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ABSTRACT 

Interrogating brain and behavioral state transitions with a 

spontaneous C. elegans sleep behavior 

by 

Daniel Luis Gonzales 

One remarkable feature of the nervous system is its ability to rapidly and 

spontaneously switch between activity states. In the extreme example of sleep, 

animals arrest locomotion, reduce their sensitivity to sensory stimuli, and 

dramatically alter their neural activity. Small organisms are useful models to better 

understand these sudden changes in neural states because we can simultaneously 

observe whole-brain activity, monitor behavior and precisely regulate the external 

environment. Here, we show a spontaneous sleep-like behavior in C. elegans, termed 

“μSleep,” that is associated with a distinct global-brain state and regulated by both 

the animal’s internal physiological state and input from multiple sensory circuits. 

Specifically, we found that when confined in microfluidic chambers, adult worms 

spontaneously transition between periods of normal activity and short quiescent 

bouts, with behavioral state transitions occurring every few minutes. This quiescent 

state, which we call μSleep, meets the behavioral requirements of C. elegans sleep, is 

dependent on known sleep-promoting neurons ALA and RIS, and is associated with 

a global down-regulation of neural activity. Consistent with prior studies of C. 

elegans sleep, we found that μSleep is regulated by satiety and temperature. In 

addition, we show for the first time that quiescence can be either driven or 



 
 

suppressed by thermosensory input, and that animal restraint induces quiescence 

through mechanosensory pathways. Together, these results establish a rich model 

system for studying how neural and behavioral state transitions are influenced by 

multiple physiological and environmental conditions. Furthermore, the combination 

of this spontaneous sleep state with the microfluidic platform serves as a powerful 

method to uncover the fundamental function of invertebrate sleep using whole-

brain imaging, high-throughput behavioral recordings, and longitudinal monitoring 

across animal lifespan. (abstract adapted from Gonzales, Zhou, & Robinson, 2019). 
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Chapter 1 

Review of Relevant Literature 

Understanding how animals select behaviors based on sensory information is 

a fundamental goal of neuroscience (Clark, Freifeld, & Clandinin, 2013; Fetsch, 

Deangelis, & Angelaki, 2013; Van Atteveldt, Murray, Thut, & Schroeder, 2014); 

however, sensorimotor transformations can vary dramatically depending on the 

state of the animal’s nervous system (Anderson, 2016; C. I. Bargmann & Marder, 

2013; Marder, 2012; Tye, 2018). Wakefulness and arousal (McGinley et al., 2015), 

locomotor activity states (C. Bennett, Arroyo, & Hestrin, 2013), satiety (Lim, 

Eyjólfsdóttir, Shin, Perona, & Anderson, 2014), attention (Talsma, Senkowski, Soto-

Faraco, & Woldorff, 2010), and emotions (Anderson, 2016; Tye, 2018) represent a 

spectrum of physiological and neural states that can dramatically affect how animals 

respond to a given stimuli. Small animals like the nematode C. elegans are tractable 

model organisms for understanding how physiological and neural states combine 
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with information from multiple sensory pathways and give rise to specific behavior 

(Anderson, 2016; C. I. Bargmann & Marder, 2013; Calhoun & Murthy, 2017; Clark et 

al., 2013; D. D. Ghosh, Nitabach, Zhang, & Harris, 2017; Kaplan, Nichols, & Zimmer, 

2018; Watanabe et al., 2017). (paragraph adapted from Gonzales, Zhou, & Robinson, 

2019, which is currently under review as of April 2019). 

Sleep is one example of a neural state that dramatically alters an animal’s 

sensorimotor transformations (Brown, Basheer, McKenna, Strecker, & McCarley, 

2012; Saper, Fuller, Pedersen, Lu, & Scammell, 2010). Studies of sleep across the 

phylogenetic tree have shown that sensory systems transition to a reduced activity 

state that leads to a decreased animal response to external stimuli (Campbell & 

Tobler, 1984; J. Y. Cho & Sternberg, 2014; J. C. Hendricks et al., 2000; Nath et al., 

2017; Raizen et al., 2008). Additionally, sleep and wakefulness have been shown to 

correspond with distinct patterns of neural activity in humans (Brown et al., 2012; 

Saper et al., 2010), cats (Steriade, McCormick, & Sejnowski, 1993), rodents (Brown 

et al., 2012), and fruit flies (Nitz, Van Swinderen, Tononi, & Greenspan, 2002). 

Likewise, whole-brain recordings from C. elegans suggest that the majority of worm 

brain activity can be represented on a low-dimensional manifold, and that the 

activity on this manifold shifts from phasic to fixed-point attractor dynamics during 

developmental sleep (see Section 1.3.2) (Kato et al., 2015; Nichols, Eichler, Latham, 

& Zimmer, 2017). Additionally, studies with C. elegans have revealed molecular 

pathways (Monsalve, Van Buskirk, & Frand, 2011; Raizen et al., 2008; Singh et al., 

2011; C. Van Buskirk & Sternberg, 2010; Cheryl Van Buskirk & Sternberg, 2007), 
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neural circuits (Choi, Chatzigeorgiou, Taylor, Schafer, & Kaplan, 2013; Hill, 

Mansfield, Lopez, Raizen, & Buskirk, 2014; M. D. Nelson et al., 2013; Turek, 

Besseling, Spies, König, & Bringmann, 2016; Turek, Lewandrowski, & Bringmann, 

2013; Cheryl Van Buskirk & Sternberg, 2007; Wu, Masurat, Preis, & Bringmann, 

2018), and neuropeptides (Nath, Chow, Wang, Schwarz, & Sternberg, 2016; M. D. 

Nelson et al., 2013; Matthew D. Nelson et al., 2014; Turek et al., 2016) that drive 

nematode sleep and arousal, and some of these mechanisms are conserved in in 

other animals (see Section 1.2) (Kayser & Biron, 2016; Nicholas F. Trojanowski & 

Raizen, 2016). These reports have paved the way for using C. elegans sleep as a 

model system to understand spontaneous brain-state transitions between 

sleep and wakefulness. Given the number of unique regulators of C. elegans 

sleep, there is a need to identify a behavior that facilitates our understanding 

of how brain-wide neural circuits transduce multiple external and internal 

factors to drive sleep-wake transitions. (paragraph adapted from Gonzales, Zhou, 

& Robinson, 2019, which is currently under review as of April 2019). 

This thesis establishes μSleep: spontaneous, brief C. elegans sleep bouts in 

microfluidic environments. We will show that the microfluidic environment drives 

nematode sleep, that μSleep is accompanied by a brain-wide transition in neural 

activity, and that distinct neural circuits monitor the surrounding environment to 

regulate behavioral states. This behavior enables a wide-range of future 

experiments into the genetic and molecular mechanisms of sleep, nematode multi-

sensory integration, and how brain-wide neural circuits control sleep-wake 
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behavioral transitions. Furthermore, the microfluidic platform provides distinct 

advantages to perform these experiments with precise environmental control, high-

throughput assays, and cellular-resolution whole-brain imaging in behaving 

animals.  

Of course, the findings in this thesis are rooted in C. elegans research that 

spans many of the previous decades. This chapter contains three sections that 

describe this rich scientific history. In the first section, I will review microfluidics as 

a tool to study C. elegans neurobiology. In the second section, I will review C. elegans 

sleep studies. In the final section, I will review C. elegans studies that use whole-

brain imaging to understand the neural basis of behavior. Overall, this literature 

review will summarize key points and lay the foundation for the μSleep platform: 

1. Microfluidics was and continues to be a powerful method for studying C. 

elegans neurobiology,  

2. C. elegans sleep is a powerful behavior to not only understand the 

molecular and genetic mechanisms of sleep, but also how neural circuits 

drive behavioral transitions, 

3. C. elegans whole-brain imaging will uncover fundamental principles of 

how ensemble neural activity regulates animal behavior. 

Together, this discussion will place μSleep in the appropriate context, 

demonstrating the scientific value of a microfluidic-based sleep behavior for 

studying the neural circuit basis of brain and behavioral state transitions. 
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 Microfluidic approaches to study C. elegans neurobiology 

Since the first reports of microfluidic devices tailored to accommodate C. 

elegans more than a decade ago (Chronis, Zimmer, & Bargmann, 2007), a vast 

number of studies have adopted microfluidic approaches to study nematode 

neurobiology. Though C. elegans are most typically raised and tested on “Nematode 

Growth Media” (NGM, an agar-based environment), many behaviors and senses are 

conserved and reliably studied in microfluidics. These devices enable dynamic 

environmental control, high-throughput assays, and facilitate high-resolution 

imaging. Many reviews are widely available that discuss methods for microfluidic 

device fabrication, including soft-lithography with polydimethylsiloxane (PDMS, a 

silicone material) and design considerations (Ferry, Razinkov, & Hasty, 2011; San-

Miguel & Lu, 2013; Tang & Whitesides, 2010). Rather than discuss these well-

established elements, this section will focus on a wide range of C. elegans 

subdisciplines, from chemosensation to screenings for disease treatments, that have 

benefited from microfluidic technologies. 

1.1.1. Chemosensation 

The field of C. elegans chemosensation has seen one of the largest surges of 

microfluidic technologies. In fact, the first reported microfluidic device tailored for 

worms—the “olfactory chip”—is also one of the most widely adopted (Figure 1.1A-

B) (Chronis et al., 2007). With this device, animals are placed in an immobilization 

chamber, but their noses are exposed to a separate channel with a controllable flow 
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(Figure 1.1A-B). In this geometry, researchers gently flow a non-stimulating control 

buffer over the animal nose, but can rapidly switch to a stimulating odorant (Figure 

1.1A-B). The stimulant flow can be precisely monitored in real-time with a colored 

dye and multiple alternations between the control buffer and stimulant can be 

generated for a single animals (Chronis et al., 2007). Combining this stimulation 

with calcium-imaging has provided a powerful platform to understand the neural 

circuits underlying C. elegans olfaction in the ASH sensory neuron, olfactory 

nociception, pheromone detection and compartmental encoding of motor 

transformations (C. Bargmann, 2006; Chalasani et al., 2007; C. E. Cho, Brueggemann, 

L’Etoile, & Bargmann, 2016; Chokshi, Bazopoulou, & Chronis, 2010; Gordus, Pokala, 

Levy, Flavell, & Bargmann, 2015; M. Hendricks, Ha, Maffey, & Zhang, 2012; Kato, Xu, 

Cho, Abbott, & Bargmann, 2014; MacOsko et al., 2009; Yoshida et al., 2012; Zaslaver 

et al., 2015). Furthermore, this device is also useful for studying gustation by 

replacing the odorant flow with water-soluble salts or pheromones (C. Bargmann, 

2006; Kunitomo et al., 2013; Leinwand & Chalasani, 2013; Luo et al., 2014; Oda, 

Tomioka, & Iino, 2011; Ohno, Sakai, Adachi, & Iino, 2017; Tomida, Oda, Takekawa, 

Iino, & Saito, 2012). In addition to this already powerful method, second-generation 

olfactory chips have been fully automated, recording from hundreds of animals per 

hour and allowing for screens of the genetic basis of olfaction (Chokshi et al., 2010). 

Indeed, the olfactory chip is the ideal case-study demonstrating the powerful of 

microfluidics for studying C. elegans neurobiology in a dynamically-controlled, high-

throughput platform.  
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Figure 1.1 – Microfluidics for chemosensory stimulation. 

(A) Olfactory chip layout and operation with chemosensory stimulation off and on. The 

indicated flow channels are (1) A dye channel, (2) the odorant stimulus channel, (3) a buffer 

channel with no odorant, and (4) a second dye channel. Animals are confined to a tailored 

“worm” channel. During chip operation, the stimulant channel is always flowing. However, 

the stimulant is directed away from (left, “stimulus off”) or towards (right, “stimulus on”) the 

animal nose by switching the left and right dye channels on and off.  (B) Optical micrograph 

of the animal nose protruding into the stimulus channel. (C) Two-layer PDMS layout for 

controlling the gas environment. A gas-stimulation layer (blue) sits above a worm layer (red) 

with a thin layer of PDMS between each. Gas from the stimulation layer quickly permeates 

the PDMS barrier. Thus, the O2 concentration of the gas layer equals the O2 concentration of 

the worm layer at equilibrium. (D) Recordings with O2-sensitive dye from the worm layer 

shows that the O2 concentration surrounding animals can rapidly be controlled on the order 

of seconds. Panels (A-B) adapted from (Chronis et al., 2007) and (C-D) from (Zimmer et al., 

2009). 
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In addition to using microfluidics to facilitate calcium-imaging during 

chemical stimulation, devices have been developed to animal behaviors in chemical 

gradients (chemotaxis) (Albrecht & Bargmann, 2011; McCormick, Gaertner, Sottile, 

Phillips, & Lockery, 2011). Rather than immobilizing animals as in the olfactory chip 

(Figure 1.1A-B), these geometries can either partially restrain animals (McCormick 

et al., 2011), or allow animals to fully roam in large arenas of micropillars termed 

“artificial dirt” (Albrecht & Bargmann, 2011; S R Lockery et al., 2008). In the 

partially-restrained scheme, the head is exposed to buffer flow from two different 

channels and animals can choose to move their heads into one stream of flow or the 

other. Adding food and other stimulants to these channels allows researchers to 

evaluate decision making (Cohen et al., 2018; Faumont, Lindsay, & Lockery, 2012; 

McCormick et al., 2011) and study sensorimotor integration (Ouellette, Desrochers, 

Gheta, Ramos, & Hendricks, 2018). Similarly, microfluidic chemotaxis experiments 

have also been performed in freely-moving animals (Albrecht & Bargmann, 2011; 

Larsch et al., 2015). Precise chemical gradients can be constructed across a large (1-

5 cm2) microfluidic arenas, allowing researchers to monitor chemotaxis behavior in 

a population of animals (Albrecht & Bargmann, 2011; Larsch et al., 2015). This 

method can also be combined with wide-field calcium-imaging to study how 

chemosensory neurons encode chemical gradients in freely-moving animals 

(Larsch, Ventimiglia, Bargmann, & Albrecht, 2013). 

Similar to the olfactory chip, which delivers chemical stimuli to study 

chemosensation, devices have been developed to rapidly change gas concentrations 
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to study O2 and CO2 sensing with calcium imaging (Figure 1.1C-D) (Persson et al., 

2009; Zimmer et al., 2009). The most commonly used method to control the gaseous 

environment takes advantage of the fact that PDMS is highly permeable to gas 

(Figure 1.1C-D) (Zimmer et al., 2009). Thus, with two microfluidic layers separated 

by a thin PDMS membrane—one layer for holding worms in fluid and a second 

gaseous layer—the gasses in the second layer can rapidly diffuse across the 

membrane and dissolve into the fluidic worm layer (Figure 1.1C-D). Devices 

combining gas-control and calcium-imaging have revealed fundamental 

mechanisms underlying C. elegans O2 and CO2 sensation (Bretscher et al., 2011; Fenk 

& de Bono, 2015; McGrath et al., 2009; Zimmer et al., 2009) and how gas sensation 

can regulate the global animal activity state (Busch et al., 2012; Laurent et al., 2015). 

Furthermore, like microfluidic devices with chemical gradients, PDMS-based 

microdevices have been developed for constructing CO2 gradients to monitor C. 

elegans aerotaxis (Jesse M Gray et al., 2004). 

1.1.2. Mechanosensation 

In the same way that microfluidics enables controllable chemical and 

gaseous stimulation (see Section 1.1.1), technologies have been developed for 

precise spatiotemporal control of mechanical stimulation (Figure 1.2). Classical 

methods for studying C. elegans mechanosensation include dragging eyebrow hair 

picks over animal bodies for assaying gentle touch, tapping a petri dish to 

mechanically stimulate an entire plate of animals, or prodding animals with a 
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platinum wire to test harsh touch (Chalfie, 2014). These assays have led to a rich 

understanding of C. elegans mechanosensation (Krieg, Dunn, & Goodman, 2015); 

however, these experiments are largely performed by hand, leading to highly 

variable mechanical stimuli (Nekimken, Mazzochette, Goodman, & Pruitt, 2017). 

Therefore, researchers have recently developed several systems to overcome the 

issue of stimuli variability. These devices take advantage of microfluidic valves—

thin PDMS membranes that can be pressurized and inflated to deliver mechanical 

touch (Figure 1.2A) (Unger, 2000). 

 

Figure 1.2 – Controlled mechanosensory stimulation with microfluidic valves. 

(A) Optical micrographs of a pressurized valve. Increasing the pressure leads to more 

deflection of the PDMS membrane, which can be used as a controllable mechanical stimulus. 

(B) Combined fluorescent and bright-field imaging of a worm in a trap channel lined with 

stimulation valves. The valves allow for spatiotemporal control of body touch. Touch-

receptive neurons ALM, AVM and PLM express GCaMP6s. (C) Example calcium activity of the 

AVM neuron during mechanical stimulation. Green trace indicates pressurization of the green 

valve in (B), which is within AVM’s receptive field. Purple trace indicates stimulation with a 

valve outside of AVM’s receptive field. Blue trace indicates receptive-field stimulation, but in 

a touch-defective mutant animal. Figure adapted from (Nekimken, Fehlauer, et al., 2017). 
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Coupled with calcium-imaging in immobilized animals, valve-stimulation can 

be precisely delivered to points along the worm body and the response of 

mechanosensory neurons recorded (Figure 1.2B-C) (Y. Cho et al., 2017; Y. Cho, 

Oakland, Lee, Schafer, & Lu, 2018; Nekimken, Fehlauer, et al., 2017). Because the 

pressure of the valve can be easily tuned across animals, the stimuli variability is 

significantly better-controlled than classical methods (Nekimken, Fehlauer, et al., 

2017). These devices can be tailored to accommodate small larva (Y. Cho et al., 

2018) and automated for high-throughput screenings of drugs that affect 

mechanosensation (Y. Cho et al., 2017). Likewise, in addition to calcium-imaging, 

micro-technologies have been developed to deliver mechanical stimulation in 

moving animals to monitor animal behavioral responses to gentle and harsh touch 

(McClanahan, Xu, & Fang-Yen, 2017). In this case, not only are stimulations highly 

controllable, but measurements of behavioral responses are significantly more 

scalable, providing a path to screening for genes that are involved in 

mechanosensation. 

1.1.3. Sleep 

As with many nematode behaviors, C. elegans developmental sleep 

(sometimes referred to as “lethargus”) was initially discovered and characterized on 

NGM plates (Raizen et al., 2008) (see Section 1.2.1 for a full discussion on 

developmental sleep). However, recent years have seen a transition to microfluidic 

platforms (H. Huang, Singh, & Hart, 2017; Nagy, Raizen, & Biron, 2014), to scale 
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measurements across several animals , confine animals to separated modules, and 

mitigate the effects of random external stimuli (Figure 1.3). These devices are 

typically quite simple, mostly using “artificial dirt” micropillars with food added to 

the chamber for imaging animals over the course of several hours (Figure 1.3). By 

timing the imaging period to fall during larval transitions, clear periods of 

behavioral quiescence can be distinguished between larval stages (Nagy, Raizen, et 

al., 2014). These methods have been applied to studying the mechanisms underlying 

homeostatic rebound (H. L. Bennett et al., 2018; Nagy, Tramm, et al., 2014), the 

effects of sleep deprivation on survival (H. L. Bennett et al., 2018), and the critical 

role of gap junction signaling during sleep (H. Huang et al., 2018). 

