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Connexins, in vertebrates, and Innexins, in invertebrates, are non-homologous gene families
that are both known to form functionally similar channels. Connexins have been well
characterized both functionally and molecularly but there is still a large gap of
characterization within the innexin gene family. The genome of the freshwater cnidarian
Hydra vulgaris contains 15 predicted innexins, of which, 5 are expressed exclusively in the
nervous system. It is presumed that these innexins are expressed in the different circuits of
the hydra nervous system. There are 3 well described circuits which regulate 3 different
behaviors in hydra; The contractile burst (CB) circuit which coordinates contractions,
rhythmic potential 1 (RP1) which coordinates elongations, and rhythmic potential 2 (RP2)

which coordinates radial contractions/egestion. Here I present data to show that hydra



innexins are capable of forming gap junctions. The electrophysiology associated with hydra
innexins is similar to that of connexins which undergo voltage dependent inactivation.
There is clear delineation of properties between INX2, which is expressed in the CB circuit,
and the innexins expressed in other neuronal circuits. The CB circuit is known to undergo
regular activations which correlates with the contractile behavior of hydra. By removing the
hypostome I reveal the presence of CB pacemakers within the hypostome and present a
way to facilitate further investigation into regeneration of CB and RP circuits. Lastly, in
collaboration with the Fairhall lab, I present imaging and analysis techniques that facilitate

the construction of a biomechanical model to simulate the behaviors of hydra.
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Chapter 1: Introduction to Hydra and Gap Junctions

Hydra Phylogeny and Anatomy

While jellyfish and anemones are the most identifiable Cnidarians, the phylum
Cnidaria is much more diverse than this and unique among all other phyla. Cnidaria are
characterized by their radial symmetry, unique developmental processes and simplified
nervous system. Sister to all bilaterians, only Ctenophora, Porifera and Placazoa are
considered to have diverged earlier than Cnidaria among the metazoans(Zapata et al.,
2015). Cnidarians subphyla are the Medusozoa and Anthozoa. Medusazoa consists of
jellyfish, box-jellies and hydra. Anthozoa consists of corals and anemones (Fig. 1A).
Hydrozoans are unique within Medusozoa in that they contain numerous freshwater
species. Hydra vulgaris are a perfect example of a freshwater hydrozoan within the phylum

Cnidaria.

Hydra is composed of a simple stalk, sensory/predatory tentacles, with a basal foot
region, peduncle, used for anchoring (Fig. 1B). The tubular stalk is made up of two layers of
transparent epitheliomuscular cells, the outer ectoderm and inner endoderm, enabling high
quality imaging of both cell layers(Technau and Steele, 2011). The ectoderm produces a
cuticle that protects the animal from pathogens and helps retain the integrity of the
hydroskeleton. The endoderm is involved in digestion, food uptake and
osmoregulation(Lilly, n.d.; Sher et al,, 2008). Endodermal epitheliomuscular cells contain
circularly organized myosin filaments that control the diameter of the animal, while in the
ectoderm, filaments are longitudinally arranged and control the extension of the animal

(Leclere and Rottinger, 2017). Epitheliomuscular cells within each layer are connected by
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septate junctions mediating cell adhesion, as well as gap junctions positioned to coordinate
electrical signaling between cells (Hand and Gobel, 1972). These two layers both rest on a
basal acellular partitioning layer, the mesoglea. Interspersed through both the ectodermal
layer and endodermal layer is the nerve net (Fig. 1C). Hydra do not possess a brain to
coordinate behavior and therefore rely on a diffuse network of neurons to sense their

environment and coordinate behavior.

Large numbers of interstitial stem cells exist in the body column between the
endodermal and ectodermal layers of the animal. These totipotent cells allow for
remarkable regenerative capabilities (Vogg et al., 2019). Regeneration within hydra has
been well documented. The animal can regenerate a completely new hypostome and/or
peduncle within four days post bisection. Furthermore the animal can undergo dissociation
and completely regenerate, synchronizing its nervous system and re-coordinating its

behaviors (Lovas and Yuste, 2021).

Hydra Nervous System and Behavior

Hydra have a well recorded repertoire of behaviors that include contraction,
extension, tentacle movements, somersaulting, feeding, and bending (Han et al., 2018).
Early extracellular recordings identified several distinct electrical events that coordinate
these behaviors in Hydra: contraction bursts (CB), rhythmic potentials (RP) and pre
locomotion bursts (Passano and Mccullough, 1963; Yamamoto and Yuste, 2020). Genetic
advances have supported the creation of hydra that express the calcium indicator GCaMP6
specifically within the interstitial cell line, which develop into the neurons of the animal

(Heimfeld and Bode, 1985). Using this line combined with hydras translucency allows for
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relatively high resolution full body imaging of the nervous system leading to further
characterization of these electrical events. Observations by Dupre and Yuste (2017) show
that neurons are organized into specific non overlapping circuits: the contraction burst

(CB), rhythmic potential 1 (RP1), and rhythmic potential 2 (RP2)(Dupre and Yuste, 2017).

Synchrony of a neural circuit is likely vital for coordinated behavior in Hydra. One

key to synchronization is the electrical synapse (Fig. 2A) which is typically composed of a
plaque of gap junctions between neurons, or other cells. Hydra neurons are connected via
both electrical and chemical synapses (Hand and Gobel, 1972; Westfall et al., 1971). Many
studies have pursued the physiological properties of these transmission methods in
invertebrates with the chemical synapse having been thoroughly studied in Aplysia
californica (Camardo et al., 1983; Rubakhin et al., 1999). Chemical synapses allow for cells
to remain isolated, but electrical synapses allow direct communication between the

cytoplasm of two (or more) cells.

Though the nerve network of hydra clearly coordinates and regulates behaviors,
suggesting an important role for gap junctional coupling, such coupling (Josephson) also
exists within the epithelial musculature through which excitation propagates (Josephson
and Macklin, 1969) even when Hydra's nerve cells have been removed (Lepault et al.,
1980). Several studies have suggested that contraction pulses can be conducted by the
epithelium in Hydra (Josephson, n.d.; Josephson and Macklin, 1969). By imaging calcium
signals in the endo- and ectodermal epithelial layers, (Szymanski and Yuste, 2019)
reported two distinct forms of muscle layer activation: a rapid global activation that drives

whole-body contraction (contraction pulse), and slow waves of local activation that can
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initiate anywhere in the body column (body column wave) or at a region of the peduncle
and correlate with bending (bending wave). This suggests that the dynamics of the muscle
layer itself form an important and nontrivial component of the transformation from nerve

firing to behavior.

Connexins, Innexins, Pannexins

Gap junctions clearly play an important role in synchronization and propagation of
signals within hydra and other animals. What genes encode gap junctions? Three different
protein families are known to encode gap junctions or gap junction-like proteins: innexins,
connexins, and pannexins(Sahu et al., 2015; Skerrett and Williams, 2017). Connexins are
found exclusively in vertebrates whereas innexins are found exclusively in invertebrates
(Bao etal., 2007). Pannexins do share some sequence homology with the other families and
are found in both vertebrates and invertebrates. Pannexins have been hypothesized to be
the evolutionary link between the connexin and innexin gene families (Beyer and Berthoud,
2018)(Evans and Martin, 2002; Landesman, n.d.; Moreno et al.,, 1995). Despite little
sequence homology they have surprisingly similar physical structure: four transmembrane
domains and two extracellular loops (Fig. 2B&C). Functionally, innexins and connexins
create very similar gap junction channels despite very little DNA/Amino acid sequence
homology (Evans and Martin, 2002; Landesman, n.d.; Moreno et al., 1995)) While
connexin/innexin hemichannels dock to form gap junctions, pannexins primarily form
hemichannels that do not dock, and instead create intracellular hemichannels (Baranova et

al,, 2004; Sahu et al., 2015).

