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ABSTRACT 

THYROID HORMONES INDUCE PROGRAMMED CELL DEATH IN SEA URCHIN 

(STRONGLYOCENTROTUS PURPURATUS) LARVAL ARMS PRIOR TO 

METAMORPHOSIS

Hannah Wynen 

University of Guelph, 2021

Advisor: 

Andreas Heyland 

Thyroid hormones (THs) are important for development, metabolism and 

homeostasis in metazoans. They also regulate metamorphosis in many species with 

indirect life histories. There is evidence that in indirectly developing sea urchins, THs 

accelerate larval arm retraction prior to metamorphic development and it has been 

speculated that this is mediated by programmed cell death (PCD). In my thesis I 

investigated the role of THs on PCD in larval stages of the sea urchin 

Strongylocentrotus purpuratus and tested the hypothesis that TH-regulated PCD is a 

mechanism in larval arm retraction. I showed that treatment with T3, T4 or Tetrac 

resulted in increased apoptosis in the postoral arms of postingression larvae but not 

preingression larvae. As postingression larvae have initiated metamorphic development, 

these results provide evidence that THs regulate apoptosis in the postoral larval arms 

during metamorphic development, prior to settlement. In conclusion, my results also 

suggest that hormonal regulation of PCD is associated with metamorphic development 

in sea urchins. 
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Chapter 1: Thyroid Hormones Induce Programmed Cell Death 
in Sea Urchin (Stronglyocentrotus purpuratus) Larval Arms 
Prior to Metamorphosis. 

INTRODUCTION 

Indirect development in animals is characterized by metamorphic development (the 

formation of juvenile structures within the larval body) and settlement (the ecological 

transition into a novel habitat) at the end of the larval period (Heyland and Moroz, 2006). 

Among animal phyla, many lineages evolved indirect development and many of these 

lineages develop in a marine environment as a microscopic planktonic larval form, 

which eventually settles into the benthic habitat (Heyland and Moroz, 2006). Other, non-

marine groups such as frogs and holometabolous insects have also evolved 

metamorphoses and much work has being conducted on the endocrine mechanisms 

regulating metamorphic development. The focus of my thesis is on thyroid hormone 

(TH) function in the regulation of programmed cell death (PCD) in the larval 

development and metamorphosis of the purple sea urchin Stronglyocentrotus 

purpuratus. THs are known regulators of metamorphosis in other species and can play 

a role in triggering PCD-mediated tissue remodeling in frog metamorphosis (Yaoita & 

Nakajima, 1997; Tamura et al., 2015). Understanding the relationship between 

hormones, PCD and metamorphosis is vital for developing a comprehensive 

understanding of PCD in animals. Still, much information on PCD mechanisms 

originates from cell culture experiments and the large majority of studies on whole 

organisms have been conducted in vertebrates. Considering the wide-spread 

occurrence of metamorphic development among marine invertebrate phyla, it is critical 

to gain a better understanding of PCD mechanisms in these groups from an 

evolutionary, physiological, and developmental perspective. Below I provide a 

comprehensive review of PCD mechanisms in development and specifically develop my 

question about PCD regulation in the indirectly developing sea urchin S. purpuratus.  
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Review of programmed cell death and its role in homeostasis and 

development 

PCD is active cell death that occurs in response to internal cellular signals as 

well as external environmental cues (Elmore, 2007; Green and Fitzgerald, 2016). This 

makes it different from the process of necrosis in which the cell is passive and follows a 

toxic and energy-independent form of death (Elmore, 2007). Necrosis can lead to an 

inflammatory response due to the release of cell contents into the interstitial tissue 

(Elmore, 2007; Doherty and Baehrecke, 2018). Many forms of PCD are non-

inflammatory, as the cellular contents are packaged up and consumed by other cells 

(Elmore, 2007). Necrosis can also be uncontrolled, and necrotic cell injury is primarily 

triggered by changes in the energy supply within a cell or direct damage to cell 

membranes (Elmore, 2007). In contrast, the many forms of PCD are tightly controlled 

and can be triggered for a variety of reasons. 

One well-known, non-apoptotic form of PCD is autophagic cell death. During 

autophagic cell death, cytoplasmic components are marked for autophagy and engulfed 

by autophagosomes (Fuchs and Steller, 2011). These autophagosomes are then fused 

with lysosomes which begin to degrade the components (Fuchs and Steller, 2011). 

Autophagy may serve as a mechanism of killing cells when apoptosis is blocked, 

however it can also be activated in response to a variety of intracellular and extracellular 

stimuli (Fuchs and Steller, 2011; Chiarelli et al., 2011). These stimuli include starvation, 

hormonal treatments, bacterial or viral infections, accumulation of misfolded proteins, 

damaged organelles, toxic stimuli, radiation, and cellular stress (Chiarelli et al., 2011). 

There is also evidence that autophagy plays an important role in embryo development, 

cell and tissue differentiation, and tissue remodeling in some animals (Chiarelli et al., 

2011). Autophagy is important for preventing the buildup of dead or damaged cells, or 

components of dead cells (Doherty and Baehrecke, 2018). It may also drive other forms 

of cell death, block anti-apoptotic factors, and allow dying cells to switch between forms 

of cell death (Doherty and Baehrecke, 2018). Similar to other forms of PCD, autophagy 
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is highly regulated, highly conserved and important for development and both cellular 

and organismal homeostasis (Doherty and Baehrecke, 2018).  

Ferroptosis is another form of non-apoptotic programmed cell death and is 

identified by its iron-dependent mode of killing (Hanson, 2016). Ferroptosis requires an 

overwhelming iron-dependent accumulation of lethal-lipid reactive oxygen species 

(ROS), which many act as the executioners in this form of cell death (Dixon et al., 

2012). Ferroptosis appears similar to necrosis, however it is still a highly controlled and 

regulated process that proceeds through a unique pathway (Hanson, 2016). Similar to 

ferroptosis, oxeiptosis is another form of non-apoptotic programmed cell death that is 

activated by harmful levels of ROS (Holze et al., 2018). Oxeiptosis is triggered by 

oxidative stress and is caspase-independent (Holze et al., 2018).  

Pyroptosis is another form of PCD that is triggered in response to a strong 

inflammatory response, typically a pathogenic infection (Hanson, 2016). While 

pyroptosis is a form of programmed necrosis, it requires caspase activation making it 

similar to apoptosis (Hanson, 2016). The similarities end there, however as the 

caspases involved in pyroptosis are separate from those involved in apoptosis (Hanson, 

2016). These caspases cleave the inflammatory proteins pro-IL-1β and pro-IL-18, which 

then burst from the dying cell (Hanson, 2016).  

The final form of PCD discussed in this thesis is necroptosis which is a form of 

programmed cell death which shares similarities with both apoptosis and necrosis while 

still functioning as a unique pathway. Necroptosis is a caspase-independent process 

that involves two major necroptotic death effector complexes: the necrosome and the 

ripoptosome (Hanson, 2016). These complexes are induced by TNFR1 and toll-like 

receptor 3 signaling (Hanson, 2016). The cell then begins to round and swell before the 

plasma membrane ruptures and an inflammatory wave of damage-associated molecular 

pattern (DAMP) releases, beginning immune cell activation (Hanson, 2016).  
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Of all the forms of programmed cell death, apoptosis is arguably the most well-

known. Apoptosis is a coordinated, energy-dependent process that involves a cascade 

of cellular events, including the activation of a highly-conserved family of cysteine 

proteases called caspases, which lead to cell death (Elmore, 2007; Ruocco et al., 2016; 

Robertson et al., 2006; Sakamaki et al., 2014, Mocarski et al., 2012). In response to 

death-inducing stimuli, caspases are activated by the removal of the inhibitory N-

terminal domain via cleavage at a specific aspartate residue (Fuchs and Steller, 2011). 

Caspases are responsible for recognizing specific tetrapeptide motifs on proteins and 

then cleaving that protein (Sakamaki et al., 2014). Caspases that are involved in 

apoptosis are traditionally separated into two subgroups: initiator and effector caspases 

(Robertson et al., 2006; Fuchs and Steller, 2011). Initiator caspases are responsible for 

cleaving effector caspases, and include caspase-8, caspase-9, and caspase-10 (Fuchs 

and Steller, 2011). Effector caspases are responsible for cleaving other proteins and 

initiating the execution of apoptosis, and include caspase-3, caspase-6, and caspase-7 

(Fuchs and Steller, 2011). Both initiator caspases and effector caspases have been 

identified in a wide variety of species including Stronglyocentrotus purpuratus 

(Robertson et al., 2006). Understanding these subgroups is important for understanding 

and identifying their roles in the various apoptotic pathways.  

Traditionally there are three main upstream pathways involved in apoptosis: 

extrinsic, intrinsic and perforin/granzyme (Elmore, 2007). The extrinsic pathway is 

initiated through the binding of homologous trimeric ligands to transmembrane receptors 

(Elmore, 2007; Eroglu and Derry, 2016). After these ligands are bound, cytoplasmic 

adaptor proteins containing death domains are bound to the receptors (Elmore, 2007; 

Eroglu and Derry, 2016). The binding of these proteins eventually leads to the 

recruitment of the proteins FADD and RIP, which associate with pro-caspase-8 to form 

a death-inducing signaling complex (DISC). The DISC then causes the autocatalytic 

activation of procaspase-8, leading to the cleavage and activation of caspase-3 

(Elmore, 2007). 
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The intrinsic pathway is triggered by non-receptor mediated stimuli that affects 

targets within the cells (Elmore, 2007). These effects can either activate pro-apoptotic 

signals or inhibit anti-apoptotic signals (Elmore, 2007). These signals then lead to the 

activation of pro-apoptotic Bcl-2 family members like BAX and BAK1 (Kalkavan and 

Green, 2018; Daniel et al., 2003). These pro-apoptotic Bcl-2 proteins are responsible for 

inducing changes in the permeability of the mitochondrial outer membrane and the 

subsequent release of pro-apoptotic proteins (Elmore, 2007; Kalkavan and Green, 

2018; Ameisen, 2002). Some of these proteins work to inhibit anti-apoptotic proteins 

and some of them later play a role in DNA fragmentation (Elmore, 2007). One of the 

proteins released, cytochrome c, binds with Apoptotic protease activating factor 1 

(APAF-1) and procaspase-9 to form the apoptosome (Elmore, 2007; Fuchs and Steller, 

2011). The apoptosome then cleaves procaspase-9 to activate caspase-9 (Elmore, 

2007; Ameisen, 2002). Caspase-9 then cleaves and activates caspase-3 (Elmore, 

2007). 

The perforin/granzyme pathway occurs when cytotoxic T lymphocytes secrete 

the transmembrane pore-forming molecule, perforin (Elmore, 2007; Metkar et al., 2002). 

The lymphocyte then releases cytoplasmic granules containing granzyme A and 

granzyme B through the pore and into the cell (Elmore, 2007; Metkar et al., 2002). 

These two proteases act in different ways with granzyme B cleaving and activating 

proteins like procaspase-10 (Elmore, 2007). Granzyme A acts through caspase-

independent pathways by cleaving the nucleosome assembly protein SET and releasing 

DNAse NM23-H1 (Elmore, 2007). NM23-H1 is a tumor suppressor product which nicks 

DNA in order to trigger apoptosis (Elmore, 2007). 

These pathways can interact and overlap, and all converge at the execution 

pathway (Elmore, 2007). The execution pathway is initiated by the cleavage of the 

effector caspase, caspase-3 (Elmore, 2007). Caspase-3 then cleaves a variety of other 

proteins which leads to some of the cellular and morphological changes associated with 

apoptosis such as DNA fragmentation, degradation of the nucleus and cytoskeleton, 
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formation of the apoptotic bodies, and expression of ligands required for phagocytosis 

of the apoptotic bodies (Elmore, 2007). 

The morphological changes associated with a cell undergoing apoptosis are 

incredibly well-described. The early stages of apoptosis include cell shrinkage and 

pyknosis (Elmore, 2007). As the cell shrinks, the cytoplasm becomes dense, and the 

organelles become tightly packed (Elmore, 2007; Fuchs and Steller, 2011; Ruocco et 

al., 2016). Pyknosis is the result of chromatin condensation and causes the nuclei to 

appear dark and uniformly dense (Elmore, 2007). Next, the plasma membrane ‘blebs,’ 

and the nucleus fragments in a process called karyorrhexis (Elmore, 2007; Fuchs and 

Steller, 2011; Ruocco et al., 2016). The cytoplasm, nuclear fragments, and organelles 

are then packaged into small cell fragments called apoptotic bodies during a process 

called budding (Elmore, 2007). The apoptotic bodies are then engulphed by 

macrophages, parenchymal cells, or neoplastic cells, and are degraded in 

phagolysosomes (Elmore, 2007; Fuchs and Steller, 2011). There is no inflammatory 

reaction associated with apoptosis because apoptotic cells do not release their cellular 

constituents into the surrounding interstitial tissue. Rather, the cells are quickly 

phagocytosed by surrounding cells, and the engulfing cells do not produce inflammatory 

cytokines (Elmore, 2007).  

Being able to dispose of damaged or unwanted cells with minimal inflammatory 

response is essential for maintaining homeostasis of the organism and development. 

The role of apoptosis in disease protection is vital, and abnormalities in apoptosis are 

often associated with diseases like cancer, AIDS, Parkinson’s disease, Alzheimer’s 

disease, and Huntington’s disease (Elmore, 2007). The damage done by malfunctioning 

apoptotic mechanisms may explain why many of the processes involved in programmed 

cell death are highly conserved and often have many redundant regulatory mechanisms 

(Ameisen, 2002). Furthermore, while it is easy to identify disease as an example of what 

happens when apoptosis goes wrong, the role of apoptosis in development is an 

example of what happens when apoptosis proceeds appropriately. Apoptosis is highly 

involved in organogenesis, tissue sculpting, and tissue remodeling (Ruocco et al., 2016; 
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Fuchs and Steller, 2011). The most well-known example of this is the removal of the 

interdigital webs in human embryonic development (Fuchs and Steller, 2011). This 

ability to remodel and sculpt tissue is key for a rapid and complex developmental event 

such as metamorphosis. 

