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Abstract
Why we sleep remains one of the enduring unanswered questions in biology. At its core, sleep can
be defined behaviorally as a homeostatically regulated state of reduced movement and sensory
responsiveness. The cornerstone of sleep studies in terrestrial mammals, including humans, has been
the measurement of coordinated changes in brain activity during sleep measured using the
electroencephalogram (EEG). Yet among a diverse set of animals, these EEG sleep traits can vary
widely and, in some cases, are absent, raising questions as to whether they define a universal, or even
essential, feature of sleep. Over the past decade, behaviorally defined sleep-like states have been
identified in a series of genetic model organisms, including fish, flies and worms. Genetic analyses
in these systems are revealing a remarkable conservation in the underlying mechanisms controlling
sleep behavior. Taken together, these studies suggest an ancient origin for sleep and raise the
possibility that model organism genetics may reveal the molecular mechanisms that guide sleep and
wake.

Introduction
“Nothing in biology makes sense except in light of evolution”

—Theodosius Dobzhansky

Most carefully studied animals have been found to sleep or exhibit a sleep-like state [1,2]. Yet
for the most part, while we sleep we cannot eat, mate, or protect ourselves from predation.
Sleep deprivation can cause an irresistible drive to sleep. Rats chronically deprived of sleep
by the ‘disk over water’ method die in about the same amount of time they would die in the
absence of food [3]. Flies have also been shown to die when deprived of sleep [4]. While we
understand the need to eat, we still do not understand how sleep contributes to survival.

To provide a framework for discussing sleep, we will first discuss the criteria that are widely
accepted and appear to define features of sleep that are emblematic and/or indicate its functional
significance [1,2,5–8]. The first set of criteria is behavioral and, thus, is most easily assessed
and widely observed. One of the major criteria for sleep is behavioral quiescence, typically
characterized by reduced motor activity. Second, elevated arousal thresholds accompany sleep.
A higher intensity stimulus is required to elicit a response from a sleeping animal, compared
to that required in the same animal when it is awake. The reduction in spontaneous movement
as well as in arousability suggests that the sensory and motor systems of the brain are less
active [9]. Third, sleep is homeostatically regulated [10]: if we lose a night of sleep, we
experience an intense drive to sleep even during times when we would typically be awake.
This increase in the amount or intensity of sleep is often termed a sleep rebound. This
homeostatic regulation, like other homeostatic behaviors such as feeding, indicates that sleep
is regulated and serves an important function. The homeostatic regulation has led to the
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suggestion that wakefulness may cause the accumulation of adverse changes in the brain or
body, or depletion of a fuel needed to maintain wakefulness, which is sensed by a sleep
homeostat that then triggers a restorative period of sleep reversing wake induced modifications.

In addition to behavioral criteria, there are electrical, pharmacological, and molecular criteria
for defining sleep. These features have not yet been examined in a wide range of animals, and
some show species-specific attributes. The cornerstone of sleep studies in mammals over the
past century is the electroencephalogram (EEG). Several electrodes are attached to the scalp
and voltage changes between electrodes are measured. These voltage changes are caused by
the synchronized activity of thousands of neurons in the cerebral cortex. The more synchronous
the activity, the larger the voltage change, reflecting the summed postsynaptic potentials
impinging on neurons near the recording electrodes [11]. During deep slow-wave sleep,
synchronous hyperpolarization of cortical neurons can occur repeatedly with a defined
frequency (less than 4 Hz in humans), resulting in high amplitude ‘slow waves’. The amplitude
of these slow (or delta) waves is thought to be a reflection of homeostatic drive [12].

Deep or slow-wave (non-rapid eye movement, non-REM) sleep is typically followed by rapid
eye movement (REM) sleep in a repeating cycle which lasts approximately 90 minutes in
humans, shorter periods in smaller animals and longer periods in larger animals [13]. The EEG
in REM sleep closely resembles the waking EEG in most mammalian species, with generally
low voltage activity in the neocortex. A large amplitude theta rhythm is seen in the
hippocampus during REM sleep and also during certain waking states [9]. In many species,
REM sleep is accompanied by rapid eye movements, and in humans vivid dream mentation is
frequently reported [7]. At the neuronal level, REM sleep is characterized by high, irregular,
waking-like rates of unit discharge in most brain neuronal groups. Conspicuous exceptions are
the noradrenergic, serotonergic and histaminergic cell groups, which are tonically active in
waking, but almost completely inactive in REM sleep. The reduced activity of these cell groups
and the increased activity of certain cells containing the neuroransmitters γ-amino-butyric acid
(GABA) and glycine may be responsible for the major differences between REM sleep and
waking, specifically the loss of consciousness and the profound loss of muscle tone in most
somatic muscles in REM sleep [9,14–20]. This loss of muscle tone prevents the expression of
centrally commanded motor activity [21].

