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The origins and evolution of sleep
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ABSTRACT

Sleep is nearly ubiquitous throughout the animal kingdom, yet little is

known about how ecological factors or perturbations to the

environment shape the duration and timing of sleep. In diverse

animal taxa, poor sleep negatively impacts development, cognitive

abilities and longevity. In addition to mammals, sleep has been

characterized in genetic model organisms, ranging from the

nematode worm to zebrafish, and, more recently, in emergent

models with simplified nervous systems such as Aplysia and

jellyfish. In addition, evolutionary models ranging from fruit flies to

cavefish have leveraged natural genetic variation to investigate the

relationship between ecology and sleep. Here, we describe the

contributions of classical and emergent genetic model systems to

investigate mechanisms underlying sleep regulation. These studies

highlight fundamental interactions between sleep and sensory

processing, as well as a remarkable plasticity of sleep in response

to environmental changes. Understanding how sleep varies

throughout the animal kingdom will provide critical insight into

fundamental functions and conserved genetic mechanisms

underlying sleep regulation. Furthermore, identification of naturally

occurring genetic variation regulating sleep may provide novel drug

targets and approaches to treat sleep-related diseases.

KEY WORDS: Ecology, zebrafish, Drosophila, Cavefish, Genetic
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Introduction

Sleep appears to be fundamental to animal life, yet little is known

about how sleep has evolved throughout the animal kingdom. In

diverse animal taxa, poor sleep can have detrimental effects on

development (Roffwarg et al., 1966; Mirmiran et al., 1983; Kayser

et al., 2014), cognitive abilities (Scullin and Bliwise, 2015) and life

span (Mazzotti et al., 2014), and it is nowappreciated that normal sleep

is fundamental to healthy physiology and bodily function (Shaw et al.,

2002; Cappuccio et al., 2010; Arble et al., 2015).While the function of

sleep remains unknown, studies have identified relationships between

sleep and anatomical, physiological or ecological traits (Lesku et al.,

2006; Capellini et al., 2008; McNamara et al., 2009). For example, in

mammals, parameters such as diet, brain size, social hierarchy and

body mass index all affect total sleep times (Campbell and Tobler,

1984; Siegel, 2005; Lesku et al., 2006). A great deal of variation exists

in sleep duration and timing among different animal phyla, with

animals such as the African Elephant sleeping only 3–4 h a day

(Siegel, 2005) while many animals spend the majority of their time

sleeping, including the armadillo, which sleeps over 18 h per day

(Siegel, 2005; Capellini et al., 2008). Even among humans, sleep

times vary widely, ranging from less than 5 h to 10 h or more (Webb

and Agnew, 1970; Kronholm et al., 2006). Despite a widespread

appreciation for the diversity in sleep duration between and within

species, surprisingly little is known about the relationship between

sleep and an animal’s ecological and evolutionary history.

Large differences in sleep duration and timing among humans

suggests that existing genetic variation among individuals potently

affects sleep (Hartmann, 1973; Kronholm et al., 2006; He et al.,

2009). While many laboratory studies investigating the molecular

mechanisms of sleep regulation have relied on highly inbred model

systems including mice, zebrafish and fruit flies, the study of sleep

in outbred populations has revealed that geographical location,

evolutionary history and naturally occurring genetic variation

contribute to robust sleep differences within animals of the same

species (Duboué et al., 2011; Zimmerman et al., 2012; Banks et al.,

2015; Svetec et al., 2015). Even though sleep has been characterized

in surprisingly few evolutionary systems, small, non-mammalian

model organisms with a well-defined evolutionary history provide

opportunities to identify novel mechanisms underlying sleep

regulation (Fig. 1). Here, we propose that expanding sleep studies

to emergent model systems (see Glossary) is essential to understand

how sleep is influenced by evolutionary and ecological history.

Identifying how evolution and ecology may shape sleep differences

throughout the animal kingdom will provide insight into the

fundamental functions of sleep, and the underlying variability in

sleep duration throughout the animal kingdom.

Achieving a full understanding of sleep function requires detailed

characterization of the genetic, molecular and neuronal properties

associated with sleep and wakefulness. Over the past few decades,

non-mammalian genetic model systems including the nematode

worm Caenorhabditis elegans (Raizen et al., 2008), the fruit fly

Drosophila melanogaster (Hendricks et al., 2000a; Shaw et al.,

2000) and the zebrafish Danio rerio (Zhdanova et al., 2001; Prober

et al., 2006; Yokogawa et al., 2007) have been particularly

advantageous in elucidating genetic and molecular components

underlying sleep. Many forward-genetic screens have highlighted

the conservation of molecular and neural principles underlying

sleep–wake regulation, and initial studies in zebrafish, Drosophila

and C. elegans have identified novel and conserved regulators of

sleep (Allada and Siegel, 2008; Trojanowski and Raizen, 2016;

Levitas-Djerbi and Appelbaum, 2017). Although a mechanistic

understanding of sleep regulation is far from complete, these studies

provide a framework for interpreting how inter- and intra-species

variation may account for naturally occurring differences in sleep.

In this review, we briefly discuss sleep in classic genetic

models, as they lay the foundation for work in emergent model

systems that focus on the evolution of behavior. We then describe

the use of emergent invertebrate and fish model systems to

investigate the function of sleep, and the role of evolution in

shaping naturally occurring differences. Furthermore, we highlight

technology described in other model systems, and discuss how their

application in emergent models may be used to investigate highly

conserved features of sleep–wake cycles.
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Behavioral analysis of sleep in non-mammalian systems

Classical approaches to characterizing sleep
Sleep is characterized in different ways, depending on the available

methods in the organism of study. The two hallmarks classically

have been (i) electrophysiological or (ii) behavioral changes

associated with sleep-like states. Importantly, there is a strong

correlation between sleep-like states defined by electrophysiological

and behavioral criteria in animals ranging from invertebrates to

mammals (Allada and Siegel, 2008). Electrophysiologically, sleep

is characterized by changes in brain wave activity, as measured by

the electroencephalogram (EEG) in mammals, or local field

potential recordings in invertebrates (Berger and Gloor, 1969;

Keenan and Hirshkowitz, 2010; van Alphen et al., 2013). The EEG

has established its place in sleep research, and provides the ability to

compartmentalize sleep into three different stages based on unique

patterns of brain wave activity: (i) waking periods, (ii) non-rapid eye

movement (NREM), slow-wave sleep, and (iii) REM (see Glossary)

or paradoxical sleep (Dement and Kleitman, 1957). Nevertheless, a

number of limitations to electrophysiological recordings, including

difficulty of recording in small animals and impracticality of

recording in a natural setting, highlight the need for behavioral

observations that can be used to define sleep.