The relationship between hormones, PCD and metamorphosis 

 For indirectly developing organisms, the transition from one period to another is 

often a series of gradual developmental changes that are then punctuated by rapid 

developmental events (Balon, 1999). The transition from a larva to that of a juvenile 

through metamorphosis is an example of one of these events. While metamorphosis is 

primarily seen as a change in body plan, it often encompasses changes in anatomy, 

physiology, behaviour, and ecology (Balon, 1999; Bishop et al., 2006; Heyland and 

Moroz, 2006). The environment plays a critical role in shaping life history transitions as 

seen in some of the dramatic life history transitions in indirectly developing animals. A 

drastic shift in food source requires a drastic remodeling of the digestive and immune 

systems. A drastic shift in habitat requires a drastic remodeling of the organs involved in 

locomotion. These dramatic remodeling events are where the tethers between hormone 

signaling, PCD and metamorphosis begin to emerge.  

 The connections between hormone signaling, PCD and metamorphosis have 

been well documented in frogs and insects and provide a wealth of information about 

this topic (Bishop et al., 2006; Heyland and Moroz, 2006; Tettamanti and Casartelli, 

2019; Tata, 1993; Ishizuya-Oka et al., 2010). Even though metamorphosis evolved 

independently between these groups, the ways in which hormones regulate 

metamorphic development through their regulation of PCD show remarkable similarities 

(Hadfield, 2000; Heyland and Moroz, 2006; Hodin, 2006; Mané-Padrós et al., 2010; 

Nakajima et al., 2005). A prime example of this is the way in which THs have been 

observed to induce metamorphosis in a variety of animals such as amphibians (Das et 

al., 2002; Ishizuya-Oka et al., 2010; Shibata et al., 2021).  
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 THs play a pivotal role in metamorphosis of certain frog species such as 

Xenopus laevis and X. tropicalis and these hormones have been shown to contribute to 

the remodeling of the majority of tissues and organs in frogs (Das et al., 2002; Shibata 

et al., 2021). The transition from an aquatic, herbivorous tadpole to a semi-aquatic, 

carnivorous adult requires resorption of the tail as well as remodeling of the nervous 

system, digestive system, and gills (Ishizuya-Oka et al., 2010; Yaoita and Nakajima, 

1997, Tamura et al., 2015). This resorption and remodeling occurs because of the effect 

THs have on apoptosis and cell proliferation in metamorphosing frogs (Yaoita and 

Nakajima, Ishizuya-Oka et al., 2010). The amphibian thyroid secretes the THs 

triiodothyronine (T3) and thyroxine (T4) (Ishizuya-Oka et al., 2010). T4 is the biological 

precursor to T3 and can be be converted to T3 through type I and II deiodinase 

(Ishizuya-Oka et al., 2010). TH signaling can then proceed either through genomic or 

non-genomic mechanisms. Non-genomic mechanisms of TH signaling involve the 

binding of TH to membrane bound kinases, membrane receptors, or TH receptors (TRs) 

in the cytoplasm (Taylor and Heyland, 2017). The genomic TH signaling pathway 

involves the binding of THs to TRs which are a specific type of nuclear hormone 

receptor (Ishizuya-Oka et al., 2010; Saito et al., 2012). In vertebrates T3 is the primary 

ligand of TR (Taylor and Heyland, 2017). There are two subtypes of TRs which are 

encoded by separate genes: TRα and TRβ (Ishizuya-Oka et al., 2010). In frogs, it 

appears that these TRs play different roles in development, with TRα being associated 

with limb growth and TRβ being associated with apoptosis of larval cells (Ishizuya-Oka 

et al., 2010). Once bound by TH, these receptors then couple with retinoid-X receptors 

to form heterodimers (Saito et al., 2012; Brent, 2012; Shi et al., 2001). These 

heterodimers bind to TH response elements (TREs) within TH response genes which 

regulate their transcription (Ishizuya-Oka et al., 2010; Saito et al., 2012; Brent, 2012; 

Shi et al., 2001). Since apoptosis primarily occurs in frogs at metamorphic climax – the 

point in which the TH level in the plasma is at its highest – this signaling has been 

identified as one of the mechanisms of tail resorption (Ishizuya-Oka et al., 2010).  
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The process of tail resorption can be divided into three main stages: resorption of 

the dorsal fins, fragmentation of the muscle fibers, and dissolution of the notochord 

lamella (Ishizuya-Oka et al., 2002; Das et al., 2002). THs are able to organ-

autonomously trigger degeneration of the tail through apoptosis, which is the primary 

mechanism for cell death in metamorphosing frogs (Ishizuya-Oka et al., 2010). In 

response to THs, the muscle cells in the tail upregulate the effector caspase, caspase-

3, and the pro-apoptotic Bcl-2 protein, BAX (Ishizuya-Oka et al., 2010; Das et al., 2002). 

Additionally, caspase-2 and caspase-8 are upregulated in the tail during metamorphic 

climax and may be responsible for activation of the pro-apoptotic Bcl-2 protein BID, 

which plays a role in connecting the extrinsic and intrinsic apoptosis pathways 

(Ishizuya-Oka et al., 2010; Daniel et al., 2003). Other caspases that are upregulated in 

the tail during metamorphosis include caspase-1, caspase-6, caspase-7, caspase-9, 

and caspase-10 (Ishizuya-Oka et al., 2010).   

TH-mediated apoptosis is also found in the liver, intestine, pancreas, spleen, and 

brain of the metamorphosing frog (Ishizuya-Oka et al., 2010; Das et al., 2006). The gill 

degenerates almost completely, and the pancreas loses about 40% of its cells due to 

TH-mediated apoptosis (Ishizuya-Oka et al., 2010). The intestine is drastically 

remodeled through apoptosis in the small intestine, which helps the herbivorous tadpole 

transition to a carnivorous frog (Ishizuya-Oka et al., 2010). This remodeling primarily 

occurs through mass apoptosis of the larval epithelium, however a small number of 

fibroblasts also undergo apoptosis (Ishizuya-Oka et al., 2010). This lifestyle transition is 

also reflected in the remodeling of the immune system. Unnecessary and potentially 

harmful larval lymphocytes are removed, and the spleen undergoes a significant 

increase in the number of apoptotic cells (Ishizuya-Oka et al., 2010). Although THs are 

important for tissue remodeling during frog metamorphosis, it is important to remember 

that other hormones may play an important part during these processes as well. It was 

previously believed that THs were both necessary and sufficient for tail resorption 

during frog metamorphosis, however steroid hormones such as glucocorticoids may be 

involved in the progression of this resorption (Sachs and Buccholz, 2019).  
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Similar to the actions of TH in frogs, another steroid hormone that plays an 

important role in PCD and metamorphosis is the insect steroid hormone ecdysone 

(Fuchs and Steller, 2011). In the fly Drosophila melanogaster, ecdysone plays an 

important role in both the regulation of cell proliferation and the regulation of 

transcriptional cascades that are responsible for activation of the proapoptotic genes 

Reaper, Hid, and Grim (RHG), as well as caspases (Fuchs and Steller, 2011). These 

genes are responsible for the rapid death of larval tissue through apoptosis (Fuchs and 

Steller, 2011). During fly metamorphosis there is a delicate balance between 

proliferation and apoptosis, especially during steps where differentiation occurs (Eroglu 

and Derry, 2016). This balance occurs through pulses of ecdysone, which binds with its 

heterodimeric EcR/Usp receptor to transcriptionally regulate primary response genes 

that control proliferation, differentiation, and cell death (Cakouros et al., 2002; Kilpatrick 

et al., 2005). These pulses are responsible for ecdysone-mediated upregulation of fly-

specific caspases such as dronc (Cakouros et al., 2002). These caspases then play a 

role in the mass elimination of larval tissues like salivary glands and the midgut 

(Cakouros et al., 2002).  Ecdysone-mediated apoptosis is also involved in removing the 

epithelial cells of the larval skin and abdominal region which are then rapidly replaced 

by proliferating and migrating stem cell-like founder cells called histoblasts (Ninov and 

Martín-Blanco, 2009; Fuchs and Steller, 2011). Finally, apoptosis is found in the 

posterior wing imaginal discs, haltere, and leg discs (Eroglu and Derry, 2016). The 

mass removal of cells during metamorphosis is likely a consequence of mass apoptosis 

in which dying cells produce signals that are partially sufficient for stimulating apoptosis 

in neighbouring cells (Eroglu and Derry, 2016). Group apoptosis is important for 

regulating tissue growth and preventing overcrowding of cells during metamorphosis 

(Eroglu and Derry, 2016; Kawamoto et al., 2016).  

While a large amount of information about the relationship between hormones, 

PCD, and metamorphosis can be drawn from these two species, it is important to 

expand our understanding of the relationship in other indirectly developing species. A 

large portion of the knowledge regarding hormone signaling and PCD in whole 
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organisms comes from chordates and terrestrial insects. This can make it problematic to 

use them as a basis for understanding the relationship between hormones, PCD, and 

metamorphosis in marine invertebrates. Marine invertebrates represent a diverse group, 

and the information we currently possess on the mechanisms they use for 

metamorphosis seems to indicate that these mechanisms are also diverse.  

Many marine invertebrates use PCD during metamorphosis and settlement as a 

way to transition from a planktonic larva to a free-living benthic juvenile (Leise et al., 

2004; Gifondorwa and Leise, 2006; Hadfield, 2001; Lutek et al., 2018; Heyland et al., 

2011). In indirectly developing veliger larvae of bivalves, scaphopods, and grastropods, 

the velar lobes and apical organ are lost to apoptosis during metamorphosis and 

settlement (Vogeler et al., 2021; Kiss, 2010; Heyland et al., 2011). Apoptosis in these 

organs is controlled by the neurotransmitter serotonin and inhibited by nitric oxide (NO) 

(Bishop and Brandhorst, 2003; Kiss, 2010). Inhibiting apoptosis with NO in molluscs 

inhibits metamorphosis completely in competent larvae, suggesting that apoptosis is 

critical for their development (Gifondorwa and Leise, 2006). In ascidians apoptosis has 

been identified as a key player in the retraction of the larval tail during metamorphosis 

(Karaiskou et al., 2015). Additionally, in the ascidian Ciona intestinalis, there has been a 

large expansion of the caspase family that may be partially explained by the role of 

apoptosis during tail regression (Weill et al., 2005). Despite the diverse lifestyles found 

in marine invertebrates, the fundamental similarities in the interactions of hormones, 

PCD and metamorphosis highlight their importance. 

Metamorphic development in S. purpuratus 

The purple sea urchin Stronglyocentrotus purpuratus is an indirect developer that 

provides a particularly unique opportunity to study the way in which hormones use PCD 

to regulate metamorphosis, a major developmental transition. Sea urchin larvae are 

particularly valuable for researching this process as they are rapidly developing, have 

transparent larvae, and the genome of S. purpuratus has been fully sequenced 

(Heyland et al., 2018). Similar to many marine invertebrate species with indirect 
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development, sea urchins produce large amounts of offspring, which develop into 

planktonic feeding larvae that disperse in the plankton and eventually settle into the 

benthos (Wray and Raff, 1991; Bishop et al., 2006; Cameron et al., 1989; Chino et al., 

1994; Hadfield, 2000; Heyland and Hodin, 2014; Hodin, 2006; Miner, 2005; Strathmann, 

1993; Taylor and Heyland, 2018; Wynen and Heyland, 2021). Dispersal increases the 

chance of larvae finding beneficial settlement sites, but it also leaves the larvae 

vulnerable to predation and chance mortality during this prolonged development (Wray 

and Raff, 1991). The amount of time a larva spends in this planktonic larval form can 

vary based on latitude and food availability, but it generally last 1-3 months before the 

larva undergoes settlement and metamorphosis (Heyland and Hodin, 2014). These 

larvae must settle on the sea floor and then rapidly undergo metamorphosis 

(Strathmann, 1987; Chino et al., 1994). Due to this time constraint, the larvae must 

develop a juvenile rudiment prior to metamorphosis that houses many of the structures 

required for this process (Sutherby et al., 2012; Heyland et al., 2014). The processes of 

settlement and metamorphosis require the massive coordination of cell death, 

proliferation, migration, and differentiation over a relatively short period of time for the 

organism to make the transition from a bilaterial body plan to a pentaradial plan 

(Cameron et al., 1989; Heyland and Moroz, 2006; Hodin, 2006; Lutek et al., 2018). The 

initiation of these events relies on specific environmental cues to trigger settlement, 

while metamorphosis is regulated by hormones and neurotransmitters (Lutek et al., 

2018; Rahman et al., 2013). 

THs have been shown to accelerate juvenile development in some species of 

sea urchins and sand dollars, while delaying larval development (Heyland and Hodin, 

2004; Heyland et al, 2004; Heyland and Moroz, 2006, Chino et al., 1994). This work 

also suggests that THs play an important role across the entire lifespan of a sea urchin 

in regulating skeletal growth (Taylor and Heyland, 2018). In sea urchin larvae, THs can 

be endogenously synthesized (Heyland et al., 2006a; Heyland et al., 2006b; Miller and 

Heyland, 2010; Miller and Heyland, 2013) or derived from the unicellular algae the 

larvae feed on (Van Bergeijk et al., 2013). The application of exogenously applied THs 
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accelerates both the growth of the juvenile rudiment and the overall development of 

larvae towards metamorphosis (Heyland et al., 2006; Chino et al., 1994). The presence 

of these hormones is also associated with the downregulation of skeletogenic genes in 

late-stage larva and the reduction of the larval arm length (Taylor and Heyland, 2018; 

Heyland and Hodin, 2004). In sea urchins it has been shown that T4 is more effective 

than other THs in regulating skeletogenesis (Taylor and Heyland, 2018). This is likely 

due to the fact that T4 has a higher binding affinity with the membrane bound receptor 

αvβ3 than other THs (Taylor and Heyland, 2018). This means that TH-mediated 

skeletogenesis is regulated non-genomically in sea urchins (Taylor and Heyland, 2018).  

Planktonic sea urchin larvae live in the water column and rely on specialized 

structures like the larval arms and ciliated band to feed, disperse, and avoid predators. 

The larval arms are soft structures supported by skeletal rods that help the larvae to 

navigate the water column and feed (Strathmann, 1993; Love et al., 2007). These 

structures are very plastic, and can change length in response to food availability (Hart 

and Strathmann, 1994; Boidron-Metairon, 1988). In response to low food availability, 

larvae experience a decrease in the growth of juvenile structures and an increase in 

arm length (Heyland and Hodin, 2004; Hodin et al., 2016; Miner, 2005; Fenaux et al., 

1988). This process typically relies on food-induced dopamine signaling from algae and 

is reversible (Adams et al., 2014). 

