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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

(Leclère and Röttinger, 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 et al., 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).
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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 (20–30Å) and the spacing between channels is

also smaller (75-95Å) when compared to innexins (30-40Å and 90-120Å

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

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.

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; Leclère

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

N2a 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, 2mM CsCl, 2mM CaCl, 5.5mM

Glucose, 1mM mgCl, 10mM HEPES, 5mM KCl. 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 0mv 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 0mV. 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 0mV 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 0mV 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 (I/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 (𝛕1) and slow (𝛕2) component of inactivation.

Most traces were best fit with a two term exponential equation (with time constants 𝛕1 and

𝛕2), however in some cases traces held at +-50mV were adequately fit with a single

exponential (time constant 𝛕).

The average fast inactivation component ,  𝛕1, for INX2 channels was calculated to be 8.6 ms

at ±70mV and 109.3mS at ±50mV (Fig. 3D). The 𝛕2 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 Hydra 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). I/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. 4I, Table1). GJss

of INX14 homomeric gap junctions inactivated to 80% of the instantaneous conductance

(Fig. 4I). 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  𝛕1 of 7.4ms and 𝛕2

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. 4J-L, Table 1). Inactivation time constants

were the only parameters not to correlate with expression and biophysical properties. INX6

and INX10 both exhibited longer 𝛕1 and 𝛕2 than INX2 (Fig. 4N,P), while time constants for

INX7 were both faster than INX2 (Fig. 4O).

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
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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 0mV. 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. 6I). 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. 6J). 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. 6O). 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 0.06GJss 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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Figures

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) Neuro2a 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
0mV 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 I/V is
non-linear compared in Ip. C) normalized steady state conductance (nGJss) 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 (𝛕1, 𝛕2) 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)  I/V relationships
of hydra innexins. Ip maintains some linearity in the amount of current recorded in
response to voltage response. However Iss is clearly non-linear suggesting voltage
dependent inactivation. I)-L) normGJss 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). I)-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) I/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 Gmin (-V) Gmin (+V) Vhalf  (-V) Vhalf (+V) A (-V) A (+V)

INX2 0.51 0.46 -45.8 51.4 -0.1 0.11

INX6 0.07 0.1 -25.7 31.2 -0.1 0.1

INX7 0.33 0.23 -33.1 25.9 -0.1 0.1

INX10 0.19 0.27 -32 40.1 -0.13 0.1

INX14 0.17 0.13 -36.3 34.7 -0.11 0.09

INX10-INX
7

0.39 0.21 -24.8 28.9 -0.22 0.21

Table 2
Inactivation Time Constants for Hydra Innexins

Innexi
n

70mV 𝛕1
(mS)

70mV
𝛕2 (mS)

70mV 𝛕1
std

70mV 𝛕2
std

50mV  𝛕1
(mS)

50mV
𝛕2 (mS)

50mV  𝛕1
std

50mV  𝛕2
std

INX2 9.1 144.5 2.5 29.1 105.3 799.9 199.2 859.0

INX6 18.5 76.3 16.8 55.7 53.5 173.5 65.9 196.7

INX7 3.4 38.9 1.5 28.5 71.0 102.3 73.9 58.6

INX10 61.2 168.1 33.2 139.5 136.5 156.3 70.9 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 30mV
Dwell
TIme (ms)

95% CI LL 95% CI UL 70mV
Dwell
TIme (ms)

95% CI
LL2

95% CI
UL3

INX2 1319.9 1101.6 1558.4 522.6 476.5 571.3

INX6 652.7 534.2 782.6 209.5 188.6 235.7

INX7 283.8 260.6 308.5 195.5 162.2 236.6

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 IP3-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,
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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 Ca2+ 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 (15×2)-34 (17×2) 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 µm; 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

(Eq. 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. S6.

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℃ 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 µm 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 ImageJ (109), the Icy Imaging software suite (110), DeepLabCut (111) and

custom scripts, with a pipeline shown in Fig. 11. ImageJ was used to adjust the contrast

from background noise which is essential to accurately extract contours of the Hydra. Noise

was reduced using median filtering (despeckle plugin). Icy Imaging was then used to

extract the contours of individual frames using the Active Contours plugin. We can then

integrate fluorescence signals within the contour. We then used DeepLabCut to track 4

reasonably well-identified body locations: the center of the hypostome, the center of the

peduncle, and the points of intersection of the left- and rightmost tentacles with the body

column (the “armpits”). The tracked “armpits” from DeepLabCut were used to exclude the

tentacles from the Icy contour. We then used the peduncle to bisect the contour, and

proportionally segment the two contour halves. Connecting the midpoints of the
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segmentation points allowed us to extract the curved midline of the Hydra body in each

frame.

Model reduction attempt.

Though all of the parameters included in our model are based on previous work and tuned

in physiological ranges, the model rooted in the biophysical level inevitably includes many

parameters, of which the complexity may interfere with the major ideas we want to convey.

Therefore, we attempt to reduce the dimensionality of our model using Green’s function

method, which can represent the general spatiotemporal pattern as an impulse response.

Detailed work is shown in the Supplementary Information text, Fig. S7, Fig. S8 and Table

S5.

Results

Single cell dynamics.

We first show how the muscle system can exhibit two activation patterns with

distinct time scales. The mechanisms of muscle activation are rooted in the biophysics of

the single muscle cells and their interactions; thus we begin by modeling the intracellular

dynamics of a single Hydra muscle cell.

Hydra’s epitheliomuscular cells (11) have no striation (44) and are similar in structure to

smooth muscle (45). The ectodermal epitheliomuscular cells display longitudinally

oriented processes called myonemes which effect body contraction (11). The myonemes of

the endodermal epithelium are oriented circumferentially (Fig. 2), and their contraction in

principle leads to elongation via conservation of volume of the interior fluid and

corresponding hydrostatic pressure (the hydrostat mechanism).
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Muscle contraction is controlled by calcium dynamics, and smooth muscle has two

possible sources of calcium elevation: (i) IP3-induced Ca2+ release from the endoplasmic

reticulum/sarcoplasmic reticulum (ER/SR) calcium store, and (ii) Ca2+ influx from the

extracellular space through L-type/T-type calcium channels (43, 46–48). We will refer to

these two calcium signaling pathways as the “slow” and “fast” pathways respectively, based

on their typical time scales. Both IP3-related calcium release (44) and electrical excitability

(49) are observed in epitheliomuscular cells.

Models of smooth muscle frequently treat only one of these pathways. Models of calcium

signaling in non-excitable cells may consider only the slow pathway, ignoring membrane

ion channels (50–53), while others consider only the fast pathway, neglecting the dynamics

of the internal calcium stores; examples include models for uterine smooth muscle

(54–58), gastric smooth muscle (59), urinary bladder smooth muscle (60) and pancreatic

β-cells (61). While some models integrate both pathways by incorporating both influx

through ion channels and Ca2+ release from stores (38, 62, 63), modeling the two pathways

separately and simulating calcium dynamics at different time scales is rare (64, 65).

However, since calcium imaging in Hydra clearly reveals dynamics with different time

scales (short-lasting and fast-propagated calcium transients in CB; long-lasting, slow

calcium waves in bending and nodding (9)), we incorporate the necessary components for

both slow and fast pathways in our model for Hydra epitheliomuscular cells, hypothesizing

that the activation of them can be separately triggered by various neuropeptides. based on

previous identification of distinct Hydra peptide functions (13) (Fig. 3A).

The simulated slow and fast dynamics are shown in Fig. 3B and Fig. 3C, respectively, and

show that the timescale of the calcium dynamics triggered in slow pathway is much larger
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than that in the fast pathway, consistent with the observations from calcium imaging. Ca2+

fluxes and ion current traces are shown in the Supplementary Information Fig. S1.

Muscle sheet dynamics.

We then extend the single cell model to a multicellular model by incorporating

intercellular communication. We construct a muscle sheet (Fig. 4A) composed of 60×30 30

µm× 30 µm cells, as measured from an example small Hydra (Supplementary Information

Fig. S2), with each cell modeled as described in the last subsection. While cell size may vary

during contraction, for modeling simplicity we do not take this deformation into

consideration. Neighboring cells are assumed to be coupled by gap junctions. Gap junctions

have been observed in EM studies (15) both between cells in the same layer, and also

penetrating the mesoglea to connect the ectoderm and endoderm (15, 66, 67). Further,

single-cell RNA sequence analysis in Hydra shows multiple innexin types in both epithelial

cells and neurons (37). In most systems, nerve stimulation alone does not activate the

majority of smooth muscle cells; rather, activation is propagated via intercellular

communications between muscle cells (29, 68).

Gap junctions propagate signals by (i) allowing the diffusion of Ca2+ as well as second

messengers like IP3; (ii) conducting electrical signals (29, 68, 69). We hypothesize that the

two different observed forms of wave propagation in Hydra (slow waves and fast calcium

synchronization) both occur through different epithelial activation patterns. For slow

waves, the propagation of IP3, but not Ca2+ (of which the effect is trivial, as addressed in (38,

39, 70)), through gap junctions is believed to primarily trigger intercellular calcium waves

(ICW) (71), which is supported by many previous models on smooth muscle (39, 72–75).
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Calcium synchronization (the fast wave) has generally been modelled through the electrical

conduction property of gap junctions (62, 76, 77).

