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Abstract

Understanding nervous system patterning within the sister taxa to bilaterians provides
insight into which patterning mechanisms are conserved and likely evolved prior to the
evolution of bilaterians. This allows researchers to build hypotheses about which
mechanisms are unique to the bilaterian nervous system development and are necessary
for evolution of bilaterian nervous systems. The cnidarians (jellyfish, sea anemones,
coral, etc.) are sister taxa to the bilaterians and possess an ancestral nerve net-like
nervous system. A cnidarian model easily amenable to the functional assays necessary for
understanding early neurogenic patterning is the anthozoan cnidarian, Nematostella
vectensis. The nerve net of the Nematostella vectensis is patterned from a multipotent
NvsoxB(2) and Nvath-like progenitor, these progenitor differentiate and express NvashA,
which then patterns multiple differentiated neuronal subtypes. Despite years of research
little is understand about how these individual neuronal cell types are patterned or the
possible function these differentiated neurons. This dissertation focused on expanding our
understanding of cnidarian neurogenesis from early progenitor dynamics to functional
neuronal subtypes. I characterized the existence of a NvsoxB(2) only and NvsoxB(2) and
Nvath-like progenitor populations which regulate unique downstream markers. I also
identify a previously unknown NvfoxD3-like mediated mechanism of cnidocyte
patterning. I then went on to characterize how axial patterning cues along the oral-aboral
axis are used to pattern neuronal subtypes from broadly expressed neuronal progenitor
markers. Lastly, I characterized the role of acetylcholine in the regulation of muscle
contraction through an upstream still unknown cholinergic neural network. In total, this

dissertation characterized multiple conserved mechanisms of neuronal patterning and
1



neuronal function allowing for us to build hypotheses about the evolution of these

mechanisms within bilaterians.



Chapter 1: Introduction to development and
neurogenesis in the starlet sea anemone,
Nematostella vectensis



The anthozoan model, Nematostella vectensis

Understanding how the nerve net-like nervous system found within cnidarians (e.g..
jellyfish, corals, sea anemones, hydrozoans) is patterned during development can provide
insight into the evolution of metazoan nervous system patterning. Cnidarian are the sister
taxon to the bilaterians (e.g. humans, mice, worms, insects) who possess a centralized
nervous system. It is hypothesized that the cnidarian-bilaterian ancestor likely possessed
a nerve-net like nervous system, with the cnidarians maintaining this ancestral state and
bilaterians eventually evolving centralized nervous systems. The possession of this
ancestral nerve net coupled with the phylogenomic position of cnidarians makes this
phylum an important group to study to better understand the evolution of bilaterian. If
patterning mechanisms are conserved between bilaterians and cnidarians then it argues
that these particular mechanisms likely arose before the cnidarians and the bilaterians
diverged. If a particular conserved patterning mechanism is found to be unique to the
bilaterians then it likely arose after the bilaterians diverged and could be necessary for a
particular bilaterian trait. One cnidarian model which has proven easily amenable to this

developmental research is the starlet sea anemone, Nematostella vectensis.

The annotated Nematostella genome has allowed for rapid development of multiple
molecular tools from which functional assays could be performed within a cnidarian
model. The genome was sequenced and assembled in 2007, and then repeated in 2020
(Putnam et al., 2007; Zimmermann et al., 2020). Since the annotated genome was
published morpholino, shRNA-mediated, and CRISPR induced loss of expression
methods have been modified to function in Nematostella (Layden et al., 2012, 2013; Ikmi
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et al., 2014; He et al., 2018; Nakanishi and Martindale, 2018). Synthesis and injection of
mRNA also allows for ubiquitous misexpression assays within Nematostella (Layden et
al., 2013) . Lastly, utilization of restriction enzymes, TALON, and/or CRISPR/ Cas-9
systems have allowed for the synthesis of transgenic lines and the characterization of
gene function within live animals (Renfer et al., 2010; Tkmi et al., 2014, 2014; Havrilak et
al., 2017a; Tourniére et al., 2020). The combination of these techniques has allowed for a

detailed understanding of early development and neurogenesis within Nematostella.

Early neurogenesis in Nematostella

Early neurogenesis in Nematostella has been well characterized and occurs early during
Nematostella development. Neurogenesis is induced though the MEK/MAPK pathway
during early blastula stages (Layden et al., 2016). Once induced progenitors expressing
low-notch/high delta then promote expression of the neuronal progenitor markers,
NvsoxB(2)/Nvath-lke (Layden and Martindale, 2014; Richards and Rentzsch, 2015;
Layden et al., 2016). Morpholino induced knockdown of NvsoxB(2) and Nvath-like has
identified that this progenitor population then gives rise to both neurons and cnidocytes,
the stinging cells which define the cnidarians (Richards and Rentzsch, 2015; Babonis
and Martindale, 2017). This work also suggests that these two markers, NvsoxB(2) and
Nvath-like, are co-expressed and likely co-regulate all downstream cell types from this
progenitor lineage (Richards and Rentzsch, 2014, 2015; Busengdal and Rentzsch, 2017).
Once these broad neural progenitors are induced to differentiate, a mechanism currently
unknown to the field, they express either the post-mitotic markers Nvash4, or the
unipotent progenitor marker, Nvfoxq2d (Layden et al., 2012; Richards and Rentzsch,
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2015; Busengdal and Rentzsch, 2017). Nvfoxq2d is currently the only downstream
progenitor identified and later differentiates into Nvfoxqg2d+ sensory neurons within the
ectodermal nerve net (Busengdal and Rentzsch, 2017). Those cells which express NvashA
then give rise to multiple neuronal subtypes, including NvL Wamide-like and Nvserum
amyloidA-like. A subset of NvsoxB(2)/Nvath-like daughter cells will differentiate and
express NvpaxA which then goes on to specify cnidocytes (Babonis and Martindale,
2017). Most recently NvsoxB(2) has also been found to regulate the neuronal and
secretory marker NvismI as well as other secretory maker markers in Nematostella
(Tourniere et al., 2021). These data suggest that NvsoxB(2) and Nvath-like positive
progenitors can differentiate into neurons, cnidocytes, and sensory cells (Richards and
Rentzsch, 2015; Babonis and Martindale, 2017; Tourniére et al., 2021). Despite improved
understanding of the pathways downstream NvsoxB(2) and Nvath-like our understanding
for how these pathways interact with each other to pattern neurons, cnidocytes, or

secretory cells is completely unknown.

Oral-aboral patterning and restricted neuronal subtypes

The spatial restriction of targets downstream NvashA suggest that neuronal subtypes are
regulated by spatial genes. The expression patterns of multiple downstream targets of
NvashA (e.g. NvLWamide, Nvserum amyloidA-like, and Nvpaladin) display varying levels
of spatial restriction when compared to the broad expression of NvashA itself (Layden et
al., 2012). Most interestingly, ubiquitous expression of NvashA does not result in
ubiquitous expansion of NvLWamide or Nvpaladin but instead increased expression

within their wildtype domains (Layden et al., 2012). These spatial restrictions are
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reminiscent of spatial markers, like Nvsix3/6, expressed along the oral-aboral axis in

Nematostella.

Spatial genes along the oral-aboral axis are patterned through a gradient of Wnt along the
oral-aboral. Early expression of multiple Wnt ligands (Mvwnl, Nvwnt2, and Nvwnt3)
defines the site of gastrulation at the oral pole of the animal (Kraus et al., 2016) . This
Whnt activity can be read out as a gradient of stabilized nuclear B-catenin, with high
nuclear B-catenin at the oral pole and low nuclear B-catenin at the aboral pole (Leclére et
al., 2016). This gradient of nuclear 3-catenin then activates expression of distinct spatial
markers along the oral-aboral axis (Leclére et al., 2016). For instance, the aboral marker
Nvsix3/6 requires low nuclear B-catenin at the aboral pole, is activated, then functions to
further inhibit Wnt activity within this aboral domain (Sinigaglia et al., 2013; Leclére et
al., 2016). Pharmacological overactivation of Wnt activity then oralizes the embryo with
an expansion of oral and trunk markers at the loss of aboral expression (Marlow et al.,
2013; Sinigaglia et al., 2013; Leclere et al., 2016). Once established these spatial domain
genes then go on to pattern their specific domain. However, this has only been
characterized for the aboral marker Nvsix3/6. Loss of Nvsix3/6 results in loss of aboral
cell types with a subsequent expansion of trunk markers into the aboral domain while
overactivation of Nvsix3/6 expands aboral identity at a loss of oral tissue (Sinigaglia et
al., 2013; Leclére et al., 2016). This Wnt mediated mechanism of oral-aboral patterning
in cnidarians follows the same regulatory logic as the anterior-posterior axis of
bilaterians. However, the neurogenic role found within bilaterians spatial domain genes

has not been observed within cnidarians.



Anterior-posterior patterning genes within the bilaterian brain pattern neuronal subtypes
but this neurogenic function has not been identified in Nematostella. Along the anterior-
posterior axis of the bilaterian brain, spatial genes pattern regionally specific neuronal
subtypes. Six3 expression is found within the most anterior-most region of the brain and
patterns neuronal cell types which originate in that anterior tissue, this mechanism is
highly conserved among multiple bilaterians models (mice, sea urchins, sea stars, and
zebrafish) (Oliver et al., 1995; Lagutin, 2003; Cheatle Jarvela et al., 2016; Range and
Wei, 2017). Within Nematostella some neuronal subtypes seem to be restricted to this
Nvsix3/6 domain (Leclére et al., 2016; Busengdal and Rentzsch, 2017). When Nvsix3/6
expression was knocked down the predicted neuronal marker Nvdmrtb expression was
reduced, however it wasn’t lost and Nvsix3/6 was argued to not have a critical role in
neurogenesis (Sinigaglia et al., 2013). Pharmacological overactivation of Wnt activity
resulted in aboral domain shifts in the expression of the predicted neural marker Nv-
op85309 and the broad neural subtype marker Nvantho-rfamide (Marlow et al., 2013).
These data suggest that some aspect of spatial patterning along the oral-aboral axis likely
patterns individual neuronal subtypes however, the mechanism for this is still

uncharacterized.

The adult nervous system and neuronal subtype function
The nervous system of Nematostella is characterized as a nerve net composed of multiple
neuronal subtypes and has been hypothesized to be an organized nervous system. The

classic description of the cnidarian nerve net is that it consists of soma with disorganized
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neurite projections occurring across the body, which results in a nervous system that
resembles a net. Early work determined that Nvelav! labeled a large portion of the adult
nervous system and characterized three common neuronal cell types; sensory, glial, and
bipolar (Nakanishi et al., 2012). Research within the last five years though has expanded
on this early nervous system research and utilization of subtype markers has allowed for

more detailed understanding of the adult nervous system.

Synthesis of the NvLWamide::mCherry transgenic line showed distinct neuronal
subtypes within Nematostella. Characterization of this transgenic line identified five
distinct neuronal cell types based of neuronal morphologies and the tissue they were
identified in; the tripolar, quadripolar, mesentery, longitudinal, tentacular, and pharyngeal
neurons (Havrilak et al., 2017). Further characterization of this transgenic line identified
that the nervous system, when identified at the subtype level, scaled the number of
neuronal subtypes as the adult polyp grew in size suggesting organization to the
“disorganized’ nerve net (Havrilak et al., 2017). Several more neuronal subtypes have
been identified since then including a terminal differentiation marker Nvpou4,
NvGLwamide, and a sensory neuron marker Nvfoxq2d (Busengdal and Rentzsch, 2017;
Nakanishi and Martindale, 2018; Tourniére et al., 2020). Despite identification of new
neuronal subtypes, the functions of these neurons remains largely unstudied within

Nematostella.

Early research suggested that many of the neurotransmitters found within bilaterians are

utilized in Nematostella but, little work has been done to characterize the roles of these
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neuronal subtypes. To date the only neuronal subtype which has been found to have a
function in Nematostella is the neural peptide marker, NvGLWamide. Treatment with
endogenous GLwamide during development was found to inhibit larval metamorphosis
and maintain the free swimming planula larvae a few days longer than controls
(Nakanishi and Martindale, 2018). This is the extent for what we know about neuronal
subtype function in Nematostella. Interestingly though many of the mechanism necessary
for neuronal transmission within bilaterians has been identified within Nematostella
(Putnam et al., 2007; Anctil, 2009; Sebé-Pedros et al., 2018). These consists of
acetylcholine, dopamine, serotonin, GABAnergic, and several cnidarian-specific
neuropeptides (Anctil, 2009). In fact recent single cell sequencing data has found that
many of these genes are expressed within neuronal cells types and could be used as
neurotransmitters, in a similar fashion to the bilaterian neurotransmitters (Sebé-Pedros et
al., 2018). The characterization of these neurotransmitters within Nematostella could

provide insight into the evolution of neurotransmitter function within metazoans.

Summary

Research within Nematostella has identified many of the transcription factors necessary
for early neurogenesis within the ectodermal nervous system however how individual
neuronal cells type are patterned and the functional role of these neurons is unknown.
The first chapter within this dissertation aims to identify gene regulatory pathways that
determine how cell types are patterned from NvsoxB(2) and Nath-like progenitor
population. My work within chapter 2 identifies a NvsoxB(2) only progenitor pool as well
as a previously uncharacterized role for NvfoxD3-like in patterning cnidocytes. Chapter 3
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focuses on characterizing the role of spatial domain genes in patterning known neuronal
subtype markers. I found that Nvsix3/6 is necessary and sufficient to pattern aborally
restricted neuronal subtypes while trunk domain markers are likely patterned through
Wnt signaling. This work is the first to characterize a conserved role for axial patterning
genes in patterning neuronal subtypes outside the bilaterians. Lastly, within chapter 4, 1
identified a neurotransmitter role for acetylcholine in muscle contraction within
Nematostella. The culmination of this work identified that cnidarians utilize use a
combination of multiple progenitor populations and spatial information to pattern cell
types along the oral-aboral axis as well as a conserved role of acetylcholine as a

neurotransmitter.
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Chapter 2: Establishment of a preliminary gene
regulatory network for early neurogenesis in
Nematostella gastrula
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Abstract

The nerve net of Nemtostella vectensis is thought to arise from a pool of NvsoxB(2) and
Nvath-like positive progenitors however, this progenitor population also gives rise to
cnidocytes, neurons, and secretory cell types. Despite interest in understanding cell type
specification within Nematostella, how individual cell types are patterned remains poorly
understood. Knockdown of NvsoxB(2), Nvath-like, and dual knockdown of NvsoxB(2)
and Nvath-like reveals eleven novel targets of NvsoxB(2)/Nvath-like. These knockdowns
also suggest the existence of a NvsoxB(2) progenitor population which regulates a subset
of downstream markers consisting of all three cell types. Loss of Nvath-like resulted in
loss of NvsoxB(2) expression suggesting that Nvath-like promotes NvsoxB(2) expression
and is largely redundant in its regulation of early cell type patterning. Interestingly
NvfoxD3-like ,which is not downstream NvsoxB(2) or Nvath-like, regulates expression of
the cnidocyte marker, NvpaxA, suggesting it may have a role in cnidocyte differentiation.
These findings expand previously published gene regulatory pathways and provides some

insight on cnidocyte specification during early neurogenesis.

Introduction

The nervous system of the anthozoan cnidarian, Nematostella vectensis, is most
commonly described as a diffuse nerve net with neural soma projecting neurites across
the animal in seemingly haphazard directions (Nakanishi et al., 2012). This is in stark
contrast to the highly organized and structured central nervous system found within the
cnidarian sister taxa, the bilaterians (e.g. mouse, chick, c. elegans, etc.). Despite
differences in the structure of the final nervous system many of the early regulatory
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components necessary for bilaterian nervous system development have been found to be
functionally similar within Nematostella. Generally within bilaterians neural precursors
are selected through notch signaling, with high notch maintaining a stem cell population
and low notch activating the expression of proneural and sox genes (Bylund et al., 2003;
Simpson). Sox gene expression is maintained and necessary for maintenance of actively
dividing neural precursor cells (Graham et al., 2003; McClay et al., 2018) . Utilizing a
combination of spatial-temporal information these multipotent neural precursor cells will
either differentiate into specific developmentally restricted progenitor populations before
differentiating or will differentiate into the fully differentiated neural subtypes
(Guillemot, 2007; Berndt et al., 2015) . Despite years of research we only have a
preliminary understanding of early neurogenesis within Nematostella. In order to make
more informed hypotheses about the evolution of nervous systems, evolution of nervous
system patterning, or subtype specification mechanisms in cnidarians we need to expand

on what is currently known about early neurogenesis in Nematostella.