Animals in a sleep-like state, as measured by an EEG, typically

assume stereotypical behaviors, and, by carefully correlating behavior

with changes in EEG patterns, behavioral identifiers have been

established (Ookawa and Gotoh, 1965; Flanigan et al., 1973;

Campbell and Tobler, 1984). Behaviorally, sleep can be

characterized by five criteria: (i) prolonged behavioral quiescence,

(ii) which is reversible upon stimulation (to differentiate from

torpor or coma), (iii) a species-specific posture, (iv) increased

arousal threshold (see Glossary) to respond to external stimuli,

and (v) rebound (see Glossary) following sleep deprivation. The

establishment of behavioral definitions of sleep has opened the door to

investigating sleep in small model systems that are not amenable to

EEG analysis (Chiu and Prober, 2013; Griffith, 2013; Trojanowski

and Raizen, 2016). Although EEG measurements are typically

restricted to a limited subset of taxonomic groups, behavioral

definitions are largely generalizable to all animals in the animal

kingdom, and permit the investigation of sleep from a comparative

perspective, as well as in small genetically amenable animal models.

Landmark papers over the past 20 years have defined sleep in

classic genetic systems including C. elegans, Drosophila and

zebrafish (Hendricks et al., 2000a; Shaw et al., 2000; Zhdanova

et al., 2001; Raizen et al., 2008). Each model has unique and shared

characteristics that are particularly useful for sleep analysis. In all

three model systems, sleep state is associated with prolonged

periods of behavioral quiescence, which are readily reversible and

correspond to an increase in arousal threshold (Hendricks et al.,

2000a; Shaw et al., 2000; Prober et al., 2006; Yokogawa et al., 2007;

Raizen et al., 2008; reviewed in Sehgal and Mignot, 2011). Of the

classic genetic model systems, worms contain the fewest neurons.

The adult hermaphrodite worm has 302 neurons, all of which have

been mapped out with sufficient detail, while the larval zebrafish

brain and adult fruit fly brain contain 100,000 and 250,000 neurons,

respectively (Ward et al., 1975; Ahrens and Engert, 2015). The

simple nervous system and powerful genetics of these models has

led to the identification of neural circuits, up to single-neuron

resolution, that modulate sleep (Appelbaum et al., 2009; Aso et al.,

2014a; Singh et al., 2015). The unique application of sophisticated

genetic tools and high-throughput genetic screens have paved the

way for mechanistic investigation of sleep regulation that has

revealed robust conservation across the animal kingdom.

Physiological approaches to characterizing sleep
Although studies in invertebrates and fish have typically relied on

behavioral metrics of sleep, there is growing evidence that

physiological metrics often used to characterize sleep in mammals

are present in small non-mammalian models. Sleep-associated brain

activity has been convincingly demonstrated in the fruit fly, where

five minutes of inactivity was initially used to define sleep based on

the standardized behavioral characteristics, and standardized

behavioral systems have been developed to measure sleep (Shaw

et al., 2000; Garbe et al., 2015). The detailed behavioral

characterization of sleep opened the door to genetic interrogation

of sleep in invertebrates and fish models; they lack the precision of

EEG or other physiological read-outs of sleep and come with a

number of limitations including difficulty of identifying awake

animals engaged in torpor.

Later, elegant experimental designs demonstrated that definitions

of sleep based on behavior and those based on electrophysiology

largely corresponded with one another. A system was devised to

Glossary
Actigraphy
Non-invasive method for measuring levels of activity in humans and

other animal subjects.

Arousal threshold
The minimum intensity that an external stimulus needs to elicit a

response, typically a locomotor response, in an animal. The threshold to

elicit a response is typically higher when animals are in a sleep-like state

compared with waking.

Brain local field potential
Electrical potential of an extracellular space of a neuronal area.

Recorded through implantation of an extracellular recording electrode.

Central pattern generator
Clusters of neurons that oscillate with a specified rhythmicity. A key

feature of central pattern generators is that they produce oscillatory

patterns alone, without oscillatory input.

Chronotype
The propensity for an animal to sleep at a given period in a 24 h cycle.

Most humans are diurnal organisms, meaning they sleep at night. By

contrast, nocturnal organisms sleep during the day.

Circadian rhythm
Fluctuations of locomotor behavior around a 24 h period. Derived from

circa (Latin for ‘around’) and dia (Latin for ‘day’).

Connectome
The full repertoire of neural connections in the brain of an organism.

Diurnal
Sleeping during the night and being largely awake during the day.

Emergent model systems
Animal models that are outside those typically considered as genetic

model systems (C. elegans, Drosophila, zebrafish and mice).

Locomotor activity
Behavioral movement.

Neuromast
A sensory organ in fish and other aquatic animals that is composed of

bundles of neurons. Neuromasts typically lay on the facial structure

(superficial neuromasts) or along the body wall (lateral line).

Nocturnal
Sleeping during the day and being largely awake during the night.

Rapid eye movement (REM)
A sleep stage characterized by rapid movement of the eyes. Dreaming in

humans occurs in REM sleep.

Rebound
The increase in sleep observed after an individual is sleep deprived.

Sleep latency
The amount of time it takes for an animal to fall asleep when permitted.

2

REVIEW Journal of Experimental Biology (2018) 221, jeb159533. doi:10.1242/jeb.159533

Jo
u
rn
a
l
o
f
E
x
p
e
ri
m
e
n
ta
l
B
io
lo
g
y



record the neural properties of the fly brain in an adult tethered to a

tracking ball, providing the opportunity to simultaneously observe

neural and behavioral correlates of sleep. Simultaneous recordings

of brain local field potentials (see Glossary) and locomotor

activity (see Glossary) on a rotating ball revealed reduced neuronal

activity (11–40 Hz oscillations) when flies are immobile, which

also correlates with elevated arousal threshold (Nitz et al., 2002;

van Alphen et al., 2013). In agreement with these findings,

dynamic changes in metabolic rate were observed in sleeping flies,

supporting the notion that flies, like mammals, suppress metabolic

rate when starved of food (Stahl et al., 2017). It is possible that

these physiological metrics of sleep will reveal physiological

changes akin to sleep stages in animals withmore complex brains and

can be applied to additional invertebrate and fish models. For

example, a study in crayfish identified sleep using all the behavioral

correlates, and electrophysiological recordings revealed synchronized

activity similar to slow-wave sleep (Ramón et al., 2004). Together,

these findings highlight the strength of model organisms in genetic

research to identify brain states associated with sleep that are

conserved throughout the animal kingdom.

Screen-based identification of sleep regulators using classic

model systems

A significant strength of small, genetically amenable model

organisms is the ability to screen large numbers of animals for

mutations or drugs that affect behavior. In the case of sleep studies,

this has been supported by the development of behavioral

monitoring systems in C. elegans, Drosophila and zebrafish that

allow for high-throughput analysis of locomotor activity. The

combination of defined methodology for measuring sleep, and a

vast array of genetic mutants and tools provide the capability to

identify genetic and pharmacological regulators of sleep.