Larval arm retraction is also an important developmental step that occurs prior to 

and during settlement in preparation for metamorphosis (Smith et al., 2008; Sato et al., 

2006). While these two forms of arm retraction may seem similar, the retraction that 

occurs prior to metamorphosis is irreversible and likely uses a different mechanism than 

retraction in response to food availability. The arm retraction observed prior to 

metamorphosis appears to be more closely related to the regression of the tadpole tail 

muscles in frogs. In the sea urchin Paracentrotus lividus, the ciliary bands, oral and 

aboral arms, intestine, and ganglia disappear after metamorphosis (Rocherri et al., 

2002). Additionally, past experiments, have shown that exogenous exposure to the THs 

T4 and its deaminated analogue, Tetraiodothyroacetic acid (Tetrac) caused a significant 
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decrease in the average postoral arm length of postingression larvae (Figure 1). While 

the exact mechanism responsible for the larval arm retraction prior to metamorphosis is 

unknown, it seems likely that it involves hormone-mediated PCD (Sutherby et al., 2012; 

Sato et al., 2006).  

Apoptosis has been shown to function in sea urchin development and apoptotic 

cells have been identified in the arms and ciliary bands of metamorphically competent 

larvae and juveniles (Rocherri et al., 2002; Lutek et al., 2018; Thurber and Epel, 2007; 

Agnello and Roccheri, 2011). Current research shows that histamine plays an important 

role, both aiding in the attainment of metamorphic competence and inhibiting settlement 

(Lutek et al., 2018). The inhibition of settlement seems to be partially due to histamine’s 

role in inhibiting apoptosis in the larval arms (Lutek et al., 2018). Not only is settlement 

inhibited when apoptosis is inhibited, but inhibiting apoptosis in the arm tips causes cells 

to be expelled from the arm tips (Lutek et al., 2018). This expulsion of the cells could 

indicate that the retraction of the larval arms is important for settlement. In sea urchin 

larva, treatment with a mammalian histamine receptor one antagonist triggers significant 

arm retraction but not settlement (Lutek et al., 2018). The fact that histamine can inhibit 

arm retraction and THs may play a role in accelerating arm retraction indicates that 

histamine may interact with TH signaling in sea urchin larvae. This interaction may be 

supported by evidence of interaction in cell cultures and other organisms. In mice, TA1, 

a byproduct of T3 metabolism, is associated with an increase in histamine (Laurino et 

al., 2015).  Additionally, in rats, treatment with THs is associated with increased 

formation of histamine (Bjurӧ et al., 1961). Finally, in mast cells exposed to low 

histamine concentrations, there is an increase in T3 levels (Landucci et al., 2019). Since 

it is known that histamine inhibits arm retraction by inhibiting apoptosis, and interacts 

with THs which are known to accelerate the onset of arm retraction, it indicates that TH-

mediated arm retraction occurs through apoptosis.  
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Questions and Hypotheses 

The primary question that will be addressed in this thesis is: do thyroid hormones 

regulate larval arm retraction through apoptosis in sea urchin development and is 

this process dependent on the developmental stage of the sea urchin? This 

question generates three corresponding hypotheses.  

 My first hypothesis is that apoptosis is a mechanism responsible for arm 

length changes during larval development. Certain THs, such as T4, are known to 

accelerate development in sea urchin larvae and so if exposure to T4 increases PCD, 

then it indicates that this PCD is part of this accelerated development (Heyland et al., 

2004; Chino et al., 1994; Taylor and Heyland, 2018). It has been shown that different 

THs act preferentially on different signaling pathways and so identification of the most 

active TH could indicate a connection between hormonal regulation and active 

regulation of PCD in the larval arms. Additionally, exposing larvae to the inert thyroid 

hormone reverse-triiodothyronine (rT3), should indicate whether the cell death occurring 

is due to toxicity or a form of PCD. The hormone reverse triiodothyronine (rT3), an 

isomer of T3, is biologically inactive in sea urchins which makes it a good carrier control 

when examining the effect of THs on sea urchin development (Chino et al., 1994, Taylor 

and Heyland, 2018). While previous research has established that certain THs are 

associated with larval arm retraction (Figure 1), it is important to establish whether they 

occur due to toxicity or if a more regulated form of PCD such as apoptosis is occurring 

(Figure 1; Heyland and Hodin, 2004; Armstrong and Lessios, 2015; Heyland et al., 

2004). Caspase-3 is active in all three apoptosis pathways which makes it a good 

indicator of apoptosis as opposed to another form of cell death like necrosis (Elmore, 

2007). It is possible that larval arm retraction is regulated by both increased apoptosis 

and decreased proliferation, however examining the role of proliferation in this process 

is beyond the scope of this thesis. Based on the first hypothesis, I predict that if larvae 

are exposed to T4 then I expect an increase in both cell death and caspase-3 activity.  
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My second hypothesis is that apoptosis in the larval arms is dependent on the 

developmental stage of the larva. In sea urchin larval development, the invagination 

of the ectoderm marks the ability to form juvenile characteristics (Heyland and Hodin, 

2014). This invagination will form the juvenile ectoderm and is the beginning of the 

transition from a symmetrical preingression larva to an asymmetrical postingression 

larva (Heyland and Hodin, 2004). Due to the plastic nature of sea urchin development, it 

is difficult to directly associate development and age, however this invagination acts as 

a precise point in larval development that separates larvae incapable of forming juvenile 

structures from those that are preparing for settlement and metamorphosis. This 

distinction is important because often organisms that undergo metamorphosis react 

differently to internal and external hormones based on their development (Heyland et 

al., 2011). The progression of certain juvenile structures affects which settlement cues a 

larva reacts to and how sensitive they are to these cues (Heyland et al., 2011). Based 

on this hypothesis, I predict that if preingression larvae are exposed to T4 then I expect 

no significant change in the amount of apoptosis in the postoral arms. I also predict that 

if postingression larvae are exposed to T4 then I expect a significant increase in 

apoptosis in the postoral arms.  

My third hypothesis is that apoptosis in the larval arms is TH-dependent. It is 

well established that T4 often acts as the active hormone in the regulation of many 

aspects of sea urchin development, however this does not rule out the possibility that 

other THs or their receptors may be differentially expressed based on tissue type or 

developmental stage (Chino et al., 1994; Taylor and Heyland, 2018; Taylor and 

Heyland, 2017; Heyland and Moroz, 2005; Heyland et al., 2006b). By identifying the TH 

with the strongest effect on apoptosis in the larval arms, it could provide information on 

the potential pathway used for the hormonal regulation of larval arm retraction. 

Furthermore, it has been established that these THs accelerate larval development 

towards metamorphosis in sea urchins (Chino et al., 1994; Taylor and Heyland, 2018; 

Heyland and Moroz, 2005). Although T4, T3 and T2 have been shown to play varying 

roles in sea urchin development, not all thyroid hormones have an effect on sea urchin 
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development. Furthermore, not all THs have been fully studied in sea urchins. While 

there is a significant amount of pharmaceutical research on tetraciodothyroacetic acid 

(Tetrac) as an anti-cancer agent, there is very little research on its role in developmental 

processes such as metamorphosis (Paris et al., 2008; Taylor and Heyland, 2018; 

Cohen et al., 2018; Lin et al., 2015; Yang et al., 2021). Based on this hypothesis, I 

predict that if postingression larvae are exposed to T4 then there will be an increase in 

apoptotic cells in the postoral arm. I also predict that if postingression larvae are 

exposed to T3 then there will be a small increase in apoptotic cells in the postoral arm 

relative to T4. I predict if postingression larvae are exposed to Tetrac then there will be 

a small increase in apoptotic cells in the postoral arm relative to T4.  
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MATERIALS AND METHODS 

Fertilizations and Larval Culture Maintenance 

Adult purple sea urchins (S. purpuratus) were shipped from Monterey, CA where 

they were collected by diving. Once at the Hagen Aqualab (University of Guelph, ON) 

they were divided by sex and kept in tanks of artificial seawater that had a temperature 

of approximately 12-14ºC, salinity of 32 ppt, and a pH of 8.0-8.3. Adults were fed kelp 

(Macrocystis pyrifera and Kombu spp) twice a week and the tank was cleaned three 

times a week. 

Gametes were collected by injecting 0.5-1.5 mL of 0.5M KCl into the gonad of 

adult purple sea urchins to induce spawning. Sperm was collected in a dry pipette 

before being mixed into 5 mL of filtered artificial seawater (FASW). Females were 

inverted over a beaker of FASW to collect their eggs. Once the eggs settled at the 

bottom of the beaker, they were washed twice with FASW.  Diluted sperm (1 mL) was 

slowly mixed into the beaker until more than 85% of the eggs had fertilization envelopes 

which indicated successful fertilization. The eggs were washed once more and 24 hours 

later, hatched embryos were transferred to 2L beakers of FASW with a salinity of 32 

ppt. The larvae were kept on a 12-hour light cycle. Three times a week the larvae were 

fed a combination of 2000 cells/mL Dunaliella tertoliecta and 4000 cells/mL 

Rhodamonas salina algae. Cleaning and water changes were also performed three 

times a week. Larvae were collected for experiments at 10-11 days (preingression) and 

20-22 days (postingression). 

Thyroid hormone preparation and treatment 

The thyroid hormones reverse-triiodothyronine (rT3), triiodothyronine (T3), 

thyroxine (T4), tetraiodothyroacetic acid (Tetrac) were dissolved at 100mM in DMSO 

(Thyroid hormones from SigmaAldritch, product numbers T-075, T0281, IRMM468, 

T3787). They were then diluted in FASW to a 1mM concentration before being stored at 
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-20ºC.  Prior to experiments these hormones were diluted in FASW to their required 

concentrations. 

Larvae were exposed for 24 hours to either plain seawater, rT3 at a concentration 

of 10-7M, T3 at 10-7M, T4 at 10-7M, and Tetrac at 10-9M. These concentrations are 

based on research done prior to this thesis that was submitted as part of the 

requirement for course IBIO*4500 at the University of Guelph, that examined the effect 

of these hormones at different concentrations on larval arm retraction (Figure 1).  

Detecting the early stages of apoptosis using Yo-PRO-1  

Yo-PRO-1 (YP1) is a nuclear stain that detects cell death by binding to the DNA 

(Fujisawa et al., 2014). As apoptosis causes membrane instability, YP1 can enter dying 

cells but is too large to pass through the membrane of living cells (Fujisawa et al., 

2014). YP1 is beneficial as a sensitive early marker of apoptosis (Fujisawa et al., 2014). 

Unfortunately, YP1 also stains necrotic cells which can make it difficult to identify 

apoptotic cells on its own (Idziorek et al., 1995). In order to isolate only apoptotic cells, 

the stain propidium iodide (PI) was used alongside YP1. PI is a cationic fluorochrome 

which is unable to enter cells without severely compromised plasma membranes (Zhao 

et al., 2010). This makes it a good marker primarily for necrosis, but it may also indicate 

cells at the very end of apoptosis when the apoptotic bodies have formed.  By using 

these two stains together, it is possible to quantify cells in the early stages of apoptosis 

while excluding those that may be undergoing necrosis.  

Hoechst 33342 is a membrane permeant, double-stranded DNA binding, live-cell 

stain (Garner, 2009). It is water soluble and relatively non-toxic which makes it ideal for 

identifying cell nuclei (Garner, 2009). The major benefit of using YP1, PI and Hoechst 

together is that they can all be used for in vivo staining of sea urchin larvae and do not 

require fixation. 

PI (Invitrogen Y3603) was diluted to 1mg/mL in deionized water. YP1 (Invitrogen 

Y3603) was initially diluted to 100uM in DMSO. Hoechst 33342 (Invitrogen H3570) was 
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initially diluted 1:2. Larvae were incubated overnight at 12ºC in 6-well plates containing 

10 mL of sea water treated with one of the five treatments and approximately 100 larvae 

per well. An additional heatshock group was included in order to verify whether the stain 

showed a significant difference compared to the plain sea water group. Larvae in the 

heatshock group were incubated at 28ºC for 2 hours.  

The protocol used for these stains is a modified version of the Invitrogen 

Membrane Permeability/Dead Cell Apoptosis Kit with YO-PRO®-1 and PI for Flow 

Cytometry (Invitrogen V13243).  After 24 hours, 1 μL of PI and 1 μL of YP1 was added 

to each well. Larvae were then incubated for 15 minutes at 12ºC. After 15 minutes, 1 μL 

of diluted Hoechst 33342 was added. Larvae were then incubated for an additional 15 

minutes. After this incubation, 10-20 larvae were mounted on a cover slide and imaged 

within a 30-minute period as the stains are quite time-sensitive. This process was 

repeated until there was a minimum of ten, clear 20X images for each treatment group. 

As this was a live stain and any movement by the larval arms could affect image clarity, 

60X images were not collected for this experiment. Exposure time was determined by 

finding an apoptotic cell on a larval arm from the plain seawater control group and 

adjusting the exposure so that it was still visible with minimal background fluorescence. 

Exposure time was kept consistent among treatments from the same fertilization. The 

stains YP1, PI and Hoechst 33342 have excitation/emission wavelengths of 491/509, 

535/617, and 350/461. Larvae were imaged at 30x magnification using the Nikon 

Longpass fluorescent filter cubes for DAPI, GFP/FITC and TRITC/CY3 respectively 

(https://www.microscope.healthcare.nikon.com). 