The onset of Nematostella neurogenesis occurs via MEK/MAPK signaling at the late
blastula stage with the expression of the neural progenitor markers, NvsoxB(2) and
Nvath-like (Layden et al., 2016). Notch signaling is then used to maintain Nvath-like
positive neuronal progenitors and it has been hypothesized that low Nvrotch/ high
Nvdelta induces differentiation of these NvsoxB(2)/Nvath-like positive progenitors
(Layden and Martindale, 2014; Richards and Rentzsch, 2015). Progenitors that are
NvsoxB(2) positive then give rise to three separate cell types within Nematostella:
cnidocytes, a stinging cell type unique to the cnidarians; neurons; or secretory cells

14



(Layden et al., 2012; Richards and Rentzsch, 2015; Babonis and Martindale, 2017;
Tourniére et al., 2021). Differentiating cnidocytes will then express NvpaxA while
differentiating neurons will express either the postmitotic marker, NvashA, or the
unipotent progenitor marker, Nvfoxq2d (Layden et al., 2012; Busengdal and Rentzsch,
2017). After differentiation occurs both fully differentiated cnidocytes and neuronal
subtypes will express the terminal marker NvPou4 (Tourniére et al., 2020). This pathway
then gives rise to the several neuronal, cnidocyte, and secretory markers identified within
adult polyps (pathway summarized in Figure 3.1)(Layden et al., 2012, 2016; Babonis and
Martindale, 2017; Busengdal and Rentzsch, 2017; Sebé-Pedros et al., 2018; Sunagar et
al., 2018; Tourniére et al., 2020, 2021). While this preliminary gene regulatory network
is informative, how individual subtypes (cnidocytes vs neuron vs secretory cells) are
patterned is currently unknown. Utilizing a pool of previously identified genes thought to
be neuronal we can begin to expand on this gene regulatory network and understand how

cell types are patterned.
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Figure 3.1 Gene regulatory pathways for the three cell types downstream NvsoxB(2) and Nvath-like
progenitors during development: Expression of NvsoxB(2) and Nvath-like is initiated through Mek/MAPK
signaling. Nvnotch signaling will maintain progenitor identity while low Nvnotch/ high Nvdelta expression
induces differentiation. Progenitors can then give rise to neurons (purple), cnidocytes (orange), or secretory
cells (blue). As neuronal progenitors begin to differentiate they will the postmitotic marker NvashA4,which
will they give rise to multiple neuronal subtypes, or the unipotent progenitor marker Nvfoxq2d, which gives
rise to Nvfoxq2d positive sensory neurons. Recent work also identified Nvism [ positive neurons
downstream NvsoxB(2)/Nvath-like + cells. As cnidocyte progenitors differentiate expression of NvpaxA
will be initiated, which goes on to activate expression of the cnidocyte marker Nvminicollagen3. Lastly,
recent work has found that NvsoxB(2)/Nvath-like positive cells also give rise to the secretory/gland cell
marker Nvism1.

Previous work which aimed to identify the neurogenic role of the MAPK pathway used a
microarray to identify genes that were affected by U0126, a MAPK inhibitor (Layden et
al., 2016). This microarray revealed 19 potentially neural transcription factors whose

gene expression becomes upregulated after the expression of NvsoxB(2) and Nvath-like
16



(Layden et al., 2016). Of these 19, one was found to be the broad cnidocyte regulator
NvpaxA and the other was later characterized as the unipotent progenitor marker
Nvfoxq2d (Layden et al., 2016; Babonis and Martindale, 2017; Busengdal and Rentzsch,
2017). It was also found that NvashA positively regulated two of the 17 potential neural
markers, NvemxLX and Nvvsx-like, likely supporting neuronal function of these two
genes (Layden et al., 2016). Here we aim to characterize whether the other 15 potential
transcription factors are downstream the neural progenitor markers Nvath-like and
NvsoxB(2). We identified that all genes except for NvfoxD3-like, Nvvegf-like, Nvhox2,
and Nvsox10 are downstream NvsoxB(2)/Nvath-like. We then individually knocked down
Nvath-like or NvsoxB(2) and observed evidence of a population of NvsoxB(2) only
progenitors. We then individually knocked down NvfoxD3-like to identify neurogenic
regulation independent of the NvsoxB(2)/Nvath-like positive progenitors cells. We found
that NvfoxD3-like seems to regulate cnidocyte patterning independent of
NvsoxB(2)/Nvath-like. Taken together these data expand our current understanding of

gene regulation and cell type patterning within Nematostella.

Materials and Methods

Animal Care and microinjection: Sexually mature Nematostella polyps were maintained

in 11-12ppt artificial sea water (Instant Ocean), maintained at 17°C, and fed as previously
described (Havrilak et al., 2017b, 2021). One week before spawning polyps were fed
oyster. To induce spawning polyps were placed at 25°C and a light was turned on 12
hours before spawning occurred. Egg clutches were fertilized for 10 minutes, de-jellied in
4% L-cysteine, pH=7-8, and then rinsed with 11-12ppt artificial sea water three times
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before microinjection as previously described (Havrilak et al., 2021). Microinjections
were performed using a Nikon SMZ1270 scope and Narishige MO-2020U rig and
embryos were then raised at 22C until the late gastrula stages, cleaned, and then placed

into Tripure as previously described (SIGMA 93289) (Layden et al., 2016).

shRNA synthesis: sShRNAs were synthesized as mentioned in He et al. 2018 (He et al.,

2018). shRNAs were then stored at -80°C in single injection aliquots. For all ShRNAs
where a single gene was targeted the sShRNAs were injected at 1pg/uL concentrations.
shRNA targeting NvsoxB(2) were used at a concentration of 2ug/uLL and the control was
then injected at the same concentration. For double knockdowns of Nvath-like and
NvsoxB(2) sampled were injected with a mix that included 1ug/uL of Nvath-like shRNA
and 2pug/pL of NvsoxB(2) totally 3ug/uL shRNA. The control shRNA for these double
injections were then injected at 3pug/uL. The controls used were a previously published
scramble shRNA (He et al., 2018). Gene knockdown was confirmed through qPCR

analysis.

RNA isolation and gPCR analysis:

RNA isolation were performed as previously reported with some modifications to the
protocols (Layden et al., 2012). ¢cDNA was synthesized from 1pg of isolated RNA and
was performed using the qScript CDNA SuperMix (QuantaBio 84034) according to
manufactured protocols. qPCR analysis was performed using the Qiagen Rotorgene 3000
and PerfeCTa SYBR Green FastMix (Quanta bio 84071). ATP-Synthase was to
normalize fold change between the experiment and the control samples. Control fold
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change was calculated using one control replicate to normalize the data and then three
other control replicates were used to calculate relative fold change ratios. Statistical

significance between experimental and control sampled were performed by comparing
fold change ratio values between experimental and control genes using a student t-test.

Each qPCR consisted of four biological replicates.

Results

NvfoxD3-like, Nvvegf-like, Nvsox10-like, and Nvhox2 are not regulated by NvsoxB(2)
and Nvath-like while Nvhd052 is inhibited

The neurogenic markers used for this study were previously identified as downstream the
MEK/MAPK pathway, which regulates early neurogenesis in Nematostella (Layden et
al., 2016). Due to the multiple roles MAPK plays during development in Nematostella,
the characterization of these markers as downstream targets of NvsoxB(2)/Nvath-like
needed to be confirmed (Layden et al., 2016; Amiel et al., 2017). To confirm downstream
targets of Nvath-like/NvsoxB(2) we coinjected shRNAs targeting both Nvath-like and
NvsoxB(2) (Figure 2.2) . Expression of Nvsox2, Nvvsx-like, Nvgfi-like, Nvpea3-like,
Nvtailless-like, Nvgcm, Nvhes-like3, Nvelav-like, Nvdkk-like3, Nvcoup-likel, Nvcoup-
like2, and Nvhd145 all showed reduced expression when both neuronal progenitor
markers were knocked down (Figure 2.2). Nvhd052 was upregulated, and no significant
change in expression was observed for NvfoxD3-like, Nvhox2, Nvsox10, and Nvvegf-like
(Figure 2.2). This confirmed downstream targets for at least 14 of the 19 MAPK markers.

Interestingly, previously reported single cell sequencing analysis identified Nvvegf-
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within neurons while NvfoxD3-like was expressed within cnidocytes and neurons (Table

2.1).
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Figure 2.1: Knockdown of NvsoxB(2) and Nvath-like reveals 11 new downstream targets of NvsoxB(2) and Nvath-

like. Adjusted fold change values of MAPK target genes were calculated using qPCR. Knockdown of both NvsoxB(2)
and Nvath-like resulted in loss of expression for all genes except Nvhd052, which was upregulated, and Nvsox10-like,

Nvvegf-like, NvfoxD3-likeNvfoxD3-like, Nvhox2 which were downregulates. Known neuronal markers NvashA,

Nvelav, Nvminicollagen3, Nvfoxq2d, and NvpaxA were used as known positive control targets of both NvsoxB(2) and
Nvath-like and showed loss of expression in the knockdowns. Red stars indicate significant (p<0.05) downregulation
of target genes while green stars indicate significant upregulation of targets markers. The highlighted box demarcates
values between 1.5 and -1.5 adjusted fold change which marks no change in expression. Error bars were calculated

using standard error and significance was calculated using a student t-test.

JGI Number  |Cnidocytes (Adult) |Neurons (Adult) |Gland/Secretory (Adult) |Muscle Gastroderm (Adult) |Larval cells (planula)
Nvhd145 8907 C1,€2,G3 C35
Nvhes-like 3 242118
Nvelav-like 214798|C2 C32-C34 2,026 C25,C28,C26
Nvsox2 239130(C8 C20
Nvdkk-like3 247589
Nvsox10-like 120772
Nvvegf-like 247798 C35 C25-C26
nvcoup-likel 165424|C5, C8 C20 C20
Nvcoup-like2 203423
Nvvsx-like 43460 C8,C37 C17 C25, C37
Nvdfi-like 182742 C13
Nvfoxd3 39632|C8 C6,C7 C20,C22
Nvtailless 132075 C1,C4-C7 C22
Nvfoxq2d 96685 C22 C38
Nvpea3-like 211452/16815 a7 C17,C20 C26 C28,C37
Nvhd052 92785
Nvhox2 91593
Nvgcm 157036
NvpaxA 243681|C5 €20, C34

Table 2.1. Identification of MAPK targets within the Sebé-Pédros et al. single cell sequencing data set.
Single cell transcriptomics identified some of these MAPK markers, classified here by their name and the
genome identification number (jgi number), within different adult cell types and within planula larvae.
Each cell indicates the cluster number these genes were identified within for each cell type class
(cnidocytes, neurons, gland/secretory, muscle gastroderm, and larval cells).
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NvsoxB(2) and Nvath-like regulate unique populations of downstream MAPK
targets

We then wanted to confirm that Nath-like and NvsoxB(2) actually coregulate all
downstream cell types. Nematostella possess NvsoxB(2) and Nvath-like positive
multipotent neural progenitor population that regulates all neuronal differentiation
markers known to date (Richards and Rentzsch, 2014, 2015). Recent work identified a
unipotent progenitor population downstream NvsoxB(2)/Nvath-like progenitors,
Nvfoxq2d, which differentiates into ectodermal sensory neurons (Busengdal and
Rentzsch, 2017). This recently identified progenitor population could imply that
Nematostella, like bilaterians, segregate progenitors during development to pattern
unique neuronal subtypes. Co-expression assays of NvsoxB(2) and Nvath-like suggest the
existence of three distinct progenitor populations early during neurogenesis: NvsoxB(2)
only cells, Nvath-like only cells, and cells which express both NvsoxB(2) and Nvath-like
(Richards and Rentzsch, 2015). This could indicate that multipotent neural progenitors
diverge early during development to regulate unique subsets of differentiated cell types.
We hypothesized that if progenitors segregate early during specific cell type
differentiation then a unique subset of these makers should be lost when Nvath-like or
NvsoxB(2) expression is reduced. To test this hypothesis knockdowns were performed
using shRNAs which targeted either Nvath-like or NvsoxB(2) and gene expression was

quantified at the late gastrula stage.

shRNA mediated knockdown of NvsoxB(2) alone resulted in a loss of Nvsox2, Nvcoup-
likel, Nvvsx-like, Nvgfi-like, Nvtailless-like, Nvpea3-like, and Nvgcm expression (p<0.05,
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Figure 2.3). Loss of Nvath-like resulted in significant loss of Nvgfi-like, Nvfoxg2d, and
Nvhox2 (p<0.05, Figure 2.4). While not significant, previous work has traditionally
defined an adjusted fold change value above 1.5 or lower than -1.5 as markers for a
significant change in gene expression (Layden et al., 2012; Richards and Rentzsch,
2015). Utilizing this method to identify “significance”, Nvath-like knockdown also
resulted in loss of expression of NvsoxB(2), Nvsox2, Nvvegf-like, Nvvsx-like, and
upregulation of Nvhd052 (Figure 2.4). The knockdown of NvsoxB(2) associated with loss
of Nvath-like expression indicates a role for Nvath-like in maintaining NvsoxB(2)
expression. This would suggest that we cannot separate Nvath-like progenitors from
NvsoxB(2)/Nvath-like progenitors within this study. However, these data still allow for

the characterization of NvsoxB(2) and NvsoxB(2)/Nvath-like progenitor populations.

N

o
* -
* -
L
i
=0
—
>
|
—il
-
* -
—H
* -
-
—
* (-
HEll
* -—
> -
—ill

&

Adjusted Fold Change
S

&

10 »
-12
P T RPN ISP C @R PGS S
A SR N s S L SO R A S S S A= R (U e AR IO LR O
FF WP FT G T W@ W W@ S
=N & & S S ‘\,‘é’ 6&9 ™ b o
o

Figure 2.3: Knockdown of NvsoxB(2) alone results in loss of a unique subset of MAPK markers. Adjusted
fold change values of MAPK target genes were calculated using gPCR. Knockdown of NvsoxB(2) resulted
in loss of expression Nvsox2, Nvcoup-likel, Nvvsx-like, Nvgfi-like, Nvtailless, Nvpea3-like, and Nvgcm.
Known neuronal markers NvashA and Nvelav showed loss of expression however Nvminicollagen3,
Nvfoxq2d, and NvpaxA remained unchanged despite all being positive control targets for NvsoxB(2). Red
stars indicate significant (p<<0.05) downregulation of target genes while green stars indicate significant
upregulation of targets markers. The highlighted box demarcates values between 1.5 and -1.5 adjusted fold
change which marks no change in expression. Error bars were calculated using standard error and
significance was calculated using a student t-test.
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Figure 2.4: Loss of Nvath-like results in loss of some but not all target genes. Adjusted fold change values
of MAPK target genes were calculated using qPCR. Knockdown of Nvath-like resulted in loss of
expression Nvgfi and Nvhox2. Knockdown also resulted in statistically nonsignificant loss of expression of
Nvsox2, Nvvegf-like, Nvvsx-like and statistically nonsignificant upregulation of NvAd052. Known neuronal
markers NvashA and Nvfoxq2d showed loss of expression however Nvelavi, Nvminicollagen3, and NvpaxA
remained unchanged despite all being known positive control targets for Nvath-like. Red stars indicate
significant (p<0.05) downregulation of target genes while green stars indicate significant upregulation of
targets markers. The highlighted box demarcates values between 1.5 and -1.5 adjusted fold change which
marks no change in expression. Error bars were calculated using standard error and significance was
calculated using a student t-test.

NvfoxD3-like regulates cnidocyte patterning independently of NvsoxB(2)/Nvath-like
progenitors

Knockdown of NvsoxB(2) and Nvath-like does not alter NvfoxD3-like expression however
previous data supports a possible neuronal or cnidocyte regulatory role for NvfoxD3-like.
Previous work found expression of NvfoxD3-like occurred early during development, is
broadly expressed, and has been characterized within both cnidocytes and neurons (Table
1.1) (Layden et al., 2016; Sebé-Pedros et al., 2018). This led us to hypothesize that
NvfoxD3-like cells consists of a NvsoxB(2)/Nvath-like independent lineage of neuronal or
cnidocyte cell type. To test this, we created sShRNAs for NvfoxD3-like and tested the
effect of their knockdown on previously published neurogenic markers, cnidocyte
markers, and those markers characterized in this study. Knockdown of NvfoxD3-like

resulted in no statistically significant change in gene expression (Figure 2.5). Utilizing an
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adjusted fold change of +/-1.5 as a biologically significant change in expression, we
found that loss of NvfoxD3-like expression resulted in knockdown of the cnidocyte
markers NvpaxA and Nvminicollagen3 (Figure 2.6). Knockdown of Nvfoxd also resulted
in increased expression of Nvsox10-like, Nvhd(052, and Nvhox2 (Figure 2.5). The loss of
NvpaxA expression when NvfoxD3-like expression was lost supports the hypothesis that

NvfoxD3-like regulates cnidocytes independent of both NvsoxB(2) and Nvath-like

expression.
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Figure 2.5: Knockdown of NvfoxD3-like reveals a positive regulatory role on cnidocytes with possible
inhibition of several other targets. Adjusted fold change values of MAPK target genes were calculated
using qPCR. Knockdown of NvfoxD3-like resulted statistically significant in loss in expression for just
NvfoxD3-like. Statistically nonsignificant knockdown of Nvminicollagen3,NvpaxA, and Nvdkk-like3 were
observed. Statistically nonsignificant upregulation was also observed of Nvsox10-like, Nvhd052, and
Nvhox2 when NvfoxD3-like expression was lost. Red stars indicate significant (p<0.05) downregulation of
target genes while green stars indicate significant upregulation of targets markers. The highlighted box
demarcates values between 1.5 and -1.5 adjusted fold change which marks no change in expression. Error
bars were calculated using standard error and significance was calculated using a student t-test.
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Figure 2.6: Model of gastrula neuronal, cnidocyte, and secretory differentiation within Nematostella.
Boxes indicate different patterning mechanisms for neuronal, cnidocyte, and secretory cell types.