 

Figure 1.3 – Microfluidics for behavioral monitoring of sleep and quiescence. 

Animals are confined to “artificial dirt” behavioral modules (S R Lockery et al., 2008), where 

microfluidic pillars facilitate crawling in a fluidic environment. Top and bottom image pairs 
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show a wake and quiescent animals, respectively. Subtracting the consecutive frames allows 

for easy detection of behavioral quiescent. Figure adapted from (Nagy, Raizen, et al., 2014). 

In addition to studying sleep behavior, microfluidic devices have been used 

to understand the underlying neural mechanisms of sleep using calcium-imaging (J. 

Y. Cho & Sternberg, 2014; Nichols et al., 2017). Using the olfactory chip design (see 

Figure 1.1), Cho and Sternberg delivered precise odorant stimuli to animals before, 

during and after lethargus and showed that the ASH sensory neuron responds with 

reduced activity during lethargus (J. Y. Cho & Sternberg, 2014). Furthermore, 

Nichols, et al. also used a microfluidic platform to facilitate whole-brain imaging 

with cellular-resolution during lethargus and observed a large-scale downregulation 

of neural activity during sleep (Nichols et al., 2017) (discussed in more detail in 

Section 1.2.1). These reports combined show that microfluidic devices have assisted 

the study of C. elegans sleep by facilitating both behavioral and neural 

measurements. 

1.1.4. Long-term imaging 

A significant number of microfluidic technologies have been developed for 

the sole purpose of long-term monitoring animals (Cornaglia et al., 2016; Cornaglia, 

Lehnert, & Gijs, 2017; Gupta & Rezai, 2016; San-Miguel & Lu, 2013). Each of the 

devices discussed here enables imaging at least over 24 hr, providing powerful 

platforms to monitor aging and development while simultaneously facilitating 

worm maintenance and allowing for precise control of the external environment. 
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Due to their short lifespan (3-4 weeks), C. elegans are a powerful model for 

studying aging and development, particularly for understanding the wide range of 

genetic, metabolic and sensory factors that affect lifespan and longitudinal behavior 

(Apfeld & Kenyon, 1999; Churgin, Jung, et al., 2017; Herndon et al., 2002; C. Huang, 

Xiong, & Kornfeld, 2004; S. S. Lee, Kennedy, Tolonen, & Ruvkun, 2003; Murphy et al., 

2003; Uno & Nishida, 2016). Classically, as we have seen in previous sections, 

lifespan experiments are agar-based (Apfeld & Kenyon, 1999; Hsu, Murphy, & 

Kenyon, 2003; Kenyon, Chang, Gensch, Rudner, & Tabtiang, 1993). Thus, an entire 

population of animals (30-70 animals) must be confined to a plate with a limited 

food supply. Therefore, animals must be transferred to fresh plates every few days. 

In addition, this approach has the disadvantage of requiring chemical treatment 

with 5-fluoro-2′-deoxyuridine (FUDR) is to kill progeny as embryos and avoid the 

growth of a second-generation animals.  Finally, monitoring an intermixed 

population of animals over the course of days and weeks makes it impossible to 

track individual animals and study variability.  

To overcome these challenges, a wide range of microfluidic and PDMS-based 

technologies have been developed to enclose and image animals. These devices vary 

in scalability, depending on the needs of the researcher. Some devices confined only 

a handful of animals (<20 worms) (Berger et al., 2018; Hulme et al., 2010; Krajniak 

& Lu, 2010), while others an entire population (50-100 worms) (Chung et al., 2011; 

Kopito & Levine, 2014; H. Lee et al., 2014; Xian et al., 2013; Zhuo, Lu, & McGrath, 

2017). These environments take advantage of the fact that PDMS is permeable to 
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gas (Tang & Whitesides, 2010), allowing worm modules to maintain a healthy O2 

concentration while dissipating animal byproducts such as CO2. To further maintain 

healthy environments, these devices also typically flow a gentle stream of buffer 

containing an E. coli food source, constantly replenishing the food supply (Berger et 

al., 2018; Hulme et al., 2010; Kopito & Levine, 2014; Krajniak & Lu, 2010; H. Lee et 

al., 2014; Xian et al., 2013; Zhuo et al., 2017). The ability to flow buffer on-demand 

also offers a wide-range of advantages over agar-based assays. Geometries have 

been constructed that automatically wash away embryos and larvae (Berger et al., 

2018; Hulme et al., 2010; Kopito & Levine, 2014) and deliver chemical stimuli 

(Chung et al., 2011; Rohde, Zeng, Gonzalez-Rubio, Angel, & Yanik, 2007) . 

Furthermore, some chips have also been tailored for high-resolution imaging of in 

vivo development by incorporating clever methods for animal immobilization 

(Berger et al., 2018; Kopito & Levine, 2014; Krajniak & Lu, 2010; H. Lee et al., 2014), 

while others monitor other age and development-related phenotypes such as 

behavior and developmental arrest (Hulme et al., 2010; Xian et al., 2013; Zhuo et al., 

2017). Finally, these technologies also offer the ability to longitudinally monitor 

individual animals, allowing for powerful studies of individual variability (Berger et 

al., 2018; Chung et al., 2011; Hulme et al., 2010; Kopito & Levine, 2014; Krajniak & 

Lu, 2010; H. Lee et al., 2014; Rohde et al., 2007). 



 
28 

 

1.1.5. Electrophysiology 

Previous sections have discussed several microfluidic geometries that 

facilitate calcium-imaging (Y. Cho et al., 2018; Chronis et al., 2007; Larsch et al., 

2013; Zimmer et al., 2009). Calcium-imaging is a powerful, genetically-targeted and 

non-invasive technique to record neural activity, particularly in transparent C. 

elegans (T.-W. Chen et al., 2013; Kerr, 2006; Tian et al., 2009), but it lacks the 

temporal resolution of direct electrical recordings such as patch-clamp 

measurements (Goodman, Lindsay, Lockery, & Richmond, 2012; Molleman, 2002). 

Patch-clamping from muscle cells (Richmond & Jorgensen, 1999) and neurons 

(Goodman, Hall, Avery, & Lockery, 1998) has revealed a wealth of information about 

C. elegans neurobiology with unprecedented detail, yet these methods are not 

scalable and require highly invasive dissections (Goodman et al., 2012). While direct 

electrical readouts continue to remain one of the most challenging assays in C. 

elegans neurobiology, recent years have seen strong strides towards scalable, non-

invasive platforms for electrophysiology using microfluidics (Gonzales et al., 2017; 

Hu et al., 2013; Shawn R Lockery et al., 2012). 

Lockery, et al. made the first significant advance in this field with a 

microfluidic device for recording “electropharyngeograms” (EPGs) —

electrocardiogram-like signals from the C. elegans pharynx (Shawn R Lockery et al., 

2012) (Figure 1.4A). The pharynx is jaw-like organ located near the mouth that 

almost constantly suctions and grinds food. For more than a decade, the 
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conventional method for studying the neuromuscular circuits underlying 

pharyngeal pumping included tightly suctioning the entire worm nose into a 

micropipette, forming a tight seal for EPGs recordings when paired with a 

differential amplifier (Raizen & Avery, 1994). Lockery, et al. were essentially able to 

recapitulate this micropipette geometry in microfluidic form (Figure 1.4A). This 

finding unlocked an entirely new set of experimental capabilities, such as multi-

worm EPG recordings and drug screenings (Hu et al., 2013; Shawn R Lockery et al., 

2012; Weeks et al., 2016).  

 

Figure 1.4 – On-chip microfluidic-assisted electrophysiology. 

(A) EPG recordings from the C. elegans pharynx. By forming a right seal between the worm 

pharynx (arrows) and the worm body, a differential amplifier can be used to detect 

stereotyped neuromuscular electrical activity during pharyngeal pumping. (B) Nano-SPEARs 

for body-wall muscle electrophysiology. Worms are immobilized in a microfluidic channel. 
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From the wall of the channel, a platinum nanoelectrode—the nano-SPEAR—horizontally 

protrudes and tightly presses against the worm body wall. This tight seal enables recordings 

of worm body-wall muscle electrophysiology. Figure adapted from (Gonzales et al., 2017; 

Shawn R Lockery et al., 2012). 

The microfluidic-based EPG was a powerful demonstration for microfluidic-

enabled electrical recordings at the pharynx. Similarly, devices have been developed 

for recording body-wall muscle activity (Gonzales et al., 2017) (Figure 1.4B), from 

which direct electrical outputs were only possible with patch-clamping (Richmond 

& Jorgensen, 1999). These hydrid nanoelectronic/microfluidic devices incorporated 

nanoscale suspended electrode arrays (nano-SPEARs) into a worm immobilization 

chamber (Figure 1.4B). When animals were restrained in the chamber, the platinum 

electrode pressed against the body-wall, forming a tight seal and recording body-

wall muscle activity (Gonzales et al., 2017) (Figure 1.4B). Like EPG recordings, this 

technology dramatically improved experimental throughput by recording from 

multiple animals in parallel (Gonzales et al., 2017), and was also adapted to record 

from the cnidarian Hydra (Badhiwala, Gonzales, Vercosa, Avants, & Robinson, 2018).  

1.1.6. High-throughput screenings 

Many of the discussed technologies thus far improve experimental 

throughput compared to classical assays, often allowing for measuring from tens of 

animals simultaneously (Gupta & Rezai, 2016; San-Miguel & Lu, 2013; Yanik, Rohde, 

& Pardo-Martin, 2011). While many of these experiments can indeed qualify as 

“high-throughput,” particularly when compared to studies with mammalian models, 
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this section will cover several high-throughput screening and sorting technologies 

that have an experimental throughput greater than 100 animals per day. 

Geometrically simple devices using arrays of clamp-like traps have been 

developed for immobilizing more than a hundred animals simultaneously for high-

resolution imaging (Hulme, Shevkoplyas, Apfeld, Fontana, & Whitesides, 2007; H. 

Lee et al., 2014). By simply flushing in a population of animals, the traps can be filled 

and animals held for minutes or hours of imaging cellular and sub-cellular 

structures (Figure 1.5). An ideal case-study for the power of this simple technique 

comes in the form of a multiplexed clamp array for an ultra-high-throughput 

platform for drug discovery (Mondal et al., 2016) (Figure 1.5). Rather than using a 

single microfluidic chip that immobilizes dozens of animals with clamp traps, 

multiple microchips capable of immobilizing 40 animals each can be incorporated 

onto a 96-well plate for immobilizing nearly 4000 animals simultaneously (Figure 

1.5). After loading, a camera on an automated stage approaches each microarray 

and captures high-resolution images of each subset of animals, a process that takes 

only 16 min for the entire 4000-animal device (Figure 1.5). This technique allows 

for a throughput that dwarfs any other current microfluidic screening technologies, 

reaching screening rates of nearly 14,000 animals/hr. Researchers have specifically 

used this technology to study C. elegans poly-glutamine (PolyQ) aggregation, which 

is relevant to Huntington’s disease in humans. By quantifying PolyQ aggregation 

with fluorescence microscopy, they screened 1000 FDA-approved drugs to search 
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for those that significantly reduced aggregation and may be potential treatments for 

humans (Mondal et al., 2016) (Figure 1.5). 

 

Figure 1.5 – High-throughput microfluidic drug screening. 

Left micrograph shows a microfluidic device capable of immobilizing up to 40 animals 

simultaneously. Many of these trap devices are integrated onto a 96-well plate. Thus nearly 

4000 animals are immobilized simultaneously. In this case, researchers used a C. elegans 

Huntington’s disease model in which PolyQ aggregation serves as a proxy for disease 

progression. An automated stage and fluorescence microscopy are used to count the number 

of PolyQ aggregates (see fluorescence micrograph) in all 4000 animals within 16 min. 

Researchers used this high-throughput device to screen 1000 FDA-approved drugs to search 

for compounds that reduce PolyQ aggregation (bottom right). Figure adapted from (Mondal 

et al., 2016). 

Similar to screening for potential drug treatments, high-throughput high-

resolution imaging has also revealed the genetic basis of synaptogenesis (Crane et 

al., 2012). This technology images only single animals, but can do so rapidly, 

automatically, and with subcellular imaging resolution; importantly, this device also 

has the advantage of sorting animals based on the imaging results (Chung, Crane, & 

Lu, 2008). A fully-autonomous version of this technology not only allowed for 

imaging individual GFP-tagged synapses at a rate of 220 animals/hr, but machine-
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vision algorithms could detect distinguish phenotypes based on synaptic 

morphology not visible by-eye (Crane et al., 2012). With a large-scale forward 

screen, these researchers detected morphological outliers, screened ~20,000 

haploid genomes, and identified 60 mutant strains with altered synaptic phenotypes 

(Crane et al., 2012). 

1.1.7. Conclusions on C. elegans microfluidics 

This review section only scratches the surface of the vast number of 

microfluidic technologies available for C. elegans (Cornaglia et al., 2017; Gupta & 

Rezai, 2016; San-Miguel & Lu, 2013; Yanik et al., 2011). Even in this brief review, it 

is clear that microfluidics has provided many experimental advantages across a 

wide range of subfields. Microchips allow for precise spatiotemporal control of the 

environment; chemicals, odorants, gas concentrations and food availability can all 

be dynamically modulated. The geometry of the chambers can also be tailored to 

allow for swimming, crawling, or immobilization in single and multi-animal 

modules. Regardless of the geometric configuration, behavioral measurements from 

dozens of animals per day are often achievable. Finally, these microchips also 

commonly facilitate calcium-imaging for understanding the neural circuits 

underlying sensory perception and behavior. Indeed, though microfluidic 

technologies were developed for C. elegans more than a decade ago (Chronis et al., 

2007), these devices continue to be relevant and provide powerful advantages for 

behavior and neurobiology.  



 
34 

 

In Chapter 2, we will see many of these elements combined when revealing 

the mechanisms underlying a microfluidic-induced behavioral transition we call 

μSleep. The microfluidic platform will allow for precise control of the environment 

and mechanical geometry, facilitate behavioral and neural recordings, and enable 

high-throughput measurements. All of these aspects strengthen our findings and 

make for a promising future using C. elegans μSleep to study the neural circuits 

underlying C. elegans sleep behavior. 

 Review of C. elegans sleep and quiescence 

Sleep is one of the most widely conserved behaviors across animal phyla 

(Campbell & Tobler, 1984); however, only relatively recently has sleep in 

genetically-tractable, small model organisms been discovered (Kayser & Biron, 

2016; Miyazaki, Liu, & Hayashi, 2017; Zimmerman, Naidoo, Raizen, & Pack, 2008). 

Periods of quiescence in fruit flies (J. C. Hendricks et al., 2000), zebrafish (Zhdanova, 

Wang, Leclair, & Danilova, 2001), Aplysia (Vorster, Krishnan, Cirelli, & Lyons, 2014), 

nematodes (Raizen et al., 2008), and jellyfish (Nath et al., 2017) have all been 

established as sleep or sleep-like states (“sleep-like” is an often-used term used to 

describe invertebrate sleep states, though these behaviors often meet all the 

classical requirements of sleep). These discoveries have opened new paradigms of 

research into the molecular, genetic and neural control of sleep and wakefulness, 

and many of the mechanisms discovered in small animals are conserved in 

mammals (Kayser & Biron, 2016; Miyazaki et al., 2017; Zimmerman et al., 2008). 
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In Chapter 2, we will demonstrate that C. elegans μSleep—brief periods of 

quiescence in microfluidic devices—is a spontaneous sleep state. Many of the 

experiments we performed at the behavioral, neural, and environmental level to 

establish μSleep were informed by a decade of research in invertebrate sleep by the 

C. elegans community. It is well-established that C. elegans exhibits many quiescent 

behaviors, some of which are classified as sleep (Kayser & Biron, 2016; Nicholas F. 

Trojanowski & Raizen, 2016; Zimmerman et al., 2008). This section will review 

these sleep and quiescent behaviors. Overall, we will find that research with C. 

elegans has contributed a rich amount of knowledge describing the mechanisms that 

drive worm sleep and wakefulness, yet there are still many questions left to be 

answered regarding the neural circuits underlying these behavioral states and the 

evolutionary purpose of these sleep states. 

1.2.1. Developmental Sleep 

C. elegans exhibit developmentally-time sleep (DTS) between larval 

transitions (Raizen et al., 2008). There are four larval stages each lasting 12-16 hr 

before the transition to adulthood (Figure 1.6A) (Cassada & Russell, 1975; Corsi, 

Wightman, & Chalfie, 2015). Between each larval stage is a 1-2 hr period of 

lethargus (Figure 1.6A), where animals form a new outer cuticle.  
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Figure 1.6 – Developmentally-timed sleep during C. elegans lethargus. 

(A) C. elegans stages of development between hatching and adulthood. Larval stages are 

labeled in black and white portions between stages indicate lethargus. (B) Synchronized with 

lethargus, are periods where animals begin to exhibit quiescent bouts, leading to a high 

fraction of animals displaying quiescence across the population. (C) Data from only L4 

lethargus. Animal behavioral activity (i.e. movement) falls as the quiescence fraction 

dramatically increases. Figure adapted from (Iwanir et al., 2013; Raizen et al., 2008). 

During lethargus, C. elegans exhibit distinctly different behaviors compared 

to baseline activity (Cassada & Russell, 1975; Raizen et al., 2008) (Figure 1.6B-C). 

Pharyngeal pumping drops dramatically from 150-250 pumps/min to only ~1 

pump/min (Cassada & Russell, 1975). In addition, animals display brief bouts of 

quiescence compared to their normal behavior of near-constant locomotion (Figure 

1.6C). For example, Raizen et al. observed that L4 lethargus lasted an average of 2.6 

± 0.1 hr, during which animals exhibited a total of 46.6 ± 3.1 min of quiescence with 

quiescent bouts lasting an average of 24.0 ± 0.7 s (Raizen et al., 2008). At the time, 

Raizen, et al. hypothesized that, similar to a the discovery that Drosophila rest 
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periods were sleep (J. C. Hendricks et al., 2000), C. elegans quiescence during 

lethargus was also a sleep state. Indeed, they found that quiescent animals: 

• Resumed normal locomotion following tail stimulation 

•  Showed a decrease in sustained behavioral responses to mechanosensory 

stimulation (dish taps) 

• Showed an increased response latency to chemical stimulation (1-octanol and 

ethanol) 

• Displayed longer quiescent bouts after an extended period of quiescence 

deprivation. 

Thus, they showed that C. elegans quiescence is a sleep state, termed 

“developmentally time sleep” (DTS), that meets some of the basic behavioral criteria 

for sleep, namely reversibility, a decreased response to stimuli and homeostasis 

(Campbell & Tobler, 1984). 

 This pivotal work led to a number of studies that further characterized DTS 

behavior. Quiescent C. elegans exhibit a characteristic “hockey-stick” posture with 

less body curvature and decreased muscle activity, showing that DTS meets another 

standard behavioral requirement of sleep—stereotypical posture (Campbell & 

Tobler, 1984; Iwanir et al., 2013; Schwarz, Spies, & Bringmann, 2012; Tramm, 

Oppenheimer, Nagy, Efrati, & Biron, 2014). In addition,  it was also found that the 

quiescent bout length increased as the previous motion bout length increased 
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(Iwanir et al., 2013). This observation differs from sleep deprivation assays with 

external stimuli and suggests a micro-homeostatic mechanism regulates DTS at 

short timescales. Furthermore, forced sleep deprivation through mechanical 

stimulation can be lethal following lethargus (Driver, Lamb, Wyner, & Raizen, 2013). 

