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ABSTRACT

The centralized nervous systems of bilaterian animals rely on
directional signaling facilitated by polarized neurons with
specialized axons and dendrites. It is not known whether axo-
dendritic polarity is exclusive to bilaterians or was already present in
early metazoans. We therefore examined neurite polarity in the starlet
sea anemone Nematostella vectensis (Cnidaria). Cnidarians form a
sister clade to bilaterians and share many neuronal building
blocks characteristic of bilaterians, including channels, receptors
and synaptic proteins, but their nervous systems comprise a
comparatively simple net distributed throughout the body. We
developed a tool kit of fluorescent polarity markers for live imaging
analysis of polarity in an identified neuron type, large ganglion cells
of the body column nerve net that express the LWamide-like
neuropeptide. Microtubule polarity differs in bilaterian axons and
dendrites, and this in part underlies polarized distribution of cargo to
the two types of processes. However, in LWamide-like+ neurons, all
neurites had axon-like microtubule polarity suggesting that they may
have similar contents. Indeed, presynaptic and postsynaptic markers
trafficked to all neurites and accumulated at varicosities where
neurites from different neurons often crossed, suggesting the
presence of bidirectional synaptic contacts. Furthermore, we could
not identify a diffusion barrier in the plasma membrane of any of the
neurites like the axon initial segment barrier that separates the axonal
and somatodendritic compartments in bilaterian neurons. We
conclude that at least one type of neuron in Nematostella vectensis
lacks the axo-dendritic polarity characteristic of bilaterian neurons.

KEY WORDS: Nematostella, Cnidarian, Neuronal polarity, Axon,
Dendrite

INTRODUCTION

Neuronal polarity at the cellular level is a fundamental feature of
centralized bilaterian nervous systems. These nervous systems rely
on individual neurons to send directional signals within complex
circuits necessary for information processing and behavior. The
polarized neuron has evolved to accomplish this task by
specialization of neuronal processes into axons to send signals
and dendrites to receive them. Differences in the distribution of
cellular components underlie this functional specialization. For
example, mitochondria and smooth endoplasmic reticulum are
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present throughout the neuron. Golgi outposts and ribosomes are
found in dendrites and are much less abundant in axons (Bartlett and
Banker, 1984; Craig and Banker, 1994). Similarly, presynaptic
machinery is typically found in the axon and postsynaptic
machinery in the dendrites, although some exceptions such as
axo-axonal and dendro-dendritic synapses exist (Inan et al., 2013;
Ren et al., 2007; Strowbridge, 2009). Polarized trafficking is
believed to play a role in the differential distribution of proteins and
organelles to axons and dendrites, and vertebrate axons and
dendrites do indeed fundamentally differ in the arrangement of
their microtubule cytoskeleton. Microtubules in the axon are
organized in a plus end-out array, meaning that the more dynamic
plus ends are all oriented away from the cell body (Baas and Lin,
2011). In contrast, dendrites of rodent neurons in vitro (Baas et al.,
1988) and in vivo (Yau et al., 2016) and adult frog mitral cells
(Burton, 1988) have mixed polarity microtubule arrays. This
difference in microtubule polarity between axons and dendrites
can be used to direct cargoes from the primary site of synthesis in the
cell body to a specific destination. For example, the minus end-
directed motor dynein can transport cargoes including AMPA
receptors into dendrites, but not axons, based on polarity of
microtubule tracks (Kapitein et al., 2010).

Initially, it was thought that axo-dendritic neuronal polarity was a
characteristic specific to vertebrate neurons as many invertebrate
neurons are unipolar with a single primary neurite extending from
the cell body (Craig and Banker, 1994). However, recent studies
have provided strong evidence that key features of axons and
dendrites are conserved across the Bilateria. In Drosophila
neurons, many key features of polarized neurons have been
described including (1) pre- and postsynaptic segregation, and (2)
localization of protein synthetic machinery including ribosomes and
Golgi selectively to dendrites (Rolls, 2011; Rolls and Jegla, 2015).
Microtubule polarity also distinguishes axons and dendrites across
multiple bilaterian invertebrate neuron types. Drosophila multipolar
sensory neurons have axons with an all plus-end-out microtubule
array while dendrites have a greater than 90% minus-end-out
arrangement (Rolls et al., 2007; Stone et al., 2008). Furthermore, in
unipolar motor and interneurons, the primary neurite branches into
an axon with a plus end-out microtubule array and a dendrite with a
minus end-out microtubule array (Stone et al., 2008). In the
nematode C. elegans, similar findings were reported for axons and
dendrites of motor neurons, with axons being plus end-out and
dendrites minus end-out (Goodwin et al., 2012), and similar
organization is found in a variety of other neuron types (Harterink
et al., 2018). The difference in microtubule polarity between axons
and dendrites is a likely contributor to the differentiation between
the two compartments. Indeed, the genetic removal of minus end-
out microtubules from dendrites in both mammals and C. elegans
resulted in the loss of dendrite-specific markers and dendrites
becoming more axon-like (Lin et al., 2012; Sharp et al., 1997; Yan
et al., 2013). Thus, in the bilaterian species so far examined, the
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presence of minus-end-out microtubules is closely associated with
dendrite identity.

Another feature of polarized neurons that helps direct the
positioning of axon- or dendrite-specific components is the axon
initial segment (AIS). In many vertebrate neurons, the region of the
axon just past the cell body is the site of action potential initiation
(Bender and Trussell, 2012) and has a specialized cytoskeleton to
anchor voltage-gated ion channels required for action potential
initiation and regulation (Dodson et al., 2002; Goldberg et al., 2008;
Johnston et al., 2008; Lorincz and Nusser, 2008; Pan et al., 2006;
Rasband et al., 1998; Sarmiere et al., 2008; Shah et al., 2008). The
unique cytoskeletal organization of the AIS also provides a plasma
membrane diffusion barrier for lipids and proteins to separate the
axonal and somatodendritic membranes (Kobayashi et al., 1992;
Winckler et al., 1999). Ankyrin G (AnkG) localizes to the AIS of
vertebrate neurons (Kordeli et al., 1995) and is a key component of
the AIS cytoskeletal scaffold. AnkG binds to B-IV-spectrin, which
in turn binds to the actin cytoskeleton, creating a barrier against
certain lipids and proteins not destined for the axon (Berghs et al.,
2000; Grubb and Burrone, 2010; Leterrier and Dargent, 2014).
AnkG is vertebrate specific and therefore the existence of an AIS
outside of vertebrate neurons was in question (Jenkins et al., 2015)
until studies in Drosophila revealed that an orthologous giant
ankyrin (Ank?2) is required for a plasma membrane diffusion barrier
in the proximal axon of multipolar sensory neurons (Jegla et al.,
2016). Thus at least some functional features of a giant ankyrin-
based AIS are evolutionarily conserved among bilaterians.