The complexity of sleep has contributed to the difficulty of its study. At least in mammals,
sleep is not a unidimensional brain state. Rather, in terrestrial mammals and birds, it consists
of at least two distinctly different brain states: the REM and slow wave (or non-REM) sleep
states mentioned above, the latter being further subdivided into different stages. An array of
brain loci, circuits and their neurotransmitters drive these various forms of sleep.
Accompanying these changes in neural function are changes in hundreds, if not thousands, of
genes encompassing not only parts of the brain that regulate sleep and wake behavior, but other
regions as well [22–25]. Sleep changes during development, with more total sleep, especially
REM sleep, being required early in life in land mammals (particularly altricial mammals
[26–32]). Finally, sleep is manifest differently between species, even those that are closely
related. For example, among carnivores, the domestic cat sleeps for 12.5 hours a day, while
the closely related Genet sleeps for just 6.3 hours [13]. Among rodents, the Golden-mantled
ground squirrel sleeps for 15.9 hours and the Degu sleeps for only 7.7 hours [13]. Among
primates, the Owl monkey sleeps for 17 hours, while humans sleep for 7–8 hours [1] (Figure
1).

Studies correlating sleep time with various behavioral and physiological parameters have found
some small correlations between single measured or hypothesized conditions (such as sleep
site safety), but have not been able to explain a substantial portion of the variance in sleep times
between species [1,13,33] Of more concern, these studies have reached diametrically opposite
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conclusions as to the nature of correlations between sleep time and brain size or metabolic rate
[13,33,34]. These differences are largely a consequence of post-hoc decisions made about
whether closely related animals should be treated as individuals or as a group, which of the
published sleep studies are adequate and should therefore be included in the data set, and how
the data should best be handled mathematically. Despite these different assumptions and
results, what all these studies have in common is that all significant correlations between
physiological variables and sleep time explain only a small percentage of the variance [13,
34,35]. Such correlations do not necessarily identify causal relations. Sleep in non-mammalian
vertebrates differs from that in mammals [5]. Indeed, these different manifestations of sleep
in different organisms have led to controversies concerning the most fundamental question in
the field: what exactly is sleep and how should it be defined?

Here, we take a comparative phylogenetic approach to sleep. It is widely acknowledged that
sleep is likely to be accompanied by restorative neural processes required for optimal brain
function. Thus, organisms that have brains may have used sleep processes to deal with the
unique requirements of neural circuits [36,37]. If true, then the puzzle of sleep might be solved
by approaching simple model organisms that display sleep behaviors. Given the conservation
of genomes across animal species, organisms with sequenced genomes and facile genetics
present important advantages for studying the genetic underpinnings of sleep. Indeed, a number
of laboratories have analysed sleep in a range of genetic model systems from zebrafish to fruit
flies to nematodes. We suggest that the common elements of sleep present from worms to
humans represent those properties present in their common ancestor. This common ancestry
may be reflected in the shared deployment of genetic pathways important for control of sleep.

Many reviews cataloging the sleep behaviors of a variety of species have been published [2,
5,6,13]. We will not repeat these analyses, but rather we will focus initially on mammalian
sleep. The remarkable diversity in electroencephalographically defined sleep among mammals
suggests that these aspects of sleep may have evolved relatively recently. We will then focus
on three genetically tractable and widely used model organisms: zebrafish, flies and worms
and what they may reveal about the ancient origins of sleep.