13


https://www.zotero.org/google-docs/?mFCR0E
https://www.zotero.org/google-docs/?o8usBo
https://www.zotero.org/google-docs/?psIkG7
https://www.zotero.org/google-docs/?psIkG7
https://www.zotero.org/google-docs/?broken=ugc6VF
https://www.zotero.org/google-docs/?laWDVE
https://www.zotero.org/google-docs/?56uokJ
https://www.zotero.org/google-docs/?56uokJ

Gap junctions form between two cells each expressing connexin/innexin
hemichannels. When the two docking hemichannels each express identical
connexin/innexin genes it is known as a homomeric/typic gap junction (Fig. 2D) Cells
expressing hemichannels composed of different innexins (while not chimeric) are known as
heterotypic gap junctions (Fig. 2 E). If an individual hemichannel is composed of multiple
innexin genes the resulting gap junction would be in the heterotypic conformation (Fig. 2
F). While these conformations have been established in the connexin gene family it is

presumed that these rules apply to innexins as well.

Channel structure between these convergent genes, connexins and innexins has
observed differences due to low sequence homology. Connexins have been shown to
assemble with six connexon subunits creating a hexamer hemichannel (Lee et al., 2020;
Unwin and Zampighi, 1980). Pannexin channels, thought to be the evolutionary link
between innexins and connexins assemble with seven subunits (Michalski et al., 2020), and
innexin forms octomer hemichannels (Oshima, 2017). Cells coupled with connexins exhibit
smaller spacing in the electrical synapse (20-30 A) and the spacing between channels is
also smaller (75-95 A) when compared to innexins (30-40 A and 90-120 A
respectively)(Skerrett and Williams, 2017). These differences likely lead to different

biophysical properties as well.

Both the Hydra genome and single cell transcriptome have revealed fifteen proposed
innexin genes and their variants (Chapman et al., 2010; Siebert et al., 2019). In situ
hybridizations localized hydra innexin 2 (INX2) to the CB circuit of the neural net of hydra

antibody blocking has further revealed that innexin-2 may play a role in synchronizing the
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contractile behavior of the animal (Takaku et al., 2014). The hydra single cell transcriptome
has established cell type specific expression of hydra innexins localizing a number of hydra

innexins to be expressed exclusively in the nerve net of the animal.

This thesis sets out to better characterize gap junctions expressed in the hydra
nervous system, both functionally and molecularly. Furthermore, in collaboration with
Hengji Wang (Fairhall lab) we explore a model for behavior and seek to better understand
how circuits regenerate. Functional innexin studies are few and the molecular
characterization of Cnidarian, specifically hydrozoan, innexins is muddled. Combining
phylogenetic, electrophysiological, calcium imaging and collaborative computational
techniques, we begin to expand our understanding of the hydra nervous system and its

relationship with behavior.
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Figures

Figure 1. Phylogeny and Anatomy
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Figure 1. Phylogeny and Anatomy
A) Phylogeny of Cnidarians. Sister to all bilaterians. B) Cartoon anatomy displaying

tentacles, hypostome and peduncle. Nerve net is visible in green. C) Photograph of hydra
nerve net which is expressing GFP
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Figure 2. Connexins, Innexins And the Electrical Synapse
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Figure 2. Connexins, Innexins, and the Electrical Synapse.

A) Schematic displaying gap junctions (homomeric and heterotypic) between two neurons
B) Connexin membrane topology with characteristic 6 conserved cysteine residues. C)
Innexin membrane topology with characteristic four conserved cysteine residues. D)-F)
Possible gap junction formations based on connexins/innexins expressed in each cell,
Homomeric, Heterotypic, Heteromeric.
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Chapter 2: Biophysical Characterization of Innexins Expressed in the Hydra Nervous

System.

Introduction

Cell to cell communication is an essential component of biology and vital for a
functional nervous system. Neurons use two primary mechanisms for communication,
chemical and electrical synapses. These modes of transmission are well documented in
both vertebrate and invertebrate systems. Within invertebrates, many studies have pursued
the mechanics of these transmission methods in invertebrates with both chemical synapse
and electrical synapses having been thoroughly studied in Aplysia californica and D.
melanogaster (Camardo et al., 1983; Rubakhin et al., 1999, Chou et al., 2020; Li et al.,, 1997;
Pereda, 2014; Rybak et al., 2016; Stark et al., 1989). Chemical synapses allow for cells to
remain isolated, but electrical synapses allow direct communication between the cytoplasm
of two (or more) cells. Electrical synapses are composed of plaques of gap junction

channels which are coded for by the connexin gene family in vertebrate animals.
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Invertebrate animals have an analogous gene family, innexins, that have been suggested to

form connexin-like gap junction channels analogous to their vertebrate counterparts.

In Drosophila, innexins have been demonstrated, via knockdown/out experiments,
to carry out a wide variety of functions. A single dual-patch clamp study on shaker-B tested
the functional role of the innexin gene family by injecting oocytes with shaker-B RNA and
found that these genes are capable of making gap junction-like channels. (Phelan et al,,
1998). Similarly, exogenous expression of C. elegans innexin-3 RNA CDS in Xenopus oocytes
demonstrated that the product formed gap junction channels when two oocytes were
brought into contact in a dual whole cell conformation(Landesman, n.d.). These are the two

known examples demonstrating that innexins form connexin-like channels.

Gap junctions are made when two hexameric (connexins)or octomeric
(innexins)(Evans and Martin, 2002) hemichannels expressed in the plasma membrane of
adjacent cells dock together. When two hemichannels expressing identical innexin genes
dock it is known as a homomeric/typic gap junction(Fig. 1A). Cells expressing
hemichannels composed of different innexins that are able to dock (while not chimeric) are
known as heterotypic gap junctions (Fig. 1A). If an individual hemichannel is composed of
multiple innexin gene products within one cell, the resulting gap junction is said to be in
the heteromeric conformation (not shown). While these conformations have been
established in the connexin gene family it is unknown whether these same conformations

can occur in innexin based gap junctions as well.

The freshwater hydrozoan, Hydra vulgaris, does not possess a centralized nervous

system like bilaterians but instead uses a nerve net to sense their environment and control
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their behaviors. Hydra have a well studied repertoire of behaviors that include contraction,
extension, tentacle movements, somersaulting, feeding, and bending. Genetic advances have
supported the creation of Hydra that express the calcium indicator GCaMP6 specifically
within the interstitial cell line. Imaging from Hydra expressing GCaMP6 within the nerve
net has allowed the direct observation of a number of previously identified firing patterns,
the contraction burst (CB), rhythmic potential 1 (RP1), and rhythmic potential 2 (RP2),
associated with circuits within the nerve net of the animal that regulate and control some of
these behaviors (Passano and Mccullough, Dupre et al., 2017). Dupre and Yuste (2017)
showed that these three circuits appear to consist of nonoverlaping sets of neurons and

that the firing of neurons within each circuit is synchronous.

Synchronicity of firing neurons is known to be coordinated by gap junctions in
mammalian systems (Bennett and Zukin, 2004). Gap junctions in vertebrate systems are
coded for by the connexin gene family (Evans and Martin, 2002; Phelan and Starich, 2001;
Ramanan and Brink, 1993). However, no connexin genes have been identified in
invertebrate systems and instead gap junctions are coded for by the innexin gene family in
invertebrate animals (Adams et al., 2000; Chapman et al., 2010; Hillier et al., 2008; Leclére
et al., 2019; Welzel and Schuster, 2022). Hydra is no exception, with fifteen proposed
innexin genes identified by whole genome sequencing. In situ hybridizations localized
Hydra innexin 2 (INX2) to the CB circuit of the neural net of Hydra and antibody blocking
has revealed that innexin-2 may play a role in synchronizing the contractile behavior (CB)
of the animal (Takaku et al., 2014). A recently derived Hydra single cell transcriptome has

established cell type specific expression of Hydra innexins (Siebert et al., 2019). Using this
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data we identified five Hydra innexins that are expressed in the neural cluster with diverse

expression across the nerve net Fig. 1 B).

Despite these advances the functional characterization of any Hydra innexin has yet
to be established. We show for the first time that these innexins are capable of forming gap
junctions similar to those formed by connexins and we characterize their electrical
properties. Here we present evidence that innexins are capable of creating both homomeric
and heterotypic gap junctions. This is the first study to characterize invertebrate innexins
in over twenty years and the first to explore the properties of all innexins expressed in a

nervous system.

