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Advances in microfabrication technologies and biomaterials have enabled a growing class of elec-
tronic devices that can stimulate and record bioelectronic signals. Many of these devices have been
developed for humans or vertebrate animals, where miniaturization allows for implantation within
the body. There are, however, another class of bioelectronic interfaces that exploit microfabrication
and nanoelectronics to record signals from tiny, millimeter-sized organisms. In these cases, rather than
implanting a device inside an animal, animals themselves are loaded in large numbers into bio-
electronic devices for neural circuit and behavioral interrogation. These scalable interfaces provide
platforms to develop new therapeutics as well as better understand basic principles of bioelectronic
communication, neuroscience, and behavior. Here we review recent progress in these bioelectronic
technologies and describe how they can complement on-chip optical, mechanical, and chemical inter-
rogation methods to achieve high-throughput, multimodal studies of millimeter-sized small animals.

ADVANTAGES OF MILLIMETER-SIZED ORGANISMS

Small model organisms such as Caenorhabditis elegans, Drosophila, and zebrafish have been a corner-
stone for understanding principles of neurobiology, behavior, genetics, and development (Davis, 2004;
Sattelle and Buckingham, 2006; Stewart et al., 2014). Despite their small nervous systems and less anatom-
ical complexity compared with that of mammalian models, there are significant advantages in using milli-
meter-sized animals to answer fundamental questions in neurobiology (Figure 1).

Microscopic animals exhibit a number of basic behaviors including sleep, taxis, mating, feeding, and basic
learning (Figure 1). Using these behaviors, researchers can interrogate fundamental properties of neural cir-
cuits such as multisensory integration and sensorimotor transformations (Clark et al., 2013; Ghosh et al.,
2017; Kaplan et al., 2018). Among the many behaviors in these animals that enable neural circuit dissection
are contractions in the cnidarian Hydra (Dupre and Yuste, 2017; Passano and McCullough, 1964; Tzouanas
et al., 2019); thermotaxis, behavioral state transitions, and sleep in C. elegans (Butler et al., 2014; Cho and
Sternberg, 2014; Clark et al., 2006; Flavell et al., 2013; Gallagher et al., 2013; Garrity et al., 2010; Hawk et al.,
2018; Hedgecock and Russell, 1975; Hill et al., 2014; Kaplan et al., 2019; Li et al., 2014; Raizen et al., 2008);
circadian rhythms and social behaviors in Drosophila (Anderson, 2016; Artiushin and Sehgal, 2017; Guo
et al., 2018; Kayser and Biron, 2016; Lim et al., 2014; Saigusa et al., 2002; Stockinger et al., 2005); and senso-
rimotor integration and sleep in zebrafish (Ahrens et al., 2012; Chen et al., 2018; Cong et al., 2017; Gandhi
etal., 2015; Haesemeyer et al., 2018; Naumann et al., 2016; Oikonomou and Prober, 2017; Severi et al., 2014;
Vladimirov et al., 2018; Zhdanova et al., 2001; Zimmerman et al., 2008). Furthermore, many of these behav-
iors show a surprising resemblance to mammalian behaviors at the molecular level (Gandhietal., 2015; Mon-
salve etal., 2011; Siebertetal., 2019; Singh et al., 2014; Trojanowski and Raizen, 2016; Van Buskirk and Stern-
berg, 2007; Zimmerman et al., 2008), demonstrating that although these animals are anatomically diverse,
there are many molecular and genetic factors that are conserved across phylogeny.

Another significant advantage of millimeter-sized animals is the percent coverage of the nervous system
that can be simultaneously monitored using genetically encoded calcium indicators (Figure 1) (Broussard
etal., 2014; Chen et al., 2013). In mammalian neuroscience, a significant neurotechnological goal is to in-
crease the number of neurons that can be simultaneously recorded in hopes of revealing basic principles
of large networks of neural circuits (Insel et al., 2013). State-of-the-art techniques for recording neural activity
in rodent models with Neuropixels probes have achieved hundreds of single units simultaneously and up to
30,000 units over multiple experiments (Allen et al., 2019; Juavinett et al., 2019; Jun et al., 2017; Steinmetz
etal., 2019), whereas more than 10,000 neurons can be simultaneously accessed using two-photon calcium
imaging with the tradeoff of significantly lower temporal resolution (Pachitariu et al., 2016; Stringer et al.,
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Figure 1. Tradeoffs of Small-Model Organisms for Neurobiology

Common model organisms in neurobiology and estimated tradeoffs between experimental throughput and the number
of neurons in the nervous system. On the top axes, we also denote the approximate percentage of single neurons that can
be simultaneously measured during experiments. Although the structure of the nervous system in millimeter-sized
animals is significantly different than the mammalian brain, many molecular and cellular properties are conserved, and
these animals show orders of magnitude improvements in experimental throughput and the number of neurons that can
be simultaneously recorded.

record from less than 0.001% of the neurons in the rodent brain (Williams, 2000). To better understand in-
formation processing in an entire nervous system at cellular resolution, scientists can turn to millimeter-sized
animals. The compact size and optical transparency of small organisms such as C. elegans, zebrafish larvae,
drosophila larvae, and Hydra enable whole-brain—and even whole-nervous-system—imaging (Ahrens
et al., 2013; Bouchard et al., 2015; Dupre and Yuste, 2017; Kato et al., 2015; Keller et al., 2014; Nguyen
etal., 2015; Prevedel et al.,, 2014; Venkatachalam et al., 2015; Voleti et al., 2019). Whole-brain imaging sys-
tems for C. elegans regularly achieve cellular resolution, recording the activity of 60-130 neurons in the
worm head simultaneously, thus capturing the activity of 20%-40% of the nervous system (Kato et al.,
2015; Nguyen et al., 2015; Nichols et al., 2017; Venkatachalam et al., 2015). Light-sheet and two-photon mi-
croscopy in zebrafish also achieve cellular resolution during calcium imaging and can capture up to 80% of
neurons in a single animal (Ahrens et al., 2013; Haesemeyer et al., 2018; Keller et al., 2014; Vladimirov et al.,
2018). Finally, whole-nervous-system imaging in C. elegans and Hydra has been employed using light-field
microscopy, SCAPE imaging (swept, confocally aligned planar excitation), and wide-field epifluorescence
imaging, recording the activity of nearly every neuron in the nervous system simultaneously (Dupre and
Yuste, 2017; Prevedel et al., 2014; Voleti et al., 2019). These powerful techniques can be combined with
both behavioral and computational analyses to reveal the fundamental features of neural circuit activity
and understand how the ensemble activity of the brain results in behavior (Ahrens et al., 2012; Chen
etal., 2018; Congetal., 2017, Haesemeyer et al., 2018; Kaplan et al., 2019, 2018; Nguyen et al., 2015; Scholz
et al., 2018; Severi et al., 2014; Vladimirov et al., 2018; Zaslaver et al., 2015).

Finally, a powerful advantage of millimeter-sized animals is the experimental throughput that can be
achieved with scalable microfabricated devices and semi-automated experimentation (Figure 1). Because
of their small size, experimental approaches can be developed to record behavior, electrophysiology, or
neuronal calcium activity from dozens of organisms in parallel (Gupta and Rezai, 2016; San-Miguel and
Lu, 2013; Yanik et al., 2011). In fact, experimental throughput can often be scaled to hundreds of animals
per day, orders of magnitude more than is typically achieved with rodent models. For example,
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Figure 2. Examples of Bioelectronic Interfaces

Top row depicts conventional technologies for recording from the nervous system of Hydra and C. elegans. Bottom row
shows these same recording modalities but adapted for on-chip recordings in fluidic microdevices that significantly
increase experiment throughput.

(A) Suction electrodes for recording neuromuscular activity from the C. elegans pharynx.

(B) Electrodes pressed into the Hydra body can record local field potentials and contraction bursts.

(C) Nano-SPEAR electrodes tightly pressed into the C. elegans body wall record similar spiking activity as patch-clamp
electrophysiology.

Panel A (top) adapted from Lockery et al. (2012) with permission from the Royal Society of Chemistry and (bottom)
adapted from Raizen and Avery (1994). Panel B (top) adapted from Passano and McCullough (1964) with permission from
The Company of Biologists and (bottom) adapted from Badhiwala et al. (2018). Panel C (top) adapted from Gao and Zhen
(2011) and (bottom) adapted from Gonzales et al. (2017).

microfabricated devices with throughputs of at least 20-1000 animals/day for C. elegans have been devel-
oped that monitor behavior (Albrecht and Bargmann, 2011; Churgin et al., 2017; Hulme et al., 2010; Swierc-
zek etal., 2011), record single-neuron calcium activity (Chokshi et al., 2010; Chronis et al., 2007; Larsch et al.,
2013), detect synaptic morphological changes (Chung et al., 2008; Crane et al., 2012), record electrophys-
iological activity (Gonzales et al., 2017; Hu et al., 2013; Lockery et al., 2012), and screen for drug efficacy and
side effects (Cornaglia et al., 2016; Mondal et al., 2016). Likewise, similar technologies fabricated at the
microscale have been developed for Hydra (Badhiwala et al., 2018; Dexter et al., 2015), drosophila larvae
(Bernstein et al., 2004; Chung et al., 2011; Levario et al., 2013; Lucchetta et al., 2006), and zebrafish (Chang
etal.,, 2012; Pardo-Martin et al., 2013, 2010) for monitoring the behavior of animals with a throughput reach-
ing tens of animals/days.

These three main advantages—conserved fundamental behaviors, monitoring of large-scale brain activity,
and scalable experimental paradigms—make small, millimeter-sized animals powerful models for under-
standing the bioelectronic signaling of the nervous system. However, an under-explored area of technol-
ogy development is using advanced materials and nanoelectronic interfaces to record bioelectric activity
from small organisms. Conventionally, bioelectronic devices are designed for implantation within animals
to stimulate neurons or muscles or record the millivolt-level signals they produce. In the case of millimeter-
sized organisms we can use similar technologies to enable multimodal devices that house small organisms
forreading and writing electrophysiological activity at a large scale (Figures 2 and 3). These advanced tech-
nologies, when coupled with the advantages of small model organisms, empower researchers with the
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Figure 3. Bioelectronics for Studying Neural Circuits, Behavior, Disease Models, and the Effects of Drug Candidates

(A) Adult C. elegans partially immobilized in a microfluidic chamber for muscle cell recordings with nano-SPEARs. These recordings led to the discovery of a
behavioral state transition between sleep and wakefulness.

