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ABSTRACT 15 

 16 

The nervous system of the cnidarian Hydra vulgaris exhibits remarkable regenerative abilities. 17 

When cut in two, the bisected tissue reorganizes into fully behaving animals in approximately 48 18 

hours. Furthermore, new animals can reform from aggregates of dissociated cells. Understanding 19 

how behaviors are coordinated by this highly plastic nervous system could reveal basic principles 20 

of neural circuit dynamics underlying behaviors. However, Hydra’s deformable and contractile 21 

body makes it difficult to manipulate the local environment while recording neural activity. Here, 22 

we present the first microfluidic technologies capable of simultaneous electrical, chemical, and 23 

optical interrogation of these soft, deformable organisms. Specifically, we demonstrate devices 24 

that can immobilize Hydra for hours-long simultaneous electrical and optical recording, and 25 

chemical stimulation of behaviors revealing neural activity during muscle contraction. We further 26 

demonstrate quantitative locomotive and behavioral tracking made possible by confining the 27 

animal to quasi-two-dimensional micro-arenas. Together, these proof-of-concept devices show 28 
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that microfluidics provide a platform for scalable, quantitative cnidarian neurobiology. The 29 

experiments enabled by this technology may help reveal how highly plastic networks of neurons 30 

provide robust control of animal behavior. 31 

 32 

 33 

INTRODUCTION 34 

 35 

Understanding the relationship between animal behavior and the activity of individual cells in the nervous 36 

system is one of the fundamental goals in neuroscience. To reach this goal, scientists are developing new 37 

electrical and optical technologies capable of simultaneously recordings from hundreds of individual 38 

neurons with the temporal resolution to capture individual action potentials.
1–15

 These technologies, 39 

however, fall well short of recording every action potential from each individual neuron in vertebrate 40 

model organisms that have neurons numbering from the hundreds of thousands to tens of billions.  41 

 42 

Thus, to observe cellular level activity of the entire nervous system, scientists often turn to small 43 

invertebrates like Caenorhabditis elegans and Drosophila melanogaster. In addition to having far fewer 44 

neurons, their small size and transparency facilitates in vivo calcium- or voltage-sensitive fluorescence 45 

imaging that can record simultaneous activity of hundreds to thousands of individual neurons.
11,16–19

 To 46 

make these investigations even more attractive, several lab-on-a-chip technologies now provide 47 

increased throughput for chemical, optical, and electrical interrogation of C. elegans and D. melanogaster 48 

on microfluidic platforms. This confluence of technologies has revealed how many behaviors can be 49 

implemented by neural circuits,
20–24

 however, C. elegans and D. melanogaster may not be the best suited 50 

to study neural circuit repair and remodeling. Although neurites connecting cells can regrow when 51 

severed, if even a single neuron is ablated, C. elegans or D. melanogaster often show significant and 52 

permanent behavioral deficits.
21,23,25–31

 This static and fragile neural architecture stands in stark contrast 53 

to the mammalian cortex, which can remodel itself to retain or regain function despite the loss of a 54 

significant number of neurons.
32–34

 55 

 56 
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In contrast to C. elegans and D. melanogaster, the architecture of the Hydra nervous system is extremely 57 

dynamic making it an exciting model for studying neural plasticity and repair. While the Hydra are small 58 

(0.5 – 15 mm in length) and transparent like C. elegans and D. melanogaster larvae, the entire population 59 

of neurons in Hydra nervous system is continually replenished allowing animals to regenerate after being 60 

cut into several pieces and even reform from aggregates of dissociated cells.
35,36

 61 

 62 

Hydra are also a compelling model organism because their diffuse network of spiking neurons resembles 63 

neural network models often studied by computational neuroscientists.
37

  For example, Hydra have 64 

several genes that encode voltage-gated ion channels allowing their neurons to generate fast action 65 

potentials similar to those in mammalian nervous systems.
38

 Genomic analysis show the presence of gap 66 

junctional proteins as well as common neuropeptides and neurotransmitters.
39–43

 Ultrastructural studies 67 

show evidence of both chemical and electrical synapses.
44–46

 Thus, unlike C. elegans, whose neurons 68 

lack sodium driven action potentials, Hydra (like D. melanogaster) have genes encoding for voltage-gated 69 

sodium channels and thus provides opportunities to study information processing in simple networks of 70 

spiking neurons.  71 

 72 

While the small size of Hydra offers several advantages as a model organism, it also presents challenges 73 

for moving and manipulating the organism, performing simultaneous electrophysiology and imaging, and 74 

delivering well-controlled stimuli. Previously reported immobilization techniques have several limitations 75 

that make such multi-modal interrogation difficult.
47,48

 Previously, simultaneous electrophysiology and 76 

imaging has been limited to dissected animals due to contractile movements, and typical recordings last 77 

only few seconds.
48

 While chemical stimulation is possible with flow cell coverslip preparations, the lack of 78 

physical immobilization to keep animals in the microscope field of view makes it difficult to maintain 79 

cellular resolution optical imaging. In the case of D. melanogaster and C. elegans that are similarly sized, 80 

this challenge has been addressed using microfluidic technology.
49–51

 Microfluidics provides robust and 81 

scalable methods to reversibly restrain and physically manipulate D. melanogaster 
52–56

 and C. 82 

elegans.
57–67

 Specifically, in the case of C. elegans, microfluidics have been shown to provide precise 83 
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control over the local environment for observing taxis and locomotive behaviors, performing calcium 84 

imaging and recording electrophysiological activity from the pharynx and body-wall muscles.
22,61,65,68–71

  85 

 86 

Unfortunately, direct application of the existing microfluidic technologies is unlikely to succeed for Hydra 87 

due to the animal’s soft and deformable body. While previous work have shown that Hydra can be held in 88 

place by sealing the animal between coverslips or flexible membranes,
47,48

 we have found no reports of 89 

immobilization strategies that include microfluidic channels that enable chemical perfusion, adding or 90 

removing animals, and multi-day experiments. Here we show that with appropriate design and operation, 91 

microfabricated fluidic devices allow scalable and customizable solutions for multi-modal interrogation of 92 

these soft deformable animals. Unlike C. elegans and D. melanogaster, Hydra has neither a tough 93 

protective cuticle nor a stereotyped size. Miniscule forces, on the order of nano-newtons, are sufficient to 94 

tear the epithelial cell layers to form an oral cavity. Body contractions themselves can generate forces of 95 

this magnitude.
72

 Thus, the spontaneous body contractions and elongations can shear and dissociate the 96 

epithelia, if the aggressive microfluidic confinement strategies successful in small invertebrates like C. 97 

elegans are translated directly to Hydra. Furthermore, within a clonal population, Hydra may vary in size 98 

by more than a factor of ten and an individual animal can change length by an order of magnitude during 99 

contraction. Thus, any microfluidic confinement or immobilization strategy must accommodate deformable 100 

animals of a variety of sizes and reduce shear forces. 101 

 102 

Here we show that specially designed microfluidic devices enable key neurobiological experiments to be 103 

performed in Hydra.  Specifically, we illustrate safe handling and manipulation of the gelatinous Hydra in 104 

a microfluidic environment for several hours to days by carefully controlling fluidic pressure. We also show 105 

how the microfluidic devices allow us to use electrical and optical techniques to simultaneously measure 106 

the activity of muscle cells and the group of neurons responsible for motor function during body column 107 

longitudinal contractions. We can also stimulate specific behaviors, such as feeding, by using chemical 108 

stimulants to study the cellular level activity at the onset and during the behavior. We also replicate and 109 

quantitatively analyze a subset of the Hydra behaviors in the microfluidic arena essential for behavioral 110 
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and locomotion assays. To our knowledge, this is the first microfluidic platform for manipulating entire 111 

Hydra for simultaneous imaging, electrophysiology, and scalable behavioral studies. 112 