Methods

Plasmid Design

Hydra innexin sequences were identified using the drop seq paper. We used gene wiz to
synthesize the gene. We acquired the pNeuroD-ires-GFP as pNeuroD-ires-GFP was a gift
from Franck Polleux (Addgene plasmid # 61403 ; http://n2t.net/addgene:61403 ;

RRID:Addgene_61403). The UW Biofab was used to subclone the hydra innexin into the

pneuroD-ires-GFP vector.

Cell Culture and Transfection

NZ2a cells were acquired from American Type Culture Collection (ATCC), Manassas, VA, USA.
initial cells were cultured through 3 passages and then stocks were aliquoted and frozen for
future use. Cells were incubated in DMEM with 10% FBS and 1% penstrep, kept at 37C in

5% CO2. We then used transfectamin 5000 to exogenously express hydra innexins in N2a
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cells. During transformation N2a cells were incubated in Opti-MEM at 37C in 5%CO2 for a
period up to 24hours. Expression was confirmed via visual GFP expression under an

Olympus inverted microscope.

Dual Patch Electrical Recordings

Gap junctional current recordings were acquired using dual whole cell patch clamp
techniques. Borosilicate pipettes with access resistance for whole cell patch electrodes
were initially measured between 3.5 and 5 mOhm and filled with an internal solution
composed of 130mM CsCl, 10mM EGTA, .5mM CaCl2, 3mMMgATP, 10mMHEPES, and 18mM
phosphocreatine. Neuro2a blastoma cells were plated onto a cover slip 1.5-2 hours prior to
experiments and bathed in a solution of 140mM NaCl, 2ZmM CsCl, 2ZmM CaCl, 5.5mM
Glucose, 1mM mgCl, 10mM HEPES, 5mM KCI. Coupled cells were identified by the
expression of GFP under an Olympus inverted microscope. Electrodes were brought to the
membrane of each cell and the gigaOhm seal was acquired before breaking into the cell.
Both cells were clamped at Omv prior to voltage steps. The command cell was then stepped
from -70mV to +70mV in 10mV or 20mV steps while the recording cell was held at OmV. In
some cases one of the pair was held at -70mV or -30mV for 90 seconds to observe single
channel events. Changes in current due to the voltage differential were recorded in both the

command and recording cells.

Dual patch clamp was achieved via Axopatch 700A and B amplifiers (Molecular Devices,
Sunnyvale, CA) with a low-pass filter (cut-off frequency 1 kHz) and digitized at a 10 kHz
sampling rate using an AD/DA converter (Digidata 1550, Molecular Devices, Sunnyvale,

CA).
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Single Channel Analysis

To calculate the single channel current event histograms were produced and distance
between peaks or regular intervals was determined to be the single channel conductance of
the channel. The number of channels was calculated by dividing the macroscopic current by
the single channel current allowing us to further calculate the open probability of a given

gap junction

Voltage Dependent Inactivation analysis

Files from each experiment were averaged to remove noise and individual gap junction
channels opening and closing using both custom python scripts and Clampfit software.
Next, the steady-state conductance during a voltage pulse was normalized to the peak of the
same pulse and then plotted as a function of voltage. A Boltzmann equation was used to fit
these plots. Averaged files were also used to plot steady state current as a function of

voltage and peak current as a function of voltage.

Results

Exogenous Expression of Hydra Innexins in N2a Cells

Hydra Innexins were originally identified through the Hydra genome project and
later through the hydra single cell transcriptome (Chapman et al.,, 2010; Siebert et al.,
2019). Using the hydra single cell transcriptome and in collaboration with those authors,
we identified five hydra innexins predominantly expressed in the nervous system of hydra.
These innexins, Innexin 2(INX2), Innexin 6 (INX6), Innexin 7 (INX7), Innexin 10 (INX10),

and Innexin 14 (INX14) have differential expression within the clusters of the single cell
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transcriptome. INX2 is expressed in the EC1A, EC1B, and EC5 clusters, all of which are in
the ectoderm of the animal(Fig. 1B). Antibody blocking of INX2 gap junctions has suggested
that INX2 coordinates and synchronizes the CB network. Since INX2 is expressed in the
EC1/5 clusters, these clusters likely contain neurons of the CB network (Siebert et al., 2019;
Takaku et al., 2014). In the endoderm of the animal INX2 is expressed in the EN3 cluster; we
do not discuss endodermal expression further. INX6, INX7, INX10, INX14 are all expressed
in the EC3B and EC3C clusters of the single cell transcriptome, all of which are located in
the ectoderm of the animal but separate from the expression of INX2 (Fig. 1B); these are
hypothesized to be associated with the RP1 and RP2 circuits. Also of note is that any given
cell within the neural clusters will only express one Hydra innexin gene, preventing the
formation of heteromeric gap junctions (multiple innexin genes expressed within one cell),
but allowing for the formation of both homomeric and heterotypic gap junctions between

cells (data not shown)(Siebert et al., 2019).

In order to study the plausible channel formation of hydra innexin genes, we
synthesized innexin genes (genewiz) and cloned them into a modified pNeuroD-ires-GFP
plasmid (Guerrier et al., 2009)(Fig. 1C). This modified plasmid uses the Mammalian
EF1-alpha promoter to drive expression of genes of interest, in this case a specific hydra
innexin, as well as a fluorophore (either GFP or TdTomato). Plasmids were then
independently transformed into mouse N2a cells via Polysciences, Inc. Transporter 5
Transfection Reagent from Fisher Scientific and verified via reporter expression under UV
or Green light state wavelength. Expression of hydra Innexins in N2a cells via reporter

fluorescence can be seen in Figure 1D.
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N2a cells were chosen for use in this study because they do not contain detectable
levels of endogenous connexin expression (Elenes et al., 2001). In order to further verify
lack of gap junction expression, we experimentally tested wild-type N2a with dual whole
cell voltage clamp and dye transfer experiments (Fig. 1E, F) to demonstrate that WT N2a

cells do NOT couple making them an ideal cell line in which to study invertebrate innexins.

Homomeric coupling of Hydra Innexins

We used the dual whole-cell voltage clamp technique to test the ability of hydra
innexins to form functional gap junction channels. To do so, N2a cells transfected with
Hydra INX2, INX6, INX7, INX10, or INX14 were plated onto coverslips >48hours after
transfections and 2-24 hours prior to experiments. Cells expressing the respective reporter
gene (ie. GFP) were identified and adjacent cells were presumed to form plaques of
homomeric gap junction channels. During formation of dual patch clamp recordings,
membrane potential was initially clamped to OmV in both cells. Once whole cell access was
achieved one of the two cells was stepped from -80mV to +80mv in 10 or 20mV steps with
current amplitude being measured in both cells (Fig. 2 A,B). Current measured in the cell
clamped at OmV for the duration of the experiment indicated successfully coupled cells via
gap junctions composed of Hydra innexins. All innexins tested in this study successfully
created gap junctions with varying coupling rates (Fig. 2 C). We observed a coupling rate of
83% in INX2, 71% in INX6, 55% in INX7, 50% in INX10 and 86% in INX14 homomeric gap
junctions (Fig. 2 C). The current amplitude recorded in cells ranged widely, presumably due

to the number of gap junction channels present between cells. Whether at the macroscopic
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current level, or at the level of single channel recording, the biophysical properties of
inactivation were consistently observed in homomeric gap junctions.
Voltage Dependent Inactivation of Innexin 2 Gap Junctions

