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ABSTRACT

Advances in molecular approaches over the last few decades have offered new
insights into animal phylogeny, revitalizing discussions on the origin of the central
nervous system (CNS). Evidence of conserved developmental genes over this time has
led many to postulate a single origin of the CNS. However, the degree of morphological
diversity across the animal kingdom and recent phylogenetic analyses support multiple
origins of the CNS. Research on how these conserved genes are structured into gene
regulatory networks that lead to morphological change is required to clarify the
discrepancy between conserved developmental mechanisms and morphological diversity.
The current thesis aims to inform such studies by expanding previous descriptions of
larval neurodevelopment in gastropod molluscs, laying the framework for comparative
studies among more distant phyla. Among early developmental descriptions, the
ontogenesis of serotonergic, FMRFamidergic and catecholaminergic neural elements
have been investigated. To expand on these descriptions, techniques were used to
investigate the development of histaminergic and octopaminergic neurons in larva of
Ilyanassa obsoleta and Aplysia californica. Results in this thesis reveal early
histaminergic labelling of the statocysts forming commissural fibers that could potentially
pioneer the development of the cerebral commissure and connectives; this result also
suggests early integration and functionality of the statocysts. Additionally, later stages of
development revealed histaminergic neural elements that project throughout the posterior
loop of the developing CNS with neurons located in nearly every adult ganglion and foot.
Based on criteria used in this study, octopamine (OA) was absent in the larval nervous
system; however, results confirmed the conservation of dopamine B-hydroxylase (DBH)
and its colocalization with OA in adult molluscan neurons. Together the current thesis
provides novel descriptions of larval neurotransmitter systems and identifies an antibody
that targets a conserved region of DBH making it suitable for comparative developmental
studies. Additionally, these results offer insights into aspects of early neurogenesis and
neuronal diversity in gastropod molluscs laying the framework for future comparisons

among distantly related phyla that can be used to inform evolutionary relationships.
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Chapter 1: Introduction

Nervous systems across the animal kingdom show a large degree of diversity,
which has made the task of determining evolutionary history of the centralized nervous
system difficult and controversial. In the simplest form, nervous systems resemble a
nerve net, a diffuse epithelial network of interconnected neurons with limited
concentrations of nerve cells, such as that found in the cnidarians and ctenophores. In the
most complicated form, nervous systems are consolidated into one or more centralized
structures consisting of large concentrations of nerve cells; these large concentrations of
nerve cells are organized with distributed functions that follow hierarchical processing as
found in vertebrates (Northcutt, 2012). In between these two extremes there are examples
of various intermediate forms; hemichordates, which contain a nerve net with
longitudinal condensations that form both a dorsal and ventral nerve chord; nematodes,
planarians, and annelids with anterior condensations of nerve cells (ganglia) with varying
forms of longitudinal projections (ventral/dorsal nerve chord with transverse
commissures, bilateral longitudinal nerve chords with transverse commissures, and a
segmented ventral nerve chord, respectively); arthropods, which develop a consolidated
anterior congregation of nerve cells forming a brain and a ventral nerve chord; and finally
molluscs that show evidence for peripheral nerve nets with various forms of condensed
ganglionic nervous systems including the relatively more complicated cephalic brain
structure in the cephalopods. Given the diverse body plans and forms of nervous systems
present throughout the animal kingdom, theories around the derivation of the central
nervous system (CNS) remain controversial. The following thesis aims to investigate the
early larval development of histaminergic and octopaminergic neurons in molluscs in the
context of the evolutionary history of the CNS; the introduction will start with a brief
review of opposing arguments surrounding the origin of the CNS and the importance of
larval development comparisons in the elucidation of evolutionary history. The following
chapters, Chapter 3 and Chapter 4, will provide a more focused review of what is known
about the form and function of histaminergic and octopaminergic neurons throughout the

animal kingdom.



1.1 Origin of the central nervous system

The origin of the CNS and the evolutionary history leading to the centralization of
vertebrate and invertebrate nervous systems has long been debated. The earliest published
comparison of nervous systems between phyla was by Etienne Geoffroy Saint-Hilaire in
1822 (cited in Strausfeld and Hirth, 2015) where he compared the vertebrate CNS with
that of a lobster proposing the homology of the vertebrate and arthropod CNS, however
noting that the vertebrate CNS was upside down. Saint-Hilaire’s claim was controversial
at a time prior to Charles Darwin’s publication “On the origin of species by means of
natural selection, or the preservation of favoured races in the struggle for life”, which
was published in 1859, and remained controversial for many years after; however, Saint-
Hilaire’s ideas eventually picked up steam and recent advances in molecular techniques
have provided evidence in support of his claim (reviewed in Strausfeld and Hirth, 2015),
as detailed below. Despite recent molecular evidence, there is still considerable debate
over the origin of the CNS. Although, the single origin hypothesis of the CNS is favoured
by many today, the alternative hypothesis is that the nervous system became centralized
independently in multiple phyla. The following discussion aims to provide a review of
theories and evidence pertaining to the single and multiple origin hypotheses.

In accordance with Saint Hilaire’s early speculations, a dominant view is that
centralized nervous systems throughout Bilateria are homologous, meaning that the
common ancestor to all bilateral animals had a rudimentary centralized nervous system
that was further refined and/or reduced as evolution occurred. The hypothesis of the
single origin of the CNS is driven by evidence over the past few decades indicating the
conservation of developmental genes that regulate/pattern the body plan, including the
nervous system (Arendt & Niibler-Jung, 1994, 1997; De Robertis & Sasai, 1996; Denes
et al., 2007; Holley et al., 1995; Kimelman & Martin, 2012; Urbach & Technau, n.d.).

Developmental genes code for transcription factors/morphogens that regulate
cellular specification and body patterning. The transcription of developmental genes
creates varying concentration gradients of morphogens that influence cellular
specification through concentration-dependent changes in gene transcription (Gurdon &
Bourillot, 2001; Phillips, 2008). Through complex interactions, the concentration-

dependent nature of gene transcription produces spatially and temporally organized



regions of gene expression that lead to the development of different body segments and,
therefore, the three bilaterian body axes: Anterior-posterior, medial-lateral, and dorsal-
ventral. Surprisingly, there is a striking degree of similarity in the expression of
developmental genes among bilateral animals.

Evidence indicates that anterior-posterior body axis/neurodevelopment of
bilaterians is regulated by cephalic gap, homeotic/homeobox (Hox), and paired box (Pax)
genes (Kammermeier & Reichert, 2001; Lichtneckert & Reichert, 2005). Cephalic gap
genes in Drosophila pattern the anterior brain and are named for the gap-like phenotype
generated when any particular gene is inactivated, thus resulting in missing head
segments (Lichtneckert & Reichert, 2005). Orthologues for the cephalic gap genes empty
spiracles (ems) and orthodenticle (otd) have been identified in mice with similar roles in
patterning the anterior brain. Mice have two orthologues for both Drosophila genes, ems
and otd, which are Emx1/Emx2 and Otx1/Otx2, respectively. These orthologous genes
share similarities in their expression patterns, especially otd/Otx. They also share similar
functions in early neuroectoderm and cellular specification, as well as brain
regionalization; overexpression of orthologues has been shown to rescue mutant
phenotypes (reviewed in Lichtneckert & Reichert, 2005). Another set of developmental
regulating genes that pattern the posterior brain and spinal cord are the Hox genes.

Hox genes were first discovered in Drosophila (Lewis, 1978) and are important in
regulating the anterior-posterior segmentation of the hindbrain and nerve cord across
many phyla. Hox genes encode transcription factors that contain a DNA binding motif
called the homeodomain. In bilaterians, Hox genes are clustered in varying numbers on
chromosomes; the number of clusters in extant species is associated with gene
duplication events (Kammermeier & Reichert, 2001; Lappin et al., 2006; Lichtneckert &
Reichert, 2005). Characteristics of Hox clusters believed to be shared among all
bilaterians are “spatial and temporal collinearity” and “phenotypic suppression”, also
referred to as “posterior prevalence”. Spatial and temporal collinearity refers to the
phenomenon that the relative position of genes in a cluster along chromosomes are
correlated with said genes’ spatial and temporal expression; that is to say that the order of
genes expressed from anterior to posterior within the body axis are spatially arranged

from 3’ to 5” within the Hox cluster. Phenotypic suppression and/or posterior prevalence



refers to the fact that genes expressed more posteriorly, closer to the 5° end of the
chromosome, are functionally dominant over the more anteriorly expressed genes
meaning that posteriorly expressed genes suppress the expression of anterior genes. The
striking similarity in Hox gene expression patterns and function in forming discrete
segments of the developing nerve cords (neuromeres/rhombomeres) and proper axonal
guidance cues between vertebrates and arthropods offer a convincing argument for a
single origin of a CNS. Some researchers have gone further to say that the conservation
and expression patterns of the aforementioned genes in addition to Pax genes
(specifically Pax2/5/8) indicate that the last common ancestor to all bilaterians contained
a complex central nervous system consisting of a tripartite organization (Hirth, 2010;
Hirth et al., 2003).

The tripartite brain hypothesis poses that the last common ancestor to all of
Bilateria had a complex nervous system consisting of a tripartite organization (i.e.
Forebrain, midbrain, and hindbrain/spinal cord) that was subsequently reduced and/or lost
throughout evolutionary history, which led to the loss of the CNS in certain extant
species observed today (Hirth, 2010; Hirth et al., 2003; Lichtneckert & Reichert, 2005).
This theory stems from evidence indicating conservation of anterior-posterior patterning,
specifically otd/Otx2, Pax2/5/8, unpg (unplugged)/Gbx2, and hoxI that show a pattern of
expression that overlaps with divisions in the vertebrate and Drosophila brain
(Lichtneckert & Reichert, 2005). The anterior patterning genes ofd/Otx2, previously
described, overlap with the vertebrate forebrain and midbrain (proto/deutocerebrum in
Drosophila). Posteriorly, otd/Otx2 border with unpg/Gbx2 and their antagonistic
interaction is believed to lead to the positioning of the midbrain-hindbrain boundary
(MHB; also known as deutocerebral-tritocerebral boundary, DTB, in Drosophila).
Further, positioned between otd/Otx2 and unpg/Gbx2 and overlapping with the MHB are
Pax2/5/8 regulatory genes (Lichtneckert & Reichert, 2005). The expression of these
conserved genes seems to overlap with important brain divisions shared between
vertebrates and insects (Hirth, 2010; Hirth et al., 2003; Wurst & Bally-Cuif, 2001), while
similar gene expression showed overlap with potential rudimentary neural structures in
other chordates (amphioxus and larval ascidians; Wada et al., 1998; Wada & Satoh,
2001) and hemichordates (Lowe et al., 2003), giving support to the tripartite brain



hypothesis. Along with the striking conservation of antero-posterior patterning genes, it
has also been found that dorsal-ventral patterning genes are largely conserved, further
favouring the single origin hypothesis (Arendt & Niibler-Jung, 1994, 1997; De Robertis
& Sasai, 1996; Holley et al., 1995).

Dorsal-ventral body/CNS patterning is regulated by antagonizing effects of bone
morphogenetic protein 4 (BMP4) by Chordin in vertebrates, and the homologous genes
decapentaplegic (dpp) and short gastrulation (sog), respectively, in Drosophila (Arendt
& Niibler-Jung, 1994; Holley et al., 1995; Urbach & Technau, n.d.; Watanabe et al.,
2009). Evidence indicates that BMP4 signalling is an ectodermal signal, therefore, in
absence of inhibiton from Chordin, BMP4 signalling induces the formation of non-neural
ectoderm (reviewed in Watanabe et al., 2009). Thus, the antagonizing effects of
Chordin/sog on BMP4/dpp enables the formation of neural tissue (Urbach & Technau,
n.d.; Watanabe et al., 2009). Interestingly, the expression of homologous genes
Chordin/sog on BMP4/dpp show opposite expression patterns on the dorsal-ventral axis.
In vertebrates, Chordin is expressed dorsally whereas its homolog sog is expressed
ventrally in invertebrates, both leading to the development of the dorsal and ventral nerve
chords, respectively (Arendt & Niibler-Jung, 1994; Lacalli, 1995; Lichtneckert &
Reichert, 2005). The difference in expression of dorsal-ventral patterning genes in
accordance with the location of the dorsal spinal cord and ventral nerve cords have led
single origin theorists to propose a dorsal-ventral body inversion, which would explain
this difference while maintaining that all bilaterian nervous systems are homologous. The
idea of a dorsal-ventral body inversion has been difficult to explain and has brought about
some interesting theories on how this could have occurred during evolution (Holland,
2015; Holland, 2003). Some theories describe a hypothetical larval ancestor containing
ciliated bands that through subsequent evolution fused along the longitudinal midline
either dorsally or ventrally in lineages leading to vertebrates/invertebrates (Nielsen, 1985,
1999, 2018; Nielsen & Norrevang, 1985); others reimagine how the development of the
through-gut from a blastopore could have led to either a dorsal or ventral nerve cord
(Holland, 2003; Nielsen et al., 2018). However, an alternative view proposes that the high
degree of developmental gene conservation could reflect ancestral mechanisms used to

pattern the body axes prior to the origin of the CNS, which then could have co-opted



independently numerous times for the role of nervous system centralization and
patterning (Erwin, 2020; Erwin & Davidson, 2009; Hejnol & Lowe, 2015; Holland &
Short, 2008; Moroz, 2009; Northcutt, 2012).

Evidence suggests that many conserved developmental genes used for cell
specification and organization of the body axes predate the centralization of the nervous
system (Erwin, 2020; Marlow et al., 2009, 2014; Ryan & Baxevanis, 2007; Watanabe et
al., 2009). For example, a single homeobox gene, TALE, has been determined to have a
common origin among unicellular eukaryotes, plants and animals (Holland, 2013). The
number of Hox genes increased independently in both plants and animals with
duplication events throughout subsequent evolution; the origin of Hox clusters in animals
is thought to occur after the divergence from sponges (Holland, 2013; Lappin et al., 2006;
Larroux et al., 2007). In fact, homologs for numerous developmental genes with similar
expression patterns have been identified in a sister group to Bilateria, the Cnidarians;
these homologs include genes relating to neuroectoderm/neural cell type specification,
sensory system development, and axon guidance that are shared between Bilateria and
Cnidaria, thus suggesting that the basic framework for centralization was in place in the
last common ancestor (Marlow et al., 2009, 2014; Watanabe et al., 2009). The presence
of these genes in clades that split prior to Bilateria considered to have diffuse nervous
systems, indicates that the identification of conserved genes involved with regulating
neurodevelopment and patterning the CNS across Bilateria is not sufficient to indicate
morphological homology; the diversity of morphological features across Bilateria given
the largely conserved developmental genes, raises questions on how gene-regulatory
networks evolve and contribute to morphological complexity (Erwin, 2020; Erwin &
Davidson, 2009; McCune & Schimenti, 2012; Moroz, 2009; Northcutt, 2012; Wagner,
2007).

Gene-regulatory networks (GRNs) comprise complex interactions involving
transcription factors and signalling molecules that, individually, play roles in numerous
different regulatory pathways and it remains unclear how mutations/changes in these
networks are converted into phenotypic novelties in morphological features (Erwin,
2020; Erwin & Davidson, 2009; McCune & Schimenti, 2012; Wagner, 2007). Research

has indicated that morphological characteristics/traits believed to be homologous because



of conserved genes can be derived from developmental regulatory networks that, despite
indication of conserved components, are structurally non-homologous(McCune &
Schimenti, 2012; Wagner, 2007). An example of this is found when comparing the insect
and vertebrate eyes. Initially when Pax6 and its homologue eyeless (ey) were found to be
involved in the morphogenesis of vertebrate and insect eyes, respectively, it was believed
that this indicated homology of these sensory organs; however, when the gene regulatory
networks that controlled their development were analysed in detail it became clear that
the two developmental programs were regulated by non-homologous genes (reviewed in
Wagner, 2007). It is now believed that conserved regulatory genes involved in the
regulatory networks that give rise to eyes in vertebrates and insects were differentially
co-opted during the independent evolution of these convergent sensory structures
(McCune & Schimenti, 2012). The gene-regulatory networks involved in body patterning
and neurodevelopment still require scrutinous research to elucidate the genes and
complex interactions involved in the development of species in different phyla, which
can be used to compare developmental programs and how differences in divergent
regulatory networks contribute to phenotypic/morphological expression (Erwin, 2020;
Hejnol & Lowe, 2015). In fact, one proposition for the emergence of complex body
morphology is the evolution of GRNs into complex hierarchical networks through the
independent co-option of existing developmental genes in different animal lineages
(Erwin, 2020). Thus, the current understanding of GRNs and how they contribute to
morphological traits is insufficient for claiming a single origin of the CNS and studies
performing cladistic and phylogenetic analyses, including both current morphological and
genetic data, indicate that the CNS likely originated numerous times (Hejnol & Lowe,
2015; Moroz, 2009; Northcutt, 2012).

As Northcutt (2012) and Erwin (2020) discuss, investigations into the
evolutionary origins of the CNS requires an accurate and well supported understanding of
phylogeny. Genetic and molecular data inform phylogeny and in recent years have
improved phylogenetic analyses. Morphological and molecular data analysed separately
give conflicting phylogenetic results and combined analyses using methods of maximum
parsimony are prone to artifacts (i.e. long branch attractions; Glenner et al., 2004);

however, new approaches using Bayesian inference have enabled a statistical method for



cladistic analysis of evolutionary relationships using the combined molecular and
morphological data, which shows an improved cladogram with substantial congruency
between morphological and molecular data analysed by Bayesian methods (Glenner et
al., 2004). Outgroup analyses of nervous system characteristics, that define nervous
systems as either diffuse, ganglionated, or consisting of a brain, using a modified version
of the combined cladogram from Glenner et al. (2004) indicate that a CNS consisting of a
complex brain evolved at least four times (Northcutt, 2012). Other analyses indicate that
centralization of the nervous system occurred at least five to seven times (Moroz, 2009);
alternatively, under a single origin theory the CNS would have been reduced/simplified at
least 11 times (Northcutt, 2012). As noted by other researchers (Hejnol & Lowe, 2015),
further research comparing morphological characteristics and genetic mechanisms of
brain development broadly across the animal kingdom will inform current phylogenies
and improve our understanding of nervous system evolution.

The following thesis looks to contribute to the conversation by describing the
development of neurotransmitter systems that express markers characteristic of
histaminergic and octopaminergic neurons in early molluscan larval development, thus
laying the framework for comparisons in species across the animal kingdom. Once
neurotransmitters are established in a specific function and/or regulatory system, that
function generally persists; examples can be found in the use of serotonin in the control
of cilia across phyla (Braubach et al., 2006; Byrne et al., 2007; Croll & Dickinson, 2004;
Goldberg et al., 1994; Koss et al., 2003; Satterlie & Andrew Cameron, 1985) and
epinephrine in the regulation of the sympathetic nervous system among vertebrates
(Romero & Gormally, 2019). However, there are a few instances where functions are
controlled by different neurotransmitters between vertebrates and invertebrates
representing targets of evolutionary divergence. Some examples are found in the control
of muscle contraction at the neuromuscular junction where acetylcholine is used in
vertebrates (Rudolf & Straka, 2019) while arthropods use glutamate (Bicker et al., 1988;
Smarandache-Wellmann, 2016); additionally, vertebrates use glutamate as a sensory
neurotransmitter (Ferndandez-Montoya et al., 2018) whereas histamine and dopamine are
prevalent in sensory signalling in invertebrates (Buchner et al., 1993; Carrigan et al.,

2015; Wyeth & Croll, 2011). More evidence for divergence is evident when comparing



the function of octopamine (OA) and norepinephrine (NE) among invertebrates and
vertebrates where it has been suggested that OA could function as the invertebrate
analogue to NE in regulating the sympathetic nervous system/stress response (Roeder,
1999, 2020). Therefore, histamine and octopamine are neurotransmitters that represent
targets of evolutionary divergence; investigating the phenotypic expression and function
of these neurotransmitters could inform morphological differences among nervous
systems and in conjunction with molecular studies offer insights into evolutionary
relationships and how GRNs influence phenotypic expression of morphological
differences.