Based on this setting, we simulate several different muscle activation patterns, by

assuming the necessary neural stimulation for each pattern and applying it to trigger

specific muscle cells directly:

Body-column wave.

We hypothesize that the initiation of bodycolumn waves arises from neuromuscular

junctions at which neurons release a neuropeptide that triggers the slow pathway in the

muscle cells which are randomly located in the body column. Therefore, to simulate these

waves, we randomly select a 2×2 region of cells in the sheet and stimulate their slow

pathways. The elevated IP3 in the stimulated cells diffuses to the neighboring cells and

triggers the slow dynamics there, resulting in slow calcium waves propagating through the

corresponding local domains. Example results of the simulation are shown in Fig. 4B.

Bending wave.

A second type of slow wave initiates at the peduncular ectoderm and slowly

propagates in the oral direction (9). This asymmetrical calcium activity in the ectoderm is

believed to cause bending. To simulate the bending wave, we stimulate the slow pathway in

a 4×4 cell-patch located in the peduncle of the ectoderm sheet of our model; propagation is

due as above to gap junctional IP3 diffusion (Fig. 4C). To obtain a wave as observed in data,

the model assumes that gap junctional coupling is anisotropic, larger longitudinally than

circumferentially (see Materials and Methods).

Fast wave (contraction pulse).
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Hydra’s contraction burst (CB) is driven by the firing of a unique subnetwork of the

ectodermal nerve net (8) that is distributed across the body but particularly concentrated

in a ring in the peduncle. Each contraction pulse causes a global calcium synchronization

which activates all muscle cells in both ectoderm and endoderm. Measurements in (9)

showed that the contraction pulses initiate in the peduncular epithelium and propagate to

the rest of the body column. Here we assume these neurons to be the primary source of

activation. We initiate the fast wave by simulating inputs from a ring of neurons in the

peduncle onto the connected muscle cells: we stimulate the fast pathway dynamics in the

bottom row (1×30) of the ectodermal sheet. Elevated membrane potentials propagate

rapidly to the remainder of the cells via their electrical coupling, giving a global calcium

synchronization, as shown in Fig. 4D.

Body column dynamics.

It seems that extending the muscle sheet model to a dual-layer body column model

is very straightforward: coupling the leftmost cells and the rightmost ones to form a hollow

cylinder, then duplicating it to represent the other layer, and regarding the two cylinders

together as a dual-layer body column. However, calcium imaging shows that this bi-layer

activation is not actually observed: during a contraction burst, neuronal activity is confined

to the ectoderm, which indicates CB neurons are located in the only ectoderm (8), while

both the ectoderm and the endoderm show an almost synchronous fast wave of

epitheliomuscular calcium (Fig. 5); in contrast, body column waves and bending waves are

only observed in the ectoderm (9).

We assume the synchronization of fast waves in the two layers is due to electrical

coupling through the cross-layer gap junctions which penetrate mesoglea: when cells in the
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ectoderm are electrically activated, the action potential can propagate through the gap

junction and trigger activity in the endodermal epithelium, then we must also assume

crosslayer gap junctions can allow a flow of IP3. However, there is no evidence that slow

waves in ectoderm propagate to the endoderm (9). How can we explain this contradiction?

We hypothesize that the cross-layer gap junctions are sparsely distributed between the

two layers (Fig. 6A), and the ability of cross-layer gap junctions to transmit global fast

waves but block local slow waves is due simply to their density. We test this by varying the

connectivity ratio (density) of the cross-layer gap junctions in our model. We found when

the connectivity ratio is high, both fast and slow waves can propagate between the two

layers; when the ratio is low neither of the two waves propagate; and there is a

intermediate range in which only the fast wave crosses the layer (Fig. 6B-D).

To probe the effect of the density of cross-layer gap junctions on the propagation of

trans-mesoglea calcium waves, we quantitatively analyzed the relationship between the

averaged calcium concentration of the endodermal muscle sheet and the connection

density, after stimulating the ectodermal muscle cells’ fast (Fig. 6E) and slow (Fig. 6F)

pathway. As shown, for both slow wave and fast waves, a higher connection density of

cross-layer gap junctions allows stronger calcium wave propagation from the stimulated

ectoderm to the endoderm. When the connection density is very low or very high, the

standard deviation is small. In intermediate ranges, there is considerable variability,

indicating that the specific placement of cross-layer connections can also affect

trans-mesoglea propagation. Thus, when the cross-layer gap junctions are distributed

under a range of connection density in specific patterns, only the fast waves can cross

layers and the slow waves are limited to the directly stimulated ectodermal layer.
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To quantitatively compare the speed of the simulated waves with experimental data, we

identified the wavefront of the bending wave in our model as shown in Fig. 6G, from which

the average propagation speed can be calculated as around 0.9 cells/s. The length of our

biomechanical model is in the range of 0.6mm (fully contracted) - 1.7mm (elongated),

based on which the length of each cell can be calculated as 9.8 µm (contracted) - 28.8µm

(elongated), so the propagation speed is in the range of 9 µm/s - 26.5 µm/s. In (9), the

propagation speed of the bending wave was calibrated as 13 ± 0.7 µm/s, which falls in the

range of the simulation. The speed of the fast wavefront is computed as shown in Fig. 6H,

giving 0.7 cells/ms, or 6 mm/s when the model is in the contracted state. This is of the same

order as the propagation speed measured from calcium imaging (4.6-5 mm/s) in (9).

Transform calcium dynamics to muscle contraction.

Now that we can simulate the various calcium dynamics and activation patterns of the

whole-body muscle system, we then modeled how they generate contraction.

Calcium to force.

In smooth muscle, a rise of [Ca2+]i (intracellular calcium concentration) leads to a rise of

calmodulin, leading to increased activation of MLCK (myosin light-chain kinase),

phosphorylation of myosin, and thus contraction (41). The Hai-Murphy model of smooth

muscle (78) uses four forms of the crossbridge to simulate the force-production process,

where Ca2+ plays a role in MLCK activation. The Hai-Murphy model includes the

“latch-state” of the crossbridge, which allows the maintenance of steady-state stress of

muscle even if the Ca2+ concentration has decreased. Depending on parameters, the model

can provide either fast-acting phasic behavior as for “fast” myosin isoforms, or tonic

contraction via the latch-bridge mechanism, as for “slow” isoforms. This mechanism is
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energetically efficient but at the cost of a reduced rate of muscle shortening (79). ( – moved

to the following subsection: Difference between layers) Modified Hai-Murphy models have

been used to simulate contractions in arteriole (80) and uterine (57, 81) smooth muscle. In

our work, we applied a modified version of the Hai-Murphy model, following (57) and (81),

to transform [Ca2+]i into active stress.

Force to contraction.

To further convert the stress into movements of Hydra, as our final step, we need to

construct a model that resembles the hydrostatic skeleton of Hydra and can simulate the

biomechanics of the body, driven by the fluid is shown as purple. transformed stress.

Models of hydrostatic skeletons are rare and have focused on muscular hydrostats ( –

warned by a reviewer), including leech (82, 83) and octopus tentacles (84). Related work

has explored the neural control of swimming in jellyfish (6); in this case the animal is an

open membrane and the model treats the hydrodynamic interaction with the surrounding

fluid. ( – move to Introduction to make the citation more visible?) We construct our model

using the COMSOL Multiphysics® 5.3a. We approximate the anatomy of Hydra with a

simplified biomechanical model that contains two domains: the body shell and the

enclosed fluid. The body shell, which represents the combination of the ectoderm and

endoderm layers and the mesoglea, is composed of a half spherical shell at the hypostome

and a half spherical shell at the peduncle, connected by a uniform body column cylinder

shell (Fig. 7). In order to manipulate the biomechanical model at high resolution, we divide

the body shell into 10 (radial) by 20 (longitudinal) elements. The body shell and enclosed

fluid together form a hydrostatic skeleton.
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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 incorporate 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.

While the COMSOL architecture as described handles the passive biomechanical

properties, we apply time-varying active stresses generated by the output of the calcium

signaling models; the ectodermal model drives longitudinal external stresses, while the

endodermal output drives stress in the circular direction. We obtain the active stress from

the calcium signaling model as described above, and average the stress of neighboring 9

cells, coarse-graining the original 30×60 matrix to fit the 10×20 dimensions of the

biomechanical model. This stress pattern was applied to the corresponding elements of the

biomechanical model using LiveLinkTM for MATLAB.

Difference between layers.

A major question raised by experimental data is how the co-activation of the

opposing ectodermal and endodermal contracting forces can give a total effect of

longitudinal contraction of Hydra, instead of opposing each other; also, why neither layers
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are activated between CB’s, but Hydra still exhibits an elongation behavior (Fig. 5)?