Voltage dependent inactivation is a canonical kinetic observed in connexin-based
gap junctions (Elenes et al., 2001; Moreno et al., 1994; Santos-Miranda et al., 2019; Yue et
al,, 2021) and previously described in innexin (Drosophila, C. elegans) gap junctions
(Landesman, n.d.; Phelan et al., 1998). We show here that voltage dependent inactivation is
consistent with Hydra neural innexins forming homomeric gap junctions. Adjacent cells
with potential gap junctions were identified and stepped from +80 mV in 10 or 20mV steps
(Fig. 3A). We then calculated the current/voltage (1/V) relationship for both the
instantaneous current (Ip) (defined as the average current within the first 100ms of a
voltage pulse) and the steady state (Iss) current (defined as the current during the final 0.5s
of a voltage pulse). While instantaneous INX2 current displayed a linear relationship across
the range of voltage steps, Iss deviated from linearity at larger potential differences, due to
channel inactivation (Fig. 3B). INX2 Iss begins to deviate from linearity at +20mv (Fig. 3B)
which indicates that INX2 channels begin to inactivate at this potential. We next
normalized Iss to the instantaneous current at all voltages to obtain normalized
conductance relative to voltage (Gss-Vj). Gss-Vj plots were then fitted with separate
Boltzmann equations for both positive and negative voltages allowing us to observe the
amount of inactivation INX2 channels undergo. The steady state conductance (GJss) for
Innexin 2 homomeric channels inactivated to a maximum of 0.49 +.03 GJss of instantaneous
current when a £80mV potential is applied (Fig. 3C). Boltzmann fit parameters are shown

in Table 1.
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We next calculated the rate of inactivation for INX2 channels. We first averaged
traces corresponding to the voltage pulse across an experiment. We then fit the averaged
traces from voltage pulses of £70mV and +50mV of each of the eight experiments to a two
term exponential equation, yielding a fast (t;) and slow (t,) component of inactivation.
Most traces were best fit with a two term exponential equation (with time constants T, and
T,), however in some cases traces held at +-50mV were adequately fit with a single
exponential (time constant t).

The average fast inactivation component, t,, for INX2 channels was calculated to be 8.6 ms
at +70mV and 109.3mS at +50mV (Fig. 3D). The 1, increased for both voltages reaching
144.5 ms at +70 and 799.9 ms at +50mV (Fig. 3D (inset)). Thus, larger voltage pulses
caused greater inactivation; this relationship was fairly steep, since at voltages between
+40mV inactivation time constants were inconsistent and extremely long indicating that
the true Iss was not reached during a 5 second voltage pulse and in some cases that
inactivation simply did not occur.

All innexin-mediated currents showed two time constants of inactivation at +70 mV; those
recorded at +50 mV showed slower inactivation, although most channels still had two time
constants of inactivation.

Voltage Dependent Inactivation Among EC3 Hyvdra Innexins

N2a cells transformed with pNeuroD-ires-GFP plasmids containing the EC3 cluster
innexins were used for dual whole cell voltage clamp experiments. Homomeric gap
junctions created by innexins expressed in the EC3 cluster all exhibited similar biophysical
properties which were distinct from those in INX2 homomeric gap junctions. For example

INX14 homomeric current records displayed strong voltage-dependent inactivation (Fig.
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4A).1/V curves for both Ip and Iss were non-linear indicating that some inactivation or
other non-ohmic restriction could be occurring during Ip (Fig. 4E). Gss-Vj plots revealed
substantial inactivation, far more than INX2 homomeric gap junctions (Fig. 41, Table1). GJss
of INX14 homomeric gap junctions inactivated to 80% of the instantaneous conductance
(Fig. 41). INX14 also inactivated slightly faster than INX2. Current records for voltage pulses
of £+70mV were best fit with a two term exponential fit and averaged a t1 of 7.4ms and 2
of 163.6 mS both faster than those of INX2(Fig. 4M, Table 2). Similarly, time constants in
response to voltage pulses of £50mV revealed faster inactivation than that of INX2 (Fig. 4M,
Table 2.)

All innexins of the EC3 cluster exhibited these same characteristics when compared
to INX2 (Fig. 4B-D). Iss IV relationships for INX6, 7, 10 all displayed non-linearity (Fig.
4F-H). Ip INX6 appears to be linear whereas INX7 and INX10 both display a deviation from
linearity at the largest potentials(Fig4F-H). GJss-Vj plots for these innexins all demonstrate
greater inactivation than that seen in INX2 (Fig. 4]-L, Table 1). Inactivation time constants
were the only parameters not to correlate with expression and biophysical properties. INX6
and INX10 both exhibited longer t1 and 12 than INX2 (Fig. 4N,P), while time constants for
INX7 were both faster than INX2 (Fig. 40).

Single Channel Conductance of Innexin 2 gap junctions

We next investigated the unitary conductance of hydra innexins to better
understand channel characteristics at the macroscopic and microscopic levels. This
provides further insight into how INX2 differs from the Hydra innexins expressed in the
EC3 Circuit. To observe and quantify unitary values of INX currents, we chose cell pairs in

which low values of current were expressed, allowing visualization of current jumps

33



consistent with opening or closing of single channels. A single cell of a pair was held at
either +30mV or +70mv for 90 seconds while channel transitions were recorded in the
second cell which was held at 0OmV. We then measured current amplitude changes by
computing histograms of all sampled current values (“all points”), and the current after a
discrete change (signifying channel opening or closing “event”). Amplitude and
conductance histograms were fit with a Gaussian to evaluate the means and variance of
state values.
INX2
+30mV

INX2 homomeric gap junctions exhibited unique unitary conductance characteristics
compared to other hydra innexins. A large main state unitary conductance of 162.7pS can
be observed in the all points histogram to the right of the channel trace at £30mV potential
Fig. 5A), with a second “main state” of 346pS also recorded, likely the result of a second
channel opening. In addition, a short switch event to a subconductance level of 217 pS is
seen (red arrow) and is observed at very low probability in the “all points” histogram.
When measuring the time spent in the conductance levels defined by thresholded
transitions in all three recordings the event histogram reveals four equally distributed
peaks separated by 81.8pS. Peaks fit at 81.8 and 246.6 pS in the event peaks are rare across
all experiments. These events are short, under 250ms, occurring in only 3 recordings across
8 experiments. Due to this low probability we suggest that these events are part of sub
conductive states and the main open state for the INX2 channels is the 165 pS conductance

level, with brief transitions to the 50% subconductance level of ~80 pS. (Fig. 5B). At +/- 30
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mV, the channels have a high probability of staying open, thus the all points histogram does
not demonstrate the unitary conductance of ~80 pS.
+70mV

Given that analysis of the macroscopic currents demonstrated substantial
inactivation at larger applied voltages, we might expect that single channel conductance at
larger potentials might reveal a higher probability for channels to close at those more
positive potentials. With application of +70mV potential, the channel opened only
infrequently to the full conductance level of ~165 pS, and showed substantial dwell times
in subconductance levels in INX2 gap junction current. The all points histogram
demonstrates a high probability open state conductance level of 35pS in the recording,
suggesting that at large potentials, the channels tend to enter lower conductance levels .
Three additional subconductance states are observed at 86pS, 134pS and 221pS Fig. 5C).
The event histogram for +70mV reveals five peaks separated by ~35pS each, indicating that
although the main open level of 165 pS level recorded at +/- 30 mV is attained, channels
prefer the lower sub-conductance levels at larger voltage steps (Fig. 5D).
Single Channel Conductance of EC3 Innexins

As delineated below, all innexin channels of the EC3 cluster displayed lower unitary
conductance than INX2 during voltage pulses of +30mV; however, similarly to INX2, and as
expected from the macroscopic kinetics, all EC3 cluster innexins also spent more time in
subconductance levels at larger voltages of +70mV.
INX7

+*30mV
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The representative current recording clearly shows many open/close transitions
and the all points histogram displays peaks of 40.4pS, 75.9pS, 111.9pS and 148.8pS (Fig.
6A). This indicates at least four channels in the recording. Peaks greater than 40.4pS are a
summation of current from multiple open channels. Upon close inspection of the
representative current recording it is apparent that INX7 based gap junctions can undergo
infrequent tenures in a subconductance state indicated by the red arrow (~70pS) in Fig.6A.
The event analysis histogram for INX7 displays three conductance states between 0 and
140pS(Fig. 6E) Peaks were fit at 38.2ps, 75.4pS and 114.3pS and separated by ~38pS
indicating a single channel conductance of 38pS during voltage pulses +30mV, substantially

lower than that for INX2.