 

 

 

D. rerio 

A. mexicanus 

A. mellifera 

D. melanogaster 

P. americana 

P. clarkii 

C. elegans 

A. california 

L. stagnalis 
O. vulgaris 

S. officinalis 

Cassiopea spp. 

M. musculus 

P. vitticeps 

T. guttata 

Cyprinidae 

Characidae 
110 mya 

Arthropoda 
600 mya 

Malacostraca 
356 mya 

Nematoda 
428 mya 

Actinopterygii 
390 mya 

Gastropoda 
470 mya 

Aplysiidae 

165 mya Lymnaeidae 

250 mya 

Octopoda 
200 mya 

Sepiidae 
260 mya 

Cnidaria 
740 mya 

Mammalia 
180 mya 

Squamata 
200 mya 

Aves 
110 mya 

Hymenoptera 
280 mya 

Diptera 
160 mya 

Blattodea 
190 mya 

680 mya 
Chordata Insecta 

420 mya 

Cephalopoda 
410 mya 

Mollusca 
600 mya 

120 mya 

Fig. 1. Small animal models of sleep research. This unrooted, pruned cladogram is inclusive of animals that have been established as models for studying

sleep, demonstrating the diversity of sleep behaviors throughout the animal kingdom. Branches demonstrate broad relationships among animals, but do not

represent actual distance measures. Taxonomic information was obtained from the NCBI Taxonomy Database and the tree generated with NCBI Common Tree

(Sayers et al., 2012). The circular cladogram was generated using the Interactive Tree of Life (Letunic and Bork, 2016) and estimates of divergence were derived

from the TimeTree Database (Hedges et al., 2015). mya, million years ago.
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Classic genetics were first used to investigate circadian rhythms

(see Glossary) in fruit flies, and more recently applied to identify

novel sleep genes (Hendricks et al., 2000b; Hall, 2003). Large-scale

forward-genetic screens in fruit flies have used mutagenesis or

transgenic expression of interfering RNA (RNAi) to identify sleep-

regulating genes including the K+ channel Shaker, the regulator of

cell-cycle modulatorCyclin A, and transmembrane protein Sleepless

(Cirelli et al., 2005; Koh et al., 2008; Rogulja and Young, 2012).

Similar endeavors in C. elegans and zebrafish have identified

additional regulators of sleep, many of which appear to be

conserved in mammals (Chiu and Prober, 2013; Singh et al.,

2014). For example, a prominent role for the worm homologue of

mammalian Neuropeptide Y receptor NPR-1 is required for sleep

homeostasis in C. elegans (Nagy et al., 2014), and genome-wide

screening identified striking overlap between sleep genes in worms

and mammalian systems (Singh et al., 2014). Similarly, screens in

zebrafish have implicated the prominent regulators of mammalian

sleep Hypocretin/Orexin and melatonin, as well as a number of

novel genes required for integration of sleep and sensory systems

that detect light (Zhdanova et al., 2001; Prober et al., 2006;

Appelbaum et al., 2009; Chen et al., 2016). The diversity of genes

identified in these forward-genetic screens highlights the strength of

model systems to identify novel genetic architecture contributing to

sleep circuits.

The strength of invertebrate and fish models extend beyond

genetic applications. Zebrafish, Drosophila and C. elegans are well

suited for drug screening, where the quantity of available

compounds is often a limiting factor, and pharmacological targets

can be validated genetically (Giacomotto and Ségalat, 2010; Rihel

and Schier, 2013; Churgin et al., 2017). In a landmark study, over

5000 compounds were assayed in larval zebrafish for their effect on

sleep latency (see Glossary), duration and bout number. This study

identified a number of sleep- or activity-regulating drugs including

inhibitors of ether-a-go-go-related K+ channel, which promote

waking activity (Rihel et al., 2010). Similar approaches have been

used in fruit flies, where a sleep screen testing 1280 small molecules

identified numerous novel regulators of sleep including the

vesicular monoamine transporter VMAT (Nall and Sehgal, 2013).

Although these approaches have yet to be applied to study sleep in

C. elegans, the use of small-molecule screens to study other

processes and availability of high-throughput behavioral monitoring

systems suggest that this approach is feasible (Schwendeman and

Shaham, 2016). These approaches highlight the potential for drug

discovery using small-molecule-based screens and sleep itself

providing a behavioral read-out of drug efficacy.

The utility of small genetic models extends beyond investigation

into the molecular mechanisms of sleep–wake cycles, and studies in

these models advanced our understanding of the neuronal circuits

that mediate the behavior (Kayser and Biron, 2016). For example, an

existing connectome (see Glossary) defining all neural connections

within the nervous systems makes C. elegans an extremely tractable

model for circuit mapping, and single neurons that either promote or

inhibit sleep have been identified (Cho and Sternberg, 2014; Turek

et al., 2016). Large collections of transgenic driver lines labelling

small subsets of neurons make fruit flies tractable for dissecting

neural circuits regulating sleep (Venken et al., 2011; Jenett et al.,

2012). Although a number of brain areas have been identified that

appear to be crucial regulators of sleep, including the mushroom

bodies and fan-shaped body in Drosophila (Joiner et al., 2006;

Pitman et al., 2006; Donlea et al., 2011; Aso et al., 2014b) and

Orexin/Hypocretin neurons in zebrafish (Prober et al., 2006;

Yokogawa et al., 2007; Appelbaum et al., 2009), these findings

have not resulted in an integrative model defining how sleep is

modulated under different environmental contexts. To date, studies

have typically been limited to selectively manipulating or imaging

small populations of neurons; however, the recent application of in

vivo brain-wide imaging of neural activity inC. elegans,Drosophila

and zebrafish provides a novel approach for identifying neural

correlates of sleep and wakefulness (Muto et al., 2013; Harris et al.,

2015; Nguyen et al., 2015). These studies highlight the complexity

of sleep-regulating circuits and the ability to precisely map circuits

using genetic tools in these systems. The implementation of

transgenic methodology for manipulation of neuronal function or

functional imaging into additional animal models will provide

novel insights into the biological mechanism and function of

sleep regulation.

Use of emergent systems to studyhowevolution andecology

shape sleep

Investigating the origins of sleep
Genetic variation has been selected against in many laboratory

strains of genetic model organisms, often obscuring the ecological

relevance of different genetic or neuronal perturbations. Moreover,

the small number of genetically amenable models, typically limited

to inbred populations ofC. elegans,Drosophila, zebrafish andmice,

represent a narrow subset of species that sleep. The identification of

sleep in C. elegans revealed that sleep exists even in animals with

relatively simple nervous systems, suggesting that sleep is an

ancient behavior that is probably present throughout the animal

kingdom (Zimmerman et al., 2008). The potentially ancient

ancestral origins of sleep has led to a prominent question in the

field of whether sleep is a property of neural circuits, or rather a

property of individual cells (Vyazovskiy and Harris, 2013).