 113 

 114 

RESULTS AND DISCUSSION 115 

 116 

Manipulation and immobilization of Hydra in microfluidic devices 117 

 118 

Despite the soft and deformable body of the Hydra, we found that with care, we could transfer the animal 119 

into and out of the microfluidic devices with roughly 95% success (Fig. 1a,b, Supplementary Movie 1). To 120 

load Hydra into a microfluidic device, we use a transfer pipette to move an animal into an open syringe 121 

cap connected to the device via tygon tubing. Because Hydra readily attach themselves to many 122 

surfaces, we found that drawing the animal into the tygon tubing quickly dramatically improved the 123 

success of loading. Once loaded, the animal’s position can be precisely controlled with gentle application 124 

of fluid flow. Unloading follows a similar procedure in reverse (see Methods).  125 
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 126 

Figure1: Microfluidic Manipulation and Immobilization of Hydra. (a) Typical Hydra, 0.5 mm in diameter, is immobilized in a 110 127 

µm tall hour-glass microfluidic chamber (shown with blue dye). The tubing inserted in the inlet port is near the top of image (with a 128 

Hydra in it for demonstration purpose) and tubing inserted in control port is shown towards the bottom right. For Hydra 129 

immobilization and size comparison, inset on the right shows zoom-in of a cross-section of microfluidic chamber with similar sized 130 

flattened Hydra. (b) Maximum fluorescence intensity projection image shows Hydra nerve net with the colors (yellow to teal) 131 

corresponding to the depth (from z-stack taken with confocal microscopy). Hydra with pan-neuronal expression of GFP under actin 132 

promoter was immobilized in a 160 µm tall microfluidic chemical interrogation chamber (wheel-and-spoke geometry shown in (d)) 133 

and anesthetized with 0.1% chloretone on-chip prior to imaging. (c-d) Optical micrographs show loading (left), habituation (middle) 134 

and precise positioning of Hydra (right) in different microfluidic chambers: (c) hour-glass chamber for electrophysiology constraining 135 

the body column from large movements; (d) wheel-and-spoke perfusion chamber constraining locomotion; (e) behavioral micro-136 

arena with three separate 7 mm wide and 600 µm tall channels for high-throughput behavioral imaging of non-interacting Hydra. 137 

Circles indicate the positions of behaving Hydra in the micro-arena.  138 

 139 
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To showcase how microfluidics enable a variety of Hydra studies ranging from electrophysiology to 140 

quantitative analysis of locomotion, we created three classes of immobilization chambers: 1) hour-glass 141 

shaped chambers that reduce Hydra movement for high-resolution cellular imaging and electrophysiology 142 

(Fig. 1c); 2) wheel-and-spoke geometries that confine Hydra to a region roughly the size of the animal to 143 

facilitate imaging and chemical perfusion (Fig. 1d); 3) open-field geometries that allow Hydra to move and 144 

explore a quasi-2D environments (Fig. 1e). For each immobilization chamber, we performed proof-of-145 

principle experiments to demonstrate how these devices can help study Hydra neural activity and/or 146 

behavior.   147 

 148 

Electrophysiology and imaging of immobilized Hydra 149 

 150 

The hour-glass tight confinement chambers immobilize the animal against the walls of the microfluidic 151 

device allowing us to minimize Hydra movement for both high-resolution optical imaging and cellular-152 

scale electrophysiology using nano-SPEAR electrodes that protrude from the walls of the microfluidic 153 

channels.
71

 These hour-glass chambers effectively immobilize the animal by first flattening the 154 

deformable Hydra in the roughly 110 µm tall microfluidic channels and then pinch a portion of the mid-155 

body column of the animal to keep it immobile (Fig. 1c). We found that these chambers confined the 156 

movement of Hydra such that the average movement of the body column was approximately 65 157 

µm/minute (approximately four times less than the movement without confinement), though the tentacles 158 

were largely free to move (see methods). A major advantage of these hour-glass shaped immobilization 159 

chambers (based on previously reported immobilization chambers for C. elegans)
58,71

 is that they avoid 160 

sharp corners that can damage the soft Hydra body and they can accommodate the large differences in 161 

animal sizes found in the Hydra colonies (Fig. 1c). To our knowledge, this is the first simultaneous 162 

calcium imaging and electrophysiology to be performed simultaneously in intact Hydra. 163 

 164 

Using our unique ability to perform simultaneous electrophysiology and imaging in intact Hydra, we 165 

sought to identify the origin of the electrical signals recorded from the Hydra body. The Hydra body is 166 

mostly comprised of two layers of contractile epitheliomuscular cells (20-40µm in length) capable of 167 
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generating action potentials and innervated by a smaller number of neurons (8-10µm) that also are 168 

believed capable of generating action potentials.
73

 Using this tight confinement device, we were able to 169 

record electrical activity from a single animal for 10 hours using nano-SPEAR electrodes. In these 170 

recordings, we observed a mixture of high and low amplitude electrical spikes (Fig. 2b). We then 171 

performed simultaneous brightfield imaging in Hydra vulgaris AEP for 1 hour under dark conditions, and 172 

observed statistically significant correlation between body contractions and electrical spikes recorded with 173 

our nano-SPEARs (see large amplitude spikes, Fig. 2c). Statistical significance is determined from 99% 174 

confidence interval computed from distribution of correlation values for randomly shuffled data (see 175 

methods and Supplementary Fig. 2). Our observed correlation suggests that the electrical signals 176 

primarily represent action potentials generated by the muscle cells, which is consistent with previous 177 

recordings using nano-SPEAR electrodes in C. elegans.
71

 To quantify the body and tentacle contractions, 178 

we measured the area occupied by the Hydra in the upper and lower halves of the microscope image 179 

(body size). We found that the majority of small amplitude electrical spikes coincided with tentacle 180 

contractions (or small amplitude changes in size of the upper body half). Occasional small amplitude 181 

spikes were also observed in the absence of obvious body or tentacle contractions. It is possible that 182 

future work could determine if these small amplitude spikes arise from noise or artifacts, or if they 183 

represent electrical activity from cells not associated with contractions. The large amplitude waveforms 184 

coincided with body contractions bursts (CB) (or large amplitude changes in the size of both the top and 185 

bottom halves of the animal) (Fig. 2c) (Supplementary Movie 2). This pattern of small and large amplitude 186 

waveforms was observed across six individual animals (Supplementary Fig. 1). Together, the absence of 187 

high amplitude electrical activity during body-elongations, when the rhythmic potential (RP) neurons are 188 

thought to be active,
48

 and large percentage of electrical activity measured during body or tentacle 189 

contractions further indicates nano-SPEAR electrodes predominantly measure ectodermal muscle activity 190 

associated with body or tentacle contractions. We performed the same analysis on a second animal and 191 

observed the same statistically significant correlations between muscle activity and electrical recordings 192 

(Supplementary Fig. 3).  193 

 194 
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Having determined that the electrical signals recorded from our nano-SPEAR electrodes represent 195 

muscle activity, we then looked for the neural activity patterns that drive muscle contractions. By 196 

performing simultaneous electrophysiology of the muscle cells and calcium imaging in neurons (using a 197 

transgenic strain that expresses GCaMP6s pan-neuronally), we could correlate neuronal activity with 198 

muscle contractions. When we compared this simultaneously recorded muscle and neuronal activity, we 199 

found statistically significant correlation between neural activity and electrical measurements during body 200 

contractions (consistent with previous reports
48

) (Fig. 2d, Supplementary Fig. 4). Specifically, during body 201 

column contractions, calcium imaging showed synchronous firing of the cluster of neurons in the nerve 202 

ring in the animal’s foot. Synchronized with this calcium activity, we recorded large amplitude electrical 203 

spikes from the epithelial muscle cells (Supplementary Movie 3). Computing the cross-correlation 204 

between calcium-sensitive fluorescence imaging and electrophysiology during contractions shows that 205 

the neurons in the foot indeed have statistically significant correlation with electrical measurements and 206 

body contractions (see significance test in methods) (Fig. 2d). All tentacles also contract during 207 

contraction bursts and we also observe statistically significant correlation between large-amplitude 208 

electrical spikes and the activity of neurons located near the base of the tentacles. Interestingly, when the 209 

body column is elongating or stationary we find no statistically significant correlation between neural 210 

activity and electrically-detected muscle activity (Supplementary Fig. 4). Thus, the RP neurons that are 211 

active during elongation appear unassociated with any muscle activity (Fig. 2d, right) suggesting that they 212 

may play a role in inhibiting body column contraction. During these periods, we often measure isolated, 213 

very low amplitude spikes in the electrical activity though neither the pattern nor the timing was correlated 214 

well with RP neuronal activity (Fig. 2d, right). We performed the same analysis on a second animal and 215 

observed the same statistically significant correlations between muscle activity, electrical recordings, and 216 

calcium imaging (Supplementary Fig. 5).  217 

 218 

We found that for the hour-glass immobilization chamber, electrophysiology experiments could last 219 

between 1 and 10 hours depending on the experimental conditions allowing us to observe many cycles of 220 

contraction and elongation. The excitation light used for fluorescence imaging stimulated inchworm-like 221 

locomotion away from the recording site and as a result typical imaging experiments could last roughly 222 