However, similar to recent results in fruit flies (Geissmann, Beckwith, & Gilestro, 

2019), C. elegans sleep deprivation via genetic manipulations surprisingly does not 

lead to death following lethargus, suggesting that normal DTS bouts are not 

essential for survival (H. L. Bennett et al., 2018; Wu et al., 2018). Therefore, DTS 

behaviorally shares much in common with mammalian sleep (reversibility, 

stereotypical posture, and homeostasis), but some aspects appear to be unique to C. 

elegans and other invertebrates (essential for survival). 

 In addition to meeting many conserved behavioral criteria for sleep, C. 

elegans DTS also shares many common genetic and molecular pathways with 

mammalian and Drosophila sleep (Table 1.1) (Kayser & Biron, 2016; Nicholas F. 

Trojanowski & Raizen, 2016; Zimmerman et al., 2008). Notably, the Drosophila 

PERIOD gene regulates circadian rhythms and cycles in expression with light/dark 

cycles (Hardin, Hall, & Rosbash, 1990). Likewise, LIN-42, the C. elegans homologue 

of PERIOD, cycles in expression with lethargus and is essential for rhythmically 

timed DTS (Monsalve et al., 2011; Nicholas F. Trojanowski & Raizen, 2016). In 

addition, Protein-Kinase G (PKG) signaling promotes sleep across multiple species, 

as well as many C. elegans sleep-like behaviors (Raizen et al., 2008; Nicholas F. 

Trojanowski & Raizen, 2016). Gain-of-function mutants in the C. elegans cyclic 
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guanosine monophosphate (cGMP)-dependent PKG homologue, EGL-4, causes 

increased quiescence and arousal threshold, even outside of DTS (Raizen et al., 

2008; Nicholas F. Trojanowski & Raizen, 2016). These pathways, in addition to 

others such as epidermal growth factor (EGF) and dopamine signaling (Table 1.1) 

(Singh, Ju, Walsh, DiIorio, & Hart, 2014; C. Van Buskirk & Sternberg, 2010; Cheryl 

Van Buskirk & Sternberg, 2007), demonstrate that C. elegans DTS not only displays 

evolutionarily-conserved behavioral criteria, but also genetic and signaling 

pathways consistent with sleep in other species.  

Table 1.1 – Genetic and molecular conservation of C. elegans sleep. 

Many genetic and signaling pathways are conserved in mammals and invertebrates such as 

Drosophila and C. elegans. Table adapted from (Nicholas F. Trojanowski & Raizen, 2016). 

 MAMMALS DROSOPHILA C. ELEGANS 

PERIOD REGULATES TIMING Yes Yes Yes 

PDF PROMOTES WAKE Unknown Yes Yes 

EGF PROMOTES SLEEP Yes Yes Yes 

CAMP PROMOTES WAKE Yes Yes Yes 

DOPAMINE PROMOTES WAKE Yes Yes Yes 

PKG REGULATES SLEEP Yes Yes Yes 

 

Calcium-imaging has proven to be a powerful method for understanding the 

neural mechanisms of DTS. Imaging during mechanical and chemical stimulation 
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revealed that the sensory neurons ALM and ASH, respectively, showed a decreased 

calcium response to stimuli during lethargus (J. Y. Cho & Sternberg, 2014; Schwarz, 

Lewandrowski, & Bringmann, 2011). Furthermore, ASH chemosensory neurons also 

showed decoupled and asynchronous activity with downstream interneurons (J. Y. 

Cho & Sternberg, 2014). These results provided an elegant neural mechanism 

describing why C. elegans showed latent and reduced responses to external stimuli 

during DTS (Raizen et al., 2008). Other studies present strong evidence that a single 

interneuron, RIS, drives behavioral quiescence (Figure 1.8) (Spies & Bringmann, 

2018; Turek et al., 2016, 2013; Wu et al., 2018). RIS not only depolarizes and 

becomes more active at the onset of behavioral quiescence, but optogenetic 

activation of RIS induces behavioral quiescence, a process mediated by FLP-11 

neuropeptides (Figure 1.8) (Turek et al., 2016, 2013).  
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Figure 1.7 – Model for C. elegans sleep driven by the RIS neuron. 

Proposed neural mechanism for sleep via the RIS neuron. (Top) Fluorescent micrographs of 

the RIS neurons expressing mKate. (Bottom) Proposed mechanism for sleep. At the onset of 

sleep, RIS increases in calcium activity, depolarizes, and releases the FLP-11 neuropeptide 

that induces whole-animal behavioral quiescence. Figure adapted from (Turek et al., 2016). 

Finally, whole-brain calcium imaging has revealed that a distinct brain state 

governs DTS (Figure 1.8) (Nichols et al., 2017). These experiments were enabled by 

the discovery that quiescent bouts in the npr-1 mutants strain were essentially 

controllable via a large, rapid change in environmental oxygen levels during 

lethargus (Figure 1.8A) (Nichols et al., 2017). During lethargus and at 21% O2, npr-1 

animals were largely active and roamed an agar plate (Figure 1.8A). However, 
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shifting the O2 level to 10% lead to a rapid behavioral state change to quiescence 

(Figure 1.8A), essentially activating developmental sleep on-demand (Nichols et al., 

2017). Nichols et al. took advantage of their on-demand sleep-wake switch to image 

whole-brain calcium activity during each behavioral state (Figure 1.8B). Similar to 

distinct global-brain activity states revealed by EEG in mammals (Brown et al., 

2012; Saper et al., 2010), C. elegans exhibit a large-scale  downregulation of neural 

activity during DTS (Figure 1.8B) (Nichols et al., 2017). However, not every neuron 

displayed less activity. Consistent with our previous discussion (Turek et al., 2016, 

2013; Wu et al., 2018), the RIS neuron actually increased in activity suggesting that 

a unique brain state governs C. elegans sleep in a manner synonymous to 

mammalian sleep (Brown et al., 2012; Saper et al., 2010). Furthermore, this same 

brain state was later observed in adult animals spontaneously transitioning 

between sleep and wakefulness after an extended 16 hr period of starvation, 

demonstrating that downregulated neural activity is a general hallmark of C. elegans 

sleep (Skora, Mende, & Zimmer, 2018). The methods used for these whole-brain 

recordings are discussed in more detail in Section 1.3.2. 



 
43 

 

 

Figure 1.8 – A global-brain state underlies C. elegans sleep. 

(A) During L4 lethargus wake and sleep behavior can be controlled in npr-1 animals. 10% 

oxygen levels artificially induce a DTS and quiescence, while 21% oxygen drive wake 

behavior. (B) Whole-brain recordings during sleep-wake switching with oxygen control 

(>100 neurons). The wake state is characterized by large-scale coordinated activity. The 

sleep state exhibits a global downregulation of activity, demonstrating that distinct brain 

states govern C. elegans sleep and wakefulness. Methods for whole-brain imaging discussed 

in more detail in Section 1.3.2. Figure adapted from (Nichols et al., 2017). 

1.2.2. Environmentally-induced sleep and quiescence 

Outside of DTS, C. elegans quiescence has only been observed under specific 

environmental and genetic manipulations. Surprisingly, after sleeping during 

lethargus during their first ~3 days as larvae, C. elegans adults maintained in 

favorable conditions appear to no longer need sleep throughout their final 3-4 

weeks of life (Kayser & Biron, 2016). However, in environments such as extreme 

heat or extended periods of swimming, animals exhibit distinct periods of 

quiescence. In this section, we will review these reported quiescent behaviors and 
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see many similarities with μSleep (presented in Chapter 2) as well as the genetic 

and molecular mechanisms of DTS (reviewed in Section 1.2.1). These quiescent and 

sleep behaviors are interesting in their own respect, particularly from the 

perspective of how the C. elegans nervous system to controls these behavioral 

states. 

1.2.2.1. Stress-induced sleep 

When under environmental stress, C. elegans enter a protective sleep state, 

termed “stress-induced sleep” (SIS) (Figure 1.9) (Hill et al., 2014). SIS can occur at 

any stage of development but is most often studied in adult animals. The types of 

stressors that have been shown to drive SIS are: 

• Heat shock (30-40 °C, 30-60 min) 

• Cold shock (-15 °C, 15 min) 

• Osmotic shock (500 mM NaCl, 15 min) 

• Toxin exposure (Cry5B toxin, 15 min) 

• UVC irradiation (500-2500 J/m2, 30 min) 

(DeBardeleben, Lopes, Nessel, & Raizen, 2017; Hill et al., 2014). Like DTS, SIS is 

hallmarked by a cessation of both feeding and locomotion (Figure 1.9) (Hill et al., 

2014); however, these quiescent behaviors are driven by at least partially distinct 

mechanisms (N. F. Trojanowski, Nelson, Flavell, Fang-Yen, & Raizen, 2015). In 
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addition, the severity of the stressor determines the length of time animals spend 

quiescent (DeBardeleben et al., 2017; Jones & Candido, 1999).  

 

Figure 1.9 – C. elegans stress-induced sleep. 

Stress-induced sleep via heat shock. A 35 °C heat shock for 30 min rapidly induces feeding 

quiescence (top, animal cease pharyngeal pumping) and locomotion quiescence (bottom, 

animals cease to move). This quiescence persists for up to an hour in WT animals (black 

trace), depending on the stimulus strength. ALA defective mutants, ceh-17(lf), show less 

quiescence during the recovery period following the stimuli. Figure adapted from (Hill et al., 

2014). 

Similar to DTS, SIS meets some of the basic behavioral criteria for sleep (Hill 

et al., 2014). Namely, quiescence is reversible when animals receive a harsh 

mechanical stimuli and animals showed a decreased response to brief exposures of 

blue light and 1-octanol (Hill et al., 2014). However, unlike DTS, SIS has yet to be 

associated with a homeostatic response to sleep deprivation (Nicholas F. 
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Trojanowski & Raizen, 2016). This is likely because the sleep pressure associated 

with SIS is driven by environmental changes and not circadian factors or 

developmental timing. In fact, while light and temperature cycling can lead to 

circadian-like behavioral patterns and genetic expression in C. elegans (Goya, 

Romanowski, Caldart, Bénard, & Golombek, 2016; Saigusa et al., 2002; Simonetta, 

Migliori, Romanowski, & Golombek, 2009), it remains untested whether circadian 

factors strongly regulate sleep. Furthermore, testing for homeostasis requires sleep 

deprivation with external stimuli, which has been shown to induce stress responses 

in C. elegans (Driver et al., 2013), making homeostatic rebound and stress-induced 

sleep difficult to differentiate. Recent advances using optogenetic suppression of 

sleep-promoting neurons to sleep deprive animals is a clever experimental tool that 

will certainly be useful for testing for homeostatic rebound in many types of C. 

elegans sleep (Wu et al., 2018).  

At the neuronal level, SIS is heavily regulated by a single interneuron, ALA 

(DeBardeleben et al., 2017; Hill et al., 2014; Iannacone et al., 2017; Nath et al., 2016; 

Matthew D. Nelson et al., 2014, 2015; Cheryl Van Buskirk & Sternberg, 2007). ALA-

defective mutants, ceh-17(lf) (loss-of-function (lf) in CEH-17, which controls ALA 

axonal growth), show dramatically reduced quiescence compared to WT following 

extreme environmental conditions (Figure 1.9) (Hill et al., 2014; Pujol, Torregrossa, 

Ewbank, & Brunet, 2000). However, while the stimulus is being applied, ceh-17(lf) 

animals exhibit identical amounts of quiescence as WT, indicating that ALA-

dependent SIS serves as a means for recovery following cellular stress (Hill et al., 
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2014). In fact, following an intense 40 °C heat shock, ceh-17(lf) mutants not only 

display less recovery quiescence, but also a decreased survival compared to WT, 

providing further evidence that SIS is a protective mechanism (although it should be 

noted that survival rate remained unchanged at 35 and 37°C heat shocks) (Hill et al., 

2014). 

There exists very limited knowledge on the neural activity occurring 

upstream of ALA during SIS, such as how sensory circuits that monitor the external 

temperature during heat shock drive ALA activity (Prahlad, Cornelius, & Morimoto, 

2008). Yet it is well-established that cellular stress from the environment induces 

the release of the epidermal growth factor (EGF) homologue LIN-3, which triggers 

ALA activity through the EGF-receptor homologue LET-23 (Figure 1.10) (Hill et al., 

2014; Cheryl Van Buskirk & Sternberg, 2007). EGF signaling is also involved in sleep 

in other species, such as drosophila and mice (Table 1.1) (Foltenyi, Greenspan, & 

Newport, 2007; Kramer et al., 2001), again demonstrating that C. elegans sleep relies 

on conserved molecular pathways (Kayser & Biron, 2016; Nicholas F. Trojanowski & 

Raizen, 2016; Zimmerman et al., 2008). EGF leads to ALA depolarization, which is 

necessary for SIS (Matthew D. Nelson et al., 2014). In fact, optogenetic activation of 

ALA via channelrhodopsin promotes quiescence-like behavior (Matthew D. Nelson 

et al., 2014); however, the relationship between ALA neuronal activity and sleep 

behavior is mediated by a complex interaction between many neuropeptides 

(Figure 1.10) (Nath et al., 2016; Matthew D. Nelson et al., 2014). Four primary 

neuropeptides, flp-24, flp-7, flp-13 and nlp-8, each strongly expressed in ALA, have 
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been identified as behavioral regulators of SIS (Figure 1.10) (Nath et al., 2016). Each 

neuropeptide plays a unique role, for example, flp-13 release strongly inhibits 

pumping, thus driving feeding quiescence. Furthermore, while flp-13, flp-24 and nlp-

8 individually have an insignificant effect on locomotion, the combined release of 

these peptides together drives the characteristic cessation of locomotion associated 

with SIS (Nath et al., 2016). While it remains to be tested what neurons these 

neuropeptides act on, these results from Nath et al. (2016) give insightful clues into 

how a single neuron like ALA can drive whole-animal quiescence and sensory 

deprivation (Figure 1.10). These results also demonstrate the power and flexibility 

of using neuromodulators to control behavior. 
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Figure 1.10 – Model for C. elegans stress-induced sleep. 

Environmental triggers lead to cellular stress and EGF release. The role of sensory circuits is 

unclear. EGF-receptors lead to ALA depolarization and the release of many neuropeptides. 

Each neuropeptide plays a role in driving whole-animal quiescence (e.g. feeding quiescence 

and locomotion quiescence), but it is unclear on what circuits these peptides act. This neural 

activity downstream of ALA leads to sleep behavior. Figure adapted from (Hill et al., 2014; 

Nath et al., 2016). 

1.2.2.2. Swimming-induced quiescence and neural circuits underlying C. 

elegans behavioral states 

After prolonged swimming (>1 hr) in large volumes of liquid (8-200 μL), C. 

elegans spontaneously begin to alternate between periods of high activity and 

quiescence, which we will term “swimming-induced quiescence” (SIQ) (Churgin, 
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McCloskey, Peters, & Fang-Yen, 2017; R. Ghosh & Emmons, 2008, 2010; McCloskey, 

Fouad, Churgin, & Fang-Yen, 2017). Ghosh and Emmons (2008) initially discovered 

and characterized this behavior in multi-well plates (Figure 1.11). When individual 

animals were placed in 200 μL of buffer in the absence of food, animals immediately 

swam with fast undulations continuously for a period averaging 92.6 ± 2.5 min 

(mean ± sem) (Figure 1.11B). After this prolonged swimming, animals initiate a 

different sequence of behaviors and rapidly transition in and out of quiescence for 

several hours (Figure 1.11B). Excluding the first, long swimming bout, animals 

displayed motion bouts lasting 14.0 ± 0.5 min and quiescent periods lasting 4.8 ± 0.1 

min, with transitions between each behavioral state lasting only 6.9 ± 1.3 s. It was 

found that acetylcholine (ACh, acting on many parts of the neuromuscular system) 

and PKG signaling (homologue EGL-4, acting in sensory neurons) promoted 

quiescence, while the protein phosphatase calcineurin homolog, TAX-6, (also acting 

in sensory neurons) promoted swimming (R. Ghosh & Emmons, 2008, 2010).  
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Figure 1.11 – Extended swimming induces spontaneous quiescence. 

(A) Comparison of C. elegans swimming (left, rapid undulations that occur at 2-4 Hz) and 

quiescence (right, near motionless for several minutes). (B) Representative data from an 

animal during swimming-quiescence switching. The animal swims continuously for ~90 min, 

then begins to spontaneously transitions between swimming and quiescence throughout the 

duration of the 6 hr recording. Figure adapted from (R. Ghosh & Emmons, 2008). 

Sleep criteria, such as a decreased response to stimuli, have not been 

observed for SIQ. However, it was indeed found that the quiescent state is rapidly 

reversed when animals were mechanically prodded after 1 min of entering 

quiescence (R. Ghosh & Emmons, 2008). In fact, after prodding, animals resumed a 

swimming bout of normal length (16 ± 1.5 min), rather than transiently responding 

to stimuli before quickly returning to the quiescent bout as seen in DTS and SIS (Hill 

et al., 2014; Raizen et al., 2008). Yet, if animals were prodded within 1 min of 

quiescence, the response was significantly reduced from 100% to 40%. This 

interesting effect was found to be due to ACh signaling, which remained high during 

the first minute of quiescence and prevented animal swimming (R. Ghosh & 
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Emmons, 2008). Thus, it is unclear if sensory circuits are in a reduced activity state 

and respond differently to external stimuli during SIQ.  

While the initial observation and characterization of SIQ occurred in multi-

well plates with 200 μL of buffer and no food (R. Ghosh & Emmons, 2008, 2010), 

more recent studies have used WorMotel devices to further understand the 

environmental and neural factors that regulate motion and quiescence bouts 

(Churgin, McCloskey, et al., 2017; McCloskey et al., 2017). WorMotel is a multi-well, 

PDMS-based device that essentially miniaturizes a standard multi-well plate in 

order to confine and image large numbers of individual animals longitudinally 

(Churgin, Jung, et al., 2017). WorMotel studies can be conducted in either small 

volumes of buffer (8-12 μL) or on agar pads (Figure 1.12). 

In WorMotel, it was discovered for the first time that SIQ is in fact not limited 

to fluidic environments, as initially observed (Figure 1.12) (R. Ghosh & Emmons, 

2008). When swimming in the absence of food, like multi-well plates, approximately 

5 min-long quiescent bouts began to emerge after approximately 1 hr (Figure 1.12) 

(McCloskey et al., 2017). When animals were instead placed on agar pads with no 

food source, SIQ continued to be observed but on a dramatically different timescale, 

with the first quiescent bout occurring after approximately 3 hours of continuous 

crawling and averaging 15 min in length (Figure 1.12) (McCloskey et al., 2017). It 

was also found that quiescent bouts after 16 hr in WorMotel are approximately 

300% longer than quiescent bouts within the first 2 hr of imaging, suggesting that 
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quiescence is related to the time away from food (McCloskey et al., 2017). These 

results strongly suggest that “swimming induced quiescence” likely falls under a 

broader umbrella of starvation-induced quiescence, regulated by the metabolic state 

and food availability.  

