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In marine invertebrate complex life histories, planktonic larvae metamorphose into benthic
juveniles that then develop into sexually mature adults. Hormonal or neurotransmitter-based

signalling systems have evolved to regulate complex life histories and ensure settlement on the
benthos and metamorphosis into juveniles occur after sufficient growth (i.e. metamorphic
competence), in appropriate habitats. Modulators of metamorphic competence keep larvae
prepared to settle and metamorphose until reception of a specific settlement cue. Histamine
modulates metamorphic competence in Strongylocentrotus purpuratus; however, this signalling
system is not fully understood. I determined the distribution and function of sea urchin histamine
receptor 1 (suH1R) throughout S. purpuratus larval development. suH1R is found in the mouth
and arm tips of larvae, and expression increases exponentially through development. Knockdown
of suH1R leads to cell death in the arms. I suggest that suH1R inhibits apoptosis and/or
maintains cell viability throughout larval development and may maintain metamorphic
competence in S. purpuratus.
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INTRODUCTION
Metamorphosis and Echinoderm Life Histories
Complex life histories are seen in a diverse array of animal taxa including
holometabolous insects, amphibians, sea squirts and echinoderms (Hadfield, 2000). In marine
invertebrates with complex life histories, individuals begin life as larvae and, after sufficient time
and growth in the plankton, transition into a juvenile, radically different from the larvae both
morphologically and physiologically. The metamorphosis of each of these groups marks the
transition from larvae to adult and coincides with a complete shift in behavior, ecology,
physiology and habitat (Bishop et al., 2006a; Hadfield, 2000). Biphasic life histories likely
evolved as a result of one or a combination of: an adaptive advantage of switching between food
sources, a required change due to other factors such as mate location, habitat selection or
dispersal, or developmental constraints on the early life history of an individual (Moran, 1994).
Settlement and metamorphosis are the two major transitions that occur during
development in species with planktonic larvae (Bishop et al., 2006a; Hadfield, 2000; Heyland
and Moroz, 2006; Hodin, 2006). Settlement refers to the process of an individual leaving the
water column to settle on, and often attach to, the substrate below (Keough, 1986; Rodriguez et
al., 1993; Roegner, 1991; Sutherby et al., 2012). Note that settlement does not imply recruitment
(Keough, 1986; Rodriguez et al., 1993; Roegner, 1991). A recruit is an individual that has settled
and survived to some pre-determined post-settlement age (Keough, 1986; Rodriguez et al., 1993;
Roegner, 1991). Metamorphosis is the loss of larval tissues and structures and an irreversible
transition to a juvenile morphology (Bishop et al., 2006a). The process of metamorphosis in
marine invertebrate larvae involves four major changes: acquisition of metamorphic competence,
growth and differentiation of juvenile or adult structures, the resorption or breakdown of larval
structures, and a change in habitat (Heyland and Moroz, 2006). Metamorphic competence is the
developmental state where an individual has the ability to metamorphose in response to a
settlement cue, but has not yet done so (Bishop et al., 2006a; Hadfield et al., 2001; Heyland and
Moroz, 2006)
The echinoderm life history is especially interesting with regards to the transition from
larva to juvenile, as many juvenile structures begin developing within the larvae before
competence is reached. This allows for echinoderm larvae to undergo settlement and
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metamorphosis relatively rapidly, therefore shortening the time an individual spends in a
vulnerable intermediate phenotype that cannot move and has no physical protection (Hadfield,
2000; Strathmann, 1993; Sutherby et al., 2012). Echinoderms also maximize post-settlement
survival by using settlement cues that indicate suitable habitat (Gosselin and Qian, 1997; Larsson
and Jonsson, 2006).

Molecular Mechanisms Underlying Life History Evolution
Historically, complex life histories, and their evolution, were investigated using a
combination of tools including demographics, quantitative genetics, mathematical models and
phylogenetics (Flatt and Heyland, 2012). Although these techniques are highly relevant when
studying life histories, our understanding of these processes will remain incomplete unless we
gain insight into the mechanisms that connect the phenotype with the genotype. Thus, in order to
understand the processes involved in a biphasic life history, and the manner in which it evolved,
the mechanisms mediating this developmental mode must be well understood.
Advances in manipulating gene and protein expression patterns are rapidly providing
novel insights into the developmental basis of life history traits, such as trade-offs and their
evolution (Flatt and Heyland, 2012; Houle, 1991; Stearns, 1989). One such manipulation
technique is the use of morpholinos. This technique was initially developed for frogs (Heasman
et al., 2000) and zebrafish (Ekker, 2000; Nasevicius and Ekker, 2000) but has since been used in
a variety of other organisms, including sea urchins (Coffman et al., 2004; Davidson et al., 2002;
Duboc et al., 2005; Eisen and Smith, 2008; Heyland et al., 2014; Luo and Su, 2012).
Morpholinos are antisense RNA constructs (approximately 25 subunit oligoneucleotide chains
with a morpholine ring in place of the normal ribose ring to increase stability and specificity)
designed to reduce (“knockdown”) gene expression in a given organism (Eisen and Smith,
2008). These morpholinos can knockdown expression by inhibiting translation of RNA or
inhibiting proper splicing, thereby reducing the amount of functional mRNA in the system. The
recent development of fluorescent morpholinos also allows the position of a selected morpholino
to be tracked.
In sea urchins, vivo-morpholinos (morpholinos specifically designed to cross cell
membranes) have been used to manipulate gene expression in both larvae and juveniles (Heyland
et al., 2014; Luo and Su, 2012). Traditionally, morpholino injections were restricted to early
2

development in sea urchins because the creation of transgenic sea urchin lines is difficult and
transient knockdown of genes in early development is often fatal later in development (Heyland
et al., 2014). However, a recent study by Heyland et al. (2014) demonstrated that injection of
vivo-morpholinos (vMO) into the juvenile rudiment of sea urchin larvae was successful in
knocking down expression of genes responsible for juvenile spine growth. Using this technique
circumvents the difficulties associated with creating functional knockdowns in later stages of
development. We can therefore use vMOs to investigate the mechanisms that regulate the
developmental processes intrinsic to the metamorphosis and settlement of marine larvae. It is
also possible to soak larvae in vMO at both embryo and larval stages of development and
effectively knockdown target genes (Luo and Su, 2012).

Apoptosis in metamorphosis
Apoptosis, or programmed cell death (PCD), has long been known to play a crucial role
in the development of invertebrates and vertebrates alike. Although researchers at the time did
not name it as such, the study of apoptosis began as early as the nineteenth century, and possibly
earlier (Clarke and Clarke, 1996). Now, it is widely acknowledged that PCD is an integral part of
the creation and maintenance of tissue structure (Meier et al., 2000). In fact, during development
there is often over-production of cells, necessitating a subsequent culling of cells to leave a
properly formed structure. Though this might at first seem wasteful, it may in fact allow these
early structures to be repurposed later in development or in a sex-specific way. Apoptosis may
also afford the organism some form of quality control and repair in case errors are made during
the developmental process. In all metazoans PCD is largely brought about by “caspase
enzymes”, however, some types of caspase-independent apoptosis have also been reported
(Amarante-Mendes et al., 1998; Meier et al., 2000).
Although apoptosis is seen in a variety of life history stages, it is especially prevalent in
metamorphosis due to the massive change in morphology during this transition. In fact, much of
the cell deletion that occurs during the metamorphic transition is due to apoptosis (Meier et al.,
2000). For example, both the removal of larval structures during Drosophila metamorphosis and
resorption of the larval tail during anuran metamorphosis are achieved by apoptosis (Kerr et al.,
1974). Likewise, during echinoderm metamorphosis the larval tissues are resorbed through cell
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death to leave the juvenile rudiment that becomes the fully developed juvenile (Sato et al., 2006;
Sutherby et al., 2012).
Like most animals, sea urchins exhibit no apoptosis during their cleavage stages (under
normal development) (Vega Thurber and Epel, 2007). However, low rates of ubiquitous
apoptosis are found at the early blastula stage and throughout the gastrula stage. This ubiquitous,
low level of apoptosis occurs throughout an individual’s life as a result of continuous tissue
remodelling and growth (Kerr J F R., 1972). Metamorphosis is a time of marked apoptosis,
however, few studies have looked at the mechanisms and timing of apoptosis during this process
in echinoderms (Agnello and Roccheri, 2010; Sato et al., 2006; Sutherby et al., 2012). The
majority of apoptosis in late stage pluteus larvae of the sea urchin Paracentrotus lividus occurs
in the arms and ciliary bands, though the authors note that the level of apoptosis in late stage
larvae is lower than that in early stage pluteus larvae (Roccheri et al., 2002). In the sea urchin,
Hemicentrotus pulcherrimus, larvae induced to metamorphose by L-glutamine exhibited TUNEL
activity (a marker of PCD that detects DNA fragmentation) 6 and 24 hours post glutamine
treatment, during arm retraction (a characteristic morphological change that occurs during sea
urchin metamorphosis) (Sato et al., 2006). In Strongylocentrotus purpuratus, the purple sea
urchin, initial results suggest caspase activity is not increased in the retracting arm tissue of
competent larvae following KCl settlement induction (Sutherby et al., 2012). This indicates that
there are caspase-independent mechanisms of PCD responsible for arm retraction during
metamorphosis (Sutherby et al., 2012).