Diversity of Sleep among Animals
Many animals that exhibit clear sleep behaviors do not display the characteristic EEG
signatures of sleep seen in mammals. For example, reptiles and amphibians have higher
amplitude cortical activity during waking states than they do in quiescent states [38–40]. These
findings suggest that EEG signatures are linked to the structure and function of mammalian
neocortex, but are not a universal characteristic of sleep. Although a few older studies saw
signs of activation during sleep, more recent and thorough studies have generally concluded
that reptiles and amphibians do not have REM sleep [38–43]. A study in the turtle of neuronal
activity in the brainstem regions known to generate REM sleep did not show the periodic
activation pattern that underlies all of the phasic phenomena of REM sleep [44]. However,
birds, which like mammals are homeotherms, have both REM and non-REM sleep [45–49].

The phenomena of sleep vary even within mammals. A consistent correlate of slow-wave sleep
in humans is the release of growth hormone, particularly in younger individuals [50]; but
growth hormone is not normally released during sleep in dogs [51]. In humans, arousal
threshold is lowest during REM sleep, but in rats it is highest in this state [52–54]. Erections
have been shown to be present during REM sleep in humans and rats [55], but the armadillo
has erections only in non-REM sleep [56]. The physiological signs of REM sleep in both the
platypus [57] and the related monotreme, the short nosed echidna [58], are largely restricted
to the brainstem, in contrast to their propagation to the forebrain in adult placental and
marsupial mammals.
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The standard criteria defining sleep have even been modified for descriptions of ‘sleep’ in
marine mammals. Unlike land mammals, marine mammals can sleep with one half of the brain
at a time, and it has been said that they can swim while sleeping. Two unusual forms of this
behavior have been described: sleep in otariids, such as the fur seal and the harbor seal; and
sleep in cetaceans such as the bottlenose dolphin and the beluga whale.

On land, sleep in the fur seal resembles that in most terrestrial mammals: the EEG is bilaterally
synchronized, and the animal closes both eyes, appears unresponsive and cycles between REM
and slow wave sleep. In contrast, when the fur seal is in the water, it shows slow waves in one
hemisphere, with the contralateral eye frequently being closed and the contralateral flipper
immobile. The other eye is generally open or partially open and the other flipper is active in
maintaining the animal’s position in the water [59,60]. So it appears that half of the brain and
body are ‘asleep’ and the other half ‘awake’ by both EEG and behavioral criteria. REM sleep
time is greatly reduced in the water and no rebound of lost REM sleep is seen when the fur
seal returns to land, even after several weeks in the water [61].

The situation in the dolphin and other cetaceans is quite different [62,63]. They never show
high voltage waves bilaterally for more than a few seconds. Rather, extended periods of slow
waves appear only in one hemisphere at a time. Sometimes they float at the surface while
showing unihemispheric slow waves; but often they swim with unihemispheric slow waves,
and when they do there is no asymmetry in their motor activity, in contrast to the behavior seen
in the fur seal. Regardless of which hemisphere is showing slow wave activity, they tend to
circle in a counterclockwise direction. Mukhametov states that “the sleep behavior of these
animals is indistinguishable from that of quiet waking” [64]. No evidence has been presented
for elevated sensory response thresholds contralateral to the hemisphere that has slow waves.
Indeed it seems that a substantial elevation of sensory threshold on one side of the body would
be quite maladaptive given the danger of collisions while moving. Similarly, brain motor
systems must be bilaterally active to maintain the bilaterally coordinated movement. Therefore
forebrain and brainstem activity must differ radically from that seen in terrestrial mammals
during sleep. The one study of unihemispheric slow wave rebound after unihemispheric slow
wave deprivation in dolphins produced variable results, with little or no relation (and no
significant difference) between the amount of slow waves lost in each hemisphere and the
amount of slow waves recovered in each hemisphere when the animals were subsequently left
undisturbed [64]. In another study it was shown that dolphins are able to maintain continuous
vigilance for 5 days with no decline in accuracy. At the end of this period there was no
detectable decrease of activity or evidence of inattention such as would be expected of a sleep
deprived animal [65].

In some smaller cetaceans, such as the harbor porpoise [63] and Commerson’s dolphin [66],
motor activity is essentially continuous from birth to death: they never float quietly at the
surface or rest on the bottom. It is evident that they must have accurate sensory and motor
performance and associated brain activation 24 hours a day to avoid collisions. Thus this
behavior differs from the criteria normally used to define sleep.