Actually, when we directly apply the transformed stress from calcium dynamics on the

biomechanical model, we observed an opposing behavior (not shown) of the model instead

of contraction like a real Hydra, which is consistent with our concern.

We found these can be interpreted by assuming ectoderm and endoderm have different

types of muscle, which can be simulated by setting different parameters of Hai-Murphy

model for them: depending on parameters, Hai-Murphy model can provide either

fast-acting phasic behavior as for “fast” myosin isoforms, or tonic contraction via the

latch-bridge mechanism, as for “slow” isoforms (79). Therefore, by assuming the ectoderm

is phasic and endoderm is tonic, with the hypothesis that ectoderm can generate a larger

maximum stress than that of endoderm (inspired by the observations that the myonemes

in ectoderm are longer than those in endoderm (11)), we can successfully simulate the

interplay of contraction and elongation – when CB neurons are firing and both layers are

activated, ectoderm plays a dominating role, thus driving a longitudinal contraction; when

CB firing ceases and [Ca2+]i drops in both layers, the endoderm dominates and drives Hydra

to elongate slowly, because of its tonic property that allows it to maintain the stress longer,

requiring no direct neuronal stimulation.

Integrating together: from neural activity to behaviors.

With the above bottom-up pipeline, we are now capable of simulating the observed

behaviors of Hydra, using different spatiotemporal neural firing patterns to drive muscle

activation. Fig. 8 shows our simulation of several typical behaviors of Hydra. How we
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simulate contraction and elongation has been introduced above. We simulate bending by

stimulating the slow pathways of a small localized group of ectodermal cells at the

peduncle, which triggers the bending wave as shown in Fig. 4, generating local contraction

which causes Hydra to bend towards the stimulated side. This shows that activation of the

slow and fast pathways can coexist without interfering with each other and that the

contraction event in the fast pathway does not saturate the calcium dynamics. For nodding,

a separate nerve net, called the sub-tentacular network (8), is found to be correlated with

nodding behavior. Here we assume that this network simply stimulates the slow pathways

of a small set of ectodermal cells in the sub-hypostomal region. This is similar to bending

behavior but with an opposite location. Our model is thus able to generate a “bending” of

the hypostome towards the stimulated side.

We then attempt simulating naturalistic behaviors of Hydra from videos where

behaviors were recorded. Left undisturbed, Hydra undergoes repeated cycles of

contraction and elongation, combined with bending. We extract the integrated GCaMP

fluorescence trace from a neuronal imaging video and use it to infer the firing times of the

CB neurons (Fig. 9A), with further adding sparse triggering times for the bending waves

(Fig. 9B). We use this stimulation to drive fast calcium waves and slow bending waves in

the epithelial sheets (Fig. 9C, D) , of which the fluorescence matches the observed curves in

Fig. 5 (– do we even need to include fluorescence?). After encoding the calcium

concentration into force (Fig. 9E, F)), we use it to drive the biomechanical model,

successfully exhibiting a series of behaviors that mimic the real Hydra (Fig. 9H).
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The simulated length changes show very good quantitative agreement with the dynamics of

contraction and elongation of the animal (Fig. 9G). An animation of the whole pipeline of

simulation is provided in the Supplementary Information (Movie S1).

Discussion

In this work, we have succeeded in implementing a model framework that predicts

behaviors from neural firing patterns. Here we review the assumptions, required

mechanisms and limitations of our model. We began with a biophysical model for single

muscle cell dynamics that is grounded in known molecular mechanisms; we then linked

muscle cells into a network via gap junctional coupling, which successfully simulated

multiple timescale calcium activation dynamics observed in GCaMP imaging experiments in

Hydra. Such multiple-timescale calcium signaling was also recorded in arterial smooth

muscle cells (65). We then used this model to generate active stress to drive a passive

biomechanical model of the body. This model successfully simulated Hydra behaviors

including contraction bursts, bending and elongation. These two components together

form a model that can exhibit different behaviors with given neuronal stimulation, and can

thus serve as a testbed for reverse engineering neural activity needed for each behavior of

Hydra.

In order to match observed activity and behavior, we raised and addressed a series of

questions. We accounted for the two distinct time scales of calcium patterns in imaging

experiments by assuming that there are two different calcium pathways (ionotropic and

metabotropic) in each single muscle cell, then captured the different propagation speeds

through the dual functions (electrical coupling and chemical diffusion) of gap junctions. By
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assuming sparsely distributed cross-layer gap junctions between ectoderm and endoderm,

we succeeded in producing synchronized fast waves in the two layers along with the

isolation of slow waves to the ectoderm. To explain how Hydra can longitudinally contract

although the two counteraligned muscle layers are simultaneously activated, we postulated

that muscles of ectoderm and endoderm have different properties (phasic and tonic). This

further explains how Hydra can elongate with no apparent endodermal calcium activation

(Fig. 5). Putting these factors together, we successfully simulated cycles of contraction,

elongation and bending.

Despite this success, there are many details and limitations that need to be explored

further. For instance, how and which groups of neurons transmit these distinct stimuli to

the muscle is still unclear. We have considered a simplified structure of Hydra, and

neglected the effects of the surrounding water, whose viscosity and buoyancy may

influence behavior (95–97). Furthermore, our model only assumes feedforward

transformations from neural activity to behaviors, although it is likely important to

understand how behavior influences neural firing through mechanosensation and other

forms of sensory feedback.

Neuromuscular transmission in Hydra.

An open question is how and where neurons connect to and stimulate muscles.

Electron microscopic observations showed clear evidence of neuromuscular synaptic

junctions in Hydra tissue (26). Further studies have shown that the neuropeptides

Hydra-RFamides and Hydra-KVamide (expressed in the peduncle region) may

play roles in neuromuscular transmission (42, 98, 99). The neuropeptide Hym-176C can

induce ectoderm contraction and is selectively expressed in ectodermal peduncle neurons
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(37, 98, 100, 101). Non-selective cation channels HyNaCs were identified in

epitheliomuscular cells, which are directly activated by Hydra-RFamides I and II and can

depolarize the cellular membrane potential (42, 102). In our model, we propose that two

different types of neuropeptides play the roles of triggering different pathways, enabling

differential control of different timescales dynamics in the muscle layers, potentially by

distinct neurons.

Electrical signaling in nerve net and muscle.

Our model treats the question of whether electrical activity during contraction

bursts is transmitted through the nerve net or the muscle layer. We propose that

hypostomal neurons play a role of integrating information from the environment: following

a decision to fire, the signal is propagated through the sparsely distributed CB nerve subnet

to the peduncle ring of motor neurons, which acts as the primary drive of contraction. This

architecture is supported by the observed propagation of fast calcium activation from the

peduncle towards the oral side (9); the expression of Hym-176C in the peduncle (98) and

the previous observation of electrical conduction in the nerve-free Hydra epithelia (30).

However, we believe that during contraction, synchronous drive from the nerve net is

supplemented by the electrical coupling property of muscle cells themselves. The CB

neurons are sparsely distributed in the body column; it is unlikely that the CB neurons

directly innervate all muscle cells, although it is possible that each neuron drives a small

group of them. We simulated the dynamics that result from setting the electrical

conductance between muscles to zero and stimulating random small groups of muscle

cells; this leads to slowly growing nodes of excitation via the slow chemical diffusion of IP3

(Fig. 10). Thus we believe that electrical coupling of muscle cells is needed to explain the
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rapid synchronization of calcium activity in the epithelium (103). The distributed network

of CB neurons are likely necessary to integrate and generate the contraction activity, and

may contribute to the robustness of contraction.

Here we demonstrated that sparse electrical coupling between the muscle layers can

account for the coactivation of longitudinal and circumferential contraction during

contraction bursts. While it is counterintuitive that these muscles would activate together,

this may have a functional role; as suggested in (9), the resulting stresses on the body may

serve to squeeze absorbed water out of the body walls.

Hydra has two additional known synchronously firing networks, the “rhythmic

potentials” RP1 and RP2. We have found no correlation of RP firing with instantaneous

length changes; thus it is unlikely that the RP networks directly control muscle contraction.

However, it has been suggested the “radial contraction” behavior is particularly related to

RP2 (8). The ectodermal RP1 nerve net may inhibit CB neurons therefore suppressing

contraction bursts, based on the fact that its frequency is inversely proportional to

contraction bursts (8, 21, 104).

Feedback from behavior and the environment.

Our model simulates the transformation from neural stimulation to behaviors as a purely

feedforward control pipeline, but there are several ways in which feedback may play a role.

The rules that govern the generation of the neural activity are still an open question. Recent

experiments have shown that temperature

(24) and osmolarity (23) can influence the CB firing rate in Hydra. Neural activity is likely

to be influenced by the behavior or the state of the animal through mechanosensation and

other sensory inputs. This may occur through direct sensory feedback or through alternate
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mechanisms such as changing ionic concentrations in the intercellular medium, the

external solution or the interon.