Hormonal Control of Settlement and Metamorphosis
In order to ensure the processes of settlement and metamorphosis occur at an appropriate
time and place, there must be a coordinated signaling system in place to maintain metamorphic
competence and initiate settlement. In holometabolous insects, hormones, such as ecdysteroids
and sesquiterpenoid juvenile hormones, regulate complex life histories and act to coordinate the
various ontogenetic processes occurring simultaneously within the individual (Hadfield, 2000;
Hadfield et al., 2001; Heyland et al., 2005; Hodin, 2006; Riddiford and Truman, 1993). Prolactin
and thyroid hormones appear to mediate similar processes in amphibians (Denver, 2002).
Complex life histories in marine invertebrates may be coordinated by hormonal
signalling, however, there are many reported cases where neurotransmitters are also important
4

regulators of life history transitions (see Bisgrove and Burke, 1987; Byrne et al., 2007; Croll and
Dickinson, 2004; Hay-Schmidt, 1990; Piraino et al., 2011; Sutherby et al., 2012). There are two
main ways in which information can be passed via a neurotransmitter: “wiring transmission” and
“volume transmission”. Wiring transmission refers to neuron-linked electrochemical
transmission, while volume transmission refers to the transfer of chemical signals by diffusion
through neural tissue away from release sites (Agnati et al., 1986). The basis for these two modes
of signal transmission come from studies of the mammalian brain, however, these concepts have
also been demonstrated in leeches (De-Miguel et al., 2015 and references therein). Volume
transmission frees the passage of information via a neurotransmitter from the axonal network and
allows these signals to reach any point of a nerve cell (Agnati et al., 1986; De-Miguel et al.,
2015).
Larval nervous systems have been described in a number of invertebrate taxa including
molluscs (Croll and Dickinson, 2004), nemerteans (e.g. Hay-Schmidt, 1990a), cnidarians
(Piraino et al., 2011 and refernces therein) and echinoderms (Byrne et al., 2007 and references
therein). These descriptions are based upon the localization of a variety of neurotransmitters such
as serotonin, FRFamide-related peptides, dopamine, histamine (HA), γ-aminobutyric acid
(GABA), glyoxcilic acid and other catecholamines (e.g. Bisgrove and Burke, 1987; Byrne et al.,
2007; Croll and Dickinson, 2004; Hay-Schmidt, 1990; Piraino et al., 2011; Sutherby et al.,
2012). These larval nervous systems contain apical ganglia (the apical organ in molluscs and
echinoderms, and a concentration of cells in the apical region in nemerteans and cnidarians),
other localized ganglia that usually function in sensory perception, and a connected network of
nerves that run between these ganglia, often along ciliated bands (Bisgrove and Burke, 1987;
Byrne et al., 2007; Croll and Dickinson, 2004; Hay-Schmidt, 1990b; Piraino et al., 2011;
Sutherby et al., 2012). Thus, wiring transmission has been demonstrated in marine invertebrate
larvae, however, volume transmission has not yet been demonstrated.
An extensive nervous system in sea urchin larvae has been demonstrated for a variety of
neurotransmitters (Byrne et al., 2007; Sutherby et al., 2012). Serotonin, SALMFamide, GABA,
dopamine and glutamic acid have all been localized in the pluteus larval nervous system (Beer et
al., 2001; Bisgrove and Burke, 1987; Byrne et al., 2007; Katow et al., 2010; Nakajima et al.,
2004; Sutherby et al., 2012; Williams, 1983). This nervous system appears to be important in the
integration of environmental signals. The apical organ plays a role in sensory input and
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translation into physiological and behavioral responses, especially during metamorphosis, in at
least one species of echinoid (Burke, 1979; Burke, 1983a; Burke, 1983b). Thus, the apical organ
is essential in regulating the timing of the metamorphic transition. There is also evidence that, at
least in the sand dollar Dendraster excentricus, inhibitory control of metamorphosis is located in
the mouth region (Burke, 1983b) and so the oral ganglion may also be important in the
modulation of metamorphic competence.
Pluteus larvae also possess an extensive coelomic cavity through which chemical
transmitters may be moved (Ruppert and Balser, 1986). Due to the presence of this coelomic
cavity, various tissues and an extensive nervous system with both ganglia and varicosities in
pluteus larvae, there are a variety of potential mechanisms for chemical signals to be transmitted.
Neurotransmitter signalling could work by wired transmission through the neuronal network or
via volume transmission through tissues surrounding ganglia and varicosities. However,
neurotransmitters could also be released from these sites into the coelomic cavity and move
around the coelomic cavity, similar to the way hormones move in the bloodstream during
endocrine signalling. One, or any combination of these methods of cell signalling could therefore
be important in the regulation of settlement and metamorphosis.
The neurotransmitters and hormones dopamine (Bisgrove and Burke, 1987; Burke,
1983a), L-DOPA (L-3,4-dihydroxyphenylalanine), glutamine, glutamic acid (Burke, 1983a;
Naidenko, 1996), nitric oxide (Bishop and Brandhorst, 2001), thyroxine (Bishop et al., 2006b)
and HA (Sutherby et al., 2012) have been identified as important signaling molecules in the
metamorphic transition of different echinoderm species. The latter three of these compounds
appear to be important modulators of metamorphic competence in various sea urchin species
(Sutherby et al., 2012). When acting as modulators of metamorphic competence these
compounds are synthesized or present in the cells or tissues involved in metamorphosis or
settlement and do not induce settlement of competent larvae on their own. However, these
compounds do increase the percentage of larvae that settle, when competent larvae are treated
with the modulator and then induced to settle (Sutherby et al., 2012).
In sea urchins, the neurotransmitter HA has been identified as both an inducer of
settlement and a modulator of metamorphosis (Sutherby et al., 2012; Swanson et al., 2004;
Swanson et al., 2012). Work by Swanson et al. (2004; 2012) reported that HA induced
metamorphosis of four sea urchin species with lecithotrophic larvae (larvae that feed only on the
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yolk afforded them), Holopneustes purpurascens, Holopneustes inflatus, Heliocidaris
erythrogramma and Amphiroa anceps, and one species with planktotrophic larvae (larvae that
feed on plankton in the water column) Centrostephanus rodgersii (Swanson et al., 2004;
Swanson et al., 2012). Since lecithotrophic larvae have limited food resources, they can only
survive for a set period of time. These larvae are therefore more likely to settle in response to a
wide variety of settlement cues (i.e. to be habitat generalists) to avoid missing their opportunity
to settle and metamorphose in an appropriate place. On the other hand, planktotrophic larvae
may be better able to wait for a more specific habitat as they theoretically have constant access to
food. Therefore, the life history of a species is intricately linked to the type of larvae and so
signalling systems may vary depending on the type of larvae and/or settlement strategy (Bishop
et al., 2006b; Hadfield, 2000; Swanson et al., 2012). In species that settle in response to only one
or a few settlement cues (more common in planktotrophic larvae), there is more need for an
endogenous signalling mechanism to maintain the state of metamorphic competence to keep
larvae competent until they receive the appropriate settlement cue. On the other hand,
lecitotrophic larvae are more likely to settle in response to a variety of settlement cues due to
their limited food source and therefore a tightly regulated endogenous signalling system may be
less important than ensuring external settlement cues are received properly. In accordance with
this, the aforementioned studies only looked at exogenous sources of HA, and the authors
caution that there is a possibility that HA acts endogenously to regulate metamorphosis as well
(Swanson et al., 2012).

Histamine signalling in Strongylocentrotus purpuratus
HA functions as a neurotransmitter for mechanosensory and light perception, via HA
gated chloride channels, in a number of invertebrates (Nässel, 1999). It appears to be especially
important in the photoreceptors of various insect species. Generally, invertebrate HA receptors
appear to be ionotropic, however, sea urchin HA receptor 1 (suH1R) appears to be a
metabotropic (G-protein coupled) HA receptor (Leguia and Wessel, 2006; Roeder, 2003). Note
that there is at least one other histamine receptor in the sea urchin genome, however these other
receptor(s) have not been well characterized (Sutherby et al., 2012). Vertebrate HA signalling
works through four known seven transmembrane domain G protein-coupled receptors, which
differ according to sequence and location (Hill et al., 1997; Zhu et al., 2001). These receptors are
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named H1R through H4R (Roeder, 2003). HA functions in many processes in vertebrates,
notably inhibition of apoptosis (Buchner et al., 1993; Pollack and Hofbauer, 1991). Thus, HA
may play a role in the maintenance of metamorphic competence during echinoderm development
and is a good candidate for perception of sensory information from the environment.
In S. purpuratus, the purple sea urchin, HA is an important signalling molecule during
fertilization and suH1R is present in the egg plasma membrane (Leguia and Wessel, 2006).
When this receptor is activated, a signalling cascade is initiated, maintaining the calcium
gradient across the membrane. Under natural conditions, S. purpuratus is known to settle in
response to red algal turf and crustose coralline algae; however, the exact identity of the
settlement cue has not yet been identified (Rowley, 1989). According to previous work,
Thioperamide (a H3R antagonist) induces spontaneous settlement in competent S. purpuratus
larvae, suggesting that histamine is essential for maintenance of metamorphic competence
(Sutherby et al., 2012). This work also demonstrated that treatment of pre-competent S.
purpuratus larvae with HA led to higher settlement rates upon induction with KCl. These results
suggest that HA aids in the attainment of competence in pre-competent S. purpuratus larvae and
subsequently maintains their competent state. This role in maintaining metamorphic competence
is likely due to inhibition of caspase-mediated apoptosis. When treated with a H1R antagonist,
competent S. purpuratus larvae displayed a marked reduction in arm length which appears to
coincide with increased caspase activity; however, this treatment did not result in settlement or
metamorphosis.
HA in echinoderms is located in three distinct ganglia: the apical organ, the lateral
ganglia and the oral ganglia (Burke, 1983a; Byrne et al., 2007; Sutherby et al., 2012). In S.
purpuratus, there is also an extensive histaminergic network of neurons in the larval tissues
throughout development (Sutherby et al., 2012). This network runs between the aforementioned
ganglia, as well as along the arms and in the juvenile rudiment. Histidine decarboxylase (HDC),
a histamine synthesis enzyme that is functionally conserved across bacterial, invertebrate and
vertebrate genomes (Almeida and Beaven, 1981; Fleming et al., 2004; Moya-Garcia et al., 2005;
Reite, 1972; Sáenz-De-Miera and Ayala, 2004), is likely responsible for endogenous HA
synthesis that supplies this histaminergic network. However, there has not yet been a definitive
localization of either HDC or suH1R in S. purpuratus larvae. Thus, the organization of their
histamine signaling system and the transduction mechanism remain unclear.
8