The question we begin to address here is whether axo-dendritic
neuronal polarity is found beyond bilaterians. Genome analyses
place cnidarians (sea anemones, jellyfish and corals for example) as
a sister clade to bilaterians (Ryan et al., 2010, 2013; Srivastava et al.,
2008) (Fig. 1). Cnidarians are thus in a unique position to provide
insight into the evolutionary origin of axo-dendritic neuronal
polarity and whether it predates centralization of the nervous system
in bilaterians. Limited centralization can occur in the swimming
adult medusae of some jellyfish species, though it is thought to have
evolved independently in these medusozoan lineages (Mackie,
2004; Satterlie, 2011). The nervous system of cnidarian polyps, the
most widespread cnidarian body morphology, takes the form of a
net without bilaterian-style centralization (Nakanishi et al., 2012).
This polyp nerve net morphology is believed to be ancestral in
cnidarians (Mackie, 2004; Watanabe et al., 2009) and is retained in
the anthozoans (sea anemones and corals) for which the polyp is the
adult body form. Despite their simplicity, cnidarian nerve nets
comprise multiple functional classes of neurons as well as
cnidocytes and stinging cells unique to cnidarians that share a
developmental lineage with neurons (Dupre and Yuste, 2017,
Marlow et al., 2009; Nakanishi et al., 2012; Rentzsch et al., 2019;
Sebe-Pedros et al., 2018). Recent whole organism single-cell
RNAseq analysis distinguishes up to 32 neuronal cell types in a sea
anemone larvae and polyps (Sebe-Pedros et al., 2018), suggesting
that cell type diversity within the nerve net is broader than
previously appreciated.

It is currently unknown whether any of these diverse cnidarian
neurons display functional polarity in terms of cellular structure,
and thus whether they have a true axon or dendrites comparable to
those seen in bilaterians. One argument against the existence of
neuronal polarity in cnidarians comes from the observation of
bidirectional synapses in jellyfish and hydra (Anderson, 1985;
Anderson and Griinert, 1988; Horridge et al., 1962; Kinnamon and
Westfall, 1982) although polarized chemical synapses have also
been reported (Anderson and Spencer, 1989). In contrast, sequence
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Fig. 1. Schematic phylogeny of major metazoan lineages based on
genome sequences. Purple lines indicate lineages containing nervous
systems. The nervous system evolved early in the evolutionary history of
metazoans, but the divergence order of sponges and ctenophores is
contentious. It is therefore unclear if the nervous system predates

radiation of all extant metazoans as depicted here (and was lost in sponges),
evolved after the divergence of sponges or evolved independently in the
ctenophore lineage (Ryan, 2014). Functionally polarized neurons with distinct
axons (magenta) and dendrites (blue) are characteristic of bilaterians and have
been well characterized at the cellular level in both deuterostome and
protostome invertebrate model organisms. Cnidarians form a sister group to
the bilaterians, but the functional polarity of their neurites has not been
examined on a molecular level. It is therefore unknown if true axons and
dendrites predate the cnidarian/bilaterian divergence.

data from Nematostella vectensis and Hydra magnipapillata
revealed orthologs for most neuronal signaling proteins found in
bilaterians (Chapman et al., 2010; Putnam et al., 2007). In addition,
almost all major classes of voltage-gated ion channels found in
bilatarian axons and dendrites are conserved in cnidarians (Baker
etal., 2015; Gur Barzilai et al., 2012; Jegla et al., 1995, 2012, 2009,
Jegla and Salkoff, 1997; Li et al., 2015a,b; Martinson et al., 2014,
Moran et al., 2015; Moran and Zakon, 2014). Finally, B-spectrin
and ankyrin, two key components of the AIS scaffold, have been
shown to be present in cnidarians (Bennett and Lorenzo, 2013; Jegla
et al., 2016). However, giant ankyrin isoforms required for AIS
formation in bilaterians appear to be absent in cnidarians (Jegla
et al., 2016). Thus many, but not all, of the known building blocks
used to make polarized neurons are present in cnidarians.

Here we used the starlet sea anemone Nematostella vectensis
Stephenson 1935 as a model system for studying neuronal polarity
in cnidarians. Nematostella has been extensively used to examine
evolutionary conservation of neuronal development (Kelava et al.,
2015; Layden et al., 2012, 2016b; Layden and Martindale, 2014;
Marlow et al., 2009; Nakanishi et al., 2012). It has a sequenced and
annotated genome (Putnam et al., 2007) and is relatively easy and
inexpensive to maintain in culture (Fritzenwanker and Technau,
2002; Hand and Uhlinger, 1992; Stefanik et al., 2013). In addition,
genetic manipulation can be achieved through microinjection of
embryos (Layden et al., 2013). Thus, Nematostella is a good system
to examine neuronal polarity in cnidarians. Here we developed
fluorescent tools to examine microtubule polarity, diffusion barriers
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and synaptic arrangements in LWamide-like+ bipolar and tripolar
ganglion neurons that span the body column of Nematostella
(Havrilak et al., 2017). LWamide-like+ ganglion neurons in
Nematostella have long, largely unbranched neurites emanating
from isolated cell bodies that extend throughout the body wall of the
animal (Layden et al., 2016b). We chose this cell type for initial
analysis because its low density facilitates analysis of single cells in
live animals and the LWamide-like peptide is expressed in only
three of the 32 potential neuronal cell types identified by whole
organism transcriptional profiling (Sebe-Pedros et al., 2018),
indicating that they represent a relatively homogenous population
of neurons. Furthermore, anatomically similar ganglion neurons
have been observed in diverse medusozoans (Anderson, 1985;
Dupre and Yuste, 2017; Norekian and Moroz, 2020) and LWamide-
like peptide precursors are found in diverse cnidarians (Gajewski
et al., 1996; Mitgutsch et al., 1999; Nielsen et al., 2019; Plickert
et al., 2003), suggesting that they could represent a conserved type
of cnidarian neuron. We find that all neurites of LWamide-like+
ganglion neurons have axon-like microtubule polarity but lack
plasma membrane diffusion barriers and appear to connect at least
in part via bidirectional chemical synapses.