(B) Bioelectronic recordings in (A) are complementary to imaging methods for behavioral monitoring and calcium imaging. These techniques were used to
further dissect the neural mechanisms underlying microfluidic-induced sleep. (Top) Adult C. elegans partially immobilized in a microfluidic chamber during
whole-brain GCaMPés imaging (inset scale bar is 5 pm). (Bottom) The partial immobilization enables simultaneously monitoring animal behavior and neural
activity during spontaneous sleep-wake state transitions.

(C) Hydra partially immobilized in a hybrid bioelectric-fluidic device for simultaneous behavior, electrical recordings, and whole-animal calcium imaging of
neural activity. Contraction bursts correspond to dramatic increases in calcium activity in specific groups of neuronal cells. These bursts in fluorescence
correspond to simultaneously recorded bursts of electrical activity in the muscle cells. Electrical measurements can be captured with high temporal
resolution using nano-SPEARs.

(D) Nano-SPEAR muscle cell recordings in a C. elegans model for Parkinson disease. Protein aggregation deteriorates spiking activity as adults progress
from day 1 to day 2; however, this phenotype can partially be rescued by a clioquinol drug treatment.

(E) C. elegans partially immobilized in a microfluidic device for pharyngeal recordings during drug stimulation. lvermectin inhibits muscle and neural activity
by activating glutamate-gated chloride channels, therefore inhibiting pharyngeal pumping and dramatically changing the waveform shape and frequency.
(F) Similar to (A) and (B), on-chip studies are not limited to bioelectronic recordings. Here, microfluidic immobilization of Hydra enables chemical stimulation
without mechanically perturbing the animal while simultaneously monitoring behavior. Reduced glutathione (GSH) induces the feeding response, which
leads to inhibition of contractile movements.

Figures adapted from: A (Gonzales et al., 2017), B (Gonzales et al., 2019), C (Badhiwala et al., 2018), D (Gonzales et al., 2017), E (Hu et al., 2013; Ménez et al.,
2019), F (Badhiwala et al., 2018).

tools to better understand the link between neural activity and behavior and develop high-throughput
screening technologies for therapeutics.

TYPES OF BIOELECTRONIC INTERFACES TO SMALL ANIMALS

Bioelectric interfaces to millimeter-scale animals exist largely in three experimental regimes for recording
local-field potentials or cellular-resolution activity (Figure 2A): electrodes that create high seal resistances
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through suction (Hu et al., 2013; Lockery et al., 2012), three-dimensional (3D) electrodes that are pressed
(Gonzales etal., 2017) or driven (Eimon et al., 2018; Vitale et al., 2018) into the animal body, and two-dimen-
sional (2D) electrode arrays placed externally near the animal’s nervous system as they produce bioelectric
signals (Cho et al., 2017a; Meyer et al., 2016; Yu et al., 2012).

Micropipette suction electrodes were some of the first devices developed for small animals and initially tar-
geted the neuromuscular activity driving the C. elegans pharynx, a feeding organ that ingests food through
coordinated muscle pumping (Avery and You, 2012; Raizen and Avery, 1994). In this interface, animals are
flushed into microfluidic chambers and trapped in separate modules (Figure 2A) (Hu et al., 2013; Lockery
et al., 2012). Using tiny microchannels, a tight seal can be formed around the worm head and a differential
amplifier used to record the ensemble activity of neurons and muscles, which drives stereotyped wave-
forms during pharyngeal pumping (Hu et al., 2013; Lockery et al., 2012; Ménez et al., 2019; Russell et al.,
2019; Sanders et al., 2017).

Two-dimensional microelectrode arrays (MEAs), much as those used to record from cultured cells (Stett
et al., 2003), can also be tailored to record bioelectric signals from behaving animals. For example,
patterned MEAs can interface with microfluidic channels tailored to trap animals such as zebrafish larvae
(Hong et al., 2016). These interfaces record relatively non-specific local-field potentials such as EEG signals
in zebrafish (Cho et al., 2017a; Meyer et al., 2016; Yu et al., 2012) but do so scalably and non-invasively.

Finally, 3D nanoelectrodes, termed “nano-SPEARs” (nanoscale, suspended electrode arrays), have been
developed for interfacing with microscopic animals for bioelectric recordings at a more local scale
compared with suction or 2D MEA configurations (Gonzales et al., 2017). In these hybrid nanoelectronic/
fluidic devices, nano-SPEARs horizontally protrude from the walls of microfluidic chambers (Figures 2B
and 2C). Animals are pressed and immobilized against these nanoprobes, enabling electrophysiological
recordings of muscle activity in C. elegans and Hydra. Importantly, these electrodes can be fabricated
with sizes significantly smaller than the diameter of a single cell and tightly press against the outer walls
of animals (Figures 2B and 2C). This configuration takes advantage of the high-aspect ratio of nano-
SPEARs, much like previously reported nanoelectrodes developed for recording activity from single neu-
rons and cardiomyocytes (Abbott et al., 2019, 2017; Duan et al., 2012; Lin et al., 2014; Robinson et al., 2012;
Tian et al., 2010; Xie et al., 2012), and enables recording in vivo electrophysiological activity from only a few
muscle cells in C. elegans (Gonzales et al., 2017), but can also record local field potentials in Hydra (Badhi-
wala et al., 2018).

These bioelectronic interfaces provide many notable advantages over conventional technologies and
other recording modalities. For example, on-chip platforms are not only scalable but can also be auto-
mated for significantly higher throughput experiments compared with manual techniques. Furthermore,
new technologies such as nano-SPEARs are also less invasive than conventional methods and do not
require animal dissections. Finally, when compared with optical measurement of neural and muscle activity,
such as calcium imaging, electrical techniques have the significant advantages of being compatible with
non-transparent animals and do not require genetic or chemical manipulation. Therefore, advances in milli-
meter-scale bioelectronics have the potential to generate automated, high-throughput experiments in
both conventional laboratory animals and non-model organisms.

BIOELECTRONIC APPLICATIONS

Suction, 2D, and 3D electrode configurations provide a powerful set of tools to study the electrogenic
signaling in millimeter-sized animals with a range of applications in the basic and applied sciences. For
example, these platforms can be used to probe fundamental electrophysiology, the neural circuits driving
behavior, as well as study neurological diseases, search for drug targets, and screen for drug treatments. In
this section, we highlight the role of bioelectronics in each of these applications. In this discussion we
describe how more comprehensive experiments are possible by combining bioelectronics with existing
on-chip recording modalities, such as calcium imaging and behavioral monitoring.

As discussed in the "Advantages of Millimeter-Sized Animals” section, millimeter-sized animals exhibit
many conserved behaviors such as locomotion, feeding, sleep, and taxis. Due to their simple nervous system
these animals are excellent models to study the neural circuit basis of behavior, particularly from the view-
pointof whole-brain recordings (Figure 1). An excellent example is whole-brain calcium-imaging recordings
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from C. elegans confined in microfluidic devices (Kato et al., 2015; Nichols et al., 2017; Skora et al., 2018).
Notably, the worm connectome is fully mapped and stereotyped across animals (Cook et al., 2019; White
et al., 1986). By cross-referencing neuron locations in the imaging data with the connectome, researchers
can know the identity of a fraction of the individual neurons in their data (Kato et al., 2015; Nichols et al.,
2017; Scholz et al., 2018), and continuing advances in transgenics and fluorescent indicators may unlock
the identifies of nearly every recorded neuron (Yemini et al., 2019). The combination of C. elegans whole-
brain imaging, behavior, and electrophysiology can provide a versatile platform for studying the neural cir-
cuit basis of behavior. For example, nano-SPEAR electrophysiological recordings in adult worms led to the
discovery of a microfluidic-induced sleep state (Gonzales et al., 2017) (Figure 3A), which was further
dissected with behavioral assays, genetic manipulations, and whole-brain imaging (Figure 3B) (Gonzales
et al., 2019). In addition, these recording modalities can be combined with the precise environmental con-
trol offered by small microdevices, giving the ability to study how nematode circuits integrate external envi-
ronmental cues and drive behavioral-state transitions, such as sleep-wake switching (Figure 3B) (Gonzales
et al., 2019; Nichols et al., 2017; Skora et al., 2018).

Bioelectronic platforms combined with calcium imaging can also be applied to other transparent, milli-
meter-sized animals such as Hydra (Figure 3C) (Badhiwala et al., 2018; Tzouanas et al., 2019). As is the
case for C. elegans, studies of Hydra may help researchers to understand how neural circuits distributed
throughout the nervous system regulate simple behaviors such as locomotion and feeding (Figure 3C).
However, the unique anatomy of Hydra compared with animals with bilateral symmetry such as
C. elegans and zebrafish offer opportunities to study neural circuits in animals with very different neural ar-
chitectures and body plans. Unlike the nervous systems of C. elegans, Drosophila, and zebrafish that are
relatively static and stereotyped, the Hydra nervous system is highly regenerative, variable between ani-
mals, and can dynamically change throughout the lifetime of an individual animal (Bode et al., 1973; Gierer
etal., 1972; Tzouanas et al., 2019). This characteristic of the nervous system can be used as a powerful tool
to understand how the same behavior is regulated when the number of neurons varies by up to an order of
magnitude (Tzouanas et al., 2019). Similarly, these animals can also be used to study neural regeneration
following extensive damage (Gierer et al., 1972; Kuicken et al., 2008; Miljkovic-Licina et al., 2007; Technau
et al., 2000). These advantages make Hydra an excellent model organism to study behavior and circuit func-
tion in a highly plastic nervous system.