 

Figure 1.12 – C. elegans spontaneously transition to quiescence in both solid and 

liquid environments. 

Representative data demonstrating that both swimming (top) and crawling (bottom) C. 

elegans eventually exhibit quiescence behavior in the absence of food. Notably, quiescence 

onset is significantly delayed in crawling animals. Figure adapted from (McCloskey et al., 

2017). 

Indeed, it was observed that the amount of time animals spend active and 

quiescent can change dramatically in different food concentrations; however, food 

also promoted a third behavioral state, termed “dwelling” (McCloskey et al., 2017). 

During dwelling, animals are generally sedentary, exhibit very little body 

movement, and remain in one place to feed, as opposed to the high-activity 
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displayed during swimming or crawling (Ben Arous, Laffont, & Chatenay, 2009; 

Flavell et al., 2013). As with SIS and DTS (Hill et al., 2014; Raizen et al., 2008), EGL-4, 

promoted the low-activity behaviors (i.e. quiescence and dwelling) (McCloskey et 

al., 2017). Likewise, insulin-like signaling, which is known to play a powerful role in 

food sensation and satiety (Avery, 2010), also regulated transitions between 

roaming, dwelling and quiescence during fasting and in the presence of food 

(McCloskey et al., 2017).  

Further work in WorMotel interrogated the specific neural circuits 

underlying these behavioral states and demonstrated the complex nature of 

behavioral regulation in different environments (Churgin, McCloskey, et al., 2017). 

Serotonin was found to be highly important for regulating food-based behaviors, 

promoting roaming when released by the ADF neurons but suppressing roaming 

when released by the NSM neurons (Churgin, McCloskey, et al., 2017). Conversely, 

octopamine regulated behavior in fasting environments, promoting roaming via the 

RIC neurons (Churgin, McCloskey, et al., 2017). Thus, not only does chemical 

signaling promote or suppress behavioral states in C. elegans, but the precise neural 

origin of the signaling pathway strongly influences the behavioral output. This 

intricate interaction leads to highly flexible behavioral adaptation in varying 

mechanical, chemical and satiety conditions, regulating transitions between the 

behaviors we came across in this section: roaming, dwelling and quiescence 

(Churgin, McCloskey, et al., 2017; R. Ghosh & Emmons, 2008; McCloskey et al., 

2017).  
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This section is a case study for how an intriguing behavioral observation (R. 

Ghosh & Emmons, 2008) can lead to a cascade of work that furthers our 

understanding of the neural architecture underlying C. elegans behavioral states 

(Churgin, McCloskey, et al., 2017; R. Ghosh & Emmons, 2010; McCloskey et al., 

2017). Furthermore, we only touched the surface of how SIQ fits into a broader 

scheme of C. elegans behavior. A significant amount of literature exists studying the 

genetic, neuromodulatory signaling, and neural activity underlying nematode 

behavioral state regulation in varying environmental conditions (Avery & You, 

2012; Ben Arous et al., 2009; Flavell et al., 2013; Thomas Gallagher, Bjorness, 

Greene, You, & Avery, 2013; J M Gray, Hill, & Bargmann, 2005; Juozaityte et al., 2017; 

Sawin, Ranganathan, & Horvitz, 2000; Waggoner, Zhou, Schafer, & Schafer, 1998)  

1.2.2.3. Satiety quiescence 

In addition to SIQ, C. elegans cessation of locomotion and feeding has also 

been observed in response to high satiety states, termed “satiety quiescence” (Avery 

& You, 2012; Davis, Choi, Kim, & You, 2018; T. Gallagher, Kim, Oldenbroek, Kerr, & 

You, 2013; Thomas Gallagher & You, 2014; You, Kim, Raizen, & Avery, 2008). When 

placed on high- and low-quality food (HB101 and DA837 bacteria, respectively), 

animals on high-quality food were significantly more likely to exhibit quiescence 

(You et al., 2008). In addition, animals that were starved for 12 hr, then refed, 

exhibited dramatically more quiescence on both low- and high-quality food 

compared to non-starved animals (You et al., 2008). Essentially, conditions of high-
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satiety—high food intake, high-quality food, rapid increases in food availability—

induced quiescence.  

As with many quiescent behaviors we have reviewed, satiety quiescence was 

found to be strongly regulated by PKG signaling (via the EGL-4 homolog). egl-4(lf) 

mutants exhibited essentially no quiescence, even after fasting, while gain-of-

function mutants displayed more satiety quiescence. Furthermore insulin, cGMP, 

and TGF-β signaling are also necessary for satiety quiescence (You et al., 2008). At 

the neuronal level, it was found that the ASI neuron responds strongly to high-

quality food, suggesting that ASI monitors the nutrition value of the external 

environment (T. Gallagher et al., 2013). TGF-β signaling via ASI then acts on 

downstream neurons RIM and RIC through daf-1 receptors to regulate food intake 

by controlling feeding behavior and quiescence (T. Gallagher et al., 2013; You et al., 

2008). In addition, the ASI neuron works together with other sensory neurons, such 

as the ASH chemosensory neurons, to monitor the environment and regulate 

behavior (Davis et al., 2018). When the ASH neurons are active, ASI responses to 

appetitive stimuli are reduced. Furthermore, when comparing well-fed and starved 

animals, it was observed that ASH is highly responsive to noxious stimuli in well-fed 

conditions, but decreases in responsiveness as animals become starved. Conversely, 

ASI is less sensitive to appetitive stimuli when animals are well-fed, but it more 

sensitive to food when animals are starved (Davis et al., 2018). Thus, these data 

provide elegant insight into how sensory neurons that monitor the environment 
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drive downstream pathways that control feeding, monitor satiety and drive satiety 

quiescence. 

1.2.3. Conclusions and open questions in C. elegans sleep 

Here, we reviewed prominent C. elegans quiescent behaviors. 

Developmentally-timed sleep (DTS) occurs on a rhythmic developmental timescale 

and meets all classical criteria as sleep (Nicholas F. Trojanowski & Raizen, 2016).  

Outside of DTS, quiescence has only been observed under specific conditions: stress-

induced sleep (SIS), swimming-induced quiescence (SIQ), and satiety quiescence 

(Nicholas F. Trojanowski & Raizen, 2016). We also discussed how SIQ likely falls 

under a broader behavioral umbrella of starvation-induced quiescence to promote 

longevity and survival (Wu et al., 2018).  Many studies have worked to establish the 

genetic and molecular mechanisms underlying sleep (Table 1.1). These have 

revealed conserved signaling such as PERIOD regulation of timing, PDF promotion 

of wake, and EGF promotion of sleep (D. Chen, Taylor, Hall, & Kaplan, 2016; 

Monsalve et al., 2011; Raizen et al., 2008; Nicholas F. Trojanowski & Raizen, 2016; 

Cheryl Van Buskirk & Sternberg, 2007), demonstrating that these nematodes hold 

incredible value for understanding the signaling pathways that control sleep and 

wakefulness. Furthermore, researchers have used the powerful genetic toolbox of C. 

elegans to isolate individual neurons that promote sleep, such as ALA and RIS (Hill 

et al., 2014; Nath et al., 2016; Turek et al., 2016, 2013). These discoveries have 

enabled studies that demonstrate the complex interaction between the external 
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environment, satiety states, neural activity, chemical signaling, and 

neuromodulators to drive whole-organism behaviors.  

Despite more than a decade of research and insightful studies, there is still 

much work left to do to fully understand nematode sleep. In the case of 

developmental sleep, where animals appear to no longer need sleep after the 

transition to adulthood, there is over-arching question: Why do nematodes sleep as 

larvae? Strong evidence suggests that mammalian sleep is an essential mechanism 

for waste clearance, memory consolidation, and is critically important for survival 

(Björn Rasch and Jan Born, 2013; Brown et al., 2012; Stickgold & Walker, 2005; Xie 

et al., 2013). Yet nematodes appear to only need sleep during development, and thus 

far there is no evidence to suggest that nematode sleep consolidates their basic 

memories (e.g. the culture temperature). In addition, DTS is not required for 

survival into adulthood or a normal lifespan (H. L. Bennett et al., 2018; Wu et al., 

2018). If developmentally-timed sleep is non-essential, what is its purpose?  

With respect to C. elegans sleep states outside of development, how does 

sleep promote survival in harmful environments?  One hypothesis is that C. elegans 

use sleep as a method for energy conservation. “Shutting down” the brain during 

sleep may allow for physiological resources to be allocated elsewhere for cellular 

repair. Can this hypothesis also be applied to developmental sleep? Answering these 

questions in the humble nematode may provide fundamental insight into sleep 

across phyla.  
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At the circuit level, there is still much left to reveal about the neural control 

of C. elegans sleep. For example, many studies focus on how ALA and RIS regulate 

SIS and DTS, respectively, yet there is likely more overlap in these neural 

mechanisms than the literature suggests (N. F. Trojanowski et al., 2015). RIS was 

recently found to be involved in a wide range of physiological sleep states outside of 

lethargus, including starvation-induced sleep (Wu et al., 2018), suggesting that RIS 

plays a powerful role in SIS as well. Furthermore, few studies probe upstream 

neural circuits that drive ALA and RIS activity. For example, the heat-shock response 

is strongly mediated by AFD thermosensory neurons (Prahlad et al., 2008) and 

genetic manipulations to sensory neurons are known to alter quiescence behavior 

(Singh et al., 2011); however the direct causal link between sensory circuits and 

downstream sleep-promoting neurons is like ALA and RIS remains unestablished. 

Furthermore, although many neuropeptides are released by ALA and RIS to regulate 

behavior, it remains unclear what circuits and neurons these peptides directly 

modulate (see Figure 1.10). In addition, the large number of neuromodulators at 

play—and our inability to record neuropeptide release— dramatically complicate 

our ability to understand the signaling mechanisms underlying C. elegans sleep. 

Work that continues to unravel the genetic and micro-circuit mechanisms of 

C. elegans sleep will play an incredibly valuable role in driving forward our 

understanding of invertebrate sleep. Yet, these nematodes also offer a powerful 

advantage over other model organism—whole brain imaging—to reveal how sleep 

behavior emerges from the collective action of brain-wide circuits (Nichols et al., 
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2017). As discussed in Section 1.2.1, Nichols et al. (2017) discovered for the first 

time that, as in mammalian sleep, the C. elegans nervous systems exhibits a 

dramatically different brain state during lethargus. Approaches to whole-brain 

imaging during sleep will not only allow researchers to interrogate the neurons and 

circuits that govern the sleep brain state, but also reveal how brain-wide activity 

spontaneously transitions between dramatic brain states. 

 Methods for whole-brain imaging in C. elegans  

In the idealistic neuroscience experiment, animals perform a task, recall a 

memory, or exhibit specific behaviors while researchers record the activity of every 

neuron in the nervous system with high temporal resolution. For example, consider 

a rodent that has the goal of efficiently navigating a maze in order to receive a 

reward: a prime cut of cheese. The animal must continuously recall unique maze-

specific features, follow odors, make decisions based on these cues, then locomote 

towards to goal. Presumably, all of this information is “encoded” within sensory 

circuits and acted upon with motor circuits. Thus, by recording whole-brain activity, 

researchers may be able to disentangle how the brain senses the external 

environment, compares this data to memory, computes a decision, then performs 

the chosen locomotive behavior. While there may be many caveats to this 

hypothesis—such as neuromodulatory signaling not observable by solely recording 

neural activity—an entire field of neuroengineering is dedicated to capturing the 

activity of as many neurons in brain as possible. 
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Their compact nervous system, transparent bodies, simple behaviors, and 

suite of genetic tools make C. elegans one of the few model organisms primed for 

using combining whole-brain calcium imaging to understand how behaviors emerge 

from global brain activity. While methods have been developed to record calcium 

activity in large populations of neurons in rodents (Allen et al., 2017; Ghanbari et al., 

2018; T. H. Kim et al., 2016), even the most advanced techniques capture only a 

small fraction of mammalian brain activity and often lack cellular-resolution.  Thus, 

whole-brain imaging techniques have been developed for small animals such as fruit 

flies (Aimon et al., 2018; Chhetri et al., 2015; Lemon et al., 2015), zebrafish (Ahrens 

et al., 2012; Cong et al., 2017; Dunn et al., 2016; Haesemeyer, Robson, Li, Schier, & 

Engert, 2018; Keller, Ahrens, & Freeman, 2014; D. H. Kim et al., 2017; Prevedel et al., 

2014; Wolf et al., 2015), Hydra (Badhiwala et al., 2018; Dupre & Yuste, 2017) and C. 

elegans (Kato et al., 2015; Nguyen et al., 2015; Nguyen, Linder, Plummer, Shaevitz, & 

Leifer, 2017; Nichols et al., 2017; Scholz et al., 2018; Schrödel, Prevedel, Aumayr, 

Zimmer, & Vaziri, 2013; Venkatachalam et al., 2015). These methods capture large 

fractions of animal brain activity (>50%), allowing researchers to begin to 

understand how global brain activity drives simple behaviors and sensory 

perception.  

For C. elegans, methods for whole-brain imaging largely exists in two 

experimental schemes: freely-moving and chemically-paralyzed. This section will 

review these techniques and their pros and cons and discuss the insights they have 

given the field of nematode neurobiology. This discussion will demonstrate the 



 
62 

 

power of whole-brain imaging for revealing fundamental aspects of the global brain 

states underlying simple behaviors such as locomotion and sleep. Overall, this 

section will set the stage for whole-brain imaging during μSleep state transitions, 

which we performed in restrained but behaving animals (see Chapter 2).  

1.3.1. Whole-brain imaging in freely-moving animals 

Whole-brain calcium imaging is ideally performed in freely-moving animals 

in order to simultaneously quantify neural activity and behavior. For rodents and 

mammals, engineers envision a small, head-mounted microscope, like Miniscope (K. 

K. Ghosh et al., 2011), such that the field-of-view (FOV) remains relatively constant 

during animal movement. Clearly, for microscopic animals like C. elegans, this 

experimental approach is inadequate. Instead, cellular-resolution calcium imaging 

(40-60X magnification) in moving animals often requires automated stages that 

rapidly and precisely track animal movement in real-time to keep the brain within 

the FOV (Cong et al., 2017; D. H. Kim et al., 2017; Nguyen et al., 2015; Venkatachalam 

et al., 2015). In addition, imaging the entire brain requires a form of volumetric 

imaging, such as light-field microscopy (Aimon et al., 2018; Cong et al., 2017; 

Prevedel et al., 2014; Schrödel et al., 2013), scanning light-sheet microscopy 

(Ahrens, Orger, Robson, Li, & Keller, 2013; Bouchard et al., 2015; Keller et al., 2014; 

Wolf et al., 2015), or rapid z-scanning with an objective mounted onto a piezo driver 

(D. H. Kim et al., 2017; Nguyen et al., 2015; Venkatachalam et al., 2015). 

Furthermore, once these experimental challenges are overcome, extracting single-
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neuron data requires rigorous post-processing, neuron identification, and tracking 

individual neurons in a moving (often deformable) brain throughout the duration of 

the recording (Nguyen et al., 2017).  

To date, only two research groups have reported accomplishing this 

incredibly challenging task in C. elegans (Nguyen et al., 2015, 2017; Scholz et al., 

2018; Venkatachalam et al., 2015). The microscopy systems are quite similar 

(Nguyen et al., 2015; Venkatachalam et al., 2015). Low magnification imaging and 

near-infrared illumination captured animal behavior and head position, which was 

fed into a closed-loop tracking system that controls an automated stage to keep the 

head position near the center of the FOV (Figure 1.13A). For high-resolution 

volumetric imaging, researchers implemented a spinning-disk confocal microscope 

and high-NA objective mounted to a scanning piezo driver, allowing for an imaging 

rate of 6 vol/s.  Notably, these systems also utilized the benefits of two-color 

ratiometric imaging (Figure 1.13A). Transgenic animals not only expressed the 

calcium-sensitive indicator GCaMP6s pan-neuronally (T.-W. Chen et al., 2013), but 

also RFP in the nuclei of all neurons. Therefore, with dual-color excitation and 

emission, the microscopy system rapidly captured both RFP and GCaMP6s 

fluorescence simultaneously. The RFP channel can then be used to not only yield 

neuron locations during post-processing, but also to correct for motion artifacts. 

Standard calcium-imaging experiments report the normalized fluorescence, ∆F/F0. 

However, in a behaving and crawling animal, the GCaMP signal can exhibit pervasive 

noise. Therefore, calcium-imaging experiments in moving animals often report the 
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ratio of the GCaMP signal to the RFP control channel, ∆R/R0, reducing motion 

artifacts. 

 

Figure 1.13 – Whole brain imaging in freely moving animals. 

(A) Simultaneous image acquisitions necessary for whole-brain imaging. Low magnification 

with infrared illumination allows for imaging the entire animal and monitoring animal 

behavior (animal centerline is shown). Low magnification with RFP imaging allows for real-

time identification of the worm brain and drives an automated stage to keep the brain in the 

center of the FOV. Two-color high magnification then allows for simultaneously imaging RFP 

to acquire neuron location and GCaMP to monitor neural activity. (B) Heatmap of example 

whole-brain recording (~80 neurons) and simultaneous locomotive behavior. Figure 

adapted from (Nguyen et al., 2015). 

These advanced systems have the powerful advantage monitoring whole-

brain activity (50-100 neurons) with cellular resolution while simultaneously 

recording animal behavior (Figure 1.13B). Therefore, the activity of individual 

neurons can be correlated with locomotor motifs, such as forward and backward 

locomotion and turning (Nguyen et al., 2015; Venkatachalam et al., 2015). 

Venkatachalam et al. also performed their recordings while cycling the 
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environmental temperature between 14.5 °C and 17.5 °C and were able to identify a 

subset of neurons that responded to these temperature fluctuations 

(Venkatachalam et al., 2015). These results corroborate previous reports that 

specific neurons drive behaviors and sensations (Luo, Clark, Biron, Mahadevan, & 

Samuel, 2006; Piggott, Liu, Feng, Wescott, & Xu, 2011; Zhen & Samuel, 2015); 

however, a specific goal of these experiments is to understand how ensemble neural 

activity causally drives animal behavior. The Leifer lab has recently made strides in 

this aspect, demonstrating that a sparse linear model can accurately decode animal 

locomotion, providing insight into how this simple brain encodes and controls 

behaviors (Scholz et al., 2018).  

1.3.2. Whole-brain imaging in chemically paralyzed animals 

As discussed in the previous section, tracking a moving nematode brain in 

real-time during experiments and tracking the location of individual neurons during 

post-processing is a challenging problem (Nguyen et al., 2015, 2017; Scholz et al., 

2018; Venkatachalam et al., 2015). To circumvent these challenges during whole-

brain imaging, many C. elegans researchers immobilize animals with chemical 

paralytics (1-5 mM tetramisole) (Kato et al., 2015; Nichols et al., 2017; Prevedel et 

al., 2014; Schrödel et al., 2013; Skora et al., 2018). When coupled with microfluidic 

chambers that restrain animals, this powerful method, pioneered by Manuel 

Zimmer’s laboratory, essentially eliminates all animal motion while maintaining 

stable brain activity. Thus, there is no need to track the animal head during 
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experiments, nor track neuron positions during post-processing, dramatically 

simplifying experiments and image processing.  