MATERIALS AND METHODS

Molecular cloning

Annotated sequences of all plasmids used in this study are included in
Dataset 1 and all transgenic constructs are described in Fig. 2. We
used a previously-described Sce-I meganuclease-based strategy to
insert transgenes into Nematostella (Renfer et al., 2010). Briefly, we
used a PCR to insert two Sce-I meganuclease sites surrounding a
polylinker followed by an SV40 polyadenylation sequence into the
expression vector plasmid pOX (Jegla and Salkoff, 1997) to create a
carrier plasmid (NvT, see sequence in Dataset 1) for transgene
markers. Excision of the transgene with Sce-I prior to embryo
injection facilitates transgene integration and expression (Renfer
et al.,, 2010). Nematostella EB1 (NVEB1, XM_032367625),
Synaptobrevin (NvSynaptobrevin, XM_001634396) and Homer
(NvHomer, XM_032362162) were cloned from polyp mRNA by
RT-PCR and the NvLWamide-like neuropeptide precursor was PCR
cloned from Nematostella genomic DNA. Coding sequence for all
four Nematostella peptides was then fused to fluorescent markers as
described in Fig. 2 using overlap PCR. The open reading frames of all
reporter constructs were verified by sequencing after cloning. The
NvLWamide-like (Havrilak et al., 2017) and NvElavl promoters
(Nakanishi et al., 2012) were cloned by PCR from genomic DNA and
end sequenced to confirm fragment identity after cloning. For some
constructs, the primary marker protein’s ORF was followed by an in
frame Thosea asigna virus 2A sequence (Daniels et al., 2014) and
mCherry (Shu et al., 2006) to allow us to express both the neuronal
marker (NVEB1-eGFP for example) and mCherry as separate
peptides from a single ORF. The separate cytoplasmic mCherry
marker aided screening for transgenic animals at low magnification
because of lower background fluoresence in the red channel.
For co-expression of NvElavl::NvSynaptobrevin-mCherry and
NvLWamide-like::NvHomer-eGFP, the two individual expression
cassettes were combined in a single plasmid via Infusion cloning
(Takara Bio, cat. no. 638911). In this construct, the NvLWamide-
like::NvHomer-eGFP cassette lacked a dedicated polyadenylation
signal after the stop codon, but expression was nevertheless robust.

Sea anemone care and spawning
Nematostella were housed in soda lime glass bowls (Carolina
Biological cat. no. 741006) in 12 g1~' Instant Ocean (Carolina

Biological, cat. no. 671442) and fed a diet of Artemia (Brine Shrimp
Direct, cat. no. BSEA8Z). Animals were maintained in the dark at
room temperature. Adults >6 months in age were used for spawning
and females were maintained in separate bowls to allow for
controlled fertilization. Spawning was initiated with an 8—10 h light
exposure using a standard fluorescent light box. The light box raised
water temperature to ~30°C and robust spawning required both light
and heat. Egg sacs from all female bowls were isolated and mixed
with water from bowls containing males within 1 h of spawning for
synchronous fertilization. Following a 15-30 min incubation,
fertilized embryos were isolated from egg sacs using gentle
agitation in Instant Ocean (12 gl17!) supplemented with 2%
L-cysteine (Sigma-Aldrich, VWR, cat. no. C7352) and adjusted
to pH 8.5 with NaOH (Sigma-Aldrich, cat. no. SX0607N). Embryos
were rinsed 3—5 times in 12 g 17! Instant Ocean to remove the
cysteine and immediately moved to Falcon 353007 60 mm
polystyrene dishes (VWR, cat. no. 25373-085) for microinjection.
Embryos adhered to the dish for several hours, facilitating injection.

Embryo injection and identification of transgenic polyps
Needles for embryo injection were pulled from 1 mm thin-walled
borosilicate glass capillaries (BF100-78, Sutter Instruments) using a
P-1000 Micropipette Puller (Sutter Instruments) and filled by
capillary action. Injection mixes included the targeting plasmid at
40 ng ul~!, 1x CutSmart® Buffer (New England Biolabs, cat. no.
B7204S), 5 units Scel meganuclease (New England Biolabs, cat.
no. R0694S) used to release transgenic promoter-reporter constructs
from the parent plasmid and 100 umol 1=} Alexa-Fluor 488 or 568
(Thermo Fisher, cat. no. D22910, D22912) to mark injected
embryos. Mixes were incubated 1 h at 37°C prior to needle loading.
Injections were carried out using a Femtojet injector (Eppendorf)
and a MO-202U Joystick manipulator (Narashige) mounted on a
MMN-1 course manipulator (Narashige). A Zeiss Axio Zoom.v16
with standard GFP/RFP filter cubes coupled to a HXP 200C metal
halide illuminator (Zeiss) was used for embryo visualization during
injection. We did not quantify injection volume, but for each needle
we optimized the injection time and pressure to achieve the
maximum injection volume that did not physically damage the
embryos. The injection room was held at 16-18°C to slow embryo
cleavage. Embryos were injected at the single cell stage and
hundreds of embryos could typically be injected prior to the onset of
cell divisions.

Animals were screened for expression of transgenes (detected by
presence of fluorescent markers in neurons) after development into
4 tentacle polyps (1-2 weeks) using the Axio Zoom.v16 scope and
GFP or RFP filters. Fluorescent dyes used to mark embryos during
injection were no longer detectable at this stage and thus did not
complicate the screening process. Most polyps were mosaic
transgenics with <20 labeled neurons. Low numbers of labeled
neurons facilitated identification of neurites extending from cells of
interest during subsequent imaging experiments. For typical
injection sessions, approximately 10-30% of the polyps showed
transgene expression in at least some neurons.