Discussion

Identification of a NvsoxB(2) only progenitor population and the redundant role of
Nvath-like expression during early development

Here we expand on the gene regulatory network necessary for cnidocyte and neuronal
development within late gastrula Nematostella (Figure 2.6). We confirm at least 15
downstream targets of NvsoxB(2) and Nvath-like progenitors. We show that NvsoxB(2)
and NvsoxB(2)/Nvath-like progenitor populations regulate different downstream markers
despite traditionally thought to coregulate all downstream targets (Richards and
Rentzsch, 2015). We find that NvsoxB(2) is specifically necessary for expression of
Nvsox2, Nvcoup-likel, Nvtailless-like, and Nvpea3-like. This does not consist of one
specific cell type and all these genes have been identified in cnidocytes, neurons, or
secretory cells (Table 1.1) (Richards and Rentzsch, 2015; Sebé-Pedros et al., 2018;
Tourniére et al., 2021). This then supports a scenario where expression of Nvath-like is

capable of regulating all other targets downstream NvsoxB(2)/Nvath-like except Nvvsx-
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like, Nvgfi-like, and NvashA during late gastrulation. Previous work has shown that
morpholino induced loss of NvashA reduced expression of Nvvsx-like which could
suggest that loss of Nvvsx-like expression is due to loss of NvashA (Layden et al., 2016).
The redundant function of Nvath-like then ensures development of multiple cells types if
NvsoxB(2) expression is temporarily reduced. This redundancy is not a novelty within
Nematostella and has been characterized within bilaterian nervous system development
(Vallstedt et al., 2001; Cau and Wilson, 2003; Madelaine et al., 2011). It should be noted
while Nvsoxb(2) knockdown was observed at gastrula stages, morpholino induced
knockdown of NvsoxB(2) was found to be a more effective knockdown target genes when
tested during later larval stages (Richards and Rentzsch, 2015). It has also been observed
that loss of NvsoxB(2) at the planula stage results in loss of Nvath-like expression
(Richards and Rentzsch, 2015). This could suggest initial Nvath-like expression, and
potential to rescue loss of NvsoxB(2), is restricted to early stages of development.

The identification of these progenitor population and the hypothesis of this
redundancy relies heavily on the qPCR analyses performed here. To date no detailed
characterization of Nvath-like has been performed, at least to the same extent as the other
progenitor marker NvsoxB(2) (Richards and Rentzsch, 2015, 2015). The creation of a
transgenic line for Nvath-like, which could then be crossed into the NvsoxB(2):mOrange
transgenic line, would allow for in situ characterization within developing embryos. This
Nvath-like transgenic would then allow for characterization of their early differentiated
cell types, within cells that maintain the fluorescence before it’s degradation. Lastly,
utilization of single cell sequencing to compare cells types which express and then

develop from NvsoxB(2) and/or Nvath-like expressing cells would be instrumental in
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understanding, at least at the transcriptional level, any differences between these two
genes. However, the data collected here still suggests a redundant role for Nvath-like and
the existence of two progenitor populations; NvsoxB(2) only progenitors and

NvsoxB(2)/Nath-like progenitors.

NvfoxD3-like expression is necessary for cnidocyte differentiation independent of
NvsoxB(2) and Nvath-like expression

Knockdown of NvfoxD3-like results in loss of cnidocyte expression and increased
expression of Nvsox10-like, Nvhd052, and Nvhox2 (Figure 2.5). Interestingly, none of
these upregulated genes were found within the single cell sequencing analysis within
adults or larval planula (Table2.1) (Sebé-Pedros et al., 2018). However, expression of
NvfoxD3-like was found within both cnidocytes and neurons, is expressed fairly early
during development, and shares a similar expression pattern to NvsoxB(2) and Nvath-like
(Table 2.1) (Layden et al., 2016; Sebé-Pedros et al., 2018). Work within bilaterians has
shown that vertebrate FoxD3 suppresses neuronal differentiation while promoting neural
crest-like cell differentiation (Dottori et al.). Bilaterian Foxd3 has also been shown to
regulate broader progenitors during early neural crest development and then function
later to differentiate specific neural crest markers (Lister et al., 2006). It should be
emphasized, that neural crest cells have not been identified outside of vertebrate lineages
and is thought to have evolved within vertebrates. However, the function of Foxd3 in the
inhibition of one cell type and the positive regulation of another could be and ancestral
role and might be maintained within cnidarians. With these data taken into account we
hypothesize that early during development NvfoxD3-like expression is involved in
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promoting early cnidocyte differentiation by inducing expression of NvpaxA. NvfoxD3-
like expression within cnidocytes could support the idea that NvfoxD3-like represses early
neurogenesis, however the markers which are inhibited have not been implicated in
neurogenesis at all within Nematostella. Further characterization of the roles of Nviox2
and Nvsox10-like could be instrumental in understanding what cell types are being
inhibited during early development. Another possibility is that NvfoxD3-like also
regulates or demarcates a subset of neurons within adult polyps, this is likely the case do
to its expression within adult neurons (Table 2.1) (Sebé-Pedros et al., 2018). It is obvious
that further characterization of NvfoxD3-like is necessary to confirm the decision-making
mechanism hypothesized here. However, these data suggest a role in cnidocyte

development which was previously unknown.

Downstream targets of NvsoxB(2)/Nvath-like and a preliminary gene regulatory
network

Here we identified 13 novel downstream targets of NvsoxB(2) and Nvath-like utilizing a
pool of potential markers previously identified to be expressed within Nematostella
gastrula stages (Layden et al., 2016). It was hypothesized that based on the expression
patterns of these markers that these markers likely consist of broad neuronal regulators or
individual neuronal subtypes. We were not able to determine what cell types these 13
markers regulate within this study but single cell analysis suggest that these markers
likely make up multiple secretory, neuronal, and cnidocyte cell types (Table 2.1) (Sebé-
Pedros et al., 2018). However, this single cell analysis was performed in adult polyps and

the study performed here only consists of late gastrula embryos so discrepancies within
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the two datasets are likely to occur. The research performed here did not include a marker
for secretory cells, recent work has identified that Nvism 1 is a neuronal marker and a
secretory marker (Tourniére et al., 2021). However, it would not be possible to separate
differences in neuronal and the secretory Nvism [ expression utilizing qPCR at the
gastrula stage tested here. Future studies should include the secretory marker Nvmucin
within qPCR analyses. Nvmucin has been found to be downstream NvsoxB(2) and is
expressed broadly within late gastrula stages, when this analysis was performed
(Steinmetz et al., 2017; Tourniére et al., 2021). Despite the flaws within this study we
built a preliminary gene regulatory network for cell types downstream NvsoxB(2) and
Nvath-like (Figure 2.9). We expanded the number of known downstream targets and
identified a cnidocyte regulatory pathway for NvfoxD3-like expression (Figure 2.6).
Further characterization of these 13 markers and the effects each gene has on the others is
important to build a more informed gene regulatory network for late gastrula embryos. As
this gene regulatory expands we should be able to identify the mechanisms necessary for
cell type specification (cnidocyte vs neuron vs secretory cell) and for downstream

subtype specification.
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Chapter 3: Nematostella vectensis nerve net
patterning indicates an ancestral neurogenic role
for axial patterning genes during early
neurogenesis
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Abstract

Spatial patterning along the anterior-posterior axis of the bilaterian brain patterns
neuronal subtypes and is thought to be highly conserved. The conserved expression
profile of these spatial genes is then used to homologize the brains of extremely divergent
animal models. However, this work presumes that the neurogenic regulatory function of
axial patterning genes is unique to the bilaterian brain. Here we characterize the role of
axial patterning mechanisms, including the aboral marker Nvsix3/6, in patterning
neuronal subtype expression along the oral-aboral axis. We find that knockdown or
misexpression of Nvsix3/6 results in loss and expansion, respectively, of aborally
restricted neuronal subtypes. While graded Wnt activity along the oral-aboral axis
patterns the trunk neuronal marker Nvpea3-like and inhibits aboral neuronal subtype
patterning. We hypothesize a model where Nvsix3/6 and graded Wnt function together to
pattern domain restricted neuronal subtypes. We propose the idea that axial patterning
genes were used within the cnidarian-bilaterian ancestor to pattern the ancestral nerve net

and that this mechanism is not necessary for the evolution of bilaterian brains.

Introduction

Centralization of the nervous system is a conserved trait among the bilaterians
(e.g. mice, frogs, insects) and the evolution of this trait has been hypothesized to have
occurred once during bilaterian evolution. Early work within traditional bilaterian
models (e.g. mice, xenopus, chicks, and drosophila) identified a conserved function for
bone morphogenic protein (BMP) in establishing the dorsal-ventral axis and in the
inhibition of neurogenic tissue. Neurogenic ectoderm is initiated within the opposite end
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of BMP expression, which occurs ventrally within protostomes (ex. insects and worms)
and within the dorsal tissue in deuterostomes (ex. vertebrates). Along the D-V nerve cord
BMP then establishes a morphogen gradient from which spatial domain genes arise
which go on to pattern specific neuronal subtypes. A similar patterning mechanism has
been identified within the developing brain of bilaterians as well. With a gradient of Wnt
activity along the posterior (high Wnt) to anterior (low Wnt) axis patterning known
spatial domain markers, which go on to pattern specific neuronal subtypes along this AP
axis of the brain (Holland et al., 2013). These A-P patterning genes have been identified
within multiple bilaterians and their expression within the brain appears to be highly
conserved across multiple bilaterians (Steinmetz et al., 2010; Holland et al., 2013;
Cheatle Jarvela et al., 2016; Darras et al., 2018; McClay et al., 2018). Do to these two
highly conserved patterning mechanisms along the A-P and D-V axis, it is often used to
support the single origin hypothesis for the central nervous systems (Holland et al.,
2013). Recent work however, has started to challenge just how conserved these
mechanisms are within bilaterian and ultimately challenges support for a single origin of
the central nervous system.

Recent research within non-traditional models questions previous assumptions
about the conservation of DV and AP neurogenic patterning mechanisms. Work within
the spiralian,Capitella teleta observed that endogenous BMP did not inhibit formation of
the brain or the ventral nerve cord (Webster et al., 2021). A lack of response to BMP was
also identified within the hemichordate, Saccoglossus kowalevskii, which does not
possess a centralized nervous system (Lowe et al., 2006). Characterization of the

conserved spatial markers of the DV nerve cord within rotifers, did not observe the
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staggered expression typical of these genes within the rotifer trunk nerve cord (Martin-
Duran et al., 2018). Lastly, manipulation of BMP within the xenocoelomorphs, sister taxa
to the rest of the bilaterians, did not affect nervous system development (Martin-Duran et
al., 2018). These data argue that nerve cords and the utilization of BMP to pattern the
nervous system along the DV axis likely convergently evolved (Martin-Duran et al.,
2018; Martin-Duran and Hejnol, 2021). However, less work has gone into confirming the
neurogenic role of conserved spatial genes along the A-P axis and these genes expression
profiles are still used as support for the single evolution of centralized nervous systems
within bilaterians and used to homologize bilaterian brains. Identification of a neurogenic
function for AP patterning genes within an outgroup to bilaterians would suggest that a
neurogenic function occurred before the bilaterians diverged and that it is not a trait

unique to the bilaterian brain.

Cnidarians are the sister taxa to bilaterians and utilize similar AP patterning mechanisms
to pattern their oral-aboral axis. Research within the cnidarian, Nematostella vectenesis,
suggests that axial programs once thought to be unique to bilaterians were present in the
cnidarian-bilaterian ancestor (Marlow et al., 2013; Sinigaglia et al., 2013; Lecleére et al.,
2016). Along the oral-aboral axis, graded Wnt activity establishes distinct molecular
domains, many of which express homologs in the same relative order in which they are
observed in bilaterian centralized nervous systems (Marlow et al., 2013). Lastly,
expression of neuronal subtype markers along the oral-aboral axis suggests that neuronal
subtypes arise within these distinct molecular domains (Layden et al., 2012; Busengdal

and Rentzsch, 2017). Despite what appears to be similarities in neuronal patterning
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mechanisms with bilaterians, cnidarians do not possess a centralized nervous system. The
cnidarian nervous system consists of nerve nets comprised of neurons with soma
distributed in a scattered pattern intermixed with other differentiated cell types (Marlow
et al., 2009; Nakanishi et al., 2012). These observations suggest that some or all of the
bilaterian central nervous system AP patterning programs existed in the cnidarian-
bilaterian ancestor, and that further investigation into neuronal patterning programs in
Nematostella and other cnidarians could shed light on the origin and evolution of CNS
patterning programs and provide further insight about the homology or lack thereof of
bilaterian central nervous systems.

To gain insights about whether conserved A-P neuronal patterning programs were
present in the cnidarian-bilaterian common ancestor we investigated these molecular
mechanisms in Nematostella. In this article we determine that neuronal subtypes are not
restricted to distinct molecular domains but appear to be restricted to the domains of
specific axial markers. Pharmacological manipulation of Wnt activity results in
subsequent shifts in axial domain genes and neuronal subtypes, supporting the hypothesis
that axial patterning patterns neuronal subtypes. We then found that shRNA mediated
knockdown of the four axial markers researched (Nvsp6/9, Nvwnt2, Nvdlx and Nvsix3/6)
only the aboral marker Nvsix3/6 displayed a neurogenic role. We then attempted to
differentiate the Wnt inhibitory role of Nvsix3/6 from the neurogenic role identified here.
We combined the molecular manipulation of Nvsix3/6 and pharmacological manipulation
of Wnt activity to further characterize the axial mechanisms patterning neurogenesis.
This data suggests that Nvsix3/6 positively regulates neuronal subtypes within this

Nvsix3/6 domain while Wnt activity inhibits expression of these aboral neuronal markers
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in favor of trunk neuronal markers. Lastly, we show evidence suggesting that Wnt
patterns the aborally restricted endodermal marker NvotxC, which could suggest that
NvotxC might follow the same regulatory logic as Nvsix3/6. Together these data support a
neurogenic function for the spatial marker Nvsix3/6 and that axial markers had
neurogenic role before bilaterians diverged from the cnidarians. The evolutionary
implications of this data brings into question the ability to use spatial genes along the AP

axis of bilaterians to argue the single origin of the central nervous system.

Methods

Animal Care, microinjection, and fixation

Sexually mature Nematostella polyps were raised in 11-12ppt artificial sea water (Instant
Ocean), maintained at 17°C, and fed as previously described (Havrilak et al., 2017) One
week before spawning polyps were fed oyster. To induce spawning polyps were placed at
25°C and a light was turned on 12 hours before spawning occurred. Egg clutches were
fertilized for 10 minutes, dejellied in 4% L-cysteine pH=7-8, and then rinsed with 11-
12ppt artificial sea water three times before treatments, as previously described (Havrilak
et al., 2017). Microinjections were performed using Nikon SMZ1270 scope and
Narishige MO-2020U rig. Embryos that were not treated with a pharmacological drug
were then raised at 22°C for 24hpf (late gastrula), cleaned, and then prepped for fixation
(Havrilak et al., 2017). Embryos treated with a pharmacological agent were raised at 17C
for 48hpf (late gastrula), unless explicitly stated to be different, until fixation, and then
prepped for fixation (Havrilak et al., 2017). Embryos were fixed as described in Havrilak
et al. 2017 and then stored at -20C in methanol.
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shRNA, mRNA and Pharmacological treatments

shRNAs were synthesized as mentioned in He et al. 2019 (He et al., 2018). They were
then stored at -80 in single injection aliquots. A previously published scramble shRNA
was used as the control for all shRNA injections (He et al., 2018). Gene knockdown was
confirmed through in situ hybridization and/or qPCR. Nvsix3/6:venus mRNA using
previously published methods (Layden et al., 2013). Embryos were maintained at 17°C
until early gastrulation (~24hpf), once observed gastrulation was observed, embryos were
then treated with azakenepaullone (sigma A3734) or iCRT14 in 1/3X (Sigma SML0203)
until the last gastrula/early planula stage (~48hpf). Control embryos were treated with

DMSO. Embryos were then washed with fresh Nematostella media prior to fixation.

In situ hybridization, imaging, and domain quantifications

In situ hybridization was performed using previously published methods (Havrilak et al.,
2017b). DIC images of Nematostella embryos were taken on a Nikon NTi with a Nikon
DS-Ri2 color camera using the Nikon Elements software. To quantify domain size
animals were imaged so that the pharyngeal ectoderm was visible and centered within
lateral images. Images were then uploaded to Fiji where domain size was measured using
the segmented line tool (Schindelin et al., 2012). The first point of the segmented line
tool was positioned at the most endodermal location of the pharyngeal ectoderm. The first
measurement was then taken from the pharyngeal ectoderm to the most oral location of
gene expression, following the curve oft he embryo, and the length of this line was

recorded. The second measurement was then taken from the pharyngeal ectoderm to the
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location where the apical tuft will develop. This second measurement determined the
total size of the embryo. The last measurement was taken from this apical tuft region to
the most aboral expression domain for our gene of interest. We then used these three
measurements to determine the start of and aboral end of the expression domains. We
divided the first domain measurement , pharyngeal ectoderm to oral most region of gene
expression, and divided that by the total size of embryo multiplied by 100. This results in
a value that demarcates the start of domain expression on a 0-100 scale. We then repeated
this method for the third measurement, apical organ to aboral end of expression, and
subtracted this number by 100 to get value which demarcates the end of the expression

domain.