Although this is difficult to address in animals with complex

brains, organisms with simplified nervous systems provide the

ability to ask questions about the fundamental cellular function of

sleep.

As stated above, characterizing sleep in novel animal models

requires defining sleep based upon behavioral criteria including the

period of behavioral quiescence that is associated with changes in

arousal threshold. Recently, these metrics have been applied to

marine species with simplified nervous systems, called nerve nets,

including the Cnidarian jellyfish, as well as multiple different

species of molluscs (Brown et al., 2006; Stephenson and Lewis,

2011; Frank et al., 2012; Vorster et al., 2014; Nath et al., 2017).

Each of these organisms has nervous systems that may be useful in

dissecting the basic neural principles and functions of sleep

regulation, although it is noted that the duration, circadian timing

and characteristics of sleep vary dramatically between species.

The nerve net in jellyfish consists of rings of neurons along the

axial length of the organism (Katsuki and Greenspan, 2013). Sleep

has been investigated in different species of the ‘upside-down’

jellyfish, Casseopea, a genus typically found in the shallow coastal

waters surrounding Florida and the Caribbean islands (Holland

et al., 2004). When active, they display contractions of the nerve net,

which in turn causes pulsing behavior that facilitates feeding and

flow of nutrients throughout the organism (Jantzen et al., 2010;

Santhanakrishnan et al., 2012). Pulsing behavior and their

sensitivity to external stimuli is reduced during night-time

periods, suggesting that night-time behavioral quiescence is a

sleep-like state (Nath et al., 2017). Lastly, when sleep deprived by

mechanical stimulation (intermittent water flow during the night),

jellyfish exhibit increased immobility the following day that is

indicative of a homeostatic rebound in sleep (Nath et al., 2017).
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Therefore, jellyfish possess many of the behavioral hallmarks of

sleep and provide a new model for studying the origins of sleep.

Similarly, sleep has been characterized in several species of

molluscs, including the gastropods Aplysia californica, pond snail

(Lymnaea stagnalis), the octopus (Octopus vulgaris) and at least

one cephalopod, the cuttlefish (Sepia officinalis) (Brown et al.,

2006; Stephenson and Lewis, 2011; Frank et al., 2012; Vorster et al.,

2014). All of these organisms show periods of behavioral

quiescence that correspond to a sleep-like state. Interestingly,

circadian modulation of sleep–wake cycles varies among molluscs:

Aplysia and cuttlefish display robust diurnal (see Glossary) waking

rhythms, whereas the octopus is nocturnal (see Glossary) and the

pond snail exhibits infrequent sleep states that occur without

influence of time of day (Brown et al., 2006; Stephenson and Lewis,

2011; Vorster et al., 2014). Thus, even between these cephalopod

and gastropod species, sleep structure is highly variable, and may

provide insight into ecological- and niche-dependent interactions

between sleep and circadian rhythms.

Potential applications for gastropod and cephalopod models in sleep
research
Mollusc species are well suited for electrophysiological studies, and

have been widely used to study the neuronal mechanisms

underlying diverse processes including learning and memory,

visually guided prey-seeking behavior, and social interactions

(Chiao et al., 2015). Characterizing sleep in these mollusc species,

therefore, provides a unique opportunity to examine the relationship

between sleep and these fundamental processes. For example,

recent findings indicate that sleep in Aplysia promotes memory

consolidation, while sleep deprivation inhibits the formation of new

memories (Krishnan et al., 2016a,b; Levy et al., 2016). Like

Aplysia, Lymnaea display robust classical and operant long-term

memories, pairing various attractive or aversive stimuli with feeding

behavior. Although sleep is sporadic and limited to short bouts in

this species, it is possible that loss of sleep will impair memory

formation. The ability to formmemories varies across strains (Braun

et al., 2012), and can thus provide the opportunity to examine the

relationship between sleep and memory formation in different

strains. The differences in sleep are dependent on the state of a

single neuron, RPed1, that is associated with a central pattern

generator (see Glossary) (Braun et al., 2012). Given the detailed

understanding of the Aplysia and Lymnaea nervous system, and

robust assays for measuring sleep and memory, this system has the

potential to uncover the functional basis for interactions between

sleep and memory formation. Furthermore, the availability of

annotated genomes or transcriptomes for Aplysia and Lymnaea

(Moroz et al., 2006; Sadamoto et al., 2012) provides the opportunity

to investigate the transcriptional basis of sleep-dependent changes

in memory formation.

Both cuttlefish and octopus have a highly developed visual

system and complex visual behaviors (Young, 1991; Hanlon et al.,

2009). The octopus has been used as a model for visual memory

formation and forms distinct memories dependent on visually

guided or tactile learning (Bradley and Young, 1975; Gutnick et al.,

2011). Cuttlefish display remarkably complex visually guided

behaviors including changes in body patterning for camouflage and

communication, despite a lack of color vision (Wells, 1997).

Cuttlefish also have robust visual memories, learning to associate

prey with their visual surroundings, but the relationship of these

memories to sleep has not been investigated (Jozet-Alves et al.,

2013). Interestingly, cuttlefish have stereotyped eye movements that

resemble rapid eye movement (REM) sleep, which has not been

identified in invertebrates or fish models (Frank et al., 2012). The

complex sensory systems of cuttlefish and octopus lend these

organisms potential advantages as models for examining

interactions between sleep and sensory systems.

While identifying sleep in jellyfish and molluscs opens the door

for studies for sleep function, rhythmic circadian behavior or gene

expression has been identified in many other systems that have not

been analysed for sleep (Joiner, 2016). For example, the starlet sea

anemoneNematostella vectensis has robust circadian behavioral and

molecular rhythms, a simplified and transparent nervous system,

and is amenable to transgenic manipulation (Hendricks et al., 2012;

Peres et al., 2014; Oren et al., 2015; Renfer and Technau, 2017).

Molecular circadian rhythms have also been identified in the

tunicate sea squirt Ciona intestinalis that are accompanied by

circadian-dependent regulation of oxygen consumption (Minamoto

et al., 2010). Ciona have long been used as a model for

embryogenesis, but a recent focus on nervous system structure,

and accompanying genetic tools, provide the foundation for

behavioral analysis (Takamura et al., 2010; Hozumi et al., 2015).