Hypotheses
There are two main objectives of my thesis. The first is to confirm and build upon the
immunohistochemistry findings in Sutherby et al. (2012) to localize and characterize the HA
signaling system in larval S. purpuratus. I determined the distribution and expression of suH1R
and HDC in S. purpuratus larvae throughout their development, using immunohistochemical
staining and qRT-PCR analysis. These findings are discussed with respect to HA expression in
these larvae. Secondly, I functionally tested the role of the HA signalling pathway in S.
purpuratus, development using morpholino knockdown. Knockdown of suH1R expression in
these larvae was analyzed by immunohistochemical staining, and morphological observation.
TUNEL activity following settlement induction with KCl was also assessed. I hypothesized that
HA, HDC and suH1R are components of a signalling system that is involved in the inhibition of
apoptosis throughout the development of S. purpuratus, with a critical role in the modulation of
metamorphic competence. I also hypothesized that suH1R is a key inhibitor of apoptosis in larval
S. purpuratus and so reduced expression, following vMO treatment, will induce settlement
and/or apoptosis, in the absence of a settlement cue.

MATERIALS AND METHODS
Animal Husbandry
Adult Strongylocentrotus purpuratus (sourced from Point Loma Marine Invertebrate Lab,
Lakeside, California) were kept at the Hagen Aqualab (University of Guelph, Guelph, Ontario)
on a 12:12 light cycle in recirculating artificial seawater at approximately 11ºC. Adults used
were from a number of shipments of urchins between May 2014 and May 2016. Urchins were
fed ad libitum with Kombu spp. three times a week. To induce spawning, adult urchins were
gently shaken and/or injected with 0.5-1.0mL 0.5M KCl. Eggs were collected by inverting the
female over a beaker filled with filtered artificial sea water (FASW) while sperm was collected
by pipette.

Larval culturing
Following spawning, eggs were fertilized with diluted sperm and checked for fertilization
percentage (see Table 1 for a list of fertilization dates). Once the fertilization success was >80%,
9

fertilized eggs were transferred to a 1L beaker filled with approximately 600mL of FASW and
allowed to hatch and develop for two days. FASW was made by passing artificial seawater
through successive 100µm, 50µm, 1µm and 0.3µm filters. At this point, larvae were transferred
to 2L beakers filled with FASW at a density of approximately 1 larva/mL. These beakers were
kept at approximately 11ºC in a stirring rack (15 RPM) to ensure larvae stayed suspended in the
water column. Larval cultures were cleaned and fed ad libitum with Rhodomonas spp. three
times each week. Cultures were kept on a rotating schedule to ensure that larvae of the
appropriate age were available at all times (see Figure 1 for a brief description of S. purpuratus
larval development).

Immunohistochemistry
For staining with polyclonal histamine antibodies (Abcam # ab43870-100; Lot 740889
and ImmunoStar Cat# 22939; Lot 1006001), larvae were fixed at room temperature with a 1:1
mixture of 4% Paraformaldehyde (PF) and 4% 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDAC) and post fixed 15 minutes in 100% methanol at -20ºC. For staining with an antibody
designed specifically for suH1R (Leguia and Wessel, 2006), larvae were fixed in 4% PF. All
larvae used for whole mount immunohistochemistry (WMIHC) were fixed as follows, according
to age: <1 week – 15 minutes, 1-2 weeks – 30 minutes, 2-3 weeks – 45 minutes and 3+ weeks –
60 minutes. The procedure for WMIHC was performed according to Sutherby et al. (2012) with
the following modifications: specimens were initially rinsed 6 times in PBST (0.3% Triton-X in
1x PBS) for 10 minutes each, block time was 30 minutes, specimens were washed 5x following
primary antibody incubation, secondary antibody incubation was at 8ºC, specimens were washed
5 times in PBST following secondary antibody incubation and larvae were incubated at room
temperature in a 1:5000 dilution of Hoechst in PBS for 15 minutes in the dark. Following
immunostaining, larvae were mounted in DABCO (1,4-Diazabicyclo[2.2.2]octane)-glycerol
mounting medium (90% glycerol, 0.1M Tris-HCl, 10g/L DABCO). The histamine primary
antibody was used at a concentration of 1:800 and the suH1R antibody was used at a
concentration of 1:80. After mounting, larvae were imaged on a Nikon Ti Compound
microscope. Images were then processed for presentation or cell counts in ImageJ.
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Fluorescent Histamine
As an alternative means of localizing histamine receptors on the external surface of S.
purpuratus larvae, individuals were incubated in fluorescent histamine (FL-HA) (ThermoFisher
Scientific Bodipy FL Histamine #B22461; Lot# 1073519) in FASW at a concentration of 20µM
at 11ºC. Larvae incubated in FL-HA exhibit fluorescence at sites where HA is bound to an
external receptor. Following incubation, larvae were washed 3x in FASW and imaged live.