A remarkable behavior is seen in newborn dolphins, killer whales and their mothers. All land
mammals show maximal sleep and maximal quiescent immobility at birth, behaviors which
have been assumed to be required for brain and body development. Newborn killer whales and
dolphins, however, are continuously active, in the manner seen in adults of small dolphin
species, for at least four weeks after birth. Although some unihemispheric slow waves might
be present at these times, the eyes are open bilaterally when they surface at average intervals
of less than one minute, indicating that any slow wave pattern could not last longer than this
period [67]. Sleep is not restorative if interrupted on such a schedule in humans [68] or rats
[69]. The cetacean mothers also cease extended periods of eye closure and floating behavior
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during the postpartum period. No rebound of lost immobility is seen. Rather the neonate and
mother gradually transition to the adult pattern of periodic immobility over a 1–2 month period.
In many cetacean species, migration occurs during the postpartum period. In all cetaceans, this
period is the time of greatest danger from predation because of the small size of the calf,
necessitating the mother and calf to be maximally alert [70–72].

The remarkable diversity of sleep traits among mammals raises the question of which, if any,
physiological changes are a consistent accompaniment of sleep. When sleep-like states are
compared between mammals, non-mammalian vertebrates and invertebrates, it is even more
difficult to identify physiological commonalities. This diversity suggests that these
physiological sleep traits may have evolved more recently and may serve species-specific
adaptive functions [36,37]. Conversely, certain molecular commonalities do exist as indicated
below. Bridging the gap between these molecular mechanisms and physiological functions is
a major opportunity and challenge.

Genetic Model Organisms
One approach to analyzing the complexity and diversity of sleep and sleep-like states is to use
simpler, more genetically tractable organisms to understand the core properties of sleep.
Ideally, so-called genetic model organisms are small, produce large numbers of offspring, have
short generation times, and have sequenced genomes. Studies of simpler organisms also have
implications for the evolution of sleep. These organisms often reflect more ancient branches
from the tree of animal lineages. Shared properties of sleep between simpler model organisms
and more complex mammals may then reflect the biology of the ancient common ancestor of
these diverged species.

The freshwater zebrafish is one such organism that has been established recently as a model
for sleep studies (Figure 2A). The zebrafish develops outside the mother from embryo to early
larval stages in just three days. Much of the early work on zebrafish sleep has therefore focused
on larval sleep behavior, which is observed in as young as five day old larvae [73]. The
advantage of zebrafish, especially relative to invertebrate models, is the conservation of
neurotransmitter systems and neuroanatomy with mammalian models [74], and its diurnal
activity pattern [75,76], resembling that of humans. Unlike mice and humans, the zebrafish is
cold blooded, and thus, like other cold-blooded animals, is not likely to exhibit REM or slow-
wave sleep. Nonetheless, it has been studied as a potential model for hypothalamic and
brainstem sleep regulation.

Larval and adult zebrafish demonstrate many of the core properties of behavioral sleep (Table
1). Larvae exhibit prolonged periods of immobility lasting many minutes [73,77]. These
immobile fish display specific place preference for sleep, often moving to the bottom of the
chamber (larvae and adults) [77,78], or staying near the water surface (adults) [78]. They also
exhibit specific postures, floating with their head pointed down (larvae) [77], or with a
‘drooping’ caudal fin (adult) [78]. This immobility is also accompanied by increases in arousal
threshold. In larvae, this has been assessed by a mechanical tap [77] or by exposure to sudden
darkness [73] and assessments of subsequent behavioral responses. In larvae, increased arousal
threshold is evident after one minute of immobility, but does not increase significantly over
longer periods of immobility, leading to the definition of 1 minute of immobility as sleep
[73]. In adults, a variety of stimuli, including mechanical, acoustic, and electrical, have been
applied, with the last the most effective [78]. In the adult, it was determined that just six seconds
of inactivity was deemed as a minimal epoch of sleep [78]. It is not clear whether the difference
(6 seconds in adults, 1 minute in larvae) reflects biological or analytical differences.