Using a spinning-disk confocal microscope, researchers image at 2.5-4 vol/s 

when monitoring GCaMP activity and consistently capture more than 100 individual 

neurons in the worm head (Figure 1.14A) (Kato et al., 2015; Nichols et al., 2017; 

Skora et al., 2018). The unchanging position of the neuron cell body also yields a 

high-quality 3D reconstruction of the volume, allowing for comparison with known 

C. elegans anatomy and the identification of neuron identities (Figure 1.14A) (Kato 

et al., 2015; Nichols et al., 2017; Skora et al., 2018). Therefore, not only can whole-

brain activity be quantified, but researchers can study how individual sensory-, 

locomotor-, and inter-neurons drive brain-wide dynamics.  
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Figure 1.14 – Whole brain imaging in paralyzed worms reveals low-dimensional 

neural manifolds. 

(A) Whole-brain calcium activity in a paralyzed animal. Paralyzation enables imaging > 100 

neurons simultaneously, and neuron identification (left axis). In this experimental scheme, 

many neurons across the brain exhibit highly coordinated activity. (B) PCA reveals low-

dimensional neural manifolds. A majority of the variance in neural activity can be captured 

with the first three PCs. (Left) Using neuron identification and results from single-neuron 

imaging, Kato et al. mapped the motor command sequence and what portions of the neural 
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manifold correspond to specific locomotive behaviors. Figure adapted from (Kato et al., 

2015). 

These recordings typically reveal large-scale, coordinated activity across the 

worm brain; yet a clear question that arises when recording from paralyzed animals 

is: How does this neural activity relate to behavior? Initial studies approached this 

question by comparing whole-brain recordings in paralyzed animals to a subset of 

single-neuron recordings in freely-moving animals (Kato et al., 2015). For example, 

they found that rising activity in interneurons such as RIM, AVA, and AVE strongly 

correlated with animal reversals, and falling activity with forward locomotion (Kato 

et al., 2015). Therefore, by identifying these neurons in whole-brain recordings from 

paralyzed animals, researchers were able to assume the likely intended animal 

behavior and correlated brain-wide neural dynamics with locomotion (Figure 

1.14B) (Kato et al., 2015).  

 

Using principal component analysis (PCA) to reduce the dimensionality of 

whole-brain calcium imaging recordings (1 neuron = 1 dimension), researchers 

discovered that a majority (65%) of the variance in C. elegans neural activity can be 

captured with only the first three principle components (PCs) (Figure 1.14B)  (Kato 

et al., 2015). These PCs form a low-dimensional space, and the neural activity in this 

space forms a smooth manifold with cyclical dynamics (Figure 1.14B). The activity 

on this manifold largely represent animal locomotive motifs—forward locomotion, 

backward locomotion, and turning (Figure 1.14B)—consistent with single-unit 
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recordings from mammalian motor cortex demonstrating that the neural activity 

driving animal locomotion can largely be captured with only a few dimensions 

(Cunningham & Yu, 2014; Gallego, Perich, Miller, & Solla, 2017; Pandarinath et al., 

2018; Sadtler et al., 2014). Furthermore, C. elegans interneuron activity dominates 

this low-dimensional space, suggesting that this subset of neurons drive nematode 

global-brain activity states (Kato et al., 2015).  

Follow-up studies with whole-brain recordings from paralyzed animals 

sought to understand the brain-wide neural activity governing C. elegans 

developmentally-timed sleep (DTS) (reviewed in Section 1.2.1) (Nichols et al., 

2017). As expected (Kato et al., 2015), during wakefulness (21% O2) the worm brain 

exhibited coordinated activity (see Figure 1.8), large groups of neurons were active 

in unison, and the activity on the manifold displayed cyclical dynamics (Figure 1.15). 

However, the neural activity during sleep (10% O2) displayed strikingly different 

characteristics—a large-scale downregulation of activity across nearly every neuron 

in the brain (see Figure 1.8) and a transition to fixed-point attractor dynamics in 

PCA space (Figure 1.15) (Nichols et al., 2017).  
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Figure 1.15 – PCA captures brain-wide changes in neural dynamics during C. elegans 

sleep. 

(Left) During pre-lethargus (when there is no sleep), the activity on the neural manifold 

strongly resembles the cyclic activity previously observed by Kato et al. (2015). (Right) 

During lethargus, the oxygen switch induces sleep. During sleep, brain-wide dynamics in PCA 

space shift from cyclical dynamics to fixed-point attractor dynamics. The fixed-point is non-

zero, suggesting that some neural activity—a “sleep circuit”—remains active. Figure adapted 

from (Nichols et al., 2017). 

1.3.3.  Conclusions and future directions of whole-brain imaging for C. 

elegans neuroscience 

C. elegans whole-brain imaging has already revolutionized our understanding 

of the neural computations underlying this tiny animal’s behavior, yet this field is 

still in its infancy and has much to offer not only nematode neurobiology, but 

neuroscience as a whole. Indeed, we can use these microscopic animals and imaging 

techniques to interrogate fundamental questions into how the brain encodes 

sensory information and drives behaviors with ensemble neural activity. 
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Recordings from paralyzed animals (Section 1.3.2) will continue to be an 

invaluable tool. These high-quality, low-noise recordings capture the activity of 

nearly all neurons in the worm head, allow for single-neuron identification, and the 

microfluidic device is advantageous for the controlled delivery of stimuli (Kato et al., 

2015; Nichols et al., 2017; Schrödel et al., 2013; Skora et al., 2018). In addition, this 

experimental approach provides a paths towards whole-nervous system recordings 

for high-resolution imaging systems with large FOVs (Prevedel et al., 2014).  

Reports that have used chemical paralytics for C. elegans whole-brain 

imaging have laid a high bar for all future studies utilizing whole-brain recordings; 

however, the lack of a ground-truth behavioral output is a significant disadvantage 

and limits the outlook of these experiments. Furthermore, recent results have 

suggested that chemical paralysis itself leads to low-dimensional manifolds and that 

the PCs of neural activity do not accurately predict behavior (Scholz et al., 2018). 

The future of C. elegans whole-brain imaging lies in recordings from freely-behaving 

animals, but technological advances are needed to improve data quality, reduce the 

complexity of neuron tracking, and analyze these complicated and high-dimensional 

data sets: 

• Hardware and microscopy: The fastest reported imaging rate of 6 vol/s in 

freely-moving animals leads to large amounts of motion—a single neuron can 

move up to the length of the worm head between volumes (Nguyen et al., 

2017). This large amount of movement also significantly complicates tracking 
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individual cell locations across an entire recording, which requires extensive 

and robust machine-learning approaches for automated tracking (Nguyen et 

al., 2017). Rapid volumetric imaging methods, such as Swept, Confocally-

Aligned Planar Excitation microscopy (SCAPE, a hybrid light-sheet/confocal 

imaging technique (Bouchard et al., 2015)), that can capture volumetric data 

at rates > 20 vol/s will not only increase the temporal resolution for recording 

neural dynamics, but also make automated cell tracking more accessible.  

1. Protein-engineering: Advances in protein engineering will lead to brighter 

genetically-encoded calcium indicators with better kinetics that improve upon 

the current signal-to-noise ratios and make the acquired data more reliable 

(Broussard, Liang, & Tian, 2014a; T.-W. Chen et al., 2013; Muto et al., 2011; 

Storace et al., 2016). In addition, the field will likely move towards red-shifted 

calcium indicators in the near future (Dana et al., 2016) to reduce the reliance 

on blue-light excitation, which can dramatically affect animal behavior 

(Edwards et al., 2008; Gong et al., 2016; Ward, Liu, Feng, & Xu, 2008). 

Eventually, the field will move away from calcium imaging entirely and instead 

use genetically-encoded voltage indicators for direct optical readouts of neural 

membrane potentials with high temporal resolution throughout the entire 

worm brain (Broussard, Liang, & Tian, 2014b; Flytzanis et al., 2014; Storace et 

al., 2016). 
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2. Computational modeling: The field of whole-brain imaging will also need 

new computational techniques for determining how ensemble neural activity 

causally drives animal behavior. Researchers envision capturing brain-wide 

activity and quantifying global-brain states, but also identifying specific neural 

circuits and patterns of activity that control behavior and sensory perception 

(Feierstein, Portugues, & Orger, 2015; Kaplan et al., 2018; Kutz, 2019). 

Furthermore, researchers also want to accurately decode behavior using 

neural activity alone, and predict future behaviors in real-time. Such advances 

are beginning to be made in behaving and “fictive-behaving” (immobilized 

animals in virtual reality) zebrafish during whole-brain imaging (X. Chen et al., 

2018; Dunn et al., 2016; Haesemeyer et al., 2018; Portugues, Feierstein, 

Engert, & Orger, 2014; Severi et al., 2014; Vladimirov et al., 2018). For 

example, Vladimirov et al. (2018) developed a system that records whole-

brain activity, performs rapid online processing that quantifies brain states, 

identifies single neurons as central hubs of computation, optically ablates 

these neurons, then records the subsequent brain-wide changes in activity. 

Such experiments will continued to be paired with advanced computational 

modeling that reveal the how individual circuits across the small-organism 

brain compute and drive global-brain states. 

The field of whole-brain imaging in small animals like C. elegans is highly 

interdisciplinary with a bright future for answering fundamental questions in 

neuroscience. In the next chapter will detail our findings with μSleep: a behavioral 
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state transition accompanied by a global-brain state transition. As technological 

advances continued to be made in whole-brain imaging, μSleep can serve as an ideal 

fundamental behavior to understand the neural control of sleep and dramatic brain 

state transitions. 
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Chapter 2 

C. elegans μSleep Behavior 

In Chapter 1, I reviewed C. elegans microfluidics, sleep and whole-brain 

imaging. We saw how microfluidics enabled and strengthened a wide-range of C. 

elegans subfields in neurobiology, how worm sleep provides a model for 

understanding the neural circuit control of state transitions, and how whole-brain 

imaging allows for elucidating how brain-wide activity generates specific behaviors. 

In the following chapters, I combine all of these aspects into one platform—

describing a previously unreported C. elegans sleep behavior using behavioral 

measurements, tailored microfluidic environments, and whole-brain calcium 

imaging. In this chapter, I will describe and quantify μSleep behavior and show 

behavioral evidence that this is a C. elegans sleep behavior. This chapter is largely 

adapted from Gonzales, Zhou, & Robinson, 2019, which is currently under review as 

of April 2019. A non-peer reviewed preprint can be found at 

https://doi.org/10.1101/547075. 

 

https://doi.org/10.1101/547075
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 Comparison of μSleep with stress-induced sleep and 

swimming-induced quiescence 

When confined to microfluidic chambers we found that adult C. elegans 

rapidly and spontaneously switch between normal activity and brief quiescent 

bouts without any additional stimuli (Figure 2.1A). We initially observed this 

behavior when immobilizing worms for recording body-wall muscle 

electrophysiology (Gonzales et al., 2017). In these electrical recordings we observed 

minutes-long periods of muscle inactivity that corresponded to whole-animal 

quiescence (Gonzales et al., 2017). We have since found that this quiescence occurs 

in a wide range of microfluidic geometries, such as large chambers and artificial dirt 

micropillars.  

We found that the onset, frequency, and duration of quiescent bouts in 

microfluidic chambers are unique compared to previously-reported sleep behaviors 

in adult C. elegans (Figure 2.1B-F). While larval C. elegans display quiescence during 

lethargus (reviewed in Section 1.2.1) (Raizen et al., 2008), quiescence in adult 

worms occurs in only a few situations (reviewed in Section 1.2.2), such as after 

several hours of swimming (Churgin, McCloskey, et al., 2017; R. Ghosh & Emmons, 

2008; McCloskey et al., 2017) or after exposure to extreme environmental 

conditions (DeBardeleben et al., 2017; Hill et al., 2014; Iannacone et al., 2017; Nath 

et al., 2016; Matthew D. Nelson et al., 2014). To determine how microfluidic-induced 

quiescence compares to the well-established “swimming-induced quiescence” (SIQ) 
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that occurs in swimming animals and “stress-induced sleep” (SIS) that occurs from a 

30 min heat shock, we quantified these behaviors using the same methods to 

analyze μSleep (Figure 2.1B-F).  During a 4 hr imaging period, we found that animals 

partially immobilized in microfluidic channels (50 μm width, ~0.004 μL per 

chamber) displayed short (1.3 ± 0.1 min, mean ± sem, Figure 2.1E) bouts that, on 

average, began within the first hour of imaging (51 ± 4 min, mean ± sem, Figure 

2.1D). Likewise, we also observed frequent, but longer (2.4 ± 0.3 min, mean ± sem, 

Figure 2.1E) quiescent bouts when the microfluidic chambers were large enough to 

allow animals to swim (500 μm width, ~0.1 μL per chamber).  We compared these 

data to SIQ, where animals alternate between swimming and quiescence in a large 

multi-well device or “WorMotel” (Figure 2.1B, 8 μL of buffer per well) (Churgin, 

Jung, et al., 2017). In WorMotel, we recorded 5-7 times less sleep over the imaging 

period compared to microfluidic chambers (Figure 2.1C) and longer quiescent bouts 

compared to either microfluidic geometry (3.6 ± 0.3 min, mean ± sem, Figure 2.1E). 

Additionally, the average quiescence onset time was more than double what we 

observed for μSleep (175 ± 6 min, mean ± sem, Figure 2.1D). For our final 

comparison point, we heat-shocked animals in the large microfluidic device for 30 

min at 30 °C to record SIS (Hill et al., 2014) (Figure 2.1B). As expected, during the 

noxious heat stimulus animals displayed their first quiescent bout more than 4-6 

times faster than in microfluidic chambers with no external heat applied (13 ± 0.7 

min, mean ± sem, Figure 2.1D). 
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Figure 2.1 – Microfluidic-induced quiescence is phenotypically distinct from SIS and 

SIQ. 

(A) Characteristic worm quiescence in a microfluidic chamber. (Left) 1 hr activity trace from 

a worm swimming in a microfluidic chamber, calculated by subtracting consecutive frames 

to quantify movement (see Chapter 5). Quiescence is hallmarked by a clear drop in animal 

activity to near zero. (Right) 1 s overlap of frames shows the animal swimming during the 

wake period (W) and immobile during quiescence (Q). (B) All quiescent bouts recorded from 

animals in a small microfluidic chamber (50 μm width), large microfluidic chamber (500 μm 

width), WorMotel multi-well PDMS device, and large microfluidic device during a 30 min heat 

shock at 30 °C (see inset images). Raster plots show the bouts recorded from each animal 

during a 4 hr imaging period (n = 47 animals for each condition). Experiments represented 

in the raster plots are sorted by the onset of the first detected sleep bout. (C-F) Quantitative 

sleep metrics. Sμ = small microfluidic chambers, Lμ = large microfluidic chambers, WM = 

WorMotel, HS = first hour of heat shock. (C) The total fraction of time each animal spent in 

the quiescent state. (D) Onset time of the first quiescent bout. (E) Length of individual 

quiescent bouts. (F) Length of individual wake bouts, excluding the first period of wake after 

animals are loaded into the chamber. (n = 47 animals for each condition; *p < 0.05, ** p < 0.01, 

***p<0.001, ****p<0.0001, *****p<0.00001; Kruskal-Wallis with a post-hoc Dunn-Sidak test). 

(Figure adapted from Gonzales et al., 2019, under review as of April 2019). 
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It is important to note that while the μSleep phenotype shows a number of 

quantitative differences when compared to SIQ and SIS (Figure 2.1), it is not clear if 

microfluidic-induced quiescence can be classified as a new C. elegans behavior. It is 

possible that the microfluidic environment accelerates episodic swimming or 

introduces mild stressors that more slowly lead to stress-induced quiescence. Thus, 

we consider μSleep behavior to be phenotypically distinct from other reported 

quiescent behaviors in C. elegans adults, and not necessarily a new behavioral state. 

 μSleep meets behavioral requirements for sleep 

Our observation of spontaneous C. elegans quiescence in microfluidic 

chambers led us to  determine whether this behavioral state transition meets the 

evolutionarily-conserved criteria for classification as sleep: reversibility, a 

decreased response to stimuli, homeostasis, and a stereotypical posture (Campbell 

& Tobler, 1984). C. elegans developmentally-timed sleep as larvae meets all 

requirements (reviewed in Section 1.2.1) (J. Y. Cho & Sternberg, 2014; Driver et al., 

2013; Iwanir et al., 2013; Nagy, Tramm, et al., 2014; Raizen et al., 2008; Schwarz et 

al., 2011; Tramm et al., 2014; Nicholas F. Trojanowski & Raizen, 2016). However, 

sleep in adult worms—which occurs in only specific environmental conditions—is 

typically defined based on reversibility and a decreased response to stimuli 

(reviewed in Section 1.2.2.1) (Hill et al., 2014; Nicholas F. Trojanowski & Raizen, 

2016). Here, we tested for reversibility, decreased response to stimuli and a micro-

homeostatic rebound.  
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To test for reversibility, we used blue light (5 s pulse, 5 mW/cm2) as a strong 

stimulus and found that this rapidly and reliably reversed the quiescent state 

(Figure 2.2A). To test for a decreased response to stimuli, we fabricated microfluidic 

push-down valves designed to deliver tunable mechanical stimuli, similar to 

previously developed technology for worms (McClanahan et al., 2017). We found 

that when we applied a strong stimulus (high pressure, 30 psi), both wake and 

quiescent animals robustly responded with a significant increase in behavioral 

activity, which provides additional confirmation that the quiescent state is 

reversible (Figure 2.2B). When we applied a weak stimulus to wake animals (low 

pressure, 15 psi), we again reliably recorded a significant increase in activity (Figure 

2.2B). However, when we delivered a weak stimulus to quiescent animals, they 

responded weakly, exhibiting an average behavioral activity less than half that of all 

other conditions (Figure 2.2B-C). These data suggest that during quiescence, 

sensory systems are less responsive and in a reduced activity state, consistent with 

previous reports during C. elegans sleep (J. Y. Cho & Sternberg, 2014; Hill et al., 

2014; Raizen et al., 2008; Schwarz et al., 2011).  
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Figure 2.2 – Microfluidic-induced quiescence is reversible and animals shown a 

decreased response to weak external stimuli. 

(A) The quiescent state is reversible. (Left) Heatmap of animal activity. Measurements begin 

with all animals in the quiescent state. The 5 s light pulse at t = 30 s results in a rapid increase 

in animal activity. (Right) Mean activity of each animal during the first and second 30 s of 

imaging shows a clear transition from quiescent to wake states (n = 13 worms, *****p < 

0.00001, paired t-test). (B) Quiescent animals have a decreased response to weak sensory 

stimuli. Heatmaps of activity from wake and quiescent animals that received strong or weak 

mechanical stimuli from microfluidic valves. For each condition, only the 25 trials with the 

highest mean activity post-stimulation are shown. “Wake” indicates trials in which animals 
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were awake but have a below-average activity before stimulation (see Chapter 5). “μSleep” 

indicates trials in which animals were quiescent before stimulation. All conditions show an 

increase in activity upon stimulation, but fewer animals are responsive when receiving weak 

stimuli. (C) Mean activity after mechanical stimulation from the trials in (B). Behavioral 

activity is identical in all cases other than when quiescent animals received weak mechanical 

stimuli (Wake-Strong n = 108, Wake-Weak n = 176, μSleep-Strong n = 51, μSleep-Weak n = 

29; ***p < 0.001, Kruskal-Wallis with a post-hoc Dunn-Sidak test). (Figure adapted from 

Gonzales et al., 2019, under review as of April 2019). 