Results
Neuronal subtypes appear to be restricted to axial domains

The expression boundaries of axial domain markers and neuronal subtypes were
quantified to determine the correlation between axial domains and neuronal subtype
position in gastrula stage embryos. Positional information was normalized to percent
embryo length with the tip of pharyngeal ectoderm assigned zero and the aboral pole
assigned one hundred (Figure 3.2A). Axial domains were grouped into three main
categories oral (Nvslouch-like), trunk (Nvwnt2, Nvsp6/9, and Nvdlx), and aboral
(Nvsix3/6), (Figure 3.1, Figure 3.2). The expression domains of the neuronal subtype
markers fell into three distinct categories aboral (Nvfoxq2d and Nv239910), aboral and
trunk (NvLWamide), and trunk (Nvpea3-like) (Figure 3.1, Figure 3.2). We then quantified

the expression domains and mapped them onto a molecular domain map (Figure 3.2).
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Nvfoxq2d and Nv239910 were both restricted to the Nvsix3/6 aboral domain but only
Nv239910’s expression boundary coincided with the oral most boundary of Nvsix3/6
(Figure 3.2C). The expression boundaries for Nvfoxq2d ended within the aboral domain
and did not correspond to any identified molecular domain boundary. NvLWamide-like
expression spanned multiple aboral and trunk domains terminating before the expression
domain of Nvslouch-like (Figure 3.2C). Lastly, Nvpea3-like was primarily restricted to
the Nvwnt2 positive domains trunk but was also expression within the Nvdlx Nvsix3/6+
aboral domain (Figure 3.2C). Nvpea3-like expression also terminated in the middle of the
Nvwnt2/Nvsp6/9/Nvslouch-like domain (Figure 3.2). These data suggest that axial domain
genes, like Nvsix3/6 and Nvwnt2, may contribute to regulating neuronal subtype
patterning. However, the fact that some neuronal subtype expression ended within a
domain rather than at domain boundaries suggests that either our catalog of molecular
domains is incomplete, or that additional factors contribute to neuronal subtype

patterning.
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Figure 3.1: Expression of markers used to create the molecular domain map along the oral-aboral axis, and
the neuronal markers used to determine molecular restriction. The aboral marker Nvsix3/6 (A), the trunk
markers Nvdix (E)/Nvwnt2 (F)/Nvsp6/9 (G), and the oral marker Nvslouch-like (I) were used to determine
molecular domains along the oral-aboral axis. Previously published neuronal marker Nvfoxq2d (B),
Nvserum amyloidA-like (C), NvLWamide-like (D), and Nvpea3-like (H) were used to identify the domains
neuronal subtypes are restricted to. Lateral with oral pole to the left.
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Figure 3.2: Unique molecular domains established along the oral-aboral axis do not coincide with
expression of known neuronal subtype markers. Positional information was normalized along the oral-
aboral axis with 0 at the pharyngeal ectoderm (grey) and 100 at the aboral end (A). The domain
measurements for the spatial markers used within this study (B). The combinatorial molecular domains
established by overlapping regions of expression and the expression domains for published neuronal
subtypes (C). Bars at the end of the domain measurements are calculated from standard error of the mean
(SEM).

40



Pharmacological manipulation of Wnt activity alters domains of these neuronal
subtypes

After identifying that some neuronal markers were restricted to the expression domains of
axial markers we wanted to identify whether manipulation of these domains would also
shift neuronal subtype expression. Previous work has shown that treatment with the Wnt
agonist, azakenpaullone, reduced the domain size of aboral markers while expanding the
expression of trunk markers (Marlow et al., 2013; Leclére et al., 2016; Lebedeva et al.,
2021). While treatment with iCRT14, a Wnt antagonist, was capable of expanding the
aboral domains (Marlow et al., 2013). We then repeated these experiments treating
embryos from fertilization to gastrulation (Figure 3.3). Interestingly we observed that
early treatment with 10uM or 20uM iCRT14 resulted in reduced expression of the
neuronal progenitor marker, Nvath-like, and loss in Nv239910 expression (Figure 3.3 D-
I). Treatment with azakenpaullone or iCRT14 after the start of gastrulation to the late
gastrula stage reduced this knockdown of Nvath-like expression though treatment with
10uM azakenpaullone still significantly reduced expression of NvashA (Figure 3.3 J). We
then utilized this delayed treatment to characterize whether shifts in axial domain size

also shifts neuronal expression domains.
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Figure 3.3: Pharmacological wnt manipulation from fertilization to late gastrulation inhibits neurogenesis
in Nematostella which is not observed when treatment occurs after the start of gastrulation. Treatment with
iCRT14 from fertilization to late gastrulation at published concentrations expands expression of Nvsix3/6
(A-C). This treatment regimen also reduces expression of the progenitor marker Nvath-like (D-F, D’-F”)
and the differentiation marker Nvserum amyloidA-like (G-H). Treatment with azkenpaullone does not affect
neural progenitor markers but does knockdown expression of NvashA (J, grey bars). Delayed treatment
with iCRT14 after gastrulation occurs slightly reduces Nvath-like expression but does not significantly
reduce expression of other neuronal markers (J, black bars). Error bars are standard error of the mean. (A-
E) Lateral view with oral pole to the left. (D’-F’ and G-I) aboral views.

Manipulation of the Wnt gradient, altered axial domain genes and shifted expression of
neuronal markers. Previous work has already shown that treatment with 20uM iCRT14 is
capable of expanding aboral markers at the expense of oral markers (Marlow et al.,
2013). We observed an expansion of the aboral marker Nvsix3/6 however treatment with
20uM iCRT14 did not significantly shift expression of trunk domain markers (Figure 3.4
D-E, G-H, J-K, P-Q). Interestingly we did observe a significant reduction in the domain

size of the trunk neural marker Nvpea3-like (Figure 3.4M-N, p<0.05). Expression of
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Nvfoxq2d expanded when treated with iCRT14, however the expression domain of
Nv239910 and NvLWamide-like remain unchanged (Figure 3.4 S-T, V-W, Y-Z, p<0.05).
Treatment with 2uM azakenpaullone significantly expanded the expression domains for
all trunk domain and the trunk specific neuronal marker, Nvpea3-like, at a significant loss
of all aboral marker expression (Figure 3.4 C, F, I, L, O, R, U, X, A’). Interestingly the
oral marker Nvslouch-like, did not expand but its expression shifted aborally and was
significantly reduced (Figure 3.4 A, C). These data augments previous work
characterizing the role of Wnt activity on axial domain shifts by identifying that these
domain shifts also alter the domain sizes of known neuronal markers as well. This would
support the hypothesis that axial information along the oral-aboral axis functions to

pattern neuronal subtypes.
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Figure 3.4: Pharmacological overactivation of wnt results in aborilized shifts in neuronal subtype
expression. (A-O) Treatment with 20uM iCRT14 does not significantly reduce expression of the oral or
trunk domain markers but does reduce expression of Nvpea3-like. Treatment with 2uM azakenpaullone
significantly shifts the oral marker Nvslouch-like and expands trunk identity, both domain and neuronal
markers, into the aboral domain. (P-A’) Treatment with 20uM iCRT14 significantly (p<0.05) expands
expression of Nvsix3/6 and Nvfoxq2d expression while treatment with 2uM azakenpaullone significantly
reduces domain sizes for the aboral domain and neuronal markers. Lateral view with oral to the left. Bars at
the bottom of the page show domain measurements, from 20 to 100%, across all three treatment groups.
Error bars were calculated using standard error of the mean. Significance was determined using student
t.test.
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Nvsix3/6 is necessary and sufficient to pattern aboral neuronal subtypes

To determine if axial domains contribute to neuronal patterning, axial domains genes
were disrupted and changes to neuronal patterning assessed. The initial focus was on the
Nvsix3/6+ aboral domains, in part, due to the presence of multiple neuronal subtypes
found within its expression domain. sShRNA mediated knockdown of Nvsix3/6 produced
the previously identified expansion of trunk markers into the aboral domain confirming
the functionality of the shRNA (Figure 3.5C-D) (Sinigaglia et al., 2013). Loss of
Nvsix3/6 reduced the expression of and domain boundaries for the neuronal markers
restricted to the Nvsix3/6 domain (Figure 3.5 H-I’, p<0.05). However, NvLWamide
expression, which spans both the aboral and trunk domains, remained unchanged in
Nvsix3/6 shRNA injected animals (Figure 3.5 G-G’, p>0.05). Additionally, the aboral
boundary of the trunk neuronal subtype Nvpea3-like expanded into the apical domain in
Nvsix3/6 knockdowns (Figure 3.5 E-E’, p<0.005), which is consistent with the expansion
of the trunk axial domain aborally in the absence of Nvsix3/6. We found no significant
change in the domain size for the oral marker Nvslouch-like when Nvsix3/6 was knocked
down (Figure 3.5 A-A’; p>0.05). Conversely, global misexpression of Nvsix3/6 resulted
in an expansion of the oral expression limit for all neuronal subtypes (Figure 3.6 G-I/GI’-
’p<0.005). The ubiquitous misexpression of Nvsix3/6 also resulted in loss of the oral and
trunk domain markers while Nvpea3-like expression was significantly reduced and
shifted orally (Figure 3.6 A-E'A-E/). These data suggest that Nvsix3/6 is necessary and
sufficient to promote patterning of aboral neuronal subtypes. This would support the
overall hypothesis that axial markers within the cnidarian-bilaterian ancestor also used

axial markers to pattern neuronal subtypes.
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Figure 3.5: shRNA mediated loss of Nvsix3/6 expression results in aboral shifts in trunk and aboral
markers. Loss of Nvsix3/6 did not alter the domain size of the oral marker Nvslouch-like (A/A’). Loss of
expression expanded expression of the trunk domain and neuronal markers (B-E/B-E’). Loss of Nvsix3/6
also resulted in reduction in the domain size of Nvserum amyloidA-like and Nvfoxq2d while having no
effect on NvLwamide expression (G-1/G’-I"). Lateral view with oral to the left. Bars at the bottom of the
page show domain measurements, from 20 to 100%, across all three treatment groups. Error bars were
calculated using standard error of the mean. Significance was determined using student t.test.
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Figure 3.6: Ubiquitous expression of Nvsix3/6 result in oral shifts in expression of trunk and aboral
markers. Misexpression of Nvsix3/6 resulted in loss of expression for the oral marker, Nvslouch-like, and
all trunk domain markers (A-D/A’-D’). The trunk neuronal domain marker, Nvpea3-like, however still
maintained expression at the oral-most region of the embryo (E/E’). Ubiquitous expression of Nvsix3/6 was
capable of expanding expression of all aborally expressed neuronal markers into the trunk and oral domains
(H-I/H’-I’). Lateral view with oral to the left. Bars at the bottom of the page show domain measurements,

from 20 to 100%, across all three treatment groups. Error bars were calculated using standard error of the
mean. Significance was determined using student t.test.

The trunk marker Nvwnt2 regulates trunk expressed neuronal subtypes
Next we tested the role of trunk domain markers on the regulation of the neuronal
subtype marker Nvpea3-like. While our molecular domain data would suggest that

Nvwnt2 regulates Nvpea3-like, Nvpea3-like also overlaps with Nvdlx and Nvsp6/9 (Figure

47



1). If Nvdix, Nvwnt2, and/or Nvsp6/9 regulates neuronal subtypes then knockdown of one
of these genes should result in loss of Nvpea3-like expression. We created shRNAs for
NvdIx, Nvwnt2, and used a previously published shRNA for Nvsp6/9 to identify which
trunk marker regulates Nvpea3-like expression (Lebedeva et al., 2021). We also tested
whether loss of these genes would result in expansion of the flanking axial genes,
suggesting a role in axial patterning

Loss of NvdIx expression resulted in no change in the expression domain of the
oral markers, trunk neural and domain markers, or aboral domain and neuronal markers
(Figure 3.7 A--E’); p>0.05). This suggest that Nvdix is not a regulator of trunk identity or
trunk neuronal subtypes during these late gastrula stages. Knockdown of Nvsp6/9 reduced
the expression domain of Nvslouch-like and Nvwnt2 however, the expression domain of
NvdIx and Nvpea3-like were largely unaffected (Figure 3.7 A/A’’-E/E”’p<0.05). Loss of
Nvsp6/9 did result in the slight expansion of Nvsix3/6, NvLWamide-like, and Nvserum
amyloidA-like expression into the trunk domain (Figure 3.7 F/F*’-H/H’’, p<0.005).
However, expression of Nvfoxq2d remained unchanged when Nvsp6/9 expression was
reduced (Figure 3.7G/G’’; p>0.05). We then knocked down the trunk marker, Nvwnt2,
and observed shifts in domain sizes for all markers tested (Figure 3.7A-1"""). The aboral-
end of domain expression for Nvslouch-like, Nvsp6/9, Nvdix, and Nvpea3-like were all
slightly shifted orally reducing the overall domain size (Figure 3.7 A/A’”’-E/E’”"). We
also observed expanded expression of the aboral marker Nvsix3/6, the aboral-trunk
neuronal marker NvLWamide-like, and the aboral neuronal marker Nvfoxq2d into the
trunk domain (Figure 3.7 F/F’*’-G/G’”’). Interestingly, expression of Nvserum amyloidA-
like appeared to be slightly reduced, though this was not significant, when Nvwnt2
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expression is reduced. Despite knockdown of the three trunk neuronal markers none of
them dramatically reduced expression of Nvpea3-like and suggests that the published
trunk markers do not regulate neuronal subtype patterning. Overall the data could suggest

that another axial patterning mechanism could be regulating trunk neuronal subtypes.
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Figure 3.7: Known trunk markers (Nvdlx, Nvsp6/9, and Nvwnt2) do not pattern trunk neuronal identity.
Knockdown of Nvdix does not alter spatial domain or neuronal markers (A’-I"). Loss of Nvsp6/9 results in
domain shifts orally of Nvslouch-like, Nvwnt2, Nvsix3/6, NVLwamide-like, and Nvserum amyloidA-like
(A”’-G”*). Knockdown of Nvwnt2 expands expression of Nvsix3/6 and Nvfoxq2d at the expense of the trunk
marker Nvsp6/9, NvdIx, Nvpea3-like and the oral marker Nvslouch-like (A’*’-1"""). Lateral view with oral to
the left. Bars at the bottom of the page show domain measurements, from 20 to 100%, across all three
treatment groups. Error bars were calculated using standard error of the mean. Significance was determined
using student t.test.

NvSix3/6 regulates aboral neuronal subtype expression and wnt signaling patterns
trunk neuronal subtypes

Our inability to identify a trunk domain marker with a neuronal function led us to
question whether the neurogenic role of Nvsix3/6 was true. Previous work within
Nematostella characterized a role for Nvsix3/6 in the stabilization of the oral-aboral axis

by inhibiting Wnt activity at the aboral pole (Sinigaglia et al., 2013; Leclére et al., 2016).
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This led us to hypothesize that early embryonic manipulation of Nvsix3/6 likely altered
Wnt activity along the oral-aboral axis. To separate the Wnt inhibitory role of Nvsix3/6
with the neurogenic function we treated embryos injected with Nvsix3/6 shRNA or
Nvsix3/6:venus with iCRT14 or azakenpaullone, respectively. If Nvsix3/6 has a
neurogenic function, then pharmacological manipulation of Wnt activity should not
rescue Nvsix3/6 mediated loss or misexpression of the aboral neuronal subtypes identified

above (Figure 3.5 and 3.6).

Embryos injected with Nvsix3/6 shRNA and treated with a DMSO control resulted in
expansion of Nvpea3-like and domain reduction of Nvserum amyloidA-like, replicating
the above phenotypes (Figure 3.8 A/A’ and C/C’). Treatment with 20uM iCRT14 did not
rescue this expansion of Nvpea3-like and loss of Nvserum amyloid-like (Figure 3.8A-D’).
Embryos injected with Nvsix3/6:venus resulted in expansion of Nvfoxg2d expression
while orally restricting expression of Nvpea3-like, as was previously observed (Figure
3.6). Treatment with 2uM azakenpaullone resulted in expansion of Nvpea3-like
expression and a significant reduction in the domain size of Nvfoxq2d (Figure 3.8 E-H’).
This is reminiscent of the domain measurements observed when embryos were treated
with 2uM azakenpaullone (Figure 3.4M/O and Y/A’). The culmination of the data from
these rescue experiments suggests that Nvsix3/6 is necessary for aboral neuronal subtypes
while graded Wnt activity patterns trunk neuronal subtypes and inhibits aboral neuronal
subtypes. Lastly, previous work identified the predicted enhancer domain for Nvsix3/6
within Nematostella (Sebé-Pedros et al., 2018). Previous work also identified the

upstream regulatory necessary to synthesize a Nvserum amyloidA-like transgenic line
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(Layden et al., 2016). We found that the upstream regulatory domain for Nvserum
amyloidA-like possessed three potential enhancer binding domains for Nvsix3/6 and
contained binding domains for Nvicf, the transcription factor activated by wnt signaling.
We also identified potential binding domains in the upstream regulatory components used
to synthesize transgenic lines for NvLWamide-like and Nvfoxq2d (Layden et al., 2016;
Busengdal and Rentzsch, 2017; Havrilak et al., 2017). This could lend support to the
hypothesis that Nvsix3/6 directly patterns regulation of those neuronal subtypes expressed

within the aboral domain.
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Figure 3.8: Pharmacological wnt manipulation rescues ubiquitous misexpression of Nvsix3/6 but not
shRNA mediated loss of Nvsix3/6 expression. Injection of Nvsxi3./6 shRNA and treatment with iCRT14 is
not capable of rescuing expansion of Nvpea3-like or loss of Nvserum amyloidA-like (A-D’). Treatment with
2uM azakenpaullone in embryos ubiquitously misexpressing Nvsix3/6 rescues loss of Nvpea3-like
expression and reduces expression of Nvfoxq2d (E-H’). Lateral view with oral to the left. Insets within C-D
are images with aboral ends in focus. Bars at the bottom of the page show domain measurements, from 20
to 100%, across all three treatment groups. Error bars were calculated using standard error of the mean.
Significance was determined using student t.test.