Live imaging of Nematostella

Whole, live Nematostella polyps at the 4—6 tentacle stage were
anesthetized in 12 g17! Instant Ocean supplemented with 2%
urethane (Sigma-Aldrich cat. no. U2500) until tentacles were
completely extended. They were then mounted for imaging using a
method we developed for optimization of animal stillness, image
quality and viability of the polyps. This mounting method consisted
of a metal slide with a 12 mm diameter hole in the center. The
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Fig. 2. Marker proteins used to examine polarity in LWamide-like+ Nematostella neurons. (A) C-terminal fusion of GFP to NVEB1 labels the plus

end of microtubules in the GTP-tubulin cap region. The y-tubulin ring complex (y) nucleates microtubules and can cap the minus end. This region moves over time
as microtubules polymerize (arrow). (B) C-terminal fusion of Citrine to mCD8 makes a transmembrane fluorescent marker labeled on the cytoplasmic side.
The marker is not tethered and can diffuse in the plane of the membrane. (C) C-terminal fusion of mCherry to NvSynaptobrevin, the synaptic vesicle SNARE
protein and Emerald to the LWamide-like peptide precursor label synaptic vesicles to mark presynaptic release sites. (D) C-terminal fusion of GFP to NvHomer
labels the postsynaptic scaffold network formed by Homer and Shank. The identity of receptor targets of Homer at Nematostella synapses is unknown.

underside opening in the slide was covered with an air permeable
membrane (VWR, cat. no. 52457-563) and held in place by tape.
The top side of the opening was covered with a piece of nylon mesh
(Genesee Scientific, cat. no. 57-102) The nylon mesh was pulled
tightly across the opening to create a sturdy, solid surface and held in
place with super glue. Polyps were then mounted on top of the nylon
mesh in a droplet of 12 g 17! Instant Ocean supplemented with 2%
urethane. Finally, the polyp was covered with a 12 mm round
coverslip (VWR, cat. no. 89015-725), which was secured into place
with tape over the opening of the slide. The coverslip lightly presses
the polyp against the mesh hammock over the hole in the slide, and
the liquid is kept in place by the lower membrane (see Fig. 3A). The
combination of urethane anesthesia and light physical pressure
reduced movement sufficiently to enable temporal imaging.

For microtubule polarity analysis, neurons were imaged on a Zeiss
upright LSM 800 confocal microscope. NVEBI1-GFP videos were
acquired using a 63x 1.4 NA oil immersion objective and captured at
1 frame per 0.93 or 1.27s. Videos were analyzed using Imagel

software (https:/imagej.nih.gov/ij/) by tracking the movement of
NVEBI1-GFP comets either towards or away from the cell body. Only
comets that were visible in three consecutive frames were scored.

For longitudinal imaging of potential microtubule organizing
centers (MTOCsS), polyps at the 4—6 tentacle stage were chosen and
the first day they were imaged was designated as D0. After imaging
at DO, polyps were recovered and returned to 12 g 17! Instant Ocean.
They were then reimaged 5 days later (D5). Because Nematostella
exhibit radial symmetry it was necessary to develop a method to
image the polyps in the same orientation in multiple sessions to
facilitate tracking of the same neuron. To do this, before mounting
on DO two tentacles were cut off. The polyp was then mounted with
the remaining tentacles either up or down and the position was noted
in order to remount in the same orientation at D5. This way the same
neuron could be found based on morphology and position in relation
to other neurons within the animal. Polyps were imaged on a Zeiss
upright LSM 800 confocal microscope using a 63x 1.4 NA oil
immersion objective.
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Fig. 3. Microtubule polarity in all neurites of bipolar and tripolar LWamide-like+ ganglion neurons is plus-end out. (A) A diagram showing construction
of the live imaging chamber is shown. An air-permeable membrane is attached to the underside of a metal slide with a hole in it. Nylon mesh is glued to the top
side of the slide. Polyps are placed in a drop of liquid on the nylon mesh and held in place with a coverslip taped to the top surface of the slide. (B) Whole
animal image of a four-tentacle stage polyp expressing NvLWamide-like::NVEB1-GFP. Inset shows example tripolar ganglion neuron within the context of the
animal. (C) Representative images of bipolar and tripolar LWamide-like+ ganglion neurons expressing NvLWamide-like::NVEB1-GFP. Insets show NvVEB1
puncta moving away from cell body as indicated by blue arrowheads. In the tripolar example N1, N2 and N3 represent neurite 1, neurite 2 and neurite 3,
respectively. (D) Quantification of speed of NVEB1 puncta. Points on graph represent the speed of 26 different NVEB1 puncta recorded from 8 tripolar ganglion
neurons. Error bars represent s.d. (E) Quantification of direction of NVvEB1 puncta in bipolar and tripolar ganglion neurons. Number of puncta analyzed is
shown on bar for each type of neuron. (F) Longitudinal imaging of potential MTOC in the cell body of a tripolar LWamide-like+ ganglion neuron expressing
NvLWamide-like::NVEB1-GFP. Inset shows the potential MTOC at day 0 and day 5. Cells were identified based on position in the animal relative to a

tentacle clipped at day 0. The shape of the cell body can appear slightly different based on how the animal is compressed during mounting.

To test for the presence of a diffusion barrier in tripolar neurons, movement in the videos, recursive alignment was done using the
5 um segments of all three neurites were photobleached in regions ~ StackReg plugin (https:/imagej.net/StackReg).
0-10 um, 10-20 um or 30-100 um from the cell body in live
juvenile polyps at the 4—6 tentacle stage. Fluorescence recovery after ~RESULTS
photobleaching (FRAP) was analyzed using the FRAP Calculator ~Neuronal marker proteins
macro in Image]J that was developed by Dr Robert Bagnell. To determine the cellular polarity of LWamide-like+ ganglion
Imaging of pre and postsynaptic markers was done with a Zeiss neurons, we developed markers for examining the polarity of
upright LSM 800 confocal microscope or Zeiss inverted LSM 800  microtubules in the neurites, neurite diffusion barriers and
confocal microscope using a 63x 1.4 NA oil immersion objective.  localization of presynaptic and postsynaptic compartments
Representative images were made by taking max Z projections (Fig. 2). To examine microtubule polarity, we utilized a plus end
using ImageJ software. In instances where there was a lot of tracking method that was originally developed in cultured neurons
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(Stepanova et al., 2003) and has since been used to map microtubule
polarity in Drosophila, C. elegans and rodent neurons in vivo
(Goodwin et al., 2012; Rolls et al., 2007; Stone et al., 2008; Yau
et al., 2016). EB family members including EB1 are +TIP proteins
that associate dynamically with growing microtubule ends (Galjart,
2010; Jiang and Akhmanova, 2011). When fluorescently tagged,
the direction of EB growth can be used to infer microtubule polarity
in neurites (Stepanova et al., 2003). Nematostella has a single EB1
ortholog that has previously been used to visualize spindle
microtubules during embryo development (DuBuc et al., 2014),
but has not been demonstrated to track growing plus ends of
microtubules. We fused GFP to the C-terminus of NVEBI1 to copy
the strategy used for microtubule tracking with bilaterian EB
proteins (Fig. 2A).