Molluscs are an important facet in the conversation around evolution of diverse
body plans and the centralization of the nervous system; their importance is derived from
the large degree of diversity within this single phylum and morphological variations
compared among other protostomes and/or deuterostomes (Wanninger & Wollesen,
2019). Interestingly, there are studies that show differences in Hox gene expression with
evidence indicating loss of co-linearity in some molluscan species (Samadi and Steiner,
2010; Salamanca-Diaz et al., 2021) whereas others show the conserved colinear
expression of Hox genes (Fritsch et al., 2015). Therefore, investigating morphological
differences within the molluscan phylum will help build the framework for understanding
how changes in GRNs lead to changes in morphology and the identification of
commonalities among diverse species within the molluscan phylum will help identify

basal traits to all of Mollusca that could be used to inform cross phyla comparisons.

1.2 Larval Nervous Systems

The majority of phyla across Bilateria exhibit indirect development, a form of
growth where the organism has a post-embryonic intermediate larval stage prior to
metamorphosis into an adult form (Sly et al., 2003; Young, 2003); marine larval
organisms contain many similarities. In fact, there is strong support for theories that
postulate that the ancestral bilaterian was a larva-like ancestor that later evolved a new
life stage in which extant adult forms were eventually derived (Nielsen, 1985; Nielsen &
Norrevang, 1985). These theories originate from Haeckel’s (1874) theory of animal

evolution centered on the idea that developmental schemes recreate the evolutionary



history of a species or as he put it “ontogeny recapitulates phylogeny” (cited in Sly et al.,
2003). However, Haeckel’s theory in the strict sense has not held up to time and the
larva-like Bilaterian ancestor remains up for debate with some arguing that larva-like
features evolved in early developmental stages of a bilaterian-like adult (Sly et al., 2003).
Regardless of the opposing theories, marine larvae present a relatively simple body plan
with ciliary bands and morphological features that are easily comparable across many
phyla; just as early developmental mechanisms inform evolutionary relationships,
comparisons of early larval morphological and functional development can offer novel
insights into phylogeny. In this section, I will describe in general the commonalities
among marine larval nervous systems pertinent to this thesis and what is known about
larval neurodevelopment in the gastropod molluscs, Ilyanassa obsoleta, Aplysia
californica, and a direct developer, Lymnaea stagnalis.

Common among most marine invertebrates is a ciliated-larval stage with some
aspect of an apical sensory organ (apical tuft or apical ganglion) used for integrating
environmental cues to effect behaviour (Marlow et al., 2014; Nielsen, 2004, 2005;
Young, 2003). The apical organ is perhaps most prevalent in species categorized into
Spiralia (Hindinger et al., 2013; Lacalli, 1981; Nielsen, 2004, 2005; Rawlinson, 2010) but
is also found in species of deuterostomes such as echinoderms (Byrne et al., 2007) and
hemichordates (Miyamoto et al., 2010; Nielsen, 2005); additionally, this sensory structure
is found in the planula larvae of cnidarians (Arendt et al., 2016; Chia & Koss, 1979;
Marlow et al., 2009; Sinigaglia et al., 2015), a sister group to Bilateria, making it a
possible ancestral trait among bilaterian organisms (Nielsen, 2005). Interestingly,
evidence suggest conservation of developmental regulation of ciliated larva and apical
organ development (Arendt et al., 2016; Marlow et al., 2014). This conserved sensory
structure has been suggested to be chemo- and/or mechanosensitive consisting of an
apical tuft, a collection of long cilia at the apical pole, with sensory-neurosecretory cells
along the base and has most prominently been associated with control of locomotive
ciliary beating (Braubach et al., 2006; Croll & Dickinson, 2004; Goldberg et al., 1994;
Koss et al., 2003; Satterlie & Andrew Cameron, 1985) and settlement/metamorphoses
(Conzelmann et al., 2013; Hadfield et al., 2000; Kempf et al., 1997; Rentzsch et al., 2008;
Voronezhskaya et al., 2004; Voronezhskaya & Khabarova, 2003).
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Although nearly ubiquitous among marine larvae, the organization and features of
the apical organ is highly variable among extant species. The cnidarian apical organ
comprises sets of columnar cells with long cilia that are twisted to form the apical tuft
(Chia & Koss, 1979); these columnar cells are positioned above a neural plexus but seem
to lack distinct nerve cells (Chia & Koss, 1979; Sinigaglia et al., 2015). In comparison,
the apical organs of annelid and molluscan species comprise apical tuft cells surrounded
by flask-like or ampullary cells positioned above a neural plexus (Bonar, 1978; Croll &
Dickinson, 2004; Kempf et al., 1997; Lacalli, 1981; Nielsen, 2004); the number of cells
that form the apical organ in gastropod molluscs can range up to 25 cells (Bonar, 1978;
Croll & Dickinson, 2004; Kempf et al., 1997). In terms of the deuterostome apical organ,
there is relatively little literature on the general structure, however, a common feature is
bilateral serotonergic ganglia in close association with larval bands (Byrne et al., 2007).
In fact, the presence of serotonergic nerve cells seems to be a conserved characteristic of
the apical organ among Bilaterians (Byrne et al., 2007; Chia & Koss, 1979; Croll &
Dickinson, 2004; Hindinger et al., 2013; Kempf et al., 1997; Marlow et al., 2014;
Nielsen, 2004, 2005; Page & Parries, 2000; Santagata, 2011; Voronezhskaya et al., 2004;
Voronezhskaya & Khabarova, 2003; Wanninger, 2009; Wollesen et al., 2007). However,
serotonergic elements are not restrained to the apical organ throughout larval
development.

Pertinent to this thesis, serotonergic cells in /. obsoleta arise in the apical organ
during the embryonic trochophore stage of development with early development
revealing processes extending to the vela and foot (Dickinson & Croll, 2003); however,
as the larvae develop to metamorphic competence, serotonergic neurons are evident in
nearly all ganglia of the adult CNS (Dickinson & Croll, 2003). Similar observations have
been made in other gastropod larvae (Croll, 2006; Dickinson et al., 1999, 2000; Kempf et
al., 1997; Page & Parries, 2000; Wollesen et al., 2007).

In addition to descriptions of serotonergic cells among marine larvae, other
common neurotransmitters that have been identified broadly are catecholamines and
various neuropeptides such as FMRFamide (Croll et al., 1997; Croll & Dickinson, 2004;
Dickinson & Croll, 2003; Hay-Schmidt, 1990b, 1990a; Marlow et al., 2014;

Voronezhskaya et al., 1999; Wollesen et al., 2007). The characterization and comparison
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of these neurotransmitter systems have provided good context for comparing form and
function of larval stages among diverse animal phyla and have been well described
during gastropod larval development (Braubach et al., 2006; Croll, 2006; Dickinson et
al., 1999, 2000; Dickinson & Croll, 2003; Voronezhskaya & Elekes, 1996; Wollesen et
al., 2007).

Previous studies in gastropod neurodevelopment have observed the early
appearance of FMRFamide in the embryonic trochophore (Croll, 2006; Dickinson et al.,
1999, 2000; Dickinson & Croll, 2003). In 1. obsoleta, FMRFamide develops first with a
cell in the posterior region and two flask-shaped cells anteriorly in the apical organ; as
the animal develops, these cells send processes toward the midline forming an anterior to
posterior projection of fibers that becomes the posterior loop of the developing adult
nervous system (Dickinson & Croll, 2003). This early development of anterior-posterior
FMRFamidergic axons has been described in numerous gastropod larvae and has been
proposed to function as pioneering fibers laying the framework for future neurite growth
in the developing CNS (Croll & Dickinson, 2004; Dickinson et al., 1999, 2000;
Voronezhskaya & Elekes, 1996). Much like the development of serotonergic elements
described earlier, observations in /. obsoleta (Dickinson & Croll, 2003) and other
gastropods (Croll, 2006; Dickinson et al., 1999; Wollesen et al., 2007) reveal an elaborate
network of FMRFamidergic neurons in the developing adult ganglia by metamorphic
competence.

Another class of neurotransmitters that has been described in developing
gastropod larvae is the catecholamines (Croll, 2006; Dickinson et al., 1999, 2000;
Dickinson & Croll, 2003). These studies typically use a formaldehyde-glutaraldehyde
histofluorescent protocol (Furness et al., 1977) or antibodies raised against tyrosine
hydroxylase, the rate limiting enzyme for catecholamine synthesis, as a general label for
catecholamines. In /. obsoleta, the first catecholaminergic cells appear in the velar lobe
and throughout development were found to be associated with the developing cerebral
ganglia, vela, foot, mouth and tentacles (Dickinson & Croll, 2003); at metamorphic
competence, cells were also observed in the osphradium (Dickinson & Croll, 2003).

Interestingly, studies describing catecholaminergic elements of some other gastropod
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larvae, such as A. californica (Dickinson et al., 2000), only found cerebral cells with
innervation in the foot and mouth (Dickinson et al., 1999).

Most of this section has been focused on marine larva with indirect development,
which have a distinct post-embryonic intermediate stage prior to metamorphosis into an
adult (Sly et al., 2003; Young, 2003); however, L. stagnalis is one of the many
gastropods that develop through direct development and experiences a truncated larval
development with metamorphosis occurring within an egg capsule (Nielsen, 2004).
Despite this, evidence from L. stagnalis still show remnants of an apical organ identified
with catecholaminergic labelling of the transient anterior catecholaminergic (TAC) cells
(Voronezhskaya et al., 1999; Young et al., 2022). Additionally, the development of
serotonergic (Diefenbach et al., 1998; Koss et al., 2003; Marois & Croll, 1992) and
FMRFamidergic (Voronezhskaya & Elekes, 1996) neural elements have been described
in L. stagnalis and related species, showing reduced but comparable staining patterns.

The following thesis aims to expand on this body of research by investigating
histaminergic and octopaminergic elements in early larval development with a focus on 1.
obsoleta, including brief descriptions and comparisons using A. californica and L.
stagnalis. Improving our understanding of early neurodevelopment in larva through
comparative approaches could help elucidate the evolutionary history of the nervous
system and inform research investigating how developmental genes and GRNs influence
phenotypic expression. Results from this thesis can provide a framework for research
investigating distantly related and diverse organisms, which inform approaches used to

deduce evolutionary relationships and thus improve our understanding of phylogeny.
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Chapter 2: Methods

2.1 Animal Subjects

Ilyanassa obsoleta (previously classified as Tritia obsoleta) were collected from
the Bay of Fundy in late February. I. obsoleta were kept at 4°C and oviposition was
induced by transferring animals to saltwater aquaria where water reached room
temperature (RT; ~ 21°C). Adult 1. obsoleta were fed fish protein pellets (Fluval, Tropical
Fish Pellets) in combination with potato, carrot, and/or lettuce slices. Water for saltwater
aquaria was mixed from that collected directly from either the Northwest Arm (Halifax,
NS, Canada), or sand filtered by the Aquatron Laboratory (Dalhousie University, Halifax,
NS, Canada) or was mixed using Crystal Sea Marine salts (Marine Enterprises
International, Baltimore, MD, USA) to obtain a specific gravity of approximately 1.023
g/cm’,

Aplysia californica were obtained from NIH’s National Resource for Aplysia at
the University of Miami (Key Biscayne, Florida, USA); larvae arrived staged and fixed
according to antibody specific protocols (see section 2.4.3 Fixations), whereas juveniles
were dissected within hours of arrival.

Freshwater snails, Biomphalaria alexandrina and Lymnaea stagnalis were
maintained in ongoing laboratory colonies at 20-25°C under a 10/14 hr dark/light cycle.
Snails were reared with continuously aerated, carbon-filtered tap water that was
conditioned with 600 mg/L sea salts (Crystal Sea, Baltimore, MD, USA) and 26.4 mg/L
sodium bicarbonate. Approximately 10-20% of the aquarium water was drained and
replaced with freshly conditioned water every 2 weeks and supplemented with crushed,
chicken eggshells and/or chalk as an additional calcium source. Snails were fed romaine
lettuce and carrots ad lib. All animal care and use were approved by the University

Committee on Laboratory Animals at Dalhousie University.

2.1.1 Veliger Rearing
Once [. obsoleta began spawning, egg masses were collected every 2-3 days,
sorted by date and reared in aerated 500 ml plastic beakers. During the initial collection,

egg masses were rinsed thoroughly using a mixture of filtered artificial and natural
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seawater (FSW) in a custom sieve comprising a 250 ml plastic cylinder with the bottom
removed and replaced with 596 um Nitex mesh (pore size =408 um). Natural seawater
was acquired regularly from local sources as described in section 2.1 (Animal Subjects)
and filtered using grade 415 filter paper (Cat # 28320, VWR) before being adjusted to a
specific gravity between 1.021 and 1.025 g/cm? using artificial seawater (Crystal Sea,
Baltimore, MD, USA). Once hatched veligers were observed at about seven days post
oviposition (DPO), they were fed daily with either 7. Isochrysis cultures received from
the Aquatron Laboratory or Shellfish Diet 1800 (Reed Mariculture, Campbell, CA,
United States), the latter containing a mixture of marine microalgae that could support the
developmental ranges of I. obsoleta veligers.

Finally, cultures of hatched veligers were rinsed every 1-2 days and transferred to
new beakers with fresh FSW; transferring and rinsing of the veligers was performed
using a series of custom sieves containing different size Nitex mesh: 596, 275 and 245
pm containing 408, 190, 150 pm pore size, respectively. The 596 um sieve was used to
filter out any large debris such as empty egg capsules, aggregated algae and other
detritus. The 245 pm sieve was used to catch the veligers and allow smaller debris to be
rinsed out of the cultures and discarded, such as shells from dead veligers and waste
products; as the veligers developed and grew, the catch sieve was swapped with the 275
pm Nitex mesh to allow clearance of larger waste products. Early during veliger rearing
the beakers were aerated using air pumps and the transfer and rinsing of veligers to new
beakers was performed every 2-3 days. Eventually, it became evident that the older
cultures were crashing; therefore, instead of constantly aerating beakers, cultures were
transferred and rinsed daily to limit stress to the animals. All rinsing was performed with

FSW.

2.2 Sequence Alignments

Sequence alignments were performed to verify sequence homology of vertebrate
dopamine B-hydroxylase (DBH) and invertebrate tyramine -hydroxylase (TBH);
additionally, to test the validity of the DBH antibody used in this study (Cat # ab189991,
Abcam), DBH/TBH sequences were aligned to the synthetic human DBH target sequence
corresponding to amino acids 437-448 (DNHYSPHFQEIR).
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Alignments were performed using full length protein sequences retrieved from the
National Center for Biotechnology Information (NCBI)’s database. Protein sequences for
alignments were chosen by running a BLASTp search using the human DBH protein
sequence provided on the antibody product page (Accession # NP_000778.3) and
selecting the top TBH/DBH matches for L. stagnalis (Accession # BAM35937.1), B.
glabrata (Accession # 013081477.1), and A. californica (Accession # XP_035825847.1);
unfortunately, no matches could be found for . obsoleta. BioEdit (RRID: SCR_007361)
sequence analysis tool was then used to perform Clustal Omega multiple sequence
alignments (Madeira et al., 2019) and create a graphical representation of the alignments;
full length DBH/TBH protein alignments against the human DBH precursor protein
(Accession # NP_000778.3) and the DBH antibody target sequence (DNHYSPHFQEIR),

were performed separately.

2.3 Western Blots

Western blots were performed to characterize and validate the dopamine [3-
hydroxylase (DBH) antibody. Western blots enabled the comparison between the
molecular weight of the antigen(s) with the expected molecular weight of the target
enzyme and provides information on the number of possible antigens present in the
tissue, which relates to the specificity of the antibodies. Western blots were performed

using tissue from /. obsoleta, A. californica, L. stagnalis, and B. alexandrina.

2.3.1 Protein Extraction

Proteins were extracted from homogenates of isolated central nervous systems
(CNSs; see 2.4.2 Adult CNS Dissections). After dissections, nervous tissue was freshly
washed and homogenized in a radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate [DOC], 0.1% sodium dodecyl sulfate
[SDS], and 25 mM Tris, pH 7.4) containing protease inhibitor (Cat # A32955,
ThermoFisher Scientific) at a ratio of 30 pl of buffer for every 1 mg of tissue.
Homogenization occurred on ice with intermittent grinding using a glass rod modified to
work as a pestle in a 1.5 ml microvial, followed by continuous pipetting for

approximately 1 hr to help further disrupt the tissue. The pipetting occurred sequentially
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starting with 200 pl pipette tips followed by 25- and then 27-gauge needles, drawing
homogenate in and out of pipette tips/syringes. Then the homogenized tissue was placed
on a shaker at 4°C for 30 min to allow for detergent in the lysis buffer to act on the tissue
and maximize solubilization of proteins. The resultant homogenate was centrifuged at
5000 rpm for 30 min and then again at 12000 rpm for 30 mins, both at 4°C, using a
Sorvall™ ST &R centrifuge (ThermoFisher Scientific). The supernatant was transferred to
a new tube and the pellet was discarded. The protein concentrations of tissue
homogenates were then assessed using a Micro BCA™ Protein Assay Kit (Cat # 23235,

ThermoFisher Scientific; see section 2.6 Protein Assay).

2.3.2 Gel Electrophoresis/Transfer

Samples were prepared with 2x Laemmli sample buffer (Cat # 1610747EDU,
BioRad) diluted one to one with CNS protein extract; up to 40 ul of each sample was
loaded for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using
10% acrylamide resolving gels with a 4% stacking gel and 1x running buffer (35 mM
SDS, 250 mM Tris, 192 mM glycine in dH20). Precision Plus Protein™ All Blue
Standard (7 ul; Cat # 1610373, BioRad) with the molecular weight markers ranging from
10 to 250 kDa was added to one lane of each gel prior to the loading of the protein
samples and electrophoresis proceeded for 30 min at 70 V followed by approximately 1.5
hr at 100 V. Protein samples were later transferred onto 0.22 pm nitrocellulose
membranes for 80 min in 1x transfer buffer (25 mM Tris, 192 mM glycine, and 20%
methanol in dH>0) at 100 V.

2.3.3 Blot Incubations

After protein samples were transferred onto a nitrocellulose membrane, the
membrane was incubated in blocking buffer containing 5% non-fat dry milk (Cat #
1706404, BioRad) in Tris-buffered saline with Tween (TBST; 137 mM NaCl, 2.7 mM
KCl, 19 mM Tris-base, 0.1% Tween 20) either overnight at 4°C or for 1 hr at RT. The
membranes were then incubated with, or without, the primary DBH antibody (Cat #
ab189991, Abcam, Toronto, ON, Canada) at a dilution of 1:1000 or primary acetylated
tubulin (AcT) antibody (Cat # T7451, MilliporeSigma) at a dilution of 1:5000 with Tris-
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buffered saline (TBS; 137 mM NaCl, 2.7 mM KCI, 19 mM Tris-base) containing 5%
non-fat dry milk (Cat # 1706404, BioRad) for 1 hr at RT. After incubation in the primary
antiserum, the membranes were rinsed in TBS, followed by three 15 min washes in TBST
and a final 15 min wash in TBS. Then the membranes were incubated with either a
donkey anti-goat (Cat # ab6885, Abcam) or donkey anti-mouse secondary antibody
conjugated to horseradish peroxidase (HRP; Cat # ab6820, Abcam) at a dilution of
1:5000 in TBST containing 5% non-fat dry milk for 2 hrs at RT on a shaker. After the
membranes were washed three times for 15 min each with TBST followed by a 15 min
wash with TBS. The blots were analysed using an enhanced chemiluminescence assay
(Cat # 1705060, Biorad) and were viewed using the Bio-Rad ChemiDoc XRS+; exposure

times varied between 26 to 210 seconds.

2.3.4 WB Controls

To validate the protein extraction protocol, AcT, an abundant protein previously
examined through western blot analysis in various L. stagnalis tissues (Jackson et al.,
1995), was probed using a monoclonal antibody (Cat # T7451, MilliporeSigma).
Specificity of the secondary antibody was tested by following the antibody incubation
protocol while omitting the primary antibody from the primary incubation media (TBS
with 5% non-fat dry milk); the immunoblot in the primary omission control was exposed
for 82, 180 and 300 sec all showing no protein bands.