qRT-PCR
RNA Extraction
RNA was extracted from whole larvae using the Direct-zolTM RNA MiniPrep kit (Zymo
Research #R2050; Lot# ZRC186120) according to the following protocol. Samples were lysed in
350µL of TRIzol® at -20°C for at least 12 hours. After defrosting, 350µL of 100% ethanol was
added to each sample and mixed thoroughly. This sample was then transferred to a Zymo-SpinTM
IIC Column in a collection tube and centrifuged for 1 minute. This flow through was discarded,
400µL of RNA Wash Buffer was added to each column and the column was centrifuged for 30
seconds. 5µL DNase 1 and 75µL DNA digestion buffer was added to each column and allowed
to incubate at room temperature for 15 minutes. Each tube was then centrifuged for 30 seconds.
400µL of RNA Pre Wash was added to the column, each column was centrifuged for 30 seconds
and the flow through was discarded. This step was repeated once. 700µL of RNA Wash Buffer
was added to each column and the columns were centrifuged for 1 minute. The collection tube
was emptied and then the column was spun for an additional 2 minutes. The column was then
transferred to a new 1.5mL Eppendorf tube. 25µL of Nuclease Free Water was added directly to
the column matrix and the column was centrifuged for 1 minute. The quality and concentration
of the RNA was then assessed using a Nanodrop 8000 Spectrophotometer (Thermo Scientific).
cDNA Synthesis and qRT-PCR
RNA was then converted to cDNA using the Applied Biosystems cDNA synthesis
protocol as follows. 10µL RT Master Mix (2µL 10X Reverse Transcriptase Buffer, 0.8µL 25X
dNTP Mix (100mM), 2µL 10X Reverse Transcriptase random primers, 1µL MultiScribe Reverse
Transcriptase and 4.2µL Nuclease Free Water) and 10µL RNA sample were pipetted into the
appropriate PCR tube, sealed and placed in the thermocycler. The thermocycler was run using
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the following steps: 10 minutes @ 25ºC, 120 minutes @ 37ºC and 5 minutes @ 85ºC. The cDNA
was then stored at -20ºC until it could be used for qRT-PCR.
All qRT-PCR experiments were performed using a StepOne Plus with the standard ΔΔCt
method and the “Fast” SYBR green cycle with a ramp rate of 100% (see Table 2 for details). The
concentration of all primers was 300nM and the reaction volume was 20µL. Amplification
efficiency for the control and target genes was assessed based upon the melt curves and trial
qRT-PCR runs with sequential primer concentrations. Gene primer sequences can be found in
Table 3.
suH1R and HDC Expression Time Series
For the time series experiment, larvae were collected at approximately 2 days, 1 week,
1.5 weeks, 2.5 weeks, 3.5 weeks and 4.5 weeks post fertilization. Samples taken at 2 days to 1.5
weeks were approximately 300 larvae per sample, those taken between 2.5 to 3.5 weeks were
approximately 100 larvae per sample and those taken at 4.5 weeks were 20-50 larvae per sample.
RNA was extracted, cDNA made and qRT-PCR performed, as above, for both suH1R and HDC,
with Ubiquitin as the control gene.
Induction Experiment
Three samples (100 larvae/sample) of 2 week old, pre-competent larvae were used as the
reference sample for the induction experiment. Larvae expected to be competent were taken from
a batch of 47 day old larvae. Their level of competence was determined to be about 30% after
induction with KCl for 1 hour and a 12 hour recovery period in FASW. Before induction, 3
samples were taken as a “Competent” larvae sample (20 larvae/sample). 200 larvae from the
same batch were then induced as described above. After the recovery period, larvae that had
metamorphosed were split into 3 samples (~10 larvae/sample), considered “Juvenile” samples,
and the larvae that had not metamorphosed were split into 3 samples (~50 larvae per sample),
considered “Not Competent” samples. RNA extraction, cDNA synthesis and qRT-PCR were
then performed as described above for both suH1R and HDC with Ubiquitin as the control gene.
Arm Isolation
Finally, in order to test for expression of suH1R in the arms of larval S. purpuratus,
approximately 70 late stage larvae were split into body and arms, their RNA was extracted,
translated into cDNA and then expression levels of HDC and suH1R were tested with Ubiquitin
as the control gene.
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TUNEL Activity Post Induction
. To determine the most appropriate time to look for TUNEL activity following KCl
induction, late stage larvae (~4 weeks old) were induced to settle and metamorphose using
80mM KCl, then fixed and stained for TUNEL activity as described below just after induction,
15 minutes after induction, 45 minutes after induction and 90 minutes after induction. At the
appropriate times, samples (five larvae per sample) were fixed at room temperature for 30
minutes in 400µL of the following solution: 2.5mL 16% paraformaldehyde, 1mL 10X Phosphate
Buffered Solution, 25µL Triton X and 6.475mL Nuclease Free Water. Larvae were stained for
TUNEL activity using the following protocol modified from the Click-iT® TUNEL Alexa Fluor®
Imaging Assay. Samples were washed 3X in 100µL of PBST (0.03%) and incubated 20 minutes
at room temperature in 100µL of TdT Reaction Buffer [A]. The reaction buffer was then
removed and replaced with 94µL TdT Reaction Buffer [A], 2µL EdUTP [B] and 4µL TdT* [C]
for each sample. Samples were then incubated for 1 hour at 37ºC. Each sample was then washed
2 times with 3% BSA in PBS at room temperature for 2 minutes each. The wash solution was
removed and replaced with 97.5µL of Click-iT® reaction buffer [D] and 2.5µL cocktail ClickiT® reaction buffer additive [E] for each sample, and incubated at room temperature for 30
minutes, protected from light. Larvae were then mounted on Poly-Lysine coated slides in
DABCO mounting medium. If a positive control was used, the sample was treated just after
fixation with 89µL of Nuclease Free Water, 10µL of DNase I buffer [H] and 1µL DNase I [G]
and incubated at room temperature for 30 minutes, before proceeding as indicated above. Larvae
were imaged on a Nikon Ti Compound microscope and images were processed in ImageJ.

Vivo-Morpholino Injections
vMO and marker dye injections were performed on larvae of various stages of
development to determine if injection into the coelomic cavity was an effective method of
introducing a vMO into larvae. All injections were performed on a Nikon Ti compound
microscope with an attached XenoWorks micromanipulator. Injection needles were prepared
from Drummond Microcaps® (Drummond Scientific Company; #1-000-0500) pulled using a
Sutter Instrument Flaming/Brown Micropipette Puller (Model P-100) with the program
parameters as follows: Heat 515, Pull 75, Velocity 85, Delay 70, Pressure 500. Needles were
loaded with 1-2uL of injection solution and then broken in FASW. Injection volume was set to
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be as large as possible while not expanding the injected coelomic space. Larvae were placed
individually into a 2cm petri dish filled with approximately 2mL FASW and immobilized using a
suction pipette (Figure 2).
The first set of injections were performed with diluted tracer dye (CY5, a nuclear stain;
1:9 dilution in FASW) to determine the effectiveness of injection into the coelomic cavity for
delivering the dye (and therefore vMO) to the whole larvae. A total of 10 late stage larvae were
injected in this manner over 3 days. 7 of the 10 larvae were fixed in 16% PF after 24 hours of
recovery to determine the extent to which the dye had spread throughout the larvae. Since the
tracer dyes used were nuclear dyes, the distance that the dye and vMO had travelled through the
coelomic cavity could be assessed using the portion of the larvae that displayed the nuclear dye.
Once the injection technique was established, injections were performed using an
injection solution containing a translation inhibiting vMO designed specifically for suH1R,
herein referred to as suH1RMO, or a control solution with nuclease free water in the place of the
vMO (1:1 dilution of DRAQ5, a nuclear stain, and water or vMO; vMO sequences in Table 4).
Note that DRAQ5 was used to facilitate more efficient injection of larvae. Manipulation time as
well as site of injection was noted for all larvae. Injections were performed in 6 individuals for
each treatment, as described above, and these larvae were allowed to recover in a 24 well plate (1
individual/well) overnight. At this point, 3 larvae per treatment and 4 uninjected larvae were
fixed in 4% PF for 45 minutes and stored overnight in PBS until immunohistochemical detection
of suH1R was performed. After a second night of recovery, the remaining three larvae from each
treatment were fixed as described above and then stained for suH1R using
immunohistochemistry. Larvae were mounted on individual slides in DABCO mounting medium
and then imaged on the same Nikon Ti microscope used for injections. This procedure was
repeated two more times with 8 and 10 individuals respectively and an injection solution made of
a 1:9 dilution of DRAQ5 in water or vMO. The concentration of suH1RMO was increased for
these injections as the first trial did not result in any change in phenotype for the treated larvae.

Vivo-Morpholino Soakings
Since morpholino injection proved technically difficult, time consuming and had limited
success inducing a phenotype (likely due to dilution in the coelomic cavity), I tested the method
of soaking larvae in vMO that was demonstrated to work in sea urchin embryos and in early
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pluteus (Luo and Su, 2012). I had four objectives with this technique. First, I validated the vMO
soaking technique and the suH1RMO itself by fertilizing eggs soaked in suH1RMO. Second, I
tested whether suH1RMO resulted in any changes in suH1R positive cells in the mouth region
and whether these changes were mirrored by H1R antagonist treatment. Third, I tested whether
different concentrations of suH1RMO induced cell death in the arms of pluteus larvae. Finally, I
tested whether pre-treatment with HA could reverse the effects of suH1RMO soaking.
To validate that the suH1RMO was functional, we took advantage of a convenient
phenotype previously recorded as a result of suH1R inhibition during fertilization (Leguia and
Wessel, 2006). Inhibition of suH1R during fertilization results in a decreased rate of fertilization
envelope formation (Leguia and Wessel, 2006). For our test, S. purpuratus eggs from one female
were soaked for 30 minutes in different dilutions of vMO in FASW (1:1, 1:2 and 1:4), a control
vivo strand morpholino (random nucleotide sequence), or normal FASW and fertilized with
dilute S. purpuratus sperm. The fertilization success was then assessed under a dissecting
microscope and recorded.
Late stage S. purpuratus larvae were soaked in the following solutions for 2 hours: vMO
dilutions in FASW (1:1, 1:2, 1:4), SKF 91488 dihydrochloride (125µM; a strong inhibitor of
histamine N-methyltransferase), excess KCl (80mM) and a control (in 1x artificial SW). Larvae
were then fixed 1 hour in 4% PF, stained for suH1R (using IHC) and then mounted. Following
mounting, larvae were imaged to assess suH1R positive cell number and location.
To assess the morphological changes that result from suH1RMO exposure, both precompetent (~2 weeks old) and competent (~4 weeks old; 9/16 competent = 56%) larvae were
soaked for two hours in suH1RMO at different dilutions (1:1, 1:2 and 1:4), control vivo strand
MO (1:4) or FASW. These larvae were then imaged on a Nikon Ti Compound microscope right
after soaking, 1.5 hours after soaking and 24 hours after soaking. Larvae were live imaged.
Images were processed in ImageJ and approximations of the amount of cell death occurring at
each time point were made by measuring the perimeter of each larval arm and counting the
number of cells that were dying or being ejected from the larvae. This could then be converted
into a number of cells per µm of larval arm perimeter.
To determine whether the effects of suH1RMO soaking could be rescued by histamine
exposure, pre competent larvae (~2 weeks old) were soaked for 30 minutes in 10-6 M HA or
FASW, transferred to suH1RMO (1:2), control vivo strand MO (1:2) or FASW for 1 hour or 3
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hours and imaged. Larvae were again imaged live, processed in ImageJ and quantified as
described previously.

Statistical analysis
suH1R labelled cells and gene expression data were fitted with regression lines in R 3.1.2
(R Core Team, 2014). ANOVA tests were used to analyze cell death density and qRT-PCR data
and all graphs were created in R 3.1.2 (R Core Team, 2014). Tests were considered significant if
p < 0.05. Means are reported +/- the standard error.