To label the plasma membrane for visualization of cell shape and
to assay diffusion in the plane of the membrane, we fused the mouse
transmembrane protein CD8 (mCDS) to the GFP variant Citrine
(Griesbeck et al., 2001) (Fig. 2B). mCD8 has been used in
Drosophila to label the plasma membrane neuronal processes (Lee
and Luo, 1999) and because it is a diffusible plasma membrane
marker, it has also been used in Drosophila to identify a diffusion
barrier in axons of cultured neurons (Katsuki et al., 2009). In
addition, we have previously used this marker to identify a diffusion
barrier in the proximal axon of Drosophila sensory neurons in vivo
(Jegla et al., 2016).

We chose the synaptic vesicle V-SNARE protein Synaptobrevin
as a presynaptic marker (Fig. 2C) because Synaptobrevin-GFP
fusions localize to the presynaptic compartment in bilaterians (Estes
et al.,, 2000; Nonet, 1999). We found four genes encoding V-
SNARESs in the Nematostella genome (Putnam et al., 2007) with
BLAST searches, but phylogenetic analyses indicated that only one,
called NvSynaptobrevin here, is an ortholog of bilaterian
Synaptobrevins (Fig. S1, Dataset 2). We therefore reasoned that
NvSynaptobrevin would be present at all chemical synapses. As an
alternative presynaptic marker, we fused the Nematostella
neuropeptide LWamide-like precursor to the GFP variant Emerald
(Tsien, 1998) (Fig. 2C). The neuropeptide rat atrial natriuretic factor
(ANF) fused to Emerald has been used to visualize secretory vesicle
localization in cultured mammalian neurons (Han et al., 1999) and
at the Drosophila larval neuromuscular junction (NMJ) (Rao et al.,
2001). Neuropeptide-containing dense core vesicles are assembled
in the Golgi complex in the neuronal cell body (Cameron et al.,
1993) and are captured at synapses, including en passant synapses
(Wong et al., 2012). Their large size compared with small locally
generated synaptic vesicles makes them particularly attractive for
live imaging of presynaptic components.

Nematostella has a high diversity of channels and receptors (Jegla
et al., 2012, 2009; Li et al., 2015a,b; Liebeskind et al., 2015)
complicating their use as postsynaptic markers. We therefore
focused on receptor scaffolding molecules Homer and DLG as
potential postsynaptic markers because Nematostella has only a
single ortholog of each (Burkhardt et al., 2014; Putnam et al., 2007).
Homer proteins have a unique domain structure (Fig. SIA) making
their identification unambiguous (Burkhardt et al., 2014).
Postsynaptic densities have been visualized in Dbidirectional
cnidarian chemical synapses in scanning electron micrographs
(Anderson and Griinert, 1988; Anderson and Spencer, 1989). We
did not consistently detect fluorescence of NvDLG-GFP in animals,
and therefore used NvHomer-GFP as a postsynaptic marker for
LWamide-like+ neurons (Fig. 2D). Homer proteins form a scaffold
network in conjunction with Shank that helps cluster receptors and
signaling proteins including metabotropic glutamate receptors to the

postsynaptic density in bilaterian neurons (Hayashi et al., 2009;
Shiraishi-Yamaguchi and Furuichi, 2007). The Homer family
comprises three genes in mammals: Homer1, Homer2 and Homer3
(Brakeman et al., 1997; Xiao et al., 1998). In Drosophila, there is a
single Homer gene that is highly homologous to the mammalian
Homerl protein and Homer-GFP (C-terminal fusion) and has been
used as a marker for postsynapses (Diagana et al., 2002; Rolls et al.,
2007). Furthermore, a recent study shows that an NvHomer-
mCherry fusion appears to label the postsynaptic side of the
neuromuscular junction in Nematostella (Cole et al., 2020 preprint).

Microtubule polarity in bipolar and tripolar LWamide-like+
ganglion neurons is plus-end-out in all neurites
To determine whether each of the two or three neurites that projected
from LWamide-like+ neurons could be distinguished from one
another based on microtubule polarity, we drove expression of
NvEB1-GFP in LWamide-like+ neurons using a previously
characterized LWamide-like promoter fragment (Layden et al.,
2016a) and made mosaic NvLWamide-like::NVEB1GFP polyps via
embryo injection using an adaptation of a previously described
protocol (Layden et al., 2013). To facilitate identification of mosaic
animals, we included mCherry downstream of a T2A cleavage site
to provide a general cytoplasmic marker to highlight transgenic
cells. We found expression of both NVEB1-GFP and mCherry in
bipolar and tripolar ganglion neurons, consistent with previous
characterizations of LWamide-like+ neurons (Havrilak et al., 2017,
Layden et al., 2016a). In order to perform live imaging of growing
microtubule plus ends labeled with NVEB1-GFP, we developed a
live imaging strategy suitable for small polyps (Fig. 3A). Animals
were partially immobilized with 2% urethane and mounted in a
chamber that pressed them between a coverslip and mesh. Using this
method, we were able to visualize living neurons in the context of
the entire body of a juvenile polyp (Fig. 3B). Sparse spacing of
labeled LWamide-like+ neurons in the body column of mosaic
polyps facilitated identification and tracing of neurites from
individual cells, so we limited our analysis to neurons in this
region. NVEB1-GFP puncta, or comets, consistent with binding of
NvEB1-GFP to microtubules were observed, and we performed live
imaging of bipolar and tripolar neuron neurites in whole juvenile
polyps at the 4-6 tentacle stage to determine microtubule polarity.
Moving NVEB1-GFP comets were seen in labeled neurons
(Fig. 3C), and their speed (Fig. 3D) was consistent with that of
growing microtubule plus ends (Feng et al., 2019). The vast
majority of NVEB1-GFP comets in LWamide-like+ ganglion
neurons moved away from the cell body (blue arrowheads,
Fig. 3C,E and Movie 1) consistent with a plus-end-out
microtubule orientation. We examined all neurites of 13 bipolar
and 13 tripolar LWamide-like+ ganglion neurons and found
microtubule polarity to be close to 90% plus-end-out in all
neurites in both cellular geometries (Fig. 3E). This percentage of
plus-end-out microtubules is similar to that observed for bilaterian
axons and distinctly different from bilaterian dendrites. In
Drosophila, C. elegans and vertebrate axons, >95% of
microtubules are plus-end out (Baas and Lin, 2011; Harterink
et al., 2018; Stone et al., 2008) whereas microtubules in dendrites
range from evenly mixed polarity in mammals (Baas and Lin, 2011;
Yau et al., 2016) to almost completely minus-end out in Drosophila
and C. elegans (Goodwin et al., 2012; Harterink et al., 2018; Rolls
et al., 2007; Stone et al., 2008).