Additionally, to test specificity of the DBH antibody, a commercially available
isolated DBH protein (Cat # ab202616, Abcam) was purchased and used to perform a
preadsorption control. Experimental and control conditions were performed concurrently
using protein extractions from the four species used throughout the study. The primary
DBH antibody solution was prepared as described in the western blotting section under
antibody incubations except solutions were prepared with and without 250 pg/ul of DBH
blocking protein (Cat # ab202616, Abcam) for the control and experimental conditions,
respectively. Antisera were prepared at least 24 hrs in advance to allow blocking peptides

to bind to the DBH antibodies prior to incubation of the nitrocellulose membrane.
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2.4 Immunohistochemistry

2.4.1 Specimen Collection/Staging
Embryos and veligers were collected and fixed at various stages so that
neuroanatomical descriptions of specific transmitter systems could be performed

providing insight into their development.

2.4.1.1 Ilyanassa obsoleta. Embryonic stages were collected from between 3-7
days post oviposition (DPO) by the manual use of forceps to break egg capsules. From
>7 DPO, veligers were collected every 2-3 days after rinsing (see section 2.1.1 Veliger
Rearing for details on rinsing); once veligers were concentrated in the catch sieve, the
sieve was resuspended in FSW and a glass pipette was used to select healthy swimming
specimen into microvials. Retrieved embryos and veligers were then anaesthetized with
isotonic 0.36 M MgCl: in preparation for fixation. Various fixatives were used depending
on the specific antibody protocol (see section 2.4.3 Fixations). After fixation, veligers
were stored at 4°C in PBS containing 0.01% sodium azide. For developmental
descriptions, I. obsoleta veligers were staged based on days post oviposition (DPO) and
descriptions by Dickinson and Croll (2003).

Hundreds of . obsoleta specimens were collected and fixed at 23 separate time
points between 4 and 27 DPO. Specimens from each point were processed separately for
each of the antibodies used: octopamine (OA), DBH, histamine (HA), and HA/AcT
double labels. To collect specimen for processing, a glass pipette was used to randomly
draw 20 — 100 specimens from the storage vials. After processing no fewer than three
samples from each time point were observed and photographed in an appropriate
orientation to determine anatomical and developmental descriptions; however, numerous
additional samples that showed positive labelling were also observed to be consistent

with those photographed for this study.

2.4.1.2 Aplysia californica. All larval A. californica samples were collected and
fixed at National Institutes of Health (NIH)’s National Resource for Aplysia at the
University of Miami (Key Biscayne, Florida, USA). Embryonic stages were retrieved

from days 3-8 in 1 cm egg mass segments. Both embryonic samples and Stage 6 veligers
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were gathered into separate 1.5 ml microvials and fixed using various fixatives dependent

on the specific antibody protocol (see section 2.4.3 Fixations).

2.4.1.3 Freshwater Species. Embryonic B. alexandrina and L. stagnalis were
collected at approximately 55% of embryonic development (E55), just as the eyes were
beginning to develop, by manually breaking open egg capsules and using a 200 pl pipette
to gather them into 500 pl microvials for fixation. Specimen were then fixed using

specific antibody dependent protocols (see section 2.4.3 Fixations).

2.4.2 Adult CNS Dissections

To dissect adult CNSs, animals were first anaesthetized with magnesium chloride
(MgCl); freshwater snails and marine specimen were anaesthetized with 0.05 M and
0.36 M MgClz in dH20, respectively. To properly anaesthetize animals, 4. californica
were injected with 0.36 M MgCl,, whereas the rest of the specimen were anaesthetized
sequentially in MgCl» baths; shelled animals were placed in beakers containing
anaesthetic for about 30 mins and then removed from their shells and placed in a second
beaker of MgCl: for another 30 mins. Once relaxed, specimen were pinned to dissection
trays starting with the anterior end and then stretched longitudinally with a pin placed in
the posterior end; then a longitudinal cut was made and the body wall to either side of the
incision was pinned laterally. At this point the buccal mass was pinned anteriorly to
expose the CNS (Note: nervous tissue dissected for protein extractions was removed at
this point by cutting all peripherally projecting nerves); then peripherally projecting
nerves were carefully cut to keep them long enough to easily pin for fixation. To properly
pin out the nervous tissue so that it was fixed flat, either the cerebral commissure or pedal
commissure had to be cut so the associated ganglia could be pinned laterally (Beach et
al., 2019). Once the isolated CNSs were pinned flat in a Sylgard-lined (Dow-Corning,
Midland, MI, USA) Petri dish, preparations were ready for antibody dependent fixation

protocols.
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2.4.3 Fixations
2.4.3.1 Octopamine (OA). Samples destined to be incubated with antibodies raised

against octopamine were fixed using a solution that contained 4% paraformaldehyde

(PFA) in PBS overnight (OVN).

2.4.3.2 Dopamine [-Hydroxylase (DBH). Samples prepared for DBH labelling
were fixed using a solution that contained either 4% paraformaldehyde in PBS or was
comprised of nine parts methanol and one part formaldehyde (9 MeOH: 1 CH20; Wyeth
& Croll, 2011), for 15 to 30 min. Samples prepared for double labelling with OA were
fixed according to section 2.4.3.1 Octopamine (OA).

2.4.3.3 Histamine (HA). Samples processed for incubation with antibodies raised
against HA were fixed using a solution containing 2% 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC; Cat # E7750, MilliporeSigma) and 0.4% N-
hydroxysuccinimide (NHS; Cat # 130672, MilliporeSigma) in PBS for 3 hrs. Then
samples were further fixed overnight at 4°C with 1% paraformaldehyde (PFA) in PBS.
This fixation protocol will be referred to henceforth as EDAC fixation.

2.4.3.4 Acetylated Tubulin (AcT). An antibody raised against AcT (see Table 1 for
details) was used to orient novel labelling and improve descriptions. The AcT antibody
was determined to show binding affinity with either 4% PFA, EDAC or nine parts
methanol and one part formaldehyde (9 MeOH: 1 CH2O) fixations, which allowed double

labels to be performed with any of the other antibodies used in this study.

2.4.4 Antibody Incubations

Antibody incubations were performed at 4°C while the subsequent washes
occurred at RT; all incubations were carried out with gentle agitation using a rotary
shaker. After fixation, samples were rinsed two times and then washed with phosphate
buffered saline (PBS; 100 mM HNaPO4/Na,PO4 buffer, 140 mM NaCl, pH 7.4) with two
changes over 1 hr. The tissues were then either stored in PBS containing 0.01% sodium

azide for future antibody incubations or processed immediately.
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Once ready for antibody incubations, marine veligers >8 DPO and freshwater
specimen were treated with a solution of 80% 0.23 M ethylenediaminetetraacetic acid
(EDTA) and 20% 0.1 M sodium acetate in dH>O for approximately 5 min to decalcify
and remove shells. Marine veligers 7 DPO and younger were not subjected to
decalcification. Next the samples were treated with 2% Triton X-100 in PBS for 2 hrs,
followed by a rinse with PBS and wash in blocking medium containing 0.1% Triton X-
100, 2% dimethylsulfoxide (DMSO), 1% normal donkey serum and 1% bovine serum
albumin (BSA) in PBS, for 30 to 60 mins at RT or overnight at 4°C. After blocking,
tissues were incubated in a solution containing one or two primary antibodies in blocking
medium (see Table 1) for three days. Tissues were then rinsed with PBT (0.5% Triton X-
100 in PBS) and washed for four changes over 2 hrs in PBT; they were subsequently
incubated for 30 min in blocking medium alone before incubation in blocking medium
containing one or two secondary antibodies (see Table 2) for two days. The tissues were
then rinsed with PBT and washed for four changes over 2 hrs with PBT. Finally, the
tissues were cleared overnight in CUBIC-1 (Susaki et al., 2014) at 4°C. In some
experiments 2 ug/ml 4’,6-diamidino-2-phenylindole (DAPI) was added to CUBIC-1 for

visualization of cell nuclei. Samples were then mounted on glass slides with CUBIC-1.

Table 1. Primary antibodies, their dilutions and supplier information. All antibodies were
diluted in blocking medium (OA, octopamine; BSA, bovine serum albumen; DBH,
dopamine B-hydroxylase; sDBH protein seq, synthetic DBH protein sequence; HA,
histamine; KLH, keyhole limpet hemocyanin; AcT, acetylated tubulin).

Label Immunogen Host  Dilution (ul) Supplier/location Catalog #

OA  OA-BSA conjugate Rabbit (1:100) MoBiTec, Gottingen, DE 1003GE

DBH sDBH protein seq Goat  (1:100) Abcam, Toronto, ON, CA  ab189991
Immunostar, Hudson, WI,

HA  HA-KLH conjugate Rabbit (1:100) 22939
USA

‘ MilliporeSigma, Oakville,
AcT  Acetylated tubulin ~ Mouse (1:200) ON. CA T6793
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Table 2. Secondary antibodies used in association with each primary label including
dilutions and catalog numbers (OA, octopamine; HA, histamine; DBH, dopamine [3-
hydroxylase; AcT, acetylated tubulin). All secondary antibodies were purchased from
Life Technologies (Burlington, ON, CA).

‘ Dilution
Label Secondary Antibody  Fluorophore Catalog #

(ul)
Donkey anti-rabbit Alexa Fluor® 555  (1:200) A-31572
Donkey anti-rabbit Alexa Fluor® 488  (1:200) A-21206
DBH Donkey anti-goat Alexa Fluor® 555  (1:200) A-21432
AcT Donkey anti-mouse  Alexa Fluor® 488  (1:200) A-21202

OA/HA

2.4.5 THC Controls

To test the specificity of the experimental antibodies, raised against HA and OA,
preadsorption controls were performed. Since HA and OA protein conjugates were not
commercially available, HA-BSA and OA-BSA protein conjugates had to be synthesized
(see section 2.5 Protein Conjugations). The same procedure described above, in section
2.4.4 Antibody Incubations, was followed for preparing and incubating tissue samples
except that the primary antisera were prepared at least 24 hrs in advanced of primary
antibody incubations and samples were incubated in blocking medium during this same
duration. Antisera and blocking media prepared for preadsorption controls consisted of
654 pg/ml and 588 pg/ml of blocking proteins for the HA-BSA and OA-BSA
preadsorption, respectively. Primary antibodies were diluted at 1:300 in blocking
medium, with and without blocking proteins for experimental and control conditions,
respectively. The secondary antibodies were diluted at 1:200 in blocking medium.

In addition, it has been shown that antibodies raised against hapten-protein
conjugates can have binding affinity to epitopes generated from the carrier protein (Beach
et al., 2019). The HA antibody was raised using HA conjugated to KLH, and therefore
preadsorption controls were performed by preincubating tissue and antisera with 200
pg/ml KLH protein (Cat # H7017, MilliporeSigma) added to both the blocking medium
and antiserum (Beach et al., 2019; Wyeth and Croll, 2011); this preadsorption tested
whether there was any binding to epitopes generated by the KLH portion of the HA-KLH
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conjugate. The OA antibody was raised using OA conjugated to BSA, which was already
controlled for since the generic blocking medium contained 1% BSA.
Further testing of the specificity for the antibody targeting the synthetic enzyme

DBH was performed using western blots (see section 2.3.4 WB Controls).

2.4.6 Imaging

Samples were initially viewed using a Leica DM4000B fluorescent microscope.
After which selected samples were imaged using a Zeiss LSM 510 confocal microscope
equipped with Zen 2009 software. Confocal stacks were then processed using Imagel
(Schindelin et al., 2012; https ://fiji.sc/) and Photoshop CS2 (Adobe Systems, Inc., San
Jose, CA, USA); whole image adjustments in contrast and brightness were made to

achieve consistency within plates.

2.5 Protein Conjugation

Hapten to protein conjugations were performed to generate blocking peptides to
use for preadsorption controls, which test the specificity of the OA and HA antibodies.
The antibodies were raised against either an OA-BSA or HA-KLH conjugate that was
synthesized with glutaraldehyde and EDAC, respectively. Since different fixatives
behave differently and can introduce different epitopes for antibodies to recognize, two
different conjugation protocols were used to match the appropriate fixative with the

conjugate initially used in the creation of the antibody.

2.5.1 HA-BSA EDAC Conjugation

The HA-BSA conjugation was performed using EDAC as described in Scaros et
al., (Scaros et al., 2020). Conjugation started by mixing a solution of 20 mg/ml histamine
dihydrochloride (Cat # 150625000, ThermoFisher) in 1.5 mL phosphate bufter (pH 7.4).
Then, 50 mg of BSA was added making a concentration of 33 mg/ml BSA. Next, 0.5 ml
of 4.6 mg/ml EDAC was added and the solution was protected fromf light and incubated
at RT for 18 hrs. After the incubation with EDAC, 2.0 ml of 1 M hydroxylamine (Cat #
159417, MilliporeSigma) was added and incubated for an additional 5 hrs. All

incubations were performed on a stir plate with gentle stirring. Finally, the HA-BSA
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conjugate solution was dialyzed with PBS using Slide-A-Lyzer™ Dialysis Cassettes (Cat
# 66380, ThermoFisher) with a 10 kDa molecular weight cut off. Dialysis occurred with
four changes of PBS over 24 hrs at RT.

2.5.2 OA-BSA Glutaraldehyde Conjugation

The protocol used for OA-BSA conjugation was adapted from various sources
(Carter, 1996; Lemus & Karol, 2008) using glutaraldehyde. Conjugation started by
mixing a solution of 2 mg/ml BSA in 3 mL PBS. After which, 2 mg of octopamine
hydrochloride (Cat # 00250, MilliporeSigma) was added giving a molar ratio of 116:1
hapten to protein. Then, sodium borohydride (Cat # S9125, MilliporeSigma) was added
to a concentration of 10 mg/ml and the solution was cooled to 4°C. Finally, 1 ml of 1%
glutaraldehyde in dH>O was added dropwise over 2 mins while gently mixing and the
solution then continued to mix for another 1 hr. After the conjugation was complete, the
OA-BSA conjugate solution was dialyzed with 0.1 M PBS using Slide-A-Lyzer™
Dialysis Cassettes with a 10 kDa molecular weight cut off. Dialysis occurred with four

changes of PBS over 24 hrs at RT.

2.6 Protein Assay

The protein concentrations of tissue homogenates used for western blot analysis
and protein conjugates used for preadsorption controls were determined using Micro
BCA™ Protein Assay Kit (Cat # 23235, ThermoFisher Scientific). Following the
instructions provided for performing protein assays in a 96-well microplate, the linear
working range was 2-40 ug/ml; therefore, tissue homogenates and protein conjugates had
to be diluted to give concentrations within this range.

To acquire concentrations within the proper range, samples were prepared using
serial dilution with each sample having three replicates. In the first set of samples,
dilution factors used for all tissue homogenates were 100x, 200x, and 500x in PBS.
Based on the initial spectrophotometric data, a subsequent protein assay was performed
using dilution factors of 200x and 400x in PBS. When testing protein conjugates, protein
concentrations were estimated based on calculations done using conjugation protocols

(estimated OA-BSA = 2 mg/ml; estimated HA-BSA = 12.5 mg/ml); therefore, OA-BSA
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conjugates were diluted 75x, 150x, and 300x and HA-BSA conjugates were diluted 300x,
400x, and 500x in PBS. Tissue homogenate and protein conjugate samples were
measured for optical density at 562 nm wavelength using the AD 340C Absorbance
Detector (Beckman Coulter, Fullerton, CA) and associated AD/LD Analysis Software
(Beckman Coulter, Fullerton, CA). These data were compared to a standard curve created
using the BSA standard provided with the Micro BCA™ Protein Assay Kit (Cat # 23235,
ThermoFisher Scientific) and diluted to a series of concentrations within the working
linear range of the method: 0, 0.5, 1, 2.5, 5, 10, 20 and 40 pg/ml.

Protein concentrations were determined using Microsoft Excel to generate a
standard curve and then convert the optical density measurement into protein
concentration. The standard curve was generated using the BSA standard described above
where the optical density measurement from the blank wells (0 pg/ml BSA) was
subtracted from all standard and experimental measurements. This standard curve was
generated against the second order polynomial best fit line as recommended in the assay
kit. Therefore, the equation of the best fit line followed the quadratic polynomial equation
(y = ax? + bx + c). To solve for protein concentration of experimental samples, the

quadratic equation was used:

_ —b+b?—4a(c—y)
B 2a

where x is protein concentration and y is optical density. The “LINEST()” function on

X

excel was used to extract a, b, and ¢ values from the line of best fit.
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Chapter 3: Octopamine

Octopamine (OA) is a neurotransmitter that shows divergent evolution among
vertebrate and invertebrate phyla. Evidence has suggested that the octopaminergic
signalling system in invertebrates is analogous to the noradrenergic signalling observed
in vertebrate species with little if any evidence for physiological roles for norepinephrine
(NE) in invertebrates or for OA in vertebrates (Axelrod & Saavedra, 1977; Bauknecht &
Jékely, 2017; David & Coulon, 1985; Roeder, 1999). Although OA receptors have not
been identified in vertebrates, recent research indicates that at least two receptor types
each for OA (octopamine a and [ receptors) and NE (adrenergic al and a2 receptors)
coexist in certain extant deuterostomes and protostomes (Bauknecht & Jékely, 2017).
Based on this evidence, the authors suggest that these two signalling systems likely
coexisted in an ancestral species with potentially redundant and overlapping functions;
subsequent evolution led to differential loss of OA and NE receptors in protostomes and
deuterostomes independently (Bauknecht & Jékely, 2017). Interestingly, in addition to
overlapping functions, OA and NE share similar and somewhat intertwined synthetic
pathways that could have facilitated their evolution and subsequent divergence.

The similarities between OA and NE synthesis may not come as a surprise when
one considers that structurally the only difference is an extra hydroxyl group on the
benzene ring in NE (Roeder, 1999). Both OA and NE synthesis start with the amino acid
tyrosine (Broadley, 2010). NE is part of the catecholaminergic synthetic pathway, which
starts with the conversion of tyrosine to L-DOPA by tyrosine hydroxylase followed by a
conversion to dopamine by DOPA decarboxylase (DDC; Broadley, 2010). In OA
synthesis, tyrosine is converted into tyramine by tyrosine decarboxylase (TDC; Broadley,
2010). Both DDC and TDC are distinct but evolutionarily related aromatic amino acid
decarboxylases (AADC; Nagy & Hiripi, 2002; Sandmeier et al., 1994); however, recent
research indicates that TDC can still bind and convert L-DOPA to dopamine (van Kessel
et al., 2019; Zhu et al., 2016) indicating possible non-specific binding affinity between
these AADCs. The final step in both NE and OA synthesis is the conversion of dopamine
and tyramine into NE and OA, respectively, by a shared homologous enzyme; this

enzyme is referred to as dopamine B-hydroxylase (DBH) and tyramine -hydroxylase

27



(TBH) in vertebrate and invertebrate species, respectively. In addition to the traditional
synthetic pathways, a major cytochrome P450 isoform, CYP2D6, has been shown to
convert tyramine and OA into dopamine and NE, respectively (Hiroi et al., 1998; Wang
et al., 2014). These observed interactions between OA and NE synthesis complicated
early studies on OA biosynthesis (Axelrod & Saavedra, 1977; David & Coulon, 1985)
and even led some to believe that OA evolved as a “metabolic mistake” (Evans, 1978).

In terms of physiological roles, OA was first identified in acetone extracts from
the salivary glands of the octopus, from which it was named, and was found to exhibit
adrenergic-like effects on blood pressure, small intestines, and hearts of various
vertebrate species (Erspamer, 1948). Further research in vertebrates identified that OA
was present in trace amounts at the nerve terminals of sympathetic neurons and the
organs that they innervate, where OA was shown to be co-released with NE (Axelrod &
Saavedra, 1977; Broadley, 2010; David & Coulon, 1985; Ibrahim et al., 1985; Robertson,
1981). Ultimately, OA signalling was revealed to mimic the effects of NE in vertebrates
and given the colocalization, co-release, relative abundance and synthetic pathways of
these biogenic amines, OA was largely regarded as a false or pseudo-transmitter (Axelrod
& Saavedra, 1977; Evans, 1978; Pfliiger & Stevenson, 2005); however, recent research
into trace amines suggests that OA could act to modify NE signalling (Axelrod &
Saavedra, 1977; Broadley, 2010). The opposite could be said in terms of OA and NE
prevalence in invertebrate physiology.