+70mV

Innexin 7 also displays significant tenure within the closed state of the channel, and
at subconductance states at +70mV potential. Current traces display four states which are
fitted at 23.4pS, 44.7pS, 70.8pS, 93.7pS (Fig. 61). Event analysis reveals seven peaks
between 0 and 140pS. Peaks of 12.5pS, 24.8pS, 39.1pS, 52.8pS, 77.4pS, 104.8pS and
133.5pS are well fitted by a Gaussian distribution. With multiple channels and substates,
summation of multichannel main and substate currents will result in values that may not be

well represented in an event analysis from multiple recordings.

INX10

+*30mV
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Innexin 10 homomeric gap junctions exhibit a main state of 34.0pS which is
displayed by the first peak in the event analysis in (Fig. 6B). There are also three additional
peaks at 66.2pS, 97.1 pS, and 129.9pS. These peaks are all separated by about 32pS
indicating a unitary conductance of ~32pS in INX10 homomeric gap junctions. The
representative current trace displays two states at 36.8pS, 69.8pS which are both matched

with an associated Gaussian curve of the event analysis (Fig. 6F).

+70mV

Sub-conductive states can also be seen in INX10 homomeric gap junctions as the
main state is reduced from 34ps at £30mV to 21.8pS at +70mV (Fig. 6]). Additionally, there
are five well fitted Gaussian peaks at 21.8pS, 47.8pS, 76.3pS, 105.4pS, and 134.2pS between
0 and 140mV with a +70mV potential in the event histogram (Fig. 6N). The presence of an
additional peak at +70mV indicates a change in the conductive properties of INX10 at a
higher voltage which can be explained by the presence of subconductance states.
Additionally the representative current trace displays four states at 21.8pS, 42.5pS, 60.4pS,
76.0pS. The 60.4pS state in this trace represents 14.4pS state change from 76.0pS which is
significantly less than the observed transitions of 21+pS. This state also lies between two
peaks in the event analysis which supports the hypothesis that this transition is an example
of INX10 channels exhibiting a sub-conductive state.
INX14
+*30mV
At £30mV INX14 homomeric gap junctions conduct about 30pS (Fig. 6C). This can be

observed in the all points histogram with peaks at 29pS, 63pS and 98pS in the example
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trace, suggesting a gap junctional plaque containing at least 4 channels. Inspection of the
current traces suggests that the channels have a relatively high probability of being closed,
as there is roughly 30% inactivation of INX14 current at +30 mV. The event histogram has

four well fitted peaks between 0 and 150pS separated by 32.75pS + 2.25pS (Fig. 6G).

+70mV

From the macroscopic analysis of INX14, the current is 80% inactivated at #70mV. In the
recording shown, there are few channel openings, with the all points histogram showing
that the channels are mostly closed (Fig. 6K). The event histogram reveals five well fitted
peaks between 0 and 150pS at 28pS, 53pS, 82pS, 112pS, and 139pS (Fig. 60). These peaks
are separated by 27.8pS £2.75pS. Indicating a subconductance of 27.8pS per channel at

+70mV.

INX6
+30mV

The current recording seen in Figure 6A reveals the presence of multiple channels in
the system. Multiple opening and closing transitions are apparent and an all points
histogram reveals four peaks at 34pS, 93pS, 148pS, and 189.5pS (Fig. 6D). These peaks
represent the summation of current through open channels. With this in mind we can
deduce a total of 5 channels present in the recording(peak current/single channel
conductance). Event analysis reveals three peaks between 0 and 140ps. These peaks are
separated by ~39pS indicating single channel conductance of 39.0pS in INX6 based gap

junctions (Fig. 6H).
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+70mV

There are two states visible in the representative current recording associated with
a voltage pulse of #70mV (Fig. 6L). Peaks of 42pS and 76pS are well fit in the all points
histogram and indicate two channels present in the system. Similar peaks can be seen in
current recording from voltage pulses of +30mV. This indicates that channels are not
inactivating more at £70mV than they are during voltage pulses of +£30mV. It should be
noted though that only one experiment was able to resolve an open/close transition at the
single channel level. This is also likely limiting our ability to resolve inactivation and single
channel conductance at the single channel level for INX6 homomeric gap junctions.
Event analysis histograms of voltage pulses at #70mV (Fig. 6P) revealed three peaks
between 0 and 140pS of 38.9pS, 83.4pS, and 115.5pS. These peaks closely matched the
peaks visible during voltage pulses of #30mV indicating that channels might already be
operating at closed states thereby restricting current during a pulse of +30mV.
Hydra Innexin Dwell Times

Analyzing single channel events allows us to calculate amplitudes of open channels
and the duration of those open channel events. We note that the INX channels do not have a
linear i/V relationship, suggesting that at large voltage steps, channels are in a
subconductance state(Fig. 7A-E). Calculating the duration, or dwell time, of channels in
open states allows us to better understand how channels are inactivating in response to a
voltage pulse.

Dwell times varied between innexins but a stark difference is apparent between
Innexin 2 of the EC1/5 cluster and Innexins 6,7,10,14 of the EC3 cluster. INX2 exhibited an

average open dwell time of 1319.9 mS in response to a +£30mV step and 522mS in response
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to a +70mV step (Fig. 7F). The 95% confidence interval was calculated due to outliers that
skewed the standard deviation. This indicates that channels stay open longer during
voltage pulses of #30mV and more readily close during greater voltage pulses which is to be
expected in voltage dependent channels.

Similarly all EC3 innexins have greater open dwell times at lower potentials than
higher potentials(Fig. 7F, Table 3). However INX2 gap junctions exhibit >2X open dwell
times than EC3 which reflects the larger inactivation that occurs in these channels
compared to INX2(Fig. 7F, Table 3). Again, gap junction currents mediating the CB1 circuit
via INX2 channels would tend to pass more current to a neighboring cell for any given
stimulus or depolarization.

Heterotypic Coupling of Hydra Innexins

Lastly we asked whether Heterotypic gap junctions form in Hydra innexins. To do
so, we transformed cells with PneuroD-INX-IRES-GFP or PneuroD-INX-IRES-TdTomato.
After 48 hour cells were mixed and plated onto glass coverslips 2 hours before
experiments. Rather than identifying adjacent cells that both expressed the same reporter
we searched for adjacent cells that expressed different reporters, GFP and TdTomato. These
conditions allow for the formation of heterotypic gap junctions. Experiments were then
conducted using the dual whole cell voltage clamp technique while one of the cells was
stepped from -80 to +80 mV in 20mV steps.

We conducted these experiments for all possible combinations of Innexins (Fig. 8A)
with limited results. Heterotypic gap junctions did not readily form between N2a cells
expressing hydra innexins except for one combination (INX10-INX7)(Fig. 8A). We were only

able to record current from a single experiment out of 5 attempts adding to the evidence
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that Hydra innexins do not easily form heteromeric gap junctions in n2a cells. Despite this
we were able to observe characteristic voltage dependent inactivation on both sides of the
channel (Fig. 8 B, C) as evidenced by the lower Iss than Ip. Notably INX10-INX7 heterotypic
channels initially did not appear to exhibit rectification, a property of some connexin
heterotypic channels, which would manifest as a lack of inactivation on a single side of the
channel (Elenes et al,, 2001; He et al., 1999; Lin et al., 2014) (Fig8 B,C).

We then proceeded to analyze voltage dependent inactivation by normalizing Iss to
Ip to produce Gss-Vj plots. GJss-Vj plots with Boltzmann fits indicated that INX10-INX7
heterotypic channels did display minor rectification. Heterotypic channels inactivated to
0.39 GJss when a negative pulse was applied and displayed more inactivation during
positive pulses by inactivating to 0.21 GJss; each of these is significantly greater than that
for INX2 currents (Fig. 8D).