In addition to basic neuroscience and neural circuits, small animals and their compatibility with micro-
scale technologies provide advantages for studies that benefit from high-throughput screenings. For
example, C. elegans is a common model to study the protein aggregation related to diseases such as
Alzheimer, Parkinson, Huntington, and ALS (Brignull et al., 2006; Harrington et al., 2011, 2010; Kaletta
and Hengartner, 2006; Lublin and Link, 2013; Therrien and Parker, 2014). Similarly, zebrafish are
commonly used to study epilepsy (Cho et al., 2017a; Eimon et al., 2018). Studies that use these model
organisms have the potential to not only identify molecular pathways in disease pathogenesis but also
screen for potential drug treatments and drug targets (van Ham et al., 2008; Kaletta and Hengartner,
2006; Mondal et al., 2016). Essential for these studies are readouts using behavior, electrophysiology,
or fluorescence microscopy to quantify disease progression or drug efficacy. Although behavioral phe-
notypes combined with fluorescently tagged disease-related proteins are a common method to quantify
protein aggregation, electrophysiological recordings offer a more detailed level of insight. Changes in
electrical waveforms can indicate specific molecular pathways implicated in disease pathogenesis and
also help identify targets for drug treatments. For example, nano-SPEAR electrodes embedded in a mi-
crofluidic device measured electrophysiology from C. elegans body-wall muscles and recorded distinct
electrical phenotypes from ALS and Parkinson disease models (Figure 3D) (Gonzales et al., 2017). In addi-
tion, this technology found that drugs known to reduce protein aggregation in nematode Parkinson
models also alleviated the electrophysiological phenotype (Figure 3D) (Gonzales et al., 2017). Similarly,
using a scalable bioelectronic interface combined with drug screenings, researchers have used LFP mea-
surements from the zebrafish central nervous system to identify potential anti-epileptic drug treatments
(Eimon et al., 2018). Furthermore, bioelectronics and drug screenings have even been applied outside
the domain of neurological disorders to deliver high-throughput screenings for treating infections due
to parasitic nematodes (Figure 3E) (Lockery et al., 2012; Ménez et al., 2019; Weeks et al., 2016). As
with applications to behavior and circuit dissection, conventional imaging techniques to monitor
behavior or neural activity are powerful complementary methods to monitor the effects of drugs on an-
imals, such as when the drug GSH is applied to induce feeding behavior in Hydra (Figure 3F).
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Figure 4. Multimodal Bioelectronic Platforms for Small Organisms

Future bioelectronic platforms will enable new discoveries by combining multiple cutting-edge technologies onto a
single high-throughput platform. Electrophysiology and calcium-imaging data adapted from Gonzales et al. (2017) and
Gonzales et al. (2019), respectively.

COMBINING BIOELECTRONICS WITH OTHER INTERROGATION MODALITIES

Although electrophysiological recordings give insight into the signaling of the nervous system, an advantage of
millimeter scale bioelectronic devices is the combination of multiple experimental modalities typically not
possible inlarger mammalian animals. These include simultaneous functional calcium imaging, behavioral moni-
toring, and the ability to tightly control the microenvironment surrounding the animal (Figure 4).

Although electrophysiological and imaging modalities have already been discussed, these recordings can
be combined with environmental manipulations such as chemical delivery, temperature regulation, and me-
chanical stimuli (Badhiwala et al., 2018; Cho and Sternberg, 2014; Han et al., 2017; Kopito and Levine, 2014;
Larschetal., 2015; Lockery et al., 2012; McClanahan et al., 2017; Nekimken et al., 2017; Swierczek et al., 2011;
Tzouanas et al., 2019). For example, the substance reduced glutathione (GSH) can be delivered to Hydra
with precise temporal control to induce mouth opening, which can be simultaneously imaged with GCaMP
indicators (Figures 3C and 3F) (Badhiwala et al., 2018). Likewise, as previously mentioned, chemicals can be
deliveredin real-time to multiple nematodes during pharyngeal recordings to discover more potent anthel-
mintic drugs (Figure 3E) (Lockery et al., 2012; Weeks et al., 2016) or screen for drugs to treat diseases. In addi-
tion, food, odorants, and gasses can be tightly controlled in these devices to observe behavioral responses
(Chronis et al., 2007; Gray et al., 2004; Kopito and Levine, 2014; Zimmer et al., 2009).

Microfluidic valves, typically used to control fluidic flow (Unger, 2000), can also be incorporated into bioelectronic
devices for spatiotemporal control of mechanical stimuli (Cho et al., 2017b; Gonzales et al., 2019, McClanahan
et al,, 2017; Nekimken et al., 2017). The strength of these stimuli can be regulated by controlling the pressure
used to rapidly inflate the valve. When combined with behavioral measurements or calcium imaging, devices
can be scaled for high-throughput assays of C. elegans touch responses (McClanahan et al., 2017), revealing
how mechanosensory neurons respond to touch (Cho and Sternberg, 2014; Nekimken et al., 2017), and used
as a technique to test changes in sensorimotor responses during sleep (Gonzales et al., 2019).
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Finally, as with chemical and mechanical stimuli, the environmental temperature can be temporally
controlled. For example, raising the fluidic temperature increases C. elegans sleep behavior in microfluidic
chambers (Gonzales et al., 2019). Moreover, rapid-flow microfluidic methods can be devised for controlling
temperature in real time (Tzouanas et al., 2019). This technique recently revealed a Hydra behavioral
response to temperature stimuli and indicated a potential thermally responsive circuit in the Hydra nervous
system (Tzouanas et al., 2019).

Combining modalities for monitoring neural activity with the ability to precisely manipulate the environ-
ment allows researchers to study many aspects of neural circuits, behavior, and disease phenotypes (Fig-
ure 4). Furthermore, each of these tools can be tailored for specific organisms and incorporated onto a
high-throughput, automated platform. This combined experimental substrate can not only yield large da-
tasets across many conditions but also minimize variability through highly controlled environments and
precise stimuli delivery (Figure 4).

FUTURE CHALLENGES

Bioelectronic devices for millimeter-sized animals have a number of advantages compared with conven-
tional methods; however, there are still unique challenges to overcome moving forward. For example, cur-
rent electrophysiological methods, such as nano-SPEARs, primarily record from muscle cells in animals
such as C. elegans and Hydra (Gonzales et al., 2017). Despite the small form factor of these electrodes,
they likely record the collective ensemble activity from several nearby cells. Although these electrophysi-
ological recordings are physiologically and behaviorally relevant (Gonzales et al., 2017), a clear goal for
the future of small-organism bioelectronics is to reliably record from many neurons with single-cell resolu-
tion and high signal-to-noise ratio. The ideal recording technique would likely involve nanoscale electrodes
(AcarénLedesma et al., 2019), provide a significantly higher temporal resolution compared with calcium im-
aging, and mimic the resolution of gold-standard patch-clamp electrophysiology. A large body of work has
demonstrated that it is possible to gain intracellular and quasi-intracellular (i.e., very high seal resistances)
access to cells with nanoscale electrodes (Abbott et al., 2019, 2017; Angle et al., 2014; Duan et al., 2012,
Fendyur and Spira, 2012; Jayant et al., 2019, 2017; Robinson et al., 2012; Tian et al., 2010; Vandersarl
etal., 2012; Xie et al., 2012); however, implementing these interfaces to millimeter-sized animals requires
surmounting significant challenges. Exquisite control of the animal and electrode placement would be
required with a resolution of less than a micron. In addition, electrodes would need to be smaller than
an individual cell, yet robust enough to penetrate the outer protective layers, which is no small feat for an-
imals such as C. elegans that have tough outer cuticles. We envision a platform that reliably immobilizes
animals (e.g. with microfluidic valves) and uses electroporation to gain in vivo and intracellular access.
This technique would leverage electrode scalability for recordings. Even a small fraction (<10%) of elec-
trodes strongly coupled to individual neurons or muscles would dramatically improve the scalability of
patch-clamp electrophysiology.

In addition, there are inherent tradeoffs in combining multiple recording and stimulation modalities. In
particular, both electrophysiology and calcium imaging often require some level of animal restraint (Bad-
hiwala et al., 2018; Dupre and Yuste, 2017; Gonzales et al., 2019; Kato et al., 2015; Nichols et al., 2017; Vla-
dimirov et al., 2018), even when state-of-the-art high-speed imaging techniques are used (Voleti et al.,
2019). This confinement limits, and possibly even disrupts, normal animal behavior. A strategy to overcome
this challenge is to study behaviors that occur despite animal confinement, such as microfluidic-induced
sleep in C. elegans (Gonzales et al., 2017) and contractions in Hydra (Badhiwala et al., 2018; Tzouanas
et al., 2019). When appropriate, alternative strategies such as virtual reality can also be used to simulate
behavior, as is common in immobilized zebrafish during brain-wide imaging (Vladimirov et al., 2014). In
addition, it is possible to fabricate chambers that allow for animal locomotion during electrophysiological
recordings. For example, although Hydra are partially immobilized during nano-SPEAR recordings, animals
still perform body contractions, which are measured as strong local-field potentials during recordings (see
Figures 2B and 3C). Furthermore, on-chip chambers for C. elegans can be tailored to match the sinusoidal
body posture of a crawling nematode (Gonzales et al., 2017). Nano-SPEAR recording electrodes
embedded in the walls potentially allow for muscle cell recordings during semi-natural locomotion.

Another challenge is the order of magnitude difference in required imaging resolution when monitoring

behavior or performing cellular-resolution calcium imaging. Behavior occurs on the millimeter scale, while
neurons are only a few microns in diameter, therefore monitoring behavior and neural activity are often
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done in separate experiments with dramatic differences in field of view and imaging resolution. To simul-
taneously record behavior and neural activity, multiple cameras can be employed during experiments
(Nguyen et al., 2015; Venkatachalam et al., 2015), or wide-field calcium imaging with high spatial resolution
can be used (Bouchard et al., 2015; Dupre and Yuste, 2017). However, this challenge is accentuated on
high-throughput platforms when ideally many animals are monitored in parallel with a field of view span-
ning several centimeters. Although it is indeed possible to record behavior and single-neuron calcium ac-
tivity across a population of moving C. elegans (Larsch et al., 2013), significant advances in wide-field mi-
croscopy will be necessary to scale these platforms to record from brain-wide activity in multiple moving
animals simultaneously. We propose a strong alternative is to use high-throughput bioelectronic devices
to confine many animals simultaneously (Figure 4). A wide-field camera can focus on a single animal for im-
aging both behavior and whole-brain activity during electrophysiology and external stimuli (Figure 4).
When the experiment is completed, an automated stage moves the camera to image the next animal
and an identical experiment is performed.

OUTLOOK AND PROSPECTS

We propose that bioelectronic devices for millimeter-sized animals can combine many techniques that are
foundational to neurobiology onto a single high-throughput microdevice. Within these tiny experimental
chambers many animals can be confined, multiple types of stimuli delivered as inputs to the animal, elec-
trophysiology and calcium imaging used to monitor physiology and neural circuit activity, and behavioral
outputs simultaneously recorded (Figures 2, 3, and 4). Although the nervous system of small model organ-
isms show drastic anatomical differences compared with mammals, many molecular mechanisms related to
development and signaling are conserved, and the large experimental throughput and percentage of the
nervous system that can be simultaneously recorded provide advantages for researchers (Figure 1). In addi-
tion, many significant questions in neuroscience can be tackled with millimeter-sized animals regarding the
fundamental input-output functions of neural circuits, the neural correlates of behavior, how brain-wide ac-
tivity regulates behavioral state transitions (Figure 1). Furthermore, these animals are more tractable and
scalable disease model alternatives to discover neuropathologies, discover drug targets, and search for
therapeutics (Jones et al., 2005; Kaletta and Hengartner, 2006). Combining all of these aspects, we envision
bioelectronics for millimeter-scale animals to be a field that continues to expand to provide fundamental
discoveries and new tools for basic science.