In contrast to vertebrates, OA is a prominent signalling molecule in invertebrates
believed to be analogous to the vertebrate adrenergic system with neurohormonal,
neuromodulatory and direct neurotransmitter effects involved with regulating energy
mobilization and stress (Adamo, 2012; Axelrod & Saavedra, 1977; David & Coulon,
1985; Pfliiger & Stevenson, 2005; Roeder, 1999, 2020). Most extensively studied in the
arthropods, OA has been shown to be involved in a broad range of behavioural and
physiological processes; these functions include modulation of muscle contractions, such
as increased heart rate (Chowanski et al., 2017; Papaefthimiou & Theophilidis, 2011) or
regulation of energy metabolism and activation of flight muscles (Duch & Pfliiger, 1999;
Goosey & Candy, 1982; Orchard & Lange, 1984). OA has also been implicated in

neurohormonal release of adipokinetic hormone from the corpus cardiaca and medial
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neurohemal tissues involved with energy mobilization (Antemann et al., 2018; Evans,
1978; Goosey & Candy, 1982). Additionally, evidence suggests a role for OA in
modulating sensitivity to various sensory stimuli with implications in food and mate
seeking behaviours (Farooqui, 2007; Hillier & Kavanagh, 2015; Jung et al., 2013; Mercer
& Menzel, 1982); in food seeking behaviour, evidence is controversial with results
showing a role for OA in starvation-induced hyperactivity (Yang et al., 2015) but also
arrest of odour tracking and possible initiation of feeding (Sayin et al., 2019).

Although not as extensively studied, other phyla that OA has been described in
are the nematodes (Churgin et al., 2017), platyhelminthes (El-Sakkary et al., 2018),
annelids (Barna et al., 2001; Crisp et al., 2002; Crisp & Mesce, 2003) and molluscs
(Elekes et al., 1993, 1996; Hiripi et al., 1998; Juorio & Molinoff, 1974; Pryce et al., 2015;
Saavedra et al., 1974; Vehovszky et al., 1998). Evidence from nematodes,
platyhelminthes and annelids indicate that OA modulates muscle contractions and
stimulates excitatory locomotory activity (Barna et al., 2001; Churgin et al., 2017; Crisp
& Mesce, 2003; El-Sakkary et al., 2018). In molluscs, research has provided evidence for
stress-related responses such as increased heart rate and neurohormonal release in
bivalves (Dougan & Wade, 1985; Pryce et al., 2015); however, most studied is the role of
OA in modulating feeding behaviour and aversive taste conditioning in L. stagnalis
(Aonuma et al., 2017; Vehovszky et al., 1998, 2005). In L. stagnalis, OA containing cells
have been described in the buccal ganglia that interact and modulate neurons associated
with the feeding network; pharmacological or electrical stimulation of these buccal OA
cells activated feeding whereas antagonists injected into intact snails decreased instances
of feeding (Hiripi et al., 1998; Vehovszky et al., 2005). In terms of conditioned taste
aversion, it seems that high levels of OA, which are associated with food deprivation,
block the learned taste aversion whereas low levels of OA enable conditioned taste
aversion (Aonuma et al., 2017). Altogether, it has been proposed that a prominent role of
invertebrate OA is to coordinate whole body physiological processes to prepare for
heightened activity (Roeder, 2020).

Despite the extensive research exploring OA localization and function in adult
arthropods and molluscs, relatively few studies describe early development and or

function in larvae (Crisp et al., 2002; Elekes et al., 1996; Goodman & Spitzer, 1979;
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Python & Stocker, 2002; Schneider et al., 1996). With regard to arthropods, research in
Drosophila melanogaster larvae has revealed limited OA labelling in the subesophageal
ganglion suggested to modulate olfactory processing (Python & Stocker, 2002);
developmental studies on the grasshopper identified the emergence of OA in the dorsal
unpaired neurons on day 13 of embryonic development (Goodman & Spitzer, 1979); and
evidence indicates the developmental appearance of octopaminergic neurons in the
lobster, Homarus americanus, at E43 (43% of embryonic development; Schneider et al.,
1996). In an annelid, medicinal leech, octopaminergic elements became apparent on
embryonic day 20 with all OA neurons present by the juvenile stage (Crisp et al., 2002).
The only molluscan developmental study was performed on L. stagnalis, a gastropod
with direct development, which showed the appearance of OA positive neurons at E85
(Elekes et al., 1996); this developmental stage is associated with post-metamorphosis of
an indirect developing marine gastropod (Raven, 1966). Expanding on these early
descriptions by looking at OA development in a broader variety of organisms within and
across phyla will help elucidate the evolutionary relationship of OA signalling among
invertebrates and provide possible insights into the evolutionary divergence of OA and
NE signalling among vertebrate and invertebrate phyla.

The present chapter expands on this previous work by investigating the
development of octopaminergic neuronal elements in larval stages of indirect developing
marine gastropods, Ilyanassa obsoleta and Aplysia californica. Given past evidence
suggesting the homology of DBH and TBH enzymes, I use the comparison of antibodies
raised against DBH and OA as a conservative control to confirm the presence of neuronal
OA during larval development; therefore, either overlapping staining patterns or, when
possible, co-localization of antibodies was used to indicate true OA positive cells.

To show proof of concept, I first verified sequence homology among human and
invertebrate DBH and TBH enzymes with Clustal Omega multi-sequence alignments
(Madeira et al., 2019) using sequences retrieved from the National Center for
Biotechnology Information (NCBI)’s database. I then characterized a DBH antibody
using sequence alignments and western blots, including preadsorption controls. Finally, I
performed immunohistochemistry on adult dissected CNSs from A. californica and L.

stagnalis and showed co-localization of OA and DBH antibodies. Results from this study
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provide information on OA during development of gastropods and lay the framework for
future comparisons among more distantly related phyla; thus, informing our

understanding of the evolutionary history of OA in the nervous system.

3.1 Results

3.2.1 Antibody Specificity Analysis

To evaluate the applicability of the DBH antibody as a marker to confirm the
validity of OA-LIR and DBH-LIR labelling in gastropod molluscs, I first performed
protein alignments to show the homology of DBH and TBH enzymes and the
conservation of the DBH target sequence used to raise the antibody. Next, I performed
western blots to test specificity and characterize target antigens. Finally, I performed
immunohistochemistry on adult specimens of freshwater and marine species to confirm

the potential for co-localization of DBH with OA.

3.2.1.1 Dopamine f-Hydroxylase Sequence Analysis. Since the criteria used to
indicate the presence of octopaminergic neural elements in this study was the
colocalization of DBH with OA immunoreactivity, protein alignments were performed to
verify sequence homology among human DBH and molluscan tyramine -hydroxylase
(TBH)/DBH. Lymnaea stagnalis TBH (Accession # BAM35937.1), Biomphalaria
alexandrina DBH (Accession # 013081477.1), and Aplysia californica DBH (Accession
# XP_035825847.1) sequences were aligned to a human DBH precursor sequence
(Accession # NP_000778.3) demonstrating a high degree of conservation (Fig 1). As
shown in figure 1, sections of the four aligned sequences between amino acids 198 to 314
(aal98-314) and aa349-480 were nearly identical. The percent identity matrix shows that
L. stagnalis TBH, B. alexandrina DBH, and 4. californica DBH were 47.14 %, 44.77 %,
and 44.27 % identical to the human DBH precursor sequence, respectively. The highest
degree of similarity was indicated between the two freshwater gastropods L. stagnalis
and B. alexandrina (Percent identity = 68.38 %; Table 3). Unfortunately, no TBH or
DBH sequence could be found for /lyanassa obsoleta on NCBI’s (National Center for

Biotechnology Information) database.
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In addition to the alignments of the full DBH/TBH synthetic enzymes, the
aforementioned protein sequences were aligned to the synthetic human DBH target
sequence corresponding to amino acids 437-448 (DNHYSPHFQEIR), which was used to
raise the DBH antibody (Cat # ab189991, Abcam). Results showed near identical
alignments between amino acids 444 to 455 among human and molluscan sequences with
the DBH target sequence (Fig 2); the only exceptions were a change in B. glabrata at
amino acid position 447 (aa447) from tyrosine (Y) to phenylalanine (F) and two changes
in A. californica at aa445 and aa449 with changes from asparagine (N) to lysine (K) and
proline (P) to glutamine (Q), respectively. Despite these differences, only the amino acid
change at aa449 in A. californica resulted in an amino acid with different properties, thus

indicating the Abcam DBH antibody as a strong candidate for comparative studies.

Table 3. Percent identity matrix showing the percent of identical amino acids compared
among the entire dopamine B-hydroxylase (DBH) and tyramine B-hydroxylase (TBH)

sequences among species investigated (see Fig 1 for alignment).

Dopamine B-hydroxylase Human Aplysia califonica Lymnaea stagnalis Biomphalaria alexandrina
Sequence (NP_000778.3) (XP_035825847.1) (BAM35937.1) (XP_013081477.1)
Human (NP_000778.3) 100.00 - - -
Aplysi o
plysia califonica 4157 100.00 i )
(XP_035825847.1)
Lymnaea stagnalis
47.14 57.89 100.00 -
(BAM35937.1)
Biomphalaria alexandrina
44.77 57.11 66.38 100.00

(XP_013081477.1)

3.2.1.2 Western Blot Analysis. In addition to protein sequence analyses, western
blots were performed to test the specificity and validity of the DBH antibody. Protein
extraction and western blot protocols were developed using L. stagnalis nervous tissue
and results revealed two strong bands and a relatively faint band between 50 and 75 kDa
and a fourth faint band between 37 and 50 kDa (Fig 3; n = 2). Comparing the Abcam
antibody (Cat # ab189991) with a second DBH antibody from Immunostar (Cat # 22806)
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revealed matching strong bands between 50 and 75 kDa (Fig 3, solid arrows; n = 1) and a
matching faint band between 37 and 50 (Fig 3, open arrowhead). These bands were
consistent with evidence suggesting a membrane-bound and cytosolic isoform of DBH
and potential degradation products produced by detergent-based protein extraction
protocols (Joh & Hwang, 1987; Lewis & Asnani, 1992). Additionally, the protein band
representing the largest molecular weight matched the expected molecular weight of 66
kDa generated from L. stagnalis sequence data (TBH, accession # BAM35937.1).
Extraneous to the shared protein bands, the Immunostar DBH antibody revealed four
faint bands between 75 and 250 kDa that were absent when probed using the Abcam
DBH antibody (Fig. 14); these bands are likely generated by non-specific binding of the
polyclonal antibody, as compared to the more specific binding generated from the affinity
purified Abcam antibody. To demonstrate reliability of the protein extraction procedure,
a western blot was performed using an antibody raised against acetylated-tubulin (Cat #
T6793, MilliporeSigma) revealing a single protein band near the 50 kDa ladder marker
(Fig 3), matching the expected molecular weight of 55 kDa. These results revealed the
applicability of DBH antibodies for studies in molluscs, and the general protocols for
protein extraction and western blots to successfully probe for multiple proteins using
different antibodies (see Young et al., 2022).

After these protocols were established, I performed western blots using tissue
homogenates generated from dissected adult central nervous systems (CNSs) from every
organism investigated in this study: L. stagnalis, B. alexandrina, A. californica, and 1.
obsoleta. Results showed labelling of the same two bands between 50 and 75 kDa across
all species (Fig 4; n = 2). Preadsorption of primary antisera with DBH blocking peptides
showed a decrease in signal, further supporting specificity of the primary DBH antibody
used in this study (Fig 4; n = 2). No attempt was made to titrate antibody and blocking
peptide concentrations to achieve complete pre-adsorption of antibodies; interestingly,
bands from B. alexandrina and A. californica homogenates were blocked preferentially,

which could reflect mutations in the corresponding epitope within their DBH sequences

(Fig. 2).
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3.2.1.3 Co-localization in Adult Specimen. To test the application of OA and DBH
antibodies in immunohistochemistry protocols and test the hypothesis that
octopaminergic neurons would also contain DBH, adult freshwater gastropods, L.
stagnalis and B. alexandrina, were processed and analyzed. Both L. stagnalis and B.
alexandrina showed positive immunoreactivity to OA and DBH antibodies with double
labels revealing colocalization, which supports the criteria used herein for determining
true OA positive labelling. Additionally, OA-LIR labelling matched a subset of cells
described previously using a different OA antibody in adult L. stagnalis providing further
confidence (Elekes et al., 1993).

Results in dissected central ganglia of L. stagnalis revealed OA and DBH positive
labelling in the buccal, cerebral and pedal ganglia with some degree of colocalization
occurring in each ganglion (Fig 5; n = 3). The buccal ganglia showed colocalization of
asymmetrically positioned cells with a single cell visible in the left ganglion (Fig 5A-C,
solid arrowhead) and two cells in the right ganglion (Fig 5A-C, open arrowheads);
however, DBH-LIR cells that were negative for OA immunoreactivity were also found
along the lateral anterior/dorsal edges (Fig SA-C, arrows). The pedal ganglia showed
colocalization of immunoreactivities within two paired bilateral cells (Fig 5D-F, solid
arrowhead) and some fibers in the neuropil (Fig SD-F, open arrowhead); the DBH-LIR
labelling showed more extensive staining in the neuropil and two extraneous cells not
labelled with OA along the lateral edge (Fig SD-F, arrows). Although not shown,
colocalization of OA and DBH could be found in a cell along the lateral edge of the
cerebral ganglia positioned between the cerebral-pedal and cerebral-pleural connectives.
In addition to the three samples processed for this thesis, isolated L. stagnalis CNSs were
processed as part of a collaboration by Alex Young and Dr. Roger Croll (unplublished),
which reveal corroborating results. Similar staining as described here was also observed
in B. alexandrina, with more detailed descriptions part of a collaborative project (Imai et
al., unpublished).

Like the freshwater gastropods, juvenile A. californica showed evidence for DBH
and OA colocalization (Fig 6). Since both the OA and DBH antibodies worked optimally
using different fixation protocols, double-labels were not initially performed; however,

the striking similarity of the OA and DBH-LIR labelling in post-metamorphic animals

34



suggested that these cells were in fact OA neurons and further supports the use of DBH
and OA colocalization as a control to improve confidence.

Results in post-metamorphic A. californica revealed OA (n = 3) and DBH-LIR (n
= 3) cells in the buccal, cerebral and pedal ganglia. In the buccal ganglia (BG), an
asymmetric placement of cells was visible along the medial edges of the ganglia lateral to
the buccal commissure (BC), similar to that described in freshwater species (Fig SA-C),
with a single cell in the left ganglion (Fig 6A-A’, solid arrowhead) and two cells in the
right ganglion (Fig 6A-A’, open arrowheads); additionally, fibers could be seen
projecting through the neuropil of the BG (Fig 6A-A’, arrows). The cerebral ganglia
showed labelling of a single cell anteriorly (Fig 6B-B’, arrow) and along the medial
lateral edge (Fig 6B-B’, open arrowhead), as well as a cluster of small cells posteriorly
(Fig 6B-B’, solid arrowhead). Finally, the pedal ganglia showed relatively large, paired

cells along a ventral-lateral lobe (Fig 6C-C’, arrows).

3.2.1.4 Octopamine Pre-adsorption Control. The octopamine antibody used in
this study has been used to describe octopaminergic neurons in various arthropods
(Konings et al., 1988; Sinakevitch et al., 1994); however, to test specificity in molluscan
larvae I conjugated OA and bovine serum albumen (BSA) with glutaraldehyde to block
HA specific labelling. I tried two different sets of pre-adsorption experiments using /.
obsoleta at 7 days post oviposition (DPO). In the first experiment, I used a concentration
of 196 ng/ml of the OA-BSA conjugate with a 1:100 antibody dilution; in this
experiment the pre-adsorption control failed to block labelling. In the second experiment,
[ used a concentration of 654 pg/ml of the OA-BSA conjugate in the antiserum with a
1:300 antibody dilution; however, in this experiment both the pre-adsorption and
experimental control failed to produce any labelling. Therefore, the results of the pre-

adsorption attempts were inconclusive.

3.2.2 Embryonic/Larval Development

With the DBH antibody characterized and the rationale behind its applicability to

confirm the presence of OA in neuronal elements supported by experimental methods, I
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next investigated the presence of OA in early larval development of the marine molluscs,

A. californica and I. obsoleta.

3.2.2.1 Aplysia californica Immunohistochemistry. Specimens of A. californica at
embryonic days 2, 5 and 7 as well as stage 1 and 6 veligers were fixed and labelled for
OA and DBH immunoreactivity. No labelling was observed throughout the embryonic
stages of development; however, at stage 1 of larval development (hatchling veliger)
indistinct bilateral concentrations of OA-LIR labelling were visible in the cephalopedal
region (Fig 7A, brackets; n = 8). Once specimens developed to stage 6 (metamorphically
competent veliger) OA-LIR labelling revealed a large bilateral structure showing strong
immunoreactivity located in a region around the cerebral/pedal ganglia (Fig 7B-B’, solid
arrowheads; n = 3). Additionally, there were at least two potential bilateral cells that
exhibit a less intense signal positioned more posteriorly, possibly part of the rudimentary
posteriorly developing ganglia (Fig 7B, arrows); these two bilateral cells had faint fiber-
like labelling that extended anteriorly connecting to the aforementioned intensely labelled
bilateral structures (Fig 7B, open arrowheads). This early labelling of OA was unusual in
that the anterior large bilateral structures were larger than larval neurons and the fibers
from posteriorly placed cells were faint and exhibited low contrast with background.

DBH-LIR labelling was also not observed at embryonic days 2, 5, or 7; however,
DBH did not show overlap with OA-LIR labelling at stage 6. Instead, DBH-LIR labelling
showed a bilaterally placed cell along the medial-anterior edge of the developing cerebral
ganglia (Fig 8A, open arrowheads; n = 3). The cerebral bilateral cells were located along
fibers that projected across the cerebral commissure (CeC) and wrapped around to the
ventral side of the esophagus (Fig 8A-A’’, brackets), presumably through the neuropil of
the cerebral and pedal ganglia and across the pedal commissure. Ventral to the
esophagus, fibers projected into the footpad (Fig 8B-B’) and seemed to branch, forming a
nerve-net like plexus with scattered cell bodies (Fig 8C). Additionally, a faintly labelled

bilateral cell was evident in the propodium (Fig 8B, solid arrowheads).

3.2.2.2 llyanassa obsoleta Immunohistochemistry. Consistent with what was

found in larvae of A. californica, OA and DBH-LIR labelling in 1. obsoleta larvae did not
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show overlapping staining patterns. Based on the criteria used for this study, these results
indicate the absence of true octopaminergic neuronal elements in larval development
suggesting that OA lacks a role in early larval behaviour, however, alternative
explanations are given in the discussion.

OA-LIR labelling first appeared at 7 days post oviposition (DPO), which
corresponded to the late embryonic veliger stage. Labelling resembled bilateral oblong
structures that follow along posterior loop fibers (See histamine results, Fig 15; Fig 9A-
C) with the left (LPF) and right (RPF) structure following a path that is ventral and dorsal
to the esophagus, respectively. The anterior portion of each of these oblong structures
showed evidence of branching in regions around the eyes (Fig 9B, solid arrowheads). The
labelling sometime resembled net-like superficial labelling along the perimeter of cell
membranes similar to a sheath of connective tissue (image not shown). As 1. obsoleta
developed further, the general organization of the labelling stayed consistent but became
more extensive with the addition of more oblong cells. By 25 DPO, OA-LIR staining
resembled a chain of oblong and irregular shaped cells (Fig 9D-D’, arrows) with relative
few fiber-like projections (Fig 9D-D’, solid arrowheads). Like younger specimen, these
25 DPO veligers showed indications of branching at/or around the eyes.

For DBH-LIR labelling, preliminary results using adult freshwater species, L.
stagnalis and B. alexandrina, and the marine opisthobranch, A. californica, showed
positive DBH-LIR labelling with either a 9 parts methanol and 1 part formaldehyde or
4% PFA fixation; therefore, larval specimen processed with both fixations were
incubated with the DBH antibody for analysis. The 9 parts methanol and 1 part
formaldehyde fixative produced staining that was determined to be more consistent, so
the full range of developmental stages were analyzed (Fig 10).