Page 9 of 42 Lab on a Chip



 10 

one hour. Under low-light conditions during electrophysiology experiments, the animal was much less 223 

motile, and experiments could typically last more than 10 hours.  224 

 225 

 226 

 227 

Figure 2: Simultaneous electrophysiology and calcium : Simultaneous electrophysiology and calcium : Simultaneous electrophysiology and calcium : Simultaneous electrophysiology and calcium imaging.imaging.imaging.imaging. (a)(a)(a)(a) Photograph (left) of a microfluidic immobilization chamber filled 228 

with green dye. Black box highlights the recording region in the microfluidic chamber (110 µm tall). False colored scanning electron 229 

micrograph (middle) shows the recording region (blue, photoresist; light grey, Pt; dark grey, silica) on the nano-SPEAR chip (50 µm 230 

tall). Inset shows a zoom-in of the Pt electrode (light grey) suspended mid-way between the top and bottom of the photoresist 231 

sidewall(blue). Optical micrograph (right) shows Hydra immobilized in the microfluidic chamber placed on top of the nano-SPEAR 232 

chip with combined 160 µm tall recording region. (b)(b)(b)(b) Representative 10-hour--long electrophysiology trace measured from Hydra 233 

vulgaris AEP. (c, d)(c, d)(c, d)(c, d) Simultaneous electrophysiology and imaging from (cccc) Hydra (H. Vulgaris AEP) and (dddd) neurons in transgenic 234 
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Hydra (GCaMP6s, neurons) (n=1). Top trace shows c) change in body size (area) of the top half of the Hydra body (10 Hz) and (d) 235 

mean fluorescence (∆F/F) neurons (20Hz). Bottom trace shows simultaneously recorded electrical activity from the muscles using 236 

nano-SPEARs electrode (1KHz). Left box show correlation during high activity period, contraction burst (c, d). Right box shows 237 

correlation during low activity period, (c) tentacle activity or (d) RP-like activity. Within each box, top traces show (c) change in body 238 

size, (minima in body size trace means contractions) or (d) peaks in fluorescence (during contractions) coinciding with peaks in 239 

electrophysiology (bottom trace). (c) A representative micrograph (left) of Hydra shows representative body size. The movement 240 

map (left) shows the body regions moving during the period. (d) A representative fluorescence micrograph (left) shows calcium 241 

levels with high fluorescence. Spatially-resolved correlogram (right) shows the activity from region in Hydra body with high 242 

correlation with electrophysiology. Dashed line on the color bar (*) indicates the threshold for statistically significant correlation 243 

values (99% confidence interval) determined from shuffled data. Note the pixels overlapping with Hydra have high correlation values 244 

(blue, yellow) and the background pixels also appear to have statistically significant correlation values (blue) despite not overlapping 245 

with Hydra body. These pixels show correlation with contractions due to light scattering into the microfluidic chamber and the 246 

elevated calcium fluorescence during contractions.  247 

 248 

Chemical stimulation of Hydra in microfluidics 249 

 250 

Chemical stimulation is key tool for neurobiologists allowing them to trigger precisely timed behaviors or 251 

to investigate the role of neuromodulators and/or ion channels using known agonists or blockers. To 252 

apply chemical stimulation to Hydra without stimulating a mechanical response to changing fluid flow 253 

rates, we developed 160 µm tall wheel-and-spoke perfusion chambers (Fig. 1d, 3). A key design element 254 

of these chambers is a slow perfusion rate that avoids stimulating natural responses to changing fluidic 255 

pressures or shear stress.  We found that high flow velocities in large microfluidic channels often initiated 256 

body contractions or tentacle swaying. At times, high flow rates produced shear forces that damaged 257 

Hydra. We also observed that Hydra would frequently bend or translocate in the direction of the flow. 258 

Thus, to apply chemical stimuli without initiating these behaviors, we created microfluidic devices that 259 
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minimize the flow rates of chemical stimuli. To minimize the rate of fluid flow into the Hydra observation 260 

chamber, we relied on the large fluidic resistance created by short and narrow (25 x 20 µm) perfusion 261 

channels leading into the larger observation chamber (1500 radius x 160 height, µm). This geometry is 262 

based on the previously reported chemical perfusion chambers for perfusion in cell culture arrays.
74

  263 

 264 

Proof-of-concept experiments show that perfusion through our wheel-and-spoke chambers induce 265 

chemically stimulated behaviors. During 30-minute periods of no fluid flow (I), Hydra media flow 266 

(0.02mL/min) (II), reduced glutathione (GSH) flow (0.02mL/min) (III), and recovery with Hydra media flow 267 

(0.02mL/min) (IV), we observed feeding responses as expected with exposure to GSH but no change in 268 

behavior during Hydra media flow. When we perfused Hydra media through our chemical stimulation 269 

chamber, we observed minimal change in contraction rate or bending suggesting that the flow rates were 270 

sufficiently low to prevent mechanical stimulation (Fig. 3a-c II). Contractions and elongations were 271 

quantified by measuring the decreases and increases in body length, respectively (see methods). The 272 

continuation of this periodic body contractions and elongations pattern during flow indicated the perfusion 273 

flow rates caused negligible mechanical stimulation. 274 

 275 

Because the low fluid flow rates engineered in our wheel-and-spokes chambers do not significantly affect 276 

Hydra behavior, we were able to perfuse GSH (9µM) to induce a feeding response and inhibit body 277 

contractions (Fig. 3a-c III). Normal body contractions were interrupted after approximately 15-20 minutes 278 

of GSH flow as seen by the lack of sharp decreases in body length as expected through previous 279 

reports
75

 (Fig. 3c III) and followed by tentacle writhing (Fig. 3b III, top). During tentacle writhing, body 280 

length remained constant but tentacles contracted and curled towards the mouth until the oral cavity was 281 

formed (Fig. 3b III, bottom). Once the oral cavity had formed, epithelium began folding outwards 282 

increasing the mouth size until Hydra lost its tubular shape and hydrostatic rigidity (Supplementary Movie 283 

4). The chemically induced response in Hydra was then reversed by switching the perfusion input from 284 

GSH to Hydra media. In all three trials, we successfully recovered the contractile activity as seen by the 285 

return of spikes in the body length of Hydra (Fig. 3c IV). In all trials, except one, the folded Hydra body 286 

eventually regained its tubular shape by resealing the oral cavity through the duration of the trial.  287 

Page 12 of 42Lab on a Chip



 13 

 288 

Figure 3: Functional imaging during chemically induced feeding behavior with reduced glutathione (GSH).  (a) Photographs 289 

show a microfluidic chamber with a circular observation chamber in the middle surrounded by small perfusion channels. The narrow 290 

perfusion channels with a port on the top and bottom are used for perfusion inflow (0.02mL/min) and outflow, respectively. The dye 291 

colors indicate flow conditions: (I) no flow (clear or grey); (II) flow of Hydra media (green); (III) 9µM GSH (blue); (IV) Hydra media 292 