RESULTS
Immunohistochemical localization
Sea urchin histamine receptor 1 localization
To determine if HA signalling contributes to settlement and metamorphosis, I first looked
at the distribution of the HA and its receptor (suH1R) in different stages of larvae. Larvae stained
with a suH1R primary antibody exhibited specific staining exclusively in the mouth region
(Figure 3). At all stages, these cells were located nearly symmetrically on either side of the
mouth region a few layers down from the tissue surface. These stained cells are absent of nuclear
stain and are circled by a ring of 6-7 smaller cells (Figure 3B6). The number of suH1R positive
cells in this region increases exponentially as development progresses, from approximately 2
cells on each side of the mouth in early pluteus to 8 or more cells in late stage pluteus larvae
(Figure 4).
Histamine localization
The histaminergic nervous system in S. purpuratus larvae is found early in development
and begins in the lateral arm clusters and in nerve tracks along the arms and throughout the body
(Figure 5). As development progresses, this nervous system becomes more extensive and extends
into the apical organ at around 3 weeks post fertilization, as the larvae nears competence (Figure
5).
Fluorescent histamine labelling
Larvae treated with FL-HA show signal at the arm tips and the base of the larvae (Figure
6). This suggests that the FL-HA either is bound to a receptor on the outside of the larvae at these
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spots or is otherwise attached to the larvae in these places. There may therefore be a histamine
receptor in these areas of the larvae.

qRT-PCR
In order to quantify gene expression related to the HA signalling system, I performed
qRT-PCR on pluteus larvae of various ages. Larvae were analyzed for suH1R and HDC
expression to create a time course of expression for these genes, and I determined expression of
suH1R and HDC pre and post induction of settlement by KCl.
Time Series and Induction
Expression levels of both HDC (y = 1.025*1.237x, R2=0.393) (Figure 7) and suH1R (y =
0.362*1.241x, R2 = 0.632) (Figure 8), relative to Ubiquitin, appear to increase exponentially as
larval development progresses (Figures 5 and 6). Expression of suH1R is higher in competent
larvae than pre-competent larvae (p = 0.019) (Figure 9). There appears to be a drop in suH1R
expression in juvenile S. purpuratus compared to competent larvae, however, this difference is
not statistically significant (p = 0.173) (Figure 9). Not competent larvae (those that did not settle
upon induction) exhibit suH1R expression significantly higher than that of both juveniles (those
that did settle) and pre-competent larvae (p = 0.018 and p = 0.002, respectively) (Figure 9).
Expression of HDC appears to follow a similar pattern to suH1R expression (low expression in
both the pre-competent and juvenile stages and higher expression in competent and notcompetent individuals), however, the only statistically significant difference found was between
pre-competent and not competent larvae (p = 0.019) (Figure 9). Note that for all time series the
variability in relative gene expression increased at later time points, likely as a result of greater
variability in developmental stage at later time points than is seen at earlier time points. Taken
together, these results suggest that loss or inhibition of HA signalling occurs during the process
of metamorphosis.
Arm Isolation
In order to determine whether suH1R and HDC were expressed in the arms of larval S.
purpuratus expression of these genes was determined in individuals separated into arm and body
samples. Our results suggest that, relative to the body, expression of HDC is increased while
suH1R is decreased in the arms, though these findings are only based on one sample (~70 larvae
in the sample) (Figure 10).
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Morpholino validation
To better understand the role of HA signalling in S. purpuratus development, I performed
a series of experiments inhibiting suH1R by vMO. First, to confirm that suH1RMO was acting
on the desired receptor, eggs were soaked for 30 minutes in suH1RMO (at concentrations of
200nM, 100nM and 50nM) and then fertilized. Based upon previous work, inhibition of suH1R
leads to the lack of a fertilization membrane in S. purpuratus (Leguia and Wessel, 2006). Our
results show no difference in fertilization success between eggs soaked in FASW and those
soaked in Control MO (p = 0.101) while those soaked in 200nM, 100nM and 50nM suH1RMO
exhibited lower fertilization success than FASW eggs (p < 0.001 in all cases) (Figure 11).
Fertilization success in the 200nM treatment was lower than that of the 100nM (p = 0.046) and
50nM (p < 0.001) treatments, and fertilization success in the 100nM treatment was significantly
lower than that in the 50nM treatment (p < 0.001) (Figure 11).

Morpholino Injections
Larvae injected with a 1:1 dilution of DRAQ5 in water exhibit ubiquitous labelling of
nuclei after 24 hours of incubation, suggesting that injection into the coelomic cavity is an
effective means of delivery to all larval tissues (Figure 12).
Injection with a 1:1 dilution of DRAQ5 in water or suH1RMO into the coelomic cavity
of late stage S. purpuratus larvae did not results in any significant changes in the number of
suH1R labelled cells in the mouth region (F2,6 = 0.771, p = 0.504) (Table 5 and Figure 13).
However, injection with a 1:9 dilution of DRAQ5 in water or suH1RMO (i.e. 9x more
concentrated suH1RMO) did result in a statistically significant reduction in the number of
suH1R labelled cells in the mouth region (F2,5 = 11.02, p = 0.0147) when compared to both the
injected and uninjected controls p = 0.022 and p = 0.018, respectively) (Table 6 and Figure 14).
Although suH1R labelled cells in some individuals were able to be counted, it should be noted
that in many cases the mouth region was obscured by the stomach or rudiment (which at this
stage are large and opaque) or the staining was more irregular and diffuse making them difficult
to count accurately (See Tables 5 and 6).
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Morpholino Soakings
Larvae soaked 2 hours in FASW had a normal distribution of H1R positive cells in the
mouth region (𝑥̅ = 8 ± 0.456 on each side, n = 4), while those soaked in SKF (an anti-histamine)
and all concentrations of suH1RMO had cells distributed in an irregular fashion (Figure 15). The
mean cell count for larvae soaked in SKF was 8.25 ± 0.75 (n=2), for larvae soaked in 100nM
suH1RMO it was 7.5 ± 0 (n = 2) and for larvae soaked in 200nM suH1RMO it was 8.5 ± 0.5 (n =
2). Note that in many cases obtaining a cell count was not possible as the staining was too
disperse to allow for accurate counting or the mouth region was obstructed by the stomach
and/or rudiment. Though not quantified in this experiment (but see below for cases where it was
quantified), the arms of the larvae soaked in 200nM suH1R MO were severely retracted in all
individuals, but there were no signs of settlement (i.e no attachment or eversion of juvenile
rudiment).
Both competent and pre-Competent larvae soaked for 2 hours in suH1RMO at a
concentration of both 100 and 200nM had a significantly increased number of dying or expelled
cells per µm of arm perimeter than those soaked in either FASW or Control MO both right after
MO soaking and 1.5 hours post soaking (p 0.05 for all cases) (Figures 16 and 17). Competent
larvae also exhibited increased cell death and expulsion in the 50nM treatment group, when
compared to the control (p < 0.05) (Figure 16). By 24 hours after soaking, both pre-competent
and competent larvae exhibited no significant differences in the level of cell death and expulsion
in any of the treatments when compared to the control (p > 0.05) (Figures 16 and 17). Precompetent larvae soaked 1 hour in suH1RMO, exhibited increased levels of cell death and
expulsion compared to FASW and Control MO treated larvae (p < 0.001 in all cases) (Figure
16). However, it appears that this effect can be prevented by a 30 minute pre-treatment with
histamine as larvae treated in this way exhibited levels of cell death and expulsion similar to that
of those in FASW and Control MO (p > 0.05 in all cases) (Figure 18). These morpholino soak
results suggest that suH1R is an inhibitor of cell death at all stages of development and may be
important in the arm resorption that occurs during metamorphosis.

TUNEL expression following induction
TUNEL activity was found in the arms of competent larvae directly following 1 hour
induction with KCl (Figure 19). By 90 minutes post induction, TUNEL activity in the arms was
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absent (most arms were fully retracted at this point); however, there was a small amount of
activity in the body of the larvae (Figure 19). DNAse treated larvae exhibited marked apoptosis,
while not induced larvae (larvae from the same batch but not treated with KCl) exhibited no
TUNEL activity (Figure 19). These results suggest that apoptosis during settlement and
metamorphosis in S. purpuratus occurs quickly following induction of settlement.