In both larval and adult zebrafish, there is evidence of homeostatic regulation. In larvae,
deprivation by tapping the tank during the typical ‘sleep’ period, but not during the wake period,
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results in a compensatory sleep rebound during the following day [77]. In adults, sleep
deprivation has been more difficult to accomplish, with electrical stimulation required to
persistently disrupt sleep. Nonetheless, this stimulus also resulted in sleep rebound [78]. At
least in adults, light can persistently deprive zebrafish of behavioral sleep. Yet no apparent
sleep rebound is evident once animals are put into darkness [78]. It has been proposed that light
can somehow bypass the homeostatic regulation of sleep. Nonetheless, the findings that
zebrafish display some of the core behavioral properties of sleep suggests that it will be a
valuable sleep model.

The invertebrate whose sleep has been most intensively studied is the fruit fly Drosophila
melanogaster (Figure 2B). The fact that the fruit fly displays all of the core behavioral
properties of sleep (Table 1) has engendered great enthusiasm and implies that sleep may have
been present in the common ancestor of arthropods and vertebrates. The fruit fly central nervous
system has over 200,000 neurons (the human brain has 1011 neurons) and does not have
anatomic structures that clearly correspond to their vertebrate counterparts [79]. But the fly
genome has about 14,000 genes, many of which are highly conserved between flies and humans
at the level of sequence and even function [80–82]. Flies use many of the same or similar
neurotransmitters, receptors and ion channels [83] as mammals, although some transmitters
(for example, octopamine) are used more commonly in flies than in mammals [84] and other
transmitters (for example, hypocretin/orexin) present in mammals have not been observed in
flies.

Fly sleep is not typically monitored using video-based approaches but rather using the
‘Drosophila activity monitoring system’ (Figure 3) [85]. Here, a single fly is placed into a
small glass tube with agar food at one end. The tube is place into a monitor containing 32
infrared emitter/detector pairs, one for each tube. Infrared beam breaks are counted as activity.
Using this assay, the fly exhibits long periods of immobility, sometimes lasting for hours. A
close examination of these immobile flies reveals a typical posture and place preference (near
food when solitary) [86]. This behavioral quiescence is accompanied by increases in arousal
threshold saturating at five minutes of immobility during the dark period, leading to the five-
minute criterion for sleep that is commonly used [87,88]. Sleep depriving flies leads to a
compensatory homeostatic rebound [86–88]. Sleep is usually regulated by a circadian clock,
which (at least) times sleep and wake to occur at particular times of day in most organisms.
The fly also demonstrates robust circadian regulation of its sleep state and has been one of the
best models for understanding the molecular basis of circadian clocks [89–91].

The most recent entrant, and perhaps the simplest organism that has been shown to have a
sleep-like state, is the tiny (less than 1 mm long) roundworm, Caenorhabditis elegans (Figure
2C). The worm is notable for its remarkably simple and well-understood anatomy with just
959 cells (not including sperm and eggs) of which precisely 302 are neurons connected through
700 electrical and 5000 chemical synapses [92]. The presence of sleep-like states in C.
elegans suggests that the common ancestor of bilaterally symmetric animals may have slept.

The study of sleep in worms has focused on a developmental behavior termed ‘lethargus’ —
a period of behavioral quiescence that occurs before each of its four larval molts, the final molt
leading to the adult worm [93]. Lethargus occurs about every 10–16 hours and lethargus periods
last about 2–4 hours each. These periods of relative immobility are accompanied by reductions
in responsiveness to mechanical and olfactory stimuli, such as a tap (Table 1) [94]. Depriving
worms of these quiescent periods results in a compensatory rebound of quiescence, indicating
homeostatic control [94].

Unlike the sleep-like states of zebrafish and flies, lethargus of C. elegans is not under circadian
control, but rather under the control of a developmental program that precisely controls the
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timing of molts [95]. Remarkably, the worm ortholog of the fly and mammalian circadian clock
gene period, lin-42, oscillates with the timing of the molts [96]. Thus, sleep in fish, flies and
worms is linked to the oscillation of the per gene whether circadian or developmentally
controlled. While sleep in worms has only been claimed for the larval stages, adult worms do
display circadian rhythms of moving speed [97] and satiety-induced behavioral quiescence
[98].