(green). (b) micrographs of immobilized Hydra show representative activity: (I, II) stereotypical body elongations (top) and 293 

contractions (bottom) with no perfusion flow or with media flow; (III) feeding response induced by perfusion of GSH leading to 294 

tentacle writhing (top) and outward folding of the epithelia from mouth opening (bottom); (IV) Recovery of typical body contractions 295 

(top) and elongations (bottom) following perfusion of Hydra media. (c) Body length traces (see methods) show contractions and 296 

elongations from three individual Hydra (colors correspond to flow conditions I-IV). Minimum body length indicates contraction. 297 
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 298 

The ability to chemically stimulate Hydra feeding responses in microfluidic chambers provides the exciting 299 

opportunity to image neural activity during these behavioral state transitions. As an example, we imaged 300 

neuronal activity in transgenic Hydra (GCaMP6s, neurons) under GSH stimulation of the feeding 301 

response. To reduce the effects of photobleaching we imaged Hydra for five minutes under the flow of 302 

Hydra media, followed by thirty minutes of GSH, and a second thirty-minute period of Hydra media flow 303 

(Supplemental Movie 5). We observed that during GSH stimulation, normal body contractions were 304 

interrupted and the cluster of neurons in the foot became less active after approximately twenty minutes 305 

of GSH flow (Supplementary Movie 5). The neurons at the base of tentacles were active during tentacle 306 

writing and the neurons in the upper half of the body seemed more active during mouth opening. During 307 

the recovery period with Hydra media flow, we initially observed a smaller subset of neurons in the lower 308 

half of the body become active but did not lead to body contractions until larger ensemble of neurons in 309 

the foot, likely belonging to contraction burst circuit, became active. This ability to perform cellular-310 

resolution imaging during chemically stimulated behaviors provides new opportunities to study sensory-311 

motor transformations in the entire network of spiking neurons in Hydra.  312 

 313 

Behavioral Analysis of Hydra in microfluidics 314 

 315 

The quasi-2D environment provided by microfluidics also helps us quantitatively track Hydra locomotion 316 

and body posture of multiple animals while preventing them from interacting with each other. In addition 317 

to periodic body contractions and elongations, Hydra can also explore their environment by bending and 318 

swaying or move to new locations through inch-worm, somersault or swimming locomotion. Because 319 

microfluidic arenas reduce Hydra movements to a quasi-2D plane, the task of quantifying Hydra 320 

movements and posture is greatly simplified and we can use a simple, low-cost camera placed above the 321 

device.  322 

 323 

Microfluidics also provides an excellent platform for controlling chemical, thermal, and physical conditions. 324 

The combination of behavioral tracking and well-regulated environmental conditions will help reveal 325 
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sensory-motor processing in these simple neural networks. It may also be possible to combine scalable 326 

imaging afforded by microfluidics shown here with machine learning algorithms recently used to classify 327 

Hydra behaviors.
76

 328 

 329 

We found that in microfluidic devices with channel heights ~ 200 - 600 µm Hydra display similar behaviors 330 

to unrestrained animals in 3D including contraction, elongation, swaying, as well as inch-worm and 331 

floating locomotion.
76

 Based on our observations of Hydra (n=3) over several hours in our parallel 600 µm 332 

tall behavioral arenas (Fig. 1e), we classified the Hydra behavior into two broad behavioral classes: 333 

exploration and locomotion (Fig. 4a,b). We found that just like in flask cultures, Hydra in our behavioral 334 

arenas typically anchors itself to the top or bottom surface with its foot while periodically contracting and 335 

elongating (Supplementary Movie 6). Less frequently, we observed swaying or bending, which is also 336 

seen in flask cultures. In addition to these exploratory behaviors we also observed Hydra locomotion by 337 

either inchworming or floating. We did not observe somersaulting as has been reported in 3D 338 

environments
77

, perhaps due to the short height of the quasi-2D chamber or the relative rarity of 339 

somersaulting events.  340 

 341 

By reducing body posture and locomotion to 5 variables, we could quantify Hydra behavior over several 342 

days (Fig. 4). We defined the change in body length of Hydra, L, which allows us to easily detect body 343 

contraction events (Supplementary Fig. 6). Because of the low imaging frame rates used, we identified 344 

contraction burst (CB) events rather than individual contraction burst pulses (Fig. 4c). On average, we 345 

measured similar rate of 9 -15 CBs per hour as previously reported.
78

 We defined body orientation as α, 346 

the angle of a vector from the foot to the mouth with respect to the positive x-axis. However, we noted 347 

that body column of Hydra often curved. The body orientation, α, did not represent the direction of the 348 

mouth especially when Hydra body formed a U-loop. Thus, we obtained body posture by fitting two 349 

vectors separated along the midpoint in the body column from the foot to the center of the body and from 350 

center of the body to the mouth, α1 and α2. The difference between these two angles, β, provided 351 

information about the curvature along the body column. In cases when the body column was straight, � 352 

was nearly zero. When the body column had slight curvature, there was a small difference between α1 353 
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and α2, β < π/3. Similarly, when Hydra body looped to form U-shape, the angular difference between the 354 

two vectors was large, π > β >= π/3 (Fig. 4b). Alternatively, comparing the difference in body length based 355 

on the Euclidean distance between the mouth and foot either with or without accounting for the body 356 

center further confirmed the bending events. Thus, by segmenting the Hydra body, we were able to gain 357 

additional information about the body postures and exploratory behavior.  358 

 359 

Using the time-averaged location of the foot (see Methods) for generating the movement track of Hydra 360 

through the microfluidic arena, we found the displacement events were significantly less frequent 361 

compared to the body contractions (N=3 animals, 60 hours, p-value<0.01, one-sided, unpaired two-362 

sample student’s t-test with unequal variances) (Fig. 4d, Supplementary Fig 6d). Hydra periodically 363 

contracts and elongates in various directions while the foot is anchored to a single location. Translocation 364 

occurs when the Hydra releases the foot and reattaches it at a different location. Thus, tracking the 365 

location of the foot shows the locomotion pattern (Fig. 4c) of Hydra where the distance, d, and the 366 

direction traveled, γ, are represented by the lines on the track. The locomotion steps were frequently 367 

stereotyped inchworm movements where Hydra expanded its tentacles and contracted the rest of the 368 

body towards the tentacles. Hydra was also seen bending over its tentacles to complete the locomotion 369 

step. Often Hydra took several steps before reattaching the foot. For simplicity, we identified the position 370 

where the Hydra foot finally adhered as the step final position to determine the locomotion step size and 371 

direction (Fig. 4b-d). Finally, automated tracking of multiple animals, simultaneously, is difficult when the 372 

animals are constantly deforming both their size and shape, however, microfluidic arenas preventing 373 

interactions of the animals greatly simplified this task. 374 

 375 
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 376 

Figure 4: Behavioral Analysis in Microfluidic Arenas. (b) Photograph shows three separate microfluidic chambers for locomotion 377 

and behavioral observation of immobilized Hydra with uniform lighting. (b) Schematics show common behaviors of Hydra observed 378 

in microfluidic arenas: body contractions (periodic decrease in length of the body, L), exploration (reorientation of the head, α), 379 

bending (body curvature and turning head towards the foot, β), and translocation (distance and direction of displacement of the foot 380 

to new location, d and γ). (c) Skeletonized tracks (12 hours) of Hydra movements automatically tracked in the microfluidic arenas. 381 

The size of each node (dot) corresponds to the time spent at that location. The length of each edge (line) corresponds to the 382 

distance traveled during a translocation event. The node and edge color corresponds to the current time at that position (from start 383 

of imaging).  (d) The raster plots indicate occurrences of each of the tracked behaviors during the 12-hour recording period.  384 

 385 

 386 

DISCUSSION 387 

 388 

Just as microfluidic technologies have accelerated studies of C. elegans and D. melanogaster,
22,49,51–54,58–389 

