD+OT rods compared to both uninjected controls and 

FluoMO. On the contrary, Opsin morphants had longer OD+OT that TRH ones, 

overlapping with the FluoMO. This means that this difference is not statistically 

significant. However, from a morphological point of view the difference was quite 

visible, since Opsin3.2 morphants have an apical region which is roundish, while in 

FluoMO is more squared (Figure 5.6, b), the difficulty to distinguish between the two 

might also come from the fact that Opsin3.2-MO showed to have a higher percentage 

of normal developing larvae. Another detail that must be taken into account is that, 

FluoMO showed longer BR while comparing with uninjected larvae, TRH-MO and 

Opsin3.2MO, however, did not had such a striking effect. This could also suggest that 

the negative effect on the arm growth could be cause by a side effect of this specific 

morpholino. In any case, more replicates are necessary and a greater number of larvae 

analysed could also improve the statistical significance of the difference observed in the 

oral arms for the Opsin3.2 morphants.    

In conclusion this experiment provided evidence for a role of Sp-Opsin3.2 for the 

correct growth of sea urchin larvae, possibly mediated by the TRH neuropeptide. In this 

scenario TRH would be required for arm development, while Opsin3.2 would be 

required for TRH release and/or synthesis.  
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Figure 5.6| TRH role in vivo, phenotypic characterization of morphant larvae 
a) Schematic representation of a microinjection experiment. Just after fertilization, zygotes were 
microinjected with the morpholino and then placed in the incubator under a normal light-dark 
cycle. The they after, embryo hatched from the fertilization envelop and was then possible to 
transfer them in multiwall, where thy have been reared until 6 dpf. Finally, larvae were fixed and 
observed at the microscope. Scale bars are 50 µm. 
b) Examples of the phenotype observed in the uninjected controls (Control starved, in pink), 
injected with a control morpholino (Control Fluo, green), Opsin 3.2 MO (light blue), and TRH MO 
(purple). 
c) The graph shows spicule length data after Bayesian inference. The dot indicates the mean, while 
the error bars represent the 95% Credibility Interval (CI).  
L=scaled length; BR=Body Rod; OD+OT= Oral Distal+Oral Transversal; PO=Post Oral 
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To visualize whether Opsin3.2-MO as an effect on the TRH production at level of both 

mRNA and peptide synthesis, and vice versa, TRH immunostaining and Trh/Opsin3.2 

WMISH were combined (Figure 5.7). First of all, a TRH immunostaining was performed 

on control, TRH-MO and Opsin3.2-MO larvae (Figure 5.7, a) A and B, b) A and B, Figure 

5.8). Immunostaining failed on TRH morphants, indicating that the morpholino was 

effective even after 6 days.  Opsin3.2-MO on the other hand, showed to have an effect 

proportional to the larval phenotype, meaning that larvae with a phenotype 1 (Ph1) 

seemed to possess both TRH cells while the ones having a Ph2 tend to have fewer TRH, 

while it was impossible to stain TRH cells in Ph3 larvae.   

Looking at the mRNAs localization, Opsin3.2-MO seemed to not have an effect at the 

level of TRH gene expression (N=4), as showed by Sp-Trh WMISH (Figure 5.7, a) C and 

D). On the contrary, in TRH morphants, no clear staining of the Sp-Opsin3.2 expressing 

cells was obtained (in N=4/5, another larva had one Opsin3.2 positive cell). This would 

suggest that TRH is necessary for fully differentiation of these cells. Nonetheless only a 

limed number of larvae were observed and further replicates are necessary to evaluate 

this phenotype. Additionally, a quantitative qPCR could be performed to quantitatively 

evaluate the effect of the Opsin3.2-MO on Trh gene expression, and to confirm the 

downregulation of Opsin3.2 gene expression in TRH morphants. 

Furthermore, since injected larvae showed to have an unusual morphology in the 

apical region area, serotonin immunostaining was performed to visualize the neurons 

belonging to the apical organ. Interestingly, in TRH-MO it looks like the serotonergic 

neurons somehow lack their usual organization and tend to be more close to each other, 

rather than being distributed on a wider line (Figure 5.8, B1 and B3, B3’). 

In conclusion, these results suggest a role during sea urchin post embryonic arm 

growth for both Sp-TRH and Sp-Opsin3.2. In addition, TRH cells might be necessary for 

the correct development/organization/differentiation of the serotonergic neurons.  
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Figure 5.7| Molecular characterization of injected larvae 
Control and injected larvae were stained for TRH and opsin to confirm the effectiveness of 
the TRH knock down and to investigate the effecto of the absence of one gene on the 
expression of the other. 
a) TRH immunostaining (A and B) and WMISH (C and D)  on control and Opsin3.2 MO larvae 
showing that TRH is still produced in larvae lacking the opsin3.2. 
b) TRH immunostaining (A and B) on control and TRH MO larvae confirm that TRH peptide 
is not produced in morphant larvae. Sp-Opsin3.2 WMISH of TRH MO failed detecting the 
Opsin3.2 cells, suggesting that TRH might be necessary for fully differentiation of these cells.  
M=mouth  
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Figure 5.8| Apical organ organization in morphant larvae 
Double TRH and serotonin immunostaining shows the relative position of TRH neurons and 
apical organ in control larvae. A1 and A3 shows the classic organization of bigger flask 
shaped serotonergic neurons alternated by smaller and round serotonergic interneurons.  
A2: shows a lateral view of a TRH neuron projecting toward a serotonergic cell. 
B1-B3:  in TRH morphants serotonergic neurons lost their usual organization. B3’ is a 
magnification of the area encircled in the dotted square in B3 showing four serial stacks.  
M=mouth 
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5.5 Link between food response and TRH pathway 