A further source of potential feedback that we neglect is that between the movement of

the animal and the dynamics of diffusion. In the model, we assumed that the speed of IP3

diffusion is faster in the longitudinal direction than in the circumferential direction, in

order to account for the different propagation speeds of bending waves in longitudinal and

circular directions, in units of cells per second. While it is possible that the density of

longitudinally oriented gap junctions may be larger than that of circularly oriented ones, it

is also possible that the propagation speeds in the two directions are the same, but since

bending waves are usually initiated when Hydra is contracted and cells are squeezed

longitudinally, the wave may travel through more cells longitudinally than

circumferentially. In order to incorporate this, one would need to model the relationship

between the coefficient of IP3 diffusion and the local cell shape. Implementing such

feedback between the biophysics of the muscle layer and the geometry of the

biomechanical model would require considerable engineering effort. In general, however,

accounting for any of these effects is possible by extending the framework of our model.

Body plan simplicity.

Our biomechanical model simplifies Hydra to a hollow cylinder with two spherical

ends. However, Hydra’s body column deviates from cylindrical, slimming toward the

peduncle. Furthermore, cells across the body are heterogenous in size and shape. Recent

work indicates that there is variation in the Young’s modulus of the body column, and

suggests that this can affect somersaulting behavior (95). Future work could explore more

precisely how the body wall mechanics transform neural signals and muscle forces into
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behavior. Further, we do not attempt to model the tentacles, whose sensory input likely

contributes significantly to Hydra’s movement, and whose adhesion to surfaces frequently

affects body movement. Modeling such details will be necessary to obtain detailed

quantitative agreement between the model and additional aspects of behavior. Our goal

here was to capture the most significant factors of the biomechanics that underlie the

behaviors of Hydra that have to date been recorded simultaneously with calcium imaging,

excluding higher order complexities. We hope our model will serve as a starting point for

further work to capture the full richness of Hydra’s natural behavior.
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Figures

Fig. 1. Simplified Hydra anatomy, adapted from (10).
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Fig. 2. Project Framework. Neural activity patterns trigger calcium dynamics in the

muscle layers, which are transformed into contractile forces in the longitudinal (ectoderm;

green) and circumferential (endoderm; red) directions, here indicated by the direction of

fibres in the muscle layers. This provides the active force to drive a viscoelastic

biomechanical model of the Hydra body column, simulating behaviors
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Fig. 3. Single cell dynamics. (A) Intracellular calcium signaling model including two

pathways: (i) in the slow pathway (red), neuropeptides bind a G protein-coupled re-

ceptor (GPCR) and activate a G protein, which activates phospholipase C (PLC) and

hydrolyzes phosphatidylinositol bisphosphate (PIP2) into inositol 1,4,5-trisphosphate

(IP3), which plays a role of the second messenger for calcium signaling. IP3 can
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Fig. 4. Muscle sheet dynamics. (A) We simulate multicellular dynamics by coupling single

cell models to their neighbors by gap junctions. (B) Simulation of the body column wave.

(C) Simulation of the bending wave. (D) Simulation of the contraction pulse (fast wave).
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Fig. 5. Fluorescent/Length Correlation Recorded fluorescence from calcium imaging

showing simultaneous activation of ectoderm (green) and endoderm (red) during

contractions, shown by computing the corresponding time-varying length (blue) of Hydra.
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Fig. 6. Body column settings and dynamics. (A) The layout of the body column model.
Green and red represent the ectodermal and endodermal layers respectively, in which the
myonemes are respectively aligned in longitudinal and circumferential directions, as
represented by the fibre directions. Blue dots represent cross-layer gap junctions. (B-D)
Connectivity patterns and calcium patterns of ectoderm (green border) and endoderm
(red border) in simulations with different connectivity ratios, where the ratios are
separately 20% (B), 2% (C) and 0.05% (D). In connectivity patterns each bright spot
represents a gap-junctional connection at that position. (E-F ) Diagrams show cross-layer
propagation for different connection densities of cross-layer gap junctions. We simulate
20 epochs for each density; we take snapshots at 50ms and 100ms after only triggering
the fast pathway (E ), and 10s and 25s after only triggering the slow pathway (F ), then
average the [Ca2+]i of the whole endoderm, plotting the mean and standard deviation of
the 20 epochs for each density at these time points. (G-H) [Ca2+]i traces and wavefronts
along the center longitudinal line (marked in the dashed rectangle), shown for the
bending wave (G) and fast wave (H). The right sides show how the wave fronts evolve
with time.
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Fig. 7. Model Geometry. Geometry of the biomechanical model from a side view (left)

and top view (right). Gray represents the muscle shell domain, while the enclosed fluid is

shown as purple.
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Fig. 8. Simulated Behaviors. (A) contraction (B) elongation (C) nodding (D) bending
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Fig. 9. Pipeline of the simulation from neural activity to behaviors. (A-B)
NGCaMP fluorescence trace: stars mark estimated times of neural firing (A) and
consequently, stimulation times for the model (B). (C-D) Averaged [Ca2+]i and
fluorescence inten- sities in ectoderm and endoderm (C) and [Ca2+]i patterns of
some moments (D). (E-F ) Averaged active stress in ectoderm and endoderm (E )
and stress patterns of some moments (F ). (G-H) Comparison between length
evolution of the model and from a Hydra (G) recording and some stills of the final
simulated behaviors from the model (H)
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Fig. 10. Calcium Model. Modeled calcium activation pattern under sequential stimulation

of the fast pathways of randomly chosen 2×2 groups of muscle cells in the body column

with no gap junctional electrical conductance

Fig. 11. Analysis Pipeline. Contours of body column are identified via ICY and Hypostome,

Peduncle and tentacle/bodycollumn intersections are tracked via DEEPLABCUT, in parallel.

Tentacles are removed. Hydra is segmented and midline is Identified
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CHAPTER 4: Molecular Properties and Phylogenetics of Hydra Innexins

Introduction

Gap junctions are pore forming proteins composed of two hemichannels expressed

in adjacent cells that dock to connect the cytoplasm of coupled cells. These channels

provide communication between cells by allowing small molecules and ions to pass

through. This allows the synchronization of neural circuits (Bennett and Zukin, 2004; Choi

et al., 2021) and may aid in the proper development of many tissues(Caveney, n.d.). Gap

junctions are expressed in nearly every type of tissue from cardiac cells to stem cells to

neurons (Bauer et al., 2005; Moreno, 2004; Söhl et al., 2005; Starich et al., 2001).

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 et al., 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). 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 connexins/innexins

hemichannels dock to form gap junctions, Pannexins primarily form hemichannels that do

not dock, instead create intracellular hemichannels (Baranova et al., 2004; Sahu et al.,

2015).
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Low sequence homology leads to differences in channel structure between these

convergent genes, connexins and innexins. 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 (20–30Å) and the spacing between channels is also

smaller (75-95Å) when compared to Innexins(30-40Å and 90-120Å

respectively)(Skerrett and Williams, 2017). These differences likely lead to different

biophysical properties as well.

The continued advance of sequencing technologies has resulted in an increase in the

number of phyla that have published genomes and transcriptomes. This in turn has led to

an increase in understanding of how connexin, innexin and pannexin gene families have

evolved. Few cnidarians have entire genomes or transcriptomes published compared to

other phyla, however some studies are beginning to reveal the presence of predicted

innexin and pannexin genes. Transcriptome availability of the corals Millepora alciconis and

Millepora complanata have predicted the presence of innexins and pannexins

(Ortiz-González et al., 2017). Both the full genome and single cell transcriptome of the

freshwater cnidarian Hydra vulgaris are published and reveal the presence of 15 predicted

innexin genes and their isoforms (Chapman et al., 2010; Siebert et al., 2019). In addition, 27

innexin have been predicted in the Clytia hemisphaerica (Leclère et al., 2019). Large

numbers of innexin genes within hydrozoans leads to the hypothesis that a gene

duplication event has occurred. This is contrasted with anthozoans in that the genome of
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the Nematostella vectensis has a single pannexin and no innexin genes (Putnam et al.,

2007); this is similar to other available anemone innexin sequences.

Hydra exhibits a repertoire of behaviors, which are coordinated by specific neural

circuits. These circuits along with their behavior outputs have been identified via whole

animal calcium imaging (Dupre and Yuste, 2017); The contractile burst circuit (CB)

coordinates contraction, rhythmic potential 1 (RP1) coordinates elongation and rhythmic

potential 2 (RP2) coordinates radial contraction. Hydra INX2 expression correlates with the

location of the CB circuit. It is presumed that innexins are also expressed in other hydra

circuits. Innexins, specifically INX2, are postulated to play an important role in the

coordination of this circuitry (Takaku et al., 2014) and the availability of the single cell

transcriptome has helped elucidate the cell type expression patterns of hydra innexins.