DISCUSSION
suH1R expression and HA signalling
The results I present here demonstrate that suH1R is expressed throughout larval
development. More specifically, the protein is expressed in the mouth, along the arms and
possibly also in the arm tips, although the latter two results are preliminary. No histaminergic
staining was found in that region of the mouth, suggesting that HA may be released from ganglia
of the larval nervous system (e.g. lateral arm clusters and/or apical organ) and either move
through the tissue to reach the suH1R receptors in the mouth region, in a manner akin to volume
transmission, or be circulated in the coelomic cavity via passive diffusion. Note that the results
presented here and previous work both suggest that the lateral arm clusters are located in close
proximity to the mouth of S. purpuratus larvae (Sutherby et al., 2012). In leeches,
neurotransmitters can be extrasynaptically released from the soma, dendrites and axon
varicosities which allows these signals to be passed through the extracellular compartment over
much greater distances than the synaptic cleft of chemical synapses (De-Miguel et al., 2015).
Volume transmission has not been demonstrated in sea urchins and mechanisms of endocrine
signalling are rarely studied in sea urchins (but see Silvia et al., 2015; Smiley, 1990; Sugni et al.,
2012 for examples of studies looking at endocrine regulation of echinoderm reproduction).
However, the existence of a larval nervous system with nerve varicosities and ganglia, in
conjunction with the extensive coelomic cavity, suggests the potential for chemical signals to be
moved in a manner that is a combination of volume and endocrine signalling. This mechanism is
further suggested by the potential for flow through the coelomic cavity due to cilia in and at the
entrance to the primary pore canal (Hara et al., 2003; Ruppert and Balser, 1986). The primary
pore canal (PPC) in echinoderm larvae may function as a nephridium, creating a constant efflux
of fluid out of the PPC, or it may be important in body volume regulation, as in the sea urchin
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Temnopleurus hardwicki (Hara et al., 2003; Ruppert and Balser, 1986). Regardless of the
function, the presence of cilia in both the PPC and the coelomic cavity (at least near the entrance
of the PPC) suggest that neurotransmitters, such as HA, may move through the coelomic cavity
either via cilia-generated flow or via passive diffusion. My vMO injection results also support
the idea that fluids can move around the coelomic cavity as tracer dye was efficiently spread
throughout the larvae. It should also be mentioned that the PPC does retract as the adult rudiment
begins to develop and so is a transient structure (Hara et al., 2003), however no studies to date
have actually looked at flow within the coelomic cavity of larval sea urchins.
To further complicate matters, it appears that the body cavity of larval Strongylocentrotus
fransiscanus, along with a number of other echinoderm larvae of various shapes, is filled with a
gel (Strathmann, 1989). Initial observations suggest that when live larvae are torn in seawater
mixed with ink, there is no movement of the fluid front from inside the larvae (Strathmann,
1989). This was attributed to an immiscible fluid being inside the larvae (Strathmann, 1989). No
study has yet tried to determine the make-up of this immiscible fluid, however, the blastocoel
extracellular matrix (ECM) of S. purpuratus is mainly composed of sulfated glycoproteins and
sulfated proteoglycans (Solursh and Katow, 1982). Dermatan sulfate, a major
glycosaminoglycan component of the blastoceolar ECM, has been found in S. purpuratus
embryos up to the 72 hour stage as well as in the adult urchins (Vilela-Silva et al., 2001). The
dermatan sulfate found in these embryos has the same backbone structure as the dermatan sulfate
found in mammalian tissues, but has a different sulfation pattern (Vilela-Silva et al., 2001). In
mammals, dermatan sulfate has a wide variety of functions and is found in almost every
mammalian tissue, notably being the most abundant glycan in the skin (Trowbridge and Gallo,
2002). As histamine signalling during allergic reactions occurs in mammalian skin (it is released
by mast cells activated at the skin by an allergen to initiate the swelling response) (Janeway et
al., 2001), HA signalling can clearly occur through ECM composed primarily of dermatan
sulfate. Whether or not a gel-filled body cavity allows chemical signalling remains to be
determined, but it is clear that the structure and properties of both the contents of the body cavity
and the lining of the cavity warrant further investigation to better understand the function(s) of
the larval echinoderm body cavity.
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suH1R mediates apoptosis during metamorphosis
I also suggest that suH1R positive cells in the arms may be responsible for preventing
apoptosis that leads to arm retraction during S. purpuratus metamorphosis. Based upon the qRTPCR data and results of the morpholino soaking trials, up regulation of the suH1R-HA signalling
system in late stage larvae prevents apoptosis. This inhibition maintains the competent state until
an appropriate habitat is found. When induced to settle with KCl, competent S. purpuratus larvae
retract their arms, either before or concurrently with eversion of the juvenile rudiment and
apoptosis of the larval body (Sutherby et al., 2012). Thus, settlement and metamorphosis in
response to KCl begins at the tips of the arms with retraction of the tissue on either side of the
skeleton. Since histamine acts as a modulator of metamorphic competence (i.e. an inhibitor of
apoptosis in competent larvae), the observed FL-HA signal suggests that HA has bound to
suH1R or another HA receptor, and so, these receptors may inhibit apoptosis from occurring
there, potentially delaying metamorphosis.
In the sea urchin, Hemicentrotus pulcherrimus, competent larvae induced to settle by Lglutamine exhibit PCD during arm resorption (Sato et al., 2006). In this case, PCD appears to
occur along the whole length of the larval arms, but it is of note that the time frame for the
metamorphic transition in this species is much slower than that of S. purpuratus induced with
KCl. Following a 1 hour KCl treatment, S. purpuratus larvae complete metamorphosis (i.e. arms
retracted, larvae settled, morphology that of a juvenile) before 12 hours (only half the time
required for H. pulcherrimus to complete 50% resorption of their arms) and most competent
larvae exhibit full retraction of their arms only one hour after KCl treatment (personal
observation). This may explain why our results show significant TUNEL activity at t=0 after
KCl induction, but little TUNEL activity at t=90 minutes after KCl induction. Apoptosis can be a
relatively quick process (often not much longer than a half hour) (Majno and Joris, 1995) and so,
the timing of fixation and TUNEL staining with such a rapid process must be exact to ensure that
cells undergoing PCD are actually fixed and labelled. During arm resorption in H. pulcherrimus,
autophagic cell death was detected, however, it could not be determined whether there was any
TUNEL activity in the same cells (Sato et al., 2006). So, it is also possible that there is more
apoptosis than TUNEL staining would suggest, as a result of autophagic cell death. Our TUNEL
stain results are in partial agreement with the morphological results, which likely include PCD,
necrosis and possibly autophagic cell death, potentially including cells that no longer have
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nuclear material and therefore are not labelled by the TUNEL assay. The morphological
observations suggest that numerous cells are in the process of PCD and/or necrosis for at least
1.5 hours following a 2 hour suH1R MO exposure but that there is no initiation of settlement or
metamorphosis. Induction with KCl results in TUNEL activity directly following KCl induction,
but this activity is short lived (TUNEL activity largely absent by t=90 minutes post KCl
induction) and does result in settlement and metamorphosis. It is therefore likely that suH1R
regulates only part of the metamorphic process in competent S. purpuratus. These results are
consistent with previous pharmacological study of the effects of HR antagonists on competent S.
purpuratus larvae. (Sutherby et al., 2012). Treating competent S. purpuratus larvae with both
H1R and H3R antagonists resulted in arm retraction, however, only treatment with an H3R
antagonist resulted in a settlement response (Sutherby et al., 2012).
Induction of settlement with KCl may not initiate the metamorphic events in the same
order that a natural settlement cue would. Larvae induced to settle with a natural biofilm will
often evert the juvenile rudiment before retraction of the arms begins. In this way larvae are able
to attach to the substrate before completing metamorphosis. Treatment with suH1RMO initiates
cell death in the arms in the absence of rudiment eversion which does not result in
metamorphosis. Larvae treated in this way closely resemble those treated with a histamine
receptor 1 antagonist in a previous study, as the arms of suH1RMO treated larvae look as though
they are disintegrating (and the larvae themselves look unhealthy), rather than going through an
organized retraction (as would be expected during metamorphosis) (Sutherby et al., 2012). In
contrast to this disintegration phenotype, larvae treated with a histamine receptor 3 antagonist
appear to display arm retraction without any detriment to the body (Sutherby et al., 2012).
It may also be that the second histamine receptor identified in the S. purpuratus genome
also plays an important role in metamorphosis of competent larvae, and may in fact be a more
specific regulator of this process. However, little work has been done on the potential function of
this second sea urchin histamine receptor. This second sea urchin histamine receptor appears to
be orthologous to mammalian histamine receptor two (Burke et al., 2006). The mammalian
histamine receptor 2 mediates gastric acid secretion, positive chronotropic and ionotropic effects
on cardiac tissues, smooth muscle relaxation and inhibits various immune functions (Hill et al.,
1997), however, these functions offer no clear link to regulation of apoptosis.
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suH1R mediates apoptosis during all developmental stages
Since pre-competent larvae treated with suH1RMO exhibit the same phenotype as
competent larvae, it appears that suH1R regulates cell death, but that cell death in the arms
following inhibition of suH1R does not necessitate settlement and/or metamorphosis. Thus, it is
likely that suH1R is a general regulator of apoptosis in S. purpuratus larvae that secondarily
functions in the metamorphic process. Since apoptosis is an important part of the developmental
process, often regulating morphogenesis by eliminating excess cells, I suggest that suH1R is in
part responsible for this control mechanism in S. purpuratus. It is also interesting that sea urchin
larvae are known to exhibit a plastic response to food condition by shortening or lengthening
their arms (Boidron-Metarion, 1988). Under conditions of low food, larvae sacrifice stability in
the water column to improve feeding performance by lengthening their arms and do the reverse
under high food conditions (Boidron-Metarion, 1988). Since the effects of suH1RMO are limited
to the arms of these larvae, suH1R may be part of the regulatory mechanism for this plasticity.
This possibility is further supported by the presence of HA in the host algal species of some sea
urchins (Swanson et al., 2012).