In order to investigate the possibility that TRH might be regulated in response to food 

at the level of both mRNA and peptide, immunostainings and WMISH were performed 

in larvae reared with and without food. However, no striking differences were observed 

in these stainings (Figure 3.3). Nonetheless, WMISH is not properly quantitative and 

scRNA-seq data predicted a Sp-Drd1_2 to be expressed in the TRH neurons, supporting 

the idea that dopamine signalling might regulate TRH synthesis and/or secretion in 

response to food. Therefore, in order to quantitatively evaluate Sp-TRH gene expression 

levels, a qPCR experiment was designed. S. purpuratus larvae were reared in 4 L glass 

beakers with or without algae. Samples were collected at 72 and 96 hpf to perform a 

qPCR. Results are shown in  Table 5.1. Preliminary results on one 72 hpf replica and two 

96 hpf biological replicates suggested no differential expression of TRH at both 72 hpf 

and 96 hpf. This result is consistent with the evidences from immunostaining and in situ, 

therefore no more batches were analysed. 

Nevertheless, these data represent what happens in larvae grown in presence or in 

absence of food and they are not an evaluation of the actual response to food intake, 

which can be assessed exposing larvae to food after a period of starvation.  

 

 

 

 

 

 

 

5.5.1 Evaluation of the response to food intake on TRH expression  

In order to evaluate the actual response of TRH expression levels to the food intake 

the following experiment was designed (Figure 5.9). 

 
1st replica 

ΔCts 
2nd replica 

ΔCts 
ΔCts Mean SD 

72 hpf starving 8,900  8,900  

72 hpf feeding 8,592  8,592  

96 hpf starving 8,212 8,252 8,232 0,028 

96 hpf feeding 8,024 8,302 8,163 0,197 

Table 5.1| Sp-TRH relative expression. 
qPCR data obtained at 72 and 96 hpf from fed and starved larvae. Normalized 
TRH ΔCts are shown.  
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After fertilization, S. purpuratus larvae were reared in 4L beakers at 15°C in a 12h 

light/dark cycle. At gastrula stage (48 hpf) embryo were fed  with 5000 cells per ml of D. 

tertiolecta, according to (Adams et al. 2011). At late pluteus stage (96 hpf) the cultures 

were washed to remove all the food and the animals moved in clean FSW 9:1. Animals 

were grown without food for two days to empty their stomachs. At this point (named 

T0), samples were collected for immunostaining and for RNA extraction. Then cultures 

were cleaned again, to remove all possible traces of food, and each culture was divided 

in two: one was kept in starving condition, to the other food was added as previously. 

After one day (+24h) samples were collected for both immunostaining and qPCR.  

A first qPCR experiment on two biological replicates (Batch A and Batch B), sowed no 

significant differential expression of TRH at mRNA level (Table 5.2).  

 

TRH ΔCt Batch 4 ΔCt Batch B ΔCt mean SD 

T0 8,066 8,948 8,506776 0,62354 

+24S 8,373 8,769 8,570896 0,28043 

+24F 7,296 8,650 7,973379 0,957336 

 

 

 

In conclusion, the expression levels of TRH mRNA seem not to respond to food intake.  

Table 5.2| Feeding experiment qPCR results  
TRH Cts were normalized against Ubiquitin Cts: ΔCt= CtTRH – CtUbiq. 
 

Figure 5.9| Schematic representation of the feeding experiment 
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However, it is still possible that the response is regulated at the level of peptide 

secretion. Therefore, TRH immunostaining was performed on a mix of three batches to 

investigate possible variations in the levels and distribution of TRH immunolocalization 

(Figure 5.10). 

 

 

 

 This staining showed a stronger TRH immunopositive signal in larvae collected after 

24 hours of starvation, suggesting an increased production of TRH peptide or, 

alternatively, that the peptide is not released and then is accumulated in the vesicles. 

Figure 5.10| Feeding experiment, TRH immunostaining 
a) Larvae collected at T0, +24h starvation and +24 of feeding, were imaged using a Leica 
DMI6000 B. phenothypic observation in Brightfield shows that starved larvae have small and 
empty stomach. While, TRH immunostaining ahows a stronger immunosignal in larvae after 
additional 24 h of starvation. 
b) TRH immunostaining was classified in three categories: no-low, medium, and strong. 
Counting the proportion of these stainings, a stronger signal was observed in larvae after 
addional 24 hours of starvation. 
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Dot-plot experiments could provide a quantitative tool to measure this phenotype, 

however, since the focus of this work was on the role of TRH at earlier stages, no further 

experiments were performed.  

5.5.2 Link between food response and TRH pathway: Conclusions 

In conclusion, despite scRNA-seq data suggests the presence of a dopamine receptor 

on the TRH cells, no differential expression at level of both peptide and mRNA was 

found. Nonetheless, it is known that only a small amount of peptide is released upon 

stimulus to avoid complete depletion of storages. Therefore, it is possible that 

immunostaining experiments are not sensible enough to visualize such difference, 

especially at earlier stages, when TRH is still lowly expressed.  

On the other hand, at later stages, a preliminary experiment aiming at specifically 

investigate the effect of food supply and prolonged starvation, suggested that starved 

larvae produces more or retain in the storages much more TRH, compared to fed larvae. 

However, further experiments using more quantitative methods are required to 

describe this response.  