Inactivation of heteromeric channels is 0.2 GJss greater than that of homomeric
INX10 channels during negative voltage pulses and 0.06Gjss smaller during positive pulses
(Fig. 8F Table 1). Heterotypic INX10-INX7channels inactivation kinetics more closely
resembled those of INX7 as inactivation during negative pulses was 0.06G]Jss higher in
heterotypic channels and nearly matched INX7 homomeric channels during positive pulses

Fig. 8E, Table 1). Boltzmann fit parameters can be found in Table 1.

DISCUSSION

In this study we used the dual whole cell voltage clamp technique to characterize the
electrical properties of homomeric gap junctions composed of hydra innexins expressed in

the nervous system of Hydra vulgaris. All of the genes were previously predicted proteins
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that are now confirmed to form homomeric gap junctions in mouse neuro2a blastoma cells.
All INXs also exhibited characteristics similar to those of well studied connexin based gap
junctions(Evans and Martin, 2002; Lin et al., 2014; Moreno, 2004; Yue et al., 2021). Though
Hydra innexins were capable of forming gap junctions in N2a cells, we recognize that N2a
cells, which do not contain innexin genes(Phelan and Starich, 2001), may not be able to
properly mimic the channel properties that pertain in hydra neurons. It may be that
accessory proteins or posttranslational modifications not present in N2a cells are required
for normal channel activity(Axelsen et al., 2013). Glycosylation and phosphorylation are
known to modulate activity of gap junctions (Moreno et al., 1994) and may be required in
Hydra innexins to exhibit accurate conductance and inactivation. Thus while we have taken
an important first step in characterizing Hydra innexins further studies should consider
their biophysical properties within the context of Hydra neurons.
Inactivation of Hydra Gap Junctions

There is a notable difference between inactivation parameters of INX2 (CB1 circuit)
and the innexins expressed in the EC3 cluster of the hydra single cell transcriptome(Siebert
et al.,, 2019). The clear correlation between expression and biophysical properties leads us
to hypothesize that the relatively limited inactivation seen in INX2 currents is important in
CB activity. As previously proposed (Takaku et al., 2014) INX2 may coordinate and
synchronize the activity of the CB circuit (Dupre and Yuste, 2017). When the CB circuit of
Hydra is activated it does so very rapidly and fires several action potentials in quick
succession. Limited inactivation ofINX2 may help to support this rapid firing in the CB

circuit. If INX2 were to restrict more current across the channel due to increased
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inactivation, less trans-neuronal depolarization would occur, potentially preventing action
potentials in coupled cells, inhibiting synchronization and coordination of the CB circuit.

It is hypothesized that the EC3 cluster correlates with neurons of the RP1 and RP2
circuit. RP circuits are activated less frequently than the CB circuit. The greater inactivation
seen within EC3 innexins and thus increased restriction of current across the channel may
contribute to preventing the rapid activation of the RP circuit.

Unitary Conductance

At first glance it would appear that the single channel conductances of all Hydra
innexins at +£30mV are greater than those at #70mV. However our results show that this is
due to channel inactivation. During larger voltage steps, channels inactivate and enter
subconductance states reducing current across the channel, resulting in an increased
number of events seen in the event histogram (Fig. 5,6). Furthermore, the open dwell time
analysis reveals that channels spend less time in an open state at voltage steps of +70mv
than #30mv thereby restricting current and therefore conductance. This increases the
likelihood that a current record would display an open channel at a subconductance state
rather than a fully open channel. Single channel amplitude noise can also affect
conductance as the structure of the channel may allow for different amplitudes or the
channel may enter into subconductance states that differ only slightly from the main state.

This is the first study to characterize the electrophysiological properties of hydra
innexins. Innexins play an essential role in the synchronization of circuits and coordination
of behaviors. The characterization of biophysical characteristics of Hydra innexin channels
can be incorporated into modeling of Hydra circuits to evaluate their specific functional

roles.
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Figure 1. Background and Expression A) Homomeric and heterotypic gap junction
combinations are possible between hydra cells. B) Hydra innexins exhibit diverse
expression in the nervous system of hydra. The single cells transcriptome allowed us to
identify the expression of innexins in neural cell types which correlated with the different
circuits of the animal. INX 6,7,10,14 are expressed in the EC3B anc EC3C clusters. INX2 is
expressed in EC1A, EC1B, EC5 and EN3 clusters. C) modified pneuroD plasmid is used to
drive expression of innexins and a reporter gene. D) NeuroZ2a cells expressing hydra
innexins and GFP. From left to right: INX2, INX6, INX7, INX10, INX14. E) Cartoon describing
lucifer yellow injection experiment. F) When lucifer yellow is injected into wild-type n2a
cells, the dye does is not transferred to adjacent cells indicating they are not intrinsically
coupled.
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Figure 2. Homomeric coupling of hydra innexins. A) Cartoon schematic representing
INX/GFP expressing cells and dual whole cell voltage clamp. B) Cells are initially clamped at
OmV and one of the cells is stepped from -70 to +70mV in 10mV steps. Current is measured
in both cells with current changes in cell 2 indicating coupling between cells via innexin gap
junctions. B) All hydra innexins expressed in the nervous system were successfully able to
form homomeric gap junctions. Each point on the graph represents the average current
measured across the voltage pulse for that experiment. Note that not all every experiment
elicited a current response possibly due to low expression of hydra innexin in n2a cells.
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Figure 3. Innexin 2 forms homomeric gap junctions in N2a cells. A)Voltage step
protocol elicits current response in cell two. Red bar indicates Instantaneous current (Ip),
blue bars represent steady state current (Iss). Inactivation from the Ip to the Iss can be seen
at larger voltages potentials in INX2 homomeric gap junctions. B) Differing Current Voltage
(I/V) relationships are visible in the Ip and Iss components of current recordings. Iss [/V is
non-linear compared in Ip. C) normalized steady state conductance (nG]Jss) is plotted over
voltage and fit to a Boltzmann equation. Iss of INX2 homomeric gap junction inactivates to
50%% of the Ip at greater voltages. D) Current recordings from voltages of #70mV and
+50mV are fit to a two term exponential equation to calculate the time constants (11, t2) of
INX2 homomeric gap junctions. Current inactivation contains a fast and slow component.
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Figure 4. Voltage Dependent Inactivation of EC3 Hydra Innexins. A)-D). Current
Recordings from INX6,7,10,14. All homomeric gap junctions undergo voltage dependent
inactivation visible by decrease from Ip (red bar) to Iss(blue bar). E)-H) 1/V relationships
of hydra innexins. [p maintains some linearity in the amount of current recorded in
response to voltage response. However Iss is clearly non-linear suggesting voltage
dependent inactivation. [)-L) normG]Jss plotted over voltage. All EC3 innexins inactivate to a
greater degree than INX2. M)-P) Time constants associated with inactivation in hydra
innexins. Current records from +70mV and +50mV voltage pulses are fit to a two-term
exponential equation to identify slow and fast components of inactivation.
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Figure 5. Unitary Conductance of INX2 Homomeric Gap Junctions. A) Current recording
during a -30mV voltage pulse. All points histogram fit with Gaussian equation fits to
conductance values of 345pS, 217pS, and 162.7pS. Red arrow indicates a subconductance
transition of 217pS. Green arrows indicate transitions to subconductance state of 82pS. B)
Event histogram representing events from three experiments including 1244 events. Event
histogram is fit with Gaussian equation which reveals four peaks. Sub conductance states
are represented by smaller peaks of 82.8 and 246.6pS. Full openings are represented by
165 and 331.2pS. Green and red arrows correspond to events from current record in A. C)
Current recording during a -70mV voltage pulse. Four peaks are visible in the allpoints
histogram to the right of the recording with peaks of 35pS, 86pS, 134pS and 221pS.
Increased number of transitions reflects inactivation seen at the macroscopic level. D)
Event histogram representing events from three experiments including 867 events. Six
peaks are visible between 0 and 200pS.
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Figure 6. Unitary Conductance of Homomeric Gap Junctions composed of EC3 Cluster
Innexins. A)-D) ) Current recording during a -30mV voltage pulse. States are well fit in the
all-point histogram seen to the right of each recording. Red arrows indicate
subconductance states (current does not sum to full open channels) E)-F) Event histograms
compiled from current records during voltage pulse of -30mV. Each histogram includes
multiple experiments (N) and extensive events (Events). [)-L) Representative current
records during a -70mV voltage pulse for each of the EC3 Innexins. States are well fit in the
all-point histogram seen to the right of each recording. Red arrows indicate short
subconductance events present within the current record. Greater number of states are
visible during -70mV pulses further indicating current inactivation at the macroscopic and
single channel level. M)-P). Event histograms compiled from current records during voltage
pulse of -70mV for each of the EC3 Innexins.
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Figure 7. Single Channel IV and Dwell Times of Hydra Innexins. A)-E) [/V relationship
is non-linear at the single channel level for all hydra innexins further suggesting channels