There are five innexins expressed in the nervous system of hydra, four of which are

expressed in circuitry outside of INX2, postulated to be the RP1 and RP2 circuits (Chapter

1). Differential expression may lead to different biophysical characteristics and regulatory

regions within hydra innexins. This study aims to highlight the phylogeny and regulatory

regions of hydra innexins expressed within the nervous system of the animal. Previous

work (Welzel and Schuster, 2022) has explored the diversity of innexin- and pannexin-like

genes across chordates and non chordates, including hydra and other cnidaria. The focus of

that study was not to highlight cnidarian innexin regulation and phylogeny. Therefore, we

bring forward the diversity and contrast the molecular differences between innexins

expressed in the nervous system of hydra vulgaris and other Cnidarians.
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Methods

Data source

Hydra innexins sequences were acquired from either the hydra genome portal or

single cell transcriptome portal. The National Center for Biotechnology Information (NCBI)

provides users with a large repertoire of tools and databases for biological data.  Accession

numbers for hydra innexins were available in the supplement of the hydra genome paper

(Chapman et al., 2010) and were used to download sequences from NCBI (“Database

resources of the National Center for Biotechnology Information,” 2016). Some sequences

were identified by using the Basic Local Alignment Sequencing Tool (BLAST) which queries

sequences, in our case innexins, against the single cell transcriptome database to identify

orthologous protein sequences. All other sequences were available to download from

Welzel and Shuster (2022) (Welzel and Schuster, 2022) figure1 source data which were

acquired by blasting innexin sequences against multiple databases to identify Cnidarian

innexin and pannexin sequences. Starting with this data we applied a stringent filter to

remove sequences that had a high identity to the volume regulated anion channel subunit

LRRC8A, which is a gene closely related to innexins and pannexins but out of the scope of

this study. Sequences were also queried against the protein family domain database (Pfam)

to identify domains that are associated with pannesin or innexin sequences (El-Gebali et al.,

2019). Sequences were removed if they had non-significant pfam domain identity to

innexin or pannexin domains. This resulted in 81 Cnidarian pannexin- and innexin-like

sequences which were used for this study.
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Sequence Alignment and Analysis

Alignments were produced within MEGAX software (Kumar et al., 2018) using the

MUSCLE alignment algorithm (Edgar, 2004) with the default parameters. Full length

alignments were used for molecular topology prediction, N-glycosylation and

phosphorylation searches.  The TOPCONS web server was used to predict molecular

topology (Tsirigos et al., 2015), the NetNGlyc - 1.0 server (Grupta et al., 2002) was used

with default parameters to identify potential N Glycosylation sites  and the NEtPhos 3.1

Server was used to identify possible phosphorylation sites (Blom et al., 1999).

Alignments were trimmed for phylogenetic analysis by using the ClipKit software

(Steenwyk et al., 2020) to preserve sites which could provide essential information to tree

building algorithms. Following Clipkit some manual trimming was performed to improve

tree output. Phylogenetic analysis was performed on the CIPRES Scientific Gateway (Miller

et al., 2011) using RAxML (Stamatakis, 2014) with 500 rapid bootstrap replicates and the

LG+G protein substitution algorithm.

Results

Phylogenetic analysis

The dataset that was used in the previous study (Welzel and Schuster, 2022) looked at

large scale phylogenetics to better elucidate the evolution of innnexins and pannexins

across chordates and non chordates. Our goal is to highlight the diversity of innexins within

cnidaria and better understand how innexins in hydra have evolved. To do so, we acquired

sequences of 19 Hydra vulgaris innexin genes from the single cell transcriptome and 27

Clytia hemisphaerica innexin genes from the marimba genome database server. Innexin
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genes from Millepora comlanata and Millepora alcicornis, Nematostella vectensis,

Edwardsiella carnea, Heliopora coerulea, Craterolophus convolvulus, Eleutherobia rubra,

Siderastrea siderea, were obtained from Welzel and Shuster (2022) (Welzel and Schuster,

2022). All sequences were aligned using the MUSCLE algorithm with default parameters

and submitted to the CIPRES server for phylogenetic analysis with RaXML. The resulting

maximum likelihood tree exhibited four groups of clearly identifiable innexin genes

represented by innexins from Hydra vulgaris, Clytia hemisphaerica, Millepora comlanata,

and Millepora alcicornis (Fig. 1). Hydra innexins are distributed between these four clades

with innexins expressed in the nervous system split between the groups 2 and 4 (Fig. 1,

asterisks). Also present within the tree is a clade of Clytia specific innexins (orange) and a

clade of “innexin-like” sequences (light blue) consisting of Edwardsiella carnea, Heliopora

coerulea, Craterolophus convolvulus, Eleutherobia rubra, and Siderastrea siderea (Fig. 1).

Lastly, known pannexin sequences from Pocillopora damicornis, Nematostella vectensis and

Actinia tenebrosa formed a single clade and the human PANX1 gene is visible as the

outgroup.

Hydra Molecular Topology

We generated an amino acid sequence alignment of 15 hydra innexins plus four of

their isoforms using MegaX (Kumar et al., 2018) and the default Muscle parameters (Edgar,

2004). The alignment was used with TOPCONS sequence topology server to estimate the

membrane topology of all hydra innexins (Tsirigos et al., 2015). Hydra innexins have four

transmembrane domains resulting in three cytoplasmic loops and two extracellular loops

(Fig. 2 ), characteristic of all known innexin, connexin, and pannexin genes (Evans and

Martin, 2002; Phelan and Starich, 2001; Skerrett and Williams, 2017). The extracellular
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loops contain known conserved cysteine residues typical of all innexins,as highlighted by

the black asterisks in Fig.2. Notably, all Hydra innexins contain two additional cysteine

residues in the first extracellular loop as indicated by the red asterisks (Fig. 2 ). Previously

identified innexins of C. Elegans and D. melanogaster contain only two of these conserved

cysteine residues in both extracellular loops (Bauer et al., 2005; Skerrett and Williams,

2017). Innexins of the terrestrial slug Limax have been characterized to contain 3

conserved cysteine residues in the first extracellular loop (Sadamoto et al., 2021) and are

known to be essential in the formation of disulphide bonds between monomers (Maeda

and Tsukihara, 2011).

Membrane Topology of Cnidarian Innexins

We then analyzed all sequences by using the TOPCONS membrane topology

prediction web server (Tsirigos et al., 2015). Membrane topology of all cnidarian innexin

and innexin like genes was characteristic of known connexin, pannexin and connexin

genes(Evans and Martin, 2002; Skerrett and Williams, 2017). All sequences contained three

cytoplasmic domains, four transmembrane domains, and two extracellular loops (Fig. 2-7).

As first noted in Hydra innexins, sequence alignment revealed that all Cnidarian innexins of

groups 1-4 contain two additional cysteine residues in the first extracellular loop (Fig. 3-6)

indicating this as a characteristic unique to cnidarian innexins. Notably, the extra conserved

cysteines are absent from all the “Innexin-Like” clade and Pannexin channels (Fig. 7).

N-Glycosylation within Innexin Sequences

Glycosylation is a post-translational modification that can impact a hemichannels

ability to dock with another channel to form a gap junction and/or regulate a channel's
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voltage dependence (Scott and Panin, 2014; Zhang et al., 1999). We used the NetNGlyc - 1.0

server to assess potential N-glycosylation sites of all sequences in the “Innexin-Like” and

“Group 1-4 Cnidarian Innexin” clades in the maximum likelihood tree.

Not all innexins contained potential glycosylation sites across clades. “Group 1

Cnidarian Innexins” contain one conserved N-glycosylation site at N318 in the consensus

alignment, with 6 out of the 9 sequences containing the site (Fig. 3). Relatively few

glycosylation sites are observed in group 2 cnidarian innexins. One site is conserved among

three of the group 2 innexins at N252 in the consensus sequence (Fig. 4). There are three

innexins expressed within the nervous system of hydra in this clade and all of them contain

N-glycosylation sites whereas these sites are absent in the two non-neural hydra innexins.

The only conserved site within group 3 innexins is located at N240 within the Group 3

Cnidarian Innexins, primarily among both Millepora species and Hydra INX12 (Fig. 5).

Glycosylation sites were only observed in the first extracellular loop of Innexins within

Group 4 (Fig. 6). This included INX10, 14 which are expressed in the nervous system of

hydra but absent in INX4.

Most notably all hydra innexins expressed in the nervous system all had multiple

identifiable N-glycosylation sites in the extracellular loops (Fig. 2 -6, Table 1), which is, as

previously noted, a feature seen primarily in pannexin orthologs.

Phosphorylation of Neural Hydra Innexins

Phosphorylation is known to affect a gap junction channel assembly, stability and

regulates biophysical properties (Lampe and Lau, 2000; Moreno et al., 1994). We identified
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numerous phosphorylation sites within cnidarian innexins using the NEtPhos 3.1 Server to

better predict how they might be regulated (ref). Phosphorylation sites for the following

kinases were identified in groups 2 and 4 hydra innexins: PKA, PKC, CKI, CKII, CDC2, PKG,

p38MAPK. We only identified phosphorylation sites within groups 2 and 4 as this is where

hydra innexins expressed in the nervous system of hydra are distributed.