 

 

5.6 Discussion and conclusions: TRH and Opsin 3.2 role in vivo 

Knock-down experiments for both TRH and Opsin3.2 demonstrated the important 

role that these two signalling pathways have for the sea urchin S. purpuratus larval 

growth. In particular, the evidence that TRH morphant larvae do not properly grow their 

arms, suggests that this signalling is necessary for correct arm development. The 

localization of the Sp-TrhR on the ectoderm covering the arm tips, suggests a possible 

mechanism. Arm growth requires also the elongation of the skeleton underneath that 

have the function to sustain the ectoderm. It is known that such mechanism requires a 

correct signalling between the ectoderm and the skeletogenic cells and that two main 

players are VEGF and FGF signallings (Adomako-Ankomah and Ettensohn 2014).  

Taking advantage of both classic WMISH and immunostaining approaches together 

with scRNA-seq data, it was possible to describe how the TRH signalling might be 

integrated in such crosstalk. A preliminary hypothesis for how this crosstalk could work 

is illustrated in (Figure 5.11). In brief, TRH (emanating from the green cell) signals to its 
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receptor expressed by cells located in the epithelium that covers the arms (cyan). On 

the other hand, the TRHergic cells are also predicted to produce VEGF (blue), which 

could signal to the skeletogenic cells expressing FGF9/16/20 (orange) through its 

receptor VEGFR (red). FGF9/16/20, on the other hand, could signal both to the TRHR 

cells (which are predicted to express both FGFR1 and FGFR2) and to the TRHergic/VEGF 

cell through the FGFR1, also predicted to be expressed by the TRHergic cells. Finally, the 

TRH peptide could, most likely indirectly, modulate both FGF and VEGF (as suggested by 

the in situ hybridization experiments performed by my colleague Dr. Natalie Wood on 

TRH-MO and TRHR-MO injected larvae). 

 

 

 

Another intriguing piece of data is that the knock-down of the Go-Opsin (Sp-

Opsin3.2), which is expressed in the TRHergic cells, produces a phenotype similar to the 

TRH-MO, although less severe, suggesting that this Go-Opsin is necessary for TRH 

mature neuropeptide synthesis or, most likely, release, thus establishing a strong 

connection between light and arm development. 

Figure 5.11| Hypothetic pathway for TRH and skeletogenesis interaction 
On the left a schematic representation of one of the two oral arm of the sea urchin larva 
illustrates where the players of this pathway are espressed,  the arrows show the possible 
direction of their signalling, linking the signalling molecule to its receptor.  On the right it was 
reconstructed the hypothesized interactions between these signalling molecules. Dashed 
lines indicate likely indirect interactions. Dots at the nodes represent the signalling molecule, 
double arrows represent the interaction between the signalling molecule and its receptor. 
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A further signalling pathway known to regulate arm growth is the dopaminergic one, 

that is involved in inducing the short arm phenotypic response to food availability in the 

environment as postulated by Adams et al. (Adams et al. 2011). A cross talk between 

Dopamine signalling and TRH was predicted by scRNA-seq data through the presence of 

a dopamine receptor (Sp-Drd1_4) in TRHergic neurons; however, no differential 

expression of TRH was observed in larvae grown with or without food. Nonetheless, at 

later stages, immunostaining experiments, performed on larvae grown with food and 

then deprived of it, showed a stronger TRH immunoreactivity when compared to fed 

larvae, suggesting a massive production and accumulation of this peptide in response to 

the prolonged starvation.  

However, if the dopamine signalling were regulating TRH release, just performing 

immunostaining might not be enough to visualize a difference. First, because usually 

neuropeptides are not massively released upon stimulus to avoid complete depletion of 

the storages, and also because, in my experience, many factors might interfere with 

immunostainings (fixation for example is main source of variability, and although 

samples are processed at the same time). Therefore, a more reliable quantitative 

method to measure differences in the protein expression levels is necessary. Since 

western blot approaches seem to not be possible with this very small and acidic 

neuropeptide, an alternative would be to set up a dot-plot protocol for quantitative 

immunofluorescence measurements. In conclusion, while further experiments are 

necessary to demonstrate at molecular level a cross-talk between Dopamine mediated 

response to food and TRH signalling, the presence of a Dopamine receptor on sea urchin 

TRHergic photoreceptors suggests that these sensory cells might mediate the inhibition 

of arm growth observed in presence of food.    
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Sea urchin phenotypic plasticity evaluation and response to light 

 

In the previous chapters, it has been described how the TRH/Opsin3.2 cells are 

integrated in the larva sensory/neurosecretory system both from a morphological and 

a functional perspective. However, their involvement in the response to food availability 

remains elusive. Based on the scRNA-seq data it seems likely that the dopamine 

signalling could modulate TRH activity, since at 72 hpf the TRH/Opsin3.2 cells are 

predicted to express the Sp-Drd1_2. TRH and dopamine seems to exert two opposite 

effects: 

o TRH is necessary for arm development; therefore, it plausibly increases arm 

growth 

o Dopamine is inhibiting arm growth in response to food; 

Therefore, it can be imagined a scenario in which the dopamine production in response 

to food has a negative effect on the TRH synthesis and/or release. While, overexpression 

of TRH could counteract the dopamine production in response to food, inducing longer 

arms in fed larvae.  

To investigate and clarify this connection a possibility could be to interfere with the 

dopamine signalling and investigate if and how the TRH signalling is affected.  