In many of the bipolar and tripolar cells, NVEB1-GFP comets
were observed radiating from a point in the cell body, consistent
with a single MTOC. This MTOC is likely the centrosome, although
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Fig. 4. Plus-end-out neurites of tripolar LWamide-like+ ganglion neurons lack a diffusion barrier. (A) mCD8-Citrine localizes to the plasma membrane
of tripolar LWamide-like+ neurons expressing NvLWamide-like::mCD8-citrine. It is concentrated at the cell periphery and can also be seen in internal
membranes, likely including the endoplasmic reticulum and Golgi where it is synthesized and processed. (B) FRAP was performed by bleaching 5 pm
segments of all three neurites in regions 0—10 um (purple box), 10-20 pm (turquoise box) and 30—100 pym (blue box) from the cell body. (C) Quantification

of mCD8-Citrine fluorescence recovery after photobleaching. Results were normalized by setting fluorescence intensity after bleaching to 0. Average recovery
is shown, with error bars representing s.d. (N=6 cells for 0-10 pm and 10-30 ym, N=4 for 30—100 um; FRAP was performed in all neurites of each cell).

the Golgi or another organelle cannot be ruled out. In mammals,
centrosomes are gradually inactivated as MTOCs during neuronal
maturation (Stiess et al., 2010). This inactivation likely occurs as
nucleation sites associate with other cellular structures, perhaps
endosomes, which house nucleation sites in Drosophila and
C. elegans dendrites (Liang et al., 2020; Weiner et al., 2020). To
determine whether the somatic MTOC remained active over time,
we imaged the cell body of three bipolar cells and two tripolar cells
at two time points, day 0 and again at day 5 (Fig. 3F and Movie 2).
Cells were identified based on position in the body relative to a
clipped tentacle. In all cases the MTOC was still present at day
5. Maintenance of a single somatic MTOC over time distinguishes
these neurons from those in bilaterians examined to date. The
somatic MTOC may contribute to the maintenance of the plus-end-
out microtubule array in LWamide-like+ ganglion neurons.

Plus-end-out neurites of tripolar ganglion neurons lack a
diffusion barrier

Because the microtubules have an axon-like plus-end-out
arrangement in the neurites of LWamide-like+ neurons, we next
examined whether neurites in these cells have a plasma membrane
diffusion barrier. In both vertebrate and bilaterian invertebrate
neurons, a diffusion barrier has been shown to exist in the plasma
membrane of the proximal axon (axon initial segment, AIS) to
separate the somatodendritic and axonal plasma membranes (Jegla
et al., 2016; Winckler et al., 1999). In bilaterians, this diffusion
barrier is organized primarily by the giant ankyrin-based
cytoskeleton (Jegla et al., 2016; Song et al., 2009). Cnidarian
genomes contain an ankyrin gene, but it is not predicted to encode a
giant isoform (Jegla et al., 2016). However, this does not exclude
the possible formation of a diffusion barrier or proto-AIS being
organized by shorter isoforms of ankyrin.

We tested for the presence of a diffusion barrier in tripolar cells
using FRAP. mCD8-Citrine localizes to the plasma membrane of
LWamide-like+ tripolar neurons (Fig. 4A). FRAP of tagged mCDS8
was previously used to identify a diffusion barrier in developing
Drosophila axons (Katsuki et al., 2009) and at the base of mature
Drosophila axons (Jegla et al., 2016). The diffusion barriers were
detected based on very limited recovery (<30%) of fluorescence in
the region over a period of several minutes. We performed FRAP
experiments in live juvenile polyps by bleaching 5 um segments of

all three neurites in regions 0—10 um (6 neurons), 10-20 um
(6 neurons) or 30—100 um (4 neurons) from the cell body (Fig. 4B)
and measured recovery of mCDS8-Citrine fluorescence. At all
regions along the three neurites, fluorescence recovered >70% by
90 s (Fig. 4C), indicating that plasma membrane diffusion barriers
are not present in any of the neurites extending from these neurons.
Thus, it appears that LWamide-like+ neurons extend neurites with
uniform axon-like microtubule polarity (Fig. 3), but without
bilaterian-like axonal plasma membrane diffusion barriers to
separate the neurite membrane from the soma (Fig. 4).