Conservation of the Sleep Mechanism
The presence of behaviorally defined sleep-like states in such a diverse array of creatures, even
in animals as simple as C. elegans, raises the question of whether sleep evolved independently
in each of these animals or whether sleep was present in a primitive form in the common
ancestor of worms, flies, fish, and even humans. While studies of the genetics and
pharmacology of sleep are still in their infancy, particularly for the genetic model species, the
remarkable similarity in the genetic and pharmacological control of sleep provides compelling
support for the latter hypothesis. This suggests that sleep was present in the common ancestor
of all bilaterally symmetric organisms over 600 million years ago. Indeed, even the cnidarian
jellyfish, which represents an even more ancient branch of the animal kingdom, has been
reported to show sleep-like states [99,100]. We shall focus on genes with functions that affect
sleep, discussing three areas of conservation: circadian clock genes, signaling pathways, and
neurotransmission. There are many excellent gene expression profiling studies [22–25,87,
101,102] that also suggest conservation of sleep mechanism but we do not have space to discuss
them here.

One of the most well conserved pathways for sleep regulation is the circadian clock, or more
precisely, the circadian clock genes (Table 2). Circadian clocks are composed of transcriptional
feedback loops that are highly conserved between flies and mammals. In Drosophila, the
CLOCK (CLK) transcription factor along with its heterodimeric partner CYCLE (CYC),
activates the period (per) and timeless (tim) genes (reviewed in [103]). The PER and TIM
proteins feedback and repress CLK/CYC. PER and TIM are also modified by phosphorylation
by kinases such as DOUBLETIME (DBT), leading to their degradation and allowing the cycle
to proceed. Remarkably, mutations in the human orthologs of the per and Dbt genes have been
shown to be responsible for familial advanced sleep phase syndrome [104,105]. Individuals
affected with this dominantly inherited syndrome sleep and wake 3–4 hours before their
unaffected siblings [106]. Not surprisingly, zebrafish uses similar genes to those identified in
flies and mammals to regulate its circadian clocks [75,107]. As mentioned above, in C.
elegans lethargus is also linked to the oscillation of its per gene, lin-42, but this oscillation is
controlled by a developmental, not a circadian clock. Taken together, these observations
suggest that sleep is linked to oscillation of ‘clock’ genes, and that this may even have preceded
the evolution of fully-fledged circadian clocks, at least in animals. At least some unicellular
organisms show circadian or ultradian rhythms [108,109], but evidence for sleep in unicellular
organisms is lacking (see below).

Interestingly, disruption of clock function can affect not only the timing of sleep but also the
amount of sleep. Lesion of the mammalian circadian pacemaker, the suprachiasmatic nucleus
(SCN), can increase sleep time in some primates [110] and in mice [111] (although not in rats)
[112]. Nonetheless, mutations of the Clock gene not only disrupt circadian aspects of sleep but
also result in reduced sleep in both flies [113] and mice [114]. Mutations of the heterodimeric
partner of CLK, CYC, also result in reduced sleep levels [4,113]: male cyc mutant flies display
reduced sleep rebound [113] and female cyc mutant flies are hypersensitive to the lethal effects
of sleep deprivation [4]. Knockouts of the mouse CYC ortholog, Bmal1, actually exhibit an
increase in sleep time [115]; however, they display reduced sleep rebound similar to male flies
[115].

Allada and Siegel Page 7

Curr Biol. Author manuscript; available in PMC 2010 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A number of signal transduction pathways also appear to be commonly deployed in the
regulation of sleep (Table 2). The cyclicAMP(cAMP) pathway, including the cAMP-
dependent protein kinase A and cAMP activated transcription factor CREB, plays a role in
promoting wakefulness in worms, flies, and mice. In Drosophila, a series of mutations in cAMP
pathway components or overexpression of components that would increase cAMP levels or
activity of downstream components, increases wake behavior, whereas mutations that result
in the converse increase sleep [116,117]. Similarly, in C. elegans, mutations that increase
cAMP lead to increase responsiveness to sensory stimuli [94]. In mice, knockout of two CREB
isoforms results in reduced wakefulness [118]. Interestingly, this pathway has been implicated
as a central player in long term memory formation in both flies and mice, suggesting potential
genetic links between sleep regulation and memory consolidation [119]. Consistent with this
hypothesis, a key neural locus for learning and memory, the mushroom bodies, is also an
important neural substrate for sleep regulation [117,120].