Expression of suH1R during larval development
Both suH1R-positive cell number and fold change in suH1R gene expression increase
exponentially as larvae reach metamorphic competence. I also demonstrate a concomitant
increase in fold change gene expression of HDC which, suggests an overall “ramping up” of the
histaminergic signalling system during metamorphic competence. This result is in accordance
with the observed rates of “background” apoptosis during larval development in S. purpuratus
(Roccheri et al., 2002). This previous work suggests that as larvae reach competence, the rates of
apoptosis are lower than those found in larvae at earlier developmental stages (Roccheri et al.,
2002). If suH1R is in fact a general regulator of apoptosis, upregulation of this signalling system
as larvae reach competence could account for these lower levels of apoptosis. Since apoptosis
that occurs during normal development is often associated with deletion of unwanted cells during
morphogenesis and organogenesis (Jacobson et al., 1997), it may be that as S. purpuratus larvae
reach competence, fewer unwanted cells are being made. As these larvae prepare for
metamorphosis, it may be ideal to limit the number of cells that are undergoing apoptosis to
allow for optimal growth of the juvenile structures.
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Following the metamorphic transition to a juvenile stage, expression of suH1R decreases
to levels similar to that of pre-competent larvae, likely as a result of the need for apoptosis both
during the metamorphic transition and during morphogenesis in the juvenile and adult. As
demonstrated both in our results but also in the studies mentioned above, apoptosis appears to be
a hallmark of the metamorphic transition both for S. purpuratus and other species of sea urchin
(Roccheri et al., 2002; Sato et al., 2006; Sutherby et al., 2012). Thus, if suH1R is indeed a key
inhibitor of apoptosis in S. purpuratus throughout development, it follows that expression of this
receptor would need to be down regulated during the metamorphic transition to a juvenile, but
also possibly following metamorphosis as juvenile growth begins. This would allow larval
tissues to be resorbed and facilitate proper formation of the juvenile through apoptotic
restructuring during morphogenesis and editing of any malformed structures. Thus, the timing of
suH1R and HDC expression appear to mirror those times during S. purpuratus development
when apoptosis may be most important.
Alternatively, suH1R may only be one step in the regulation of PCD in S. purpuratus.
Activation of suH1R may be necessary for the viability of cells, and could prime cells for PCD,
upon induction with a PCD-specific cue. This assumes that suH1R is expressed extensively in
the larvae, as suggested by suH1RMO treatment, and that this expression was simply too low to
be detected definitively by immunohistochemistry. Under this model, there would be two
pathways for an individual cell to die. If suH1R is present in this cell it remains viable until the
PCD cue is received, at which point it undergoes apoptosis. If suH1R is not present, the cell is no
longer viable and undergoes necrosis. Under this model, the cell death observed following
suH1RMO exposure was not in fact PCD, but rather necrosis as a result of lost viability due to
suH1R knockdown. On the other hand, following KCl induction, it is likely that PCD is
occurring as settlement and metamorphosis were completed. Under this interpretation, the results
of our TUNEL assay (where larvae were induced to settle using KCl) and morphological assay
(where larvae were treated with suH1RMO) are in fact looking at two different processes, the
former being PCD as part of normal settlement and metamorphosis and the latter being part of
necrosis due to lost cell viability. Necrosis and PCD can be easily distinguished in vivo in sea
urchin larvae (Vega Thurber and Epel, 2007). To distinguish between PCD and necrosis
following KCl and suH1RMO exposure, larvae could be treated with the combination of YOPRO® and propidium iodide. Cells stained with only YO-PRO® are apoptotic, while those
25

stained with both YO-PRO® and propidium iodide are necrotic (Vega Thurber and Epel, 2007).
These experiments should determine whether or not suH1R is the final inhibitor of apoptosis or
whether it is an intermediary responsible for cell viability.
The results presented here clearly demonstrate that suH1R is expressed throughout larval
development and that expression mirrors expected levels of apoptosis at different stages of
development. suH1R expression is low in earlier stages of development, and then increases
exponentially as these larvae reach metamorphic competence. Expression remains high during
the competent state, thereby inhibiting apoptosis and preventing metamorphosis, or maintaining
cell viability, until induction by an appropriate settlement cue, or apoptotic cue. suH1R
expression in juvenile S. purpuratus is low, to once again allow for morphogenesis to occur. I
have therefore demonstrated, both qualitatively and functionally, the HA signalling system in S.
purpuratus larvae responsible for the inhibition of cell death throughout development and during
metamorphosis. Since HA is a neurotransmitter found in numerous marine invertebrates, this
work furthers our understanding of the regulation of complex life cycles both in echinoderms and
in marine invertebrates as a whole.
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TABLES AND FIGURES

Table 1. All cultures used, listed by experiment and procedure.
Procedure
IHC

Experiment
suH1R & HA

qRT-PCR

Time Series

Induction

MO Injection

Arm Isolation
1:1 Dilution
1:9 Dilution

MO Soak

IHC
Dilution Series
HA Pre-Treatment
Fertilization Inhibition

Fertilization Date
August 11, 2014
September 12, 2014
October 22, 2014
January 21, 2015
February 9, 2015
March 9, 2015
April 1, 2015
April 22, 2015
June 10, 2015
July 1, 2015
August 3, 2015
January 4, 2016
January 26, 2016
March 7, 2016
April 1, 2016
April 8, 2016
January 23, 2015
February 9, 2015
April 22, 2015
January 26, 2016
March 7, 2016
March 7, 2016
June 10, 2016
June 19, 2016
June 10, 2016
June 19, 2016
August 3, 2016
March 7, 2016
April 1, 2016
April 8, 2016
March 15, 2016
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Table 2. Run parameters used for all qRT-PCR runs.
Step
Holding Stage
Denature
Anneal/Extend
Melt Curve Stage 1
Melt Curve Stage 2
Step & Hold Ramp
Melt Curve Stage 3