62,71,79–81
 we believe that the electrophysiology, imaging, environmental control, and behavioral tracking 390 

made possible with the microfluidic technologies shown here will help Hydra become a more powerful 391 

model organism. In particular, we have found that despite the soft and deformable body of Hydra, we can 392 
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create microfluidic chambers than can immobilize the animal with varying levels of confinement. The easy 393 

loading and unloading protocol means the same Hydra can be studied over several days. Moreover, the 394 

microfluidic platform allows gentle perfusion of chemicals and buffers for stimulating behaviors or studying 395 

locomotive behaviors in complex chemical, thermal, or optical landscapes.  396 

 397 

As a demonstration of the types of experiments enabled by microfluidic immobilization, we showed 398 

simultaneous electrical recordings from muscles and optical recordings from the neurons, providing 399 

insight into the patterns of neural activity that drives body column and tentacle contraction. We see this 400 

type of combined electrophysiology and whole-brain imaging as a powerful method to study coordination 401 

between neural activity and body movements - a key step toward decoding neural activity.  402 

 403 

The Hydra microfluidic platform enables chemical stimulation of behavior similar to those used to probe 404 

neural circuits in other invertebrates.
69

 Although Hydra are highly sensitive to fluid flow, we could reduce 405 

the perfusion to sufficiently slow rates and minimize the responses of Hydra to this mechanical stimulus. 406 

These types of experiments may help us understand the neural circuits that process external stimuli and 407 

execute resulting motor programs.  408 

 409 

In addition, the quasi-2D environment provided by microfluidics makes it easier to quantify the Hydra 410 

posture and movements and facilitates whole-brain calcium imaging. Axial scanning during optical 411 

microscopy is typically the slowest scan axis because it typically requires moving an objective lens or 412 

sample stage. Thus, confining Hydra to a plane less than 200 µm thick will increase the rate at which one 413 

can acquire whole-brain imaging data.  414 

 415 

Overall, the seemingly simple cnidarian Hydra combined with a microfluidic interrogation platform 416 

provides many opportunities to discover how complex behaviors are implemented in dynamic networks of 417 

spiking neurons. For example, the microfluidic environments described here could be used to combine 418 

whole-brain imaging with sensory motivated behaviors like chemo-, or photo-taxis. Integrating heating 419 

elements
82

 or microactuators,
83

 could extend these investigations to cover thermo- or mechano- sensory 420 
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processing. Because Hydra survive for days in these microfluidic chips, we envision that these behavioral 421 

screens could be performed with many animals in parallel over extended periods of time. Through studies 422 

like these enabled by our microfluidic platform, it may be possible to understand simple rules governing 423 

the function of highly plastic neural circuits that may be conserved in more complex brain architectures. 424 

 425 

 426 

MATERIALS AND METHODS 427 

 428 

Device Fabrication 429 

 430 

The microfluidic chips were fabricated using approximately 5 mm thick layer of polydimethylsiloxane 431 

(PDMS) (Sylgard 184) molded from SU-8 2075 (MicroChem) master mold. The microfluidic chip for 432 

electrophysiology was molded from ~110 µm thick features on the master. Note that even in clonal 433 

populations of Hydra, the size of animals can vary significantly from 0.5mm-15 mm. Because of the lack 434 

of stereotyped dimensions of Hydra, it is difficult to optimize the dimensions of the immobilization 435 

chambers to accommodate the entire population. Thus, we designed the pinch areas such that it would 436 

accommodate a subpopulation of animals. We tried 200µm-500µm width and 300-600µm length for the 437 

pinch area and found that we could select few animals that would fit optimally in any one of the 438 

dimensions. For the purpose of the experiments, we selected pinch area that accommodated animals that 439 

were just large enough to be viewed almost in entirety in the field of view (10x objective). 440 

 441 

For the hour-glass chips, we found that chamber width of ~110µm provided a good balance between 442 

strong immobilization without causing significant damage for a range of Hydra sizes (approximately 0.5 – 443 

2 mm in length). We found that cambers of 80-90µm in width, reduced the range of sizes of the animals 444 

that could be immobilized without causing noticeable damage. We found that about ~50% of the animals 445 

showed visible injury during immobilization in these thinner chambers. In the case of thicker chambers 446 

(up to 200µm), we rarely (<5%) observed damage, however the resulting motion that these wide 447 
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chambers permitted made it difficult to image cellular-level calcium activity as the animals were able to 448 

move more frequently. 449 

 450 

The chemical perfusion chip was molded from a master mold fabricated with two layers, ~25 µm perfusion 451 

channels with SU-8 3025 and ~150 µm observation chamber with SU-8 2075. The behavioral microfluidic 452 

arena was fabricated from ~600 µm tall parallel channels master mold. The ports for inserting tubing were 453 

punched with either 1 or 1.5 mm biopsy punches. Larger biopsy punch was used for Hydra insertion port. 454 

The microfluidic chips for chemical perfusion and behavioral arena were permanently bonded to glass 455 

wafer with oxygen plasma treatment at 330 mTorr for 30 sec. The microfluidic chips for electrophysiology 456 

and imaging were clamped to the nano-SPEAR chip with a customized acrylic enclosure. Clamping with 457 

acrylic instead of permanently bonding PDMS to the electrophysiology chip makes cleaning the device 458 

easier between uses.  459 

 460 

The electrical interrogation device is a combination of electrophysiology chip interfaced with a microfluidic 461 

chip similarly to the previously reported nano-SPEARs chip.
71

 The electrophysiology device was 462 

fabricated on a glass substrate (University Wafers) using micro- and nano-fabrication techniques. A layer 463 

of KMPR photoresist was spun on the glass wafer. Platinum electrodes were patterned on the first KMPR 464 

layer. A second layer of KMPR was patterned with the immobilization chamber on top of the Pt electrodes 465 

using photolithography. The recording chambers patterned on the top KMPR layer were then etched to 466 

the bottom KMPR layer with reactive ion etcher (RIE) resulting in suspended electrodes. To increase the 467 

longevity of the device, the entire device was coated with Parylene C which acts as a water barrier. The 468 

tips of the electrodes were exposed with focused ion beam milling. KMPR has high autofluorescence 469 

which contributes to high background fluorescence during calcium imaging. A thin layer of Chromium (~ 470 

60nm) was sputtered on glass wafer before the first KMPR layer to block excitation light from reaching 471 

photoresist. The Cr was removed from the recording chamber region after the final RIE step with wet 472 

chromium etchant (MicroChem) to allow excitation light to reach the Hydra in immobilization chamber. 473 

The Pt pads on the fabricated electrophysiology chip were connected to electrical leads with conductive 474 
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epoxy. A microfluidic chip with similar immobilization chamber pattern (Fig. 2a) was aligned on top of the 475 

electrophysiology chip.  476 

 477 

All microfluidic chips were reusable after cleaning. The microfluidic chips for electrophysiology and 478 

imaging were rinsed with deionized water and oven dried at 80C for at least 40 minutes. The microfluidic 479 

chips used with chemicals were soaked in deionized water overnight (at least 10 hours) on a stir plate, 480 

sonicated in fresh deionized water for at least 10 minutes, heated to 160C for 1 hour, and finally oven 481 

dried at 80C for at least 40 minutes before reusing. We did not observe tentacle writhing-like behavior in 482 

the previously used devices (with GSH for feeding response) that were soaked in deionized water for at 483 

least 8 hours. 484 

 485 

Hydra Strains and Maintenance 486 

 487 

The Hydra vulgaris AEP strains including the wild type (WT) and the two transgenic Hydra vulgaris lines 488 

expressing either GCaMP6s in their neurons (GCAMP6s, neurons) and GFP in the neurons (GFP, 489 

neurons) were provided by Christophe Dupre in the laboratory of Rafael Yuste (Columbia University). The 490 

transgenic lines of Hydra were developed by embryo microinjection as previously reported.
48,84,85