ACKNOWLEDGMENTS

The authors thank Dr. Stephano Tonzani and Dr. Simona Fiorani for the invitation to contribute to this issue
as well as Weiwei Zhong, Shawn Lockery, Celina Juliano, Stefan Siebert, Rob Steele, and Rafael Yuste for
useful discussions. Our own work for small animal bioelectronics was supported, in part, by DARPA YFA
(D14AP00049), DARPABioCon (HR0011-17-C-0026), CDMRP (W81XWH-16-1-0110), and NSF EDGE (IOS-
1829158). D.L.G. is funded by the Howard Hughes Medical Institute Hanna H. Gray Fellowship. K.N.B. is
supported by a training fellowship from the Keck Center of the Gulf Coast Consortia on the NSF IGERT:
Neuroengineering from Cells to Systems 1250104.

AUTHOR CONTRIBUTIONS

J.T.R. and D.L.G. outlined the manuscript. J.T.R., D.L.G., and K.N.B. wrote the manuscript. D.L.G., K.N.B.,
and B.W.A. prepared figures. All authors read and provided feedback on the manuscript. J.T.R. led the work.

DECLARATION OF INTERESTS

J.T.R,D.L.G., and B.W.A. are inventors on a patent for suspended nano-electrodes for on-chip electrophys-
iology filed by Rice University. All other authors declare no competing interests.

REFERENCES

Abbott, J., Ye, T., Qin, L., Jorgolli, M., Gertner,
R.S., Ham, D., and Park, H. (2017). CMOS
nanoelectrode array for all-electrical intracellular

electrophysiological imaging. Nat. Nanotechnol.

1-8, https://doi.org/10.1038/nnano.2017.3.

Abbott, J., Ye, T., Krenek, K., Gertner, R.S., Ban,

S., Kim, Y., Qin, L., Wu, W., Park, H., and Ham, D.

(2019). A nanoelectrode array for obtaining

intracellular recordings from thousands of
connected neurons. Nat. Biomed. Eng. https://
doi.org/10.1038/s41551-019-0455-7.

AcarénLedesma, H., Li, X., Carvalho-de-Souza,
J.L., Wei, W,, Bezanilla, F., and Tian, B. (2019). An
atlas of nano-enabled neural interfaces. Nat.
Nanotechnol. https://doi.org/10.1038/s41565-
019-0487-x.

Ahrens, M.B., Li, J.M., Orger, M.B., Robson, D.N.,
Schier, A.F., Engert, F., and Portugues, R. (2012).
Brain-wide neuronal dynamics during motor
adaptation in zebrafish. Nature. https://doi.org/
10.1038/nature11057.

Ahrens, M.B., Orger, M.B., Robson, D.N., Li, JM,,
and Keller, P.J. (2013). Whole-brain functional

iScience 23, 100917, March 27, 2020 9


https://doi.org/10.1038/nnano.2017.3
https://doi.org/10.1038/s41551-019-0455-7
https://doi.org/10.1038/s41551-019-0455-7
https://doi.org/10.1038/s41565-019-0487-x
https://doi.org/10.1038/s41565-019-0487-x
https://doi.org/10.1038/nature11057
https://doi.org/10.1038/nature11057
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref5
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref5

iScience

imaging at cellular resolution using light-sheet
microscopy. Nat. Methods 10, 413-420.

Albrecht, D.R., and Bargmann, C.I. (2011). High-
content behavioral analysis of
Caenorhabditiselegans in precise
spatiotemporal chemical environments. Nat.
Methods 8, 599-605.

Allen, W.E., Chen, M.Z., Pichamoorthy, N., Tien,
R.H., Pachitariu, M., Luo, L., and Deisseroth, K.
(2019). Thirst regulates motivated behavior
through modulation of brainwide neural
population dynamics. Science 364, https://doi.
org/10.1126/science.aav3932.

Anderson, D.J. (2016). Circuit modules linking
internal states and social behaviour in flies and
mice. Nat. Rev. Neurosci. https://doi.org/10.
1038/nr.2016.125.

Angle, M.R., Wang, A., Thomas, A., Schaefer,
A.T., and Melosh, N.A. (2014). Penetration of cell
membranes and synthetic lipid bilayers by
nanoprobes. Biophys. J. 107, 2091-2100.

Artiushin, G., and Sehgal, A. (2017). The
Drosophila circuitry of sleep-wake regulation.
Curr. Opin. Neurobiol. 44, 243-250.

Avery, L., and You, Y.-J. (2012). C. elegans
feeding. In C. elegans Res. Community, Wormb,
WormBook., ed. http://www.wormbook.org/
citewb.html.

Badhiwala, K.N., Gonzales, D.L., Vercosa, D.G.,
Avants, B.W., and Robinson, J.T. (2018).
Microfluidics for electrophysiology, imaging, and
behavioral analysis of Hydra. Lab. Chip 18, 2523-
2539.

Bernstein, R.W., Zhang, X., Zappe, S., Fish, M.,
Scott, M., and Solgaard, O. (2004).
Characterization of fluidic microassembly for
immobilization and positioning of Drosophila
embryos in 2-D arrays. Sens. Actuators. A Phys.
114, 191-196.

Bode, H., Berking, S., David, C.N., Gierer, A.,
Schaller, H., and Trenkner, E. (1973). Quantitative
analysis of cell types during growth and
morphogenesis in Hydra. Wilhelm Roux Arch.
EntwickIMech. Org. 171, 269-285.

Bouchard, M.B., Voleti, V., Mendes, C.S.,
Lacefield, C., Grueber, W.B., Mann, R.S., Bruno,
R.M., and Hillman, E.M.C. (2015). Swept
confocally-aligned planar excitation (SCAPE)
microscopy for high speed volumetric imaging of
behaving organisms. Nat. Photon. 9, 113-119.

Brignull, H.R., Morley, J.F., Garcia, S.M., and
Morimoto, R.I. (2006). Modeling polyglutamine
pathogenesis in C. elegans. Methods Enzymol.
412, 256-282.

Broussard, G.J., Liang, R., and Tian, L. (2014).
Monitoring activity in neural circuits with
genetically encoded indicators. Front. Mol.
Neurosci. 7, 97.

Van Buskirk, C., and Sternberg, P.W. (2007).
Epidermal growth factor signaling induces
behavioral quiescence in Caenorhabditiselegans.
Nat. Neurosci. 10, 1300-1307.

Butler, V.J., Branicky, R., Yemini, E., Liewald, J.F.,

Gottschalk, A., Kerr, R.A., Chklovskii, D.B.,
Schafer, W.R., and Kerr, R.A. (2014). A consistent

10 iScience 23, 100917, March 27, 2020

muscle activation strategy underlies crawling and
swimming in Caenorhabditiselegans. J. R. Soc.
Interface 12, https://doi.org/10.1098/rsif.2014.
0963.

Chang, T.Y., Pardo-Martin, C., Allalou, A.,
Wahlby, C., and Yanik, M.F. (2012). Fully
automated cellular-resolution vertebrate
screening platform with parallel animal
processing. Lab. Chip. https://doi.org/10.1039/
c11c20849g.

Chen, T.-W., Wardill, T.J., Sun, Y., Pulver, S.R.,
Renninger, S.L., Baohan, A., Schreiter, E.R., Kerr,
R.A., Orger, M.B., Jayaraman, V., et al. (2013).
Ultrasensitive fluorescent proteins for imaging
neuronal activity. Nature 499, 295-300.

Chen, X., My, Y., Hu, Y., Kuan, A.T., Nikitchenko,
M., Randlett, O., Chen, A.B., Gavornik, J.P.,
Sompolinsky, H., Engert, F., and Ahrens, M.B.
(2018). Brain-wide organization of neuronal
activity and convergent sensorimotor
transformations in larval zebrafish. Neuron.
https://doi.org/10.1016/j.neuron.2018.09.042.

Cho, J.Y., and Sternberg, P.W. (2014). Multilevel
modulation of a sensory motor circuit during C.
elegans sleep and arousal. Cell 156, 249-260.

Cho, S.J., Byun, D., Nam, T.S., Choi, S.Y., Lee,
B.G., Kim, M.K,, and Kim, S. (2017a). Zebrafish as
an animal model in epilepsy studies with
multichannel EEG recordings. Sci. Rep. https://
doi.org/10.1038/s41598-017-03482-6.

Cho, Y., Porto, D.A., Hwang, H., Grundy, L.J.,
Schafer, W.R., and Lu, H. (2017b). Automated and
controlled mechanical stimulation and functional
imaging: invivo in C. elegans. Lab. Chip 17, 2609—
2618.

Chokshi, T.V., Bazopoulou, D., and Chronis, N.
(2010). An automated microfluidic platform for
calcium imaging of chemosensory neurons in
Caenorhabditiselegans. Lab. Chip 10, 2758-2763.

Chronis, N., Zimmer, M., and Bargmann, C.I.
(2007). Microfluidics for in vivo imaging of
neuronal and behavioral activity in
Caenorhabditiselegans. Nat. Methods 4,
727-731.

Chung, K., Crane, M.M., and Lu, H. (2008).
Automated on-chip rapid microscopy,
phenotyping and sorting of C. elegans. Nat.
Methods 5, 637-643.

Chung, K., Kim, Y., Kanodia, J.S., Gong, E.,
Shvartsman, S.Y., and Lu, H. (2011). A microfluidic
array for large-scale ordering and orientation of
embryos. Nat. Methods 8, 171-176.

Churgin, M.A., Jung, S.K., Yu, C.C., Chen, X,
Raizen, D.M., and Fang-Yen, C. (2017).
Longitudinal imaging of caenorhabditiselegans
in a microfabricated device reveals variation in
behavioral decline during aging. Elife. https://
doi.org/10.7554/eLife.26652.

Clark, D.A., Biron, D., Sengupta, P., and Samuel,
A.D.T. (2006). The AFD sensory neurons encode
multiple functions underlying thermotactic
behavior in Caenorhabditiselegans. J. Neurosci.
26, 7444-7451.