Detecting the later stages of apoptosis using TUNEL 

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) is 

a commonly used apoptosis stain (Kyrylkova et al., 2012). TUNEL adds labeled dUTPs 

to a 3’ hydroxyl termini of DNA ends causing DNA in apoptotic cells to fluoresce 

(Kyrylkova et al., 2012). TUNEL is useful as it allows for identification of cells within the 

later stages of apoptosis which tend to proceed rapidly (Walker and Quirke, 2001).  
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A commercial kit (Click-iT™ Plus TUNEL Assay for In Situ Apoptosis Detection, 

Alexa Fluor™ 488 dye kit Invitrogen C10617) was used to identify cells in the later 

stages of apoptosis. Larvae were incubated overnight in 6-well plates containing 10 mL 

of sea water treated with one of the five treatments and approximately 100 larvae per 

well. An additional plain seawater group was included that would later be treated with 

DNAse. Larvae were incubated for 24 hours at 12ºC. After 24 hours, larvae were 

collected in 1.5mL Eppendorf tubes and excess water was removed until 500 μL 

remained. Larvae were fixed by adding 160 μL of 16% paraformaldehyde and incubated 

overnight at 4ºC.  After this, larvae were washed in 500 μL of phosphate-buffered saline 

(PBS). Postingression larvae were washed five times while preingression larvae were 

only washed three times. This was both to minimize lost larvae during the wash process 

and to prevent damage to the larvae as the preingression larvae tend to be more fragile 

than the postingression. A modified version of the manufacturer’s protocol was used 

and all reagents included in the Click-It® Plus TUNEL kit were prepared according to 

the manufacturer’s instructions. The original protocol was optimized for fixed tissue 

samples on slides, however, due to the delicate nature of the larvae this stain was 

conducted in 1.5 mL Eppendorf tubes.  The diluted Hoechst (100 µL) was added to 

each sample. Samples were then incubated for 20 minutes at room temperature, 

protected from light. After this incubation, the Hoechst was removed and samples were 

rinsed twice in 1X PBS. Finally samples were stored in 500 uL of 1,4-diazabicyclo[2.2. 

2]octane (DABCO) at 4ºC protected from light. The stain Hoechst 33342 has an 

excitation/emission wavelength of 350/461. The Alexa fluorophore 488 has an 

excitation/emission wavelength of 495/519. Larvae were imaged at 30x magnification 

using the Nikon Longpass fluorescent filter cubes for DAPI, GFP/FITC and TRITC/CY3 

respectively (https://www.microscope.healthcare.nikon.com). 

Detecting caspase-3 activity through immunohistochemistry 

Caspase-3 Rabbit IgG polyclonal antibody (Invitrogen MA1-91637) was used for 

immunohistochemical detection of active caspase-3 activity in larval tissues. The 
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specific caspase-3 antibody was chosen because it has been used previously to detect 

the presence of caspase-3 in apoptotic cells in sea urchin embryos (Wei et al., 2012). 

Larvae were fixed in 4% paraformaldehyde and incubated according to their age. 

Preingression larvae were incubated for 30 minutes and postingression larvae were 

incubated for 1 hour. Larvae were then rinsed twice with 100% ice cold MeOH to 

remove the paraformaldehyde before being stored at -20ºC. 

Larvae were rinsed in 50 μL of 0.3% PBST for 10 minutes. This was repeated 

three times for preingression larvae and 5 times for postingression larvae. Block 

solution (40 mL) was prepared using 80mg of bovine serum albumin (BSA), 400 μL of 

goat serum and 0.3% PBST as a base. Larvae were rinsed in the blocking solution for 

one minute and then incubated in 100 μL of block solution at 4ºC overnight. 1º Antibody 

solution was diluted to 1 μg/mL and 1 μL was then diluted in 125 μL of block and added 

to each tube before incubating overnight at 4ºC. Larvae were then rinsed in 0.3% PBST 

for 5 times for 6 minutes. The 2º Antibody solution was made up by adding 20 μL of 

goat antirabbit antibody and 9.8mL of 0.3% PBST as base. The 2º antibody is 

conjugated with FITC fluorophore. The 2º Antibody (250 μL) was added to each tube 

and they were incubated at room temperature for four hours protected from light. Larvae 

were rinsed 1-2 times in 0.3% PBST for 5 minutes protected from light. Finally, larvae 

were rinsed in 1X PBS and stored in 500 μL of DABCO. Prior to imaging Hoechst 33342 

was diluted 1:2000 in DABCO and 50 μL of this solution was then added to the bottom 

of each Eppendorf tube and incubated for 20 minutes protected from light. The Hoechst 

33342 has an excitation/emission wavelength of 350/461. The FITC fluorophore used 

has an excitation/emission wavelength of 491/516. Larvae were imaged at 60x 

magnification using the Nikon Longpass fluorescent filter cubes for DAPI, GFP/FITC 

and TRITC/CY3 respectively (https://www.microscope.healthcare.nikon.com).Image 

deconvolution and cell counting 

Prior to analysis, images were deconvolved using the software NIS-elements AR 

analysis. 3D deconvolution was performed using widefield modality. For images in the 

YP1 experiment, the DAPI channel was deconvolved using a wavelength of 358 nm, 
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FITC a wavelength of 491 nm and TRITC 550 nm. Images in the TUNEL and caspase-3 

IHC experiments were deconvolved using a wavelength of 358 nm for DAPI and 491 nm 

for FITC.  

Images were examined using the software FIJI (Fiji (imagej.net)). First a section of 

the postoral arm (Figure 2) was established as a region of interest (ROI). The ROI was 

selected and isolated from the rest of the image before it was measured.  

For images stained in the YP1 experiment cells were categorized and recorded. 

This was done both to see if there were any differences in the types of tissue 

undergoing apoptosis and to make sure that the PCD occurring was regulated and not 

just a response to toxicity. Cells from three distinct categories were identified from 

images: ciliated cells, skeletal cells and epithelial cells. Ciliated cells were defined as 

small, circular fluorescent points that were only stained by Hoechst and YP1 (Figure 

3A). Skeletal cells are the same size as epithelial cell but are found along the skeletal 

rod and were only stained by Hoechst and YP1 (Figure 3B). Finally, epithelial cells were 

defined as large cells that are found along the outer layers or tip of the arm that were 

only stained by Hoechst and YP1 (Figure 3C). Fluorescent cells in the FITC channel 

were counted for each category. Any cells that were stained by both YP1 and PI were 

considered necrotic and were excluded from counts (Figure 3D, Figure 3E, Figure 3F). 

The number of apoptotic cells in each category as well as the total number of apoptotic 

cells were then divided by the area of the ROI in order to get the average apoptotic cell 

density (Figure 4). This calculation was repeated using the number of apoptotic ciliated 

cells, skeletal cells and epithelial.  

For images in the TUNEL experiment, contrast and brightness among all images 

were adjusted to be consistent (Figure 5). This was done by identifying one clear 

apoptotic cell in the control treatment and adjusting the brightness and contrast so that it 

was clearly visible while background fluorescence was minimal. These values were then 

used for the rest of the images taken from that date. This process was repeated for 

each of the three imaging groups. After this, any visible fluorescent cells were counted 



24 

 

 

 

as apoptotic. The number of apoptotic cells was then divided by the area of the ROI in 

order to get the average apoptotic cell density. 

 For images in the caspase-3 IHC experiment, all images were adjusted to have a 

consistent contrast and brightness. Fluorescent signals indicate the presence of active 

caspase-3. Cells that had at least one fluorescent signal were recorded as caspase-3 

positive cells (Figure 6A). The number of caspase-3 positive cells was then divided by 

the area of the ROI to get the average caspase-3 positive cell density. Finally, all 

fluorescent points located in or beside a cell were counted and recorded (Figure 6A). 

The number of fluorescent points were then recorded and divided by the area in order to 

get the average caspase-3 density. The total number of fluorescent points was then 

divided by the number of caspase-3 positive cells in order to get the average number of 

positive signals per cell (Figure 6B). 

Statistical Analysis 

For the YP1 experiment, there were four dependent variables used as markers of 

apoptotic cell density: apoptotic cell density, apoptotic ciliated cell density, apoptotic 

skeletal cell density, and apoptotic epithelial cell density. These variables make it 

possible to identify whether certain THs increased apoptotic cell density overall as well 

as if they increased it in a tissue specific manner. For the TUNEL experiment, there 

were two dependent variables: number of apoptotic cells per arm and apoptotic cell 

density. These variables make it possible to identify if there is an overall increase in the 

number of apoptotic cells or if it was increased relative to the area of the arm. For the 

immunohistochemistry experiments the dependent variables were the caspase-3 

positive cell density, the number of positive signals per cell, and the caspase-3 signal 

density. The caspase-3 positive cell density and the number of positive signals per cell 

were measured because it is important to identify whether THs increase the amount of 

cells expressing active caspase-3. While this is important information, it can be difficult 

to accurately attribute a positive signal to the correct cell based on the signals location 

and the clarity of the image and so by also measuring the caspase-3 signal density, it is 
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possible to accurately determine if THs increase the overall amount of active caspase-3 

however, it provides no information into whether it increases it more in some cells or if 

the activation is consistent.  

For both experiments I used developmental stage (pre/post ingression) and 

treatment (T4, T3, rT3, Tetrac) as factors. Normality was checked using P-P and Q-Q 

plots prior to running a MANOVA. A multivariate analysis of variance (MANOVA) was 

used to compare the treatment groups to the control and the other treatment groups. A 

post hoc analysis was done for each developmental stage separately using Tukey’s 

HSD. Significance was determined to be p<0.05. A The statistical analysis was done 

using the software SPSS 25. 

RESULTS 

Thyroid hormones are associated with increased early signs of 

apoptosis as detected by YP1 in postingression larvae but not 

preingression larvae  

A two-way MANOVA was used to test whether there was a difference in the 

average apoptotic cell density in response to stage, treatment, and the interaction effect 

of stage and treatment. The multivariate test showed that apoptotic cell density changed 

between pre and postingression larvae (F3, 173 = 12.236, p<0.01, Wilks’ Λ = 0.825). After 

the multivariate test was performed, a univariate ANOVA was conducted to determine 

the effects of stage on each of the dependent variables used to measure early 

apoptosis. The total apoptotic cell density changed between pre and postingression 

larvae (F1, 175 =12.127, p=0.001). Among the different cell types measured, there was a 

change in the average apoptotic density of ciliated cells between pre and postingression 

larvae (F1, 175 = 23.342, p<0.01) and in the average apoptotic density of epithelial cells 

between pre and postingression larvae (F1, 175 = 4.831, p=0.029). The average apoptotic 

density of skeletal cells did not change as a function of developmental stage (F1, 175 = 

0.00, p=1.00). The multivariate test also showed that apoptotic cell density changed 
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among the different treatments (F12, 458 = 5.337, p<0.01, Wilks’ Λ = 0.707). Once again, 

a univariate ANOVA was conducted to determine the effects of treatment on each of the 

dependent variables used to measure early apoptosis. The total apoptotic cell density 

changed between the different treatments (F4, 175 = 15.280, p<0.01). There was also a 

difference in the average apoptotic density of ciliated cells among the different 

treatments (F4, 175 = 16.999, p<0.01). The average apoptotic density of skeletal cells did 

not change as a function of treatment (F4, 175 = 0.000, p=1.000). There was also no 

change in the average apoptotic density of epithelial cells as a function of treatment (F4, 

175 = 1.870, p=0.118). Finally, the last multivariate test showed that the average 

apoptotic cell density was changed as a result of the interaction effect between larval 

stage and treatment (F12, 458 = 5.735, p<0.01, Wilks’ Λ = 0.690). A final univariate 

ANOVA was performed to determine if the interaction of stage and treatment influenced 

each of the dependent variables used to measure early apoptosis. Total apoptotic cell 

density changed between pre and postingression larvae in different treatments (F4, 175 = 

17.350, p=0.000). Apoptotic cell density of ciliated cells changed as a function of both 

stage and treatment (F4, 175 = 18.961, p<0.01). The average apoptotic cell density of 

skeletal cells did not change as a function of stage and treatment (F4, 175 = 0.000, 

p=1.000). There was also no change in the average apoptotic cell density of epithelial 

cells (F4, 175 = 1.860, p=0.120).  

A univariate ANOVA was once again performed in order to determine the effect 

of treatment on the dependent variables in preingression larvae. In preingression larvae, 

there was no change in total apoptotic cell density as a function of treatment (F4, 88 = 

1.587, p=0.185; Figure 7). The average apoptotic cell density of ciliated cells did not 

change in response to treatment in preingression larvae (F4, 88 = 2.143, p=0.82; Figure 

8). The average apoptotic cell density of skeletal cells also did not change in response 

to treatment in preingression larvae (F4, 88 = 0.831, p=0.509; Figure 9). Finally, the 

average apoptotic cell density of epithelial cells did not change in response to treatment 

in preingression larvae (F4, 88 = 0.524, p=0.719; Figure 10). As the ANOVA did not 
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detect any significant differences among any of the dependent variables in response to 

treatment in preingression larvae, a post-hoc was not performed. 

A univariate ANOVA was performed in order to determine the effects of treatment 

on the dependent variables in postingression larvae. In postingression larvae, the 

average total apoptotic cell density changed as a function of treatment (F4, 87
 = 27.610, 

p<0.01; Figure 7). The average apoptotic cell density of ciliated cells changed as a 

function of treatment in postingression larvae (F4, 87 = 24.517, p<0.01; Figure 8). The 

average apoptotic cell density of epithelial cells also changed as a function of treatment 

in postingression larvae (F4, 87 = 14.646, p<0.01; Figure 10). The average apoptotic cell 

density of skeletal cells did not change as a function of treatment (F4, 87 = 1.293, 

p=0.279; Figure 9). As the ANOVA did not detect any significant differences in the 

average apoptotic skeletal cell density as a function of treatment, no post-hoc test was 

performed for this variable. This lack of significant difference is likely due to the fact that 

it can be difficult to properly distinguish between skeletal cells and primary mesenchyme 

cells and misidentification is common. This could have led to large variations in the 

number of skeletal cells counted. A post-hoc analysis using Tukey’s HSD was 

performed in order to identify the treatments responsible for the differences in early 

apoptotic cell density detected by the ANOVA. In postingression larvae, exposure to T3 

(p=0.025), T4 (p<0.001), or Tetrac (p<0.001) resulted in an increase in the average 

apoptotic cell density compared to larvae in the control group. Similarly, in 

postingression larvae, exposure to T3 (p=0.014), T4 (p<0.001), or Tetrac (p<0.001) 

resulted in an increase in the average apoptotic cell density compared to larvae 

exposed to the carrier control rT3. Exposure to T4 resulted in an increase in the 

average apoptotic cell density compared to larvae exposed to T3 (p<0.001). The 

average apoptotic cell density of ciliated cells also differed among the treatment groups. 