In addition, we also tested for homeostatic rebound, which is found in worm 

developmental sleep (Iwanir et al., 2013; Raizen et al., 2008; Wu et al., 2018). 

Because sleep deprivation produced with external stimuli (e.g. mechanical pulses) 

can produce a stress response (Driver et al., 2013), we tested whether sleep bout 

length depends on the length of the previous wake bout (Figure 2.3). We 

hypothesized that longer wake bouts would lead to longer sleep bouts due to micro-

homeostatic mechanisms, as previously observed for developmental sleep (Iwanir 

et al., 2013). Indeed, we found that sleep bouts increased from 1.5 ± 0.1 min to 2.5 ± 

0.1 min (mean ± sem) as the preceding wake bout increased in length from < 1 min 

to 20 min (Figure 2.3). However, even when wake bout lengths increased to longer 

than an hour, the sleep bouts lengths plateaued to an average of only 2.3 ± 0.1 min 

(Figure 2.3), contradicting the hypothesis that extended wake periods lead to sleep 

deprivation and homeostatic rebound. These results suggest that micro-

homeostasis may be present in μSleep; however, future work is needed to test for 

homeostatic rebound based on non-stress-inducing sleep deprivation, such as 

optogenetic inhibition of sleep-promoting neurons (Wu et al., 2018). Together our 



 
83 

 

results indicate that microfluidic-induced quiescence indeed meets the behavioral 

precedents to be called a C. elegans sleep state: reversibility and a decreased 

response to stimuli. 

 

Figure 2.3 – μSleep shows micro-homeostatic rebound. 

(Top) Sleep bout length vs the previous wake bout length for wake bouts lasting up to 100 

min. Data points represent individual sleep and wake bout pairs from data collected from 50 
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and 500 μm chambers with WT animals (see Figure 2.1, 4 hr-long recordings and Figure 4.1, 

2 hr-long recordings, number of animals = 233). Black line is a moving average of all data (± 

sem) calculated with a sliding window 5 min long. (Middle) Zoom of the top plot shows that 

sleep bouts generally increase in length as the preceding wake bouts increases from 0 to 20 

min. (Bottom) Binned data for 5 min windows shows a significant increase in sleep bout 

length compared to the first 5 min of imaging. (ns = not significant, ****p < 0.0001 compared 

to 0-5 min data set, Kruskal-Wallis with a post-hoc Dunn-Sidak test). (Figure adapted from 

Gonzales et al., 2019, under review as of April 2019). 

 μSleep is dependent on C. elegans sleep-promoting neurons 

To further validate that μSleep is a sleep state, we interrogated the role of 

two interneurons, RIS and ALA, known to dominate C. elegans developmental and 

stress-induced sleep, respectively, via at least partially distinct signaling pathways 

(N. F. Trojanowski et al., 2015; Nicholas F. Trojanowski & Raizen, 2016). To test 

whether μSleep is also dependent on these neurons, we compared the sleep 

phenotype of WT animals to ceh-17(lf) and aptf-1(lf) loss-of-function mutants 

(Figure 2.4A). ceh-17(lf) shows defective axonal growth of the ALA neuron and less 

SIS (Hill et al., 2014). aptf-1(lf) lacks the transcription factor necessary for RIS to 

signal quiescence via the FLP-11 neuropeptide (Turek et al., 2016, 2013). In our 

experiments, both ceh-17(lf) and aptf-1(lf) mutants showed more than 4.5 times less 

total μSleep than WT animals (Figure 2.4B), further validating that μSleep is a C. 

elegans sleep state controlled by previously-reported neural mechanisms. 
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Figure 2.4 – ALA and RIS defective mutants show less sleep compared to WT. 

(A) Raster plots of detected sleep bouts from WT, ceh-17(lf) and aptf-1(lf) animals. Only the 

top 50 animals showing the most total μSleep are shown. (B) Both ceh-17(lf) and aptf-1(lf) 

show less total sleep than WT. The data suggest that μSleep is strongly dependent on the ALA 

and RIS neurons. (WT n = 57, ceh-17(lf) n = 57, aptf-1(lf) n = 60; *****p < 0.00001 compared 

to WT, Kruskal-Wallis with a post-hoc Dunn-Sidak test). (Figure adapted from Gonzales et al., 

2019, under review as of April 2019). 
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Chapter 3 

A Global Brain-State Transition 

Underlies μSleep Behavior 

In the previous chapter, I introduced μSleep behavior showed evidence that 

this is indeed a C. elegans sleep state. Having established that μSleep meets the 

criteria for C. elegans sleep and is hallmarked by a dramatic behavioral state 

transition, we also sought to confirm that these spontaneous behavioral transitions 

were accompanied by an underlying global-brain state transition (Nichols et al., 

2017; Skora et al., 2018). We achieved these goals using whole-brain and single-

neuron calcium imaging, which were enabled by animal confinement and the 

microfluidic platform. This chapter is largely adapted from Gonzales, Zhou, & 

Robinson, 2019, which is currently under review as of April 2019. A non-peer 

reviewed preprint can be found at https://doi.org/10.1101/547075. 

https://doi.org/10.1101/547075
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 The advantages of μSleep for capturing brain-state transitions 

Previous work in chemically-paralyzed animals used brain-wide calcium 

imaging to establish that the C. elegans nervous system, with the exception of a few 

neurons, transitions to a large-scale downregulation of neural activity during sleep 

(reviewed in Section 1.3.2) (Nichols et al., 2017; Skora et al., 2018). Yet, this global 

brain activity has only been observed during C. elegans developmental sleep 

(Nichols et al., 2017) and sleep induced by a 16 hr period of starvation (Skora et al., 

2018), which are both significantly different conditions compared to μSleep. For 

example, our microfluidic assays use adult animals and we typically observe 

quiescence within the first hour after removal from food (see Figure 2.1).  

Using whole-brain calcium-sensitive imaging we were able to establish that 

μSleep is indeed associated with a global brain state transition (Figure 3.1). For 

these experiments we found that the μSleep behavior has a distinct advantage 

compared to other whole-brain imaging experimental preparations. Typically, 

whole-brain calcium imaging in C. elegans exists in two paradigms (reviewed in 

Section 1.3): volumetric imaging of either freely-moving animals (Nguyen et al., 

2015, 2017; Venkatachalam et al., 2015) or chemically-paralyzed animals confined 

in microfluidic chambers (Kato et al., 2015; Nichols et al., 2017; Skora et al., 2018). 

While imaging freely-moving animals allows for simultaneous quantification of 

neural activity and behavior, tracking a moving brain during experiments (Nguyen 

et al., 2015; Venkatachalam et al., 2015) and tracking the location of individual 
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neurons during post-processing (Nguyen et al., 2017) remains challenging. 

Alternatively, chemically paralyzing animals simplifies experiments but does not 

provide a direct behavioral output during imaging (Kato et al., 2015; Nichols et al., 

2017; Skora et al., 2018). The major advantage of the μSleep behavior for whole-

brain imaging is that animals can be confined in microfluidic chambers, which 

facilitates imaging without the use of paralytics that could disrupt spontaneous 

sleep-wake transitions (see Figure 2.1).  

 μSleep is associated with a global-brain state transition 

To exploit this advantage, we developed an imaging protocol using a 

microfluidic chamber geometry similar to previous studies (Kato et al., 2015; 

Nichols et al., 2017) that partially-immobilizes animals but allows for enough 

movement to quantify animal behavior and detect μSleep during whole-brain 

calcium imaging (Figure 3.1). By incorporating a period of animal habituation to 

blue excitation light, we were able to image continuously for 10 minutes using 

single-plane epifluorescence microscopy and capture spontaneous sleep-wake 

transitions in approximately 25% of animals (see methods in Chapter 5, Section 

5.8). Imaging a single 2D-plane allowed for quantifying both average ganglia activity 

and the activity of several individual neurons (Figure 3.1B). With this imaging 

protocol, we observed a distinct correlation between animal behavior and neural 

activity (Figure 3.1B). During μSleep both the average ganglia activity and the 
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activity of individual neurons dropped significantly (78 ± 10% and 55 ± 10%, 

respectively) (Figure 3.1C).  

 

Figure 3.1 – μSleep is a global-brain state. 

(A) Adult animal immobilized in a microfluidic chamber tailored for whole-brain imaging. 

(Inset) Single-plane epifluorescence image of an animal with pan-neuronal expression of 

GCaMP6s. (B) Representative animal shows behavioral quiescence correlates with less 

neural activity. (Top) Behavioral activity trace quantified by tracking the motion of ten 

individual neurons. (Middle) Average fluorescence across the whole worm head ganglia. 

(Bottom) Activity of ten individual neurons show a clear brain-state transition and less neural 

activity during μSleep. (C) Using only behavioral activity, we identified quiescent bouts then 

quantified neural activity during sleep and wake. During μSleep, animals exhibited a large-
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scale downregulation of neural activity across both the entire ganglia and most individual 

neurons. (n = 7 animals; 10 neurons were tracked per animal; ***p < 0.001, *****p < 0.00001, 

paired t-test). (Figure adapted from Gonzales et al., 2019, under review as of April 2019). 

 The RIS neuron is more active during μSleep 

As expected from previous work (Nichols et al., 2017; Skora et al., 2018; 

Turek et al., 2016, 2013; Wu et al., 2018), we observed that some neurons actually 

increased in activity during μSleep (Figure 3.1C). These works (reviewed in Section 

1.2.1) provide strong evidence that the RIS neuron is a major driver of many types 

of C. elegans sleep behaviors and becomes more active during quiescence (Turek et 

al., 2016, 2013; Wu et al., 2018). Using single-neuron imaging of the RIS neuron in 

behaving animals confined in microfluidic channels, we confirmed that RIS becomes 

more active during μSleep (Figure 3.2). This two-color imaging setup included 

simultaneous imaging of mKate (to get neuron location) and GCaMP3 (to get neuron 

activity) and showed that RIS negatively-correlates behavioral activity, becoming 

more active as animal behavior decreased (Figure 3.2). These results confirmed that 

the RIS neuron is a part of a sleep-promoting neuron for C. elegans μSleep. 
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Figure 3.2 – RIS neuron is more active during sleep and low-behavioral activity. 

(A) Fluorescent micrograph of the mKate channel, showing HBR1361 animals immobilized 

in 50 μm-wide chambers and expressing mKate and GCaMP3 in the RIS neurons. (B) 

Representative traces of animal behavioral activity (top) and RIS calcium activity (bottom). 

RIS activity dramatically increases during μSleep bouts (shaded regions), opposed to the 

majority of worm brain activity (see Figure 3.1). (C) RIS is more active during μSleep. We 

automatically detected sleep bouts across animals, calculated mean RIS activity during wake 

and μSleep, and quantified mean RIS activity in each behavioral state. Dashed line shows the 

average RIS activity for animals that did not display a sleep bout. (Data points represent 

individual animals; n = 48 animals total, n = 31 animals exhibited at least one sleep bout, n = 

17 animals did not sleep; *****p < 0.00001, paired t-test). (D) RIS activity negatively 

correlates with animal behavior. Across all animals, we split behavioral and fluorescence data 

into 10 min windows and calculated the fluorescence correlation with behavior. ∆R/R data 

(green trace) showed a strong negative correlation with behavior, consistent with the 

hypothesis that RIS becomes more active as behavioral activity falls. Randomly shuffling the 

∆R/R windows as a control removes this strong correlation (gray trace). To test for 



 
92 

 

movement artifacts that could possibly lead to a correlation between fluorescence and 

behavior, we performed the same analysis with the mKate channel only (red trace); however, 

this did not lead to the strong negative correlation with seen in the ∆R/R data. Thus, RIS  

activity is strongly correlated with low behavioral activity. (Figure adapted from Gonzales et 

al., 2019, under review as of April 2019). 

These results further support the claim that μSleep is a C. elegans sleep 

behavior controlled by sleep-promoting circuits and corroborate previous reports 

that a unique brain state governs C. elegans sleep (Nichols et al., 2017; Skora et al., 

2018). Furthermore, these results show that μSleep behavior is an advantageous 

behavioral paradigm that facilitates whole-brain imaging while measuring animal 

activity without the need for chemically induced paralysis. 



 
93 

 

Chapter 4 

μSleep is Regulated by Satiety, 

Thermosensation, and 

Mechanosensation 

The combination of behavioral and calcium-imaging data in previous 

chapters shows that μSleep is hallmarked by a spontaneous brain and behavioral 

state transition (Figure 3.1). We also found that the sleep state is regulated by sleep-

promoting neurons like RIS and ALA (Figure 2.4, Figure 3.2). In this chapter, we will 

describe neural circuits upstream of RIS and ALA that regulate μSleep. Recall from 

Chapter 2 that we measured distinct phenotypes when comparing swimming 

animals in WorMotel to swimming animals in microfluidic chambers (Figure 2.1). 

However, the only significant factor distinguishing our microfluidic modules and 

WorMotel is an ~80-fold difference in the size of the chambers that confine animals. 

Therefore, we hypothesized that C. elegans sensory circuits detect features unique 

to the microfluidic environment and in turn drive sleep behavior. This chapter is 

largely adapted from Gonzales, Zhou, & Robinson, 2019, which is currently under 
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review as of April 2019. A non-peer reviewed preprint can be found at 

https://doi.org/10.1101/547075. 

 Defining baseline environmental conditions 

To elucidate the cues regulating μSleep, we used the versatility of 

microfluidics to perform assays under a variety of conditions (Figure 4.1). Namely, 

we used the power of microfluidics to control the food availability, environmental 

temperature, and chamber geometry to observe changes in the μSleep phenotype 

(Figure 4.1). All of these changes were compared to a defined “baseline” behavior. 

We defined our baseline experimental conditions as: 20 °C cultivation temperature 

(Tc); animals are transferred directly from seeded nematode growth media (NGM) 

into the microfluidic device; the microfluidic media (M9 buffer) contains no food 

source; the temperature during imaging is 22 °C. 

https://doi.org/10.1101/547075
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Figure 4.1 – Satiety, thermosensation, and mechanosensation regulate μSleep. 

(A) Detected sleep bouts for WT animals in several experimental conditions. Raster plots 

show detected sleep bouts during a 2 hr imaging period. “Baseline” indicates the standard 

experimental conditions. “Starved” indicates animals that were starved prior to the assay. 

“+Food” indicates conditions in which E. coli OP50 was added into the buffer during 

recordings. “+Heat” indicates imaging conditions where the temperature was raised to 25 °C.  

“+Compression” indicates that animals are partially immobilized in 50 μm-wide chambers. 

See micrographs under (D) for chamber geometries. In all cases, the sleep phenotype varies 

dramatically from the baseline. Only the 55 animals that displayed the most sleep are plotted 

for clarity. Raster plots for all WT and mutant animals are shown in Fig. S4. (B) Total WT sleep 

under varying satiety conditions. As satiety increases from “Starved” to “+Food,” animals 

exhibit less μSleep (from left to right on the plot the number of animals n = 55, 68, 67). (C) 

Total μSleep under varying temperature conditions. “Cool” = 18 °C, “Baseline” = 22 °C, “Heat” 

= 25 °C. Increasing temperature increases total μSleep for WT animals. Thermosensory-

defective mutants show the same μSleep phenotype as WT at 18 °C, but significantly less sleep 

as 22 °C and 25 °C, indicating that thermosensory input can act to drive or suppress μSleep 

(from left to right on the plot the number of animals n = 37, 68, 71, 41, 67, 60). (D) Total sleep 
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under different confinement conditions. Micrographs show chamber geometries. When WT 

animals are confined in smaller chambers, they only show an increase in total μSleep when 

slightly compressed in 50 μm-wide chambers. mec-10(tm1552) mutants show an identical 

phenotype to WT in 500 μm and 110 μm chambers, but dramatically reduced sleep compared 

to WT when compressed. These results suggest that nociceptive input to mechanosensory 

neurons regulates μSleep (from left to right on the plot the number of animals n = 68, 64, 69, 

66, 64, 57). (ns = not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001; Kruskal-Wallis with 

a post-hoc Dunn-Sidak test). (Figure adapted from Gonzales et al., 2019, under review as of 

April 2019). 

 High satiety abolishes μSleep 

We first tested how food availability affects the μSleep phenotype. The 

presence of food is known to change the swimming-induced quiescence phenotype 

(Churgin, McCloskey, et al., 2017; McCloskey et al., 2017), high quality food induces 

quiescence (You et al., 2008), and extreme starvation also leads to sleep-wake 

switching (Skora et al., 2018; Wu et al., 2018). Therefore, we hypothesized that the 

internal satiety state is a significant regulator of μSleep. To test this hypothesis, we 

assayed three satiety states in WT animals: “Starved” animals were starved for 2 hr 

before being loaded into a chambers with no food; “Baseline” animals were loaded 

directly from a NGM food source to a microfluidic device with no food; and “+Food” 

animals were loaded from a NGM food source into a microfluidic device with food 

dissolved in the buffer. As expected, we observed less total μSleep per worm as 

satiety increased from “Starved” (15 ± 2 min, mean ± sem) to “Baseline” (5.4 ± 0.9 

min) to “+Food” (0.4 ± 0.2 min) (Figure 4.1A-B). These results show that satiety is a 
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strong regulator for μSleep, which may have evolved to optimize the tradeoff 

between energy conservation and the search for food.  

 Bi-directional thermosensory input can increase or 

decrease total sleep 

Other well-known drivers of sleep are noxious environmental stressors, 

which we also tested in the context of our microfluidic chambers. Heat shock at 

temperatures greater than 30 °C  is a common method to induce cellular stress and 

C. elegans sleep (Hill et al., 2014; Iannacone et al., 2017; Nath et al., 2016; Matthew 

D. Nelson et al., 2014; Cheryl Van Buskirk & Sternberg, 2007). Although our 

standard μSleep assays were conducted at only 22 °C, we investigated whether 

these small changes from Tc could be a possible environmental regulator of 

quiescence. Indeed, we discovered that increasing the assay temperature to 25 °C, 

which is still well below commonly used temperatures for heat-shock (30-40 °C), 

increased the total observed sleep 3.5-fold (Figure 4.1A, C). Cooling the device to 18 

°C (i.e. below Tc) had the opposite effect and nearly abolished all μSleep bouts 

(Figure 4.1). To show that these changes in phenotype are mediated by C. elegans 

thermosensation, we tested triple-knock-out gcy-23(nj37);gcy-8(oy44);gcy-18(nj38) 

mutants, which show disruption to thermosensation that is specific to the AFD 

neurons, the primary temperature-sensing neurons in C. elegans (Ramot, MacInnis, 

& Goodman, 2008). In AFD-defective animals we observed no significant change in 
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total μSleep when raising the temperature from 18 °C (“cool”) to 22 °C (“baseline”). 