 All 491 

Hydra were cultured in Hydra Media using the protocol adapted from Steele laboratory (UC Irvine). Hydra 492 

were fed freshly hatched brine shrimp (artemia naupali) at least three times a week and the Hydra Media 493 

was replaced approximately 1-4 hours after feeding to remove excess food. The Hydra culture containers 494 

were thoroughly cleaned every four weeks to remove any film buildup. Individual Hydra were starved for 495 

at least 2 days prior to experiments with the exception of experiment with glutathione induced feeding 496 

behavior, where the animals were starved for at least 4 days. 497 

 498 

Hydra Loading and Unloading 499 

 500 

Hydra was inserted into the microfluidic devices through a syringe cap attached to 1 mm tygon tubing that 501 

was inserted into the entry port. Using a glass pipette, Hydra was dropped into an open syringe cap then 502 
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using the syringe connected to the port on the opposite end of the microfluidic immobilization chamber, 503 

negative pressure was used to pull the polyp into the immobilization chamber. During this process, the 504 

open syringe cap was connected to a syringe containing Hydra media to prevent inserting air into the 505 

device. In case when Hydra adhered to the tubing, alternating positive and negative pressures helped 506 

dislodge the Hydra. If Hydra still remained stuck, gentle localized tapping dislodged the Hydra to resume 507 

flow. This approach required working fairly quickly once the Hydra was dropped into the open syringe cap 508 

to prevent undesired adhesion to the plastic surfaces. Because of this stickiness, we had approximately 509 

50% success rate for loading Hydra without causing significant damage and took up to 5 minutes to load 510 

an animal that adhered to plastic surfaces. The second loading method reduced contact with plastic by 511 

pulling the Hydra few millimeters into the tubing with syringe then inserting the tubing into the inlet port of 512 

the microfluidic device. This approach increased success rate to 95% and took less than a minute to load 513 

an animal, though care had to be taken to not introduce any air into the microfluidic chamber. Hydra was 514 

loaded by applying positive pressure to the inlet syringe. The two opposing syringes were alternatively 515 

used to provide gentle pulses to position the Hydra at the recording site. At the end of the 516 

experimentation, Hydra could be removed from the microfluidic device either by disassembling the device 517 

or by gently pulsing the syringes to flow Hydra out of the large inlet port. 518 

 519 

Hydra Electrophysiology 520 

 521 

Electrophysiology chip interfaced with PDMS was clamped with acrylic and the electrical leads were 522 

connected to the amplifier. All data was obtained with an Intan Technologies RHD2132 unipolar input 523 

amplifier (http://intantech.com) at a sampling rate of 10 KHz (for electrophysiology of H. Vulgaris AEP 524 

animals), low frequency cutoff and DSP filter of 0.1 Hz and high frequency cutoff of 7.5 KHz. 525 

 526 

For electrophysiological experiments, Hydra starved for at least 48 hours was immobilized in the 527 

recording chamber and the recording began at least 5 minutes after Hydra had been immobilized. The 528 

animals were recorded from under ‘dark’ conditions with ambient light passed through red filter (Red filter 529 

#26, Roscolux). Six animals were recorded for one hour each (Fig. 2 - Supplement Fig. 1) and three 530 
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animals were recorded for 10 hours each (Fig. 2). The nano-SPEARs measured bursts of electrical 531 

activity when the animal contracted. These measurements resemble contraction bursts that are known to 532 

be associated with contraction. In cases when Hydra drifted away from the electrodes, we noticed 533 

decrease in signal amplitude. However, we could reestablish electrical contact by applying pressure from 534 

either the entry or the suction ports to reposition the animal.  535 

 536 

Electrophysiology data had two obvious waveforms that correspond to behaviors: small spikes during 537 

tentacle contractions, large spikes during body contractions (Fig. 2 - Supplement Fig. 1). The K-Means 538 

algorithm for clustering showed there were two optimal clusters. We manually selected spike amplitude 539 

threshold of 500 µV to derive the two distinct waveforms. In biphasic or triphasic waveforms, the largest 540 

negative or positive peak was used for the spike amplitude. Spike width was determined by calculating 541 

the full width half max (FWHM) of the waveform. Successive large amplitude contraction pulses 542 

separated by 10 s or less were considered a part of the same contraction burst and the inter-pulse 543 

interval was the time between these pulses in a single contraction burst. Inter-burst interval was the time 544 

between contraction bursts. 545 

 546 

Simultaneous Imaging and Electrophysiology  547 

 548 

Electrical measurements with nano-SPEARs were made while simultaneously performing brightfield or 549 

fluorescence imaging of either wild type or transgenic animal, respectively. Brightfield imaging was 550 

performed (10 fps, 60 min, 0.13 N.A. 4x objective, and ‘dark’ lighting (see Hydra Electrophysiology 551 

methods)) to record behaviors such as contractions occurring during measurement of electrical activity 552 

(Supplementary Movie 2). Transgenic Hydra expressing GCaMP6s in the neurons starved for at least 48 553 

hours were used to measure the activity of the neurons (20 fps, 60 min, 0.45 N.A. 10x objective, and 20% 554 

light intensity with GFP filter) (Supplementary Movie 3). An inverted microscope equipped with GFP filter 555 

and Andor Zyla 4.2 were used for capturing all of the images. All electrical data was obtained with an 556 

Intan Technologies RHD2132 unipolar input amplifier (http://intantech.com) at a sampling rate of 1KHz 557 
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(neuronal GCaMP) or 10 KHz (WT) low frequency cutoff and DSP filter of 0.1 Hz and high frequency 558 

cutoff of 7.5 KHz.  559 

 560 

Data shown in Fig. 2 is representative of all animals tested (N = 3, GCaMP6s positive neurons, N = 9, 561 

WT). In GCaMP animals, photobleaching limited the maximum imaging time to between 20 min (N=1) and 562 

roughly 1 hour (N=2). Movement or calcium activity correlation with electrical activity (data shown in Fig. 563 

2c, d) was performed on animals that remained in the field of view for the entire 1 hour of electrical 564 

recording. For both WT and GCaMP animals, correlating movement or calcium activity with the entire 565 

duration of the electrical measurements was limited by animal expansion outside of the imaging field of 566 

view to roughly 30 min (N=8, WT and N=2, GCaMP6 positive neurons; representative data shown in 567 

Supplementary Fig. 3, 5) and 1 hour (N=1, WT and N=1 GCaMP; Supplementary Fig. 2, 4 and Fig. 2). 568 

 569 

Movement Analysis for Simultaneous Electrophysiology and Imaging 570 

 571 

Electrical activity from Hydra was recorded simultaneously with brightfield imaging. To track the animal 572 

movement, we looked at the change in body size (area). During body contractions, the entire body of the 573 

animal decreased in size (area). During tentacle contractions, upper half of the body containing the 574 

tentacles decreased in size (area). Thus, decrease in body size occurred during contractions. To 575 

measure the body size (area), we first binarized the images to extract Hydra region with Matlab Image 576 

Processing Toolbox. From the binarized image, we calculated the number of pixels forming whole Hydra 577 

body, upper half only or the lower half only. 578 

 579 

During body contractions, entire body including all tentacles contracted resulting in large decrease in 580 

entire body area while during tentacles contraction, only few of the tentacles contracted resulting in 581 

smaller decrease in upper body half (hypostomal region). Thus, the change in size for the upper body half 582 

was used to generate movement trace (Fig 2c).  583 

 584 
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To generate the movement map (Fig. 2c, bottom right image in each box), we overlaid the binarized 585 

images of the Hydra and used the color map to represent the fraction of the time that the Hydra occupied 586 

each pixel. Thus, the light-colored areas of the map show the locations of body and tentacle contractions. 587 

Because Hydra remains contracted longer during closely occurring contraction bursts, dark-colored area 588 

of the map shows Hydra in its most contracted form (Fig, 2c left box). We used a 150 s time window to 589 

show body contractions more clearly because contraction bursts can last more than 30 s and sometimes 590 

animals do not elongate significantly between bursts. For correlation of tentacle contractions, we used a 591 