In postingression larvae, exposure to T3 (p=0.039), T4 (p<0.001) or Tetrac (p<0.001) 

resulted in an increase in the average apoptotic cell density of ciliated cells compared to 

larvae in the control group. Exposure to T3 (p=0.020), T4 (p<0.001), or Tetrac (p<0.001) 

also resulted in an increase in the average apoptotic cell density of ciliated cells 
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compared to larvae exposed to the carrier control rT3. Exposure to T4 resulted in an 

increase in the average apoptotic cell density of ciliated cells compared to larvae 

exposed to T3 (p<0.001). In postingression larvae, exposure to T4 (p<0.001) or Tetrac 

(p<0.001) resulted in an increase in the average apoptotic cell density of epithelial cells 

compared to larvae in the control group. Similarly, exposure to T4 (p<0.001) or Tetrac 

(p<0.001) resulted in an increase in the average apoptotic cell density of epithelial cells 

compared to larvae exposed to the carrier control rT3. Exposure to T4 (p=0.035) or 

Tetrac (p=0.002) also resulted in an increase in the average apoptotic cell density of 

epithelial cells compared to larvae exposed to T3. The average apoptotic cell density of 

skeletal cells did not change in postingression larvae as a result of any of the 

treatments.  

T4 is associated with increased late-stage apoptosis detected by 

TUNEL in postingression larvae  

A two-way MANOVA was used to test whether there was a difference in late-

stage apoptosis in response to stage, treatment, and the interaction effect of stage and 

treatment. The amount of apoptosis changed between pre and postingression larvae 

(F2, 69 = 28.021, p<0.01, Wilks’ Λ = 0.552). A follow-up univariate ANOVA was 

performed to see if stage had an effect on the dependent variables used to measure 

late-stage apoptosis. The average number of apoptotic cells changed between pre and 

postingression larva (F1, 70 = 49.821, p<0.01). Additionally, the average apoptotic cell 

density changed between pre and postingression larvae (F1, 70 = 26.774, p<0.01). The 

two-way MANOVA also showed that the amount of apoptosis changed among the 

different treatments (F10, 138 = 12.094, p<0.01, Wilks’ Λ = 0.284). Again, a univariate 

ANOVA was performed to determine whether treatment had an effect on the dependent 

variables measuring late-stage apoptosis. The average number of apoptotic cells 

changed as a function of treatment (F5, 70 = 24.222, p<0.01). The average apoptotic cell 

density also changed as a function of treatment (F5, 70 = 15.462, p<0.001). The two-way 

MANOVA also showed that the amount of apoptosis changed as a result of the 
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interaction effect between stage and treatment (F10, 138.00 = 6.436, p=0.000, Wilks’ Λ = 

0.465). The univariate ANOVA showed that the average number of apoptotic cells 

changed in response to treatment (F5, 70 = 9.383, p<0.01). It also showed that the 

average apoptotic cell density also changed in response to treatment (F5, 70 = 5.297, 

p<0.01) 

  A univariate ANOVA was performed in order to determine the effects of treatment 

on the dependent variables in preingression larvae. In preingression larvae, there was a 

change in the average number of apoptotic cells as a function of treatment (F5, 41 = 

29.494, p<0.01; Figure 11). The average apoptotic cell density also changed between 

the treatments (F5, 41 = 18.623, p<0.01; Figure 12). A Tukey’s HSD test was performed 

and showed that this change in the average number and density of apoptotic cells was 

due to an increase in apoptosis in the DNAse positive control group. There was no 

difference between the other groups. In preingression larvae, exposure to DNAse 

resulted in an increase in the average number of apoptotic cells per arm than larvae 

exposed to the plain seawater control (p<0.01), rT3 (p<0.01), T3 (p<0.01), T4 (p<0.01) 

or Tetrac (p<0.01). Exposure to the DNAse positive control group also resulted in an 

increase in the average apoptotic cell density compared to larvae exposed to the plain 

seawater control (p<0.01), rT3 (p<0.01), T3 (p<0.01), T4 (p<0.01) or Tetrac (p<0.01).  

 A univariate ANOVA was performed in order to determine the effects of treatment 

on the dependent variables in postingression larvae. In postingression larvae, there was 

a change in the number of apoptotic cells as a function of treatment (F5, 29 = 12.420, 

p<0.01; Figure 11). The average apoptotic cell density also changed as a function of 

treatment (F5, 29 = 7.335, p<0.01; Figure 12). A Tukeys HSD test was performed in order 

to identify the treatments responsible for the differences identified by the ANOVA. This 

test found that in postingression larvae, exposure to the DNAse positive control resulted 

in an increase in the average number of apoptotic cells compared to larvae exposed to 

the plain seawater control (p<0.01), rT3 (p<0.01), T3 (p<0.01), T4 (p<0.01) or Tetrac 

(p=0.006). This may either be due to the small sample sizes or variation in the area of 

the postoral arms. Exposure to the DNAse positive control also resulted in an increase 
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in the average apoptotic cell density compared to larvae exposed to the plain seawater 

control (p=0.01), rT3 (p=0.01) or T3 (p=0.009). Finally, exposure to T4 resulted in an 

increase in the average apoptotic cell density compared to larvae exposed to the plain 

seawater control (p=0.012) or rT3 (p=0.012).  

Larvae exposed to T4 and Tetrac show an increased amount of active 

caspase-3 as detected by immunohistochemistry, regardless of stage 

of development 

A two-way MANOVA was used to test whether there was a difference in active 

caspase-3 in response to stage, treatment and the interaction effect of stage and 

treatment. The MANOVA showed that active caspase-3 changed between pre and 

postingression larvae (F3, 155 = 10.352, p<0.01, Wilks’ Λ =0.833). A followup univariate 

ANOVA was used to determine if there was an effect of stage on the dependent 

variables used to measure active caspase-3. The average density of caspase-3 positive 

cells changed as a function of stage (F1, 157 = 24.383, p<0.01). Additionally, the average 

number of caspase-3 signals per caspase-3 positive cell changed between pre and 

postingression larvae (F1, 157 = 18.524, p<0.01). The active caspase-3 density did not 

change as a function of stage (F1, 157 = 3.464, p=0.65). The MANOVA showed that 

active caspase-3 changed between the different treatments (F15, 428.288 = 5.641, p<0.01, 

Wilks’ Λ =0.608). A follow-up univariate ANOVA was used to determine if there was an 

effect of treatment on the dependent variables used to measure active caspase-3. The 

average density of caspase-3 positive cells changed as a function of treatment (F5, 157 = 

6.252, p<0.01). There was also a difference in the average number of active caspase-3 

signals per positive cell among the different treatments (F5, 157 = 3.724, p=0.003). 

Finally, active caspase-3 density changed as a function of treatment (F5, 157 = 14.169, 

p<0.01). The MANOVA showed that amount of active caspase-3 did not change as a 

result of the interaction effect between stage and treatment, likely due to the fact that 

stage also had no effect on active caspase-3 (F10, 428.288 = 1.022, p=0.431, Wilks’ Λ = 

0.908). A follow-up univariate ANOVA was performed in order to determine if there was 
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an effect of the interaction between stage and treatment on any of the dependent 

variables used to measure active caspase-3. The average density of caspase-3 positive 

cells did not change as a function of both stage and treatment (F5, 157 = 0.793, p=0.556). 

The average number of caspase-3 signals per positive cell also did not change as a 

function of stage and time (F5, 157 = 0.835, p=0.526). Finally, the average active 

caspase-3 density did not change as a function of stage and time (F5, 157 = 1.793, 

p=0.117).  

Once again, a univariate ANOVA was performed in preingression larvae in order 

to determine if any of the treatments had an effect on the dependent variables used to 

measure active caspase-3. In preingression larvae, the average density of caspase-3 

positive cells did not change as a function of treatment (F5, 75 = 2.140, p=0.07; Figure 

13). The average number of caspase-3 signals per positive cell also did not change as a 

function of treatment in preingression larvae (F5, 75 = 0.649, p=0.663; Figure 14). The 

average active caspase-3 density changed in response to treatment in preingression 

larvae (F5, 75 = 5.879, p<0.01; Figure 15). As there was no significant difference in the 

average density of caspase-3 positive cells and the average number of caspase-3 

signals per cell, no post-hoc analysis was run on these variables. A post-hoc analysis 

using Tukey’s HSD was performed to identify the treatment responsible for the change 

in active caspase-3 signal density as detected by the ANOVA. Exposure to T4 resulted 

in an increase in the average density of active caspase-3 in preingression larvae 

compared to larvae exposed to the plain seawater control (p=0.047), the carrier control 

rT3 (p=0.001), or T3 (p=0.002). Exposure to Tetrac also resulted in an increase in the 

average density of active caspase-3 in preingression larvae compared to larvae 

exposed to the carrier control rT3 (p=0.019) or T3 (p=0.040).  

A univariate ANOVA was performed in postingression larvae in order to determine 

if any of the treatments had an effect on the dependent variables used to measure 

active caspase-3. The average density of caspase-3 positive cells in postingression 

larvae changed as a function of treatment (F5, 82 = 4.329, p=0.001; Figure 13). The 

average number of caspase-3 signals per positive cell also changed as a function of 
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treatment (F5, 82 = 9.683, p<0.01; Figure 14). Finally, the average density of active 

caspase-3 also changed in response to treatment (F5, 82 = 9.537, p<0.001; Figure 15). A 

post-hoc analysis using Tukey’s HSD was performed in order to determine if the amount 

of caspase-3 changed between treatments in postingression larvae. Exposure to T4 

resulted in an increase in the average density of caspase-3 positive cells compared to 

larvae exposed to the carrier control rT3 (p=0.002) or T3 (p=0.013). Exposure to T4 also 

resulted in an increase in the average number of caspase-3 signals per positive cell 

compared to larvae exposed to the plain seawater control (p=0.024) or the carrier 

control rT3 (p=0.018). In postingression larvae, exposure to Tetrac resulted in an 

increase in the average number of caspase-3 signals per positive cell compared to 

larvae exposed to the plain seawater control (p<0.01), the carrier control rT3 (p<0.01), 

or T3 (p=0.017). The heatshock positive control also resulted in an increase in the 

average number of caspase-3 signals per positive cell compared to larvae exposed to 

the control (p<0.01), carrier control rT3 (p<0.01), or T3 (p=0.023). Exposure to T4 

resulted in an increase in the average active caspase-3 density compared to larvae 

exposed to the control (p=0.008), carrier control rT3 (p<0.01), or T3 (p=0.008). 

Exposure to Tetrac also resulted in an increase in the average active caspase-3 density 

compared to larvae exposed to the control (p=0.002), rT3 (p<0.01), or T3 (p=0.002). 

Finally, the heatshock positive control also resulted in an increase in the average 

caspase-3 density compared to larvae exposed to the control (p=0.039), rT3 (p=0.003), 

or T3 (p=0.040).  

DISCUSSION 

THs, specifically T3, T4 and Tetrac were associated with an increase in the 

density of cells in the early stages of apoptosis in postingression larvae. T4 was also 

associated with an increase in the density of cells in the late stages of apoptosis in 

postingression larvae. Furthermore, in postingression larvae exposed to T4 and Tetrac I 

observed an increase in caspase-3 density. I did not observe a change in either the 

early or late apoptotic cell density among preingression larvae in any of the treatment 
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groups, however in preingression larvae exposed to T4 caspase-3 density increased. 

Although the link between caspase-3 activation and apoptosis is slightly weakened by 

the presence of increased caspase activation in preingression larvae without PCD, it is 

important to note that while an increase in active caspase-3 alone is not sufficient 

evidence for apoptosis, an increase in all three apoptosis markers in response to a 

certain stimulus provides strong evidence of apoptosis. Together, this evidence 

suggests that THs regulates larval arm retraction through caspase mediated PCD prior 

to metamorphic development in larval sea urchins.  

The differential effects of THs on PCD and its implications for larval 

arm retraction 

 In all the experiments testing the differential effects of THs on PCD, T4 

consistently showed the strongest response of all the TH treatments in postingression 

larvae. T3 and Tetrac were also associated with an increase in PCD but to a lesser 

degree and more inconsistently than T4. These differences are consistent with previous 

research that suggests that T4 has a higher binding affinity to sea urchin hormone 

receptors than other THs (Taylor and Heyland, 2018). Since exposure to T4 resulted in 

an increase in plasma membrane instability, DNA fragmentation, and active caspase-3, 

then T4 increases apoptosis. Furthermore, when considered in the context of larval arm 

retraction, the fact that T4 increases apoptosis supports the hypothesis that apoptosis 

is a mechanism responsible for arm length changes during larval development. 

Treatment with either T3, T4 or Tetrac resulted in an increase in apoptotic cells in 

postingression larvae stained with YP1 and PI. When YP1 and PI are used together, it 

is possible to identify cells with unstable plasma membranes – a hallmark of the early 

stages of apoptosis (Fujisawa et al., 2014). An increase in apoptotic cell density in 

larvae stained with YP1 indicates a recent increase in the number of apoptotic cells. 

Treatment with T4 resulted in an increase in apoptotic cells in postingression larvae, as 

well as an increase in apoptotic ciliated and epithelial cells. Similar to T4, treatment with 

Tetrac resulted in an increase in apoptotic cells. Treatment with Tetrac also resulted in 
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an increase in apoptotic ciliated cells and epithelial cells. Treatment with T3 resulted in 

an increase in total apoptotic cells and apoptotic ciliated cells but not change in 

apoptotic epithelial cells. This suggests that any effect T3 has on triggering apoptosis in 

postingression larval arms may be tissue specific rather than just broadly inducing 

apoptosis. This is consistent with research on frogs that suggests TH-induced PCD in 

the intestine during metamorphosis is cell specific (Su et al., 1997; Sun and Shi, 2012). 

There was no significant increase in the density of apoptotic skeletal cells – likely due to 

the small number of skeletal cells and the high variability in cell density. This high 

variability is because it is difficult to separate skeletal cells from skeletogenic primary 

mesenchyme cells which migrate through the larvae (Taylor and Heyland, 2018; Yajima, 

2007). 