Under the same conditions WT animals showed a 540-fold increase in total μSleep 

(Figure 4.1C). Furthermore, thermosensory-defective mutants displayed 80% less 

μSleep at 22 °C (“baseline”) and 45% less μSleep at 25 °C (“heat”) when compared to 

WT animals (Figure 4.1C). These results suggest that AFD neurons transduce 

changes in environmental temperature and drive downstream sleep-promoting 

circuits. These results show that temperature changes significantly less than those 

typically used for heat shock can dramatically change the μSleep phenotype. In 

addition, this is the first indication that thermosensory input can act bidirectionally 

to either promote or suppress C. elegans quiescence. 

 Confinement and restraint increase total sleep through 

mechanosensory circuits 

The final environmental factor we investigated was animal confinement. 

Under baseline conditions, animals swim in large 500 μm-width chambers (Figure 

4.1D, inset). We found that confining animals to a smaller 110 μm-width chamber, 

where the primary motion is crawling-like (Figure 4.1D inset) leads to the same 

amount of total μSleep as the baseline chambers (Figure 4.1D). However, when we 

partially compressed WT animals in small 50 μm-width chambers, we observed 

nearly a 4-fold increase in total sleep compared to baseline (Figure 4.1A, D). We 

hypothesized that this change in phenotype due to immobilization was at least 



 
99 

 

partially mediated by mechanosensory circuits. For example previous reports 

showed that touch-defective mutants mec-10(tm1552) have a decreased ability to 

sense spatial patterns in microfluidic arenas (Han et al., 2017). We tested mec-

10(tm1552) as well and found that when minimal mechanical stress was present 

(i.e. 500 μm and 110 μm width chambers), total μSleep remained insignificantly 

unchanged compared to WT (Figure 4.1D, S4). However, when mec-10(tm1552) 

animals were compressed, total animal μSleep decreased by a factor of two 

compared to WT animals under the same conditions (Figure 4.1D, S4), indicating 

that mechanosensory pathways are necessary for restraint-induced μSleep. 

Together, these results show for the first time that C. elegans microfluidic 

immobilization induces sleep behavior through mechanosensory pathways. 

 μSleep phenotypes partially correlate with animal stress 

Given the dependence of μSleep on satiety, temperature, and mechanical 

stress (Figure 4.1), we hypothesized that each of these factors could act as stressors 

that contribute to a slow-onset form of stress-induced sleep. To test this hypothesis, 

we assayed DAF-16::GFP animals in the identical environmental conditions shown 

in Figure 4.1. While normally diffuse in the cytoplasm, under unfavorable 

environmental conditions (e.g. heat shock), DAF-16::GFP localizes to the nucleus 

(Henderson & Johnson, 2001), serving as a quantifiable proxy for C. elegans stress. 

We quantified puncta formation in different environmental conditions and observed 

that DAF-16::GFP localization correlated with μSleep phenotypes in only some cases 
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(Figure 4.2). For example, we found that compared to Baseline animals, +Heat 

animals showed greater than a 250% increase in the number of cumulative puncta 

(Figure 4.2). Conversely, +Compression animals showed no significant difference in 

the number of DAF-16 puncta compared to Baseline (Figure 4.2), despite displaying 

dramatically more total μSleep (Figure 4.1). These results suggest that animal stress 

may not completely explain the changes in μSleep we observe during environmental 

manipulations. Therefore, μSleep is likely a result of many factors, including stress, 

starvation, and the metabolic state. 

 

Figure 4.2 – DAF-16::GFP imaging shows that μSleep partially correlates with C. 

elegans stress. 
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(A) Fluorescent micrographs (with background subtracted) of DAF16::GFP 

animals confined to 500 μm-wide chambers during the +Heat condition. Microfluidic 

chambers are outlined. Left image (t = 0 min) shows diffuse DAF-16::GFP. Over the 

course of 2 hr, DAF-16 localizes to the nucleus (right image). (B) Puncta formation 

with respect to time for Baseline, +Food, +Heat, +Cool, and +Compression conditions 

(see Methods, Figure 4.1). (C) Cumulative number of puncta during imaging. 

Individual data points represent individual animals. (Baseline n = 48, +Food n = 46, 

+Heat n = 38, +Cool n = 39, +Compression n = 71; **p < 0.01, ***p < 0.001, ns = not 

significant, Kruskal-Wallis with a post-hoc Dunn-Sidak test). (Figure adapted from 

Gonzales et al., 2019, under review as of April 2019). 

 Constantly replenishing fluidic buffer does not reduce 

μSleep 

In addition to environmental elements like mechanical compression and 

temperature that change sleep, we ruled out the possibility that O2 depletion, CO2 

buildup, or the buildup of other unknown substances dramatically affect μSleep by 

constantly replenishing the chamber buffer using a gentle flow (Figure 4.3). This 

flow should stabilize gas concentrations as well as remove and animal byproducts. 

Surprisingly, we observed that the gentle flow led to more sleep (Figure 4.3). 

Therefore, a lack of O2 or a buildup or CO2 are not major drivers of μSleep. 
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Figure 4.3 – Constantly replenishing fluidic buffer does not reduce sleep. 

(A) Image of animals confined in microfluidic chambers designed for constantly flowing 

buffer to stabilize O2 concentrations and remove the buildup of CO2 and other byproducts. 

Blue paths indicate the direction of flow for a single chamber. Flow rate was ~1 mL/hr. (B) 

Raster plots of detected μSleep with and without flow using the geometry in (A). (C) We 

surprisingly observed more sleep with the buffer flow, indicating μSleep is likely not driven 

by changing gas concentration levels biological byproducts (n = 24 for each cohort, **p < 0.01, 

unpaired t-test). (Figure adapted from Gonzales et al., 2019, under review as of April 2019). 

 Summary of factors that regulate μSleep 

Overall, our environmental manipulations conclusively show that the animal 

satiety state, the mechanical environment, and the local temperature strongly 

regulate the μSleep phenotype. Starvation, increased temperature and increased 

confinement all increase the amount of measured μSleep. Thus, μSleep is a 

multisensory-regulated sleep behavior that is also strongly modulated by internal 

physiological factors. 

Environmental changes, particularly to the chamber geometry also led to 

phenotypic changes not captured by quantifying total μSleep (Figure 4.4). For 
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transparency, all detected sleep bouts are shown in Figure 4.4. For example, WT 

animals in 110 μm chambers showed an accelerated onset of sleep bouts (Figure 

4.4). Future work will continue to interrogate how sensory mechanisms regulate 

sleep and arousal.  

 

Figure 4.4 – Raster plots of detected sleep for all animals during temperature and 

mechanical regulation. 

These data are quantified in Figure 4.1. (A) Changing environmental temperature. “Cool” = 

18 °C, “Baseline” = 22 °C, “Heat” = 25 °C. “-AFD” = gcy-23(nj37);gcy-8(oy44);gcy-18(nj38) 
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mutants. (B) Changing animal confinement in 500 μm, 110 μm and 50 μm-width chambers. 

“mec-10” refers to mec-10(tm1552) mutants. Raster plots show interesting phenotypes not 

captured when quantifying total μSleep (Figure 4.1). For example, WT animals in 110 μm 

chambers show accelerated sleep onset but shortened sleep bout lengths, leading to no 

overall change in total μSleep (Figure 4.1). Likewise, in 500 μm chambers mec-10 animals 

also show different temporal dynamics compared to WT. Further work will continue to 

interrogate these phenotypic changes. (Figure adapted from Gonzales et al., 2019, under 

review as of April 2019). 
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Chapter 5 

Experimental Methods and Data 

Analysis 

This chapter details the specific methods and analyses used to perform 

experiments and animals behavioral and calcium-imaging data. As with Chapter 2, 

This chapter is largely adapted from Gonzales, Zhou, & Robinson, 2019, which is 

currently under review as of April 2019. A non-peer reviewed preprint can be found 

at https://doi.org/10.1101/547075. 

 C. elegans strains and maintenance 

Animals were raised in a temperature-controlled environment at 20 °C on 

standard NGM seeded with E. coli OP50. All experiments were performed with day-1 

adult animals. The strains used for each experiment are as follows: 

• Figure 2.1: N2 

• Figure 2.2: N2 

https://doi.org/10.1101/547075


 
106 

 

• Figure 2.3: N2 

• Figure 2.4: N2, IB16 ceh-17(np1) I; HBR227 aptf-1(gk794) II. 

• Figure 3.1: AML32 (wtfIs5 [prab-3::NLS::GCaMP6s; prab-3::NLS::tagRFP]) 

• Figure 3.2: HRB1361 (goeIs304[pflp-11::SL1-GCaMP3.35-SL2::mKate2-unc-

54-3'UTR, unc-119(+)]) 

• Figure 4.1: N2, IK597 gcy-23(nj37);gcy-8(oy44);gcy-18(nj38) IV, ZB2551 mec-

10(tm1552) 

• Figure 4.4: N2, IK597 gcy-23(nj37);gcy-8(oy44);gcy-18(nj38) IV, ZB2551 mec-

10(tm1552) 

• Figure 4.2: TJ356 (zIs356 [daf-16p::daf-16a/b::GFP + rol-6(su1006)]) 

• Figure 4.3: N2 

• Figure 6.2: AML32 (wtfIs5 [prab-3::NLS::GCaMP6s; prab-3::NLS::tagRFP]) 

• Figure 6.3: AML32 (wtfIs5 [prab-3::NLS::GCaMP6s; prab-3::NLS::tagRFP]) 

• Figure 6.4: N2 

 Microfluidic device fabrication 

Standard photo- and soft-lithography techniques were used to fabricate 

microfluidic devices (San-Miguel & Lu, 2013). Microfluidic geometries were custom 
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designed in CAD software. Most photomasks were transparencies (CAD/Art Services 

Inc.), but glass photomasks (Front Range Photomask) were used for higher-

resolution devices. All master molds were fabricated using SU-8 2075 (MicroChem). 

The SU-8 height for worm behavioral channels was 75 μm (spin: 20 s – 500 rpm, 30 

s – 3000 rpm), but we used a height of 50 μm (spin: 20 s – 500 rpm, 30 s – 4000 

rpm) for whole-brain imaging devices to further constrict animal movement. We 

used polydimethylsiloxane (PDMS) Sylgard for all microfluidic chips. All behavioral 

chips were double-layer devices to incorporate push-down valves for sealing the 

chamber entrances or delivering mechanical stimuli. The bottom worm layer (20:1 

ratio, spin: 930 rpm for 30s) was bonded to the upper valve layer (10:1 ratio) using 

a 30 s exposure to oxygen plasma (200 W, 330 mTorr), then baked together for at 

least 12 hr. The PDMS devices were permanently bonded to either a standard glass 

slide for behavior, or a 300 μm-thick quartz wafer (NOVA Electronics Materials) for 

whole-brain imaging. 

 Behavioral quantification and sleep detection 

To quantify C. elegans activity, we used frame-by-frame subtraction. This 

method subtracts consecutive frames from one another, then counts the number of 

pixels that substantially change value. Worm movement leads to a large number of 

pixels that change from frame-to-frame. Quiescent animals, which move very little, 

lead to few pixels that change values from frame-to-frame. We performed frame-by-

frame subtraction, drew regions-of-interest around each animal, then counted the 
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number of pixels in the ROI that changed by a value greater than 30 (a number well 

above the noise level of the CMOS sensor). This yields a raw activity trace for each 

animal. We also used standardized methods to normalize activity traces (Churgin, 

McCloskey, et al., 2017; McCloskey et al., 2017), which accounts for changes in 

brightness across the field-of-view (FOV), and allowed us to set a consistent sleep 

detection threshold across populations. In most cases, we smoothed activity traces 

across 20 s, then normalized to the top 95th percentile, yielding a normalized activity 

trace for each animal with values approximately between 0 and 1. For analysis that 

required finer timescales on the order of less than 20 s (Figure 2.2), we did not 

smooth activity traces. 

Once we normalized the activity trace, we thresholded the data to detect 

sleep. The threshold depended on the microfluidic geometry. For example, in large 

microfluidic chambers, movement could still be detected during μSleep as animals 

drifted across the chamber. In smaller microfluidic geometries, worm activity was 

already significantly constrained, so a stricter threshold was needed to detect sleep. 

We determined thresholds by manually scoring 20 sleep bouts, calculating the mean 

activity during those bouts, then doubling the mean activity. The thresholds used for 

each geometry were: WorMotel – 0.15; 500 μm microfluidic chambers – 0.15; 110 

μm microfluidic chambers – 0.08; 50 μm chambers – 0.06. A minimum sleep bout 

time of 30 s was used to reduce false detections. In addition, during a sleep state 

brief animal twitching lasting less than 15 s was not counted as a wake period. 
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 Standard microfluidic behavioral assays 

Unless otherwise stated, behavioral assays took place on an enclosed 

AmScope SM-2T-LED stereo microscope. Red transparency was used to filter out 

LED wavelengths that potentially affect animal behavior. Imaging was performed at 

3 fps with either a Point Grey Grasshopper (GS3-U3-23S6M-C) or Basler Ace 

(acA1920-40um) CMOS cameras, which have nearly identical sensor specifications. 

While the experiments were typically carried out in a room held at 20 °C, the heat 

from the LED raised the microfluidic device temperature to 21-22 °C (the “Baseline” 

temperature in Figure 4.1).  

M9 buffer was used for all experiments, with no food added unless otherwise 

stated. During standard experimental conditions, we used a hair pick to transfer 

day-1 adults directly from seeded NGM into the buffer of an open syringe cap. We 

then suctioned animals into Tygon tubing that led to the microfluidic chambers. The 

process of loading 6-12 animals into the chambers (depending on the geometry 

used) typically took less than 5 min. A push-down valve closed off the entrance of all 

worm chambers to prevent animals from escaping during imaging. After use each 

day, devices were flushed with ~6 mL of DI water, sonicated for 10 min, flushed 

again with DI water, boiled for 15 min, and flushed a final time before storage at 

~80 °C overnight.  
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 WorMotel assays 

A 48-well WorMotel molded from PDMS was provided by the Fang-Yen Lab 

(Churgin, Jung, et al., 2017). Only 12 wells were used simultaneously. Prior to use, 

the PDMS was exposed to oxygen plasma for 30 s to make the surface hydrophilic. 

Each well was then filled with 8 μL of M9 buffer. Using a hair pick, we removed 

individual animals from seeded NGM, washed them in an M9 droplet, then 

transferred them into the WorMotel wells. For imaging, the PDMS was inverted and 

reversibly sealed on a glass slide during imaging (see Churgin et al. 2017). The glass 

slide was treated with Rain-X to prevent condensation. The device was illuminated 

obliquely with three AmScope Goose-neck LEDs that were filtered with red 

transparency. As with microfluidic devices, the temperature during imaging was 21-

22 C. We imaged from below at 3 fps with a Point Grey Grasshopper (GS3-U3-

23S6M-C). 

 Heat-shock 

Device setup and animal loading was performed as previously stated (see 

Section 5.4). However, the device was preheated to 30 °C with two Peltier heaters 

placed on each side of the glass slide. Heat was applied for the initial 30 min of 

imaging, after which the current through the Peltier heaters was reversed such that 

the device was rapidly brought to the standard 22 °C. This heat-shock protocol was 

adapted from that used for agar plates in Hill et al. 2014. 
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 Reversibility and decreased response to stimuli 

Reversibility assays were conducted on an inverted Nikon microscope and 

performed with 50 μm-wide microfluidic chambers. Animals were loaded into the 

chambers and left for 30 min. Between 30 and 60 min, upon visual confirmation of 

sleep, we initiated a protocol of 60 s of imaging at 10 fps. At 30 s, a strong light 

stimulus (460 nm light at 5 mW/mm2) was presented for 5 s to awaken animals. 

Only animals that were asleep for the full 30 s prior to the light stimulus were kept 

for analysis. 

To test for a decreased response to stimuli, we fabricated 110 x 1100 um 

microfluidic chambers to confine animals. In addition to the push-down valve used 

to keep animals in each chamber, we incorporated two push-down valves used for 

mechanical stimulation. The two valves ensured that animals were almost always in 

contact with at least one valve during pressurization. For strong and weak 

stimulation we used a valve pressure of 30 and 15 psi, respectively. 7 groups of 

animals were used for weak stimulation and 4 for strong stimulation; each group 

consisted of 8-12 animals. During the hour-long assay, animals received a 0.5 s valve 

pulse every 3 min. During post-processing, we analyzed animal activity around each 

stimulation timepoint. For the 10 s prior to each stimulation timepoint, we classified 

animals as quiescent, slow-moving, or fast-moving. Two categories for wake 

behavior (i.e. slow-moving and fast-moving) were necessary because a behavioral 

response could not be detected in animals that were already moving with a high 
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activity. That is, an animal that was clearly awake and moving with high activity in 

the microfluidic chamber did not display increased activity after receiving 

mechanical stimuli. However, a detectable behavioral response was apparent in 

wake, but low-activity animals. We used an activity threshold of < 0.08 for quiescent 

animals, 0.08-0.35 for low-activity animals, and > 0.35 for high-activity animals (the 

average animal activity across all traces was 0.36). This classification was 

performed for each stimulation (20 stimulations for each animal). After classifying 

animals into each group, we also calculated the mean activity for 10 s post-

stimulation, excluding a 2 s period where the microfluidic valves caused movement 

artifacts. The pre- and post-stimulation activities for quiescent and low-activity 

comprise the data shown in Figure 2.2. 

 Whole-brain imaging 

Microfluidic devices were fabricated as previously described (see Section 

5.2), and geometries were modeled off of previous methods for whole-brain imaging 

(Kato et al., 2015; Nichols et al., 2017; Skora et al., 2018); however, animals were 

not chemically paralyzed. We used transgenic animals with pan-neuronal 

expression of GCaMP6s in the nuclei of all neurons (Nguyen et al., 2015, 2017). 

Experiments were performed on an inverted Nikon microscope with a 40X water-

immersion objective (NA = 1.15). An Andor Zyla 4.2 USB 3.0 sCMOS captured the 

images at 5 fps (50 ms exposures, 2x2 binning). Because blue light can wake C. 

elegans, when animals were immobilized in the chambers, we first initialized a 
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“habituation” protocol. Here, we flashed the 460 nm excitation light for 0.15 s at 1 

Hz for 30 min. This habituated animals without photobleaching the calcium 

indicator. After the habituation period, we imaged continuously for 15 min, but only 

analyzed the first 10 min of data due to photobleaching. With this protocol, we 

captured a sleep-wake transition in ~25% of animals. 

To analyze data, we chose 10 neurons at random to track by hand in ImageJ. 

An 8x8 pixel ROI was then used for each neuron in each frame. A neuron near the 

center of the ganglia was used to draw an ROI around the head ganglia to calculate 

average brain fluorescence in each frame. We calculated animal activity in two ways: 

by frame-by-frame subtraction (sampling the frames a 3 Hz), and by calculating the 

average displacement of the tracked neurons. Both methods were prone to 

fluctuating baselines that were not present during behavioral-only recordings, 

making it difficult to set a standard threshold across animals. However, clear 

quiescent periods were subjectively apparent. Therefore, for each animal we plotted 

only the animal behavioral activity and selected sleep bouts manually. As before, 

only bouts longer than 30 s were counted. We then calculated the mean ganglia and 

neuron fluorescence during sleep and wake for each worm.  