Beyond these simple systems, circadian rhythms have been

characterized in many animals with simple body plans including

the sea sponge Suberites domuncula (Müller et al., 2012) and the

bread mold, Neurospora crassa (Feldman and Hoyle, 1976;

Gardner and Feldman, 1980). These studies demonstrate

unequivocally that circadian behavior is a cellular property

(Müller et al., 2012), and suggest the characterization of sleep in

these simple system may shed light on the earliest forms of sleep.

Natural variation in sleep regulation

The naturally occurring variation in human sleep duration or timing

appears to be genetically encoded, although little is known about the

specific genes that contribute to differences in sleep need between

individuals (Parsons et al., 2013; Hu et al., 2016; Lane et al., 2016).

Although single genes have been identified that contribute to

naturally occurring variation in sleep (Allebrandt et al., 2013; He

et al., 2009), most variability undoubtedly comes from a complex

genetic architecture. Recent genome-wide association studies

(GWAS) have typically relied on self-reported sleep duration,

latency and chronotype (see Glossary) (Hu et al., 2016; Jones et al.,

2016), while other studies have used actigraphy (see Glossary)

(Spada et al., 2016). A significant impediment to these studies has

been validating the function of GWAS alleles and investigating their

mechanistic role in sleep regulation. One GWAS study that used

self-reported sleep data from over 4000 individuals estimated that a

locus containing the KATP channel ABCC9 accounted for

approximately 5% of variation in human sleep (Allebrandt et al.,

2013). Genetic knock-down of the ABCC9 fruit fly ortholog

sufonurea receptor 2 (dsur2) in neurons selectively reduced night

sleep without affecting daytime sleep (Allebrandt et al., 2013).

These findings validate a role for ABCC9/dsur2 and the utility of

reverse-genetic approaches to functionally validate genes identified

through human GWAS studies.

Naturally occurring variation and its effects on sleep can be

leveraged in a laboratory setting, and as such, the contributions of

naturally occurring genetic variation to sleep regulation can also be

directly investigated in model systems (Fig. 2). While laboratory

studies of D. melanogaster typically rely on inbred strains that have

been housed in the laboratory for decades, this species is found in

diverse climates all over the world (David and Capy, 1988; Stephan

and Li, 2007). Drosophila melanogaster from different

geographical regions are genetically distinguishable at genetic and

behavioral levels (Schmidt et al., 2005; Schmidt and Paaby, 2008;
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Reinhardt et al., 2014). Multiple studies have found that increased

sleep duration is associated with proximity to the equator,

suggesting that flies from warmer climates with reduced seasonal

variation in temperature sleep longer than flies from northern

latitude clines (Fig. 2A; Svetec et al., 2015; Brown et al., 2018).

A transcriptome comparison between flies from high and low

latitudes revealed enrichment of differentially expressed genes

related to circadian clock function (Svetec et al., 2015). These

findings, combined with short-sleeping phenotypes of circadian

mutants, and a known wake-promoting role for circadian neurons,

suggest that selection on latitude-associated changes in the circadian

genes may contribute to sleep difference in naturally occurring

populations ofDrosophila (Parisky et al., 2008; Keene et al., 2010).

Investigating the relationship between sleep and circadian function

in flies from geographically diverse regions may uncover novel

interactions between the circadian and sleep–wake rhythms.

Existing natural variation can also be experimentally leveraged to

generate genetically variable inbred lines (Fig. 2B). TheDrosophila

Genome Reference Panel (DGRP) consists of 205 highly inbred

strains originating from wild-caught Drosophila (Mackay et al.,

2012). These lines have been fully sequenced and an existing

whole-body transcriptome allows for genotype–phenotype and

expression quantitative trait locus (eQTL) analysis (Huang et al.,

2015). Inbred DGRP fly lines have been characterized for numerous

behaviors, including feeding, olfaction, alcohol sensitivity,

aggression, courtship and sleep (Swarup et al., 2013; Gaertner

et al., 2015; Garlapow et al., 2015; Morozova et al., 2015; Shorter

et al., 2015). Sleep analysis revealed remarkable diversity between

inbred lines, with some exhibiting as much as a threefold difference

in day- and night-time sleep, suggesting that the sleep differences

caused by naturally occurring variation are as robust as many of the

most severe single-gene mutants identified through forward genetic

screening (Harbison et al., 2009, 2013). Genotype–phenotype

analysis identified 2525 single nucleotide polymorphisms (SNPs)

implicated in diverse aspects of sleep regulation, including day- and

night-time sleep, bout duration and bout number (Harbison et al.,

2013). Although approximately half of SNPs were in intragenic

loci, many of the SNPs localized to genes previously associated

with fly or mammalian sleep, and a role for five novel genes could

be validated using genetic mutants or RNA interference (Harbison

et al., 2013). A similar approach investigating the relationship

between sleep and whole-body gene expression in these 40 DGRP

lines identified numerous sleep-regulating genes including the

finding of the polymorphism Catsup, a negative regulator of

dopamine synthesis, as well as validation of four additional sleep

regulators using genetic mutants (Harbison et al., 2009). Therefore,

one can conclude that the study of how naturally occurring variation

in sleep associates with transcription or genotype can be used to

identify novel sleep regulators.

Studying natural variation in sleep using emergent model

systems

Genetic technology in Drosophila may afford the ability to

functionally characterize naturally occurring genetic variation

identified in non-genetic model systems. A number of additional

insect systems provide the opportunity to examine how both genetic

variation and life history traits contribute to sleep regulation

including honey bees, moths and cockroaches (Anderson, 1968;

Tobler, 1983; Sauer et al., 2003). The diversity of insects, each with

unique ecological and evolutionary history, may complement the

genetic approaches commonly applied in the fruit fly.

Sleep has been studied extensively in the honeybee Apis melifera,

a eusocial insect with a complex caste system capable of forming

robust memories. Sleep was initially characterized as periods of

immobility that were associated with a lack of antennae movement

and reduced sensitivity in visual optomotor neurons, providing both

behavioral and physiological read-outs of sleep (Kaiser and Steiner-

Kaiser, 1983; Sauer et al., 2003). In addition, bees display a rebound
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following sleep deprivation characterized by increased antennal

immobility (Sauer et al., 2004). Electrophysiological approaches

have been applied extensively to study memory and odor coding

in bees. Recordings of mushroom body neurons, a memory center

later found to promote sleep in Drosophila (Joiner et al., 2006;

Pitman et al., 2006), revealed episodes of increased activity during

sleep, and was proposed to be indicative of slow wave sleep

(Schuppe, 1995).

The honeybee, like many eusocial insects, undergoes a series of

life transitions. Younger bees tend to be nurse bees that remain in the

hive, but at around three weeks of age they shift to foraging traits.