Treatment with T4 resulted in an increase in apoptotic cells in postingression 

larvae stained with TUNEL. TUNEL adds fluorescently labeled dUTPs which binds to 

the ends of fragmented DNA (Kyrylkova et al., 2012). This causes cells in the later 

stages of apoptosis, after karyorrhexis but prior to the formation of apoptotic bodies, to 

fluoresce (Walker and Quirke, 2001; Elmore, 2007). An increase in the apoptosis in 

larva stained with TUNEL can be indicative of two, non-mutually exclusive events. An 

increase in the apoptosis in larvae stained with TUNEL could indicate an accelerated 

onset of apoptosis on a cellular level. This increase could also indicate an accelerated 

development of the whole organism which would then result in an acceleration of 

apoptosis. Since TUNEL tags fragmented DNA and T4 is the only treatment that 

resulted in an increase in apoptotic cells stained with TUNEL, it means that T4 triggers 

apoptosis earlier either by directly accelerating apoptosis in these cells or accelerating 

development of the whole organism. Furthermore, since treatment with T4 resulted in 

an increase in caspase-3, the type of PCD that is triggered by T4 is caspase-mediated 

and occurs through apoptosis. An increase in apoptosis as a result of T4 exposure is 

consistent with previous studies that show that THs are associated not only with an 

acceleration of juvenile structures, but also an acceleration in the resorption of larval 

structures (Chino et al., 1994; Heyland and Hodin, 2004). Additionally, increased 
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apoptosis due to T4 exposure is consistent with previous research on the effect of THs 

on larval arm retraction in which exposure to T4 was associated with a significant 

decrease in the mean larval arm length (Figure 1). The mechanisms explaining how T4 

may increase apoptosis will be discussed later in this thesis. 

Interestingly, treatment with Tetrac resulted in an increase in apoptotic cells in 

postingression larvae stained with YP1 and an increase in caspase-3, but it did not 

result in an increase in apoptotic cells in larvae stained with TUNEL. These results 

indicate that there is an increase in cells undergoing the early stages of apoptosis as 

well as an increased activation of caspase-3, but no apoptotic cells undergoing the later 

stages of apoptosis. While the lack of late apoptosis may be the result of an extreme 

coincidence that caused most of the larvae in the TUNEL group to be imaged after 

caspase-3 cleavage but before DNA fragmentation, it is more likely that the different TH 

signaling mechanisms are the explanation and will be discussed in detail later in this 

thesis. The different TH signaling mechanisms may also help to explain why THs seem 

to affect pre and postingression larvae differently. 

THs influence PCD differently in pre and postingression larvae 

There was a significant difference in the way THs affected apoptosis in the pre 

and postingression larvae. I found a consistent difference in the way the arms retracted 

in pre versus post ingression stages in response to treatment with T4, T3 and Tetrac. 

Although treatment with T3, T4 and Tetrac resulted in an increase in apoptotic cells in 

postingression larvae with YP1, treatment with those same hormones had no effect on 

the number of apoptotic cells in preingression larvae. Similarly, although treatment with 

T4 resulted in an increase in apoptotic cells in postingression larvae stained with 

TUNEL, none of the TH treatments had an effect on any of the preingression larvae. 

These results both indicate that the hormones T3, T4 and Tetrac only induce apoptosis 

in postingression larvae and therefore, apoptosis in response to THs is temporally 

regulated in sea urchin larvae. This supports the hypothesis that apoptosis in the 

larval arms is dependent on the developmental stage of the larva. Where this 
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pattern changed, however was in the amount of active caspase-3 in preingression 

larvae exposed to T4.  

While treatment with THs had no effect on the amount of apoptosis in the 

postoral arms of preingression larvae, treatment with T4 resulted in an increase in 

active caspase-3 in both pre and postingression larvae. At first glance this result seems 

counterintuitive since caspase-3 is the primary effector caspase during the execution 

phase of apoptosis, however there is increasing evidence that caspases are involved in 

non-apoptotic processes (Slee et al., 2001; Boland et al., 2013). Apoptosis is also 

responsible for triggering the release of anti-inflammatory cytokines and preventing the 

release of DAMPs (Boland et al., 2013; Hanson, 2016). Furthermore, the role of 

apoptotic cells in signal transduction is an important part of group apoptosis during 

metamorphosis in Drosophila in which apoptotic cells trigger cell death in their 

neighbors (Eroglu and Derry, 2016; Kawamoto et al., 2016; Boland et al., 2013). 

Apoptotic cells have a profound effect on their neighbours and can trigger 

compensatory proliferation during tissue remodeling and regeneration (Eroglu and 

Derry, 2016; Boland et al., 2013). There is even evidence that cells do not have to fully 

undergo apoptosis in order to stimulate proliferation, just initiate it (Bergmann and 

Steller, 2010). Apoptosis is unequivocally linked to immunity and cell proliferation and 

therefore it is reasonable to assume that its key members should be as well (Boland et 

al., 2013; Eroglu and Derry, 2016). Caspases can play a role in several non-apoptotic 

processes in metazoans such as T-cell proliferation, and in cellular differentiation of 

osteoblasts, neural cells and skeletal muscle cell (Boland et al., 2013; Bell and 

Megeney, 2017). In mouse sebaceous gland cells, caspase-3 highly activated and plays 

a non-apoptotic role in regulating cell size and proliferation (Yosefzon et al., 2018).  

Furthermore, in human cells, caspase-3 activation is associated with angiogenesis 

and it may in fact activate genes in the vascular endothelial growth factor (VEGFR) 

pathway (Bernard et al., 2019). This non-apoptotic role of caspase-3 is especially 

important when discussing sea urchin development as it has been noted that there are 

several similarities in the way that TH signaling regulates vertebrate angiogenesis and 
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sea urchin larval skeletogenesis (Taylor and Heyland, 2018). Our current understanding 

is that T4 causes phosphorylation of MAPK (ERK1/2) in primary mesenchyme cells 

(PMCs) in order to activate genes responsible for skeletogenesis (Taylor and Heyland, 

2018). Considering that caspase-3 plays a non-apoptotic role in angiogenesis and 

preingression larvae exposed to T4 see a significant increase in caspase-3 density but 

not an increase in apoptotic cell density, it would be beneficial to examine the possibility 

that caspase-3 plays a non-apoptotic role in skeletogenesis in preingression larvae. If 

T4 is triggering a non-apoptotic caspase-3 response in preingression larvae, it raises 

more questions about how THs can exert such different effects on sea urchin larvae of 

different stages. 

The different types of TH signaling may provide an explanation for 

both the apoptotic and anti-apoptotic effects of TH during sea urchin 

development 

A transition from primarily non-genomic signaling to a combination of genomic 

and non-genomic mechanisms may explain how THs transition from primarily driving 

skeletal growth in sea urchin larvae to driving both rudiment growth and tissue 

resorption. Currently there are two major mechanisms of TH action under investigation 

in the literature: non-genomic and genomic. Non-genomic TH signaling involves the 

binding of THs to membrane bound kinases, membrane bound receptors or TRs in the 

cytoplasm (Taylor and Heyland, 2018). Non-genomic TH signaling is responsible for the 

skeletogenesis in sea urchins and in humans it plays a role in angiogenesis and cell 

proliferation of cancer cells (Taylor and Heyland, 2018; Lin et al., 2015). Genomic TH 

signaling involves the binding of THs to nuclear hormone receptors (thyroid hormone 

receptors - TRs Ishizuya-Oka et al., 2010; Saito et al., 2012). In frogs, the genomic 

pathway is associated with both proliferation and apoptosis during metamorphosis 

(Ishizuya-Oka et al., 2010). Similarly, in humans the TRs are both anti-apoptosis and 

pro-apoptosis (Lin et al., 2015). The fact that different THs trigger different responses in 
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the larval arms and that larvae respond to these various THs differently based on their 

stage supports the hypothesis that apoptosis in the larval arms is TH-dependent. 

As mentioned previously, treatment with Tetrac resulted in an increase in early 

apoptotic cells and caspase-3 but did not increase late apoptotic cells. While this link is 

somewhat tenuous due to the small sample size, if future experiments with larger 

sample sizes show consistent results, it may provide evidence of multiple signaling 

mechanisms playing a role in apoptosis in the larval arms. If the apoptotic effect of 

Tetrac occurred through a separate pathway from T4, it would explain why in 

postingression larvae exposed to Tetrac there was an increase in early apoptotic cell 

density and caspase-3 density but not a significant increase in late apoptotic cell 

density. Tetrac, as a deaminated analogue of T4, competes with T4 and blocks binding 

of T4 to the cell surface thyroid hormone receptor on the integrin αvβ3 during non-

genomic TH signaling (Yang et al., 2021). In human cells, binding of T4 to the 

membrane integrin αvβ3 can induce cell proliferation, however when Tetrac is bound to 

this integrin it prevents cell proliferation and induces apoptosis (Cohen et al., 2018). 

Furthermore, in sea urchins, binding of T4 to αvβ3 accelerates skeletogenesis in sea 

urchin larvae while Tetrac has no significant effect (Taylor and Heyland, 2018). This 

would initially lead one to believe that if T4 is associated with an increase in apoptosis 

then Tetrac would be associated with a decrease, however it is important to remember 

that Tetrac is in fact a thyromimetic and not an anti-thyroid (Yang et al., 2021). This 

means that Tetrac, in addition to blocking the non-genomic actions of T4 signaling, will 

exert its own effects. If this were the only effect, however then why is there such a 

significant increase in the amount of early apoptotic cells in larvae exposed to Tetrac? If 

Tetrac inhibits the effect of T4 on apoptosis but still induces apoptosis then larvae 

exposed to Tetrac should have an average apoptotic cell density and caspase-3 density 

similar to larvae exposed to T4. This odd response of increased caspase-3 density and 

decreased level of late apoptosis, however can possibly be explained by the way Tetrac 

acts in human multiple myeloma cells (Cohen et al., 2018). Human multiple myeloma 

cells treated with Tetrac see an induction of caspase-9 and caspase-3 cleavage but not 
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cleavage of the DNA cleaving apoptosis inducing factor (AIF) (Cohen et al., 2018). In 

human cells, this would have relatively little effect on DNA fragmentation and 

subsequent TUNEL staining as most of the DNA fragmentation is the result of the 

endonuclease DFFB (Elmore, 2007). In non-apoptotic human cells, DFFB is complexed 

with its inhibitor DFFA and is only activated when caspase-3 cleaves DFFA and 

releases DFFB (Elmore, 2007). In sea urchins, however this reaction is not possible as 

there currently are no known orthologues of DFFB (Wynen and Heyland, p. 2021). If 

Tetrac induces apoptosis and caspase-cleavage but not AIF activation in sea urchins 

then there would be a significant reduction in DNA fragmentation. If this were the only 

mechanism at play, then postingression larvae exposed to Tetrac would show a 

significant increase in the average apoptotic cell density in larvae stained with YP1, a 

significant increase in the caspase-3 density in cells stained using IHC, and a significant 

decrease in the average apoptotic cell density in larvae stained with TUNEL compared 

to the control.  

The fact that in postingression larvae exposed to Tetrac did not have a significant 

decrease in the average apoptotic cell density when stained with TUNEL compared to 

the control indicates that there must be another mechanism present. There are two 

possible options for this additional mechanism. The first possible mechanism is that 

internally produced T4 is displaced by Tetrac and instead just binds to TRs. The second 

possible mechanism is that Tetrac binds to TR and the integrin receptor αvβ3. 

Considering Tetrac has a low affinity for the nuclear TR, it seems more likely that 

displaced T4 is acting genomically (Davis et al., 2006). Regardless of which additional 

mechanism is involved, it seems possible that THs are acting both genomically and 

non-genomically during larval arm retraction. The role of genomic TH-signaling leading 

to apoptosis during metamorphosis is already well established in frogs (Ishizuya-Oka et 

al., 2010).  

Furthermore, the different effects that THs exert during the larval lifespan may 

not even be caused by something as dramatic as different signaling mechanisms but 

rather, binding to different receptors. As discussed previously, in tadpoles TH exerts its 
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effects differently prior to and during metamorphosis via TR which is a member of the 

nuclear hormone receptor superfamily (Ishizuya-Oka et al., 2010). Binding of TH with 

TR plays different roles prior to and during metamorphosis due to the differential 

expression of two TR subtypes (Ishizuya-Oka et al., 2010). The TR subtype TRα is 

associated with tissue growth and is upregulated in tadpoles shortly after hatching 

before reaching peak levels by the tadpole feeding stage (Das et al., 2010; Ishizuya-

Oka et al., 2010). TRα is expressed ubiquitously but it at particularly high levels in areas 

that will undergo massive amounts of proliferation during metamorphosis such as the 

brain, limb buds and skin (Ishizuya-Oka et al., 2010). TRβ on the other hand, is present 

only in very low levels prior to metamorphosis but is strongly upregulated during 

metamorphosis (Ishizuya-Oka et al., 2010). Expression of TRβ is temporally controlled 

in tadpoles and is only upregulated in the epithelium just prior to apoptosis (Ishizuya-

Oka, 2011). The differential response in tissue is regulated by the plasma TH levels with 

different genes being upregulated by various cascades despite being triggered by same 

hormone (Buchholz et al., 2006; Buccholz, 2017). This means that, despite being 

receptors for the same ligand, TRβ and TRα are activated by different developmental 

cues and trigger distinct responses. This differential response is controlled by a 

combination of timing, TH plasma level, and tissue specificity and could provide an 

interesting explanation for how caspases act non-lethally in cells. 

 If TH-signaling in sea urchins is controlled by two different, temporally controlled 

receptors like in frogs, it may explain why T4 activates caspase-3 in preingression 

larvae without activating apoptosis. In Drosophila, caspase lethality is tied to the amount 

of effector caspase activity with survival being determined by whether this activity 

passes the execution threshold (Nakajima and Kuranaga, 2017). This execution 

threshold would allow for caspase-3 to act non-lethally during skeletogenesis and then 

later, when THs bind to a different receptor, function in apoptosis. When compared to 

the mechanisms of hormone mediated apoptosis during metamorphosis in frogs and 

insects, it seems likely that different receptors are responsible for the differential effects 

of THs in sea urchin development. 
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The important relationship between hormones, metamorphosis and 

PCD 

Hormones play a wide variety of roles across metazoans, however the 

fundamental aspects of hormone signaling show many similarities (Flatt et al., 2006). 

THs in particular play an important role in development, growth, differentiation, cell 

survival, and cell death (Flatt et al., 2006; Lin et al., 2015). Metamorphosis is a great 

example of how THs affect all those components. The role of THs in metamorphosis 

have been observed in a variety of organisms including teleost fish, amphibians, 

urodeles, mollusks, ascidians and echinoderms (Taylor and Heyland, 2017; Laudet, 

2011). Alongside hormones, PCD emerged as a key player in metamorphosis.  