Whnt signaling also affects endodermal expression of NvorxC

Here we focused on characterizing a neurogenic role for Nvsix3/6 however, other
bilaterian AP patterning domain markers have been identified within Nematostella and
could also perform neural regulatory roles. Within bilaterians expression of six3 defines
the forebrain, the genes otx and irx define the midbrain, and gbx defines the hindbriain
within bilaterians (Holland et al., 2013). Nvirx is expressed adjacently to expression
domain of Nvsix3/6 and Wnt activity regulates its expression along the oral-aboral axis
(Marlow et al., 2013). However, expression of Nvirx seems to be restricted to individual
cells instead of the broad expression typical of domain markers in Nematostella (Marlow
et al., 2013). While MvotxC expression is restricted to the aboral end of the endoderm of
Nematostella within gastrula and this expression is maintained as development occurs
(Mazza et al., 2007). Interestingly, within Nematostella the endodermal nerve net is
patterned independently of the ectodermal nervous system (Nakanishi et al., 2012). It is
possible that NvotxC patterns expression of endodermal neurons in a similar manner to
Nvsix3/6. However, no work has been done to determine whether Wnt patterns this
endodermal spatial marker in Nematostella. Treatment with 2uM azakenpaullone
resulted in complete loss of expression of NvotxC while treatment with 20uM iCRT14
increased expression of NvotxC. This would suggest that NvotxC is responsive to
alterations in Wnt activity and could be functioning to pattern neuronal subtypes within

the endoderm.
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DMSO 2uM Az. 20uM iCRT14

NvotxC

Figure 3.9: Pharmacological manipulation of wnt affects expression of the endodermal marker NvoxC.
NvotxC expression is restricted to the aboral end of the endoderm within late gastrula (A). Treatment with
2uM azakenpaullone results in a loss of NvotxC expression (B). Treatment with 20uM iCRT14 then
increased expression of NvotxC (C). Lateral view with oral to the left

Discussion
Axial patterning mechanisms pattern neuronal subtypes within Nematostella

Here we show that Nvsix3/6 is both necessary and sufficient for the expression of
neuronal subtypes expressed within its own domain (Figure 3.8). We then hypothesize
that graded Wnt activity along the oral-aboral axis inhibits expression of these aboral
neuronal markers while promoting expression of trunk neuronal identity. It is this dual
role of spatial markers and graded Wnt activity which go on to pattern different neuronal
subtypes along the oral-aboral axis. However, it is entirely possible that the spatial
domain genes necessary for neuronal patterning within the trunk domains have just not
been identified.

The trunk domain is patterned through Wnt mediated mechanism but the
upstream regulatory gene necessary for trunk development is still unknown. Our model
of Wnt mediated trunk neuronal patterning was hypothesized due to our inability to
identify a domain marker which patterns the trunk domain of Nematostella. To date the

best characterized trunk marker is Nvsp6/9 whose domain is repressed by oral markers
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and whose expression represses the domain of Nvsix3/6 (Lebedeva et al., 2021).
However, loss of Nvsp6/9 expression does not result in loss of trunk domain identity
(Figure 3.7). Instead, loss of Nvsp6/9 reduced the domain size of known trunk genes,
including expression of Nvwnt2, and similar to the iCRT 14 treatments (Figure 3.7). This
reduced domain phenotype is also observed within Nvwnt2 knockdown embryos and it is
possible that these two genes function together to pattern the trunk domain and trunk
neuronal subtypes, in a similar mechanism to how the oral domain is patterned in
Nematostella (Lebedeva et al., 2021). It is also possible that we have not yet identified
the spatial domain gene necessary for trunk identity. Several markers were recently
identified as trunk markers within Nematostella, including the homeodomain marker
NvmsxA, but their function within Nematostella remains largely uncharacterized
(Lebedeva et al., 2021). Characterization of how the trunk domain is patterned and the
roles individual trunk markers play in patterning this tissue could provide further insight

into our understanding of how trunk neurons are patterned.

The role of anterior-posterior patterning and the evolution of central nervous systems
The ability for Nvsix3/6 to pattern aborally restricted neuronal subtypes within
Nematostella brings into question the utilization of these spatial markers to homologize
bilaterian brains. Loss of six3 within multiple bilaterian models results in loss of
forebrain development (Oliver et al., 1995). It is this highly conserved function of six3
which is used to support homologizing brain tissue across distinctly different bilaterian
brain (Steinmetz et al., 2010; Holland et al., 2013; Darras et al., 2018). Functional
studies characterizing a patterning or neurogenic role for these axial markers, like six3,
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have not been extensively performed outside of traditional models (Steinmetz et al.,
2010; Martin-Durén et al., 2018). The data collected here confirmed a neurogenic role for
Nvsix3/6 within cnidarians and suggest that this neurogenic function evolved prior to
when cnidarians and bilaterians diverged. This would suggest that the utilization of axial
genes to pattern bilaterian brains and neuronal subtypes is not necessary for central
nervous system patterning and likely should not be used to homologize different brain
regions. The other hypothesis that could be postulated is that the bilaterian forebrain and
the aboral domain of Nematostella are homologous. This is not a novel hypothesis and
has been previously hypothesized due to the conserved regulatory role of Nvsix3/6 in
patterning the aboral domain (Sinigaglia et al., 2013). However, expression of other
spatial markers typically identified within the midbrain and hindbrain are not expressed
within the same tissue in Nematostella.

It is possible that the condensation of these spatial domain markers into the same
neuroectoderm is necessary for the evolution of the centralized nervous system. The
bilaterian markers six3, irx, otx, and gbx are expressed within staggered domains in the
neuroectoderm and give rise to the three generally homologized regions of the bilaterian
brain. In Nematostella these markers are expressed within the ectoderm (Nvsix3/6 and
Nvirx) and the endoderm (Nvgbx and NvotxC) (Mazza et al., 2007; Marlow et al., 2013;
He et al., 2018). Interestingly, Nematostella also develop nervous systems independently
from the ectoderm and the endoderm with no data supporting that either nervous system
is more homologous to bilaterian nervous system (Nakanishi et al., 2012). These data
culminates in the hypothesis that within the bilaterian ancestor these anterior posterior

markers coalesced into the same tissue, became staggered, and then patterned distinct
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regions within the brain. An alternative hypothesis previously postulated however, is that
central nervous system convergently evolved in a stepwise manner utilizing genes which
already play a spatial patterning role (Pani et al., 2012; Martin-Duran and Hejnol, 2021).
It then becomes important to study the expression profiles of these AP axial markers
within non-traditional bilaterian system to functional determine whether they have a
neurogenic function. For instance in the hemichordate, Saccoglossus kowalevskii, Six3 is
expressed anteriorly yet, it does not possess a central nervous system (Lowe et al., 2006).
This would suggest that it is involved in axial patterning but not utilized for neurogenic
patterning. The xenocoelomorphs have been postulated to be the earliest branching
bilaterian and it has been hypothesized that the ancestral nervous system for this model is
likely a nerve net (Cannon et al., 2016; Gavilan et al., 2016). Characterization of the
expression patterns for these AP spatial domain markers within xenocoelomorphs found
anterior restriction of six3/6 but expression of otx occurs across the entire body column.
If these spatial markers play both a spatial and neuroregulatory role then it would lend
support to the idea that this neurogenic role is highly conserved and is not involved in the
evolution of complex brains. If these spatial markers regulate spatial patterning but are
not involved in neurogenesis then it would support the hypothesis that these spatial
patterning markers are being convergently co-opted within bilaterians to pattern different

brain regions.
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Chapter 4: Identification and characterization of

the role of acetylcholine in Nematostella vectensis
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Abstract

Recent worked has characterizing the nerve net of Nematostella vectensis found that it
consists of multiple neuronal subtypes. However, the function of these neurons has
remained largely uncharacterized. Nicotinic and muscarinic acetylcholine receptors are
best known for their role at chemical synapses in bilaterian animals. It is not clear when
neuronal function for nicotinic or muscarinic receptors evolved. Previous studies in
cnidarians suggest that acetylcholine’s neuronal role existed prior to the cnidarian—
bilaterian divergence, but has not been well characterized. To determine the origins of
neuronal functions of nicotinic acetylcholine receptors, we investigated the phylogenetic
position of cnidarian acetylcholine receptors, characterized the spatiotemporal expression
patterns of nicotinic receptors in Nematostella, and compared pharmacological studies in
N. vectensis to the previous work in other cnidarians. Treatment with acetylcholine-and
nicotine induced tentacular contractions while the nAChR antagonist mecamylamine
suppressed tentacular contractions induced by both acetylcholine and nicotine. This
indicated that tentacle contractions are in fact mediated by nAChRs. Nicotine also
induced the contraction of radial muscles, which contract as part of the peristaltic waves
that propagate along the oral-aboral axis of the trunk. Radial contractions and peristaltic
waves were suppressed by mecamylamine. The ability of nicotine to mimic acetylcholine
responses, and of mecamylamine to suppress acetylcholine and nicotine-induced
contractions, supports a neuronal function for acetylcholine in cnidarians. Phylogenetic
analysis suggests that the Nematostella genome encodes 26 nicotinic (nAChRs), no
muscarinic (mAChRs) acetylcholine receptors were observed, and that nAChRs
independently radiated in cnidarian and bilaterian linages. Examination of the
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spatiotemporal expression of N. vectensis nAChRs during development and in juvenile
polyps identified that NvnAChRs are expressed in neurons, muscles, gonads, and large
domains known to be consistent with a role in developmental patterning. These patterns
are consistent with nAChRs functioning in a neuronal and suggested non-neuronal
functions as well. Our data suggest that nAChR receptors functioned at chemical
synapses in N. vectensis to regulate tentacle contraction. Similar responses to
acetylcholine are well documented in cnidarians, suggesting that the neuronal function
represents an ancestral role for nAChRs. Together, these observations suggest that both
neuronal and non-neuronal functions for the ancestral nAChRs were present in the
cnidarian—bilaterian common ancestor. Thus, both roles described in bilaterian species

likely arose at or near the base of nAChR evolution.

Introduction

Neuronal subtypes in Nematostella vectensis have largely been identified through large
scale experiments, such as RNA sequencing, microarray, or identification of
neuropeptide expression (Marlow et al., 2009; Layden et al., 2012; Havrilak et al.,
2017b). More recent work has started to link these neuronal subtypes to their functional
role, such GLWamide’s role in metamorphosis (Nakanishi and Martindale, 2018). Yet
there has been less focus on the characterization of the developmental origins of these
functional neuronal subtypes in Nematostella. One functional neuronal subtype that has
been developmentally characterized within multiple bilaterian are cholinergic neurons
3(Dani and Bertrand, 2007). Cholinergic neurons release acetylcholine at the synaptic

junction where it will bind to either nicotinic or muscarinic acetylcholine receptors.
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Interestingly the components necessary for cholinergic signaling have been identified
within the multiple cnidarian genomes but cholinergic neurons have not been
characterized any cnidarian, including Nematostella vectensis (Anctil, 2009; Chapman et
al., 2010; Shinzato et al., 2011; Leclere et al., 2019). The focus of this aim was to (1)
characterize the role of acetylcholine in Nematostella and (2) to identify the cholinergic

neurons producing acetylcholine.

The role of acetylcholine within cnidarians has largely been investigated through
pharmacological experiments(Kass-Simon and Pierobon, 2007). Within anthozoans
treatment with acetylcholine or nicotine has shown to induce contractions within the oral
and body tissues of Bunodosoma caissarum (Mendes and De Freitas, 1984). In the
hydrozoan, Liriope tetraphylla, nicotine induced an initial bell contraction, which
constitute their swimming behavior, while acetylcholine itself showed no effect (Scemes
and Mendes, 1986). Interestingly atropine, an agonist of muscarinic acetylcholine
receptors, inhibited these swimming bell contractions (Scemes and Mendes, 1986).
Pharmacological treatment of Hydra attenuate with nicotinic receptor agonists resulted in
reduced contraction burst pulses while treatment with atropine increased the number of
contraction burst pulses (Kass-Simon and Passano, 1978). Within another Hydra species,
Hydra piradi, treatment with acetylcholine resulted in increased contraction response
(Singer, 1964). Despite differences in data collection and behavioral response to
acetylcholine, nicotine, or muscarinic agonist, these data support the likelihood that

cnidarians use acetylcholine to regulate muscle contraction.

61



Advances in genomics within recent years has increased the number of cnidarians with
whole annotated genomes. Access to the annotated genomes of Nematostella vectensis,
Acropora digitifera, Clytia hemisphaerica, and Hydra have allowed researchers to
identify and characterize different components of the cnidarian cholinergic nervous
system with the goal of better understanding some of the conflicting pharmacological
data (Putnam et al., 2007; Chapman et al., 2010; Shinzato et al., 2011; Leclere et al.,
2019). Previous work within Nematostella identified 14 potential nicotinic acetylcholine
receptors (nAchRs), no muscarinic acetylcholine receptors (mAchRs), three potential
choline acetyltransferases, necessary for acetylcholine synthesis, and five potential
acetylcholinesterases, necessary for the degradation of acetylcholine once bound to the
receptor (Anctil, 2009). Single-cell RNA sequencing within Nematostella has shown
expression of nAchRs within neuronal cells, muscle cells, gonads, and the apical tuft,
though this is lacking temporal resolution (Sebé-Pedrds et al., 2018). Single-cell RNA
sequencing within Hydra has shown similar results with expression of nAchRs within the
tentacles, nematocytes, neural cells, ectodermal cells, and gland cells while mAchRs
were expressed within neural and gland cells (Siebert et al., 2019). The shared expression
of nicotinic acetylcholine receptors within muscle and neuronal cells along with the
pharmacological experiments further supports the role of acetylcholine as a

neurotransmitter within cnidarians.

Here, we identify the role of acetylcholine in muscle contraction and characterize the
expression of acetylcholine receptors in the anthozoan cnidarian Nematostella vectensis.

In Nematostella, acetylcholine treatment induced tentacle contraction. Treatment with the
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nicotine, an agonist of nAChR, reproduced the acetylcholine response, and the nAChR
antagonist mecamylamine suppressed both acetylcholine and nicotine mediated tentacular
contractions. Nicotine also induced contractions of the radial muscles present in
endodermal tissue, and mecamylamine suppressed nicotine mediated radial contractions.
Treatment with lidocaine, a voltage-gated ion channel inhibitor, blocked all acetylcholine
and nicotine induced contractions. We found that Nematostella has 26 nicotinic
acetylcholine receptors encoded in its genome. Phylogenetic analysis suggests that the
cnidarian receptors radiated independently from bilaterian receptors. To gain a broader
insight into the potential role(s) of acetylcholine in Nematostella, we used mRNA in situ
hybridization to identify potential nAChR positive neuronal. Several previously
published neuronal nAChRs appeared to be expressed within neurons and muscles. Non-
neuronal-like expression in large regions such as ubiquitous expression, endodermal
expression, and large domains that encompassed the pharynx and the apical tuft were
observed for seven of the 15 genes assessed. While we were not able to identify nAChRs
positive neuronal subtypes the data presented here suggest that acetylcholine plays a
neuronal role in muscle contraction and likely plays multiple non-neuronal roles within
Nematostella. These data also support the hypothesis that both neuronal and non-
neuronal functions were present in the ancestral nAChR(s) that gave rise to both the

cnidarian and bilaterian receptors.