inactivate as a response to greater voltage potentials. F) Open state dwell times for all
Hydra Innexins. Open state dwell times are consistently longer at £30mV than #70mV
indicating that greater voltages induce closing events in hydra innexins.
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Figure 8. Heterotypic coupling of hydra innexins. A) Point plot indicating average
current across a voltage pulse for heterotypic gap junctions. Pictures demonstrate different
hydra innexins expressed in N2a cells, GFP or RFP. Only INX10 in combination with INX7
successfully created heterotypic gap junctions in a single dual whole cell voltage clamp
experiment. B) Current recording from the N2a cell expressing INX7 C) Current recording
from cell expressing INX10 D) normalized steady state conductance (nGJss) is plotted over
voltage and fit to a Boltzmann equation. Heterotypic INX10-INX7 inactivates to a greater
extent than INX2. E) Heterotypic INX10-INX7 inactivation relative to homomeric INX7. F)
Heterotypic INX10-INX7 inactivation relative to homomeric INX10

Table 1

Boltzmann fitting parameters for the voltage inactivation of hydra innexins
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Innexin i Vhalf (+V) A(-V

INX2 0.51 0.46 -45.8 214 0.1 011
INX6 0.07 0.1 2257 31.2 0.1 0.1
INX7 033 0.23 =331 259 0.1 0.1
INX10 0.19 0.27 =32 401 013 0.1
INX14 017 013 -36.3 34.7 011 0.09
INX10-INX 0.39 021 -24 289 -0.22 021
Z
Table2

Inactivation Time Constants for Hydra Innexins

Innexi 50mV 1 50mV t2
std
INX2 9.1 144.5 2.5 29.1 1053 799.9 199.2 859.0
INX6  18.5 763 16.8 55.7 53.5 1735 65.9 196.7
INX7 3.4 389 15 285 71.0 1023 739 58.6
INX10  61.2 1681 332 139.5 1365 156.3 709 64.9
INX14 7.4 163.6 2.3 57.8 19.2 132.6 3.0 34.8
Table 3

Dwell Time Statistics for Hydra Innexins
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Innexin 95%CILL 95% CIUL

INX6 652.7 534.2 782.6 209.5 188.6 235.7
INX7 283.8 260.6 308.5 1955 162.2 236.6
INX10 367.9 324.9 412.1 188.2 168 208.7
INX14 392.8 354.6 432.2 188.4 164.9 213.1
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CHAPTER 3: A BIOMECHANICAL MODEL OF HYDRA MOVEMENT

Manuscript Contribution

A Biomechanical Model of Hydra Movement was a collaboration between the Bosma
and Fairhall labs conducted primarily by the graduate students Hengji Wang of the Fairhall
lab, and Josh Swore of the Bosma lab.

Joshua Swore was in charge of animal husbandry during the study which included
feeding, cleaning, and preparation of animals for experiments. More than 100 videos were
recorded for experiments that included extensive imaging of 30 minutes to 2 hours using
the zeiss axioscope provided by the Rasmussen Lab. Videos then required processing which
was conducted by Joshua Swore and Analysis, which was split between Joshua and Hengji.
While Hengji provided extensive python scripts for analysis Joshua used the Icy imaging
software to extract animal contours for all videos. Josh Swore and Hengji worked together
to track the following four body points on the animal: Hypostome, Armpit 1(Intersection
between right side bottom most tentacle and bodycollumn), Armpit 2 (Intersection
between right side bottom most tentacle and bodycollumn), and the peduncle. The
coordinates from the tracked points and contours were used to calculate the midline of the

animal; this work was also split between Hengji Wang and Josh Swore.
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Through the empirical study, conducted by Joshua Swore and computational modeling

skills of Hengji Wang the following manuscript was prepared.

Introduction

Anatomy and behaviors of Hydra.

Hydra has a relatively simple anatomy. Its fluid-filled body column consists of two
body layers, the ectodermal and endodermal epithelia, separated and supported by an
acellular gelatinous layer, the mesoglea, Fig. 1. The epithelial layers consist of a sheet of
epitheliomuscular cells, innervated by separate nerve nets. The ectodermal and
endodermal epitheliomuscular cells respectively produce longitudinal and
circumferentially oriented contractions (11). These layers, together with the enclosed fluid,
form a hydrostatic skeleton in which the force of muscle contraction is transmitted
throughout the body column by internal pressure
(12).

Movement in Hydra is controlled by a diffuse nerve net. Hydra has one of the earliest and
simplest nervous system (13, while its uncoupled ectodermal and endodermal nerve nets
(15) lack a centralized “brain” or ganglia, their firing activity underlies a rich repertoire of
behaviors. These include contraction bursts, active elongation, nodding, bending and two
forms of locomotion (9, 16-20). However, how neural activity drives behavior is not
understood. Early extracellular recordings identified several distinct electrical events in

Hydra: contraction bursts (CB), rhythmic potentials (RP) and prelocomotion bursts (PLB)
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(18, 19, 21, 22). Recent work has clearly identified three separate functional nerve
subnetworks responsible for these electrical events (8). However, only one of these, the
contraction burst (CB) network, is directly correlated with a motor output, namely
whole-body contraction (8). What causes the CB nerve net to fire is still not known,
although it is influenced by environmental conditions including osmolarity (23) and
temperature, (24) as well as microbes (25). Aside from the CB, the precise association of
neural activity with behavior has not yet been mapped out.

Neural control of behavior in Hydra.

At what length scale and with what precision does the firing of nerve cells influence
movement? These factors depend on how activation is conveyed through muscles, and how
the resulting network of muscular contractions interacts with the biomechanics of the
body. Due to gap junctional coupling (26), the epitheliomuscular network is able to
propagate excitation (27-29) even when Hydra’s nerve cells have been removed (30, 31).
Several studies have suggested that contraction pulses can be conducted by the epithelium
in Hydra (27, 28, 32-34); conduction in nerve-free epithelia has also been demonstrated in
other hydrozoans such as Siphonophores, Sarsia and Euphysa (35, 36). By imaging calcium
signals in the endo- and ectodermal epithelial layers, (9) reported two distinct forms of
muscle layer activation: a rapid global activation that drives whole-body contraction
(contraction pulse), and slow waves of local activation that initiate anywhere at the body
column (body column wave) or initiate at a region of the peduncle and correlate with
bending (bending wave). This suggests that the dynamics of the muscle layer itself form an
important and nontrivial component of the transformation from nerve firing to behavior.

Here, we construct a model of Hydra that includes sufficient biophysical and biomechanical
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detail to simulate the complete transformation from neural activity to muscle activity to
behavior. We aimed to address the following specific questions: (i) What are the
mechanisms that support the observed dual timescales of muscle activation, and how does
Hydra use these different dynamics in behavior? (ii) During contraction bursts, although
only neurons in the ectodermal nerve net fire (8), both muscle layers are activated (9), and
thus work against one another. What explains this dual-layer activation and how can body
contraction be achieved with opposing muscle drive? (iii) Can we quantitatively reproduce
basic behaviors (20), including contraction, elongation and bending?