Clark, D.A., Freifeld, L., and Clandinin, T.R. (2013).
Mapping and cracking sensorimotor circuits in

Cell

REVIEWS

genetic model organisms. Neuron. https://doi.
org/10.1016/j.neuron.2013.05.006.

Cong, L., Wang, Z., Chai, Y., Hang, W., Shang, C.,
Yang, W., Bai, L., Du, J., Wang, K., and Wen, Q.
(2017). Rapid whole brain imaging of neural
activity in freely behaving larval zebrafish
(Daniorerio). Elife 6, e28158.

Cook, S.J., Jarrell, T.A,, Brittin, C.A.,, Wang, Y.,
Bloniarz, A.E., Yakovlev, M.A., Nguyen, K.C.Q.,
Tang, L.T.H., Bayer, E.A,, Duerr, J.S., et al. (2019).
Whole-animal connectomes of both
Caenorhabditiselegans sexes. Nature. https://
doi.org/10.1038/s41586-019-1352-7.

Cornaglia, M., Krishnamani, G., Mouchiroud, L.,
Sorrentino, V., Lehnert, T., Auwerx, J., and Gijs,
M.A.M. (2016). Automated longitudinal
monitoring of in vivo protein aggregation in
neurodegenerative disease C. elegans models.
Mol. Neurodegener. 11, 17.

Crane, M.M,, Stirman, J.N., Ou, C.-Y., Kurshan,
P.T., Rehg, J.M., Shen, K., and Lu, H. (2012).
Autonomous screening of C. elegans identifies
genes implicated in synaptogenesis. Nat.
Methods 9, 977-980.

Davis, R.H. (2004). The age of model organisms.
Nat. Rev. Genet. 5, 69-76.

Dexter, J.P., Tamme, M.B., Lind, C.H., and
Collins, E.-M.S.M.S. (2015). On-chip
immobilization of planarians for in vivo imaging.
Sci. Rep. 4, 6388.

Duan, X., Gao, R., Xie, P., Cohen-Karni, T., Qing,
Q., Choe, H.S,, Tian, B., Jiang, X., and Lieber,
C.M. (2012). Intracellular recordings of action
potentials by an extracellular nanoscale field-
effect transistor. Nat. Nanotechnol. 7, 174-179.

Dupre, C., and Yuste, R. (2017). Non-overlapping
neural networks in Hydra vulgaris. Curr. Biol. 27,
1085-1097.

Eimon, P.M., Ghannad-Rezaie, M., De Rienzo, G.,
Allalou, A., Wu, Y., Gao, M., Roy, A., Skolnick, J.,
and Yanik, M.F. (2018). Brain activity patterns in
high-throughput electrophysiology screen
predict both drug efficacies and side effects. Nat.
Commun. https://doi.org/10.1038/s41467-017-
02404-4.

Fendyur, A., and Spira, M.E. (2012). Toward on-
chip, in-cell recordings from cultured
cardiomyocytes by arrays of gold mushroom-
shaped microelectrodes. Front. Neuroeng. 5, 21.

Flavell, S.W., Pokala, N., Macosko, E.Z., Albrecht,
D.R., Larsch, J., and Bargmann, C.I. (2013).
Serotonin and the neuropeptide PDF initiate and
extend opposing behavioral states in C. Elegans.
Cell. https://doi.org/10.1016/j.cell.2013.08.001.

Gallagher, T., Bjorness, T., Greene, R., You, Y.J.,
and Avery, L. (2013). The geometry of locomotive
behavioral states in C. elegans. PLoS One.
https://doi.org/10.1371/journal.pone.0059865.

Gandhi, A.V., Mosser, E.A., Oikonomou, G., and
Prober, D.A. (2015). Melatonin Is required for the
circadian regulation of sleep. Neuron. https://
doi.org/10.1016/j.neuron.2015.02.016.

Gao, S., and Zhen, M. (2011). Action potentials
drive body wall muscle contractions in


http://refhub.elsevier.com/S2589-0042(20)30101-2/sref5
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref5
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref6
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref6
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref6
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref6
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref6
https://doi.org/10.1126/science.aav3932
https://doi.org/10.1126/science.aav3932
https://doi.org/10.1038/nrn.2016.125
https://doi.org/10.1038/nrn.2016.125
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref9
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref9
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref9
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref9
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref10
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref10
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref10
http://www.wormbook.org/citewb.html
http://www.wormbook.org/citewb.html
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref12
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref12
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref12
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref12
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref12
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref13
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref13
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref13
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref13
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref13
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref13
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref14
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref14
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref14
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref14
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref14
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref15
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref15
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref15
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref15
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref15
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref15
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref16
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref16
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref16
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref16
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref17
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref17
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref17
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref17
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref18
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref18
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref18
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref18
https://doi.org/10.1098/rsif.2014.0963
https://doi.org/10.1098/rsif.2014.0963
https://doi.org/10.1039/c1lc20849g
https://doi.org/10.1039/c1lc20849g
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref21
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref21
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref21
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref21
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref21
https://doi.org/10.1016/j.neuron.2018.09.042
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref23
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref23
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref23
https://doi.org/10.1038/s41598-017-03482-6
https://doi.org/10.1038/s41598-017-03482-6
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref25
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref25
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref25
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref25
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref25
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref26
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref26
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref26
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref26
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref27
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref27
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref27
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref27
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref27
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref28
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref28
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref28
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref28
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref29
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref29
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref29
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref29
https://doi.org/10.7554/eLife.26652
https://doi.org/10.7554/eLife.26652
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref31
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref31
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref31
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref31
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref31
https://doi.org/10.1016/j.neuron.2013.05.006
https://doi.org/10.1016/j.neuron.2013.05.006
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref33
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref33
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref33
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref33
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref33
https://doi.org/10.1038/s41586-019-1352-7
https://doi.org/10.1038/s41586-019-1352-7
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref35
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref35
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref35
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref35
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref35
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref35
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref36
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref36
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref36
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref36
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref36
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref37
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref37
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref38
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref38
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref38
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref38
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref39
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref39
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref39
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref39
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref39
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref40
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref40
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref40
https://doi.org/10.1038/s41467-017-02404-4
https://doi.org/10.1038/s41467-017-02404-4
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref42
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref42
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref42
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref42
https://doi.org/10.1016/j.cell.2013.08.001
https://doi.org/10.1371/journal.pone.0059865
https://doi.org/10.1016/j.neuron.2015.02.016
https://doi.org/10.1016/j.neuron.2015.02.016
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref46
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref46

iScience

Caenorhabditiselegans. Proc. Natl. Acad. Sci. U S
A 108, 2557-2562.

Garrity, P.A., Goodman, M.B., Samuel, A.D., and
Sengupta, P. (2010). Running hot and cold:
behavioral strategies, neural circuits, and the
molecular machinery for thermotaxis in C.
elegans and Drosophila. Genes Dev. 24,
2365-2382.

Ghosh, D.D., Nitabach, M.N., Zhang, Y., and
Harris, G. (2017). Multisensory integration in C.
elegans. Curr.Opin.Neurobiol. https://doi.org/
10.1016/j.conb.2017.01.005.

Gierer, A., Berking, S., Bode, H., David, C.N.,
Flick, K., Hansmann, G., Schaller, H., Trenkner, E.,
Schaller, C.H., and Trenkner, E. (1972).
Regeneration of Hydra from reaggregated cells.
Nat. New Biol. 239, 98-101.

Gonzales, D.L., Badhiwala, K.N., Vercosa, D.G.,
Avants, B.W., Liu, Z., Zhong, W., and Robinson,
J.T. (2017). Scalable electrophysiology in intact
small animals with nanoscale suspended
electrode arrays. Nat. Nanotechnol. 12, 691-694.

Gonzales, D.L., Zhou, J., Fan, B., and Robinson,
J.T. (2019). A microfluidic-induced C. elegans
sleep state. Nat. Commun. 10, 1-13.

Gray, J.M., Karow, D.S., Lu, H., Chang, A.J.,
Chang, J.S., Ellis, R.E., Marletta, M.A., and
Bargmann, C.I. (2004). Oxygen sensation and
social feeding mediated by a C.
elegansguanylatecyclase homologue. Nature
430, 317-322.

Guo, F., Holla, M., Diaz, M.M., and Rosbash, M.
(2018). A circadian output circuit controls sleep-
wake arousal in Drosophila. Neuron 100,
624-635.e4.

Gupta, B., and Rezai, P. (2016). Microfluidic
approaches for manipulating, imaging, and
screening C. elegans. Micromachines 7, 123.

Haesemeyer, M., Robson, D.N., Li, J.M., Schier,
AF., and Engert, F. (2018). A brain-wide circuit
model of heat-evoked swimming behavior in
larval zebrafish. Neuron. https://doi.org/10.1016/
j.neuron.2018.04.013.

vanHam, T.J., Thijssen, K.L., Breitling, R., Hofstra,
R.M.W., Plasterk, R.H.A., and Nollen, E.AA.
(2008). C. elegans model identifies genetic
modifiers of alpha-synuclein inclusion formation
during aging. PLoS Genet. 4, e1000027.

Han, B., Dong, Y., Zhang, L., Liu, Y., Rabinowitch,
I, and Bai, J. (2017). Dopamine signaling tunes
spatial pattern selectivity in C. elegans. Elife 6,
1-14.

Harrington, A.J., Hamamichi, S., Caldwell, G.A.,
and Caldwell, KA. (2010). C. elegans as a model
organism to investigate molecular pathways
involved with Parkinson’s disease. Dev. Dyn. 239,
1282-1295.

Harrington, A.J., Knight, A.L., Caldwell, G.A., and
Caldwell, K.A. (2011). Caenorhabditiselegans as a
model system for identifying effectors of alpha-
synucleinmisfolding and dopaminergic cell death
associated with Parkinson'’s disease. Methods 53,
220-225.

Hawk, J.D., Calvo, A.C,, Liu, P., Almoril-Porras, A.,
Aljobeh, A., Torruella-Suérez, M.L., Ren, I., Cook,

N., Greenwood, J., Luo, L., et al. (2018).
Integration of plasticity mechanisms within a
single sensory neuron of C. elegansactuates a
memory. Neuron. https://doi.org/10.1016/.
neuron.2017.12.027.