Results:

Acetylcholine mediates tentacle and radial muscle contractions
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Before identifying cholinergic neurons we wanted to determine whether acetylcholine
played any role within Nematostella. To characterize the role of acetylcholine in
Nematostella, polyps were treated with increasing concentrations of acetylcholine
dissolved in 1/3X artificial sea water (ASW) (0-25mM acetylcholine). As other
cnidarians treated with acetylcholine, or nicotine, have a contractile response we
expected to observe some contraction within Nematostella (Singer, 1964; Mendes and De
Freitas, 1984; Scemes and De-Freitas, 1989). Nematostella have been shown to display
multiple types of contractions: tentacle contractions, which occurs along the proximal-
distal axis, tentacle retractions, when tentacles are pulled into their pharynx, radial
contractions, and lateral contractions, which occur along the oral-aboral axis of the
polyps. When animals were treated with 1/3XASW 15% of animals display tentacular
contractions (Figure 4.1A-D, 3H, 4A-C,P). Lower dosages of acetylcholine (1xM-5mM)
resulted in no statistically significant changes in tentacle contractions, while higher
concentrations of acetylcholine, I0mM and 25mM, =86% of animals contracted their
tentacles. (p<0.05) (Figure 4.1A F). After the initial tentacle contractions no additional
contractions were observed, instead tentacles relaxed, likely due to acetylcholinesterase
which have been shown to be broadly expressed in Nematostella(Anctil, 2009; Sebé-
Pedrés et al., 2018). No tentacle retractions were observed when polyps were treated
with acetylcholine and there was no change in the number of peristaltic contraction
waves (Figure 4.2). Juvenile, 1-month, 2-month, and 3-month old polyps were then
treated with 10mM acetylcholine to determine whether this tentacle contraction role was
established once the polyp nervous system develops. There was no significant difference

in the number of polyps with tentacle contractions, tentacle contractions occurred, on
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average, in 284% of animals regardless of age (p>0.05; Figure 4.1H). This supports a
previous publication which found that the juvenile polyp nervous system resembled the

adult nervous system, just exhibiting fewer neurons (Havrilak et al., 2017).
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Figure 4.1: Acetylcholine induces tentacular contractions. (A) Contractile response to OuM-25mM
acetylcholine in three-month old polyps. The first response to acetylcholine occurred at S00pM
acetylcholine with 33.6 + 2.4% of animals contracting their tentacles but was not significantly different
than the controls (p=0.339). At | mM tentacular contractions occurred in 12 + 3.97% of polyps tested. At 5
mM tentacular contractions occurred in 18 £10.82% of polyps. Tentacular contractions occurred in 88 +
1.42% of polyps treated with 10mM and 85.9 + 5.63% of polyps treated with 25mM acetylcholine.
Tentacular contractions observed at 10mM and 25mM were statistically significant from contractions
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observed polyps treated with control and lower concentrations of acetylcholine (p<0.05). (B-D) Single
frame images from movies showing tentacular response to the addition of Nematostella growth medium.
(E-G) Single frame images from movies showing tentacular response to the addition of 10mM
acetylcholine (F), and the subsequent relaxation that occurs after treatment (G). Response to acetylcholine
is not significantly different (p=0.196)) between 13 days post fertilization (13dpf), two-months post
fertilization (2mpf), or three-month post fertilization (3mpf) old polyps (H). In all images oral is to the left.
These data were calculated using a one-way ANOVA. (A) Contractile response to OpM-25mM
acetylcholine in three-month old polyps F7,18=53.7, p<0.001; (H) Response to acetylcholine at different
time points F3,8 = 1.98, p=0.196. Each experiment was performed N > 3 times with an n>8/replicate.
Points that do not share letters in (A) are statistically different from each other. (mpf) months post
fertilization. (dpf) days post fertilization.
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Figure 4.2: Quantifications of radial contractions and peristaltic waves in the presence of N. vectensis
medium, acetylcholine, nicotine, and mecamylamine. (A) Treatment with acetylcholine did not induce a
statistically significant difference in the number of animals with peristaltic initiation contractions (black) or
peristaltic wave contractions (grey) (p>0.05). Treatment with nicotine alone resulted in complete radial
contractions, thus no peristaltic wave contractions or peristaltic initiation contractions occurred. (B)
Treatment with mecamylamine at ImM reduced the percentage of animals with peristaltic initiation
contractions from ~91.53 £ 4.33% to 61.1 + 16.6%. The peristaltic initiation contractions continued to drop
to 42.6 + 8.24% with 10mM mecamylamine. A similar drop was observed in the percentage of animals
who performed peristaltic wave contractions from 91.53 + 4.33% at 500uM to 25.39 £ 5.7%at ImM
mecamylamine. The radial contractions were reduced to 0 + 0% when treated with 10mM mecamylamine.
Each experiment was performed N > 3 times with an n >7/replicate. P-values were calculated using a
student t-test for (A) and a one-way ANOVA for (B). (B, black) Peristaltic initiation contractions in three-
month old polyps pretreated with OuM-10mM mecamylamine F7,16=7.06, p<0.005 (B, gray) Peristaltic
843 wave contractions in three-month old polyps pretreated with OuM-10mM mecamylamine F8,18=60.56,
p<0.001. Points that do not share letters, either uppercase or lowercase (B), are statistically different from
each other

All of the acetylcholine receptors found within the genome of Nematostella have been

nicotinic acetylcholine receptors, named for their ability to be activated by nicotine (Dani
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and Bertrand, 2007). To further support that these tentacle contractions are due to binding
to a nAChR polyps were treated with a dose response curve of nicotine (Figure 4.3H).
Treatment with 1yM-1mM of nicotine resulted in no significant change in the number of
animals that displayed tentacle contractions (Figure 4.3H). By SmM 100% of polyps
displayed contraction of their tentacles. These polyps did not relax after the initial
contraction, likely due to the inability acetylcholinesterase to degrade nicotine (Figure
4.3-H, 4]J-L, P). Nicotine treatment also induced contraction of the endodermal radial
muscles, with these contractions occurring in 71-81% of polyps tested ~4mins after 5 or
10mM nicotine was added, respectively (Figure 4.3G). The nicotine induced contractions
of the endodermal radial muscles were unexpected as they were not observed when

polyps were treated with acetylcholine.
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Figure 4.3:Pharmacological analysis of acetylcholine's role in tentacular contractions. (A-D)
Acetylcholine-induced tentacle contractions in three-month old polyps pretreated with OuM-10mM
mecamylamine. At OpM mecamylamine, 10mM acetylcholine induced tentacle contractions in 89 + 2.32%
of animals. This response dropped to 36 +£10.13% of animals at 1pM mecamylamine, though not significant
(p=0.095). Acetylcholine-induced tentacle contractions occurred in 20% of animals when pretreated with
10uM-5mM mecamylamine and dropped to 0 + 0% in animals treated with 10mM mecamylamine
(p=0.05). (E-H) Nicotine-induced tentacle contractions occurred at 500uM with 13.33 £ 5.09% and
increased to 54 + 7.99% at 2.5mM, though these were not statistically different than the controls (p>0.05).
At 5mM and 10mM, nicotine-induced tentacle contractions occurred in 100 £ 0% and 98 + 1.36% of
animals respectively, which was significantly different than the OuM-2.5mM nicotine treatments (p<0.05).
Nicotine-induced complete radial contractions were observed in 38 + 7.43% of animals starting at 2.5mM
nicotine. At SmM and 10mM nicotine, 70 £ 10.0% and 82 + 4.05% of animals respectively had complete
radial contractions, these were significantly different than the controls (p<0.05). (I-L) Mecamylamine at
lower concentrations (OuM-1mM) was not capable of blocking tentacular contractions. At SmM, nicotine-
induced tentacle contractions were reduced to 57.22 + 16.4%, though not low enough to be significant
(p=0.433). At 10mM mecamylamine, nicotine-induced tentacle contractions were significantly reduced to
3.7 £ 6.8% (p<0.05). Body contractions were not significantly reduced throughout the mecamylamine
gradient, though at high levels (1mM-10mM mecamylamine) we did see a trend towards a reduction in the
number of body contractions. These data were calculated using a one-way ANOVA (D) Acetylcholine-
induced tentacle contractions in three-month old polyps pretreated with OuM-10mM mecamylamine
F8,22=14.03, p<0.001; (H, black) Tentacle contraction in the response to nicotine at different time points
F7,17=43.15, p<0.001. (H, gray) Body contraction in the response to nicotine at different time points

68



F7,17 = 25.87, p<0.001. (L, black) Tentacle contraction in three-month old polyps pretreated with OpuM-
10mM mecamylamine F7,16=25.39, p<0.001; (L, gray) Body contraction in three-month old polyps
pretreated with OuM-10mM mecamylamine F6,14=3.70, p<0.05 . Each experiment was performed N> 3
times with an n > 7/replicate. Points that do not share letters, either uppercase (in H and L) or lowercase (in
D, H, L) are statistically different from each other.

To further confirm that acetylcholine and nicotine induced tentacle contractions occur
due to binding to nicotinic acetylcholine receptors, and not due to off target effects,
polyps were treated with a broad acetylcholine receptor antagonist, mecamylamine.
Previous work has shown that mecamylamine functions to block acetylcholine within
cnidarians, but has been used at varying concentrations (Mendes and De Freitas, 1984;
Oliver et al., 2008) . Due to this we treated polyps with a dose response curve of
mecamylamine (1xM to 10mM) to test the ability of mecamylamine to block tentacle
contractions induced by 10mM acetylcholine (Figure 4.3A-D). Treatment with 1yM
mecamylamine reduced acetylcholine induced tentacle contractions with a response in
only 36.5% of animals tested (Figure 3D). At 10uM mecamylamine only ~20% of
animals responded to 10mM acetylcholine (Figure 3D). Treatment with mecamylamine at
ImM and higher concentrations induced slight tentacle retractions, but no tentacle
contractions (Figure 4.3A-D). None of the mecamylamine concentrations tested could
significantly reduce the number of animals with nicotine induced radial muscle
contractions, though from 1-10mM there was a trend towards no contractions (Figure

4 3I-L). (p=0.400). This ability for mecamylamine to block acetylcholine and nicotine
induced tentacle contractions supports our hypothesis that acetylcholine is acting through
acetylcholine receptors, within the tentacles. To further characterize the role of
acetylcholine in regulating radial contractions, polyps were treated with mecamylamine

and the number of peristaltic waves was quantified. Peristaltic waves are a continuous
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wave of radial contractions which are initiated orally and then progress down towards the
aboral end. Untreated polyps have one peristaltic wave/minute (Figure 4.2).
Mecamylamine at concentrations of 500x#M and higher significantly reduced peristaltic
waves (p<0.05) and the number of peristaltic waves initiated trended towards a reduction,
though were not significantly reduced (p=0.05) (Figure 4.2B). These data would suggest
that acetylcholine plays a role in the regulation of both tentacle and radial contractions

specifically through activation of nicotinic acetylcholine receptors.

Acetylcholine induced muscle contractions are due to neuronal activation

Acetylcholine within bilaterians is best known for its functions within neuronal and
neuromuscular synapses. Despite data which supports a role in the regulation of muscle
contraction it is unknown whether acetylcholine functions on neurons, muscle, or both
(Ross, 1960; Kass-Simon and Passano, 1978; Mendes and De Freitas, 1984, 1984). To
determine where acetylcholine functions in Nematostella, polyps were pretreated with
lidocaine, a voltage-gated sodium channel blocker, which has been shown to function in
Nematostella (Sheets and Hanck, 2003; Gur Barzilai et al., 2012) . If lidocaine is not
capable of blocking acetylcholine induced tentacle contractions this would suggest that
acetylcholine functions directly at the neuromuscular junctions. If lidocaine is capable of
blocking tentacle contractions this would suggest that acetylcholine functions within a
neuron upstream the neural circuitry that regulates tentacle contractions. Treatment with
SmM lidocaine, which has been previously shown to paralyze polyps, resulted in loss of

acetylcholine induced tentacle contractions (Figure 4.4 D-1,P). Pretreatment with SmM
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lidocaine also blocked nicotine induced tentacle and radial contractions (Figure 4.4 M-O,
Q). This loss of acetylcholine and nicotine induced contractions would suggest that
acetylcholine functions within neurons and not at the neuromuscular junction. However,
it is possible that off target effects from lidocaine could affect the musculature of
Nematostella. These data, combined with previous publications, supports a conserved
function of acetylcholine as a neurotransmitter within cnidarians, and likely functioned
this way within the cnidarian ancestor. These conserved functions also supports the
hypothesis that the cnidarian-bilaterian ancestor likely utilized acetylcholine as a

neurotransmitter as well.
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Figure 4.4: Lidocaine suppresses acetylcholine mediated tentacular contractions. Pretreatment with 10mM
lidocaine resulted in loss of acetylcholine-induced tentacle contraction in all the juvenile polyps tested (A-
C, G-I, P). This loss was statistically similar to controls (P) (p>0.05). This was repeated in polyps
pretreated with 10mM lidocaine and then 10mM nicotine (M-O, P). Samples pretreated with lidocaine had
tentacular contractions that were significantly different from treatments with acetylcholine or nicotine alone
(p<0.05%). Quantifications comparing the contraction of tentacles are summarized in P; bars that do not
share letters indicate a significant difference between treatment groups. All images have the oral end
directed to the left of the figure. P-values were calculated using a student t-test. Each experiment was
performed N > 3 times with an n > 7/replicate.

Nematostella possess 26 nicotinic acetylcholine receptors

The observed function of acetylcholine within neuronal chemical synapses suggested that

it would be possible to identify a neuronal subtype involved in muscle contraction by
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characterizing expression of nicotinic acetylcholine receptors. Previous work had
identified 14 nAChRs but recent single cell sequencing analysis of polyps identified 8
additional receptors (Anctil, 2009; Sebé-Pedrds et al., 2018). This would suggest that the
original identification these nAchRs was incomplete and should be reevaluated. BLAST,
and updated RNAseq databases, were used to identify addition putative nAchRs within
the published genome and nine additional AchRs were identified (Putnam et al., 2007).
This brought the number of acetylcholine receptors up to 31 total. Five of these receptors
lacked the cysteine loop necessary to form the acetylcholine binding pocket, and so were
abandoned (Jones et al., 2005; Unwin, 2005). We then collected bilaterian mAchRs and
nAchRs sequences, used GABAergic receptors on an outgroup, and performed a
maximum likelihood phylogenetic analysis using RaxML and 1Qtree (Figure 4.5). Two
previously published alignment methods were used for the phylogenetic analysis; an
unedited alignment and an alignment consisting of the transmembrane domains and the
double cysteines necessary for acetylcholine binding (Jones et al., 2005; Pedersen et al.,

2019).
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Figure 4.5: Phylogenetic analysis of unedited alignment of known and putative AChRs. Maximum
likelihood tree, generated using IQ-tree, showing the relationship of potential cnidarian acetylcholine
receptors to the known bilaterian nicotinic and muscarinic acetylcholine receptors. The GABA receptors,
indicated by a purple box, served as the out-group for our analysis. Muscarinic receptors are indicated by a
green box. The ultrafast bootstrap values for critical nodes of interest are written in red. Tree generated
using alignment in Supplemental Table 2. Heat map also indicates ultrafast bootstrap values. N. vectensis

sequences are in red text on tips of tree branches.
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Figure 2.6: Unedited RaxML Phylogenetic tree. RaxML generated maximum likelihood tree determining
the relationship of potential cnidarian acetylcholine receptors to the known bilaterian nicotinic and
muscarinic acetylcholine receptors. The GABA receptors, indicated by a purple box, served as the outgroup
for our analysis. Muscarinic receptors are indicated by a green box. The bootstrap values for critical nodes
of interest are written in red.. Heat map also indicates bootstrap values. Nematostella sequences are in red
text on tips of tree branches.
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Figure 4.7: IQ-tree Phylogenetic tree using transmembrane domain and double cysteines. IQ-tree generated
maximum likelihood tree determining the relationship of potential cnidarian acetylcholine receptors to the
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purple box, served as the outgroup for our analysis. Muscarinic receptors are indicated by a green box.
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Figure 4.8: RaxML Phylogenetic tree using transmembrane domain and double cysteines. RaxML
generated maximum likelihood tree determining the relationship of potential cnidarian acetylcholine
receptors to the known bilaterian nicotinic and muscarinic acetylcholine receptors. The GABA receptors,
indicated by a purple box, served as the outgroup for our analysis. Muscarinic receptors are indicated by a
green box. The bootstrap values for critical nodes of interest are written in red.. Heat map also indicates
bootstrap values. Nematostella sequences are in red text on tips of tree branches
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All Nematostella AChRs clustered within known AChRs in trees generated using the
unedited and TD alignments and clustered with other cnidarian acetylcholine receptors
(UFBS =100, 10 0) (BS =100, 98) (Figure 4.5-4.8). All muscarinic receptors, including
the single Hydra mAChR and the six C. hemisphaerica mAChRs, formed their own clade
(UFBS = 100; BS = 100). None of the potential Nematostella sequences clustered with
the muscarinic receptors and all sequences lacked the Q207(M3)/Q163(M2) and 1.204
motif necessary for G-coupled signaling in mAChrs, which supports previous reports
suggesting that Nematostella do not possess mAChRs (Figure 4.5-4.8) (Anctil, 2009;
Kruse et al., 2012). Phylogenetic placement of the muscarinic clade was dependent on the
alignment edit and the phylogenetic analysis. IQtree and RaxML trees generated with the
unedited alignment placed the muscarinic receptors as sister to the nicotinic receptors, but
phylogenies generated using the edited alignments placed the muscarinic clade as sister to
the bilaterian nAcha3 clade, or nested within the cnidarian receptors (Figure 4.5-4.7
UFBS =100, BS = 100). These data here support that all acetylcholine receptors
identified in Nematostella are nAChRs. As there is no consensus on the naming strategy
for Nematostella acetylcholine receptors, the 26 genes identified here have been named
NvnAChRaA-NvnAChRaZ (Table 4.1). This naming structure was used so as not to
confuse receptors with established subunits which are classified using a number to define

orthologous receptors.