Moreover, the coexpression of the Opsin3.2 in the TRHergic neurons and the effects 

of it depletion on the arm development strongly suggest that the light conditions are an 

important factor to keep in mind while considering all such interactions.  

Aim of this part of my project was to set up a protocol to evaluate phenotypic 

plasticity, dopamine signalling disruption, and TRH and Opsin3.2 knock-down in the 

same experimental conditions to compare these treatments. Since knock-down larvae 

and drug volume were my limiting factors, I choose to setup the protocol in small volume 

cultures, growing larvae in 6-well plates (as we currently do for injected larvae) instead 

of using large volume beakers.  
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6.1 Phenotypic plasticity assessment in P. lividus  

In order to set up the best experimental conditions for evaluating phenotypic 

plasticity in small volume cultures, P. lividus was chosen as model system due to the 

following advantages over S. purpuratus: 

o P. lividus develops faster, shortening the experiment; 

o having longer arms it shows a clearer difference between fed and starved 

larvae; 

o P. lividus appears to be more robust and less prone to abnormal development, 

whereas S. purpuratus larvae morphology and arm length seems to be easily 

affected by suboptimal conditions (e.g. since we use natural sea water its 

quality might change; also the conditions of the gametes are very important, 

especially the eggs); 

o being a local species they are always available at Stazione Zoologica animal 

facility, while S. purpuratus must be obtained from California;  

o P. lividus larvae feed very well on D. tertiolecta microalgae, the species 

available at our facility. While for S. purpuratus, even though Adams and 

colleagues used D. tertiolecta for their experiments, prefer Rhodomonas spp. 

which seems much prone to crash and, therefore, is a less reliable source of 

food.  

Subsequently, I selected a container to house the animals during experiments and 

the volume of seawater to use based on several criteria. In our lab, we successfully grow 

injected larvae in 6-well plates; therefore, I decided to apply similar conditions. 

However, as the concentration of larvae appears to impact their growth, it was 

necessary to decide how many larvae to put in each well.  

To start, I decided to fill the well with 4 ml of FSW and put 50, 100 or 200 larvae (the 

highest being about the usual concentration we use for knock down experiments). To 

remove a possible source of variability and because the drugs (a TH inhibitor, quinpirole 

and amisulpride, as described by Adams and colleagues) we planned to use are reported 

to be light sensitive, we initially grew larvae in a light cycle of complete darkness (DD). 

Another important variable is the time-point: as preliminary investigation I choose early 

and late pluteus stages: 48 hpf and 72 hpf. The complete experimental design is 
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summarized in figure (Figure 6.1), raw data and the whole analysis can be found in the 

Additional files in the “phenotypic plasticity data analysis” folder, Pl Oct2020.   

   

 

 

Linear regression models, using Bayesian estimation with weakly informative priors, 

were performed as described in Chapter 2.9 (the details are in the Non book 

component). In P. lividus at 48 hpf, no significant differences could be observed in both 

body rod and post oral arms in fed or starved larvae, moreover the concentration of 

larvae in each well did not affect spicules length (Figure 6.2). However, at 72 hpf, no 

differences in body rod length were observed at the lower concentrations (50 and 100 

larvae/well, corresponding to 12.5 and 25 larvae/ml), while at the higher concentration 

(200 larvae/well or 50 larvae/ml), fed larvae showed slightly longer body rod than 

starved ones. Surprisingly, at the lower concentration (50 larvae/well) no difference 

could be observed in fed and starved larvae while at the higher concentration (200 

larvae/well) fed larvae showed significantly longer PO arms that starved larvae, contrary 

to our expectations. Moreover, the arm length of starved larvae was reduced in 

response to higher larval concentration, whereas in feeding condition the arm length of 

Figure 6.1| Experimental design Pl October 2020 
This experimental design was conceived to assess the best contitions to observe 
phenothypic plasticity breeding larvae in 6-well plates. Larvae were fixed at two 
time points (48 and 72 hpf), and reared in 3 concentrations: 500, 100 or 200 
larvae were placed in each well containing 4 ml of FSW. Larvae were fed (in green 
wells) with 5000 c/ml of D. tertiolecta.  
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fed animals increased only slightly. This suggests a differential response to competition 

in response to food availability: When larvae compete for food they grow slightly longer 

arms, allowing them to capture the food more efficiently. When no food is available, 

they develop much shorter post oral arms, perhaps to reserve food or due to the toxic 

effects of overcrowding (as a lack of oxygen, that could be counteracted in feeding 

condition by the microalgae).  

 

 

In conclusion, our modelling indicates that in P. lividus phenotypic plasticity is 

observed only starting from 72 hpf. Moreover, larval concentration seems to affect post 

Figure 6.2| Effects of larval concentration and food availability on BR and PO 
The response was evaluated using a scaled version of the length (L) over a scaled version of the 
concentration given as larvae/ml (C). Data for BR and PO are shown at 48 hpf and 72 hpf. 
The dots represent individual predictions, the middle lines represent the means while the 
lighter coloured ribbons represent the corresponding credible intervals (CI) for 95% probability.  
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oral arm length. Finally, the phenotype with long arm in starving condition and short 

arms in feeding condition could not be observed in larvae grown in complete darkness, 

indicating that light is necessary, which is intriguing, especially considering the role that 

TRH and Opsin3.2 have in S. purpuratus.  

A second experiment was designed in P. lividus to confirm this result and evaluate 

whether growing larvae under a classic 12h light:12h dark cycle (LD) could rescue the 

expected phenotype in response to food (Figure 6.3).  