DBH-LIR labelling was first observed at around 9 DPO (Fig 10A), corresponding
to the hatchling stage, revealing a blebby discontinuous fiber that extended through the
apical region (Fig 10A, CeC), dorsal to the mouth (Fig 10A, M) and esophagus. The
majority of hatchling specimens solely showed labelling of this rudimentary cerebral
commissure (CeC), however, a single sample showed a faintly labelled cell where the
right cerebral ganglion is expected to develop (Fig 10A, RCeG). DBH-LIR labelling did
not change up to 25 DPO, corresponding to a late-stage free swimming veliger (Fig 10B).
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At 25 DPO, specimen still showed a blebby and discontinuous process within the cerebral
commissure (CeC) extending dorsal to the esophagus (Eso), however, a bilateral cell was
consistently found in the cerebral ganglia (Fig 10B, CeQG).

Despite having showed less consistent and less intense labelling than the 9 parts
methanol and 1 part formaldehyde fixed specimen, a 4% PFA fixed specimen provided
the most extensive labelling (Fig 11). This specimen was around the hatchling
developmental stage and showed a large concentration of blebby labelling spanning the
apical region, corresponding to the rudimentary cerebral commissure (Fig 11A’-B, CeC).
A faintly labelled cell within the cerebral ganglion (CeG) was located medial to the left
eye (Fig 11 A’-B, open arrowhead) and connected to the cerebral commissure by a faintly
labelled fiber (Fig 11B, arrow). This unilateral cell is likely part of a bilateral pair evident
by the symmetry found with the rest of the labelling and matching faint fiber on the right
side of the CeC (Fig 11B, arrow); however, the faint and inconsistent labelling produced
by the DBH antibody and fixative protocols used in larval stages could have led to
incomplete labelling. From the apical labelling, blebby discontinuous processes extended
into the foot (Fig 11A’, arrows) and along the medial edge of the vela around the dorsal
and lateral sides of the mouth (Fig 11A, arrow); the deep labelling with processes into the
foot and the superficial labelling were connected by bilateral fibers projecting along the

anterior to posterior axis.

3.2 Discussion

Results in this study showed the high degree of sequence homology among
human DBH and gastropod TBH enzymes, supporting the concept of using commercial
antibodies raised against vertebrate DBH to confirm OA positive labelling in
invertebrates. Additionally, results show the characterization of a DBH antibody
revealing conservation of its target sequence, estimated molecular weights of different
antigen isoforms across four different gastropod species, and its ability to colocalize with
an antibody raised against an OA conjugate. These findings provide proof of concept for
mapping the co-localization of DBH and OA and suggesting the reliability of a DBH

antibody for use in comparative studies across Bilateria. Finally, this study suggests the
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absence of octopaminergic neural elements during larval development in both /. obsoleta
and A. californica.

Evidence suggesting the absence of OA during larval development is based on
immunohistochemical labelling presented in this study that failed to show colocalization
of OA and DBH antibodies during larval stages. OA- and DBH-LIR labelling was
revealed but both antibodies showed staining patterns without any overlap. In contrast to
the DBH-LIR labelling, OA-LIR labelling in larvae showed structures that were either
too large or too irregular to be considered neuronal (see Fig 7 and 9). Previous research
has shown that catecholamines and their metabolites can be converted to OA and vice
versa (Broadley, 2010; David & Coulon, 1985; Hiroi et al., 1998; Wang et al., 2014),
therefore it is possible that OA-LIR larval labelling revealed herein represents the
coincidental conversion of monoaminergic metabolites in various tissues. The DBH-LIR
labelling did show convincing neuronal labelling of a single bilaterally located cerebral
cell with projections that cross the cerebral commissure and into the foot where
peripheral cells could be identified (see Figs 8, 10 and 11). These results are consistent
with previous descriptions that indicated DBH-LIR labelling that showed either
peripheral cells in the foot or fibers that extended across the apical neuropil and into the
foot of . obsoleta depending on whether a methanol or 4% PFA fixation was used
(Dickinson & Croll, 2003). Based solely on these results, the DBH-LIR labelling could
potentially indicate the presence of NE in larval development, or perhaps that the DBH
enzyme is expressed in development prior to the availability of tyramine, which would be
necessary for traditional OA synthesis. Alternative explanations for independently
labelled DBH-LIR neurons are that given the fixation protocols used, the OA antibody
was not sensitive enough to detect the relatively low concentrations of OA that could
have been present, or that the Abcam DBH antibody non-specifically bound another
enzyme among the monooxygenase protein family.

Despite evidence suggesting the absence of neuronal octopaminergic elements in
larva, results indicate that neural sources of OA in molluscan gastropods do appear in
post-metamorphic stages of development. This is consistent with a developmental study
performed in L. stagnalis that showed the appearance of OA-LIR elements in specimen

developed to E85, corresponding to a post-metamorphic animal prior to hatching (Elekes
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et al., 1996). In adults, OA has been shown to be involved in modulating feeding
behaviour in L. stagnalis (Vehovszky et al., 1998, 2005) and various arthropods (Sayin et
al., 2019; Yang et al., 2015). In arthropods, it is believed that OA modulates feeding
behaviour and even sensitivity to sensory stimuli in response to their physiological state
(Farooqui, 2007; Sayin et al., 2019; Yang et al., 2015); it is likely that OA also modulates
feeding in a manner dependent on physiological state in L. stagnalis and other molluscs
(Aonuma et al., 2017). Given the absence of OA in the planktonic larvae of the marine
gastropods, 1. obsoleta and A. californica, it is possible that their physiology is not
complex enough to require such state dependent mechanisms. Additionally, this could
reflect an evolved life history strategy where a large number of offspring are produced
and energy is directed to behaviours that optimize growth and development at the
detriment of complex stress responses to ensure the survival of a few offspring to
metamorphosis.

Future research should attempt to investigate the nature of single labelled DBH-
LIR neurons in the gastropod larvae; among other explanations, these neurons could
reflect noradrenergic neurons, or perhaps octopaminergic neurons with OA
concentrations too low to be detected by methods used in this study. Additionally, the
labelling could indicate non-specific binding to a closely related enzyme from the
monooxygenase protein family. One way to investigate these explanations could be to
use antibodies that target alternative synthetic enzymes in the catecholaminergic and
octopaminergic synthetic pathways such as TDC/DDC, and TH to determine if the
necessary precursors are present for NE or OA synthesis. It would also be interesting to
expand the approaches in this study to a broad range of invertebrate larvae from both
deuterostomes and protostomes to determine the prevalence of OA and NE signalling in
larvae across Bilateria. Results from these studies could provide novel perspectives on
the evolutionary history of OA and NE signalling.

In conclusion, this study indicates that octopaminergic neural elements do not
appear until post-metamorphic developmental stages of gastropod molluscs and also
provides evidence supporting an Abcam DBH antibody (cat # ab189991) as a candidate
for comparative immunohistochemical studies. These results provide the framework for

comparing the localization of OA during development of species across Bilateria. The
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absence of OA containing neurons in gastropod larvae could imply that sympathetic-like
stress responses do not arise until post-metamorphosis, which could be relevant in terms

of the evolution of multicellular stress signalling.
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Figure 1. Clustal Omega multi-sequence alignment performed and visualized using
BioEdit. Tyramine B-hydroxylase (TBH) and dopamine B-hydroxylase (DBH) sequences
from L. stagnalis (Accession # BAM35937.1), B. alexandrina (Accession 013081477.1),
# XP_and A. californica (Accession # XP_035825847.1) were aligned to a human DBH
sequence (Accession # NP _000778.3) showing a large degree of similarity. Clustal
consensus sequence indicates aligned amino acids that are identical (asterisk), have
strongly similar properties (colon) and have weakly similar properties (period). Identical
and similar amino acids were shaded according to the BioEdit color table with the
shading threshold set to 100%.
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Figure 2. Clustal Omega multi-sequence alignment performed and visualized using
BioEdit showing nearly a 100% amino acid sequence match among tyramine [3-
hydroxylase (TBH) and dopamine B-hydroxylase (DBH) sequences from human
(Accession # NP_000778.3), L. stagnalis (Accession # BAM35937.1), B. alexandrina
(Accession # XP 013081477.1), and A4. californica (Accession # XP_035825847.1) with
the synthetic target sequence used to raise the Abcam DBH antibody (Cat # ab189991).
Clustal consensus sequence indicates aligned amino acids that are identical (asterisk),
have strongly similar properties (colon) and have weakly similar properties (period).
Identical and similar amino acids were shaded according to the BioEdit color table with
the shading threshold set to 100%.
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Figure 3. Western blot showing the binding specificity of two separate DBH antibodies
and an antibody raised against acetylated-tubulin (AcT) in L. stagnalis CNS homogenate.
Both the affinity purified polyclonal Abcam (Cat # ab189991) and polyclonal
Immunostar (Cat # 22806) antibodies showed three matching protein bands; two strongly
labelled bands between 50 and 75 kDa (solid arrowheads) and a relatively faint band
between 37 and 50 kDa (open arrowhead) indicated by the Precision Plus Protein ™ All
Blue Standard molecular weight ladder. These bands are consistent with previous
research showing up to three potential bands resulting from membrane-bound and
cytosolic isoforms, as well as different degradation products (Joh & Hwang, 1987; Lewis
& Asnani, 1992). The largest band reflects the expected molecular weight of 66 kDa
generated by a L. stagnalis protein sequence (TBH, accession # BAM35937.1). A
western blot probing for AcT, which has an expected molecular weight of 55 kDa, was
performed to verify the reliability of protein extraction and western protocols; the AcT
blot used in this figure was previously published in Young et al. (2022). Two lanes were
loaded with protein extract, one with 15 pl (~115 pg) and the other with 25 pl (~190 pg).
The exposure times for the Abcam, Immunostar and acetylated-tubulin blots were 83, 26,
and 80 seconds, respectively.
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Figure 4. Western blots showing the binding specificity of the Abcam DBH antibody
(Cat # ab189991) in CNS homogenate from each species investigated: B. alexandrina, L.
stagnalis, A. californica, and I. obsoleta. Results showed two strong protein bands
between 50 and 75 kDa indicated by the Precision Plus Protein ™ All Blue Standard
molecular weight ladder, consistent with membrane-bound and cytosolic isoforms. The
two labelled protein bands matched across all species with the largest band reflecting the
expected molecular weight of 66 kDa generated by a L. stagnalis protein sequence (TBH,
accession # BAM35937.1), thus indicating the antibody as a good candidate for
comparative studies. Each well was loaded with 20 ul of protein extract resulting in total
protein content that varied based on the concentration of each extract (B. alexandrina =
~110 pg, L. stagnalis = ~153 ng, A. californica = ~141 ng, and I. obsoleta =~116 pg).
Exposure time for both the experimental and pre-adsorption blots was 210 seconds.
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Figure 5. Micrographs showing double labels of DBH and OA-LIR labelling in ganglia
of the central nervous system in adult Lymnaea stagnalis. A-C) Caudal perspective of the
buccal ganglia (BG) showing an asymmetric placement of cells lateral to the buccal
commissure (BC) with a single cell in the left BG (solid arrowhead) and two adjacent
cells visible in the right BG (open arrowheads) labelled with both octopamine (OA) and
dopamine B-hydroxylase (DBH); additionally, cells labelled solely with DBH are evident
along lateral-anterior/dorsal edges (arrows). D-F) Dorsal perspective of the left pedal
ganglion (LPeG) showing two lateral cells co-labelled with DBH and OA (solid
arrowhead); DBH showed extraneous labelling of cells (arrows) and more extensive
labelling of the neuropil (open arrowheads; scale bars = 100 pm).
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Figure 6. Side by side micrographs showing octopamine (OA) and dopamine [3-
hydroxylase (DBH)-LIR labelling in central ganglia of post-metamorphic, juvenile, 4.
californica revealing similarities in staining pattern. A-A’) OA (A) and DBH-LIR (A’)
labelling in buccal ganglia (BG) viewed from slightly different perspectives showing an
asymmetric placement of cells lateral to the buccal commissure (BC) with a single cell in
the left BG (solid arrowhead) and two adjacent cells visible in the right BG (open
arrowheads); additionally, processes are evident within the neuropil (arrows). B-B”)
Dorsal perspective of OA (B) and DBH-LIR (B’) labelling in the right cerebral ganglia
(RCeQG) showing the labelling of three cells in the same pattern with a single cell in the
anterior half of the ganglion (arrow), along the lateral medial edge (open arrowhead) and
in the posterior half of the ganglion (solid arrowhead). C-C’) Ventral-lateral perspective
of OA (C) and DBH-LIR (C’) labelling in the left pedal ganglion (LPeG) showing paired
cells (arrows; scale bars = 100 pm).
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Figure 7. Micrographs showing OA-LIR labelling in A. californica at stage 1 (hatching;
A/a) and stage 6 (competent veliger; B/b). A) Dorsal perspective of a stage 1 hatchling
showing bilateral concentrations of OA-LIR labelling (brackets); a) inlay showing low
magnification of four hatchling veligers all showing this bilateral pattern of labelling
(arrows). B-B’) Slightly angled dorsal view of a stage 6, competent, veliger showing
superficial (B) and deep (B’) OA-LIR labelling. B) Strong labelling of an ovular structure
resembling a single large cell (solid arrowhead) near the left eye, which evidence
suggests has a contralateral counterpart; faint labelling is observed extending posteriorly
from the region of intense labelling that is also observed contralaterally (open
arrowheads) with potentially two faintly labelled bilateral cells (arrows). B”) Clear
labelling of strongly labelled cell-like structure on left side of the organism with opposing
structure only faintly labelled (solid arrowheads); faint labelling of potential fibers are
visible (open arrowheads) with a single faint cell still visible from the superficial
labelling (B) along the right side of the organism (arrow); b) inlay showing one of a
bilaterally located large single cell (solid arrowhead) and labelled process (open
arrowhead) matching that shown in B but from a different perspective (scale bars =25
pum; orientation labels = A, anterior; P, posterior; V, ventral; D, dorsal; L, left; R, right).
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Figure 8. Micrographs showing DBH-LIR labelling in A. californica stage 6, competent,
veligers that were fixed using a solution of 9 parts methanol and 1 part formaldehyde. A-
A’”) Dorsal perspective showing superficial (A), intermediate (A’) and deep (A’’)
labelling of a single specimen. A) A strongly labelled bilaterally located cell is evident
medial to the eyes (open arrowheads) where the cerebral ganglia are expected to develop.
These cerebral cells appear along a horizontal, apically spanning fiber herein called the
cerebral commissure (CeC); additionally, fragmented blebby processes extend ventral-
laterally (arrows). A’) Brackets show the continuation of ventral-laterally projecting
blebby labelling to either side of the esophagus (Eso). A’”) Discontinuous blebby
labelling from the cerebral cells extend ventral to the esophagus (bracket) with a faint cell
visible in the propodium (solid arrowhead). B-B’) Continuation of A showing superficial
(B) and deep (B’) labelling in the foot. B) Solid arrowheads indicate a faintly labelled
bilateral cell located in the propodium (pp); the beginning of four faintly labelled
processes extending into the foot are also visible between the arrows. B”) Continuation of
the four ventrally projecting foot fibers (arrows) and diffuse ambiguous labelling within
the center of the footpad (bracket). C) A side perspective of the foot showing punctate
labelling of potential fibers with extensive branching (arrows) and relatively faint cells
(solid arrowheads; scale bars = 25 pm; orientation labels = A, anterior; P, posterior; L,
left; R, right).
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Figure 9. Micrographs showing octopamine like immunoreactive (OA-LIR) labelling in
the 1. obsoleta larvae at 9 days post oviposition (DPO; A-C) and 25 DPO (D-D’). A)
Anterior perspective showing labelling that follows the left posterior fiber (LPF)
extending posteriorly and ventral relative the mouth (M), as well as labelling that follows
the right posterior fiber (RPF) extending posteriorly and dorsal relative the mouth (M);
the open arrowhead indicates a cluster of three large cell-like structures in the foot that
are not routinely labelled. B) Ventral perspective showing close up of the RPF and LPF
labelled structures. Both the RPF and LPF structures show bulbous oblong cell-like
structures (arrow) and indications of net-like branching with scattered faint labelling that
contain sections of relatively high fluorescence (solid arrowheads); this branching occurs
in a region around the eyes. C) Side perspective showing the LPF with two oblong cell-
like structures (arrows) and apical projection (solid arrowhead). D-D’) Dorsal perspective
showing deep (D) and shallow (D’) labelling of the same specimen at 25 DPO; the region
marked by the dashed box represents overlapping sections. At 25 DPO the LPF and RPF
labelling is more extensive looking like a chain of bulbous cell-like structures (arrows)
with relatively few fiber-like projections (solid arrowheads; scale bars =25 um;
orientation labels = A, anterior; P, posterior; V, ventral; D, dorsal; L, left; R, right).
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Figure 10. Micrographs showing dopamine -hydroxylase like immunoreactive (DBH-
LIR) labelling in I. obsoleta larvae that were fixed using a solution of 9 parts methanol
and 1 part formaldehyde at 9 DPO (A) and 25 DPO (B). A) Anterior perspective at 9
DPO showing blebby labelling along a commissure-like structure likely the rudimentary
cerebral commissure (CeC) dorsal to the mouth (M); a single faintly labelled cell is
evident on the right cerebral ganglion (RCeG). B) Dorsal perspective at 25 DPO showing
the cerebral commissure (CeC) positioned dorsal to the esophagus (Eso); a single
bilaterally placed cell is evident in the rudimentary cerebral ganglia (CeG; scale bars = 25
um; orientation labels = A, anterior; P, posterior; V, ventral; D, dorsal; L, left; R, right).
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Figure 11. Micrographs showing DBH-LIR labelling in a single specimen of /. obsoleta
larvae that were fixed using 4% paraformaldehyde in 0.1 M PBS at the hatchling stage.
A-A’) Anterior perspective of a specimen at the same magnification showing superficial
(A) and deep (A’) labelling; solid arrowheads indicate location of fiber running anterior
to posterior between A and A’. A) Blebby discontinuous fiber (arrow) extending along
the dorsal and lateral sides of the mouth (M). A”) Concentration of blebby labelling along
the cerebral commissure (CeC) with a single unilateral cell (open arrowhead) visible to
the left of the CeC; blebby discontinuous fibers along the dorsal-ventral access into the
foot (arrows). B) High magnification of apical region in A’ showing faintly labelled fine
processes (arrows) on either side of the CeC connecting to the cerebral ganglion cell
(open arrowhead) on the left and presumably a matching cell on the right that did not
label (Eso, esophagus; scale bars = 25 um; orientation labels = V, ventral; D, dorsal; L,
left; R, right).
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Chapter 4: Histamine

Histamine (HA) is a conserved neurotransmitter prominent in both vertebrate and
invertebrate neurophysiology. Investigations looking at HA receptors have shown that H2
metabotropic receptors originated in a prebilaterian ancestor with H1 and H3-4 receptors
having appeared as bilaterian novelties with convergent acquisition of HA binding
properties (Ravhe et al., 2021). It was originally proposed that invertebrate HA
functioned through ionotropic receptors exclusively and that the metabotropic HA
receptors evolved independently in vertebrate lineages (Roeder, 2003), however, this is
challenged by a recent molecular phylogenetic study (Ravhe et al., 2021). In line with the
idea that vertebrate and invertebrates function predominantly through contrasting HA
signalling pathways, HA has been shown to perform different functions among vertebrate
and invertebrate lineages.

Histamine as a signalling molecule has been shown to have a broad range of roles
in vertebrate physiology (Haas et al., 2008); these roles span non-neuronal functions such
as gastric acid secretion (Hékanson et al., 1986; Hakanson & Owman, 1967; Prinz et al.,
2003), immunomodulation (Jutel et al., 2001; Metcalfe et al., 1997; Thangam et al.,
2018), bronchoconstriction (Thangam et al., 2018; Yamauchi & Ogasawara, 2019), and
vasodilation (Dacey & Bassett, 1987; Jin et al., 2006). Within the nervous system,
histamine acts to maintain wakefulness and attention and has broad neuromodulatory
roles affecting homeostatic and higher brain processes involved with circadian
(Mochizuki et al., 1992; Strecker et al., 2002; Tuomisto et al., 2001) and feeding rhythms
(Ishizuka & Yamatodani, 2012), learning and memory (Brown et al., 1995; Dere et al.,
2003; Selbach et al., 1997). These neuromodulatory functions arise from axons
originating from the vertebrate tuberomammillary nucleus, which project throughout the
whole CNS (Haas & Panula, 2003).