Phosphorylation sites were generally not well conserved in either group. Despite

this, in “group 2 cnidarian innexins”, two PKC phosphorylation sites within the first and

second cytoplasmic domains are clearly identifiable along with one in the first extracellular

loop(Fig. 4). This sites are conserved in all hydra innexins except INX2. INX2 exhibits

unique phosphorylation topology with more PKA and CKII phosphorylation sites than all

other hydra innexins, none of which appear to be conserved across hydra or other

cnidarians (Fig. 4, Table 1).

Similarly, it appears that there are a large number of phosphorylation sites within

sequences of group 4 but little conservation among sites (Fig. 6). Among the hydra innexins,

one conserved PKC site is apparent in the first extracellular loop and one in the second

extracellular loop. The second cytoplasmic domain contains a conserved PKC site located at

S188 of the consensus alignment across all innexins of group 4. Notably, Innexin four has

substituted this PKC site with CKI. Lastly, the PKA site is conserved among this group in the

first cytoplasmic domain, but substituted with CDK5 within hydra INX4 sequences (Fig. 6).

All phosphorylation sites within “Group 2 and 4 Cnidarian Innexins” are summarized in

Table 1.
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Discussion

This study highlights the phylogeny of innexins among cnidarians and explores

conservation of phosphorylation and N-Glycosylation sites within hydra. Similar studies

have been conducted highlighting low conservation of innexins across phyla but clear

homology of pannexins between invertebrates and vertebrates (Welzel and Schuster, 2022;

Yen and Saier, 2007). Cnidarian innexins among the hydrozoans clearly established four

clades within the tree distinct from anthozoans. The numerous innexin genes within the

hydrozoans indicate a gene duplication event while gene loss occurred in anthozoans.

All sequences in this study exhibited characteristic innexin membrane topology, four

transmembrane domains and two extracellular loops. Notably however, additional cysteine

residues in the first extracellular loop of hydrozoan innexins further indicates a likely gene

duplication event that excluded anthozoans.

N-glycosylation could affect biophysical properties of gap junctions formed by any of

these innexins. Pannexins have been shown to be regulated and prevented from forming

gap junctions due to N-glycosylation (Penuela et al., 2014). N-glycosylation of TRPM8

channels affects voltage dependence in response to temperature, and sialylated N-glycans

have been shown to regulate voltage gated ion channels (Scott and Panin, 2014). Our study

verifies the presence of predicted N-glycosylation sites within neural hydra innexins, which

could play a role in regulating hydra innexins. While we have shown that hydra innexins are

capable of forming gap junctions and display voltage dependent properties in mammalian

N2a cells, it is likely that proper post-translational N-glycosylation did not occur. It is

therefore possible that innexins do not form gap junctions within the nervous system of

hydra, and instead simply form intracellular hemichannels. Another possibility is that
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channels are formed, with voltage dependent properties that are regulated via

N-glycosylation. Furthermore, it is possible that glycosylation is important in membrane

trafficking (Penuela et al., 2014) and could guide junctional plaque formation for large

electrical synapses within hydra.

Phosphorylation is another important regulatory mechanism evident in connexin

based gap junctions (Lampe and Lau, 2000; Moreno et al., 1994). We observed a significant

number of phosphorylation sites within hydra innexins, mos of which are not well

conserved, with the exception of  some sites located within the PKC specific loci. Diversity

of innexin phosphorylation may be a result of further gene duplication within the

hydrozoans and could result in new functions associated with expression patterns within

the hydra nervous system. Gene duplication and functional changes is not uncommon

within the gap junction forming gene families (Eastman et al., 2006; Fushiki et al., 2010)

Membrane topology, N-glycosylation, and phosphorylation are all important in how

innexins are regulated and form gap junctions. This study identifies and highlights the

diversity of cnidarian, primarily hydrozoan, innexins and potential regulatory regions. The

N-glycosylation and phosphorylation regions of hydra innexins will be important to explore

in future studies as they can directly impact the results of the electrophysiology

experiments seen in chapter 1. It remains to be seen whether hydra innexins are capable of

forming gap junctions within hydra neurons but this study aims to help form hypotheses on

whether this is possible.
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Figures

Figure 1. Cnidarian innexin phylogeny
Amino acid sequences from 11 different species of cnidarian were aligned using default
MUSCLE parameters and used to create the maximum likelihood tree with 500 bootstrap
replicates. Cnidarian innexins are distributed through seven identifiable clades with human
PANX1 as an outgroup. Hydra innexins are highlighted in grey. Red asterisks indicate neural
innexins of the EC3 cluster (single cell transcriptome) and green asterisks indicate INX2 of
the EC1 cluster (single cell transcriptome).
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Figure 2. Hydra Innexin Membrane Topology and Sequence Structure.
Amino acid alignment of all hydra innexins. Four transmembrane domains are outlined in
black. Blue bars indicate the extracellular loops. Conserved cysteine residues are identified
by black asterisks; red asterisks indicate additional two cysteine residues present in hydra
innexins.
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Figure 3. Group 1 cnidarian innexins.
Amino acid sequence alignment containing orthologous sequences from the clade “Group 1
Cnidarian Innexins”. Four transmembrane domains are outlined in black. Blue bars indicate
the extracellular loops. Conserved cysteine residues are identified by black asterisks; Red
asterisks indicate additional two cysteine residues present in hydrozoan innexins.
Highlighted by gray bars are N-glycosylation sites of which one site is conserved among the
group at N318.
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Figure 4. Group 2 cnidarian innexins.
Amino acid sequence alignment containing orthologous sequences from the clade “Group 2
Cnidarian Innexins” Three neural hydra innexins are distributed within this clade and
therefore phosphorylation sites were predicted within this group. Sites are highlighted as
indicated in the top right of the figure. Four transmembrane domains are outlined in black.
Blue bars indicate the extracellular loops. Conserved cysteine residues are identified by
black asterisks; Red asterisks indicate additional two cysteine residues present in
hydrozoan innexins. Gray bars highlight dispersed N-glycosylation sites. Because this clade
includes neural cluster innexins that were exogenously expressed in N2A cells, possible
phosphorylation sites are also shown (see legend).
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Figure 5. Group 3 cnidarian innexins.
Amino acid sequence alignment containing orthologous sequences from the clade “Group 3
Cnidarian Innexins”. Four transmembrane domains are outlined in black. Blue bars indicate
the extracellular loops. Conserved cysteine residues are identified by black asterisks; Red
asterisks indicate additional two cysteine residues present in hydrozoan innexins.
Highlighted by gray bars are N-glycosylation sites of which one site is conserved among a
subgroup of orthologs at N258.
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Figure 6. Group 4 cnidarian innexins.
Amino acid sequence alignment containing orthologous sequences from the clade “Group 4
Cnidarian Innexins” Two neural hydra innexins are distributed within this clade and
therefore phosphorylation sites were predicted within this group. Sites are highlighted as
indicated in the top right of the figure. Four transmembrane domains are outlined in black.
Blue bars indicate the extracellular loops. Conserved cysteine residues are identified by
black asterisks; Red asterisks indicate additional two cysteine residues present in
hydrozoan innexins. Gray bars highlight dispersed N-glycosylation sites with minor
conservation among some sequences in the alignment notably N83 among hydra neural

126



innexins. Because this clade includes neural cluster innexins that were exogenously
expressed in N2A cells, possible phosphorylation sites are also shown (see legend).

Figure 7. Cnidarian innexin-like sequences.
Amino acid sequence alignment containing orthologous sequences from the clade
“Cnidarian innexin-like sequences”. Four transmembrane domains are outlined in black.
Blue bars indicate the extracellular loops. Conserved cysteine residues are identified by
black asterisks; notably this group lacks the two additional conserved cysteines, typical of
traditional innexins and pannexin sequences. Highlighted by gray bars are N-glycosylation
sites, which is limited to three sites in this clade indicating more traditional or canonical
innexin sequences.
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Table 1. Phosphorylation and N-Glycosylation of Groups 2 and 4 Hydra Innexins
Light green row indicates INX2 of the EC1 cluster; pink cells represent innexins expressed
in EC3 neural cluster of hydra single cell transcriptome. Grey cells indicate non neural
innexins.
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Chapter 5: Regenerating circuits in Hydra vulgaris

Introduction

The central problem of neuroscience is to understand how neural circuitry produces

behaviors. While this is an extremely complex problem in the vertebrate CNS, the brains of

invertebrates, particularly cnidarians, offer an opportunity to discover fundamental

computational principles through the study of their simpler nervous systems. Cnidarians,

which are sister to bilaterians, possess a nerve net as opposed to a centralized nervous

system. Advances in transgenic technologies have allowed the development of a transgenic

freshwater cnidarian, Hydra vulgaris, which expresses GCaMP6 specifically in the neurons

of the animal. Activation of the nerve net, in turn, induces real time fluorescent signals, via

GCaMP6 (Dupre and Yuste, 2017). This allows neural activity and behavior to be observed

simultaneously in a moving animal. Given its relatively simple anatomical structure and a

recently completed genetic screen of its neuron types (Siebert et al., 2019), Hydra is an

ideal model system in which to understand the activity patterns of a complete neural

circuit, the structural and biophysical mechanisms underlying that activity, and the

behavior it elicits.