Two plates were organized as previously described, one was placed under a classic 

LD cycle while the other was kept in complete dark (DD) (Figure 6.3). Larvae were fixed 

at 72 hpf. Moreover, the amount of food was increased to 10 000 cells/ml, which gave 

a much better result in terms of food observed in the gut of the fed larvae. This time, a 

striking difference was already evident while looking at the plutei under the microscope.  

Figure 6.3| Experimental design 2 November 2020  
This experiment was designed to observe the response of larvae to ffod availability 
under a LD and the DD conditions. Larvae were fixed at 72 hpf and the plates were 
organized as for the previous experiment. 
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Raw data, extended experimental design and detailed analysis can be found in the 

Non book component in the ‘phenotypic plasticity data analysis’ folder, Pl 2Nov2020. 

In this experiment, the outcome (predicted value), length, and the predictor 

concentration were scaled (L and C respectively) by their standard deviations and 

centered such that the mean value is 0. We did this to improve model efficiency and to 

ease prior choice. Since the response to the concentration need not be perfectly 

geometric but could be better described on a magnitudinal scale, we found the scaled 

and centered exponent and natural log of concentration. The relationship between the 

scaled length and these metrics of concentration were fitted in four different models: 

o mod.1: linear model according to a Gaussian distribution using the scaled 

concentration (C) without any transformation and any group level effect 

length ~ concentration 

Figure 6.3| Experiment 2 November 2020 – observed phenotypes 
Pictures of larvae have been obrtained using the Zeiss Axio Imager under a 20x objective 
equipped wit a DIC filter. Larvae were pressed between a slide and a coverslip to place the 
spicules on the same focal plane. The length of the spicule was evaluated using the tool of the 
Zen Blue sowtware. 
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o mod.2: as mod. 1 including a random intercept (group level effect) of 

individual larva 

length ~ concentration + (1|individual) 

o mod.3: as mod.2 but modelled according to the scaled and centered natural 

log of concentration; 

length ~ ln(concentration) + (1|individual) 

o mod.4: as mod.2 but modelled according to the scaled and centered exponent 

of concentration. 

length ~ exp(concentration) + (1|individual) 

 

  In all models, except mod.1, the variable larva was used as group level effect to take 

into account individual variability and autocorrelation due to the fact that some 

measures come from the same individual.  Weakly informative priors have been used to 

guide the models (see Non book component, Pl 2Nov2020).  

The models were finally compared using leave one out cross validation (LOO), which 

ranked the models in the same order. The best model  mod.3, which therefore this was 

chosen (Figure 6.4). 

Regarding the body rod, in both DD and LD conditions, no difference was observed in 

fed and starved larvae and larval concentration did not affect growth. post oral arms, 

however, showed a different response in DD and LD conditions. While under the DD 

condition no differences between fed and starved larvae could be observed, even at the 

higher larval concentration. Under the LD cycle, fed larvae grown at the lower larval 

concentration (12.5 larvae/ml) displayed significantly shorter post oral arms when 

compared to the starved condition. Moreover, the difference between spicule length in 

fed and starved larvae appears to decrease with increasing larval concentration. This 

seems to be due to a reduction of the post oral arm length in the fed larvae and an 

increase in the starved larvae.  

In conclusion these data strongly suggest that the light and larval concentration have 

an important function in regulating the phenotypic response to food availability. 
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Figure 6.4| Interaction between light conditions and concentration on the response to 
food availability 
The response was evaluated using a scaled version of the length (L) over using the scaled 
log(conc) (ln.conc.s).Data for BR and PO are shown at 48 hpf and 72 hpf. 
The dots represent individual predictions, the middle lines represent the means while 
the lighter coloured ribbons represent the corresponding credible intervals (CI) for 95% 
probability.  
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6.2 Phenotypic plasticity assessment in S. purpuratus 

 The evidence that light is required to obtain the phenotypic plasticity in P. lividus 

lead to the question: is light necessary for phenotypic response to food also in S. 

purpuratus? Preliminary attempts to observe phenotypic plasticity were made collecting 

S. purpuratus at 96 hpf, which corresponds to a P. lividus 72 hpf pluteus. However, at 

this stage S. purpuratus larvae have still very short arm compared with P. lividus and it 

was not possible to appreciate a significant difference between larvae grown with or 

without food (data not shown).  Therefore, it was concluded that a more suitable time 

point is at least 5-6 dpf and for the future experiments larvae were collected at 6 dpf.  

Another preliminary experiment to assess the phenotypic response to the complete 

dark condition was performed growing larvae in glass beakers, at a density of 10 larvae 

per ml. Two beakers were placed in the LD cycle and the other in DD. For the feeding 

condition 10000 cells/ml of D. tertiolecta were given at 48 hpf (gastrula stage) (Figure 

6.5). However, in LD the fed culture crushed and only few individual survived, which 

nonetheless seemed in good health condition.  

 

Bayesian estimation differs from classical asymptotic estimation in that large sample 

size need not be an assumption and conclusions can be drawn from relatively small 

Figure 6.5| Experimental design December 2020 
This experiment was designed to observe the response of larvae to food availability under 
a LD and the DD conditions. Larvae were grown in glass beakers fixed at 96 hpf.  
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samples. Indeed, also in S. purpuratus under the LD cycle larvae reared in presence of 

food had much shorter post oral arms than  larvae grown without food (Figure 6.6). 

Conversely, fed larvae grown in complete dark  (as per the first Pl experiment at the 

higher concentration, Figure 6.2), displayed even longer arms than starved larvae. This 

suggests that for both S purpuratus an P. lividus, light is necessary for the response to 

food availability.  