Presynaptic and postsynaptic markers localize to
varicosities in all three neurites of tripolar ganglion neurons
In most bilaterian neurons, synaptic components are partitioned to
distinct compartments: presynaptic proteins localize to the axon
while postsynaptic components localize to dendrites. However,
owing to the equivalent microtubule arrangement and absence of
diffusion barrier in neurites of LWamide-like+ tripolar ganglion
neurons, we hypothesized that presynaptic and postsynaptic
proteins would be found equally among all three neurites. We
looked for presynaptic sites in LWamide-like+ tripolar ganglion
neurons using NvLWamide-like::NvSynaptobrevin-mCherry. We
looked at seven tripolar neurons and red puncta were present in all
three neurites of each neuron (Fig. 5A) and often localized to
varicosities along the neurites (Fig. 5A, arrowheads). In two cells,
NvSynaptobrevin-mCherry was observed at varicosities where
neurites crossed (Fig. 5B, Movie 3) and we hypothesize that these
could represent en passant synapses similar to those described in the
jellyfish Cyanea, where bidirectional chemical synapses form in the
motor nerve net wherever neurites touch (Anderson, 1985;
Anderson and Spencer, 1989). Occasionally, vesicles were
observed being transported along neurites. However, the majority
of moving vesicles were observed in the cell body or at varicosities
in the neurites (Fig. 5, Movie 3) of the tripolar neurons we imaged,
consistent with varicosities being synapses. An NvLWamide-like-
Emerald fusion protein designed to load into presynaptic vesicles
showed a similar expression pattern in LWamide-like+ tripolar
neurons to NvSynaptobrevin-mCherry: it was observed in all three
neurites of nine tripolar neurons (Fig. 5C) and frequently localized
to varicosities (Fig. 5C inset and Movie 4). Again, moving vesicles
were observed at these varicosities (Movie 4) similar to
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A NvSynaptobrevin-mCherry B

. 10 um

NvSynaptobrevin-mCherry

Fig. 5. Presynaptic markers localize to all three neurites of tripolar LWamide-like+ ganglion neurons. (A) Tripolar ganglion neuron expressing NvLWamide-
like::NvSynaptobrevin-mCherry. NvSynaptobrevin-mCherry is present in all three neurites and can be seen at varicosities along the neurites indicated by black
arrowheads. (B) NvSynaptobrevin-mCherry can also be seen at varicosities where two neurites cross (inset). (C) Tripolar ganglion neuron expressing
NvLWamide-like::NvLWamide-like-Emerald and cytoplasmic mCherry. NvLWamide-like-Emerald GFP localizes to all three neurites (white arrowheads) and is
often seen at varicosities along the neurites (inset). mCherry distribution is broader and visible wherever significant cytoplasmic volume was present.

NvSynaptobrevin-mCherry where moving vesicles were most often
seen in the cell body and at varicosities. In addition, NvLWamide-
like::NvLWamide-like-Emerald was also observed in both neurites
of three bipolar neurons.

The candidate postsynaptic marker NvHomer-GFP was
distributed to all three neurites in two of five tripolar neurons
imaged (Fig. 6A). Of the remaining three neurons, two had
NvHomer-GFP in two neurites and one in a single neurite. We also
identified four bipolar neurons with NvHomer-GFP in both
neurites. Within neurites that contained NvHomer-GFP, only a
subset of varicosities contained the marker. This is in contrast to
NvLWamide-like-Emerald, which was typically found in all
varicosities along a neurite. It is likely that localization of
NvHomer-GFP is more sensitive to expression level than the
neuropeptide, and GFP-tagging could also affect robustness of
NvHomer targeting. However, we did identify NvHomer-GFP
puncta at varicosities where neurites cross (Fig. 6B) suggesting that
varicosities containing NvHomer-GFP are likely to be synapses.

In order to test the hypothesis that NvSynaptobrevin, LWamide-
like-Emerald and NvHomer-GFP co-localize to synaptic sites in
LWamide-like+ neurons, we used a single plasmid to drive mosaic
expression of NvLWamide-like::NvHomer-GFP and NvElavl::
NvSynaptobrevin-mCherry. The Elavl promoter is widely
expressed in the Nematostella nervous system (Nakanishi et al.,
2012). Following injection with the double expression construct, we
observed independently varying levels of expression of the two
transgenes in neurons. We observed a large proportion of neurons
that expressed either NvSynaptobrevin-mCherry or NvHomer-GFP
alone (Fig. 6C), and a smaller subset of neurons that expressed both
markers (Fig. 6D). In neurons expressing both markers, we found
four examples where NvSynaptobrevin-mCherry and NvHomer-
GFP co-localized to varicosities along the neurites, suggesting that
these varicosities contain both presynaptic and postsynaptic
components as might be expected at bidirectional synapses
(Fig. 6D). Finally, we were able to visualize four examples of
neurites crossing where both NvSynaptobrevin-mCherry and
NvHomer-GFP were present. In two examples of crossing
neurites, each cell expressed only one of the markers (Fig. 6E)
meaning that the two markers localized at separate sides of a contact
site from each other. In the other two examples, each cell expressed
both markers and they co-localized to the crossing. In both of

these scenarios, the presence of NvSynaptobrevin-mCherry and
NvHomer-GFP at the crossing contacts between the neurites
(Fig. 6E) suggests that these crossing sites are indeed chemical
synapses.

DISCUSSION

We have developed tools to determine whether LWamide-like+
bipolar and tripolar ganglion neurons in the cnidarian Nematostella
vectensis share key features of axo-dendritic polarity found in
bilaterian neurons. These features include different arrangements of
microtubules in axons and dendrites, a diffusion barrier at the
beginning of the axon, and differential distribution of pre- and
postsynaptic machinery to axons and dendrites. Using these tools,
we found that microtubules are oriented plus-end-out in all neurites
(Fig. 3), similar to the axonal arrangement in bilaterians. However,
unlike these axons, no diffusion barrier was detected, and so it is
likely that no large-scale specialization of the plasma membrane is
present. As microtubules provide tracks for transport of cargoes
such as proteins and organelles, identical microtubule orientation in
all neurites suggests that they have the same contents. Indeed, when
we looked at pre- and postsynaptic machinery (Figs 5 and 6), it was
equally distributed among all neurites in many neurons.