Temperature (ºC)
95
95
60
95
60
+0.3
95

Time (sec)
20
3
30
15
60
15

Cycles
HOLD
40
HOLD
HOLD
CYCLE
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Table 3. Gene primer sequences used for all qRT-PCR runs. All primers ordered from
Invitrogen.
Gene name
Primer Sequence
Ubiquitin
Forward: CACAGGCAAGACCATCACAC
Reverse: GAGAGAGTGCGACCATCCTC
Sea urchin histamine receptor 1 Forward: TACTCACCTTCTTCCAACT
Reverse: CATGCCGAATACTAAACC
Histidine decarboxylase
Forward: GGCGGTCGACAAGTTAACAAAAAAATCTCC
Reverse: CGCGGTACCAATATTTGGAGCTGCACCCC
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Table 4. Vivo-morpholino sequences used for morpholino injections and soakings.
Target Genes
Morpholino sequence
Sea urchin histamine receptor 1
5’ CTAATCCAGACGCCATATTGGAGTC 3’
Random sequence control morpholino
5’ CCTCTTACCTCAGTTACAATTTATA 3’
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Table 5. Results of the 1:1 dilution sea urchin histamine receptor 1 mopholino injection
experiment. Larvae were injected with a translation inhibition vivo-morpholino for sea urchin
histame receptor 1 (suH1R) and then immunostained for suH1R. There is no difference in suH1R
cell number between any of the treatments (F2,6 = 0.771, p = 0.504). All larvae were late stage, 8arm larvae. Individuals were staged after fixation, which limited the precision of the staging as
skeletal elements do not survive fixation in 4% PF. † denotes individuals whose mouth region
was obscured making counting of the cells impossible. * denotes individuals with weak DRAQ5
staining.
Individual
Stage
Rudiment Side
Non-Rudiment
Average Cell
Cells
Side Cells
Number
7-8
3
3
3
MO2
7-8
?
?
?
MO3†
7-8
5
4
4.5
MO4
7-8
4
4
4
MO5*
7-8
4
3
3.5
MO6*
7-8
5
3
4
Ctrl1
7-8
4
3
3.5
Ctrl2
7-8
8
5
6.5
Ctrl5
7-8
?
?
?
Ctrl6†
7-8
4
3
3.5
NI1
7-8
4
4
4
NI2
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Table 6. Results of the 1:9 dilution sea urchin histamine receptor 1 mopholino injection
experiment. Larvae were injected with translation inhibiting vivo-morpholino designed for sea
urchin histamine receptor 1 (suH1R) and then immunostained for suH1R. There are statistically
more suH1R positive cells in the mouth region of control (p = 0.022) and not injected (p = 0.018)
S. purpuratus larvae compared to MO injected larvae. Note that though there is statistical
significance, there are uneven sample sizes and an n of only 2 for both the MO injected and
control injected treatments. † denotes individuals that had no visible mouth region. TNTC
denotes “too numerous to count”.
Individual
Time (hrs) Stage
Rudiment
NonAverage Cell
Side Cells
Rudiment
Number
Side Cells
24
4
3
3
3
MO2
24
8.8
4
4
4
MO3
48
3
?
?
?
MO7†
24
4
TNTC
TNTC
TNTC
Ctrl2
48
8
5
5
5
Ctrl3
48
8.8
5
?
5
Ctrl4
48
8
5
5
5
NI1
48
7-8
5
5
5
NI2
48
8
5
5
5
NI3
48
8.8
?
?
?
NI4†
48
8.8
?
?
?
NI5†
48
8.8
4
5
4.5
NI6
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Figure 1. Stages of S. purpuratus pluteus development. Stages and days post fertilization are
based upon the staging scheme detailed in Heyland and Hodin (2014) for larvae raised at 11ºC.
Pf refers to post fertilization. M refers to the mouth. St refers to the stomach. LACs refer to the
lateral arm clusters. AO refers to the apical organ. Ar refers to the arms. Rud refers to the
rudiment. C refers to the coelomic cavity. Structures in red are morphological features of pluteus
larvae while those in green are neuronal structures. Images are not to scale.
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Figure 2. Schematic of vMO injection procedure. Larvae were immobilized with a suction
pipette (a pulled glass pipette connected to a length of plastic tube and a syringe) and injected,
using a pulled glass needle connected to a pressurized injection system, into the coelomic cavity
at the base of the arm. Image is not to scale.
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Figure 3. Early and mid stage S. purpuratus larvae stained using a specific antibody for suH1R
(seen in green). Specific staining was found on either side of the mouth in a nearly symmetrical
pattern. Note that the cells stained for suH1R do not appear to have been stained by the nuclear
stain (Hoechst; pictured in blue) and are surrounded by a “rosette” of 6-7 cells. Red circles or
squares indicate the mouth region or specific cells highlighted in subsequent images. A1 shows
the whole larvae under DIC light. A2 shows the mouth region of the larvae. A3 shows the
Hoechst staining in the mouth region. A4 shows the suH1R staining in the mouth region. A5
shows the combined Hoechst and suH1R staining. A6 through A9 show the circled cells with
channels in the same order as A2-A5. Panels B1-B9 show the same sequence for mid-pluteus
larvae. All images are z-projections through the larvae.
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Figure 4. Average number of suH1R labelled cells on one side of the mouth at different points in
development. Note that there is an exponential increase in the cell count until larvae reach
competence (at 25-30 days).
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Figure 5. Early, mid and late stage S. purpuratus larvae stained using a polyclonal histamine
antibody (seen in green). Histaminergic staining in early stage pluteus larvae is found in the
lateral arm clusters (LACs) as well as in tracks running up the length of the arms and throughout
the body. In mid stage pluteus, histaminergic staining is found in the same areas as in early stage
pluteus, but is more extensive. Staining is also found in the apical organ at this stage. Finally, in
late stage larvae, staining is found extensively throughout the larval body in the same centers as
seen in earlier stages. Blue staining is a nuclear stain for morphological reference (Hoechst). A,
E and I show the whole larvae at each stage. B, F and J show a close up of the area where the
apical organ is found. C, G and K show a close up of the lateral arm clusters and D, H and L
show the arm tips. 1 is a differential interference contrast image, 2 is histaminergic staining, 3 is a
nuclear stain (Hoechst) and 4 is 2 and 3 overlaid. All images are z-projections.
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Figure 6. Mid-pluteus larva treated with fluorescent histamine. Panel A shows the fluorescent
signal in bright white while B shows the differential interference contrast image for the same
larvae. Note the fluorescent signal in the arm tips and at the base of the larva suggesting
histamine receptor binding sites.
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Figure 7. Fold change in histidine decarboxylase (HDC) gene expression, relative to two day old
larvae, during S. purpuratus larval development. Note that HDC expression increases
exponentially as larvae near metamorphic competence (25-30 days post fertilization).
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Figure 8. Fold change in sea urchin histamine receptor 1 (suH1R) gene expression, relative to 2
day old larvae, across larval S. purpuratus development. There is an exponential increase in
suH1R expression as these larvae reach metamorphic competence.
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Figure 9. Expression levels of sea urchin histamine receptor 1 (suH1R) and histidine
decarboxlae relative to two week old “pre-competent” larvae. Note an increase in suH1R
expression in competent larvae compared to the pre-competent and juvenile samples. Letters
denote means that are statistically the same.
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Figure 10. Expression of HDC and suH1R in the arms of late stage larval S. purpuratus relative
to body expression levels. Expression of suH1R is lower in the arms than in the body, while
HDC expression is higher in the arms than the body. Note that the error bars indicated are
technical error, as these data are from a single sample of ~70 larvae.
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Figure 11. S. purpuratus fertilization success is decreased in a concentration dependant manner
following a 30 minute exposure to a translation inhibition morpholino designed for sea urchin
histamine receptor 1 (suH1RMO). Eggs from one female were separated into appropriate
treatment groups and fertilized with sperm from one male. Fertilization success was statistically
the same in both the control and control MO groups (p = 0.101), while decreased fertilization
success was found in all suH1RMO treatments (p < 0.05 in all cases). Letters denote means that
are statistically the same.
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Figure 12. Larva injected in the coelomic cavity of the arms with a 1:1 dilution of nuclear dye
(DRAQ5) in water and left to recover for 24 hours. Note the ubiquitous distribution of the
nuclear marker, indicating that the injected solution spread effectively through the coelomic
cavity of the larva. Arrows indicate the approximate location of injection.
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Figure 13. The effect of injection with a 1:1 dilution of nuclear dye (DRAQ5) in water or sea
urchin histamine receptor 1 morpholino (suH1RMO) on average cell count for one lip of the
mouth region in late stage larval S. purpuratus. suH1RMO refers to individuals injected with a
solution containing a translation inhibiting MO that targets suH1R. Ctrl refers to individuals
injected with a solution containing nuclease-free water and NI refers to individuals not injected.
There was no significant effect of injection solution on the cell count for any treatment (F2,6 =
0.771, p = 0.504).
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Figure 14. The effect of injection with 1:9 dilutions of DRAQ5 in either water or sea urhin
histamine receptor 1 morpholino (suH1RMO) on the average cell count for one lip of the mouth
region of late stage larvae S. purpuratus. suH1RMO refers to individuals injected with a solution
containing a translation inhibiting MO that targets suH1R. Ctrl refers to individuals injected with
a solution containing nuclease-free water and NI refers to individuals not injected. Larvae
injected with a solution containing suH1RMO exhibited significantly fewer cells (F2,5 = 11.02, p
= 0.0147) than those injected with the control solution (p = 0.022) or not injected at all (p =
0.018). Asterisk denotes a significant difference from both the control injected and not injected
larvae.
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Figure 15. Late stage larvae labelled using a specific antibody for sea urchin histamine receptor
1 (suH1R). Larvae were soaked for 2 hours in their respective solutions before fixation in 4% PF.
Ctrl larvae were soaked in filtered artificial seawater, 1:4 MO larvae were soaked in a 1:4
dilution of translation inhibiting morpholino designed for suH1R (suH1RMO) and Skf larvae
were soaked in a 125µM SKF 91488 dihydrochloride, a strong inhibitor of histamine Nmethyltransferase. The control larvae have a single line of cells on either side of the mouth,
while both the 1:4 MO and Skf larvae have an irregular distribution of cells. All images are close
up of the mouth region. Arrows indicate suH1R positive cells. 1 are differential interference
contrast images, 2 are nuclear stain (DRAQ5), 3 are suH1R staining and 4 are a combination of 2
and 3.
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Figure 16. The effect of morpholino exposure on the number of cells in the arms of S.
purpuratus (A) competent and (B) pre-competent larvae undergoing necrosis or expulsion.
Larvae were bathed in a morpholino designed to prevent translation of sea urchin histamine
receptor 1 for 2 hours and then imaged right after soaking, 1.5 hours after soaking and 24 hours
after soaking. The number of cells either dying or being expelled per µm of arm perimeter is
increased, compared to the control, right after MO exposure (p < 0.001, p and at 1.5 hours after
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MO exposure (for both competent and pre-competent larvae, respectively. High MO refers to an
approximate concentration of 200nM, Mid MO refers to an approximate concentration of 100nM
and Low MO refers to an approximate concentration of 50nM. Letters denote means that are
statistically the same.
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Figure 17. Representative image of cell death and expulsion in the arm tips of late stage larval S.
purpuratus treated with a translation inhibiting morpholino designed for sea urchin histamine
receptor 1 (suH1RMO). Panels A and B are differential interference contrast (DIC) images of a
larva treated with suH1RMO. Panel C is a DIC image of the arm tips of an untreated larva. Cells
at the arm tips appear to be coming away from the rest of the arm tissue in suH1RMO treated
larvae, while this phenotype is not observed in untreated larvae. Arrows indicate cells considered
expelled or undergoing cell death.
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Figure 18. The density of dead and/or expelled cells along the arms of pre-competent S.
purpuratus following a 1 hour suH1RMO exposure with or without HA pre-treatment. Larvae
exposed to suH1RMO without HA pre-treatment have significantly higher number of dead or
expelled cells per µm of arm perimeter than either the control (larvae in FASW for 3 hours) or
the control MO (larvae incubated in control morpholino 3 hours) treated larvae (p < 0.0001 in all
cases). However, when these pre-competent larvae are pre-treated with HA before 1 hour
suH1RMO exposure, the number of cells dead or expelled returns to control levels (p >0.98 in all
cases). Letters denote means that are statistically the same.
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Figure 19. TUNEL activity observed after induction of competent S. purpuratus larvae with
80mM KCl. Note
a that at t=0, there is TUNEL activity in the arms, possibly as part of the arm
retraction phase of settlement and metamorphosis that is initially activated by KCl induction. By
90 minutes post induction (t = 90), the arms have largely retracted and TUNEL activity is only
seen in a few places in the body of these larvae. “DNase” refers to larvae treated with DNAse
after fixation as a positive control while “NI” refers to larvae that have not been induced with
KCl.
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