Behavioral activity was smoothed over 3 s and normalized as previously 

described (see Section 5.3). Raw ganglia and neuron activity was smoothed over 3 s 

before calculating ∆F/F. We denote ∆F/F as [F(t) – F0(t)]/F0(t) where F0(t) is the 

minimum fluorescence value up to time t. 
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 RIS imaging 

7-10 animals per trial (6 trials total) were confined and imaged 

simultaneously under 10X magnification in the 50 μm-wide chamber geometry. 

HRB1361 animals expressed both GCaMP3 and mKate in RIS neurons under the 

FLP-11 promoter. Experiments took place on an inverted Nikon microscope, with 

dual excitation and emission for simultaneous two-color imaging (FF01-468/553-

25 and F01-512/630-25 BrightLine dual-band bandpass filters for excitation and 

emission, respectively). An X-Cite XLED1 light source provided both 460 nm and 

565 nm excitation light and a Tucam image splitter (Andor) split the mKate and 

GCaMP channels onto two Andor Zyla 4.2 CMOS cameras. We imaged animals for 2 

hr and used a data-acquisition box (National Instruments) controlled with custom 

Matlab scripts to simultaneously trigger 10 ms camera exposures and 30 ms XLED 

flashes at 0.5 Hz (3x3 binning). Following experiments, we flushed animals from the 

device and recorded the background for each color channel. 

For post-processing, we used the mKate channel to quantify behavior and 

track the location of RIS neurons. After subtracting background, we calculated 

animal activity by drawing an ROI around each animal and performing the same 

frame-by-frame subtraction method as previously described (see “Behavioral 

Quantification and Sleep Detection” subsection), but here we used a with a pixel 

change threshold of 400 because of the high dynamic range of the Zyla sensor. After 

normalizing behavioral activity, a threshold of 0.2 was used to detect sleep bouts, 
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with a minimum sleep time of 60 s. To detect the RIS location in each frame, we 

again subtracted the image background. We then isolated and binarized each animal 

ROI, leaving only the RIS neuron and, occasionally, pieces of its processes. The 

largest object in the ROI was the RIS soma, which we used to attain the soma 

centroid. To get the average RIS fluorescence in the frame, we drew a 25x25 pixel 

ROI around the centroid in each channel (a region larger enough to ensure the 

neuron is within the ROI) and averaged the 20 largest pixel values (presumably, the 

20 brightest pixels within the neuron ROI make up the neuron soma). We 

normalized this raw fluorescence in each channel by calculating ∆F/F = [F(t) – 

F0(t)]/F0(t), where F0(t) is the minimum fluorescence value up to time t. Following 

this normalization, we calculated the ratio of each color channel R = 

(∆F/F)GCaMP/(∆F/F)mKate. Finally, the reported ratio values are ∆R/R = [R(t) – Ro]/Ro, 

where Ro is the lower 20th percentile value. 

 Environmental control 

The microfluidic setup during environmental manipulation was identical the 

previously stated (see Section 5.4); however, for each condition we manipulated 

individual aspects of the environment.  

The baseline phenotype in 500 μm-wide chambers was chosen because 

animals could move freely in a manner similar to swimming, thereby reducing the 

overall effect of the microfluidic confinement. 
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Most assays involved transferring animals directly from seeded NGM into the 

microfluidic device. However, under “Starved” conditions we used a hair pick to 

remove animals from seeded NGM, washed them in a droplet of M9 buffer, then 

placed them onto a fresh, unseeded NGM plate. After 2 hr, animals were loaded into 

the microfluidic device with no food in the buffer. Therefore, animals were deprived 

of a food source for 2 hr when imaging began and did not have access to food during 

the experiment. 

Most assays were also performed with no food in the M9 buffer. However, 

under “+Food” conditions, we dissolved 4.56 mg/mL of freeze-dried OP50 (LabTie) 

into the M9 buffer, providing a food source for animals throughout the imaging time. 

In “+Compression” conditions, animals were confined to 50 x 1100 um-wide 

microfluidic chambers. 

As previously stated, the standard imaging temperature due to LED lighting 

was 21-22 °C (see Section 5.4). We controlled temperature in the same manner as 

heat-shock experiments, using Peltier devices to heat or cool the microfluidic chips 

to 24-25 °C or 17-18 °C, respectively. 

 DAF-16::GFP imaging 

Experiments took place over the course of 2 hr on Nikon inverted scope with 

an Andor Zyla 4.2 USB 3.0 sCMOS and 4X magnification for multi-worm imaging. 



 
117 

 

Environmental control took place as described in Section 5.10 subsection. Every 5 

min, we captured 7 frames (20 ms exposures) at 1 Hz with 1x1 binning. Otherwise, 

animals were in darkness. Following imaging, we flushed animals from the chamber 

and recorded background frames. 

Puncta quantification took place similar to previous methods (Kopito & 

Levine, 2014). We subtracted the background from each frame and smoothed the 

image with a median filter. We thresholded this image to detect animal bodies and 

drew a ROI around each. The smoothed image was further processed with a 3x3 

high frequency filter, which enhanced the contrast of puncta and allowed us to 

binarize the image to detect most DAF-16 aggregations in the frame. For each 

animal ROI, we then found puncta by counting all objects with a size between 2 and 

30 pixels. To mitigate the effects of animal movement, which caused some animals 

to appear blurred and reduced puncta count, of the 7 frames that were captured 

every 5 min, we averaged the 3 largest puncta counts for each ROI. This average 

makes up the final puncta count for each animal at the given timepoint. The puncta 

count reported (Figure 4.2) are likely lower than the true count that would be 

attained with high-magnification imaging. Low-magnification not only increases the 

number of animals imaged per trial but was also necessary to capture the full length 

of the large microfluidic chambers. Because we applied the same algorithm to all 

environmental conditions, we expect the reported trends to remain true in high-

magnification conditions.                       
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Chapter 6 

Summary of μSleep, Future Directions, 

and Outlook on C. elegans Sleep  

 Summary of results 

In this thesis, I described a spontaneous C. elegans brain and behavioral state 

transition that is unique to microfluidic chambers, which facilitates whole-brain 

imaging and precise regulation of the environment (summarized in Figure 6.1). 

μSleep regulation appears to be at least partially linked to a slow-onset form of 

stress-induced sleep (Figure 4.2), and may also be related to swimming-induced 

quiescence (R. Ghosh & Emmons, 2008; McCloskey et al., 2017). Despite these 

potential similarities, the behavioral phenotype we measured is quantitatively 

distinct from these previously reported worm quiescent behaviors (Figure 2.1).  We 

showed that μSleep is reversible (Figure 2.2A), that animals exhibit a decreased 

response to sensory stimuli while quiescent (Figure 2.2B-C), and that quiescence is 

dependent on known C. elegans sleep-promoting neurons, ALA and RIS (Figure 2.4). 

Thus, μSleep meets the precedent set for worm sleep behavior (Hill et al., 2014; 
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Nicholas F. Trojanowski & Raizen, 2016). In addition, we found that thermosensory 

input via the AFD neuron acts as a bidirectional controller of sleep; cooler 

temperatures promote wake, while warmers temperatures promote sleep (Figure 

4.1). Furthermore, we showed for the first time that animal restraint can act 

through mechanosensory pathways to drive sleep behavior (Figure 4.1). Finally, a 

dramatic brain-state transitions and global downregulation of neural activity, with 

the exception of a few neurons, underlies μSleep behavioral transitions (Figure 3.1). 

 

Figure 6.1 – Summary of μSleep results. 

Graphical summary of results depicting spontaneous transitions between wake and μSleep 

behavioral states driven by microfluidic-controlled satiety, temperature, and confinement. 

Fluorescent micrographs show the high and low-activity brain states that correspond to wake 

and sleep, respectively. 
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 Future directions with μSleep behavior 

The μSleep platform has the advantages of microfluidic environmental 

control, whole-brain imaging, and potential for high-throughput experimentation. 

Here, I list several immediate goals and show preliminary data that would make this 

platform even more valuable for studying sleep, brain-state transitions, and C. 

elegans behavior. 

6.2.1. Capturing the activity of more neurons during sleep-wake 

transitions 

The whole-brain imaging data reported for μSleep conclusively showed that 

the sleep behavior was governed by a global downregulation of neural activity (see 

Figure 3.1). However, this single-plane imaging data is likely not suitable for 

uncovering the circuits and patterns of neural activity that drive brain-state 

transitions. Future work is necessary to capture the activity of more neurons (50-

100) during state transitions to understand how the rapid and spontaneous brain-

state transitions emerge. 

One potential method to achieve this goal is to paralyze animals to facilitate 

high-resolution volumetric imaging (reviewed in Section 1.3.2) (Kato et al., 2015; 

Nichols et al., 2017; Prevedel et al., 2014; Schrödel et al., 2013; Skora et al., 2018). 

When applied to our microfluidic platform, indeed, this method yielded high-quality 

data and the stereotypically coordinated activity across much of the worm brain 
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(Figure 6.2A). In these data, clear state transitions occurred synonymous to what we 

observed during whole-brain imaging in behaving animals—a large-scale 

downregulation of activity—but a handful of neurons that dramatically increase in 

activity (Figure 6.2A). Furthermore, using PCA, we can replicate the cyclical and 

fixed-point attractor dynamics on the low-dimensional manifold during wake and 

sleep, respectively (Figure 6.2B, see Figure 1.15 for comparison) (Nichols et al., 

2017). However, this method has severe drawbacks. The μSleep state must be 

assumed from neural activity and cannot be confirmed with behavior. In addition, 

while we captured μSleep during whole-brain imaging in ~25% of behaving animals 

(see Section 3.2), this percentage falls by an order of magnitude for paralyzed 

animals, suggesting that animals must be actively behaving to reliably exhibit 

spontaneous μSleep. 

 

Figure 6.2 –Whole-brain imaging during μSleep in paralyzed animals. 

(A) Heatmap of whole-brain imaging data from a paralyzed animal. Traces from select 

individual neurons are shown below the heatmap. We captured the activity of ~85 neurons 

and detected a dramatic brain-state transition assumed to be μSleep. (B) Performing PCA 
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replicates the results previously shown for C. elegans brain dynamics during sleep (Nichols 

et al., 2017). 

In order to perform volumetric imaging in non-paralyzed animals, we 

developed a system for two-color whole-brain imaging, similar to the systems 

previously reviewed (see Section 1.3.1); however, because animals are restrained 

there is no need to track animal movement in real-time during imaging (Figure 6.3). 

The setup is essentially identical to the two-color imaging used to record single-

neuron RIS data (Figure 3.2, see Section 5.9 for Methods); however a high-

magnification objective is mounted onto a piezo scanner for volumetric imaging. 

This setup allows for using the RFP channel to track neuron location and the GCaMP 

channel to record neuron activity. Yet, as previously discussed (see Section 1.3.3), 

this and the necessary image processing comes with many challenges. Though 

animals are partially immobilized, the relatively slow scanning rate (~4 vol/s) leads 

to large amounts of neuron movement between volumes, making neuron tracking 

difficult to automate. In addition, computational methods to understand brain-wide 

transitions in neural dynamics are in their infancy. Thus, the necessary 

improvements described in Section 1.3.3 to improve whole-brain imaging 

experimentation in C. elegans should be applied to the μSleep platform as well. A 

faster imaging rate (20-30 vol/s), higher signal-to-noise ratios, accessible 

automated neuron tracking, and powerful computational methods for analyzing 

high-dimensional data sets are all future goals that should be incorporated into the 
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μSleep imaging pipeline. These advances will enable studies that uncover the 

ensemble neural dynamics driving spontaneous brain state transitions. 

 

Figure 6.3 – Setup for two-color whole-brain volumetric imaging. 

Schematic of the light paths for both excitation and emission wavelengths to image RFP and 

GCaMP simultaneously. An image splitter projects the emission wavelengths onto two sCMOS 

sensors. Inset shows a representative max-projections for each color channel during whole-

brain imaging. See Section 5.9 for specific details. 
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6.2.2. High-throughput behavior 

Fully understanding the mechanisms of C. elegans μSleep requires assaying 

many genetic mutants, changing culture conditions, and dynamically controlling the 

environment. Future work will likely include dozens of mutant strains to reveal the 

dependence of μSleep on sensory circuits, specific neurons, neuropeptides, and 

metabolic signaling. In anticipating of the need for a high-throughput behavioral 

platform, we are developing microdevices that can accommodate up to 30 animals 

simultaneously (Figure 6.4), more than tripling the current experimental 

throughput and leading to recordings from > 100 animals/day. 

With these devices, we can isolate and image individual animals over the 

course of several hours, allowing for rapid behavioral phenotyping of several strains 

in a single day (Figure 6.4). Furthermore, we specifically designed this device so that 

the magnification and camera resolution is high enough to analyze animal posture 

during post-processing. For analysis only requiring quantification of worm 

movement (with frame-by-frame subtraction only, i.e. no posture analysis), the 

magnification can be further reduced, and the device can be scaled up to image from 

nearly 100 animals simultaneously.  
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Figure 6.4 – High-throughput behavioral measurements in microfluidics. 

Device for simultaneously imaging up to 30 animals simultaneously. 1. The device layout with 

false-coloring to indicate fluidic flow, microfluidic valve, and confinement chambers. When 

“on,” the microfluidic valve pinches off the worm channels, preventing animals from escaping 

into the confinement chambers. 2. Animals continue to be suctioned into the pre-loading 

chambers. These chambers are tailored to fit single day-1 adults and serves the purpose of 

isolating individual animals. 3. The valve is turned off, allowed animals to move into the 

confinement chambers. 4. Nearly all chambers are full and contain single animals. Behavioral 

monitoring can be performed over many hours. 

With this device, we will continue to test the mechanisms regulating μSleep 

and the underlying multisensory integration driving this behavior. For example, 

increased environmental temperature increased the amount of total sleep (Section 

4.3), but we also showed that the addition of food in baseline temperature 

conditions nearly abolished μSleep (Section 4.2). By combining these stimuli and 
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running experiments at multiple temperatures with multiple food concentrations, 

we can test the internal hierarchy C. elegans use to balance these two sensory 

stimuli. We likely expect food availability to trump small changes in environmental 

temperatures, leading to overall less μSleep in many instances. However, at more 

extreme temperature (25-30 °C), one can imagine that the need for sleep as a 

protective mechanism might overcome the need for an energy source, leading to an 

increased amount of μSleep. Notably, such intriguing behavioral findings may also 

be mapped within the nervous system and measured with calcium imaging in 

sensory circuits. This behavior-to-brain pipeline using μSleep is a potentially 

powerful behavior to study fundamental properties of multisensory integration at 

the circuit level. 

6.2.3. Longitudinal imaging for understanding the need for invertebrate 

sleep 

 Combining our high-throughput platform with behavioral measurements 

over the lifetime of animals will also help to test the role of μSleep and other sleep 

states as a survival strategy. Recent reports make the controversial claim that 

normal invertebrate sleep (developmental sleep in C. elegans and circadian sleep in 

Drosophila) is not an essential function for survival or a normal lifespan (H. L. 

Bennett et al., 2018; Geissmann et al., 2019; Wu et al., 2018). However strong 

evidence indeed suggests that C. elegans sleep during stressful conditions, such as 

heat shock and starvation, is vital for survival (Hill et al., 2014; Wu et al., 2018). How 
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can both of these results be correct? Is C. elegans sleep vital for survival, or not? I 

propose that binary measurements of survival are not adequate to determine 

whether invertebrate sleep is essential for a normal lifespan.  

No reports have analyzed C. elegans healthspan in sleepless mutants 

(Bansal, Zhu, Yen, & Tissenbaum, 2015; Keith, Amrit, Ratnappan, & Ghazi, 2014). 

While sleepless C. elegans mutants may show the same lifespan as WT animals, we 

would anticipate a lack of sleep to have a wide-range of detrimental effects in 

behavior (feeding, locomotion, taxis) and neural activity (response to external 

stimuli, coordinated neural dynamics, etc.). Uncovering these phenotypes requires 

longitudinal measurements across an entire lifetime (Churgin, Jung, et al., 2017).  

For example, mutants such as ceh-17 and aptf-1 that showed reduced μSleep (Figure 

2.4) might potentially show reduced lifespans compared to WT animals. However, 

these sleepless mutant animals may exhibit accelerated age-related decline such as 

a lower behavioral activity, less feeding, and a reduced response to external stimuli. 

With our high-throughput behavioral platform, we can assay lifespan, measure 

changes in behavior, and deliver precise stimuli over the lifetimes of many 

individual animals. Such a platform will help uncover how invertebrate sleep serves 

as a basic function for healthspan. 
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 Metabolic tradeoffs as a potential unifying mechanism for C. 

elegans sleep 

Though we observe μSleep in the context of microfluidic confinement, it is 

not hard to imagine that C. elegans may use this behavior and downregulation of 

neural activity in its natural environment. One unifying hypothesis for C. elegans 

μSleep regulation could be rooted in energy conservation. Factors that decreased 

μSleep, such as food and cooler temperatures, may indicate favorable conditions for 

active roaming behavior. Conversely, factors that increased μSleep, such as elevated 

temperatures and animal restraint, may indicate more harmful environments in 

which roaming and expending energy is not an optimal survival strategy.  

Furthermore, the changes we made to the environment may change the animal’s 

metabolic state. C. elegans metabolism is known to increase with increasing 

temperature (Van Voorhies & Ward, 1999). Additionally, one can imagine that the 

microfluidic restraint we used drives an escape response, leading to increased 

muscle activation and high energy expenditure. Therefore, it is possible that all 

changes in μSleep phenotypes we observed were rooted in optimizing energy use by 

balancing the tradeoff between expending energy to move and the expected value of 

finding food.  

Recall that there were significant links between the metabolic state, energy 

consumption, and food availability in previously discussed C. elegans quiescent 

states (reviewed in Section 1.2): 
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• Developmental sleep occurs during molting periods, which is an energy-

intensive process (Corsi et al., 2015; Raizen et al., 2008) 

• Stress-induced sleep occurs during recovery from cellular stress, when a large 

amount of physiological resources are likely allocated towards cellular repair 

and regaining protein homeostasis (Hill et al., 2014) 

• Animals in the absence of food will begin to spontaneously transition between 

roaming and quiescence (R. Ghosh & Emmons, 2008; McCloskey et al., 2017; 

Wu et al., 2018)  

• High satiety and high-quality food drive quiescence, and digesting these large 

amounts of food is energy intensive (T. Gallagher et al., 2013; You et al., 2008). 

Thus, in all observations of C. elegans quiescence and sleep, a case can be made that 

metabolic regulation is the global underlying factor. This hypothesis is not 

surprising considering essentially all C. elegans behaviors can be considered as a 

method to optimize the search for food. I propose that energy conservation and 

metabolic regulation are the primary reasons that C. elegans exhibit sleep 

behaviors.  

Future work is needed to continue to elucidate these mechanisms and prove 

this hypothesis for μSleep. Genetic mutants, different culture conditions, low- and 

high-quality food resources, combining sensory stimuli with food availability, and 

direct measurements of animal energy output are potential methods to uncover 
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these cues. These methods can also be applied to other C. elegans sleep behaviors; 

however, our microfluidic-based platform allows for easily controlling food 

availability, temperature, and mechanosensory feedback. Indeed, the discovery of 

μSleep behavior provides a valuable platform to study how sleep behavior may 

serve as an evolutionary advantage and successful survival strategy. 
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