Hedgecock, E.M., and Russell, R.L. (1975). Normal
and mutant thermotaxis in the nematode
Caenorhabditiselegans. Proc. Natl. Acad. Sci. U S
A 72, 4061-4065.

Hill, AJ., Mansfield, R., Lopez, J.M.N.G., Raizen,
D.M., and VanBuskirk, C. (2014). Cellular stress
induces a protective sleep-like state in C.
elegans. Curr.Biol. 1-7, https://doi.org/10.1016/].
cub.2014.08.040.

Hong, S.G., Lee, P., Baraban, S.C., and Lee, L.P.

(2016). A novel long-term, multi-channel and non-
invasive electrophysiology platform for zebrafish.
Sci. Rep. https://doi.org/10.1038/srep28248.

Hu, C., Dillon, J., Kearn, J., Murray, C., O’Connor,
V., Holden-Dye, L., and Morgan, H. (2013).
NeuroChip: a microfluidic electrophysiological
device for genetic and chemical biology
screening of Caenorhabditiselegans adult and
larvae. PLoS One 8, e64297.

Hulme, S.E., Shevkoplyas, S.S., McGuigan, A.P.,
Apfeld, J., Fontana, W., and Whitesides, G.M.
(2010). Lifespan-on-a-chip: microfluidic chambers
for performing lifelong observation of C. elegans.
Lab. Chip. https://doi.org/10.1039/b919265d.

Insel, T.R., Landis, S.C., and Collins, F.S. (2013).
The NIH BRAIN initiative. Science. https://doi.
org/10.1126/science.1239276.

Jayant, K., Hirtz, J.J., Plante, I.J.-L.A,, Tsai, D.M.,,
De Boer, W.D.A.M., Semonche, A., Peterka, D.S.,
Owen, J.S., Sahin, O., Shepard, K.L., and Yuste, R.
(2017). Targeted intracellular voltage recordings
from dendritic spines using quantum-dot-coated
nanopipettes. Nat. Nanotechnol. https://doi.org/
10.1038/nnano.2016.268.

Jayant, K., Wenzel, M., Bando, Y., Hamm, J.P.,
Mandriota, N., Rabinowitz, J.H., Planta, I.J.-L.,
Owen, J.S., Sahin, O., Shepard, K.L., and Yuste, R.
(2019). Flexible nanopipettes for minimally
invasive intracellular electrophysiology in vivo.
Cell Rep. 26, 266-278.

Jones, AK., Buckingham, S.D., and Sattelle, D.B.
(2005). Chemistry-to-gene screens in
Caenorhabditiselegans. Nat. Rev. Drug Discov. 4,
321-330.

Juavinett, A.L., Bekheet, G., and Churchland, A K.
(2019). Chronically implanted neuropixels probes
enable high-yield recordings in freely moving
mice. Elife. https://doi.org/10.7554/eLife.47188.

Jun, J.J., Steinmetz, N.A,, Siegle, J.H., Denman,
D.J., Bauza, M., Barbarits, B., Lee, AK,,
Anastassiou, C.A., Andrei, A., Aydin, C., et al.
(2017). Fully integrated silicon probes for high-
density recording of neural activity. Nature 557,
232-236.

Kaletta, T., and Hengartner, M.O. (2006). Finding
function in novel targets: C. elegans as a model
organism. Nat. Rev. Drug Discov. 5, 387-398.

Kaplan, H.S., Nichols, A.L.A., and Zimmer, M.
(2018). Sensorimotor integration in
Caenorhabditiselegans: a reappraisal towards
dynamic and distributed computations. Philos.

Cell

REVIEWS

Trans. R. Soc. Lond. B Biol. Sci. https://doi.org/10.
1098/rstb.2017.0371.

Kaplan, H.S., Salazar Thula, O., Khoss, N., and
Zimmer, M. (2019). Nested neuronal dynamics
orchestrate a behavioral hierarchy across
timescales. Neuron. https://doi.org/10.1016/j.
neuron.2019.10.037.

Kato, S., Kaplan, H.S., Schrédel, T., Skora, S.,
Lindsay, T.H., Yemini, E., Lockery, S., and Zimmer,
M. (2015). Global brain dynamics embed the
motor command sequence of
Caenorhabditiselegans. Cell 163, 656-669.

Kayser, M.S., and Biron, D. (2016). Sleep and
development in genetically tractable model
organisms. Genetics. https://doi.org/10.1534/
genetics.116.189589.

Keller, P.J., Ahrens, M.B., and Freeman, J. (2014).
Light-sheet imaging for systems neuroscience.
Nat. Methods. https://doi.org/10.1038/nmeth.
3214.

Kopito, R.B., and Levine, E. (2014). Durable
spatiotemporal surveillance of
Caenorhabditiselegans response to
environmental cues. Lab. Chip. https://doi.org/
10.1039/c3Ic51061a.

Kiicken, M., Soriano, J., Pullarkat, P.A., Ott, A.,
and Nicola, E.M. (2008). An osmoregulatory basis
for shape oscillations in regenerating Hydra.
Biophys. J. 95, 978-985.

Larsch, J., Ventimiglia, D., Bargmann, C.I., and
Albrecht, D.R. (2013). High-throughput imaging
of neuronal activity in Caenorhabditiselegans.
Proc. Natl. Acad. Sci. U S A 110, E4266-E4273.

Larsch, J., Flavell, S.W., Liu, Q., Gordus, A.,
Albrecht, D.R., and Bargmann, C.I. (2015). A
circuit for gradient climbing in C.
eleganschemotaxis. Cell Rep. 12, 1748-1760.

Levario, T.J., Zhan, M., Lim, B., Shvartsman, S.Y.,
and Lu, H. (2013). Microfluidic trap array for
massively parallel imaging of Drosophila
embryos. Nat. Protoc. 8, 721-736.

Li, Z., Liu, J., Zheng, M., and Xu, X.Z.S. (2014).
Encoding of both analog- and digital-like
behavioral outputs by one C. elegansinterneuron.
Cell 159, 751-765.

Lim, R.S., Eyjolfsdéttir, E., Shin, E., Perona, P., and
Anderson, D.J. (2014). How food controls
aggression in Drosophila. PLoS One. https://doi.
org/10.1371/journal.pone.0105626.

Lin, Z.C., Xie, C., Osakada, Y., Cui, Y., and Cui, B.
(2014). Iridium oxide nanotube electrodes for
sensitive and prolonged intracellular
measurement of action potentials. Nat. Commun.
5, 1-10.

Lockery, S.R., Hulme, S.E., Roberts, W.M.,
Robinson, K.J., Laromaine, A., Lindsay, T.H.,
Whitesides, G.M., and Weeks, J.C. (2012). A
microfluidic device for whole-animal drug
screening using electrophysiological measures in
the nematode C. elegans. Lab. Chip 12,
2211-2220.

Lublin, A.L., and Link, C.D. (2013). Alzheimer's

disease drug discovery: in vivo screening using
Caenorhabditiselegans as a model for

iScience 23, 100917, March 27, 2020 11


http://refhub.elsevier.com/S2589-0042(20)30101-2/sref46
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref46
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref47
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref47
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref47
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref47
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref47
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref47
https://doi.org/10.1016/j.conb.2017.01.005
https://doi.org/10.1016/j.conb.2017.01.005
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref49
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref49
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref49
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref49
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref49
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref50
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref50
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref50
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref50
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref50
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref51
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref51
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref51
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref52
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref52
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref52
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref52
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref52
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref52
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref53
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref53
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref53
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref53
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref54
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref54
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref54
https://doi.org/10.1016/j.neuron.2018.04.013
https://doi.org/10.1016/j.neuron.2018.04.013
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref56
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref56
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref56
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref56
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref56
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref57
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref57
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref57
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref57
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref58
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref58
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref58
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref58
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref58
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref59
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref59
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref59
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref59
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref59
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref59
https://doi.org/10.1016/j.neuron.2017.12.027
https://doi.org/10.1016/j.neuron.2017.12.027
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref61
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref61
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref61
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref61
https://doi.org/10.1016/j.cub.2014.08.040
https://doi.org/10.1016/j.cub.2014.08.040
https://doi.org/10.1038/srep28248
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref64
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref64
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref64
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref64
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref64
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref64
https://doi.org/10.1039/b919265d
https://doi.org/10.1126/science.1239276
https://doi.org/10.1126/science.1239276
https://doi.org/10.1038/nnano.2016.268
https://doi.org/10.1038/nnano.2016.268
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref68
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref68
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref68
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref68
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref68
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref68
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref69
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref69
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref69
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref69
https://doi.org/10.7554/eLife.47188
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref71
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref71
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref71
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref71
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref71
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref71
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref72
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref72
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref72
https://doi.org/10.1098/rstb.2017.0371
https://doi.org/10.1098/rstb.2017.0371
https://doi.org/10.1016/j.neuron.2019.10.037
https://doi.org/10.1016/j.neuron.2019.10.037
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref75
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref75
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref75
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref75
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref75
https://doi.org/10.1534/genetics.116.189589
https://doi.org/10.1534/genetics.116.189589
https://doi.org/10.1038/nmeth.3214
https://doi.org/10.1038/nmeth.3214
https://doi.org/10.1039/c3lc51061a
https://doi.org/10.1039/c3lc51061a
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref79
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref80
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref81
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref82
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref83
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref83
https://doi.org/10.1371/journal.pone.0105626
https://doi.org/10.1371/journal.pone.0105626
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref85
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref86
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref87

iScience

beta-amyloid peptide-induced toxicity. Drug
Discov.Today Technol. 10, e115-e119.

Lucchetta, E.M., Munson, M.S., and Ismagilov,
R.F. (2006). Characterization of the local
temperature in space and time around a
developing Drosophila embryo in a microfluidic
device. Lab. Chip 6, 185-190.

McClanahan, P.D., Xu, J.H., and Fang-Yen, C.
(2017). Comparing: Caenorhabditiselegans
gentle and harsh touch response behavior using a
multiplexed hydraulic microfluidic device. Integr.
Biol. https://doi.org/10.1039/c7ib00120g.