 PCD during metamorphosis is a common process among indirectly developing 

marine invertebrates as it aids in the transition from a planktonic larva to a free living 

benthic juvenile (Leise et al., 2004; Gifondorwa and Leise, 2006; Hadfield, 2000; Lutek 

et al., 2018; Heyland et al., 2011). PCD is responsible for the remodeling of the apical 

organ and velar lobes in the veliger larvae of indirectly developing mollusks (Vogeler et 

al., 2021; Kiss, 2010; Heyland, 2011). In ascidians, PCD had been identified as an 

important part of tail regression in the transition from the larval body to the juvenile 

(Karaiskou et al., 2015; Weill et al., 2005). In echinoderms, PCD has been observed 

prior to metamorphosis in the ciliary band and larval arms (Lutek et al., 2018; Rocherri 

et al., 2002; Sutherby et al., 2012; Sato et al., 2006). It is undeniable that PCD plays an 

important role in tissue remodeling during metamorphosis, however despite both 

hormones and PCD being so important for metamorphosis, these processes are rarely 

discussed in the context of all three interacting. 

Understanding the important relationship between hormones, PCD and 

metamorphosis is vital for understanding how these processes work in a whole 

organism. The connection between THs and extensive PCD in nearly every major organ 

in tadpoles is probably the most well-described example of this relationship (Ishizuya-

Oka et al., 2010; Das et al., 2002). This relationship has also been fairly well described 
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in Drosophila where group apoptosis regulated by ecdysone is vital for the rapid 

turnover of tissue (Eroglu and Derry, 2016; Fuchs and Steller, 2011). While the 

connections between hormones, metamorphosis and PCD have been well studied in 

vertebrates and even terrestrial invertebrates, they have been understudied in marine 

invertebrates. My results here show a connection between THs and PCD that is present 

only in postingression larvae. Additionally, these results show that this PCD is 

characterized by a compromised plasma membrane and an increase in caspase-3 – 

two important characteristics of apoptosis. These results support apoptosis as a 

mechanism for TH-mediated larval arm retraction prior to metamorphosis. 

CONCLUSION AND FUTURE DIRECTIONS 

The work presented here provides evidence that T4 is associated with an increase 

in PCD in the larval arms of postingression larvae. Since T4 is associated with an 

acceleration of larval arm retraction prior to metamorphosis, this may provide evidence 

that arm retraction is mediated by apoptosis. My work also provides evidence that PCD 

involves a compromise in the plasma membrane, DNA fragmentation and an increase in 

active caspase-3 and therefore is likely apoptosis. In combination with research in frogs 

and insects, my data suggests that prior to metamorphosis, TH signaling is responsible 

for triggering tissue remodeling through apoptosis. My work has also shown that T3, 

while less effective than T4, is associated with an increase in PCD in preingression 

larvae. Increased apoptosis in response to T4 compared to T3 is consistent with 

previous research that suggests that T3 has a lower binding affinity in sea urchins than 

T4. My research has provided evidence that exposure to Tetrac may trigger apoptosis in 

the larval arms of postingression larvae but does not trigger DNA fragmentation. My 

data also suggests that caspase-3 may play a non-apoptotic role in preingression larvae 

exposed to T4, however more work is needed to confirm this. 

 Future work should examine the different mechanisms of TH signaling and 

characterize how exposure to THs increases apoptosis. While research into the 

genomic mechanisms of TH signaling in sea urchins is lacking, this could be achieved 
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by knocking out the integrin membrane receptor αvβ3 before examining the role of T4 

on apoptosis in the larval arms. Examining whether T4 still triggers apoptosis in the 

larval arms in larvae without αvβ3 should provide evidence as to whether TH-mediated 

apoptosis is mediated by genomic or nongenomic signalling. Future work should also 

examine whether caspase-3 plays a non-lethal role in preingression larvae similar to its 

role in triggering angiogenesis in certain human cells (Bernard et al., 2019). Pull-down 

assays should be performed to determine if cleaved caspase-3 directly interacts with 

VEGF in preingression sea urchin larvae exposed to T4.  

 Finally, while this work provides evidence that THs increase apoptosis in the 

larval arms prior to metamorphosis, it cannot be proven that this is the only mechanism 

involved in larval arm retraction. Future research should examine whether apoptosis is 

truly the only mechanism responsible for larval arm retraction or if THs trigger a 

combination of increased apoptosis and decreased proliferation in order to facilitate 

larval arm retraction. This can be done by using caspase inhibitors to determine if arm 

retraction still occurs without apoptosis. The role of reduced proliferation in larval arm 

retraction can also be measured by using DNA content quantitation assays and IHC 

staining for cell cycle markers. If there is no evidence of THs decreasing proliferation in 

postingression larval arms, then it may confirm the hypothesis that TH-mediated larval 

arm retraction is only regulated through apoptosis.
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TABLES 

Table 1. Measurements of markers of early apoptosis in pre and postingression larvae exposed to THs and stained with YP1/PI. 

   Apoptotic cell 
density (Cells 
per μm2) 

Apoptotic 
ciliated cell 
density (Cells 
per μm2) 

Apoptotic 
skeletal cell 
density (Cells 
per μm2) 

Apoptotic 
epithelial cell 
density (Cells 
per μm2) 

Treatment Stage Number Average sd Average sd Average sd Average sd 

Control Preingression 16 3.26 x 10-4 3.92 x 
10-4 

2.51 x 10-4 2.69 x 
10-4 

2.06 x 10-6 5.72 x 
10-6 

7.30 x 10-5 1.33 x 
10-4 

Postingression 18 1.06 x 10-4 1.04 x 
10-4 

8.65 x 10-5 9.98 x 
10-5 

1.38 x 10-7 5.84 x 
10-7 

1.93 x 10-5 1.42 x 
10-5 

rT3 Preingression 17 4.52 x 10-4 4.58 x 
10-4 

3.02 x 10-4 3.13 x 
10-4 

3.76 x 10-6 1.13 x 
10-5 

1.47 x 10-4 2.04 x 
10-4 

Postingression 20 8.73 x 10-5 8.49 x 
10-5 

6.13 x 10-5 6.92 x 
10-5 

1.15 x 10-6 5.05 x 
10-6 

2.48 x 10-5 3.25 x 
10-5 

T3 Preingression 20 4.03 x 10-4 4.49 x 
10-4 

2.79 x 10-4 2.89 x 
10-4 

1.39 x 10-6 4.72 x 
10-6 

1.22 x 10-4 1.98 x 
10-4 

Postingression 16 5.79 x 10-4 4.63 x 
10-3 

5.21 x 10-4 4.47 x 
10-4 

1.38 x 10-6 3.42 x 
10-6 

5.61 x 10-5 4.56 x 
10-5 

T4 Preingression 20 2.67 x 10-4 2.51 x 
10-4 

1.79 x 10-4 1.59 x 
10-4 

1.31 x 10-6 5.84 x 
10-6 

8.67 x 10-5 1.46 x 
10-4 

Postingression 20 1.32 x 10-3 7.68 x 
10-4 

1.21 x 10-3 7.52 x 
10-4 

3.50 x 10-6 9.51 x 
10-6 

1.12 x 10-4 7.58 x 
10-5 

Tetrac Preingression 20 5.48 x 10-4 3.40 x 
10-4 

4.19 x 10-4 2.85 x 
10-4 

0.00 0.00 1.29 x 10-4 1.88 x 
10-4 

Postingression 18 9.79 x 10-4 4.27 x 
10-4 

8.48 x 10-4 4.01 x 
10-4 

2.12 x 10-7 8.99 x 
10-8 

1.31 x 10-4 8.51 x 
10-5 
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Table 2. Measurements of markers of late apoptosis in pre and postingression larvae exposed to THs and stained with TUNEL. 

   Number of apoptotic cells  Apoptotic cell density (Cells per μm2) 

Treatment Stage Number Average sd Average sd 
Control Preingression 8 8.50 6.803 1.16 x 10-4 1.19 x 10-4 

Postingression 8 35.13 21.583 1.52 x 10-4 1.17 x 10-4 

DNAse positive control Preingression 5 159 56.560 1.13 x 10-3 4.15 x 10-4 

Postingression 4 638.75 341.972 2.30 x 10-3 4.26 x 10-4 

rT3 Preingression 9 15.56 8.890 1.94 x 10-4 1.18 x 10-4 

Postingression 8 37.50 28.380 1.60 x 10-4 1.19 x 10-4 

T3 Preingression 8 19.50 10.967 1.54 x 10-4 7.42 x 10-5 

Postingression 5 66.60 41.585 3.98 x 10-4 2.3 x 10-4 

T4 Preingression 9 26.11 18.698 1.16 x 10-4 1.02 x 10-4 

Postingression 5 139.20 121.333 1.73 x 10-3 1.97 x 10-3 

Tetrac Preingression 8 42.25 32.283 3.93 x 10-4 3.44 x 10-4 

Postingression 5 264.00 203.246 1.04 x 10-3 1.82 x 10-4 
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Table 3. Measurements of active caspase-3 in pre and postingression larvae exposed to THs and stained with IHC. 

   
Caspase-3 positive cell 
density (Cells per μm2) 

Caspase-3 signals 
per positive cell 

Caspase-3 density 
(signals per μm2) 

Treatment Stage Number Average sd Average sd Average sd 

Control Preingression 15 3.11 x 10-3 1.38 x 10-3 2.83 1.33 7.43 x 10-3 2.61 x 
10-3 

Postingression 14 4.51 x 10-3 1.11 x 10-3 1.46 3.31 x 10-

1 
6.42 x 10-3 1.56 x 

10-3 

Heatshock 
positive control 

Preingression 3 2.89 x 10-3 6.72 x 10-4 3.57 2.85 x 10-

1 
1.02 x 10-2 2.47 x 

10-3 

Postingression 8 5.03 x 10-3 1.65 x 10-3 3.15 1.48 1.46 x 10-2 4.52 x 
10-3 

rT3 Preingression 18 2.45 x 10-3 1.55 x 10-3 2.95 1.41 5.74 x 10-3 1.95 x 
10-3 

Postingression 15 3.06 x 10-3 1.15 x 10-3 1.44 4.87 x 
10-1 

4.27 x 10-3 1.73 x 
10-3 

T3 Preingression 15 2.36 x 10-3 1.15 x 10-3 2.95 1.67 5.91 x 10-3 3.04 x 
10-3 

Postingression 16 3.51 x 10-3 1.13 x 10-3 1.96 9.75 x 10-

1 
6.63 x 10-3 3.05 x 

10-5 

T4 Preingression 15 3.85 x 10-3 2.05 x 10-3 3.79 2.55 1.16 x 10-2 5.99 x 
10-3 

Postingression 16 6.01 x 10-3 3.28 x 10-3 2.45 7.94 x 10-

1 
1.44 x 10-2 4.52 x 

10-3 

Tetrac Preingression 15 3.23 x 10-3 1.15 x 10-3 3.33 1.60 1.02 x 10-2 4.81 x 
10-3 

Postingression 19 5.12 x 10-3 2.56 x 10-3 2.92 9.38 x 10-

1 
1.49 x 10-2 9.21 x 

10-3 
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Table 4. Matrix of significant differences comparing the different TH groups and the control group across the three experiments in pre 
and postingression larvae. Treatments that were not significantly different from the control group are indicated by ‘’. Treatments that were 

significantly different (p<0.05) from the control group are indicated by ‘✓’.  

  Early apoptosis (YP1/PI) Late apoptosis 
(TUNEL) 

Active caspase-3 (IHC) 

Stage Treatment Cell 
density 

Ciliated 
cell 
density 

Skeletal 
cell 
density 

Epithelial 
cell density 

Number 
of cells 

Cell 
density 

Positive 
cell 
density 

Signals 
per 
positive 
cell 

Caspase-
3 density 

Preingression Control          

rT3          
T3          
T4         ✓ 
Tetrac          

Postingression Control          
rT3          
T3 ✓ ✓        
T4 ✓ ✓  ✓  ✓  ✓ ✓ 
Tetrac ✓ ✓  ✓    ✓ ✓ 
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FIGURES 

 

Figure 1. Average arm length of postingression S. purpuratus larva after exposure to different 

thyroid hormones for 96 hours.  Postingression larvae were exposed to either plain seawater, rT3, T2, 

T3, T4, Tetrac or Triac. rT3 is a biologically inert form of the hormone T3 and therefore acts as a carrier 

control. Tetrac and Triac are deaminated forms of the hormones T4 and T3 respectively. Larvae were 

exposed to either a low dose (10-9M) or a high dose (10-7M) of one hormone. The postoral arm showed 

the largest degree of arm retraction in response to T4 at 10-7M, T4 at 10-9M and Tetrac at 10-9M. The 

anterolateral arms and posterodorsal arms showed the largest degree of arm retraction in response to T4 

at 10-7M. Error bars are ±1 SE. Significance of p<0.05 indicated by ‘*’. nControl=40, nRT3=38, nHighT2=40, 

nLowT2=40, nHighT3=40, nLowT3=40, nHighT4=40, nLowT4=40, nHighTetrac=36, nLowTetrac=40, nHighTriac=40, and 

nLowTriac=40. The mean length of the postoral arm is indicated by the blue data series. The mean length of 

the anterolateral arm is indicated by the red data series. The mean length of the posterodorsal arm is 

indicated by the purple data series.  This data was previously submitted as part of the course IBIO*4500 

at the University of Guelph and should not be considered part of this thesis, only as background material.  
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Figure 2. Diagram identifying the postoral arm on pre and postingression larvae.  Panel A shows a 

preingression larva imaged on DIC at 30x magnification. The postoral arm is indicated by the end of a 

black arrow which points to a cropped close-up of the arm. Panel B shows a postingression larva imaged 

on DIC at 30x magnification. The postoral arm is indicated by the end of a black arrow which points to a 

cropped close-up of the arm. Scale bars represent 20 µm 
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Figure 3. Representative images of the different cell categories used for quantifying the amount of 

early apoptosis in larvae stained with YP1. All images above are of postingression larvae (20-22 dpf) 

exposed to one of five treatments for 24 hours before being stained with YP1 and imaged under 30x 

magnification. Cells stained with YO-PRO are coloured green in the above figure. Cells stained with PI 

are shown in red in the above figure. Panel A shows several early apoptotic ciliated cells in a larva 

exposed to Tetrac. The arrows in this panel point to two small, green cells with no overlapping red signal 

which differentiates the early apoptotic ciliated cells from necrotic ciliated cells and apoptotic bodies. 