From the experiments of (Adams et al. 2011) and (Kalachev 2020), it is known that 

dopamine has fundamental role in this response. Briefly, dopamine is produced in 

response to food availability and it inhibits post oral arm elongation. And when 

Dopamine is added to the culture it produces shorter arms in a dose-dependent manner. 

 

 

 

Based on these evidence, it was natural to ask: is the dopaminergic signaling 

connected to the light response? And if yes, how? What happens in DD condition if the 

dopaminergic signaling is disrupted? (Figure 6.7) 

 

Figure 6.6| Effect of DD cycle on Sp phenotypic response 
The response od larvae reared in constant dark (DD) and under the normal light-dark 
cycle (LD) was evaluated using a scaled version of the length (L). 
The dots represent the mean values while the bars show the credible intervals (CI) for 
95% probability.  
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To answer this question, the dopaminergic signaling was perturbed rearing larvae 

with α-Methyl-DL-tyrosine methyl ester hydrochloride (TH inh), that is an inhibitor of 

the TH (Tyrosine hydroxylase). For this experiment, S. purpuratus larvae treated with 

10nM of TH inh and control larvae were reared in LD or DD conditions (Figure 6.8). Drugs 

and food (5000 cells per ml of D. tertiolecta) were added at gastrula stage, according to 

(Adams et al. 2011). Also, larvae were reared in a new setup, illustrated later in Figure 

6.10. More details on the experimental design and raw data can be found in the 

Additional files, phenotypic plasticity data analysis folder, Sp April2021. Two biological 

replicates were obtained for this experiment.  

 

Figure 6.7| Test hypothesis for TH inhibitor 
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The results of the statistical inference are shown in (Figure 6.9).  For this experiment 

body rod, post oral and OD+OT spicules were measured. Overall, the phenotypic 

response to food availability with short arm in feeding/long arms in starving condition 

was observed for both post oral and OD+OT only under a LD cycle, both DD and THinh 

treatments inhibited this response. The THinh induced the same response in both 

batches A and B. The response to the drug did not change under the DD condition, as 

the same response observed under the LD cycle was observed in DD larvae treated with 

THinh and no difference was observed in this response between the two batches. In 

contrast, the response to food under the DD condition was completely different in the 

two batches. In fact, in the batch A in DD condition no significant difference was 

observed between fed and starved larvae in both post oral and OD+OT. In batch B fed 

larvae developed much longer arms than starved larvae.  

Figure 6.8| Design experiment April 2021 -  Part 2 – TH inh 
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Figure 6.9| Effect of DD cycle and TH inh on Sp phenotypic response 
The response of larvae exposed to 10 nM of THinh and DMSO (control) for 6 days was 
evaluated using a scaled version of the length (L). larvae grown in both condition were 
exposed to DD and LD conditions. Two biological replicates were obtained. a) represents the 
first batch, A; b) represents the second batch, B. 
The dots represents the mean values while the bars show the credible intervals (CI) for 95% 
probability.  
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In conclusion these data confirm that light is necessary for the correct phenotypic 

response to food availability. Moreover, it seems that dopamine signaling does not 

respond to light and that, as suggested by Adams and colleagues, it is downstream of 

the food response because in all the conditions the absence of dopamine seems to have 

the same effect.  

Finally, the phenotypic response to dark is strongly batch specific and is not yet clear 

what is the source of such variability. One possibility is that it is related to the larval 

genotype or differences in maternal storages. Another possibility is that the source of 

variability comes from the food, which is thought to be a major exogenous source of THs 

and other iodinated compounds that influences larval development. 

Nevertheless, these data do not clarify whether only light is required for the for 

phenotypic response or rather exposure to a light dark (LD) circadian rhythm. A 

possibility would be that a correct LD cycle is necessary, in this case even exposure to a 

constant light source (LL) would disrupt such phenotypic response, thus opening a new 

scenario in which the LD cycle ultimately influences sea urchin growth and the response 

to food availability. In order to investigate this possibility, one would need to reproduce 

the experiments described above growing fed and starved larvae in three light 

conditions: constant dark (DD), the classic 12L:12D (LD) and in constant light (LL). To do 

so, a new set ups has been built in temperature-controlled room by Dr. Kirwan and I. In 

this set up, used for the April experiment and others under analysis, it is possible to run 

all three conditions simultaneously. Moreover, as the intensity, wavelength and time 

period of the light sources used can be regulated, it would be possible to test a variety 

of criteria, including different light intensities and cycles. Currently the light is optimized 

to recapitulate the light of other incubators already used at Stazione Zoologica Anton 

Dohrn to culture sea urchin larvae:  a broad spectrum neon/fluorescent light source with 

an intensity of 1.4 µmol where the plates are placed (measured using an irradiance 

meter). 
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6.3 Discussion and conclusion: phenotypic plasticity evaluation and 
response to light 

The setup of a protocol to observe phenotypic plasticity in sea urchin larvae reared 

in 6-well plates demonstrated not be trivial and a number of factors were found much 

more important than expected, such as the larval concentration. Moreover, a new factor 

was shown to be required for the phenotypic response to food availability: light! 