In invertebrates, evidence suggest that HA has some modulatory functions
(Alejevski et al., 2019; Chiel et al., 1990; Hamasaka & Néssel, 2006; Hong et al., 2006;
Nissel, 1999; Omond et al., 2022; Weiss et al., 1986); however, in contrast to vertebrates,
HA has also been found to have a pronounced role in sensory signalling (Buchner et al.,

1993; Habib et al., 2015; Hegedds et al., 2004b; Nissel, 1999; Stuart et al., 2007; Wyeth
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& Croll, 2011). Much of our understanding of HA in invertebrates comes from studies on
arthropods where HA functions as a neurotransmitter in photoreceptors involved with
vision (Stuart et al., 2007) and has been shown to participate in light entrainment of
circadian clock neurons (Alejevski et al., 2019; Hamasaka & Nissel, 2006); in addition to
light entrainment, other neuromodulatory roles of HA in arthropods are involved with
odor processing (Dacks et al., 2010; Sachse et al., 2006), as well as, temperature
preference and tolerance (Hong et al., 2006). In molluscs, evidence suggests HA is
involved with feeding related arousal (Chiel et al., 1990), respiratory pumping (Elste et
al., 1990) and sensory cells of the statocysts (Habib et al., 2015; Hegedds et al., 2004b).
Additionally, numerous histaminergic peripheral sensory cells have been described in
cephalic tissues that are proposed to be chemosensory (Habib et al., 2015; Hegediis et al.,
2004b; Scaros et al., 2020; Wyeth & Croll, 2011). Based on this extensive research
investigating HA in general physiology and neural signalling, it is evident that some
neuromodulatory roles may overlap among vertebrate and invertebrate phyla, however,
HA performs novel functions that are distinct to different clades even in terms of the
sensory involvement among invertebrates.

The variability in HA function described among different bilaterian clades makes
HA a good example of evolutionary divergence among nervous systems, yet relatively
little is known about its development or early function in invertebrates. In Drosophila
melanogaster larvae, HA has been described and proposed to have a role in light
entrainment in circadian clocks (Hamasaka & Nissel, 2006; Python & Stocker, 2002), in
line with evidence from adults (Alejevski et al., 2019). In larvae of the echinoderms, HA
has been found to modulate metamorphic competence and signal metamorphosis
(Sutherby et al., 2012; Swanson et al., 2004, 2012). In molluscan larvae, there is weak
evidence implicating an HA receptor in regulation of metamorphosis (Joyce & Vogeler,
2018), otherwise descriptions of early embryonic/larval development of histaminergic
elements are limited to the freshwater pulmonate snail, Lymnaea stagnalis (Hegedis et
al., 2004a). Improving and expanding on these descriptions within and among diverse
phyla could provide novel insights into the evolutionary history of histaminergic neurons

and phylogenetic relationships among Bilateria.
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Given our limited understanding of the development of histaminergic elements in
the nervous systems of invertebrates and the relevance of larval physiology in
comparative and evolutionary studies (described in Chapter 1), the present chapter aims
to provide the framework for comparing histaminergic elements of developing larval
nervous systems more broadly across the animal kingdom. To do that, I used
immunohistochemistry to describe the early embryonic/larval development of
histaminergic elements in the marine caenogastropod, Ilyanassa obsoleta, with a brief
overview of HA at select developmental stages of three heterogastrpods, Aplysia
californica, Biomphalaria alexandrina and L. stagnalis. This research builds upon
previous descriptions of serotoninergic, catecholaminergic and peptidergic neural
elements in molluscan larvae expanding our understanding of the complexity of larval
neurophysiology and behaviour; additionally, results presented in this study form a
framework for future comparative studies with potential insights into evolutionary

divergence and thus relationships among nervous systems.

4.1 Results

4.2.1 Antibody Specificity

The specificity of the HA antibody used in this study has been tested extensively
and used to describe histamine localization in numerous species (Dacks et al., 2010;
Wyeth & Croll, 2011). Additionally, HA-LIR staining herein corresponds to labelling
described in several adult gastropods (Braubach & Croll, 2004; Habib et al., 2015;
Hegedis et al., 2004b; Ohsuga et al., 2000; Webber et al., 2017); however, the HA
antibody was found to produce background noise in early larval development that is
potentially generated from non-specific binding (see section 4.2.4 Quality of Labelling).

Since the HA antibody was raised against HA conjugated to keyhole limpet
hemocyanin (KLH), a preadsorption control was performed by incubating 200 pg/ml
KLH protein in an antibody dilution of 1:100 prior to incubation with the tissue (n = 4).
However, preadsorption did not abolish the background labelling or seem to make a

noticeable difference compared with samples processed without the KLH preadsorption.
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In addition to the KLH preadsorption and past literature describing the specificity
of the HA antibody, I conjugated HA and bovine serum albumen (BSA) as a control to
block HA specific labelling. The preadsorption experiments used a concentration of 654
png/ml of the HA-BSA conjugate in an antibody dilution of 1:300, which sufficiently
blocked labelling in 16- and 15-days post oviposition (DPO) specimen (n = 2). Labelling
was produced in samples processed concomitantly without the HA-BSA blocking

conjugate; however, labelling produced at 15 DPO was only faint.

4.2.2 Ilyanassa obsoleta Larval Development

Histamine-like immunoreactive (HA-LIR) labelling first appeared in the late
trochophore/early embryonic veliger stage between 4 to 5 days post oviposition (DPO).
Double labels revealed bilateral structures consisting of 2-3 dimly stained HA-LIR cells
surrounding circular concentrations of acetylated-tubulin (AcT)-LIR labelling (Fig 12A-
C; Fig 13A’-C’ and D-F); this organization was consistent with the organization of the
statocysts in which ciliated surfaces of sensory neurons are directed into the lumen of a
fluid-filled sac containing a large single statolith or many small stataconia (Braubach &
Croll, 2004; Kononenko et al., 2012; Raven, 1966; Wiederhold et al., 1986, 1990;
Zaitseva, 2001). Based on this and past research showing the presence of HA in static
sensory neurons, the first HA-LIR cells described herein appeared in the statocyst, which
encapsulate AcT-LIR cilia (Fig 12A and 13, solid arrowheads). Differential interference
contrast (DIC) imaging further supported this interpretation by revealing the
colocalization of the AcT-LIR ciliary labelling with an ovular structure indicating the
lumen where statoconia would be encased (Fig 12D). The labelling of early HA-LIR cells
was generally dim, particularly in double labelled specimen, but then intensified
throughout subsequent development; however, early single labelled samples occasionally
produced clear and intense labelling (Fig 12E). In addition, cells surrounding the
statocyst were difficult to quantify and visualize given that somata were contorted around
the ovular sac within the statocysts and well-defined cell perimeters were obstructed.

From the HA-LIR cells in the statocysts, processes that appeared blebby and
discontinuous at points, like pearls on a string, extended anteriorly and contralaterally

forming a commissural structure, hence forth called the static commissure (Fig 13, SC;

67



see Fig 14 for schematic overview). The blebby nature of HA-LIR processes could
indicate the presence of en passant synapses along the axons where a concentration of
HA immunoreactivity would be expected. Alternatively, the discontinuous, fragmented,
staining could reflect suboptimal fixation resulting from the EDAC fixative, which is
necessary for fixation of HA within the tissue and suggested to have issues with
penetration. Under high magnification, faintly labelled HA-LIR fibers could be seen to
bifurcate from the static commissure, projecting from the HA-LIR cells of the statocysts
(Fig 12A, open arrowheads). Additionally, AcT-LIR cells in the anterior most region that
match previous descriptions of leu-enkephalin positive cells in the apical organ
(Dickinson and Croll, 2003) were found adjacent to the HA-LIR static commissure,
indicating possible interaction with the neuropil of the apical organ (Fig 13A-C and D-F,
AO). Extraneous to the static commissure, HA-LIR fibers projected dorsolaterally from
the statocysts (Fig 13, open arrowheads); double labels with AcT showed that these
projections end lateral to the larval kidneys, which are indicated by AcT labelling of the
nephridial duct (Fig 13A’-C’, ND; see Figure 3 for schematic). Finally, in addition to the
background staining observed, there was a relatively high concentration of HA-LIR
labelling that outlined the mouth (Fig 13, dashed outline) matching AcT labelling of oral
cilia (Fig 13, OC). It is unclear whether this oral concentration of HA immunoreactivity
is nonspecific binding generated by the polyclonal antibody or if it represents a non-
neuronal source of HA.

As I. obsoleta larvae developed from trochophore/early veliger to
embryonic/hatchling veligers (7 DPO), the HA-LIR elements elaborated posteriorly with
cells appearing in regions associated with ganglia of the adult nervous system (Fig 15).
By the time of hatching, the HA-LIR static commissure takes the form of two distinct
parallel fibers that maintain a blebby and discontinuous appearance (Fig 15A-C, SC) with
the blebby/punctate labelling more diffuse along the posterior fiber (Fig 15A-C, large
open arrowhead) possibly indicating dispersed synaptic endings. It is important to note
the SC described here follows the same path as the cerebral commissure (CeC; see Fig 8
and 11) and likely gets incorporated once the cerebral ganglia develop, but herein we
continue to call this structure the static commissure for clarity and continuity. In addition

to the SC, thin faintly labelled projections extended posteriorly and contralaterally from

68



the posterior fiber of the static commissure (Fig 15, arrows). The left posterior process
(Fig 15; large solid arrowheads) was only weakly and sporadically labelled lacking any
cell bodies and following a path that extended ventrally relative to the esophagus. The
right posterior process labelled more regularly with brighter fluorescence following a
path that extended dorsally relative to the esophagus; two cells were visible along the
right posterior projection: a single cell in each the right rudimentary cerebral-pleural
ganglion (Fig 15, CePG) and supraintestinal ganglion (Fig 15, SpG). Additionally, a
single specimen at this stage was found to contain a HA-LIR cell in the rudimentary right
cerebral ganglion at 8 DPO (Fig 15C’, CeG).

After hatching at around 11 to 15 DPO, HA-LIR labelling further elaborated with
a cell appearing in the subintestinal ganglion (Fig 16A’-B’, SbG) including an increased
frequency of a cell observed in the right cerebral ganglion (Fig 16A-B, CeG). Variability
in staining intensity was observed with cells in the subintestinal ganglion (SbG), right
cerebral ganglion (CeG) and the cerebral-pleural ganglion (CePG; compare in Fig 16A-
B). Additionally, concentrations of blebby labelling lateral to the statocysts showed
potential projections to the vela (Fig 16A-B’, open arrowheads); this labelling resembled
processes described in the trochophore (4-5 DPO; Fig 13A’, open arrowheads), however
target structure remained unclear. Finally, among some diffuse labelling in the
viscera/mantle of the veliger, there was a concentration of punctate labelling along the
left side with two or more cell bodies abutting; this structure was in a region near the
mantle cavity associated with the osphradium (Fig 16A-B, Os; see Fig 17 for schematic
overview). Cells were difficult to see and therefor quantify with certainty because of the
punctate neuropil-like labelling that obscured cell perimeters.

At around 22 DPO, as I. obsoleta developed into free-swimming veligers, HA-
LIR elements appeared in the pedal ganglia (Fig 18A and C, PeG) and footpad (Fig 18a
and B) as well as novel cells in the cerebral ganglia (CeG) and left cerebral-pleural
ganglion (LCePG) making the location of HA-LIR cells in the adult ganglia more
symmetrical (Fig 18). HA-LIR labelling showed two bilateral cells in each pedal
ganglion positioned anteroventral to the statocysts (Fig 18A, LPeG and RPeG; Fig 18C)
with faintly labelled processes containing numerous swellings and extending

contralaterally across the pedal commissure (Fig 18C, PeC). Double labels with HA and
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AcT antibodies confirmed that these bilateral cells were separate from the statocysts (Fig
19A-C, PeG), which at this point contain three HA-LIR cells surrounding the AcT-LIR
lumen (Fig 18A and 19A-C), providing confidence that these were pedal cells. In the
developing cerebral ganglia (CeG), two bilateral cells were observed in each of the left
and right hemispheres (Fig 18A-A’, solid arrowheads), which increased from a single cell
in the right cerebral ganglion at 15 DPO; these cerebral cells were located along the static
commissure (Fig 18, SC). HA and AcT double labels revealed that the HA-LIR static
commissural fibers abut the AcT-LIR cells in the apical organ (Fig 19D-F). Additionally,
a single cell in the left cerebral-pleural ganglion became evident (Fig 18A, LCePG)
matching the earlier developed right cerebral-pleural cell (Fig 18 A’, RCePG). Outside the
development of the adult ganglia, results showed blebby and discontinuous HA-LIR
labelling, characteristic of HA-LIR nerve fibers described herein, projecting to/from the
developing foot (Fig 18a and B, arrows). At least two bilateral HA-LIR peripheral cells
were present (Fig 18B, solid arrowhead) in the footpad. Finally, a concentration of HA-
LIR punctate labelling with at least five cell bodies (Fig 18A”’, solid arrowheads; Fig
19G-I) first described as the osphradium at 11 DPO persists (Fig 18A’’, Os). Double
labels with AcT showed the presence of cilia near the HA-LIR osphradial elements (Fig
19G-I).

Once the 1. obsoleta veligers developed to around 24-27 DPO (late-stage free
swimming veliger), HA-LIR labelling maintained a blebby and discontinuous appearance
yet was more intense with projections throughout the posterior loop appearing thicker and
including cells in nearly all ganglia of the developing adult nervous system (Fig 20; see
Fig 21 for schematic overview). In comparison with 22 DPO, there was not any
noticeable difference in terms of quantity and locations of cells. Two bilateral HA-LIR
cells were located in the left and right cerebral ganglia (Fig 20A and B, CeG) along the
static commissure (Fig 20, SC) maintaining symmetry of cerebral cells. The cerebral-
pleural ganglia (CePG) also maintained symmetry with a single bilateral cell in both left
and right ganglion (Fig 20, CePG). Finally, at least two bilateral HA-LIR cells were
identified in the pedal ganglia (PeG; Fig 20A’ and c, solid arrowheads), anteroventral to
the statocysts, with the two sides connected by a fine faintly labelled fiber with numerous

swellings indicating the pedal commissure (Fig 20A’ and c, PeC). In addition to the pedal
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cells, fine processes extended from the pedal/statocyst complex ventrally (Fig 20B-B’,

arrows), into the footpad.

4.2.3 Aplysia californica Larval Development

Histamine-like immunoreactive (HA-LIR) labelling first appeared at day 5 of
embryonic development (ES; n = 4). The first cell that appeared was a single bilaterally
placed cell located in the cephalopedal anlage (Fig 22A, arrows), likely part of the
developing statocyst (St). The bilateral cells had fine tortuous processes that projected
apically and contralaterally creating commissural-like fibers likely forming the static
commissure (SC; Fig 22A, open arrowheads) previously described in 1. obsoleta. At day
7 of embryonic development, HA-LIR labelling showed more intense labelling of the
static commissure (SC) extending between the statocysts (St; Fig 22B, open arrowheads;
n =15). This intense labelling of the SC presented as globular discontinuous fragments
that introduced difficulty with discerning cell bodies.

By hatching, stage 1 veliger, HA-LIR elements became more structured (Fig 22C;
n = 6). Blebby HA-LIR processes resembled a lower case “n” where the ends showed
intense bilateral labelling of the statocysts (Fig 22C, St). Similar to ES specimen, the
statocysts fine blebby processes extended anterodorsally where they turn and project
contralaterally forming the static commissure (SC; Fig 22, open arrowheads). Along the
SC at the point where processes turned toward the midline, intense HA-LIR staining
could indicate the rudimentary cerebral ganglia (Fig 22, CeG). However, based on data
showing that Aplysia larvae have statocysts that measure 16 pm in diameter at hatching
(Wiederhold et al., 1990), the combination of structures labelled CeG and St could in fact
be cells at either end of the developing statocysts.

Once developed to stage 6 veliger, specimens were capable of undergoing
metamorphosis and contained more elaborate nervous systems. HA-LIR labelling at this
point was more extensive than during embryonic development and at hatching (n = 3).
Potentially two cells could be identified in the rudimentary cerebral ganglia (CeG; Fig
22D’’) with projections laterally, possibly into the vela (Fig 22D’’, open arrowhead).
Additionally, there was intense labelling ventral to the esophagus showing at least two

bilateral cells, thought to be part of the statocysts (Fig 22D, St). Blebby lateral processes

71



extended from the region of the statocysts into the foot (Fig 11D’, arrows) where three or
more putative peripheral sensory cells extended dendrites toward the epithelium (Fig
22E, open arrowheads). Finally, two bilaterally paired cells positioned anterodorsally to
the statocysts (Fig 22, solid arrowheads), likely part of the pedal ganglia (Fig 22, PeG),
contained faint processes that extended toward the statocysts and contralaterally forming
a commissure like structure; given the location of this staining, these fibers likely formed

part of the pedal commissure (Fig 22D’, PeC; see Fig 23 for schematic overview).

4.2.3 Early Histaminergic Elements in Freshwater Species

To compare the development of the first HA-LIR elements to appear among
gastropods, L. stagnalis and B. alexandrina embryos were fixed at the point where eyes
were beginning to appear and processed for HA immunoreactivity. In L. stagnalis, results
revealed a single bilaterally paired cell that was ciliated (Fig 24D-F, solid arrowhead; n =
3) and therefore likely part of the statocysts (St) with an apical projection that extended
contralaterally forming the static commissure (Fig 24A-C, SC). In B. alexandrina, there
were two bilaterally paired cells (Fig 24G-I; n = 3) where one of them was ciliated and
had a faint blebby apical projection consistent with the static commissure (SC; Fig 24G-1,
St and solid arrowhead). The additional paired bilateral cell is of unknown origin but

could potentially be an early pedal cell (Fig 24G-1, arrow).

4.2 Discussion

The results in this study provide the first descriptions of the development of
histaminergic neuronal elements in larvae of indirect developing gastropods, 1. obsoleta
and A. californica. Results from I. obsoleta showed that the first HA positive cells arise
in the late trochophore/early embryonic veliger stage (~4-5 DPO). Based on double-
labels with an antibody targeting AcT and the use of DIC imaging, these cells were
determined to be part of the statocysts with processes that project apically forming a
bundle of commissural fibers herein called the static commissure (SC). As the larvae
developed, the appearance of new HA-LIR cells followed an asymmetric sequence with
cells forming in the right cerebral and supraintestinal ganglia, followed by the

subintestinal ganglion before obtaining symmetry with the appearance of cells in the left

72



cerebral ganglion. The last ganglia to acquire HA-LIR cells were the pedal ganglia by
~22 DPO, coinciding with the appearance of the pedal commissure and projections
to/from peripheral cells in the foot. Results in this study also revealed HA-LIR labelling
of a structure along the left mantle appearing at ~11 DPO, presumed to be the
osphradium.

Immunoreactivity in both 4. californica and in the direct developing L. stagnalis
corroborate results from /. obsoleta showing that the first HA-LIR neurons to form are of
the statocysts. This is indicated by a similar progression of labelling in A. californica with
an initial bilateral cell showing anterior-contralateral projections that form a commissure
(SC); however, later development shows some divergence likely related to differences in
morphology of the 1. obsoleta and A. califonica adult nervous systems. In L. stagnalis,
early double labels using an antibody against AcT and HA at around 55% of embryonic
development showed similar static-like labelling as 1. obsoleta; this labelling showed an
initial bilaterally located ciliated cell at the base of the foot with an anterior projection
forming a commissure dorsal to the mouth. This labelling was comparable to descriptions
of the statocyst sensory cells and static commissure in /. obsoleta.