Behavior in Hydra has been explored for two centuries, and comprises stimulated

and spontaneous behaviors (Han et al., 2018). The development of a Hydra line with GCaMP

in all neurons, showing [Ca]i increases during firing, allows us to observe activity in all

neurons simultaneously, elucidating circuit-based behaviors. Light stimulation causes
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activation of the ectodermal RP1 (rhythmic potential) circuit, in which dark-adapted Hydra

elongate the body towards light, while engagement of the sub tentacle network causes

“nodding”, in which the animals turn their tentacles towards the light source (Passano and

Mccullough, 1963). Endodermal contractions move the food bolus for digestion and control

de-glutination, much like the vertebrate gut, via radial contractions elicited by the

endodermal RP2 circuit (Shimizu et al., 2004). The mouth opens via induction from RP2

and the body column undergoes radial contraction to expel waste (Carter et al., 2016).

Spontaneous behaviors include periodic longitudinal contractions of the body column,

mediated by the contraction burst circuit (CB), an ectodermal nerve net independent of the

RP1 circuit (Dupre and Yuste, 2017).  Thus, the behaviors of this simple organism can be

characterized by discrete functional units, some of which overlap (Zacharias et al., 2004;

Chapman et al. 2010; Han et al. 2018)(ref downloads).

Large numbers of interstitial stem cells exist in the body column of the animal

allowing for remarkable regenerative capabilities (Heimfeld and Bode, 1985). Regeneration

within hydra has been well documented. The animal can regenerate a completely new

hypostome and/or peduncle within four days post bisection (Vogg et al., 2019).

Furthermore the animal can undergo dissociation and completely regenerate,

synchronizing its nervous system and re coordinating its behaviors (Lovas and Yuste,

2021). This ability raises the question as to how a circuit regenerates after bisection. In this

study we use Hydra as a platform to understand how circuit behaviors regenerate after

bisection, due to our ability to image every neuron simultaneously, the simple structure of

its nervous system, and the incredible regenerative properties of the animal.
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Methods

Hydra cultures and imaging.

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

to three times per week. Hydra expressing the calcium indicator GCaMP6 in the nervous

system of the animal were used for imaging experiments. We used a modified imaging

preparation from (Dupre and Yuste, 2017). 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 µm 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. After control imaging the

animal was bisected as symmetrically as possible separating the hypostome from the

peduncle. Each half was imaged separately one after the other for 30- 60 minutes every 24

hours. The Imaging pipeline can be seen in Figure 1.

Video analysis.

Analysis was adapted from chapter 2. Here we use image analysis to estimate

integrated fluorescence in the neuronal GCAMP lines as well as characterize Hydra’s body

configuration. Acquired movies were processed using a combination of ImageJ (Schneider

et al., 2012), the Icy Imaging software suite (de Chaumont et al., 2012), DeepLabCut (Mathis

et al., 2018) and custom scripts. ImageJ was used to adjust the contrast from background

noise which is essential to accurately extract contours of the Hydra. Noise was reduced

using median filtering (despeckle plugin). Icy Imaging was then used to extract the
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contours of individual frames using the Active Contours plugin. We can then integrate

fluorescence signals within the contour. We used DeepLabCut to track four well-identified

body locations: the center of the hypostome, the center of the peduncle, and the points of

intersection of the left- and rightmost tentacles with the body column (the “armpits”). The

tracked “armpits” from DeepLabCut were used to exclude the tentacles from data acquired

with Icy active contours. The peduncle was then used to segment contours. Lastly,

connecting the midpoints of segmentation  allowed us to extract the curved midline of the

Hydra body in each frame.

Event analysis from fluorescent intensity

Due to bleaching from over-exposure, fluorescence intensity linearly decreases over

time. This effect does not reflect a meaningful change in Hydra’s neural activity. We remove

it by subtracting from the data the 1-D polynomial that minimizes least squared error in the

overall body fluorescence. In frames in which non-hydra material appears, ImageJ was used

to create a Z-Projection for the entire video based on maximum pixel intensity. A polygon

was drawn to contour the hydra, excluding any foreign bodies, and fluorescent integration

was used only within the polygon for each frame. Occasionally, the camera perspective

shifts part-way through the video inducing a fluorescent artifact, a non-neural associated

spike in fluorescent intensity. To correct for this we:

(a) x_b.

(b) Calculate the difference in fluorescence between frames x_b and x_a -1.

Subtract this difference from every frame i > x_b.

(c) For every frame i between x_a and x_b, calculate the difference in

fluorescence between i and x_a, and subtract it from frame i.
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Finally, the midline length and fluorescence is smoothed using a Savinsky-Golay filter and

used for peak detection to identify CB vs RP activations via custom python script.

Results

Healthy, non-budding, animals were selected for bisection experiments in an effort

to understand how circuits and behavior are disrupted and repaired in Hydra. Prior to

bisection, animals were imaged for 30 minutes to one hour to gather baseline circuit

activity and behavior.

Prebisect

We first analyzed movies to integrate fluorescent intensity and determine the length

of  the animal. This data revealed regular intervals of spontaneous contractions and

elongations (Fig. 2A) Large fluorescent spikes marked by red x’s in Figure 2A are associated

with a rapid decrease in the length of the animal while smaller peaks marked by black x’s in

Figure 2A correlate with an initial rapid rebound lengthening then slower passive

elongation. The spontaneous activity of both the CB and RP circuits occurs in a

semi-regular, and orderly fashion.

During contraction events the CB circuit rapidly activates in quick succession which

keeps the animal in a contracted state. We calculated the number of events within a

contraction event to better understand how the CB circuit was specifically affected after

bisection and during regeneration. Baseline results revealed that intact animals average ~8

CB events per contraction, with a minimum of two events and a maximum of 15 events

within a contraction (Fig. 3A)
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RP events were also analyzed in similar fashion with an average of 7 RP’s between

contraction events. Most elongation periods contained 2.5 RP events to 10 RP events. A

single period contains 16 events (Fig. 4A).

0 hour

After baseline movies were acquired, the animal was bisected to separate the hypostomal

and peduncular halves, attempting to keep each half the same length. Hypostomal halves

were imaged independently and successively for 30 minutes to one hour.

Peduncle.

Dramatic changes in circuit activity and behavior were immediately seen in the peduncular

halves. Correlation of integrated fluorescence and length of the animal revealed a number

of contraction events seen near the beginning of imaging and then a long elongation event

with many frequent RP events (Fig. 2C).  CB circuit activity is also dramatically reduced. An

average of 2.5 events per contraction occurred in the peduncular half compared to 8 in the

baseline intact animal. CB events ranged from one event per contraction to 5 events per

contraction, though only one contraction contained 5 events (Fig. 3C). Fewer contractions

resulted in longer elongation periods which in turn results in more RP events. About 10

events were seen in the periods between contractions near the beginning of the video and

nearly 100 were recorded during the long elongation period (Fig. 4C)

Hypostome

Little change is seen in the hypostomal half after bisection. The integrated

fluorescence/length graph displays regular periodic contraction and elongation events

similar to those seen in the intact animal (Fig. 2B). Occasionally the length appears to be

maximized, likely due to an artifact in the imaging or bisection technique. The hypostomal

142



animal could have flipped to a vertical position preventing elongation or encountered an

edge in the arena. CB and RP activity analysis also reveals nearly identical circuit behavior

(Fig. 3 B,  Fig. B). Frequency of CB events per contraction and frequency of RP events during

elongation were the same as the pre-bisected intact animal. The range of the number of

events observed was reduced in the 0 hour hypostomal animal compared to the intact

animal (Fig. 3B,  Fig. B) which could indicate that the peduncle has some role in modulating

pacemaker activity which, based on 0hour, data would appear to be located in the

hypostome.

48 hours

A substantial change in circuit activity and behavior was not observed until 48 hours after

bisection. Prior to 48 hours and beyond, the hypostomal behavior did not change and only

the peduncular ring of neurons became visible via calcium imaging.

Peduncle

At 48 hours after bisection we began to observe more frequent contractions and a decrease

in the duration of elongation periods. The fluorescence/length correlation displays 8

contraction events with multiple CB’s (Fig. 2E). The average number of CB events per

contraction increases to what we observed in the intact animal with ~10 events per

contraction. This ranged from 5 events to 12 events with contractions containing 17 CB

events, indicating that circuit rewiring and regeneration is occurring (Fig. 3E). The rate of

RP events also began to return to that in the control animal. The average number of RP

events per elongation period decreased to ~15 from 20 at 0 hour (Fig. 4E). This number

(15) of events was still greater than in the intact animal which exhibited ~7 events per
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elongation event. This could be due to either longer elongation periods or more rapid RPs

during those elongation periods.

Hypostome

At 48 hours post bisection the hypostomal half resumed normal periodic

contraction/elongation events that appeared to decrease in frequency over the hour-long

imaging time (Fig. 2D). While this differs from the baseline, we have observed this behavior

in intact animals before and do not expect this to be a result of bisection and regeneration.