Ménez, C., Alberich, M., Courtot, E., Guegnard,
F., Blanchard, A., Aguilaniu, H., and Lespine, A.
(2019). The transcription factor NHR-8: a new
target to increase ivermectin efficacy in
nematodes. PLoSPathog. https://doi.org/10.
1371/journal.ppat.1007598.

Meyer, M., Dhamne, S.C., LaCoursiere, C.M.,
Tambunan, D., Poduri, A., and Rotenberg, A.
(2016). Microarray noninvasive neuronal seizure
recordings from intact larval zebrafish. PLoS One.
https://doi.org/10.1371/journal.pone.0156498.

Miljkovic-Licina, M., Chera, S., Ghila, L., and
Galliot, B. (2007). Head regeneration in wild-type
hydra requires de novo neurogenesis.
Development 134, 1191-1201.

Mondal, S., Hegarty, E., Martin, C., Gékce, S.K.,
Ghorashian, N., and Ben-Yakar, A. (2016). Large-
scale microfluidics providing high-resolution and
high-throughput screening of
Caenorhabditiselegans poly-glutamine
aggregation model. Nat. Commun. 7, 13023.

Monsalve, G.C., Van Buskirk, C., and Frand, A.R.
(2011). LIN-42/PERIOD controls cyclical and
developmental progression of C. elegans molts.
Curr. Biol. https://doi.org/10.1016/j.cub.2011.10.
054.

Naumann, E.A., Fitzgerald, J.E., Dunn, T.W.,,
Rihel, J., Sompolinsky, H., and Engert, F. (2016).
From whole-brain data to functional circuit
models: the zebrafishoptomotor response. Cell.
https://doi.org/10.1016/j.cell.2016.10.019.

Nekimken, A.L., Fehlauer, H., Kim, AA,,
Manosalvas-Kjono, S.N., Ladpli, P., Memon, F.,
Gopisetty, D., Sanchez, V., Goodman, M.B.,
Pruitt, B.L., and Krieg, M. (2017). Pneumatic
stimulation of C. elegans mechanoreceptor
neurons in a microfluidic trap. Lab. Chip 17,
1116-1127.

Nguyen, J.P., Shipley, F.B., Linder, A.N.,
Plummer, G.S., Liu, M., Setru, S.U., Shaevitz, JW.,
and Leifer, A.M. (2015). Whole-brain calcium
imaging with cellular resolution in freely behaving
Caenorhabditiselegans. Proc. Natl. Acad. Sci. U S
A 113, E1074-E1081.

Nichols, A.L.A., Eichler, T., Latham, R., and
Zimmer, M. (2017). A global brain state underlies
C. elegans sleep behavior. Science 356,
eaamé851.

Oikonomou, G., and Prober, D.A. (2017).
Attacking sleep from a new angle: contributions
from zebrafish. Curr. Opin. Neurobiol. https://
doi.org/10.1016/j.conb.2017.03.009.

Pachitariu, M., Stringer, C., Schréder, S.,
Dipoppa, M., Rossi, L.F., Carandini, M., and

12 iScience 23, 100917, March 27, 2020

Harris, K.D. (2016). Suite2p: beyond 10,000
neurons with standard two-photon microscopy.
bioRxiv. https://doi.org/10.1101/061507.

Pardo-Martin, C., Chang, T.Y., Koo, B.K,,
Gilleland, C.L., Wasserman, S.C., and Yanik, M.F.
(2010). High-throughput in vivo vertebrate
screening. Nat. Methods. https://doi.org/10.
1038/nmeth.1481.

Pardo-Martin, C., Allalou, A., Medina, J., Eimon,
P.M., Wahlby, C., and Yanik, M.F. (2013). High-
throughput hyperdimensional vertebrate
phenotyping. Nat. Commun. https://doi.org/10.
1038/ncomms2475.

Passano, L.M., and McCullough, C.B. (1964). Co-
ordinating systems and behaviour in hydra. I.
Pacemaker system of the periodic contractions.
J. Exp. Biol. 41, 643-664.

Prevedel, R., Yoon, Y.-G., Hoffmann, M., Pak, N,
Wetzstein, G., Kato, S., Schrédel, T., Raskar, R.,
Zimmer, M., Boyden, E.S., and Vaziri, A. (2014).
Simultaneous whole-animal 3D imaging of
neuronal activity using light-field microscopy.
Nat. Methods 11, 727-730.

Raizen, D.M., and Avery, L. (1994). Electrical
activity and behavior in the pharynx of
Caenorhabditiselegans. Neuron 12, 483-495.

Raizen, D.M., Zimmerman, J.E., Maycock, M.H.,
Ta, U.D., You, Y., Sundaram, M.V., and Pack, A.l.
(2008). Lethargus is a Caenorhabditiselegans
sleep-like state. Nature 451, 569-572.

Robinson, J.T., Jorgolli, M., Shalek, AK., Yoon,
M.-H.H., Gertner, R.S., and Park, H. (2012).
Vertical nanowire electrode arrays as a scalable
platform for intracellular interfacing to neuronal
circuits. Nat. Nanotechnol. 7, 180-184.

Russell, J.C., Burnaevskiy, N., Ma, B., Mailig, M.A.,
Faust, F., Crane, M., Kaeberlein, M., and
Mendenhall, A. (2019). Electrophysiological
measures of aging pharynx function in c. elegans
reveal enhanced organ functionality in older,
long-lived mutants. J.Gerontol. A Biol. Sci. Med.
Sci. https://doi.org/10.1093/gerona/glx230.

Saigusa, T., Ishizaki, S., Watabiki, S., Ishii, N.,
Tanakadate, A., Tamai, Y., and Hasegawa, K.
(2002). Circadian behavioural rhythm in
Caenorhabditiselegans. Curr. Biol. https://doi.
org/10.1016/50960-9822(01) 00669-8.

San-Miguel, A., and Lu, H. (2013). Microfluidics as
a tool for C. elegans research. In Wormbook,
pp. 1-19, https://doi.org/10.1895/wormbook.1.
162.1.

Sanders, J., Scholz, M., Merutka, 1., and Biron, D.
(2017). Distinct unfolded protein responses
mitigate or mediate effects of nonlethal
deprivation of C. elegans sleep in different
tissues. BMC Biol. https://doi.org/10.1186/
s12915-017-0407-1.

Sattelle, D.B., and Buckingham, S.D. (2006).
Invertebrate studies and their ongoing
contributions to neuroscience. Invert. Neurosci.
https://doi.org/10.1007/s10158-005-0014-7.

Scholz, M., Linder, A.N., Randi, F., Sharma, A.K,,
Yu, X., Shaevitz, J.W., and Leifer, A. (2018).
Predicting natural behavior from whole-brain
neural dynamics. bioRxiv. https://doi.org/10.
1101/445643.

Cell

REVIEWS

Severi, K.E., Portugues, R., Marques, J.C.,
O'Malley, D.M., Orger, M.B., and Engert, F.
(2014). Neural control and modulation of
swimming speed in the larval zebrafish. Neuron.
https://doi.org/10.1016/j.neuron.2014.06.032.

Siebert, S., Farrell, J.A., Cazet, J.F., Abeykoon, Y.,
Primack, A.S., Schnitzler, C.E., and Juliano, C.E.
(2019). Stem cell differentiation trajectories in
Hydra resolved at single-cell resolution. Science
365, eaav9314.

Singh, K., Ju, J.Y., Walsh, M.B., Dilorio, M.A., and
Hart, A.C. (2014). Deep conservation of genes
required for both Drosphila melanogaster and
Caenorhabditiselegans sleep includes a role for
dopaminergic signaling. Sleep. https://doi.org/
10.5665/sleep.3990.

Skora, S., Mende, F., and Zimmer, M. (2018).
Energy scarcity promotes a brain-wide sleep state
modulated by insulin signaling in C. elegans. Cell
Rep. 22, 953-966.

Steinmetz, N.A., Zatka-Haas, P., Carandini, M.,
and Harris, K.D. (2019). Distributed coding of
choice, action and engagement across the mouse
brain. Nature. https://doi.org/10.1038/s41586-
019-1787-x.

Stett, A., Egert, U., Guenther, E., Hofmann, F.,
Meyer, T., Nisch, W., and Haemmerle, H. (2003).
Biological application of microelectrode arrays in
drug discovery and basic research. Anal. Bioanal.
Chem. https://doi.org/10.1007/s00216-003-
2149-x.

Stewart, A.M., Braubach, O., Spitsbergen, J.,
Gerlai, R., and Kalueff, A.V. (2014). Zebrafish
models for translational neuroscience research:
from tank to bedside. Trends Neurosci. https://
doi.org/10.1016/.tins.2014.02.011.

Stockinger, P., Kvitsiani, D., Rotkopf, S., Tirian, L.,
and Dickson, B.J. (2005). Neural circuitry that
governs Drosophila male courtship behavior. Cell
121, 795-807.

Stringer, C., Michaelos, M., and Pachitariu, M.
(2019a). High precision coding in visual cortex.
bioRxiv. https://doi.org/10.1101/679324.

Stringer, C., Pachitariu, M., Steinmetz, N.,
Carandini, M., and Harris, K.D. (2019b). High-
dimensional geometry of population responses
in visual cortex. Nature. https://doi.org/10.1038/
s41586-019-1346-5.

Stringer, C., Pachitariu, M., Steinmetz, N., Reddy,
C.B., Carandini, M., and Harris, K.D. (2019¢).
Spontaneous behaviors drive multidimensional,
brainwide activity. Science. https://doi.org/10.
1126/science.aav/893.

Swierczek, N.A., Giles, A.C., Rankin, C.H., and
Kerr, R.A. (2011). High-throughput behavioral
analysis in C. elegans. Nat. Methods 8, 592-598.

Technau, U., Cramer von Laue, C., Rentzsch, F.,
Luft, S., Hobmayer, B., Bode, H.R., and Holstein,
T.W. (2000). Parameters of self-organization in
Hydra aggregates. Proc. Natl. Acad. Sci. US A 97,
12127-12131.