It is important to note that descriptions in this study were done on clutches of
heterogenous stages of developing /. obsoleta. Attempts were made to maintain cultures
of larvae that were spawned within two to three days; therefore, exact timing of
descriptions are estimates based on morphological features (Dickinson & Croll, 2003)
and estimated date of oviposition. Although the general sequence and descriptions are
accurate, the exact timing will need to be identified through future studies. Furthermore,
descriptions of 4. californica were based on a single shipment of a limited number of
larvae (n = 6) and double labels were not performed; interpretation of results was done in
comparison to /. obsoleta and literature on development of A. californica (Coggeshall,
1969; Kriegstein, 1977a, 1977b). Further experiments are required to improve certainty

around interpretation of HA-LIR cells described in larval development of A. californica.

4.2.1 Statocysts/Static Commissure

The results in this study are consistent with previous research indicating HA-LIR

sensory neurons in the statocysts of molluscs. This previous research focused on adult
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gastropods and revealed histaminergic sensory neurons as a subset of cells in the
statocysts (Braubach & Croll, 2004; Habib et al., 2015; Hegeds et al., 2004b; Ohsuga et
al., 2000; Soinila et al., 1990; Webber et al., 2017); other neurosignalling molecules
identified in gastropod statocysts are FMRFamide and small cardioactive peptide B
(SCPD; Ohsuga et al., 2000; Webber et al., 2017). Interestingly, there is evidence in
cephalopods that indicates that catecholamines and acetylcholine are present and function
in the statocysts (Auerbach & Budelmann, 1986; Budelmann & Bonn, 1982; Williamson,
1989). Novel findings in this study represent the first descriptions of HA in the statocysts
during embryonic and larval development.

Statocysts are the invertebrate analogue to the human vestibular system and
consist of a fluid filled structure containing one or more calcium carbonate stones
(statolith or statoconia) encapsulated by ciliated mechanosensitive sensory cells; the
function of the statocysts is to detect changes in motion and orientation relative to gravity
(Alkon, 1975; Braubach & Croll, 2004; Zaitseva, 2001). Early studies on statocyst
organization primarily relied on a combination of light and scanning electron microscopy
in conjunction with general histological stains to describe the ultrastructure and
development of the statocyst hair cells and statoconia (Atkinson, 1971, 1986; Coggeshall,
1969; Gao et al., 1997; Kononenko et al., 2012; McCain, 1992; Pedrozo et al., 1996;
Raven, 1966; Wiederhold et al., 1986, 1990; Zaitseva, 2001). In 1. obsoleta and A.
californica, these early studies indicate that the general structure of the statocysts was
fully formed in the larvae at hatching (Atkinson, 1971; Kriegstein, 1977b; Wiederhold et
al., 1990); however, expression of neurotransmitters and neural projections were not
assessed. The early expression of HA indicated by immunoreactive labelling in this
study, revealed for the first time HA in larval sensory cells of the statocysts indicating
possible early functionality. These early histaminergic cells had processes that projected
through the neuropil of the apical organ forming a commissure with numerous blebby
swellings; the morphology of the commissure containing numerous swellings just below
the apical organ could indicate locations of en passant synapses and integration with the
apical organ in larvae.

Behavioural evidence supports the functionality of the statocysts in larvae (Fuchs

et al., 2018). In a study on two closely related marine snail, //yanassa trivittata and 1.
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obsoleta, researchers showed that larvae could detect and respond to different forms of
water turbulence enabling the two species to maintain their geographical distribution
along the coastline (Fuchs et al., 2018). Both species responded to turbulence and
vorticity the same with animals showing increased swimming effort and descent
frequency; however, 1. trivittata responded to wave induced acceleration by powerful
upward swimming (Fuchs et al., 2018). The authors suggest that given their contrasting
environments, powerful upward swimming along the continental shelf in response to
waves would allow the /. trivittata larvae to ride the current closer to the shore; this
would prevent /. trivittata from getting pulled out to sea, whereas sinking in response to
vorticity and turbulence would keep /. obsoleta larvae along the inlet from crashing into
shore (Fuchs et al., 2018).

In addition to function in larval behaviour, the early development of the statocysts
in relation to the developing adult nervous system could indicate involvement in
pioneering the cerebral commissure as well as pedal-cerebral connectives; in fact, this
was suggested by previous authors who described the development of histaminergic
elements in L. stagnalis (Hegeds et al., 2004a). In this study, HA-LIR neurons appeared
in the statocysts during the late trochophore/early embryonic veliger stage (~4-5 DPO) of
1. obsoleta development; this early appearance corresponds to the timing of development
of FMRFamide containing cells in the supra- and subintestinal ganglia but predates the
expression of 5-HT and catecholamines in adult ganglia (Dickinson & Croll, 2003).
Previous research on gangliogenesis in 1. obsoleta only describe the presence of adult
ganglia at 6 days post-hatching (Lin & Leise, 1996), although other descriptions have
suggested the presence of cerebral and pedal ganglia at hatching (Raven, 1966). In
addition, it has been shown that the development of statocysts is independent of proper
cerebro-pedal connective development (Raven, 1966). Therefore, it is possible that the
development of the statocyst and the static commissure projecting through the neuropil of
the apical organ could lay the framework and act as a scaffold for the development of
cerebral and pedal ganglia and their projections.

Results in this study also identified early development of HA-LIR cells in A.
californica, L. stagnalis and B. alexandrina that are presumed to be part of the statocysts.

In A. californica, the early labelling pattern at embryonic day 5 matched what was
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observed in /. obsoleta with a bilateral cell possessing apically projecting fibers that form
a commissure; unfortunately, given the limited availability of specimen, double labels
were not performed to verify whether these early cells were ciliated and DIC imaging of
the statocysts was not evident. Looking into the literature, the statocysts of /. obsoleta
were amenable to DIC imaging because they contain a single large statolith that has
birefringent properties making it easily identifiable under polarised light (Atkinson, 1971,
McCain, 1992); this does not seem to be the case for 4. californica, L. stagnalis and B.
glabrata. However, early bilateral cells in freshwater snails, L. stagnalis and B.
alexandrina, both showed the presence of AcT-LIR cilia at around 55% of embryonic
development further supporting the findings that the first HA cells develop in the
statocysts of gastropods. However, these results contradict descriptions of HA
development in L. stagnalis described by Hegediis et al. (2004a), which showed a
different pattern of staining early in development.

Results in Hegedis et al. (2004a) showed that the first HA cells to appear were in
the cerebral ganglia with projections that extended through the cerebro-pedal connectives
and across the pedal commissure. These results suggest a staining pattern that is flipped
vertically from my description in which a statocyst cell sends projections dorsal-
anteriorly forming a commissure dorsal to the mouth, likely to become the cerebral
commissure. Further research is needed to clarify these differences in early HA
development. Additionally, further research can be performed to further describe
neurosignalling molecules in the developing statocysts, functionality in larval behaviour

and potential contribution to gangliogenesis of the adult nervous system.

4.2.2 Adult Nervous System

In I. obsoleta, the early asymmetric appearance of cells in the developing
posterior loop ganglia is consistent with previous literature describing the ganglionic
development. Research on gastropod gangliogenesis reveals numerous theories ranging
from a single apical ectodermal proliferative zone, in which the cerebral cells form and
delaminate with subsequent migration of cells to form other ganglia, to the idea that
every ganglion develops from its own ectodermal placode (reviewed in Raven, 1966). In

1. obsoleta, evidence indicates that the cerebral ganglia develop first followed by the
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pedal ganglia, which are both present at hatching (Lin & Leise, 1996; Raven, 1966); the
sequence of buccal, pleural and intestinal ganglionic development are less clear.
However, evidence suggest that the subintestinal ganglia appear slightly after the
supraintestinal ganglia (Lin & Leise, 1996). This corresponds to the development of
histaminergic cells reported in this study where the right cerebral-pleural and the
supraintestinal ganglion cell developed prior to the subintestinal ganglion, showing an
asymmetric sequence of development. In addition, the right cerebral cells developed
before the left cerebral cells.

Asymmetries in morphology and development are common in molluscs and is
believed to be associated with torsion. It was generally believed that torsion was a
consequence of larval retractor muscle contraction during development (Wanninger et al.,
2000) but more recently evidence suggests asymmetric cell proliferation along the mantle
epithelium plays a role (Kurita & Wada, 2011). Interestingly, this asymmetric
proliferation corresponds to the timing of organogenesis with the right tentacle
developing prior to the left tentacle (Atkinson, 1971; Render, 1997; Tomlinson, 1987);
this also matches the sequence of HA-LIR cerebral cells described in this study. In
Atkinson (1971), the author describes the close relationship between the tentacles and the
cerebral ganglia indicating that the body of the right tentacle seemed attached to the
cerebral ganglion. Given the anatomical proximity and similar timing of development, it
is possible that the HA-LIR cerebral cells and the tentacle could be associated. In fact,
studies have shown numerous HA-LIR sensory cells in cephalic regions of gastropods
(Wyeth and Croll, 2011) and evidence from studies on 4. californica have implicated HA
in feeding related arousal (Chiel et al., 1990; Elste et al., 1990).

In A. californica, an extensively characterised histaminergic cerebral cell, C2, has
been shown to be involved with food arousal and modulation of feeding motor programs
(Chiel et al., 1990). The C2 cell has been shown to receive tactile stimulation from axons
in the lips that when exposed to seaweed initiate an excitatory response that leads to
feeding, once feeding is initiated a positive feedback loop is initiated from proprioceptive
signals to maintain arousal (Chiel et al., 1990). Results at stage 6 of A. californica
development revealed peripheral cells in the foot with projections that could have

extended to the HA-LIR cerebral cells; therefore, it is possible that these descriptions
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identify the early establishment of the C2 cerebral neurons and its afferents. Interestingly,
a recent study on flatworms showed that whole body application of HA stimulated
increased locomotion that they associate with a signal promoting wakefulness, but this
could be related more specifically to food related arousal (Omond et al., 2022).

Results in this study also revealed the late development of HA-LIR pedal cells in
both A4. californica and I. obsoleta. This late development corresponds to the
development of the propodium in preparation for metamorphosis, when the planktonic
larval form converts to a benthic adult (Kriegstein, 1977b; Lin & Leise, 1996); therefore,
it is possible that these cells are involved with locomotion or sensory processing related
to the adult foot. Future research could look at the further development of these cells

during metamorphosis and into the juvenile to elucidate possible functions.

4.2.3 Osphradium

Results in this study revealed HA-LIR fibrous/punctate neuropil-like labelling
with abutting cells along the left side of the mantle, an area associated with the
osphradium in /1. obsoleta larvae (see Figsl and 19G-I; Dickinson & Croll, 2003; Lin &
Leise, 1996).

The osphradium is a pigmented chemosensory organ that shows large variability
among molluscs but is generally positioned within the mantel cavity on or near the
gill/pneumostome (Haszprunar, 1985, 1987; Lindberg & Sigwart, 2015). The consensus
is that the osphradium functions as a chemosensory organ, however, exact functions
range from food/predator/mate detection to monitoring water quality (oxygen, carbon
dioxide, dissolved particles, etc.; Lindberg & Sigwart, 2015). In line with the large
diversity in body plans among molluscs, the morphology of adult structures varies
considerably ranging from just a small pit at the anterior region of the gill to consisting of
a ridge that runs parallel to the gill (Haszprunar, 1985, 1987; Nezlin et al., 1994a, 1994b).
In terms of characterization of neurotransmitters present in the adult osphradium,
evidence for FMRFamide, leucine-enkephalin, 5-HT, and nitric oxide has been reported
(Nezlin et al., 1994a, 1994b). Despite the broad morphological comparisons of the
osphradium across Mollusca (Haszprunar, 1985, 1987), there is relatively little known

about larval osphradial structures.
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Previous research on /. obsoleta larval development indicates that the osphradial
ganglion develops early and is visible at or shortly after hatching (Dickinson & Croll,
2003; Lin & Leise, 1996). Consistent with adults, FMRFamide and 5-HT have also been
described in the osphradium of larvae (Dickinson & Croll, 2003). Results in this study
add to these previous descriptions indicating HA-LIR labelling of the osphradial ganglion
at about 11 DPO. In addition, double labels revealed adjacent AcT-LIR cilia, which is
associated with the early gill anlage (Fig 19G-I; Raven, 1966). Based on these previous
descriptions, this HA-LIR labelling is likely part of the osphradial ganglion. Therefore,
these descriptions represent the first known labelling of HA associated with the
osphradium; future research should investigate the prevalence of HA in the adult

osphradium.

4.2.4 Quality of Labelling

HA-LIR labelling described in this study showed axons with numerous swellings,
often looking blebby and discontinuous at points (see Fig 15). Generally, when viewed
under high magnification these fragmented, blebby processes resembled pearls on a
string. The blebby nature of the labelling along axons, especially along the static
commissure (SC; Fig 15 and 20), could indicate locations of en passant synapses. En
passant synapses are swellings along the axons that form synapses other than at the axon
terminal (Shen & Cowan, 2010), which are often viewed as blebs when visualized using
immunohistochemistry. However, it is also possible that the blebby and sometimes
fragmented labelling of neuronal processes was related to inadequate fixation.

In addition to the often-blebby nature of the labelling, there was some variability
in the intensity and quality of axonal and cell labelling among preps (see Figs 15 and 16).
On occasion one could barely see an axon except for a line of blebs (Fig 16A’, solid
arrowheads). It is possible that this variability was due to a combination of penetration
issues with the HA antibody and sub-optimal fixation produced by the EDAC fixative;
although not documented in peer reviewed papers, Andrew Dacks cautioned about
penetration issues with the HA antibody and emphasized the importance of a long EDAC
fixation in a review submitted on the HA antibody product page (Histamine Antibody |

Immunostar, n.d.).
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Finally, the HA antibody was found to produce high background noise in early
larval development potentially generated from non-specific binding. This background
noise has been documented in adult freshwater species with mention that it could be
minimized with preadsorption using keyhole limpet hemocyanin (KLH; Wyeth and Croll,
2011). For HA antibody synthesis, KLH was conjugated to HA to stimulate an
immunogenic response, therefore, preadsorption likely ameliorated the staining by
blocking antibodies raised against epitopes on the KLH molecule (Beach et al., 2019);
however, KLH preadsorption did not abolish the background noise, which indicated the
likelihood for other immunoreactive off-target antibodies present in the anti-HA whole
serum. In this study, KLH preadsorption results failed to show a drastic difference and
therefore were not performed routinely. Despite these issues, the specificity of the HA
antibody used in this study has been tested extensively and used to describe histamine

localization in numerous species (Dacks et al., 2010; Wyeth and Croll, 2011).

4.2.5 Conclusion

In conclusion, this study reveals a complex network of HA-LIR neuronal
elements in the early larval stages of both 1. obsoleta and A. californica. This labelling
reveals the first early descriptions of the expression of HA in the larval statocysts
providing histological evidence for larval functionality. The early establishment of the
statocyst and associated commissure also indicate a possible role in laying the framework
to help guide the development of the adult CNS. In addition to labelling of the statocysts,
HA-LIR cells were identified in nearly all developing ganglia except for the visceral.
Together, these descriptions contribute to past literature in revealing the complexity of
the developing nervous system in molluscan larvae, providing a framework for future
comparative studies. Future research describing early histaminergic neuronal
development in larvae of other phyla could help elucidate the evolutionary history of HA

signalling and inform phylogenetic relationships.
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Figure 12. Micrographs showing digital zoom of statocyst labelling in the /lyanassa
obsoleta trochophore at 4-5 DPO. A-C) Double label showing HA-LIR (A) and AcT (B)
labelling. Arrowheads indicate individual HA-LIR cells surrounding the ciliated lumen
(AcT, arrows) of the statocysts with open arrowheads showing faintly labelled processes
from the HA-LIR cells joining as they project through the static commissure (Fig 13). D)
AcT labelling of cilia (arrow) in conjunction with differential interference contrast (DIC)
imaging showing overlap with the lumen of the statocyst (large arrowhead). E) labelling
from a slightly older sample that was processed for HA immunoreactivity showing strong
labelling of three cells around the statocysts including a couple of dim cells (solid
arrowheads); Open arrowheads indicate processes projecting from HA-LIR cells (scale
bars = 20 um).
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Figure 13. Micrographs showing double labels of HA-LIR and acetylated-tubulin (AcT)
labelling in the Ilyanassa obsoleta trochophore at 4-5 days post oviposition (DPO): A-C)
anterior perspective of same specimen where A to C shows superficial labelling and A’ to
C’ shows deep labelling with asterisk indicating point of continuation of the static
commissure (SC); G-I) dorsal perspective of a separate sample. Solid arrowheads indicate
dim individual HA-LIR cells that surround the AcT labelled lumen (arrows) of the
statocysts. Blebby processes project contralaterally from the HA-LIR cells forming a
static commissure (SC) that passes just below the apical organ (AO). In addition, HA-
LIR fibers project dorsal-laterally from the statocyst/SC (open arrowheads) to a region
lateral to the larval kidneys (ND), as indicated by AcT immunoreactive labelling of the
nephridial duct (ND; Page, 2003). Finally, a concentration of punctate/blebby HA-LIR
labelling is evident surrounding the rudimentary mouth (dashed outline) that follows a
similar staining pattern as AcT labelling of oral cilia (OC; D, dorsal; V, ventral; A,
anterior; P, posterior; scale bars = 40 um).
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Figure 14. Schematic showing HA-LIR labelling in the late trochophore/early embryonic
veliger stage of Ilyanassa obsoleta development (4-5 DPO): A) Ventral perspective and
B) Anterior perspective. HA-LIR labelling is indicated in red showing somata in the
statocysts (St) with processes projecting anterior and contralaterally passing near the
apical organ (AO) and forming the static commissure. Dorsal-lateral projections from the
statocysts terminate lateral to the larval kidneys; solid grey circles represent the lumen of
the statocysts (LK; RV, rudimentary velum; RF, rudimentary foot; DT, digestive tract;
Ant, anterior; Pos, posterior; R, right; L, left). This schematic was inspired by and
adapted from Dickinson and Croll (2003).
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Figure 15. Micrographs showing histamine-like immunoreactive (HA-LIR) labelling in
Ilyanassa obsoleta transitioning from embryonic veliger to hatchling. A-B) Embryonic
veligers (7 DPO), where A) shows a sample viewed from the dorsal perspective and B)
depicts a separate sample viewed from a side perspective. C) Sample viewed from the
dorsal perspective at 8 DPO. Frames labelled A to C indicate superficial labelling
whereas A’ to C’ show deep labelling of the corresponding specimen. A-B) At 7 DPO the
static commissure (SC) appears as two separate blebby processes with the posterior fiber
(large open arrowhead) appearing more diffuse. The posterior fiber has projections that
extend posterior and contralaterally (arrows); the left fiber (large solid arrowheads)
projects ventrally beneath the esophagus and the right fiber (arrows) projects dorsally
above the esophagus. A cell can be found in each the right cerebral-pleural ganglion
(CePG) and the supraintestinal ganglion (SpG) along the right posterior fiber. C) At 8
days post oviposition (DPO) a cell can be found in the right cerebral ganglion (CeG). The
statocysts each contain three immunoreactive cell bodies (St; small open arrowhead,
anterior static commissural fiber; D, dorsal; V, ventral; A, anterior; P, posterior; scale
bars =25 um).
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Figure 16. Micrographs showing histamine-like immunoreactive (HA-LIR) labelling in
Ilyanassa obsoleta post-hatching (11-15 DPO). A-B) Specimen viewed from the dorsal
perspective at 11 DPO (A; scale bar =40 pum) and 15 DPO (B; scale bar = 25 um).
Frames labelled A to B indicate superficial labelling whereas A’ to B’ show deep
labelling of the corresponding specimen. After hatching, a single cell becomes apparent
in the right cerebral ganglion (CeG), located anterior to the static commissure (SC), and
subintestinal ganglion (SbG) along the left posterior fiber (large solid arrowheads). These
cells are added to the previously described cell in the cerebral-pleural (CePG) and
supraintestinal ganglia (SpG) situated along the right posterior fiber (arrows).
Additionally, processes extending antero-laterally from the statocysts (St) are evident
(large open arrowheads). Finally, along the left side of the mantle HA-LIR punctate
labelling showing 2 abutting cells (small solid arrowheads) are present, likely part of the
osphradium (Os). Inlays shows digitally zoomed aspects of corresponding structures
within each frame that showed faint and/or fine labelling (A = 1.6x zoom; A’, B and B’ =
1.7x zoom); small open arrowhead in the B’ inlay reveals fiber extending to cell in the
SbG (A, anterior; P, posterior).
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Figure 17. Schematic showing HA-LIR labelling in Ilyanassa obsoleta post-hatching
(11-15 DPO): A) Dorsal perspective and B) Three dimensional angled-side perspective.
Bilateral statocysts (St) each contain three immunoreactive cells with fibers projecting
dorsally forming the static commissure (SC); along the static commissure, medial to the
right eye is a single cell in the developing right cerebral ganglion (RCeG). Fibers are
visible extending posteriorly and contralaterally from the statocysts (St) with the right
posterior fiber containing a single cell in each the right cerebral-pleural ganglia (RCePG)
and supraintestinal ganglion (SpG); the left posterior fiber contains a single cell in the
subintestinal ganglion (SbG). Fibers projecting to the subintestinal ganglion pass ventral
to the esophagus (Eso), whereas the fibers projecting to the supraintestinal ganglion pass
dorsal to the esophagus (Eso), Finally, labelling of the osphradium (Os) reveals two or
more cells surrounding extensive neuropil-like labelling (M, mouth; Ant, anterior; Pos,
posterior; L, left; R, right; D, dorsal; V, ventral). This schematic was inspired by and
adapted from Dickinson and Croll (2003).
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Figure 18. Micrographs showing histamine-like immunoreactive (HA-LIR) labelling in
Ilyanassa obsoleta free swimming veligers (22 DPO). A-A’) Z-projections of the same
specimen viewed from a side perspective showing shallow (A) and deep (A’) labelling
with points of continuation for the static commissure (SC) indicated by the curly bracket
and points of continuation for the right posterior fiber indicated by the asterisk; point of
continuation between frames for the left posterior fiber is obstructed by inlay a. Cells are
now evident in the rudimentary pedal ganglia (PeG; L and R indicate Left and Right)
anteroventral to the statocysts (St); the statocysts contain three stained somata (open
arrowheads) each. Along the SC, two bilateral cells are revealed (solid arrowheads) in
both the left and right cerebral ganglia (CeG). Additionally, along the left posterior fiber
a single cell in each the left cerebral-pleural ganglion (LCePG) and the subintestinal
ganglion (SbG) matches the single cell observed in each the right cerebral-pleural
ganglion (RCePG) and supraintestinal ganglion (SpG) along the right posterior fiber. a)
Inlay shows a 1.5x zoom of a HA-LIR process projecting into the footpad (arrows). b/c)
inlays showing 1.5x zoom of obstructed CeG cells (A, anterior; P, posterior; V, ventral;
D, dorsal; R, right; L, left). B) Anterior perspective of the right side of the foot revealing
a cell (solid arrowhead) with a discontinuous blebby fiber (arrows) that fasciculates with
another fiber (open arrowhead) as it projects to the central nervous system (CNS). C)
Anterior perspective of pedal ganglia (PeG) and statocysts (St) showing two bilateral
cells in each the LPeG (solid arrowheads) and RPeG (open arrowheads) with the pedal
commissure (PeC) connecting the two ganglia; inlays d and e/e” show 2x zoom of the
pedal cells where e and e’ show shallow and deep labelling, respectively (scale bars = 25