All analyses performed support that all Nematostella genes, including the 14 previously
undescribed acetylcholine receptors, presented here are AchRs and belong to the nAChR

family. These phylogenetic data provided evidence to support previous reports suggesting
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independent radiation of cnidarian and bilaterian nAChRs. We also observed evidence to
support that gene duplication events occurred within the Nematostella nAChRs. Several
receptors, NvnAChRaJ and NvnAChRoE, NvnAChRaC and NvnAChRaV, and

NvnAChRal and NvnAChRaN, are always sister with each other and could potentially

be paralogs.
Our Name JGI: Protein ID NVERTx Anctil et al. 2009 (Genome) Sebes et al. 2018 (Single Cell RNA seq.) Sinigaglia et al. 2015 (in situ) JGI/Warner et al. 2018 (RNA-seq)
NvnAChRa.A 31824 NvERTx.4.110720 31824/NVERTx.4.110720
NvnAChRaB 50745 NVERTx.4.143847 50745/NVERTx.4.143847
NvnAChRa.C 11255 NVERTx.4.141630 11255/NvERTx.4.141630
NvnAChRaD 214990 NVERTx.4.137798 214990* 214990* (N/tIM)
NvnAChRa.E 91941 NVERTx.4.75581 91941* 91941* (N/tIM)
NvnAChRaF 61041 NVERTx.4.55041 61041/NVERTx.4.55041*
NvnAChRa.G 85724 NVERTx.4.110720 85724* (N/tIM)
NvnAChRaH 85091 NVERTx.4.88235 85091*
NvnAChRal 205808 NVERTx.4.61521 205808* 205808* (N/tIM)
NvnAChRal 199721 NVERTx.4.82387 199721* a0145* (AO)
NvnAChRaK 110265 NVERTx.4.147304 110265* aol9* (AO)
NvnAChRaL 205856 NVERTx.4.61144 205856/NVERTX.4.61144
NvnAChRaM 32916 NVERTx.4.161999 32916/NVERTx.4.161999
NvnAChRaN 205855 NVERTx.4.63946 205855
NvnAChRa.O 40806 NVERTx.4.31008 40806/NVERTx.4.31008
NvnAChRaP 87907 NVERTx.4.85000 87907/NVERTx.4.85000
NvnAChRa.Q 198343 NVERTx.4.152487 198343*
NvnAChRaR 198927 NVERTx.4.153628 198927* 198927* (N/tIM)
NvnAChRaS 200917 NVERTx.4.111130 200917
NvnAChRaT 40919 NVERTx.4.145232 40919
NvnAChRa U 91696 NVERTx.4.52490 91696 91696* (N/M)
NvnAChRaV 216224 NVERTx.4.141630 216224* (N/tIM/G)
NvnAChRaW 57113 NVERTx.4.97064 57113 (N/G)
NvnAChRaX 91371 NVERTx.4.56195 91371 (N/M)
NvnAChRaY 79911 NVERTx.4.127752 79911 (N/M)
NvnAChRa.Z 97337 NVERTx.4.72427 97337* (N/M)
Previously Identified Ach. Receptors that are removed in this study
240779 NVERTx.4.60558 240779* 240779* (tIM)
L 247410 NVERTx.4.76805 247410
All missing
Cysteine Loop 22673 NVERTx.4.133515 22673 (N/tIM)
2281 NVERTX.4.56575 2281 (N/M)
205764 NVERTx.4.109818 205764/NVERTx.4.109818*

Table 4.1: Naming mechanisms for Acetylcholine receptors in Nematostella. A collection of previously
identified, named, and characterized acetylcholine receptors gathered from the literature, BLAST searches
of the JGI Nematostella genome (https://genome.jgi.doe.gov/Nemvel/Nemvel.home.html), and identified
from BLAST searches of the NVERTx database (https://genome.jgi.doe.gov/pages/search-for-
genes.jsf?organism=Nemvel). Confirmed nicotinic acetylcholine receptors are listed in the top portion of
the table and were renamed NvnAChRaA-Z. Previously identified receptors that lack necessary features of
nAChRs were excluded from analysis and are listed in the bottom portion of the table. Previously published
expression patterns for acetylcholine receptors, and the publication they were described in, are indicated for
each gene. N= neurons, M= muscle, tIM= tentacular and/or longitudinal muscle, G=Gonad, AO=apical
organ. Asterisk indicates genes we obtained mRNA in situ hybridization patterns for in Figure 4.

Spatiotemporal expression of acetylcholine receptors supports neuronal and non-neuronal

roles of acetylcholine

With the identification of 26 different acetylcholine receptors we then attempted to

characterize their spatial expression, with goal of identifying a nAChRs positive neurons.
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Single-cell sequencing previously identified expression of nAChRs within neurons and
tentacles or longitudinal muscles (Sebé-Pedros et al., 2018). All nAChRs identified in
the tentacular and longitudinal musculature were cloned (NvnAChRaD, NvnAChRa.E,
NvnAChRo.G, NvnAChRal, NvnAChRaR, and NvnAChRaV). NvnAChRaD, E, and R
were confirmed to be expressed within the tentacles with NvnAChRaD and NvnAChRoE
expressed in the ectoderm near the distal end of the tentacles (Figure 4.9D, H, T, Figure
4.10). At larval stages NvnAChRaD and NvnAChRoE were expressed in the developing
endoderm with NvnAChRaE also expressed in the developing tentacle buds and enriched
in the endoderm at the aboral pole(Figure 4.9B, C, F, and Figure 4.9G). NvnAChRaR
appears to be ubiquitously expressed at low-levels during larval and tentacle bud stages
(Figure 4.9R, S). At polyps stages NvnAChRaR is broadly expressed throughout the
tentacle ectoderm which could suggest expression within tentacle muscles though would
also suggest that it is not specific to muscle cells (Figure 4.9T). The broad expression
patterns for NvnAChRaD, E, and R supports the possibility for both a cell signaling and
neuronal roles for these receptors. During development and in juvenile polyps,
NvnAChRol, NvnAChRaG, and NvnAChRaV are expressed in cells around the pharynx
(Figure 4.9L, P, X). The in situ expression pattern of NvnAChRaV is consistent with
previous reports of expression in the developing gonad Figure 4.9). NvnAChRal and
NvnAChRoG were not reported to be expressed in gonads so it is unclear if are false
negatives in the data or are expressed in a distinct population of cells (Sebé-Pedrés et al.,
2018). Despite similarities in expression, the expression patterns of NvnAChRaV,
NvnAChRal, and NvnAChRoG are not identical. NvnAChRal and NvnAChRaG are

expressed in smaller domains than NvnAChRaV (Compare Figure 4 9L, P, X).
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NvnAChRoU and NvnAChRoZ have been reported to be broadly expressed in muscle
cells (Sebé-Pedros et al., 2018). Yet NvnAChRa U expression within the developing and
juvenile polyp pharynx is similar to NvnAChRa G, NvnAChRal, and NvnAChRaV (Figure
49AA, AB). While, NvnAChRaZ seemed be ubiquitous expressed at low levels in
planula stages and at later stages were undetectable, however it has been reported to be
expressed at high levels after 114hpf (Figure 4.9AD, AF; Figure 4.11). The inability to
detect expression of NvnAChRa.G, NvnAChRol, NvnAChRaV, and NvnAChRa U within
muscle or neuronal cells was surprising. One possible explanation for this could be that
these genes are expressed at low levels in neurons and/or muscle making detection by in
situ hybridization difficult in those cell types. The in situ patterns obtained here suggests
that, despite previously identified expression of NvnuAChRaD, NvnAChRaE,
NvnAChRoR, and NvnAChRoZ within musculature and neurons, these receptors are

likely not exclusively to those cells types.

Within bilaterians acetylcholine has also been shown to play a role in cell to cell
signaling, proliferation, and differentiation (Wessler and Kirkpatrick, 2008; Maouche et
al., 2009). To identify whether these roles exist within Nematostella we also
characterized the expression of receptors not known to be expressed in neurons or muscle
(NvnAChRoH, NvnAChRaJ, NvnAChRaK, NvnAChRaQ, NvnAChRaB, NvnAChRaC.
and NvnAChRaF). NvnAChRaH expressed started in the larval pharynx, then expressed
broadly in the endoderm of forming tentacle buds, and as polyps expressed around the
pharynx in a similar expression to NvnAChRaG, NvnAChRal, NvnAChRaU, and

NvnAChRaV (Figure 4.9AG-AJ). NvnAChRaB is expressed in a scattered salt and pepper

81



pattern in developing and formed tentacles (Figure 4. 9AW— AZ). NvnAChRaC is first
expressed in a scattered salt and pepper pattern within the planula endoderm (Figure

4 9BB). At the tentacle bud stage, expression became restricted to the endodermal tissue
beneath the tentacle tips (Figure 4.9BD). NvnAChRaF expression started at the late
planula/tentacle bud stage in the endodermal tissue, where the tentacles had begun to
develop (Figure 4.9BG). At the juvenile polyp stage, NvnAChRaF expression became
restricted to a few cells near the base of the tentacles (Figure SBH). Previous work
reported that NvnAChRaB, C, and F are not expressed in neurons but the scattered salt
and pepper pattern of likely represents expression in differentiated cell types. We also
found that NvnAChRaQ, which was not identified in previous single-cell RNA
sequencing, was expressed in the tentacles and in the body column, sharing some overlap
with the ectodermal expression of NvnAChRaR, D, and E (Figure 4.9A-H, AS-AV).
NvnAChRoJ and NvnAChRaK (aka, 199721/a0145 and 110265/a019, respectively) were
expressed in the apical organ ectoderm of planula larvae, consistent with previously
observed expression patterns, this apical expression was then lost in juvenile polyps
(Figure SAK—AR) (Sinigaglia et al., 2015). Within free-swimming bivalves larvae
acetylcholine signaling has been linked to metamorphosis, and the apical organ is linked
to settlement and metamorphosis in some corals(Strader et al., 2018). This aboral
expression of could suggest that NvnAChRaJ and NvnAChRoK play a conserved role for

acetylcholine in anthozoan cnidarian metamorphosis.

Seven of the 14 expression patterns recovered (NvnAChRaD, E, R, H, J, K, Q, and V) had

expression patterns more consistent with cell signaling or developmental patterning than
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restricted roles in neurons and/or muscle. Bilaterian AChRs function within multiple non-
neuronal cell types, neuronal cells, and muscles cells. Although we were unable to
generate probes for all of the predicted NvnAChRs, our expression data argue for both
neuronal and non-neuronal functions for acetylcholine and these roles were likely present

in the cnidarian—bilaterian ancestor nAChR.
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Figure 4.9: Expression patterns of Nematostella nicotinic acetylcholine receptor genes. NvnAChRoD
was broadly expressed in the planula and tentacle bud stages but then became restricted to the endodermal
tips of the tentacles (A-D). NvnAChRoE expression begun during the planula stages and then became
restricted to the tentacle buds at the tentacle bud stage. By the polyp stage, expression was restricted to a
band in the tentacles (E-H). NvnAChRoG expression begun in the planula within the developing pharynx,
and this pharyngeal expression was maintained into the juvenile polyp stage (I-L). NvnAChRod expression
started in a scattered salt and pepper pattern at the aboral end, then restricted to the developing pharynx in
the planula and was maintained here in the juvenile polyp (M-P). NvuAChRcR expression started broadly
within the gastrula, planula, and tentacle bud stages, and this broad expression was maintained in the
endoderm of the juvenile polyps (Q-T). NvnAChRoV expression started at the late planula stage within the
pharynx, and expression was maintained there in the juvenile polyps (U-X). NvnAChRaU expression
started at the late planula/early tentacle bud stage in the developing pharynx, and was maintained there in
the juvenile polyps (Y-AB). We did not observe any expression of NvuAChRoZ, despite RNA sequencing
data suggesting expression after 144hpf (AC-AF). Expression of NvnAChRoH started at the planula stage
in the developing pharynx, and was maintained there in the juvenile polyps (AG-AJ). NvuAChRoJ and
NvnAChRoK expression both started in the planula stages, continued being expressed into the tentacle bud
stage at the apical tuft, and was lost by the juvenile polyp stage (AK-AR). NvnA ChRoQ was first broadly
expressed at the planula and tentacle bud stages, then became restricted to endodermal tentacle and aboral
ectoderm (AS-AV). A scattered salt and pepper expression of NvndChRaB was observed in the developing
tentacles, and the tentacles of the juvenile polyps (AW-AZ). NvnAChRoC expression was observed at the
planula stages as a scattered salt and pepper pattern in the endoderm until the juvenile polyp stage, when
expression was restricted to the tentacle tips (BA- BD). NvuAChRoF was expressed at the late planula
stages within a few cells of the developing tentacles; this expression became restricted to a cluster of cells
at the basal end of the tentacles (BE-BH). Graphs at the end of each row consists of the temporal
expression according to previously published RNA-seq. data (Warner et al., 2018). Within the graphs,
white= blastula, blue=gastrula, green=planula, red=late planula/tentacle bud, and yellow= juvenile polyp
stages. All images have the oral end directed to the left.
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Figure 4.10: Expression of NvuAChRoD and NvnAChRaE in the tentacles. Expression of NvnAChRaD and
NvnAChRoE are restricted to the tentacular ectoderm. Dotted line separates the ectoderm and endodermal
tissue layers. ec = ectoderm, en =endoderm.
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Figure 4.11: Expression profiles for NvnAChRs without in situ expression profiles. Expression profiles, in
log2 (counts per million +1) were collected from the NVERTx database for those receptors that could not be
cloned. White regions indicate the blastula stage, blue labels the gastrula stage, green labels the free-
swimming planula stage, red labels the tentacle bud stage, and yellow labels the juvenile polyp stage.

Discussion

Acetylcholine modulates muscular contraction through upstream nicotinic acetylcholine

receptor positive neurons

The original goal of this aim was to identify cholinergic neurons with the longterm goal
of identifying their developmental trajectory. Before cholinergic neurons could be

identified the role of acetylcholine needed to be confirmed within Nematostella. Here we
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show that treatment with acetylcholine results in tentacle contractions (Figure 4.1).
Nicotine induced tentacle contraction further supported this role for acetylcholine in
mediating tentacle contractions. Interestingly, nicotine was capable of inducing whole
body radial contractions, which was not observed which was not observed with the
acetylcholine treatments. As nicotine is cell permeable, allowing access to endodermal
tissue, while acetylcholine is not this could suggest that acetylcholine also modulates
radial contractions. We showed that both these tentacle and radial contractions were
blocked when polyps were pretreated with mecamylamine. Mecamylamine also reduced
peristaltic wave contractions, these data further support a role of acetylcholine in
modulating tentacle and radial contractions. Lastly pretreatment with the voltage-gated
sodium channel blocker, lidocaine, was able to inhibit all acetylcholine or nicotine
induced contractions. These pharmacological experiments support the hypothesis that
acetylcholine functions as a neurotransmitter and likely through acetylcholine receptors

expressed within neurons that modulate muscle contraction.

Within bilaterians lidocaine has been observed to inhibit smooth muscle contractions
through muscarinic receptors within bilaterians (Kai et al., 1993). Lidocaine does not
disrupt nAChRs, there are no muscarinic receptors in the Nematostella genome(Putnam
et al., 2007). The two Nematostella genes that cluster most closely with muscarinic
receptors in a subset of our phylogenies (NvnAChRaA and NvnAChRoG) are also not
expressed in tentacles or radial muscle cells (Table 4.1; Figure 4.91-L) (Sebé-Pedrés et
al., 2018). Together, these observations allow us to argue that the inhibition of muscular

contractions are not due to known off targets effects of lidocaine on the tentacle
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musculature. However, it is possible that an unidentified protein expressed in muscles
could be affected by an off-target of lidocaine, or that lidocaine could inhibit
Nematostella NvnAChRs themselves. Currently there is no evidence supporting direct
activation of muscle by acetylcholine, as such future experiments aimed at further

characterization of nAChR function at the cellular level are necessary in Nematostella.

Expression of nicotinic acetylcholine receptors suggests neuronal and non-neuronal roles

for acetylcholine in Nematostella.

Previous research found 14 nicotinic acetylcholine receptors within the genome of
Nematostella, more recent single cell sequencing found 8 more nicotinic acetylcholine
receptors, and our own BLAST analysis found 9 more (Putnam et al., 2007; Anctil, 2009;
Sebé-Pedrés et al., 2018). The phylogenetic analysis performed here found that 26 of
these 31 sequences were true nicotinic acetylcholine receptors and found no muscarinic
acetylcholine receptors (Figure 4.5-4.8). Once these genes were identified developmental
time series for performed for 16/26 with the goal to use in situ hybridization to identify
these nAChR positive neurons. Instead, we observed expression of NvnAChRo.D,
NvnAChRaE, and NvnAChRoR within the tentacle ectoderm, where the tentacular
contractile muscles reside (Figure 4.9 A-H, Q-T, Figure 4.10) 346. NvnAChRoD and
NvnAChRoE expression overlapped with the tentacular longitudinal muscles, and
NvnAChRoR is expressed throughout the tentacles in a broad domain likely containing
both neuron and muscle cells. None of the NvnAChR genes have expression patterns
consistent with being expressed within radial muscle cells, though single-cell RNAseq

data would suggest that NvnAChRoX-Z and NvnAChRaU are likely candidates to be
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expressed in radial muscles (Sebé-Pedrés et al., 2018). NvnAChRaC expression which
would suggest expression in endodermal neurons that could regulate radial muscles, but
NvnAChRoC was not identified in neurons by single—cell RNAseq 3. Its possible that in
situ hybridization is not sensitive enough to detect low expression levels of these
receptors within neurons. More detailed analysis of single-cell RNAseq data coupled with
functional studies at single cell resolution are necessary to determine which cells require
acetylcholine to induce contractions of Nematostella musculature. Despite this our data

suggests a conserved role for nAChRs and acetylcholine as neurotransmitters.