Therrien, M., and Parker, J.A. (2014). Worming
forward: amyotrophic lateral sclerosis toxicity
mechanisms and genetic interactions in

Caenorhabditiselegans. Front. Genet. 5, 1-13.


http://refhub.elsevier.com/S2589-0042(20)30101-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref87
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref88
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref88
https://doi.org/10.1039/c7ib00120g
https://doi.org/10.1371/journal.ppat.1007598
https://doi.org/10.1371/journal.ppat.1007598
https://doi.org/10.1371/journal.pone.0156498
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref92
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref93
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref93
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref93
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref93
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref93
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref93
https://doi.org/10.1016/j.cub.2011.10.054
https://doi.org/10.1016/j.cub.2011.10.054
https://doi.org/10.1016/j.cell.2016.10.019
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref96
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref97
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref98
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref98
https://doi.org/10.1016/j.conb.2017.03.009
https://doi.org/10.1016/j.conb.2017.03.009
https://doi.org/10.1101/061507
https://doi.org/10.1038/nmeth.1481
https://doi.org/10.1038/nmeth.1481
https://doi.org/10.1038/ncomms2475
https://doi.org/10.1038/ncomms2475
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref103
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref104
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref105
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref105
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref105
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref106
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref107
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref107
https://doi.org/10.1093/gerona/glx230
https://doi.org/10.1016/S0960-9822(01) 00669&ndash;8
https://doi.org/10.1016/S0960-9822(01) 00669&ndash;8
https://doi.org/10.1895/wormbook.1.162.1
https://doi.org/10.1895/wormbook.1.162.1
https://doi.org/10.1186/s12915-017-0407-1
https://doi.org/10.1186/s12915-017-0407-1
https://doi.org/10.1007/s10158-005-0014-7
https://doi.org/10.1101/445643
https://doi.org/10.1101/445643
https://doi.org/10.1016/j.neuron.2014.06.032
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref115
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref115
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref115
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref115
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref115
https://doi.org/10.5665/sleep.3990
https://doi.org/10.5665/sleep.3990
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref117
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref117
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref117
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref117
https://doi.org/10.1038/s41586-019-1787-x
https://doi.org/10.1038/s41586-019-1787-x
https://doi.org/10.1007/s00216-003-2149-<?show $132#?>x
https://doi.org/10.1007/s00216-003-2149-<?show $132#?>x
https://doi.org/10.1016/j.tins.2014.02.011
https://doi.org/10.1016/j.tins.2014.02.011
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref121
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref121
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref121
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref121
https://doi.org/10.1101/679324
https://doi.org/10.1038/s41586-019-1346-5
https://doi.org/10.1038/s41586-019-1346-5
https://doi.org/10.1126/science.aav7893
https://doi.org/10.1126/science.aav7893
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref125
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref125
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref125
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref126
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref126
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref126
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref126
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref126
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref127
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref127
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref127
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref127

iScience

Tian, B., Cohen-Karni, T., Qing, Q., Duan, X., Xie,
P., and Lieber, C.M. (2010). Three-dimensional,
flexible nanoscale field-effect transistors as
localized bioprobes. Science 329, 830-834.

Trojanowski, N.F., and Raizen, D.M. (2016). Call it
worm sleep. Trends Neurosci. 39, 54-62.

Tzouanas, C.N., Kim, S., Badhiwala, K.N., Avants,
B.W., and Robinson, J.T. (2019). Thermal
stimulation temperature is encoded as a firing
rate in a Hydra nerve ring. bioRxiv. https://doi.
0rg/10.1101/787648.

Unger, M.A. (2000). Monolithic microfabricated
valves and pumps by multilayer soft lithography.
Science 288, 113-116.

Vandersarl, J.J., Xu, A.M., and Melosh, N.A.
(2012). Nanostraws for direct fluidic intracellular
access. Nano Lett. 12, 3881-3886.

Venkatachalam, V., Ji, N., Wang, X., Clark, C.,
Mitchell, J.K., Klein, M., Tabone, C.J., Florman, J.,
Ji, H., Greenwood, J., et al. (2015). Pan-neuronal
imaging in roaming Caenorhabditiselegans.
Proc. Natl. Acad. Sci. U S A. https://doi.org/10.
1073/pnas.1507109113.

Vitale, F., Vercosa, D.G., Rodriguez, AV.,
Pamulapati, S.S., Seibt, F., Lewis, E., Yan, J.S.,
Badhiwala, K., Adnan, M., Royer-Carfagni, G.,
et al. (2018). Fluidic microactuation of flexible
electrodes for neural recording. Nano Lett. 18,
326-335.

Vladimirov, N., Mu, Y., Kawashima, T., Bennett,
D.V., Yang, C.-T., Looger, L.L., Keller, P.J.,
Freeman, J., and Ahrens, M.B. (2014). Light-sheet
functional imaging in fictively behaving zebrafish.
Nat. Methods 11, 883.

Vladimirov, N., Wang, C., Héckendorf, B., Pujala,
A., Tanimoto, M., Mu, Y., Yang, C.-T., Wittenbach,
J.D., Freeman, J., Preibisch, S., et al. (2018). Brain-
wide circuit interrogation at the cellular level
guided by online analysis of neuronal function.
Nat. Methods 15, 1117-1125.

Voleti, V., Patel, K.B., Li, W., Perez Campos, C.,
Bharadwaj, S., Yu, H., Ford, C., Casper, M.J,, Yan,
R.W., Liang, W., et al. (2019). Real-time volumetric
microscopy of in vivo dynamics and large-scale
samples with SCAPE 2.0. Nat. Methods 16, 1054—
1062.

Weeks, J.C., Roberts, W.M., Robinson, K.J.,
Keaney, M., Vermeire, J.J., Urban, J.F., Lockery,
S.R., and Hawdon, J.M. (2016). Microfluidic
platform for electrophysiological recordings from
host-stage hookworm and Ascarissuum larvae: a
new tool for anthelmintic research. Int. J.
Parasitol. Drugs Drug Resist. https://doi.org/10.
1016/j.ijpddr.2016.08.001.

White, J.G.G., Southgate, E., Thomson, J.N.N.,
and Brenner, S. (1986). The structure of the
nervous system of the nematode
Caenorhabditiselegans. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 374, 1-340.

Williams, R.W. (2000). Mapping genes that
modulate mouse brain development: a
quantitative genetic approach. Results Probl.Cell
Differ. https://doi.org/10.1007/978-3-540-48002-
0_2.

Xie, C., Lin, Z., Hanson, L., Cui, Y., and Cui, B.
(2012). Intracellular recording of action potentials
by nanopillar electroporation. Nat. Nanotechnol.
7, 185-190.

Yanik, M.F., Rohde, C.B., and Pardo-Martin, C.
(2011). Technologies for micromanipulating,
imaging, and phenotyping small invertebrates

Cell

REVIEWS

and vertebrates. Annu.Rev. Biomed. Eng. 13,
185-217.

Yemini, E., Lin, A., Nejatbakhsh, A., Varol, E., Sun,
R., Mena, G.E., Samuel, A.D.T., Paninski, L.,
Venkatachalam, V., and Hobert, O. (2019).
NeuroPAL: a neuronal polychromatic atlas of
landmarks for whole-brain imaging in C. elegans.
bioRxiv. https://doi.org/10.1101/676312.

Yu, F., Zhao, Y., Gu, J., Quigley, K.L., Chi, N.C.,
Tai, Y.C., and Hsiai, T.K. (2012). Flexible
microelectrode arrays to interface epicardial
electrical signals with intracardial calcium
transients in zebrafish hearts. Biomed.
Microdevices. https://doi.org/10.1007/s10544-
011-9612-9.

Zaslaver, A., Liani, |., Shtangel, O., Ginzburg, S.,
Yee, L., and Sternberg, P.W. (2015). Hierarchical
sparse coding in the sensory system of
Caenorhabditiselegans. Proc. Natl. Acad. Sci. U S
A. https://doi.org/10.1073/pnas.1423656112.

Zhdanova, V., Wang, S.Y., Leclair, O.U., and
Danilova, N.P. (2001). Melatonin promotes sleep-
like state in zebrafish. Brain Res. https://doi.org/
10.1016/S0006-8993(01) 02444-1.

Zimmer, M., Gray, J.M., Pokala, N., Chang, A.J.,
Karow, D.S., Marletta, M.A., Hudson, M.L.,
Morton, D.B., Chronis, N., and Bargmann, C.I.
(2009). Neurons detect increases and decreases
in oxygen levels using distinct guanylatecyclases.
Neuron 61, 865-879, https://doi.org/10.1016/j.
neuron.2009.02.013.

Zimmerman, J.E., Naidoo, N., Raizen, D.M., and
Pack, A.l. (2008). Conservation of sleep: insights
from non-mammalian model systems. Trends
Neurosci. https://doi.org/10.1016/].tins.2008.
05.001.

iScience 23, 100917, March 27, 2020 13


http://refhub.elsevier.com/S2589-0042(20)30101-2/sref128
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref128
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref128
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref128
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref129
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref129
https://doi.org/10.1101/787648
https://doi.org/10.1101/787648
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref131
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref131
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref131
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref132
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref132
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref132
https://doi.org/10.1073/pnas.1507109113
https://doi.org/10.1073/pnas.1507109113
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref134
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref134
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref134
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref134
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref134
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref134
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref135
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref135
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref135
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref135
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref135
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref136
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref136
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref136
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref136
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref136
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref136
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref137
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref137
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref137
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref137
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref137
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref137
https://doi.org/10.1016/j.ijpddr.2016.08.001
https://doi.org/10.1016/j.ijpddr.2016.08.001
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref139
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref139
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref139
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref139
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref139
https://doi.org/10.1007/978-3-540-48002-0_2
https://doi.org/10.1007/978-3-540-48002-0_2
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref141
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref141
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref141
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref141
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref142
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref142
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref142
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref142
http://refhub.elsevier.com/S2589-0042(20)30101-2/sref142
https://doi.org/10.1101/676312
https://doi.org/10.1007/s10544-011-9612-9
https://doi.org/10.1007/s10544-011-9612-9
https://doi.org/10.1073/pnas.1423656112
https://doi.org/10.1016/S0006-8993(01) 02444&ndash;1
https://doi.org/10.1016/S0006-8993(01) 02444&ndash;1
https://doi.org/10.1016/j.neuron.2009.02.013
https://doi.org/10.1016/j.neuron.2009.02.013
https://doi.org/10.1016/j.tins.2008.05.001
https://doi.org/10.1016/j.tins.2008.05.001

	Bioelectronics for Millimeter-Sized Model Organisms
	Advantages of Millimeter-Sized Organisms
	Types of Bioelectronic Interfaces to Small Animals
	Bioelectronic Applications
	Combining Bioelectronics with Other Interrogation Modalities
	Future Challenges
	Outlook and Prospects
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References