pm).
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Figure 19. Micrographs showing double labels of HA-LIR and acetylated-tubulin (AcT)
labelling in the Ilyanassa obsoleta free swimming veliger at 22 days post oviposition
(DPO). A-C) HA-LIR labelling (A) showing intense fluorescence in the pedal ganglion
(PeG) anteroventral to the statocysts (St), which consist of three HA-LIR cells
encapsulating the AcT-LIR (B) lumen. Merging the two channels (C) reveal the PeG
immunoreactive elements as separate from the St (CePG, cerebral-pleural ganglion). D-F)
HA-LIR labelling (A) of the static commissure (SC) in conjunction with AcT-LIR
labelling (E) of the apical organ (AO) showing the two structures abutting (F). G-I) HA-
LIR labelling (G) of the osphradium (Os) showing intensely labelled neuropil with five
cells along the perimeter (solid arrowheads). AcT-LIR labelling (H) indicates ciliary tufts
near the osphradium (I), thus tentatively called osphradial cilia (OsC; scale bars = 25

pum).
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Figure 20. Micrographs showing histamine-like immunoreactive (HA-LIR) labelling in
the Ilyanassa obsoleta free swimming veliger at 24-27 days post oviposition (DPO). A-
A’) The same specimen viewed from an anterior perspective where A) shows shallow
labelling and A’) shows deep labelling (scale bar = 25 pm). A) Open arrowheads indicate
two bilateral cells that are visible in the cerebral ganglia (CeG) along the static
commissure (SC) that runs between the statocysts (St; bracket); the left posterior cerebral
cell is not visible. A fiber extends dorsal-posteriorly from the right statocyst where a cell
is visible in the right cerebral-pleural ganglion (CePG). Further along this posterior loop
fiber a cell is visible in the supraintestinal ganglion (SpG). A posterior loop fiber
extending from the left statocyst leads to a cell in the subintestinal ganglion (SbG). a-b)
Inlays showing digital zoom of the left (a; 2.8x zoom) and right (b; 2x zoom) cerebral
cells from A (open arrowheads). A’) Overview of ventrally located neural elements
showing both statocysts (St) with the pedal commissure (PeC) and visualization of the
posteriorly projecting fiber from the left statocyst where a cell is visible in the left
cerebral-pleural ganglion (CePG). Further along the left posterior loop fiber a cell is
visible in the subintestinal ganglion (SbG). ¢) Inlay showing a 1.35x zoom of the
statocysts (St) and two bilateral cells (solid arrowheads) in the pedal ganglia (PeG)
including a fine blebby fiber along the pedal commissure (PeC). B-B’) Angled-side
perspective of a second sample with B) showing shallow labelling and B”) showing deep
labelling. B) Shows the left statocyst (St) and cerebral-pleural ganglion (LCePG) and B”)
shows the right statocyst (St) and cerebral-pleural ganglion (RCePG). White arrows
indicate fine fibers that project into the foot from the region around the statocysts (A,
anterior; P, posterior; V, ventral; D, dorsal; R, right; L, left; scale bar = 50 pm).
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Figure 21. Schematic showing HA-LIR labelling in the free swimming /lyanassa
obsoleta (22-27 DPO): A) Dorsal perspective and B) Three dimensional angled-side
perspective. Bilateral statocysts (St) each contain three immunoreactive cells; ventral-
anterior to the statocysts (St) are the pedal ganglia (PeG) each containing two cells with
fibers extending across the pedal commissure (PeC). Two bilateral cells are visi ble in the
cerebral ganglia (CeG), which are located along the static commissure (SC) projecting
dorsally from the statocysts. Fibers that project posteriorly from the statocysts and extend
throughout the posterior loop of the central nervous system contain a bilateral cell in both
the cerebral-pleural ganglia (CePG). Further along the posterior loop fibers a single cell is
found in both the supraintestinal (SpG) and subintestinal (SbG) ganglia. Fibers projecting
to the subintestinal ganglion pass ventral to the esophagus (Eso), whereas the fibers
projecting to the supraintestinal ganglion pass dorsal to the esophagus (Eso), Finally,
labelling of the osphradium (Os) reveals at least five cells surrounding extensive
neuropil-like labelling (M, mouth; Ant, anterior; Pos, posterior; L, left; R, right; D,
dorsal; V, ventral). This schematic was inspired by and adapted from Dickinson and Croll
(2003).
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Figure 22. Micrographs showing histamine-like immunoreactive (HA-LIR) labelling in
Aplysia californica at various stages of development from embryonic day 5 (E5) to Stage
6. A) Embryonic day 5 specimen show a single bilateral HA-LIR cell (arrows) likely part
of the statocysts (St); these bilateral cells contain fine blebby processes that follow a
tortuous apical path forming the static commissure (SC). B) Embryonic day 7 specimen
reveal intense and blebby HA-LIR labelling of the SC that looks fragmented. C) Ventral-
posterior perspective of a stage 1 hatchling veliger showing a bilaterally placed structure,
likely the St, with fine blebby apical projections forming the SC; along the SC and
anterior to the St is a bilaterally positioned area of intense labelling likely the rudimentary
cerebral ganglia (CeG). D) Ventral view of Stage 6, competent veliger where D) shows
shallow labelling and D’”) shows deep labelling of the same specimen. D’) Two bilateral
cells (solid arrowheads) are evident anteroventral to the statocysts (St), likely part of the
developing pedal ganglia (PeG), with fine blebby processes that extend toward the St and
contralaterally forming the pedal commissure (PeC). Lateral to the St, blebby
discontinuous processes (arrows) extend ventral into the footpad. D’’) Intense labelling
deep in the tissue reveals the rudimentary cerebral ganglia (CeG) with lateral projections
likely to the vela (open arrowhead). E) Side perspective at Stage 6 showing the end of the
lateral fibers described from D (arrows) where two relatively large blebs (solid
arrowheads) are apparent with processes that turn toward the epithelium like dendrites
(open arrowheads), indicating possible sensory cells in the foot (scale bars = 25 pm).
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Figure 23. Schematic showing putative HA-LIR labelling in stage 6, metamorphically
competent, Aplysia californica. Two bilaterally placed cells are found dorsal to the
esophagus (Eso) in the cerebral ganglia (CeG) with projections ventrally to the statocysts
(St) and laterally to unknown targets. Ventral to the St two bilateral cells are present that
are likely part of the pedal ganglia (PeG) with dorsal projections that join the pedal
commissure (PeC) and faint lateral projections; the PeC follows a path that extends
between the statocysts (St). In addition to neuronal elements of the central nervous
system (CNS), there are also at least three bipolar peripheral sensory cells (PSC) located
bilaterally in the foot with projections entering the CNS lateral to the St (M, mouth; CeC,
cerebral commissure; Ant, anterior; Pos, posterior; L, left; R, right; Dors, dorsal; Vent,
ventral). This schematic was inspired by and adapted from Dickinson and Croll (2003).
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Figure 24. Micrographs showing double labels of HA-LIR and acetylated-tubulin (AcT)
labelling in early development of freshwater gastropods, Lymnaea stagnalis (A-F) and
Biomphalaria alexandrina (G-1). A-C) Anterior perspective of L. stagnalis showing an
apical HA-LIR blebby fiber, believed to be the static commissure (SC), that passes dorsal
to the mouth where a patch of ACT-LIR oral cilia (OC) is identified; C) shows merged
images of A and B. D-F) Side perspective of L. stagnalis showing a HA-LIR cell with an
apical projection (SC, static commissure) likely part of the statocyst (St); AcT labelling
reveals cilia (solid arrowhead) abutting the HA-LIR cell. G-I) Angled-side perspective of
B. alexandrina showing two bilaterally placed HA-LIR cells where one is determined to
be part of the statocysts (St) because it contains AcT-LIR cilia (solid arrowhead) and the
other is of unknown origin (arrow). A discontinuous faint fiber is also identified that is
likely part of the static commissure (SC; scale bars = 25 um).
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Chapter 5: Conclusion

The primary goal of this thesis was to expand on the current selection of
neurotransmitters that have been identified and described extensively in comparative
developmental studies in larvae across the animal kingdom; these previous descriptions
have been used to infer evolutionary relationships and focused primarily on select
biogenic amines (catecholamines and serotonin), neuropeptides (FMRFamide and
enkephalin), and in some cases acetylcholine (Croll et al., 1997; Croll & Dickinson,
2004; Denes et al., 2007; Dickinson & Croll, 2003; Hay-Schmidt, 1990b, 1990a; Marlow
et al., 2014; Python & Stocker, 2002; Voronezhskaya et al., 1999; Wollesen et al., 2007).
The secondary goal was to describe the relevance of such neuroanatomical studies and
the results presented herein in the context of current beliefs surrounding the evolutionary
history of the CNS. These goals were pursued by investigating the genesis and
development of octopaminergic and histaminergic neural elements during larval
development of various gastropods with a focus on the marine molluscs, 1. obsoleta and
A. californica.

To summarize, Chapter 3 focused on octopaminergic neural elements and
presented extensive evidence showing the reliability of using a DBH antibody as a
marker to confirm OA positive labelling in gastropods with potential for broader
comparative applications. Based on the criteria used in this thesis, results presented in
Chapter 3 also indicate that OA is absent during larval development, corroborating
previous research on a direct developing freshwater gastropod, L. stagnalis (Elekes et al.,
1996). Taking into consideration past research on the physiological roles of OA in
invertebrates where it has been proposed to function analogously to the vertebrate
adrenergic system (Axelrod & Saavedra, 1977; Bauknecht & Jékely, 2017; David &
Coulon, 1985; Roeder, 1999, 2020), these results could indicate that stress related
signalling and behaviors do not appear until post-metamorphosis. Given the number of
offspring produced during molluscan spawning, this could reflect an evolved life history
strategy where energy is directed to behaviours that optimize growth and development at
the detriment of complex stress responses in order to ensure at least a few offspring are

able to survive to metamorphosis; future research looking at the relevance of OA and NE
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in larva from both deuterostomes and protostomes could reveal insights into the
evolutionary history of stress-related signalling in the nervous system.

Chapter 4 focused on histaminergic neural elements and provided the first early
larval descriptions of HA in indirect developing marine gastropods. Results in Chapter 4
revealed an extensive network of HA positive neurons and fibers in the developing adult
nervous system of larva indicating complex histaminergic signalling. As described, HA
labelling first appeared in a subset of sensory cells in the statocysts at a late
trochophore/early embryonic veliger stage (~4-5 DPO) corroborating studies where HA
positive sensory cells have been described in the statocysts of adult gastropods (Braubach
& Croll, 2004; Habib et al., 2015; Hegedds et al., 2004b; Ohsuga et al., 2000; Soinila et
al., 1990; Webber et al., 2017). These HA-LIR sensory cells contained processes that
formed the static commissure, which extended through the neuropil of the apical organ
(Figs 12-14). This early indication of HA and association with the AO suggests likely
functionality of the statocysts in early larval development. Additionally, evidence
showing early histaminergic elements during embryonic development support a previous
proposal that HA positive neurons could participate in the development of the adult
nervous system (Hegediis et al., 2004a); here I propose that the early development of the
statocyst and accompanying commissure could, along with previously described
peptidergic fibers (Croll & Voronezhskaya, 1996; Voronezhskaya & Elekes, 1996), act as
pioneering neurons for the development of the cerebral ganglia and early elements of the
adult CNS. Future research could look to identify signalling molecules used in remaining
sensory cells of the statocysts during development and investigate the relationship
between the development of the statocysts and cerebral ganglia. If the histaminergic
neural elements of the statocysts function as pioneering fibers for neurite outgrowth of
the cerebral and pedal ganglia as suggested, I would suspect that neural elements arising
from the statocysts would function similarly among other molluscan species; therefore, I
would expect to see early development of static sensory neurons that form a commissure
projecting proximal to the apical organ in other classes of mollusc other than the
gastropods. Alternatively, in the absence of statocysts, I would expect similar projections
of pioneering fibers that form a scaffold for neurite outgrowth of the anterior adult

ganglia in other invertebrate phyla.
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In addition to the statocysts, Chapter 4 described and discussed the development
of HA positive neural elements in the cerebral, cerebral-pleural, supraintestinal,
subintestinal and pedal ganglia as well as peripheral labelling of sensory cells in the
osphradium and foot of 1. obsoleta. These observations were also compared with results
of early HA-LIR labelling in A. californica and L. stagnalis (Figs 22-24). When
compared to past literature on HA signalling and function across the animal kingdom,
HA represents a signalling molecule with divergent evolution. In vertebrates, HA is used
predominantly for neuromodulatory roles involved with wakefulness and attention
(Brown et al., 1995; Dere et al., 2003; Haas & Panula, 2003; Ishizuka & Yamatodani,
2012; Mochizuki et al., 1992; Selbach et al., 1997; Strecker et al., 2002; Tuomisto et al.,
2001), whereas, it has a dominant role in sensory signalling in extant invertebrates
(Braubach & Croll, 2004; Buchner et al., 1993; Habib et al., 2015; Hegedus et al., 2004b;
Nissel, 1999; Ohsuga et al., 2000; Soinila et al., 1990; Stuart et al., 2007; Webber et al.,
2017; Wyeth & Croll, 2011). Hypotheses surrounding the single origination of the central
nervous system among all bilateral animals, does not seem to account for this kind of
divergent evolutionary processes.

The results and literature discussed in this thesis challenge the single origin
hypothesis of the central nervous system. As reviewed in Chapter 1, the single origin
hypothesis proposes that all nervous systems throughout Bilateria are homologous and
evolved from a common ancestor that already had a consolidated central nervous system,;
this hypothesis is largely supported from molecular evidence indicating the conservation
of developmental genes and their expression patterns in the development of body
morphology but more specifically the nervous system (Arendt & Niibler-Jung, 1994,
1997; De Robertis & Sasai, 1996; Denes et al., 2007; Holley et al., 1995; Kimelman &
Martin, 2012; Urbach & Technau, n.d.). The single origin hypothesis attempts to account
for the degree of diversity in nervous system morphology across the animal kingdom by
suggesting subsequent reduction through loss of evolutionary traits, which would have
occurred up to 11 times independently throughout Bilateria (Northcutt, 2012). However,
phylogenetic analyses that combine molecular and morphological traits suggests that the
central nervous system could have originated up to seven times independently (Moroz,

2009). Such phylogenetic research in conjunction with studies on the evolution of body
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plans and gene regulatory networks (GRNs) suggest that evidence supporting the single
origin hypothesis is too narrow sighted.

Critics of the single origin hypothesis have highlighted that research on the
conserved developmental genetic networks that form the basis for this hypothesis is
dependant upon organisms that provide a biased perspective focusing on bilaterians with
highly centralized and complex organization (Hejnol & Lowe, 2015). In fact, if one looks
more broadly, the idea of conserved hox signalling mechanisms that include the observed
spatial and temporal collinearity used to describe conserved anterior to posterior
patterning mechanisms does not hold true for all bilaterians. For example, evidence for
co-linearity of hox genes during molluscan development has been mixed with studies
showing co-linearity in an apolyplacophoran (Fritsch et al., 2015), partial co-linearity in
gastropods (Samadi & Steiner, 2009) and no colinear organization in bivalves
(Salamanca-Diaz et al., 2021). Additionally, there are examples among deuterostomes
where the conserved rules around co-linearity of Hox genes are broken (David & Mooi,
2014). Thus, indicating that the current understanding of developmental gene expression
and its correlation to evolutionary history of developmental mechanisms and phenotypic
expression of body plan and neural morphology is still in relatively rudimentary stages.

In fact, research on GRNs remains a rich field for investigating the structure,
evolution, and conservation of GRNs across the animal kingdom. Current research into
GRN s suggests that conserved developmental genes across Bilateria were likely involved
in simple, relatively flat, gene signalling networks (Erwin, 2020); it is possible that
through subsequent evolution these genes persisted but were co-opted into complex
hierarchical gene signalling networks differentially throughout bilaterian evolution,
which brought about the large diversity of body plans and morphological features
observed in extant bilaterian species today (Erwin, 2020; Holland & Short, 2008).
Extensive comparative studies on the structures of GRNs incorporating a strong
understanding of morphological features are necessary to properly interpret molecular
data on gene expression and its correlation to morphological homologies and
evolutionary history of organisms.

In conclusion, the present thesis contributes to the overall conversation by

expanding on our previous understanding of the gastropod larval nervous system and
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potential implications for OA and HA signalling among molluscs. This research lays the
framework for future comparative studies in larvae of more distantly related phyla and
presents data that can be used to inform studies on GRNs and how these developmental
mechanisms give rise to morphological characteristics. Molecular data have provided a
powerful tool for understanding evolutionary relationships; however, the literature
presented in this thesis indicates that our current knowledge surrounding GRNs and how
they evolve and lead to morphological change is insufficient to rely on alone.
Investigations into developmental genetic mechanisms for patterning the nervous system
need to be applied more broadly in conjunction with studies on morphological
characteristics to properly elucidate the evolutionary origin of the central nervous system

among Bilateria.
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