CB circuit activity undergoes a slight change with ~11 CB events per contraction, but the

range of CB events per contraction was broad as in the baseline experiment (Fig. 3 A,D). We

observed very little change in the number of RP events during elongation compared to

intact and 0 hour checkpoints (Fig. 4D)

72 hours

Peduncle

At 72 hours post bisection integrated fluorescence/length graph displays a return to nearly

normal behavior in the peduncular half hydra. Many more frequent contractions are

observed with semi-regular elongation periods between contractions (Fig. 2G) CB activity

returns to nearly identical levels seen in the intact animal with ~7 CB events per

contraction, with the range of events per contraction reduced only slightly. 2-10 CB events

per contraction vs 2 - 15 in the intact animal (Fig. 3 A,G). The number of RP events per

elongation event at this point is very similar to the intact animal with ~7RPs per

elongation. However the range is slightly different with a number of elongations containing

20 to 25 RP’s (Fig. 4G)

144



Hypostome

At this 72 hour checkpoint the Hypostome is nearly identical to the 48 hour checkpoint

with semi-regular contractions and elongations. Frequent contractions are seen near the

beginning of the experiment and become more sparse as imaging progresses (Fig. 2 D,F).

Both the average number and range of CB events per contraction are identical to the intact

animal, further indicating that bisection has little effect on contractions and CB circuit

activity (Fig. 3A,F).  RP events are also once again very similar to what was observed in the

intact animal and at other checkpoints (Fig. 4F)

Discussion

The results presented in this study raise interesting questions that require more

thorough study, and represent a starting point to build upon. A single representative

experiment is presented in figures 2 and 3 which aligns with what we have seen in other

experiments summarized in figure 5. Bisected animals exhibit substantial differences

between the intact/hypostomal and peduncular halves. Hypostome and intact animals

behavior is nearly identical and it would appear that the removal of the peduncular ring

does not prevent the animal from undergoing semi-regular contraction events. It is possible

that there is a significant reduction in the range of CB events immediately after bisection.

All contractions have CB event numbers that are more closely centered around the average,

8, CB events per contraction.  This may indicate that the peduncle does have a role in

modulating or regulating CB activity but is not the pacemaker..

It is evident that after the peduncle is separated from the hypostome, the

peduncular half loses a signaling mechanism to initiate contractions since the frequency of
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spontaneous contractions is reduced (Fig. 4). When the peduncle does contract, the CB

circuit activation is infrequent, preventing full contraction events that contain multiple CB

records (Fig. 3C). Hydra’s ability to contract without pacemaking input could be the result

of a sensory stimulus inducing a contraction similar to those seen in nerve free hydra

(Campbell et al., 1976). Furthermore, hydra exposed to an antibody block of INX2, which

may form electrical synapses in the CB circuit, were still able to contract from stimulus, but

the number of CB events per contraction was reduced (Takaku et al., 2014).

We are clearly able to show that a disruption of the CB circuit occurs when the

hypostome is removed and that the circuit is able to rebuild behavior within 48 hours. It

has been noted in extracellular ectodermal recordings that electrical signals travel from the

hypostome to the peduncle (Kass-Simon and Passano, 1978) which the results of our

experiments support. However this study does not investigate how the circuit rebuilds

itself. Further investigation should use antibody staining or the nGreen Hydra line which

expresses GFP specifically in the neurons to track changes in network morphology (Rob

Steele). The next step in this study could be to ask: How does the number of neurons

present near the cut surface of the peduncular half change? Are there regions of

asynchronicity during regeneration as seen in regenerating dissociated animals (Lovas and

Yuste, 2021)? And how does gene expression change near the cut surface during

regeneration?

Lastly, there is significantly more data that could be extracted from the existing

movies that are available. An immediate analysis that could be done is looking at how the

interval between RP’s changes with bisection. The number of RP events is directly

dependent on the length of an elongation event. However it is possible that there is a
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difference in the interval between the RP’s changes. Figure 2, for example, shows a rapid

increase in frequency of RPs from the intact animal to the bisected peduncle.

Figures

Figure 1. Imaging Pipeline

Hydra is imaged for 1 hour prior to bisection. After bisection, the peduncle and hypostome

are imaged independently for 30mins – 1 hour every 24hours up to 96 hours during

regeneration.
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Figure 2. Integrated fluorescence and behavior during regeneration

A. Prebisect baseline data. Fluorescent intensity and length of the animal were calculated

and plotted over time (frames). Black X’s indicate RP events which have smaller, more

frequent, peaks than CB events indicated by red X’s. B)-C) Fluorescent intensity and animal

length calculated immediately after bisection for peduncle and hypostome respectively.

D)-E) 48hours recovery Fluorescent intensity and length of the animal were calculated and

plotted over time (frames). Notable behavior and circuit activity are present in the 48 hour

peduncle.
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Figure 3. Circuit activity in regenerating hydra halves

A) Baseline CB activity prior to bisection. Dashed line is the average number of events per

behavioral event. B)-C) CB activity in the hypostome and peduncle after bisection at the

0-hour checkpoint. Dashed line is the average number of events per behavioral event. D)-E)

CB activity in the hypostome and peduncle 48hours after bisection. Dashed line is the

average number of events per behavioral event.  F)-G) CB activity in the hypostome and

peduncle 72 hours after bisection. Dashed line is the average number of events per

behavioral event.

149



Figure 4. RP circuit activity in regenerating hydra.

A) Baseline RP activity prior to bisection. Dashed line is the average number of events per

behavioral event. B)-C) RP activity in the hypostome and peduncle at the 0-hour

checkpoint. Inset graphs are magnifications of the x-axis D)-E) RP activity in the hypostome

48 hours after bisection. Inset graphs are magnifications of the x-axis F)-G) RP activity in

the peduncle 72 hours after bisection. Inset graphs are magnifications of the x-axis
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Figure 5. Contraction frequencies in Bisected Hydra

Green is peduncle half of hydra. Blue is hypostomal half. The first 24 hours of regeneration

show that contraction frequencies are reduced in the peduncular half but recovers by 48

hours
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Conclusions and Future Directions

Summary of Findings

In this project I explored a number of different aspects of the hydra nervous system

including, regeneration, circuits/behavior relationship, connectivity via gap junctions, and

innexin phylogenetics. By expressing hydra innexins in mouse N2a cells I was able to

determine that these predicted genes were capable of making functional gap junction

proteins. Analysis of dual whole cell voltage clamp current recordings determined that

hydra innexin gap junctions are voltage dependent and undergo inactivation. Single channel

recordings reflected inactivation as greater voltage steps reduced conductance.

Phylogenetics and membrane topology revealed that hydra innexins resemble those

expressed within other hydrozoans. Along with many cnidarians, hydrozoan innexins have

a wide variety of possible phosphorylation and N-glycosylation sites that may regulate

innexin channel docking and conductance(Welzel and Schuster, 2022). I also identified

through sequence alignment that there are two additional cysteine residues located on the

first extracellular loop of hydrozoan innexins. Bisection and regeneration of hydra

peduncular and hypostomal halves revealed the presence of CB pacemakers near the

hypostome. These pacemakers may be regulated by the peduncle or a sort of feedback loop

is present which regulates contraction and elongations within the CB circuit. Lastly, in

collaboration with Hengji Wang in the Fairhall lab, I provided calcium imaging videos of the

ectoderm, endoderm, and nerve net, along with analysis so that Hengji could better model

the biomechanics of hydra behaviors.
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Future Directions

In this dissertation I present a characterization of hydra innexins with

electrophysiological and molecular data independent of one another. The results provide

future researchers a stepping stone to identify the relationship between molecular topology

and electrophysiology. Confirmation of predicted phosphorylation sites on hydra innexins

could be done by induced phosphorylation or removal via mutation along with dual whole

cell voltage clamp. N-glycosylation has been shown to prevent docking with pannexin

channels, but within the mammalian N2a system hydra innexins are still able to form gap

junctions. It may be necessary to establish a new cellular model which would allow for

proper glycosylation and other post translational modifications to occur on hydra innexins

to better characterize their biophysical properties.  Furthermore, the biophysical properties

of hydra innexins presented in this thesis also provide computational biologists with

parameters to begin building a model of the hydra nerve net which appears to have

extensive gap junctional coupling.

Bisection and regeneration of hydra circuits remains an intriguing phenomenon in

hydra.  It is clear that CB pacemakers are localized in the hypostome of hydra but many

questions remain such as: How many pacemakers are there? How are they organized? And

how are they synchronized?  This thesis presents a foundation to facilitate answering these

questions. The presence of nerve rings found in both the hypostome and peduncle may play

a significant role in CB and RP regulation (Hufnagel and Kass-Simon, 2016). Future

experiments involving specific cell ablation techniques may help elucidate these questions.

Precisely removing neurons within the hypostomal ring and the peduncular ring would

address the role each plays. By sequentially removing neurons from the hypostomal ring it
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could be identified how many neurons are required in the pacemaker system. These

questions should be answered to build a better model for the hydra nervous system.
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