Nevertheless, these data do not clarify whether to be important for phenotypic 

response is just the presence of light or the exposure to a LD cycle. A possibility would 

be that a correct LD cycle is necessary, in this case even exposure to a constant light 

source (LL) would disrupt such phenotypic response, thus opening a new scenario in 

which the LD cycle ultimately influences the sea urchin growth and the response to food 

availability. Whether this response is directly mediated by the Go-Opsin3.2 is still not 

clear. A possibility is that other elements are involved in such response. For example, 

the larva apical organ has been proposed to be involved in the circadian rhythms 

establishment as some serotonergic neurons also express the clock gene Sp-Dcry 

(Petrone 2015). In order to investigate such possibilities, experiments have been already 

planned, briefly the plan is to reproduce the experiments described above growing fed 

and starved larvae in three light conditions: constant dark (DD), the classic 12L:12D (LD) 

and in constant light (LL). To do so, a new set ups has been build I a cold room by Dr. 

Kirwan and me. In such set up (Figure 6.10), already used for the April experiment and 

for some other, still under analysis, it is possible to run all three conditions at the same 

time. Moreover, since the light sources used can be regulated using a dedicated app, it 

would be even possible to test different light intensities and or different light cycles. 

Currently it is programmed to mimic the light of other incubators already used at 

Stazione Zoologica to grow sea urchin larvae. More in details it is using a white 

neon/fluorescent light source with an intensity of 1.4 µmol where the plates are placed 

(measured using an irradiance meter). 
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Figure 6.10| Setup for light 
experiments 
A and B a general view of the setup 
built in a cold room using a shelf. This 
shelf was covered in dark opaque 
material and divided in two sections 
equipped with two independent 
lights. The door closing the shelves 
are attached to it using magnetic tape 
and are covered with dark material in 
the inside. 
C between the light source and the 
larvae a double layer of diffusing 
material avoid too bright light spots.  
D screenshot of a program made 
using the app Mobius to control light 
intensity, light cycle and type of light 
to use (colour,  and UV). 
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General discussion  

 

7.1 A tale of TRH, apical organs and hypothalamus… 

A connection between the apical organ of marine larvae and the hypothalamus of 

vertebrates has been proposed in the past, based on molecular, morphological and 

developmental similarities as discussed in Chapter 1.1.The data presented in this thesis 

work introduce another player in this scenario: the TRHergic cells, which have such a 

fundamental function in the hypothalamus and seem to have an ancient origin and a 

conserved function in regulating post-embryonic growth. 

Altogether, the data collected in this thesis work allow us to draft a preliminary 

comparison between the mammalian and sea urchin TRH pathways, as depicted in 

Figure 7.1, which strengthen the hypothesis of homology between marine larval apical 

organs and vertebrate hypothalamus.  Briefly, the molecular reconstruction of the TRH 

pathway in the sea urchin S. purpuratus discussed in the Chapter 3 depicts a fascinating 

scenario in which many upstream regulators of the hypothalamic TRH neurons activity 

in vertebrates (such as GABA, somatostanin, BDNF, glutamate and possibly dopamine), 

with the remarkable absence of the POMC/α-MSH system, seem to be present also in S. 

purpuratus, as well as the enzymatic cascade necessary for the TRH synthesis. Opposite 

to this, the downstream cascade initiated by TRH appears to have been extensively 

rewired during evolution. Even within vertebrates, the TRH effect on the TSH is not fully 

conserved (as described for fishes in Chapter 1.2.5) (see also (Lazcano et al. 2021)). Most 

likely, this feature arose later during the evolution. On the contrary, the connection 

between the TRH signalling and the control of post embryonic growth appears to be 

strongly conserved, as suggested by its function in sea urchin and C. elegans (Van Sinay 

et al. 2017). 
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7.2 …and a tale of TRH/photoreceptors cell types evolution 

A final remark is for the evidence that the TRHergic neurons of the sea urchin larva 

also expresses a Go-Opsin. The connection between TRH neuropeptide and light 

perception is another recurrent characteristic. In fact, TRH and TRHR have been 

reported  in the retina of many vertebrates (Burt 1979; Morley 1979) and it has been 

linked with the release of the Growth Hormone in the retina of chicken embryos. 

Moreover, a population of cells with expressing both Trh and a Valopb (member of the 

nonvisual vertebrate ancient long opsins known as VAL-opsin)  was found in the 

midbrain of adult zebrafish, more precisely in the Edinger-Westphal nucleus (involved in 

the pupillary response to light in mammalian brain) (Hang, Kitahashi, and Parhar 2014).  

However, the function of these specific cells is still unknown. 

Therefore, these data suggest the possibility that the existence of a 

TRHergic/photoreceptor cell type might be a common feature among animals. It is also 

possible that this cell type was the ancestral state and that over the evolution the 

functions of these cells have been divided among the descendant and rewiring of the 