To answer these questions, we implemented a multi-layered model (Fig. 2), transforming
neural activity to movement. Our models are constrained both by observations from
calcium imaging and by the use of physiologically plausible mechanisms consistent with
the recently developed RNAseq database (37). To model calcium dynamics in the
epitheliomuscular cell network, we postulate the coexistence of a fast cellular electrically
mediated pathway and a slow IP;-driven pathway. We assume that these activation signals
are transmitted through the epithelial layers by gap junctions (38-40). These two
mechanisms permit the coexistence of the fast electrically driven contractions as well as
slow waves responsible for bending; the model predicts that these dynamics are triggered
by distinct signals. We show that an intermediate level of gap junctional coupling between
the ecto- and the endodermal epithelium can share contraction activation between the two
muscle layers, but isolate slow wave activity to the ectoderm, consistent with observation.
We next convert calcium dynamics to force generation. In order to account for Hydra's
movement dynamics, it was necessary to hypothesize that the relationship between

calcium and force has more persistent dynamics in the endoderm than in the ectoderm,

63



essentially suggesting slower relaxation times for endodermal muscles. Finally, we convert
the simulated epithelial calcium dynamics to strain, which provides an active force input
into a biomechanical model of the fluid-filled hydrostat. To our knowledge, such an
actuated biological hydrostat has not been previously modeled. We use this model to show
that the simulated muscle activation, when driven by neural activity inferred from calcium
imaging, can account quantitatively for the measured behaviors of contraction, elongation

and bending.

Materials and Methods

We build our biophysical model (dynamics of calcium and stress) with Python 3.
Differential equations in our model are solved using the Euler stepping method. The

biomechanical model is constructed on COMSOL Multiphysics® 5.3a. All code and relevant

data are available at https://github.com/hengjiwang/hydramuscle.

Single cell model. The differential equations that describe the calcium dynamics in a single
cell are shown in Eq. 1 where C is the cytosolic CaZ2+ concentration; S is the ER Ca2+
concentration; P is the cytosolic IP3 concentration; V is the membrane potential. Detailed
expressions of terms and equilibrium conditions are included in the Supplementary
Information text; the corresponding parameters can be found in Table S1. Multicellular
model. To simulate calcium signaling in the whole-body muscle sheets, we construct
ectodermal and endodermal networks of Hydra epitheliomuscular cells. The number of
muscle cells of Hydra varies considerably with body size (24). For a representative Hydra of
length of 1.38 mm, we counted 62 cells longitudinally and 30 (15x%2)-34 (17x2) cells

circumferentially, depending on the longitudinal location. We approximate the body
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column as a cylinder composed of 30x60 square cells, of which the side length is 30 pm; the
lateral sheet edges are connected and the topmost and bottommost cell rows are taken to
be isolated from the environment. Cells within a layer are connected to their neighbors via
gap junctions. Each cell is treated as a compartment. To model the role of gap junctions in
propagating electrical signals and diffusing IP3, neighboring cells within a layer and the
cells at the same location in the endoderm and ectoderm are connected by coupling terms
(Eqg. 1). While all neighboring cells within a layer are coupled, cells with the same indices in
the two layers are connected probabilistically, with a defined connection density as the
ratio. The sensitivity analysis showing how parameters affect the wave propagation is
included in the Supplementary Information text and figures: Fig. S3 shows the effects of
stimulation strength, Fig. S4 shows the effects of coupling coefficients, Fig. S5 shows the
effects of some intracellular parameters.

Force generation.

We applied Hai-Murphy model (78) in transforming calcium concentration to force,
described by Eq. 2. where M, M p, AM p and AM represent the ratios of four possible states
of the myoneme, correspondingly are unattached and unphosphorylated (M), unattached
and phosphorylated (M p), attached and phosphorylated (AM p), unattached and
phosphorylated (AM). The final active stress Fa = KF (AM p + AM). The difference between
ectoderm and endoderm are reflected by different parameters of the Hai-Murphy model,
primarily represented by the difference of k7, which is the detachment rate of the
“latch-bridge” state of myoneme: its value for endoderm (tonic muscle) is much larger than
that for ectoderm (phasic muscle), therefore the endoderm can maintain the contraction

for a longer time than the ectoderm; also, k1 of the endoderm is more sensitive to calcium
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concentration than that of the ectoderm, so endoderm is easily to be activated. Values of
these parameters can be found in Supplementary Information Table S2. The matching
between the length change of the model and real Hydra body in Fig. 9F is primarily
achieved by tuning these Hai-Murphy model parameters

Biomechanics.

We build our biomechanical model on COMSOL Multiphysics® 5.3a, based on
finite-element method. To define the passive properties of Hydra body, we define the body
shell of our model as an incompressible hyperelastic material which follows a
Neo-Hookean model (85). Hyperelastic materials exhibit a nonlinear stress-strain behavior
and can respond elastically under very large strains (86). Muscle tissues are often
well-described (87-89) and modeled (90-92) using hyperelastic properties. The passive
biomechanical properties were mostly modeled based on Hill’s three element model (93).
Since biological soft tissues have hyperplasticity or viscoelasticity (94), we use hyperelastic
material parameters to model the Hydra muscle shell and further incorporated
viscoelasticity by including a Kelvin-Voigt model into the body shell material. For the
enclosed fluid, we use the COMSOL simulation environment’s preset material “Water”, with
a moving mesh. The elastic modulus and viscosity are set based on previous experimental
measurements (105). The interaction between the body shell and enclosed fluid is
simulated by the Fluid-Structure Interaction (FSI) module of COMSOL. To join the
biophysical model and COMSOL-based biomechanical model, we use the LiveLinkTM for
MATLAB® extension of COMSOL: we save the Python simulation results of stress into .csv
files, then on MATLAB we load them and call API of the LiveLink to apply the stress on the

biomechanical model built on COMSOL, then on COMSOL we run biomechanical simulation.
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Parameters used to setup COMSOL model is shown in the Supplementary Information
Table S3; configurations for the COMSOL solver are shown in Table S4. Sensitivity analysis
showing how some parameters affect the length change of the biomechanical model during
the simulation is shown in Fig. Sé.

Model constraints: gene-expression database.

To validate choices of biophysical mechanisms including channels, receptors and
pumps, we queried gene expression information for proposed components. We identified
candidate genes by FASTA using the NCBI protein database and then used BLAST (106) to
search for these genes in the databases Hydra 2.0 genome, Augustus Gene Models and
Juliano aepLRv2. The Broad Hydra Single-Cell Portal (37) further allowed us to identify
body regions with corresponding gene expression. We limited ourselves to mechanisms
that were consistent with these data bases.

Fluorescence encoding.

We adopt a modified SBM model from (107) to simulate fluorescence traces from
[Ca2+]i, in which GCaMP6s has five different binding states depending on how many Ca2+
ions are binding, and the fluorescence can be produced by all binding states in different
extents. Data for fluorescence encoding is independent of our neuromechanical modeling
and single-cellular data is absent to accurate data to fit the model. Because of this, we
roughly tuned the parameters to produce some qualitatively reasonable traces for

comparison.

Hydra cultures and imaging.

All Hydra lines were maintained at 18°C and fed newly hatched Artemia nauplii two

to three times per week. Hydra expressing the calcium indicator GCaMP6 in the ectoderm
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of the animal were used for imaging experiments. We used a modified imaging preparation
from (8). All imaging took place under a ZEISS Axio Zoom.V16 equipped with Zeiss
AxioCam 506 monochrome camera for fluorescent imaging, PlanNeoFluar Z 2.3X objective
lens and a GFP fluorescent filter set. The imaging arena consisted of a microscope slide, 50
to 100 um spacer and a cover slip. The use of the spacer allowed us to keep the animals in
focus by preventing motion in the z direction while still allowing free motion in the x and y
directions. Animals were recorded in the arena for 30-60 minutes at a sampling rate of 4 to
10 frames per second.

Video analysis.

Here we use image analysis to estimate integrated fluorescence in the neuronal and muscle
GCAMP lines (in contrast to single neuron tracking (108)) as well as to accurately
characterize Hydra’s body configuration. Acquired movies were processed using a
combination of Image] (109), the Icy Imaging software suite (110), DeepLabCut (111) and
custom scripts, with a pipeline shown in Fig. 11. Image] was used to adjust the contrast
from background noise which is essential to accurately extract contours of the Hydra. Noise
was reduced using median