This change in task specialization is accompanied by broad changes

in gene expression, epigenetic signatures and brain structure (Toth

and Robinson, 2007; Patalano et al., 2012). A comparison of sleep

between young worker bees and older foraging bees revealed

differences in sleep architecture, with young bees spending a greater

amount of time in light sleep (Eban-Rothschild et al., 2017). The

understanding of variation in gene expression between life stages

may be applied to understand how these task transitions are

associated with sleep. Furthermore, differences in sleep architecture

were observed between different bee colonies, raising the possibility

that differences in genetic variation or life history traits contribute to

differential sleep regulation. A sequenced genome and the recent

implementation of gene-editing or transgenesis approaches in the

honeybee may allow for the isolation of sleep genes in the honeybee

using similar approaches that have been used in the fruit fly

(Weinstock et al., 2006; Schulte et al., 2014).

Like other insects, many species of cockroaches also show robust

circadian rhythms of locomotion (Harker, 1956; Roberts, 1960;

Page, 1982) mating behavior (Rymer et al., 2007) and neuronal

activity (Bult and Mastebroek, 1993). Sleep as a rest-like state has

been investigated in at least two species, Leucophea maderae

(Tobler, 1983) and the giant cockroach, Blaberus giganteus (Tobler

and Neuner-Jehle, 1992). Both species show clear nocturnal

rhythms, with peak activity occurring in the first hours after

transition to darkness, and prolonged periods of immobility during

the lights-on phase. Forced activity by mechanical stimulation in the

last hours of the light phases significantly increase behavioral

quiescence during the dark period (Tobler, 1983; Tobler and

Neuner-Jehle, 1992). Moreover, consistent with immobility as a

rest-like state, the threshold for a mechanical stimulus to cause a

behavioral response was significantly higher when individuals were

immobile (Tobler and Neuner-Jehle, 1992). The large size and ease

of access to the central nervous system of cockroaches makes

electrophysiological analysis of neural networks easily accessible

(Titlow et al., 2013). Moreover, whereas the genomes of B.

giganteus or L. maderae have not been published, other cockroach

models have had their genomes sequenced (Harrison et al., 2018).

Thus, with the advent of genome sequencing, the cockroach may

serve as a powerful model for relating genome variation with neural

function, and could offer critical insights into how genetic and

neural mechanisms underlie variations in sleep-like states.

The characterization of sleep in additional insect species that are

studied for circadian or other sleep-related behaviors may provide

insight into genetic variation regulating sleep. For example, the

marine midge Clunio marinus exhibits circalunar behavior that is

dependent on the circadian clock, and they are locally adapted to

inhabit rocky patches on the European Atlantic coast (Neumann and

Heimbach, 1985). Adult C. marinus synchronously emerge from

the sea during low tides, a behavior that requires integration of tidal,

lunar and solar cues (Neumann and Heimbach, 1985). QTL analysis

of circadian chronotype for adult emergence from thewater revealed

an association with the circadian gene Calmodulin-dependent

protein kinase II (CamKII), splice variants associate with circadian

timing, and functional differences in CamKII variants were

validated in Drosophila (Kaiser et al., 2016). CamKII has also

been implicated in sleep regulation in rodents (Cui et al., 2016),

raising the possibility that naturally occurring variants also affect

sleep. A similar approach has been used to validate mutations that

affect sleep in humans. A variant of the basic helix–loop–helix

(bHLH) transcription factor Dec2 resulted in an approximate two-

hour reduction in sleep need, and fruit flies carrying the short-

sleeping human variant slept less than flies harboring the human

wild-type variant (He et al., 2009). Therefore, existing genetic

models provide a powerful system for identifying the contributions

of naturally occurring genetic variation to sleep regulation.

The adaptive evolution of sleep loss in cavefish

The robust evolution of behavior in response to environmental

perturbation provides the opportunity to examine how ecological

environment influences sleep (Keene et al., 2015). Fish species

trapped in caves across the world have evolved ‘troglomorphic’

traits, including loss of pigmentation and eye loss (Jeffery, 2009;

Gross, 2012). In addition, these morphological changes are

accompanied by alterations in sleep or activity patterns. Several

species of cavefish show altered locomotor rhythms throughout a

24 h period, and thus provide an excellent system to investigate how

altered activity rhythms or sleep correlate with different ecological

settings (Cavallari et al., 2011; Duboué and Borowsky, 2012;

Beale et al., 2013). The convergence on many morphological and

behavioral traits, including changes in sleep and activity, in different

species of cave animals reveals stereotyped evolutionary responses

in the surface-to-cave transition.

Locomotor rhythms have been explored in at least three species of

cavefish, the Mexican cavefish Astyanax mexicanus, the Somalian

cavefish Phreatichthys andruzzii, and various species of the

Hillstream Loach (Balitoridae), found in different regions of

Thailand and Laos (Fig. 3). Although it is widely accepted that

adaptation to cave life often results in loss of circadian rhythms, as

well as altered locomotor activity and sleep, the ecological factors

that drive these changes are not well understood. The Somalian

cavefish and many populations of the Mexican cavefish have lost

light-entrained rhythms (Cavallari et al., 2011; Beale et al., 2013).

By contrast, the Hillstream Loach have maintained light-entrained

rhythms, although some have diverged from a 24 h period (Duboué

and Borowsky, 2012). In the Somalian cavefish, circadian rhythms

are entrained by food instead of light (Cavallari et al., 2011).

Interestingly, in the Hillstream Loach, all populations show

dramatic reduction in sleep despite their maintenance of circadian

rhythms (Duboué and Borowsky, 2012). Because both circadian

and homeostatic processes contribute to sleep regulation (Borbély,

1982), this work suggests that sleep changes in a cave environment

are independent of circadian mechanism, and suggest a reduced

sleep need.

The ability to identify the genetic basis of evolved differences in

morphology and evolution has been particularly powerful in the

Mexican blind cavefish A. mexicanus, a small freshwater fish

species native to Northeast Mexico and southern parts of Texas

(Mitchell et al., 1977). The species is found in two different forms:

an eyed, surface-dwelling type that inhabits streams and rivers, and

at least 29 populations of blind, albino forms found in nearby caves

(Gross, 2012). The cavefish have all been derived from a surface-

dwelling form. Thus, the model is advantageous to evolutionary

biology and ecology as the ancestral form is preserved and extant.
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Moreover, as many traits such as eye loss and depigmentation are

shared between cave and surface fish, yet have evolved in different

cave populations through different genetic mechanisms, the model

is ideal for investigating mechanisms of convergent evolution.