Panel B shows an apoptotic skeletal cell from a larva in the control group. Skeletal cells form along the 

skeletal rods in the arms and are often solitary. They are distinguished from necrotic skeletal cells due to 

their lack of overlapping red signal. Panel C shows two apoptotic epithelial cells in a larva exposed to T4. 

They are large cells, often found tightly packed with other cells. The cells indicated by the two white 

arrows are large, tightly packed and have no overlapping red signal which makes them early apoptotic 

cells. Panel D shows a cluster of four apoptotic bodies in a larva exposed to Tetrac. It is difficult to 

distinguish between early apoptotic ciliated cells, necrotic ciliated cells and apoptotic bodies, however 

apoptotic bodies and necrotic ciliated cells will fluoresce when stained with PI. Additionally, apoptotic 

bodies will often be found in tightly packed clusters, as seen above. Panel E shows a skeletal cell that is 

not in the early stages of apoptosis in a larva exposed to T3. As the cell is stained positive for PI, it is 
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either necrotic or past the early stages of apoptosis. Panel F shows five epithelial cells that are either 

dead or in the very last stages of apoptosis in a larva exposed to Tetrac. This is because the cells 

(indicated by the white arrows) are positive for PI and show several apoptotic bodies. The apoptotic 

bodies are the areas with a strong green signal and are attached to the dying cells. Scale bar in the 

bottom right is equal to 5 μm. 
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Figure 4. Representative images of the different number of early apoptotic cells in each treatment in larvae stained with YP1. 

Preingression larvae (10-11 dpf) and postingression larvae (20-22 dpf) were exposed to one of five treatments for 24 hours before being stained 

with YP1, PI and Hoechst 33342 and imaged at 30x magnification. Cells stained with YO-PRO are coloured green in the above figure. Cells 

stained with PI are shown in red in the above figure. Cells stained with Hoechst 33342 are coloured blue in the above image. Panels A-E are taken 

from preingression larvae. Panels F-J are taken from postingression larvae. Scale bar in the bottom right is equal to 10 μm. 
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Figure 5. Representative images of the number of apoptotic cells in each treatment in larvae stained with TUNEL. Preingression larvae 

(10-11 dpf) and postingression larvae (20-22 dpf) were exposed to one of five treatments for 24 hours before being stained with TUNEL and 

Hoechst 33342 and imaged at 30x magnification. Cells stained with TUNEL are coloured green in the above figure. Cells stained with Hoechst 

33342 are coloured blue in the above figure. Panels A-F show the postoral arms of preingression larvae. Panels A1-F1 show representative 

images of the number of apoptotic cells found among the different treatments. Panels A2-F2 show the number of apoptotic cells compared to the 

number of cell nuclei in the same arms as panels A1-F1. Panels G-L show the postoral arms of postingression larvae. Panels G1-L1 show 

representative images of the number of apoptotic cells found among the different treatments. Panels G2-L2 show the number of apoptotic cells 

compared to the number of cell nuclei in the same arms as panels G1-L1. Scale bar in the bottom right is equal to 10 μm.
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Figure 6. Representative images of the number of apoptotic cells in each treatment in larvae 

stained with a caspase-3 antibody using immunohistochemistry.  Preingression larvae (10-11 dpf) 

and postingression larvae (20-22 dpf) were exposed to one of five treatments for 24 hours before being 

stained using immunohistochemistry and Hoechst 33342 and imaged at 90x magnification. Active 

caspase-3 appears green in the above image. Cell nuclei stained with Hoechst appear blue in the above 

image. Panel A shows examples of the different ways caspase-3 signals were measured. Panel A1 

shows a caspase-3 positive cell with two of the positive signals indicated by the white arrows. Panel A2 

shows two caspase-3 signals that cannot be identified as belonging to a specific cell as indicated by the 

white arrows. Panel B shows examples of the different levels of caspase-3 signaling among the different 

treatments and developmental stages. Panels B1-B6 show representative images of the different 
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amounts of caspase-3 among the different treatments in preingression larvae. Panels B7-B12 show 

representative images of the different amounts of caspase-3 among the different treatments in 

postingression larvae. Scale bar in the bottom left is equal to 10 μm. 
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Figure 7. Average apoptotic cell density by treatment and developmental stage in S. purpuratus 

larvae stained with YP1. Preingression larvae (10-11 dpf) and postingression larvae (20-22 dpf) were 

exposed to one of five treatments (control, rT3, T3, T4, or Tetrac) for 24 hours before being stained with 

YP1 and imaged. The average apoptotic cell density in the postoral arm was measured. There were no 

significant differences in the average apoptotic cell density in preingression larvae among any of the 

treatment groups. Postingression larvae exposed to either T3, T4 or Tetrac had a significantly higher 

average apoptotic cell density than the control group. Preingression larvae are represented by the blue 

series while postingression larvae are represented by the red series. NPreingressionControl=16, 

NPostingressionControl=18, NPreingressionrT3=17, NPostingressionrT3=20, NPreingressionT3=20, NPostingressionT3=16, 

NPreingressionT4=20, NPostingressionT4=20, NPreingressionTetrac=20, NPostingressionTetrac=18. Error bars are ± 1 SE. 

Significance of p<0.05 indicated by ‘*’.  
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Figure 8. Average apoptotic ciliated cell density by treatment and developmental stage in S. 

purpuratus larvae stained with YP1.  Preingression larvae (10-11 dpf) and postingression larvae (20-22 

dpf) were exposed to one of five treatments (control, rT3, T3, T4, or Tetrac) for 24 hours before being 

stained with YP1 and imaged. The average apoptotic ciliated cell density in the postoral arm was 

measured. There were no significant differences in the average apoptotic ciliated cell density in 

preingression larvae among any of the treatment groups. Postingression larvae exposed to either T3, T4 

or Tetrac had a significantly higher average apoptotic ciliated cell density than the control group. 

Preingression larvae are represented by the blue series while postingression larvae are represented by 

the red series. NPreingressionControl=16, NPostingressionControl=18, NPreingressionrT3=17, NPostingressionrT3=20, 

NPreingressionT3=20, NPostingressionT3=16, NPreingressionT4=20, NPostingressionT4=20, NPreingressionTetrac=20, 

NPostingressionTetrac=18. Error bars are ± 1 SE. Significance of p<0.05 indicated by ‘*’.  
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Figure 9. Average apoptotic skeletal cell density by treatment and developmental stage in S. 

purpuratus larvae stained with YP1. Preingression larvae (10-11 dpf) and postingression larvae (20-22 

dpf) were exposed to one of five treatments (control, rT3, T3, T4, or Tetrac) for 24 hours before being 

stained with YP1 and imaged. The average apoptotic skeletal cell density in the postoral arm was 

measured. There were no significant differences in the average number apoptotic skeletal cell density 

among any of the groups. Preingression larvae are represented by the blue series while postingression 

larvae are represented by the red series. NPreingressionControl=16, NPostingressionControl=18, NPreingressionrT3=17, 

NPostingressionrT3=20, NPreingressionT3=20, NPostingressionT3=16, NPreingressionT4=20, NPostingressionT4=20, 

NPreingressionTetrac=20, NPostingressionTetrac=18. Error bars are ± 1 SE. Significance of p<0.05 indicated by ‘*’.  
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Figure 10. Average apoptotic epithelial cell density by treatment and developmental stage in S. 

purpuratus larvae stained with YP1. Preingression larvae (10-11 dpf) and postingression larvae (20-22 

dpf) were exposed to one of five (control, rT3, T3, T4, or Tetrac) treatments for 24 hours before being 

stained with YP1 and imaged. The average apoptotic epithelial cell density in the postoral arm was 

measured. There were no significant differences in the average apoptotic epithelial cell density in 

preingression larvae among any of the treatment groups. Postingression larvae exposed to either T4 or 

Tetrac had a significantly higher apoptotic epithelial cell density than the control group. Preingression 

larvae are represented by the blue series while postingression larvae are represented by the red series. 

NPreingressionControl=16, NPostingressionControl=18, NPreingressionrT3=17, NPostingressionrT3=20, NPreingressionT3=20, 

NPostingressionT3=16, NPreingressionT4=20, NPostingressionT4=20, NPreingressionTetrac=20, NPostingressionTetrac=18. Error bars 

are ± 1 SE. Significance of p<0.05 indicated by‘*’. 
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Figure 11. Average number of apoptotic cells by treatment and developmental stage in S. 

purpuratus larvae stained with TUNEL. Preingression larvae (10-11 dpf) and postingression larvae (20-

22 dpf) were exposed to one of six treatments (control, rT3, T3, T4, Tetrac, or DNase positive control) for 

24 hours before being stained with TUNEL and imaged. The average number of apoptotic cells in the 

postoral arm was measured. There were no significant differences in the average number of apoptotic 

cells in either stage among any of the thyroid hormone treatments. Both pre and postingression larvae in 

the DNAse positive control group had significantly more apoptotic cells. Preingression larvae are 

represented by the blue series while postingression larvae are represented by the red series. 

NPreingressionControl=8, NPostingressionControl=8, NPreingressionrT3=9, NPostingressionrT3=8, NPreingressionT3=8, NPostingressionT3=5, 

NPreingressionT4=9, NPostingressionT4=5, NPreingressionTetrac=8, NPostingressionTetrac=5, NPreingressionPositiveControl=5, 

NPostingressionPositiveControl=4. Error bars are ± 1 SE. Significance of p<0.05 indicated by ‘*’.  
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Figure 12. Average apoptotic cell density by treatment and developmental stage in S. purpuratus 

larvae stained with TUNEL. Preingression larvae (10-11 dpf) and postingression larvae (20-22 dpf) were 

exposed to one of six treatments (control, rT3, T3, T4, Tetrac, or DNase positive control) for 24 hours 

before being stained with TUNEL and imaged. The average apoptotic cell density in the postoral arm was 

measured. There were no significant differences in the average apoptotic cell density in preingression 

larvae among any of the thyroid hormone treatments. Preingression larvae in the DNAse positive control 

had a significantly higher average apoptotic cell density than the control group. Postingression larvae in 

the T4 and DNAse positive control groups a significantly higher apoptotic cell density than the control 

group. Preingression larvae are represented by the blue series while postingression larvae are 

represented by the red series. NPreingressionControl=8, NPostingressionControl=8, NPreingressionrT3=9, NPostingressionrT3=8, 

NPreingressionT3=8, NPostingressionT3=5, NPreingressionT4=9, NPostingressionT4=5, NPreingressionTetrac=8, NPostingressionTetrac=5, 

NPreingressionPositiveControl=5, NPostingressionPositiveControl=4. Error bars are ± 1 SE. Significance of p<0.05 indicated 

by ‘*’.  
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Figure 13. Average caspase-3 positive cell density by treatment and developmental stage in S. 

purpuratus larvae stained using immunohistochemistry. Preingression larvae (10-11 dpf) and 

postingression larvae (20-22 dpf) were exposed to one of six treatments (control, rT3, T3, T4, Tetrac, or 

heatshock) for 24 hours before being stained with a caspase-3 antibody using IHC and imaged. The 

average caspase-3 positive cell density in the postoral arm was measured. There were no significant 

differences in the average number of positive cells per μm2 among any of the treatments in either stage. 

Preingression larvae are represented by the blue series while postingression larvae are represented by 

the red series. NPreingressionControl=15, NPostingressionControl=14, NPreingressionrT3=18, NPostingressionrT3=15, 

NPreingressionT3=15, NPostingressionT3=16, NPreingressionT4=15, NPostingressionT4=16, NPreingressionTetrac=15, 

NPostingressionTetrac=19, NPreingressionHeatshock=3, NPostingressionHeatshock=8. Error bars are ± 1 SE. Significance of 

p<0.05 indicated by ‘*’.  
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Figure 14. Average number of caspase-3 signals per positive cell by treatment and developmental 

stage in S. purpuratus larvae stained using immunohistochemistry. Preingression larvae (10-11 dpf) 

and postingression larvae (20-22 dpf) were exposed to one of six treatments (control, rT3, T3, T4, Tetrac, 

or heatshock) for 24 hours before being stained with a caspase-3 antibody using IHC and imaged. The 

average number of caspase-3 positive signals per positive cell in the postoral arm was measured. There 

were no significant differences in the average number of caspase-3 signals per cell in preingression 

larvae among any of the treatments. Postingression larvae in the T4, Tetrac and heatshock groups had 

significantly more caspase-3 positive signals per cell than the control. Preingression larvae are 

represented by the blue series while postingression larvae are represented by the red series. 

NPreingressionControl=15, NPostingressionControl=14, NPreingressionrT3=18, NPostingressionrT3=15, NPreingressionT3=15, 

NPostingressionT3=16, NPreingressionT4=15, NPostingressionT4=16, NPreingressionTetrac=15, NPostingressionTetrac=19, 

NPreingressionHeatshock=3, NPostingressionHeatshock=8. Error bars are ± 1 SE. Significance of p<0.05 indicated by ‘*’.  
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Figure 15. Average caspase-3 density by treatment and developmental stage in S. purpuratus 

larvae stained using immunohistochemistry.  Preingression larvae (10-11 dpf) and postingression 

larvae (20-22 dpf) were exposed to one of six treatments (control, rT3, T3, T4, Tetrac, or heatshock) for 

24 hours before being stained with a caspase-3 antibody using IHC and imaged. The average caspase-3 

density in the postoral arm was measured. Preingression larvae exposed to T4 had significantly more 

caspase-3 positive signals per μm2 than the control group. Postingression larvae in the T4, Tetrac and 

heatshock groups had significantly higher average caspase-3 density than the control. Preingression 

larvae are represented by the blue series while postingression larvae are represented by the red series. 

NPreingressionControl=15, NPostingressionControl=14, NPreingressionrT3=18, NPostingressionrT3=15, NPreingressionT3=15, 

NPostingressionT3=16, NPreingressionT4=15, NPostingressionT4=16, NPreingressionTetrac=15, NPostingressionTetrac=19, 

NPreingressionHeatshock=3, NPostingressionHeatshock=8. Error bars are ± 1 SE. Significance of p<0.05 indicated by ‘*’.  

 

 