30 s time window, which is comparable to the time scale of tentacle contractions.  592 

 593 

 594 

Correlation Analysis for Simultaneous Electrophysiology and Imaging 595 

 596 

To determine the correlation significance, we first normalized the electrical measurements and movement 597 

(for WT movement correlation analysis) or calcium activity (for neural GCaMP calcium activity correlation 598 

analysis) measurements. We then segmented the time series for each set of data into 30 s intervals. By 599 

sliding a 30 s time window across the entire recording by 5 s, we generated a set of approximately 714 600 

(30-second-long) recording intervals. We then computed cross-correlation values between electrical 601 

measurements and movement (or calcium activity) for each time-aligned interval. We then grouped these 602 

cross-correlation values based on whether the time interval contained “high” (> 0.3 a.u.) or “low” (< 0.3 603 

a.u.) electrical activity and plotted those distributions in Supplementary Fig. 2-5b. To determine if these 604 

cross-correlation values were statistically significant, we computed the cross-correlation values after 605 

randomizing the time intervals (shuffling the time series). We found that 99% of correlation values in the 606 

shuffled data were below 315 a.u. (WT) or 10 a.u. (neural GCaMP), which we used as the thresholds for 607 

statistical significance (dashed line in Supplementary Fig. 2-5b). We found that the mean correlation 608 

value exceeded the threshold for statistical significance during periods of high electrical activity 609 

(Supplementary Fig. 2-5b).  610 

  611 
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Normalization for the electrical measurements involved taking the absolute value of the electrical activity 612 

to account both the positive and negative spikes (Supplementary Fig. 2-5a top). Then, we applied a 613 

Gaussian low pass filter and down-sampled the data to 100Hz to smooth the electrical measurements 614 

and finally, rescaled the range to be between 0 and 1. The normalized electrical measurements were then 615 

split into 30 s time intervals. Multiple intervals (714) were generated by sliding across the entire recording 616 

period by 5 seconds. Each of the intervals were grouped as high or low activity periods based on whether 617 

the interval contained high or low amplitude activity (threshold of 0.3 a.u. was used). 618 

 619 

Similarly, the movement (Supplementary Fig. 2,3a) and calcium activity (Supplementary Fig. 4,5a) 620 

measurements were first normalized then segmented into 30 s intervals. For movement analysis, the data 621 

were number of pixels comprising the entire body, upper body or lower body. Because body contractions 622 

led to decrease in body size, the raw movement data were first inverted such that the values would 623 

increase during body contractions. We then applied a Gaussian low pass filter, up-sampled to 100Hz and 624 

rescaled the range to be between 0 and 1.  For neural activity analysis, the data were average of relative 625 

fluorescence values of all pixels for the entire body, upper body or lower body. The fluorescence traces 626 

were normalized by first calculating the ∆F/F to correct baseline drift due to photobleaching. Then we 627 

applied a Gaussian low pass filter, up-sampled to 100Hz and rescaled the range to be between 0 and 1. 628 

Finally, we segmented the movement and calcium imaging activity traces into 30 s intervals. By sliding 629 

the interval by 5 s, we generated 714 intervals that were time-aligned with the intervals for electrical 630 

measurements. Each of the time intervals were grouped as high or low activity periods depending on 631 

whether their time-aligned electrical measurement intervals were high or low activity periods. 632 

 633 

Maximum value of correlogram from the time-aligned (unshuffled) intervals was computed to determine 634 

average correlation during high and low activity periods for the entire body and upper and lower body 635 

segments for both movement (Supplementary Fig. 2,3b) and neural activity analysis (Supplementary Fig 636 

4,5b.). Both the Intan amplifier and the Zyla were triggered with the same TTL signal. However, to 637 

account for any offset in the timing of the electrical and optical data, we measured the maximum of the 638 

cross-correlogram within one duty cycle of the trigger signal (50 ms) rather than the cross-correlation at 639 
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zero lag. To determine statistical significance of the correlation values, maximum value of correlogram 640 

was computed for the 714 intervals that were randomly selected (shuffled) for each animal such that 641 

electrical measurement intervals were no longer time-aligned with movement or neural activity intervals. 642 

From the distribution of shuffled correlation values, we set the significance threshold to include 99% of the 643 

correlation values from the shuffled data. Correlation values outside this 99% confidence interval were 644 

considered significant. From our WT movement correlation analysis, we found 99% of the correlation 645 

values were below 315 a.u. with 30 s intervals and high activity periods had statistically significant 646 

correlation. For our neural GCaMP calcium activity correlation analysis, we found 99% of the correlation 647 

values were below 10 a.u. with 30 s intervals and high activity periods had statistically significant 648 

correlation. 649 

 650 

Because tracking individual neurons purely from fluorescence from calcium indicator in deforming Hydra 651 

is difficult, we commuted spatially-resolved cross-correlation of representative 30 s interval from high 652 

activity period and low activity period. This allowed us to identify regions in Hydra body that had 653 

correlated neural activity with electrical activity during a 30 s high activity or low activity period. The high 654 

and low amplitude activity regions were identified with threshold as discussed above (Fig, 2c, d). The high 655 

amplitude activity region occurred during contraction bursts for neural activity imaging. The low amplitude 656 

activity region occurred during rhythmic potential like activity during neural imaging. For the spatially-657 

resolved correlation maps (Fig 2 d), each frame was down-sampled to 64 x 64 pixels and the vectors of 658 

fluorescence values for each of the down-sampled pixels were normalized for the full recording period by 659 

applying a Gaussian low pass filter, up-sampling to 100Hz then rescaling the range for the entire image 660 

(all 64x 64 pixels) to be from 0 to 1 preserving the relative intensity differences between individual pixels 661 

(and reduce contribution from background fluctuations due to light scattering). The correlation value from 662 

each of the pixels was then used to determine the intensity of the pixel for the correlation map. The pixel 663 

intensity was mapped to a color map that represented pixels with correlation values below statistical 664 

significance threshold (determined from the shuffled data as discussed above) as white color. Above the 665 

threshold for statistically significant correlation values, the pixel colors ranged from blue to yellow (with 666 

yellow corresponding to higher correlation values than blue). Note that the background pixels in the hour-667 
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glass chamber not overlapping the Hydra body show statistically significant correlation values (blue color) 668 

due to scattering of fluorescence from nearby regions during body contractions. This scattering could be 669 

reduced with higher contrast laser scanning imaging such as confocal imaging. Nonetheless, the 670 

correlation values for background pixels were found to be lower than correlation values for pixels that 671 

were inhabited by Hydra and more specifically the pixels encompassing the Hydra foot. Thus, short of 672 

tracking individual neurons, which is difficult in Hydra, the spatially-resolved correlation map allowed us to 673 

correlate activity from clusters of neurons with electrical activity. 674 

 675 

 676 

Imaging for Micro-Movement Analysis 677 

 678 

WT Hydra (H. Vulgaris AEP) was placed in a petri dish and imaged on our behavioral imaging platform to 679 

estimate the movement without microfluidic confinement. Images were captured for 15 minutes at ~8fps. 680 

The position of the foot and the mouth were annotated using the foot and mouth classification algorithm 681 

from our behavior and locomotion tracking algorithm (see methods, Behavior and Locomotion Tracking). 682 

Microscope image calibration ruler was used to estimate the pixel size. Frame to frame movement of the 683 

foot (286 µm/min) and mouth (266 µm/min) was calculated to estimate the movement.  684 

 685 

Transgenic Hydra expressing GCaMP6s in the neurons was immobilized in an electrophysiology chip to 686 

estimate the movement after microfluidic immobilization. Hydra movement was imaged with 488nm 687 

excitation laser and 0.45 N.A. 10x objective on Nikon Ti Eclipse Confocal microscope for 5 minutes at ~1 688 

fps. Few cells with constant fluorescence were tracked for motion to calculate displacement and average 689 

movement of cells (65 µm/minute) in the body column of Hydra immobilized in hour-glass chambers. 690 