Like zebrafish, larval and juvenile forms of A. mexicanus display

all of the behavioral hallmarks indicative of a sleep-like state

(Duboué et al., 2011; Yoshizawa et al., 2015). Surface forms, like

zebrafish, are diurnal with high levels of activity during the day and

prolonged periods of quiescence at night (Duboué et al., 2011;

Yoshizawa et al., 2015). Interestingly, cavefish maintain locomotor

rhythms in light–dark conditions, but these are lost in constant

darkness, suggesting that they have maintained light-sensing

abilities despite the loss of functional eyes, yet do not have a free

running clock (Beale et al., 2013). It has been demonstrated that a

one-minute period of inactivity corresponds to a sleep-like state in

both surface and cavefish; both cave- and surface fish were

monitored during the night and, at random periods, mechanical

stimulation was delivered to the side of the dish (Duboué et al.,

2011). In both surface and cavefish, individuals that were inactive

for 1 min or longer were less likely to respond than siblings that had

been active in the 1 min period preceding mechanical stimulation.

Thus, for both forms, a 1 min period of inactivity is indicative of a

sleep-like state. Compared with surface dwelling forms, sleep is

reduced by as much as 80% in multiple independently evolved

cavefish populations. A central question is how A. mexicanus may

have maintained their diurnal rhythms, while losing their functional

clock, eyes and much of their sleep, and the ability to disambiguate

these processes is a central strength of this model. Nonetheless, the

robust differences in sleep between the two different forms of

A. mexicanus provide an excellent model to investigate the genetic

and neuronal mechanisms underlying sleep variation in naturally

occurring animals.

Evolution of sleep loss and circadian disruption in

cave animals

The rich repertoire of behaviors in adult fish permit an analysis

relating changes in sleep to other biological measures, such

as sensory processing. For example, the lateral line – a group of

neurons positioned on the body wall of fish that serves an important

role in detecting water flow and sensing the external environment –

is greatly enhanced in cavefish relative to surface conspecifics

(Baker and Montgomery, 1999; Patton et al., 2010). The number of

neuromasts (see Glossary) along the lateral line is dramatically

increased (Teyke, 1990; Yoshizawa et al., 2010). Interestingly,

chemical ablation of the lateral line partially restores sleep levels in

cavefish to that of surface fish, suggesting that increased sensitivity

to the environment partially underlies changes in sleep (Jaggard

et al., 2017). The lateral line has been demonstrated to influence

other behaviors, such as the attraction to vibrations (VAB), thought

to be important for prey seeking and schooling behavior, yet QTL

Astyanax mexicanus

1. Sleep loss

A B C

1. Sleep loss

2. Maintenance of

light-entrainable circadian

rhythms

2. Loss of light-entrainable

circadian rhythms

1. Loss of light-entrainable

circadian rhythms

2. Gain of food-entrainable

circadian rhythms

Phreatichthys andruzzii Balitoridae

Fig. 3. Sleep and circadian phenotypes in different cavefish species. (A) Cartoon diagram of A. mexicanus, with eyed surface populations (fish on top)

found throughout Mexico and Southern Texas, and eyeless cave populations (fish on bottom) in various caves throughout North East Mexico (red box on map).

Both a loss of sleep and loss of circadian rhythms have been described for these fish. (B) The Somalian cavefish, Phreatichthys andruzzii, are blind albino

fish that inhabit caves in Somalia (map). A loss of light-entrainable rhythms and a gain of food-entrainable rhythms have been described for these fish.

(C) Hillstream loaches,Balitoridae, are found throughout Southeast Asia (map). There are eyed, surface-dwelling species (top cartoon) and various populations of

fish that have evolved in caves of Thailand and Laos (red asterisks on map). Cave Balitoridae species are either fully or partially eyeless. For all species

of fish listed, average sizes are 5–10 cm in length.
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for genomic regions that underlie VAB appear to be unrelated,

suggesting that distinct sensory neuromasts modulate sleep and

prey-seeking behavior (Yoshizawa et al., 2010; Kowalko et al.,

2013; Yoshizawa et al., 2015). Conversely, the wake-promoting

neuropeptide Hypocretin/Orexin is up-regulated in cavefish, and

ablation of the lateral line reduced Hypocretin to surface fish levels.

These findings suggest that evolved differences in sensory systems

contribute to sleep loss by modulating hypothalamic function

(Jaggard et al., 2018). The identification of sensory and central-

brain mechanisms contributing to sleep loss demonstrate the

integral relationship between adaptive changes in sensory

processing and sleep regulation.

A unique feature of A. mexicanus is inter-fertility between

populations, allowing for the generation of hybrid fish with variable

sleep and morphology (Borowsky, 2008; Duboué et al., 2011).

Hybrid surface and cavefish have been used for genetic mapping

studies and to examine the genetic relationship between traits

(Casane and Rétaux, 2016). For example, hybrid fish from two

independent eyeless cave populations possess functional eyes, due

to distinct genetic architecture modulating each trait (Borowsky,

2008). Therefore, these fish provide a system for testing whether

shared or independent factors contribute to sleep loss in each cave

population, and relating these mechanisms back to the unique cave

ecology. Alternatively, genetic mapping experiments can be applied

to surface–cave hybrids. These experiments have been used to

identify that sleep traits independently segregate from many

morphological traits (Duboué et al., 2011; Yoshizawa et al.,

2015). A recent sequencing of the genome of A. mexicanus, and the

application of next-generation sequencing approaches, should allow

for the application of these approaches to identify genes associated

with sleep loss in each cave population (McGaugh et al., 2014).

Many existing fish evolutionary models may provide novel

insight into how evolutionary history and ecology affect sleep. The

three-spine stickleback,Gasterosteus aculeatus, has rapidly evolved

throughout the northern hemisphere, where they uniquely adapt

morphology and behavior to their local environments (Bell and

Foster, 1994). These fish provide a model for how evolved changes

in complex behaviors, including boldness, schooling behavior and

aggression, are related to evolutionary history (Ruiz-Gomez and

Huntingford, 2012; Jolles et al., 2016; Sanogo and Bell, 2016).

Other fish species are evolutionary models for studying ageing

(Turquoise Killifish), social behavior (African cichlid), and sexual

selection (swordtail) (Basolo, 1990; Alcazar et al., 2016; Harel

et al., 2016). Application of approaches currently used to define

sleep in zebrafish and Astyanax could define sleep in these models

and allow for investigation of the evolutionary relationship between

sleep and other complex behavioral and physiological traits.

Furthermore, defining sleep in additional fish models would allow

for the leveraging of genome mapping approaches and genetic

technology currently available in these systems to study the genetic

and neural basis of sleep regulation.