Figure 7.1| Comparison between mammals and sea urchin TRH pathways 
On the top left a schematic representation of the mammalian HPT axis: the TRH neurons situated 
in the hypotalamic PVNs project their axons to the median eminence (ME) where the TRH 
peptide is released in the blood stream of the ME and is transported to the pituitary gland. The 
Tanycytes (Tc) at the base of the III ventricle have a fundamental role in modulating TRHergic 
neurons activity. In the pituitary, TRH hormone stimulates the TSH which is released in the blood 
stream and eventually reaches the thyroid. Here, TSH stimulates the Thyroid Hormones (THs) 
which subesereve a variety of functions: e.g. accelerate metabolic rate, control growth and 
central nervous system development, and many more. Finally, the THs inhibits TRH in the PVN, 
establishing a negative feedback.  
On the top right, the hypothetical TRH pathway reconstructed in the sea urchin. The TRHergic 
cells situated at either side of the apical organ can respond to the light through the Opsin3.2 and 
to the dopamine signalling for food availability through a dopamine receptor (Drd1_2). Finally, 
the TRH peptide induces arm growth through a signalling mediated also by FGF9/16/20 and 
VEGF in a complex crosstalk between skeletogenic cells – epithelium – TRHergic neurons.  
On the bottom, a summary list of the components of the TRH pathway focusing on the upstream 
modulators, molecules involved in Trh gene expression and peptide synthesis, and, for sea 
urchins, other signalling molecules produced by the TRHergic neurons.  
For the mammalian upstream regulators, the list indicates the signalling pathways that have 
been found in literature to modulate TRHergic neurons activity. For the sea urchin, the upstream 
regulators have been reported on the basis of the receptors predicted in the scRNA-seq data to 
be expressed on the TRH/Opsin3.2 cells at 72 hpf and 5 dpf. Moreover, a TRH degrading enzyme 
(TRH-DE), predicted in the TRH/Opsin3.2 cells, has been included.  
In red are indicated the signallings and other molecules in common in the two pathways.  
? indicates that the signalling is not certain but could be possible.  
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downstream signalling introduced new players into the scene (such as the THs). 

Moreover, these TRHergic/photoreceptor cells could be among the minimal modules 

consisting of photosensitive-neuroendocrine cells owned by the Urbilateria discussed in 

Chapter 1, section  1.1.1 (Hartenstein 2006; Tessmar-Raible 2007; Tessmar-Raible et al. 

2007).  

Comparison with emerging data from scRNA-seq on vertebrates’ hypothalamus and 

other invertebrate apical organs could provide new evidence to clarify when these 

TRHergic/photoreceptor cells emerged during evolution. In particular, it will be 

extremely interesting to understand whether a cell type similar to the sea urchin 

TRHergic/photoreceptor cell type described in this thesis work would represent the 

ancient state that subsequently underwent a profound rewiring leading to descendent 

cell types with different functions (sub-functionalization), and maybe leaving some cells 

with ancestral features, such as the TRH/valopsinb cells found in the zebrafish midbrain. 

 

7.3 Conclusions and future perspectives 

In conclusion, within this thesis work: 

o The TRH cells were characterized and it was described how the TRHergic cells 

are integrated in the sea urchin larva sensory system in terms of topology and 

function; 

o The putative components of the sea urchin TRH pathway were identified and 

characterized taking advantage also of data produced in the Arnone lab by my 

colleagues; moreover, differences and similarities with the vertebrate 

pathway were highlighted, providing new evidences for studying how such 

pathway evolved; 

o The role of TRH was assessed in vivo supporting the idea of a conserved role 

for TRH during post embryonic growth; 

o The sea urchin TRHergic/photoreceptor cell type identified provides a new 

scenario for the evolution of TRH cells from an ancestral TRH/photoreceptor 

expressing Go-opsin cell type; 

o A protocol to observe phenotypic plasticity in small-volume cultures was 

successfully established; 
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o This work defined the importance of light for correct development of larvae 

and response to food; 

o The predicted presence of a dopamine receptor on the TRH/Opsin3.2 cells is 

very fascinating, although functional data are equivocal, as it would link these 

cells to the dopamine mediated phenotypic response to food described by 

(Adams et al. 2011; Kalachev 2020).  

Overall these data highlight the complex interaction between the larva sensory 

system and the processes controlling its development and growth. Moreover, it sets the 

bases for understanding how this sensory system works at molecular level and how it 

evolved.  

 

  



Page | 134  
 

Papers 
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Non book component 

Table_TRH_pathway: Word file with the table of genes collected from the reconstruction of the 

TRH pathway in vertebrates. For each gene it includes the name and a brief summary of the 

function in vertebrates, the NCBI geneID and protein sequence ID and the species from which 

they come from. It also containg the putative homologs found in the S. purpuratus genome with 

names, synonyms and SPUs.  

annot_trh_pathway_SPU: Excel file containing the complete list of genes used to reconstruct 

the TRH pathway. The file contains: the WHLs, SPUs, NCBI annotation, Name (according to 

EchinoBase), additional SPUs, GO and PFAM annotations.  

spRNAseq-pltranscriptome: it contains the alignment between the Sp-Trh (SPU_008352.3a) and 

the Pl-Trh (TRINITY_DN699574_c1_g1_i2). 

Table_TRH_pathway: it contains the alignment between S. purpuratus and the P. lividus TRH 

precursor peptide.  

phenotypic plasticity data analysis: folder containing the supplementary material relative to the 

phenotypic plasticity experiments and the statistics. 

 Pl 2Nov2020: RDATA file, RMD file (Markdown file), table containing raw 

measures in CSV and Excel formats, Word document containing the whole 

analysis annotated, JPG file illustrating the organization of the 6-well plate. 

 Pl Oct2020: RDATA file, RMD file, Word document containing the whole analysis 

annotated table containing raw measures in txt and Excel formats, Word 

document containing the whole analysis annotated. 

 Sp April2021: RDATA file, RMD files, Word document containing the whole 

analysis annotated table containing raw measures in txt and Excel formats, Word 

documents containing the whole analysis annotated, Bib TeX file containing the 

reference used in the annotated analysis. The experiment was analysed in two 

separate steps: Sp_microinj_april2021 and Sp_THinh_2021, therefore the two 

RDM and word files are provided. 
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 Sp Dec 2020:  RDATA file, RMD file (Markdown file), table containing raw 

measures in txt format, Word document containing the whole analysis 

annotated. 
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