This aim focused on the identification of a neuronal role for acetylcholine, but within
multiple metazoans, it has been found to also function in non-neuronal roles (Anctil,
1985; Wessler and Kirkpatrick, 2008; Di Sansebastiano et al., 2014). We found that in
Nematostella the receptors NvnAChRaD, E, R, H, J, K, O, and V all had patterns that are
consistent with non-neural functions (Figure 4.9). Many of these genes were expressed in
dynamic developmental patterns and were broadly expressed in a tissue during larval
stages (such as in the tentacle bud, the apical organ, or pan-endodermally), but then
subsided. The broad non-cell-type-specific pattern that is dynamic during development is
more consistent with a role in patterning than it is with a defined neuronal or muscle
function. However, it does not eliminate the notion that those genes could be functioning
at chemical synapses in the neurons and/or muscles in which they are expressed.
NvnAChRoB, NvnAChRaC, and NvnAChRaF, all had a scattered salt and pepper
expression in the juvenile polyp pharynx (Figure 4. 9AW-BH). None of these genes were

identified as neuronal, muscular, cnidocyte, or gland cells in the single-cell RNA-
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sequencing data set. It is unclear if cells expressing NvnAChRo.B, NvnAChRaC, and
NvnAChRoF represent an unknown cell type or represent false negatives in the single-
cell RNA-sequencing data (Sebé-Pedros et al., 2018). Two receptors have expression
consistent with a role for acetylcholine in metamorphosis. NvnAChRaJ and NvnAChRaK
are expressed in the apical organ in late stage planula (Figure 4.9 O, S) (Sinigaglia et al.,
2015). Acetylcholine has been found to be involved in the settlement and metamorphosis
of free-swimming bivalve larvae including Pinctada maxima, Crassostrea gigas, Mytilus
edulis, and Mytilus galloprovincialis as well as within coral planula larvae (Sanchez-Lazo
et al., 2012; Strader et al., 2018) . The presence of broad expression patterns that are
consistent with roles in development for 7 of the 15 genes tested here suggests that non-
neuronal functions likely existed for the ancestral nAChRs that radiated in the cnidarian

and bilaterian lineages.

The evolution of nicotinic acetylcholine receptors in Nematostella and its implications for

the evolution of acetylcholine function in metazoans

The data presented here was not capable of identifying nAchR positive neuronal subtypes
but does provide some insight on the evolution of acetylcholine function and receptors.
We found that the 26 acetylcholine receptors identified in this study are more closely
related to other cnidarian receptors than to any of the bilaterian acetylcholine receptors
(Figure 4.5). This finding combined with the lack of nicotinic acetylcholine receptor
sequences within the published genomes of ctenophores and poriferans would suggest
that the nAChrs were present in the cnidarian-bilaterian ancestor (Srivastava et al., 2008,

2010; Ryan et al., 2013; Moroz et al., 2014; Moroz and Kohn, 2016). This would also
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suggest that the cnidarian and bilaterian receptors then radiated within each lineage
independently. This independent radiation is further supported by the way the
protostome—deuterostome nAChRs largely form independent clades suggesting that small
number of nicotinic acetylcholine receptors were found in protostome—deuterostome
ancestor. A similar phenomenon has been suggested in muscarinic family evolution,
which suggests independent expansion of muscarinic receptors in protostome and

deuterostome lineages (Pedersen et al., 2018).

We found no support for a Nematostella muscarinic acetylcholine receptors but previous
work identified one cnidarian muscarinic receptor in Hydra (Collin et al., 2013). BLAST
search of the Clytia hemisphaerica genome performed in this study found six muscarinic
acetylcholine receptors (Figure 4.5-4.8) (Leclere et al., 2019). Interestingly, no cnidarian
muscarinic acetylcholine receptors have been identified outside of the hydrozoans. This
could suggest that muscarinic receptors were present in the cnidarian—bilaterian ancestor,
but were lost in anthozoans. However, an improved understanding of cnidarian
muscarinic receptors is required to better determine the gain—loss patterns and evolution
of mAChRs in animals. This would also explain the differing response to atropine seen
within pharmacological studies between hydrozoans and anthozoans (Kass-Simon and

Pierobon, 2007).

The widespread role for acetylcholine-mediated contractions in cnidarians (Figs. 4.1-4.4),
its conserved expression in neurons and muscles (Figure 4.9), and the fact that 11 of the

Nematostella receptors are expressed in neurons and/or muscle, make for a strong
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argument that the neuronal role of nAChRs was present in stem cnidarians (Kass-Simon
and Passano, 1978; Mendes and De Freitas, 1984; Scemes and Mendes, 1986; Oliver et
al., 2008). The broadly identified neuronal function for nAChRs in cnidarians and
bilaterians would suggests that the neuronal functions of nAChRs arose coincidentally at
or near the base of nAChR evolution prior to the cnidarian—bilaterian divergence. Lastly,
the identification of multiple nAChRs supports non-neuronal functions for acetylcholine

in Nematostella and would suggest that these functions predate neuronal roles.

Responses to acetylcholine are best characterized within bilaterians but clear responses
have been identified within basal metazoans, fungi, and plants lacking acetylcholine
receptors (Dani and Bertrand, 2007; Wessler and Kirkpatrick, 2008; Di Sansebastiano et
al.,2014; Bamel et al., 2016). The enzymes necessary for acetylcholine synthesis have
been identified within metazoans, plants, and single-celled organisms, while
acetylcholine has been isolated from bacteria, fungi, plant, and metazoan extracts
(Horiuchi et al., 2003; Kawashima et al., 2007). In the fungi, Candida albicans,
acetylcholine inhibits biofilm formation (Rajendran et al., 2015). Acetylcholine treatment
within plants has shown effects on growth regulation, cellular differentiation, water
homeostasis, and photosynthesis (Di Sansebastiano et al., 2014; Bamel et al., 2016).
Treatment of acetylcholine in ctenophores and poriferans, have shown increased
luminescence excitation and prolonged cycles of rhythmic contraction, respectively
(Anctil, 1985, 1985; Ellwanger and Nickel, 2006). These observations make for a strong
argument that the non-neuronal acetylcholine signaling predated the neuronal functions

described for nAChRs and mAChRs. However, it is unclear if the non-neuronal functions
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for bilaterian nAChRs and mAChRs arose within the bilaterians or nearer the base of

nicotinic and muscarinic receptor evolution.

Material and Methods

Phylogenetic analysis

Bilaterian protein sequences were found using keyword searches (e.g., nicotinic
acetylcholine receptor, muscarinic acetylcholine receptor, GABAergic receptor, and
glycine receptor) to identify sequences within multiple genomic databases (mouse
genome informatics, flybase, wormbase, zfin, and NCBI). Non-Nematostella
cnidarian protein sequences were collected using bilaterian protein sequences blasted
on NCBI or the Clytia hemisphaerica genome browser (Leclere et al.,2019).
Nematostella-coding sequences were collected by blasting bilaterian and cnidarian
nicotinic or muscarinic acetylcholine receptor sequences against the
Nematostella genome (https ://genom e.jgi.doe.gov/pages /search-for-genes.jsf?organ
ism=Nemve 1), and the NVERTx database (Warner et al., 2018). Putative AChRs
identified by BLAST hits were then selected and uploaded to ApE v2.0.47, where
they were translated. The largest open reading frames identified in the Nematostella-
coding sequences were then used for protein alignment (Paradis et al., 2004). All protein
sequences were uploaded into MEGA v7.0.25 software, exported, and then, an
MAFFT alignment was performed using the CIPRES gateway (Miller et al., 2010;
Kumar et al., 2016) . We excluded all Nematostella sequences missing characteristic
residues required for acetylcholine binding. Phylogenetic analyses were performed using

two previously published AChR alignments. The published alignments are unedited
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protein sequences, and an edited alignment that included the double cysteines necessary
for acetylcholine binding and the transmembrane domains (T1-T4) (Li et al., 2016;
Pedersen et al., 2019) . Known bilaterian muscarinic acetylcholine receptors and the
single published cnidarian muscarinic acetylcholine receptors were included to
determine if any Nematostella sequences cluster within the muscarinic clade. To
expand the number of cnidarian muscarinic acetylcholine receptors we also mined the
Clytia hemisphaerica genome to identify any potential muscarinic acetylcholine receptors
(Leclere et al., 2019). Phylogenies were generated using RaxML and 1Q tree with GABA
receptors serving as the out-group (Stamatakis, 2014; Nguyen et al., 2015)(Figure 4.5-
4.8). We determined the LG phylogenetic evolution model using IQ-tree protein Model
Finder (Nguyen et al., 2015). The phylogenetic trees were made utilizing IQ tree and
RaxML with ultrafast bootstrapping or bootstrapping repeated 1000 times, respectively

(Stamatakis, 2014; Nguyen et al., 2015).

Animal care
Adult Nematostella were maintained at Lehigh University in 17 °C incubators. Culture
and spawning of animals were performed according to previously published protocols

(Havrilak et al., 2017b). Embryos were raised at 22 °C until fixation at the required stage.

In situ hybridization

Each gene was sub-cloned into pGEM-T (Promega) from mixed stage cDNA using the
primers listed in Additional file 4: Table S1. Embryo fixation, RNA probe synthesis, in

situ hybridization, and immunohistochemistry protocols were performed as
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previously described (Layden et al., 2016; Havrilak et al., 2017b). Juvenile polyps were
fixed for 2h as previously described *'. When in situs returned no pattern, we attempted to
remake the probe and repeated the in situ. No expression represents at least two attempts

to determine a spatio-temporal pattern.

Pharmaceutical treatments

All stock concentrations were generated by resuspending pharmaceutical reagents in
Nematostella medium [1/3X artificial seawater (ASW)]. Reagents used were
Acetylcholine hydrochloride (Sigma-Aldrich Cat#A6625), Nicotine hydrogen tartrate salt
(Sigma-Aldrich Cat#SML1236), mecamylamine hydrochloride (Sigma-Aldrich
Cat.#M9020), and lidocaine (Sigma-Aldrich Cat.#L.7757). Concentrations for
Acetylcholine, nicotine, and mecamylamine were experimentally determined (see
“Results”). Lidocaine was used at a concentration of 5 mM, which was previously shown
to be the effective for blocking Nematostella voltage-gated sodium channels (Gur
Barzilai et al., 2012). To perform pharmacological treatments, polyps were moved into a
concave depression slide for imaging and left to relax until the majority of polyps re-
extended their tentacles. Animals that failed to relax after moving were excluded from
further analysis. Once the majority of animals relaxed, animals were video recorded for 1
min to assess baseline activity. At the 1 min mark, acetylcholine—chloride or nicotine was
added to the depression slide and all contractions were quantified. Because the previous
experiments suggested that there is a delay in the effect of some compounds, we
continued to monitor animals for an additional 5 min to ensure no additional contractions

occurred. Lidocaine and mecamylamine inhibitors were added to animals in Nematostella
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medium 20min prior to application of nicotine or acetylcholine. The 20 min pretreatment
were chosen based on the previous observations in Nematostella (Gur Barzilai et al.,
2012). Tentacle contractions were measured for each animal and given a score of either
complete contraction of all tentacles (1), a complete contraction of = half, but not all of
the tentacles (0.5), or no tentacle contraction (0). The total contractions were summed for
each treatment and the percentage of contractions per animal was then calculated. We
then calculated the mean among the trials. Peristaltic initiation contractions were defined
as any inward contraction perpendicular to the oral-aboral axis that occurred within the
body column. Peristaltic wave contractions were defined as any propagation of radial
contractions along the oral—aboral axis of the body column. Peristaltic initiation
contractions and peristaltic wave contractions were then quantified as either being a
contraction (1), or no contraction (0). We calculated the percent of animals that
contracted per total number of animals tested for each trail. We then calculated the mean
for the trials. Controls were performed by adding a volume of Nematostella medium
equal to the volume of stock pharmaceutical reagent added to the concave imaging slide.
Statistical significance was determined using a one-way ANOVA with the Games-
Howell post hoc analysis, due to unequal variance, performed in SPSS or a student’s t
test using Microsoft Excel, when appropriate. Animals used for one experiment were not

reused for any subsequent experiments.

Imaging
Images for in situ hybridization were acquired on a Nikon NTi with a Nikon DS-Ri2

color camera using the Nikon elements software. Time series were performed on a Nikon
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Eclipse E1000 with a Nikon camera and analyzed on the Nikon elements software. Time
series images were analyzed using the Fiji software v.2.0.0-rc-54/1.51 g(Schindelin et al.,
2012). All images were edited using Adobe Illustrator and Photoshop and videos were

edited using Adobe Premiere Pro (Adobe Inc.).
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Chapter 5: Summary and Concluding Remarks
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This dissertation focused on characterizing how individual neuronal cell types are
patterned and then characterizing a functional role for these neurons within adult polyps.
In chapter two I used shRNAs to functionally characterize individual downstream targets
of NvsoxB(2) and Nvath-like, identified a NvsoxB(2) only progenitor population, and
identified a role of NvfoxD3-like in cnidocyte patterning. I then characterized how axial
markers and Wnt activity along the oral-aboral axis function to pattern individual
neuronal subtypes. Finally, I characterized the role of acetylcholine in the neuronal
circuitry which regulates tentacle and radial body column contractions. Each chapter
established the foundational research from which multiple avenues of neuroscience can

be explored within Nematostella.

In chapter two, I identified multiple transcription factors downstream either the
progenitor marker NvsoxB(2) or the NvsoxB(2)/Nvath-like progenitor population.
Previous research already established the expression patterns for all of these markers
within gastrula and the adult cell types they are expressed within (Layden et al., 2016;
Sebé-Pedros et al., 2018). These data suggest that these downstream markers consist of
broad regulators of cell type identity and individual cell types. Future work should focus
on characterizing the function of these transcription factors. This could be done with
shRNA mediated knockdown of each individual transcription factor, characterize how
these genes interact with each other resulting in the establishment of a gene regulatory
network. Recent single-cell sequencing technology has provided high resolution of the
developmental trajectories necessary for the specification of multiple cell types (Farrell et
al., 2018; Siebert et al., 2019; Lemaire et al., 2021). This method could be used from
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early blastula to late gastrula stages to broadly characterize the developmental trajectory
for multiple neurons, cnidocytes, and secretory cells early during development. The
combination of single-cell sequencing data and the shRNA mediated functional assays
would significantly improve our understanding of cell type differentiation in

Nematostella.

In chapter 3, I identified how axial information along the oral-aboral axis is used to
pattern individual neuronal subtypes restricted along this axis within Nematostella. We
argued that the presence of Nvsix3/6 binding domains within the upstream regulatory
domains of NvLWamide, Nvserum amyloidA-like, and Nvfoxq2d supports direct
regulation of these subtypes by Nvsix3/6. However, future work should characterize how
removal of these binding domain effects expression of transgenic reporters. Additionally,
we hypothesized that the endodermal marker NvotxC functions to pattern structures and
endodermal neurons. Knockdown of Nvo#xC should be performed and the effects of this
knockdown on endodermal patterning should be characterized. The role of NvotxC on
neuronal patterning will be harder to perform since an endodermal neuronal marker has
not been identified yet. However, using a broad neuronal marker, like Nvelavl, might
provide some insight on how NvotxC patterns neurons. These experiments would provide
a more detailed mechanism for how these spatial domain genes pattern both ectodermal

and endodermal nervous systems.

In chapter 4, I characterized a role for acetylcholine in the regulation of tentacle and

radial muscle contraction. However, the goal of this aim was to identify a potential motor

99



neuron and characterize its developmental trajectory. We found data which supports the
hypothesis that acetylcholine functions upstream this muscular contraction pathway. One
method to identify motor neurons is to observe whether any of our current neural
transgenic markers innervate muscle tissue. Alternatively, if the goal is to identify a
functional neuron then we could characterize the functions within published transgenic
lines. Utilization of neuronal promoters driving expression of GCaMP, a calcium
indicator, has been used to characterize the circuits necessary for multiple behaviors
within hydra (Dupre and Yuste, 2017). A similar mechanism could be utilized here to
determine the function of neuronal subtypes, like NvL Wamide, whose developmental
trajectory has already been partially characterized (Layden et al., 2012; Havrilak et al.,

2017b).

In summary this dissertation examined different mechanisms to pattern and identifying
functional neuronal subtypes. The performance of novel high resolution single cell
sequencing early during development and synthesis of traditional neuroscience
techniques within Nematostella vectensis could expand on the research identified here.
The combination of these data sets could establish an extremely detailed understanding of
cnidarian neuroscience for this first time within a cnidarian model. This level of detail
would allow for more informed hypotheses about the evolution of nervous system and

nervous system patterning across metazoans.
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