Evolved differences in sleep – QTL mapping and artificial

selection experiments

The relatively short generation time and robust sleep phenotypes

from existing genetic variation make non-mammalian models

powerful systems for investigating the evolution of sleep. A number

of studies have used experimental evolution or selection

experiments to study the evolution of sleep loss. A model of

Drosophila insomnia was generated by selecting for short-sleeping

individuals through 60 generations, resulting in over 90% sleep loss

(Seugnet et al., 2009). A number of biomarkers for sleep deprivation

in humans, including the salivary biomarker Amylase and elevated

triglyceride levels were present in insomnia-like selected flies,

suggesting that selection may provide a model for studying human

sleep deprivation. Further insomnia-like flies had similar

phenotypes to acutely sleep-deprived flies or short-sleep mutants,

including memory deficits, reduced lifespan and reduced stress

tolerance, highlighting the conserved functional consequences of

sleep loss (Seugnet et al., 2009). These phenotypes are also

observed in wild-type laboratory fly populations with mechanically

or genetically disrupted sleep, providing multiple lines of evidence

that sleep loss has a negative impact on fitness (Li et al., 2009;

Bushey et al., 2010; Seugnet et al., 2011).

Evolutionary approaches have also been applied to examine

interactions between sleep and other fitness-associated traits.

Experimental selection for starvation resistance in outbred flies

results in flies with elevated triglyceride levels that survive up to

2 weeks without food, compared with only a few days for controls

(Masek et al., 2014). Testing these flies for sleep revealed increased

sleep co-evolved with starvation resistance, suggesting that sleep

promotes survival during times of starvation, probably through

reduced energy expenditure from foraging (Masek et al., 2014;

Slocumb et al., 2015). The sleep and metabolic phenotypes were

present in three independently selected fly lines originating from a

single outbred population, allowing for an investigation of whether

shared or distinct genetics underlie the independent generation of

these phenotypes. In addition, genomic sequencing and GWAS of

these lines have the potential to identify additional genes involved in

the regulation of these complex traits.

While the leveraging of experimental evolution or artificial

selection to investigate sleep traits has predominantly been studied

in Drosophila, these approaches are readily applicable to other

model organisms. For example, artificial selection has been used in

zebrafish to study complex behaviors (Facchin et al., 2009). In

addition, in C. elegans, comparative studies and QTLmapping have

been performed between different natural isolate strains (McGrath

et al., 2009), although not for sleep traits. If sleep differences are

present between these strains, mapping or selection experiments

would allow for identification of causal genes contributing to these

differences (Li et al., 2006; Elvin et al., 2011). It is possible that

examining the genetic contribution to natural variation in sleep will

uncover molecular pathways different from those evident from

mutagenesis studies, and these natural approaches may have more

relevance to the differences in sleep need between humans.

Additional ecologically relevant factors that modulate sleep

While sleep research has predominantly focused onmeasuring sleep

under standardized and stable laboratory conditions, the responses

to environmental perturbations are understudied, and are likely to be

under strong evolutionary selection (Tourgeron and Abram, 2017).

Many environmental factors, including food availability, social

interactions and temperature, potently impact sleep in diverse phyla

(McNamara et al., 2009; Capellini, 2010). For example, sleep is

reduced in flies reared in isolation, and exposure of male flies to

females suppresses sleep, revealing robust modulation of sleep by

social stimuli (Ganguly-Fitzgerald, 2006; Beckwith et al., 2017;

Chen et al., 2017; Machado et al., 2017). These important

modulators of sleep are likely to be missed in behavioral assays

used in most animal systems that measure each animal in an

independent arena, and highlight the need for investigating sleep in

an ecologically relevant context.

In addition to social experience, nutrient availability is a crucial

modulator of sleep, and animals weigh the cost–benefit of energy
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savings from sleep against the benefits of wakefulness (Schmidt,

2014). Animals ranging from flies to humans sleep more following a

meal (Bernstein, 1974; Stahl et al., 1983; Murphy et al., 2016), and

sleep is disrupted during starvation (Macfadyen et al., 1973;

Danguir and Nicolaidis, 1979; Keene et al., 2010). Although it has

long been presumed that these acute responses to nutrient availability

represent a mechanism of maintaining metabolic homeostasis, this

hypothesis has been difficult to test experimentally. A number of

studies in fruit flies have investigated neural circuits regulating

starvation-induced changes in sleep. These studies have found that

both sensory perception of taste and signalling molecules that

promote food consumption inhibit sleep, supporting the notion that

shared pathways regulate both sleep and feeding (Linford et al., 2012;

Chung et al., 2017). A genetic screen identified pathways that

appear to modulate starvation-induced changes in sleep that do not

affect energy stores, metabolic function or feeding behavior

(Murakami et al., 2016). While the relationship between sleep and

food availability has not been tested in many models, including

zebrafish, it is possible that different species have unique

adaptations to food availability. For example, prolonged starvation

increases sleep in cavefish, similar to what is observed in birds,

perhaps representing an energy-saving mechanism to account for

long periods with limited food during the dry season (Jaggard et al.,

2017). Broader systematic analysis of species-specific responses to

changes in food availability and improved understanding of the neural

basis for these changes will determine how sleep is modulated by

environmental perturbations.

In an ethologically relevant context, many additional factors will

have a potent impact on sleep. For example, increased sleep during

early development has been documented in flies and humans, and it

appears to be crucial for normal brain development (Carskadon,

2011; Kayser et al., 2014). Sleep is affected by many environmental

variables, and the small model systems are likely to be amenable to

investigation of how sleep is affected by diverse social processes. It

is possible that the drive to identify sleep genes and standardization

of approaches has obscured many key regulators of sleep that are

related to the response to stress, food availability, social behavior or

other factors. Investigating the relationship between ecology and

these factors is necessary to understand the evolutionary features

regulating sleep, and the short lifespan of many models allows for

tracing sleep differences throughout development.

Future directions

The development of behavioral assays to measure sleep in fruit flies,

C. elegans and zebrafish has led to the rapid discovery of genetic and

neural processes regulating sleep. These findings pave the way for

investigating the function of sleep, and how it is altered by an

animal’s ecological environment and evolutionary history. In recent

years, progress using behavioral criteria to define sleep in a number of

novel model organisms including the jellyfish, Aplysia and cavefish

have potential to provide new insight into the biological and

functional basis of sleep regulation.Many animals are uniquely suited

for studying specific functions of sleep, including the use of Aplysia

to study the relationship between sleep and memory formation, and

the honeybee to examine interactions between sleep and social

experience. We propose that by characterizing sleep in additional

animal models of evolution ranging from organisms with simplified

nervous systems such as the starlet sea anemone Nematostella to the

three-spined stickleback, a model of microevolution, we will gain a

better understanding of how ecology and life history traits regulate

sleep. The emergence of sleep studies in organisms with simplified

nervous systems or defined evolutionary history, combined with the

development of gene-editing technology, provide novel avenues

to investigate the evolution of function of sleep. Together, these

integrative approaches in diverse models will help define the

relevance of genetic and neural principles regulating sleep to

the broader animal kingdom.
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