 691 

 692 

Chemical Stimulation with Reduced Glutathione for Feeding Response 693 

 694 
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Hydra (H. Vulgaris AEP) were starved for at least 4 days prior to immobilization in the perfusion chambers 695 

for chemical stimulation. One side of the port connecting to the perfusion channels was used as the 696 

perfusion inlet port. Two syringes with stopcock valves containing either Hydra media or 9µM reduced 697 

glutathione (GSH) (Biosynth) were connected to a 2 to 1 manifold which was then connected to the 698 

perfusion inlet port. The inlet syringes were raised ~25 cm above the device to hydrostatically flow 699 

chemicals/buffer. Opposite side of the perfusion channels used as the outlet were connected to a syringe 700 

at the same height as the device. To calculate the flow rates into the observation chamber, we ignored all 701 

fluidic paths except narrow perfusion channels because the fluidic resistance in the narrow perfusion 702 

channels was significantly higher than in the tubing and thus had the largest contribution to flow rates. 703 

This calculation was in agreement with the approximately 0.02 mL/min change in syringe volume we 704 

observed during the experiments. After immobilization of the Hydra, different flow conditions were used 705 

while imaging behavioral changes for 30 minutes each. First, 30 minutes of baseline activity was imaged 706 

with no flow, followed by 30 minutes with flow of Hydra media to show minimal effects of slow perfusion 707 

on Hydra behavior. Next, perfusion input was switched to GSH for 30 minutes to cause the mouth to open 708 

and to inhibit body contractions. We began to measure response roughly 20 minutes after beginning the 709 

flow of GSH. Finally, the perfusion input was switched again to Hydra media for 30 minutes to terminate 710 

feeding response and recover normal contractile activity (Supplementary Movie 4). All brightfield imaging 711 

during chemical stimulation was performed using 0.13 N.A. 4x objective and Zyla4.2 at ~5 fps for 2 hours 712 

in 3 mm wide and ~160 µm tall observation chamber.  713 

 714 

To obtain the Hydra length trace (Fig. 3c), we created binary images of the Hydra and used the major 715 

axis length from binary region properties using Matlab Image Processing Toolbox. During body 716 

contractions, body length decreases significantly as the Hydra contracts into a tight ball. The body length 717 

increases when the animal elongates. As a result, the traces of body length show large fluctuations 718 

indicating spontaneous body contractions for the first half of the experiment (60 minutes) and more 719 

constant body length once stimulated with GSH and mouth begins to open. The fluctuations in body 720 

length begin to return following wash with buffer. If the experiment is allowed to continue with wash buffer 721 

Page 29 of 42 Lab on a Chip



 30 

for another 30 minutes, the body contraction rate begins to approach the contraction rate prior to 722 

stimulation. 723 

 724 

Transgenic Hydra (GCaMP6s, neurons) was starved for at least 4 days prior to immobilization and 725 

chemical stimulation. Fluorescence imaging during chemical stimulation was performed using 0.45 N.A. 726 

10x objective, 12% epifluorescence light intensity and Zyla4.2 at ~15 fps for 1 hour in 3 mm wide and 727 

~160 µm tall observation chamber. Because effective imaging time with fluorescence calcium indicator 728 

was close to thirty minutes before photobleaching occurred, the flow conditions were modified to reduce 729 

exposure to excitation light before chemical stimulation. First, the period of baseline activity measurement 730 

without flow was eliminated and period of Hydra media flow was reduced to five minutes. This was 731 

followed with GSH flow for thirty minutes, and finally recovery with Hydra media for thirty minutes 732 

(Supplementary Movie 5).   733 

 734 

Chemical Stimulation with Chloretone for Muscle Paralysis 735 

 736 

Transgenic Hydra expressing GFP in the neurons was immobilized in the ~160 µm tall perfusion 737 

chambers for stimulation with 0.1% Chloretone (Acros Organics). The Hydra was imaged using 488nm 738 

excitation laser and 0.45 NA 10x objective and ~1fps on Nikon Ti Eclipse Confocal for tracking the 739 

neurons before and after being anesthetized. After perfusion of Chloretone, the animal movement was 740 

significantly decreased and the whole-brain anatomy was volumetrically imaged at high resolution with 741 

negligible motion artifacts (Fig. 1b). 742 

 743 

Behavior and Locomotion Tracking 744 

 745 

Hydra (H. vulgaris AEP) raised in dark at 20C and fed three times a week under ambient light were used 746 

for behavioral and locomotive tracking. Time-lapse imaging was performed using portable USB digital 747 

microscope/mini microscope endoscope (TOPMYS TM-M200, www.amazon.com). Images were captured 748 

at a rate of 1 frame every second on open-source camera software iSpy (www.ispyconnect.com). 749 
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Evenly spaced 30 soft white LEDs (~ 0.8mW/cm
2
) were placed below a Roscolux diffuser for evenly 750 

illuminating behavioral micro-arena from the bottom. 751 

  752 

For behavioral tracking, Hydra were immobilized 2 days post feeding and imaged at 1 fps for ~60 hours at 753 

room temperature in roughly 600 µm tall microfluidic device with three 7mm wide chambers. The animals 754 

were starved for the duration of the experiment following immobilization. Hydra were detected using the 755 

Image Processing Toolbox in Matlab. More specifically, images were processed by background 756 

subtraction and manually adjusted threshold for binarization. Initial positions of the Hydra were manually 757 

provided to guide region detection. Matlab Image Processing Toolbox was used to obtain features from 758 

bianarized Hydra that included two endpoints and region centroid. Because Hydra moves relatively 759 

infrequently with foot adhering to surfaces, foot position was assigned with the endpoint that had the least 760 

movement from foot position at the previous time point (foot assignment was manually provided for the 761 

first frame). The Euclidean distances between the foot and the mouth were used to calculate the body 762 

length, L. The contraction bursts were identified as the minima in the body length values. Due to low 763 

frame rate, individual contraction burst pulses may not be sampled. To avoid counting multiple pulses 764 

within the same burst, minima with specified prominence were identified for contraction bursts. The 765 

threshold for minima was determined from the average length of the Hydra. The angle of the vector from 766 

the foot to the mouth with respect to the positive x-axis was used to measure the body orientation, α, for 767 

exploration. The body curvature, β, was derived from the difference in angle between vector from center 768 

of the body to the mouth, α1, and the vector from foot to the center of the body, α2. Small β (β < π/3) 769 

indicated slight bend in the body while larger β (π/3 < β < π) indicated u-loop in the body posture. A 770 

translocation event was defined by displacement in foot position above a threshold with minimum time 771 

between such displacement events. The distance, d, and the direction, γ (with respect to positive x-axis), 772 

the Hydra moved was calculated from a vector from the previous position to new position of Hydra foot. 773 

Track of locomotion pattern was overlaid on the micrograph of Hydra in the microfluidic arena where the 774 

size of the nodes indicated the length of stationary periods and the length of the edges connecting the 775 

two nodes indicated displacement during translocation, d (number of pixels). The color map reflects the 776 

time from start of imaging where green is the start point (0 hours) and yellow is the end point (12 hours) 777 
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(Fig. 4c). Raster plot of behavioral patterns was generated using above measurements (Fig 4d, 778 

Supplementary Fig. 6).  779 

 780 

To determine the frequency of translocation and contraction events, we compiled a histogram for the time 781 

intervals between successive events. To confirm that translocation events were less frequent than 782 

contractions, we performed one-sided, unpaired two-sample student’s t-test with unequal variances (p-783 

value = 0.01, 12 hours). We performed the same statistical test (p-value = 0.005, 60 hours) on the full 784 

sixty hours of recording from which the first twelve hours of data is shown in detail and found the 785 

translocations events to significantly less frequent than contractions. 786 

 787 

All analysis was performed using MATLAB (MathWorks). 788 
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