While assaying microtubule polarity with NVEB1-GFP, we
observed a single MTOC in the cell body of tripolar ganglion
neurons (Fig. 3). The most likely identity of this MTOC is the
centrosome. Microtubules originating at the centrosome would
grow into neurites in a plus-end-out orientation, and this could help
establish and maintain polarity. The centrosome is the major site of
nucleation and source of axonal microtubules in developing
mammalian neurons (Ahmad and Baas, 1995; Ahmad et al.,
1994). However, as these neurons mature, the centrosome is
inactivated as a nucleation site (Stiess et al., 2010). In bilaterian
invertebrates like Drosophila, it is unclear whether the centrosome
plays any role in neurons (Basto et al., 2006; Nguyen et al., 2011).
Therefore, it is interesting to find an MTOC in the cell body of the
tripolar LWamide-like+ ganglion neurons in Nematostella that
remains active over the course of 5 days. One hypothesis is that
maintenance of the MTOC helps organize the plus-end-out
microtubule array in the neurites by contributing new plus ends to
each of the processes. However, because the neurites extend long
distances over the body of the animal, it is likely that other
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Fig. 6. Postsynaptic marker NvHomer-GFP localizes to all three neurites of tripolar LWamide-like+ ganglion neurons. (A) Tripolar ganglion neuron
expressing NvLWamide-like::NvHomer-GFP. NvHomer-GFP localizes to all three neurites as indicated by black arrowheads. (B) NvHomer-GFP puncta can be
seen at sites of neurites crossing (insets). (C) Injection of a double expression construct for NvLWamide-like::NvHomer-GFP and NvElav1::NvSynaptobrevin-
mCherry yields varying levels of expression. Here, a representative mosaic polyp is shown where the green arrow indicates a tripolar ganglion neuron expressing
only NvLWamide-like::NvHomer-GFP and red arrows indicate neurons expressing only NvElav1::NvSynaptobrevin-mCherry. (D) Example of bipolar ganglion
neuron expressing both NvLWamide-like::NvHomer-GFP and NvElav1::NvSynaptobrevin-mCherry. Inset shows both markers localizing to the same varicosity
along a neurite. (E) NvHomer-GFP and NvSynaptobrevin-mCherry are both present at a neurite crossing (inset). In this example, a neuron expressing only
NvLWamide-like::NvHomer-GFP can be seen crossing a neuron expressing only NvElav1::NvSynaptobrevin-mCherry.

mechanisms regulate microtubule polarity further from the cell
body. Augmin-mediated nucleation from the sides of existing
microtubules plays a role in regulation of the plus-end-out
microtubule array in axons of cultured mouse hippocampal
neurons (Sanchez-Huertas et al., 2016) and augmin-mediated
nucleation would be expected to reinforce existing polarity (Petry
et al., 2013) so could propagate plus-end-out polarity from the base
of the axon outwards.

Although having all neurites with similar microtubule polarity
distinguishes Nematostella LWamide-like+ ganglion neurons from
most bilaterian neurons, at least one vertebrate neuron type also has
all plus-end-out neurites. Rohon-Beard (RB) neurons are found in
larval fish and amphibians and are transient pseudo-unipolar
somatosensory neurons that have central axons projecting to the
spinal cord and peripheral axons to the skin. Using EB3-GFP in RB
neurons of zebrafish, it was shown that microtubules are oriented as
plus-end-out in both non-branching central axons and branching
peripheral axons (Lee et al., 2017). Despite this uniform
microtubule polarity, the different processes are able to perform
polarized functions, with the peripheral axons receiving sensory
input from the skin and the central axons sending signals to the
brain. This contrasts with LWamide-liket+ ganglion neurons in
Nematostella, which have three equal neurites with similar
microtubule polarity, similar contents, similar lack of branching
and likely also similar function.

Our results suggest the network of LWamide-like+ neurons
within the nerve net of Nematostella is unpolarized at the cellular
level and connected at least in part by bidirectional synapses. The
functional significance of this network is not yet clear, because the
activity of LWamide-like+ neurons has not yet been associated with
specific polyp behaviors. Previous studies have described
bidirectional synapses throughout the phylum Cnidaria, including
scyphomedusae (Anderson, 1985; Anderson and Griinert, 1988;
Horridge et al., 1962), hydromedusae (Jha and Mackie, 1967),
cubomedusae (Satterlie, 1979) and hydroids (Kinnamon and
Westfall, 1982; Westfall, 1973), but the behavioral role of
bidirectional signaling in cnidarians is still poorly understood. In
the Scyphozoan jellyfish Cyanea, the unpolarized swim motor
neuron network appears to serve simply as a conduit between
pacemaker neurons and muscle (Anderson, 1985; Anderson and
Spencer, 1989). Bidirectional signaling between swim motor
neurons may facilitate spread of neuronal activity throughout the
network regardless of the site of origin to coordinate a swimming
response. Bidirectional signaling has also been observed in parts of
the hydra nerve net and may allow the point of origin of activity
within a network to influence the behavioral sequence (Dupre and
Yuste, 2017). We hypothesize that the LWamide-like+ ganglion
neurons might act as an unpolarized network designed to facilitate
conduction of signals across the body column regardless of the point
of signal origin. While we show here that these ganglion neurons are
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likely connected to each other via bidirectional synapses, a
complete characterization of their synaptic connectivity, including
identification of the inputs and outputs of the network, will be
needed to develop refined hypotheses of the role of the network that
can be tested through the effect of genetic manipulations on
behavior.

While the LWamide-like+ neurons we have characterized are
unpolarized with axon-like microtubule arrays, it is important to note
that we have examined only a small fraction of the neuronal diversity
in the nerve net; Nematostella has close to 30 other transcriptionally
distinct neuronal types (Sebe-Pedros et al., 2018). It therefore remains
to be determined if other neuronal cell types have more polarized
cellular anatomy with segregation of presynaptic and postsynaptic
sites. Polar chemical synapses have indeed been identified in some
cnidarians (Anderson and Spencer, 1989). Perhaps sensory neurons
or cnidocytes, cells that occupy terminal positions within the
signaling network, will have polarized characteristics for directional
signaling. It will also be interesting to see if all cnidarian neurons
adopt an axon-like plus-end-out microtubule polarity, or if some
neuronal types extend dendrite-like mixed polarity or minus-end-out
neurites instead of or in addition to axon-like neurites. The presence
of neurons with dendrite-like microtubule polarity in cnidarians
would suggest the building blocks for bilaterian-style axodendritic
polarity evolved prior to the cnidarian—bilaterian divergence in
comparatively simple ancestral nerve nets. However, if cnidarian
neurons are proven to only extend axon-like processes, then it would
suggest that dendrites could be a bilaterian-specific innovation for
polarized signaling.
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