Cyclic GMP signaling may also play a conserved role in sleep regulation. Gain- and loss-of-
function mutants in egl-4, which encodes the worm ortholog of cGMP-dependent protein
kinase (PKG), result in increased and decreased behavioral quiescence, respectively [94].
Similarly, a mutation in the Drosophila PKG foraging (for) locus, which lowers PKG activity,
is associated with reduced sleep, suggesting potential conservation of sleep mechanisms
between flies and worms [94].

A third signaling pathway that is conserved for sleep control is that of the epidermal growth
factor receptor (EGF receptor), with increases in EGF resulting in increased sleep/quiescence,
while reductions in EGF receptor signaling result in increased wake/activity. Remarkably, the
EGF receptor has been shown to control sleep behavior in worms, flies, and mice (Table 2).
The EGF receptor is a transmembrane receptor tyrosine kinase that is activated by secreted
growth factor ligands such as EGF and transforming growth factor-alpha (TGFα). EGF infusion
enhances slow-wave sleep in rabbits [121]. The EGF receptor ligand, TGFα, is rhythmically
expressed and secreted by the mammalian SCN [122]. TGFα infusion into the third ventricle
substantially inhibited wheel-running activity while loss of function EGF receptor mutants
exhibited increased daytime activity [122], although effects on light induced behavior have
been questioned [123]. In flies, induction of EGF ligand secretion by overexpression of EGF
processing proteins, Rho and Star, results in increased sleep, while targeted rho loss of function
by RNA interference (RNAi) results in reduced sleep [124]. In worms, transient induction of
Egf (lin-3) expression results in behavioral quiescence even in adult animals, while egfr
(let-23) loss-of-function mutations result in increased activity during lethargus periods [125].
The remarkable conservation of EGF signaling across evolution suggests it is a component of
an ancient sleep pathway.

Sleep is largely regarded as a neurally driven phenomenon and a number of neurotransmitters
appear to play conserved roles in sleep (Table 2). We will comment only on the system-level
effect of manipulation of gene/neurotransmitter function and compare the effects between
organisms. More precise manipulations particularly in mammalian systems suggest more
complex regulatory functions within discrete circuits.

The most commonly used drugs that induce sleep and treat sleep disorders function by
activating GABA receptors. GABAergic compounds such as benzodiazepines and barbiturates
also induce sleep in fish as they do in ‘higher’ organisms [77,126]. In Drosophila, GABA
receptor mutants that reduce desensitization of the GABA receptor (resulting in maintained
GABA signaling) fall asleep more quickly (show reduced sleep latency) [127]; elegant genetic
analyses revealed that these GABA receptor mutants block desensitization and sleep latency
increases induced by drugs [127].
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One issue that has arisen is the precise role of the hypocretin/orexin system in zebrafish. Loss
of hypocretin cells, or mutations in the hypocretin receptors and ligands, results in the sleep
disorder narcolepsy in both humans and mice [128–133]. Narcolepsy is characterized by
persistent sleepiness, rapid transitions from wake directly to REM sleep and sudden losses of
muscle tone (cataplexy) [131,134,135]. The hypocretin/orexin system plays a pivotal role in
maintaining the wakeful state [135]. Expression of a heat-shock inducible form of hypocretin/
orexin in larval zebrafish disrupted sleep, supporting the view that hypocretin/orexin has a
wake-promoting role [73]. Similarly, injection of hypocretin/orexin peptide into the brains of
adult goldfish increased locomotor activity [136]. But adult fish bearing loss-of-function alleles
of the single hypocretin/orexin receptor displayed modestly reduced sleep time with increased
sleep fragmentation [78]. Furthermore, some anatomical studies suggested that the hypocretin/
orexin receptor is expressed in different circuits in adult fish than in mammalian models, while
others have suggested that the hypocretin/orexin circuit architecture is preserved [73,78,137].
The differences between the results of the two genetic studies may be attributed to many factors,
including assessment at different developmental stages (larval versus adult) with potentially
different neural circuitries, use of inducible versus non-inducible genetic manipulations with
their potential of developmental and/or compensatory changes, gain-of-function with
potentially ectopic effects versus loss-of-function approaches, and manipulation of ligand
versus receptor genes. Nonetheless, these studies highlight a role for hypocretin/orexin in sleep
in zebrafish, the precise nature of which awaits additional experimentation. Hypocretin/orexin
has not been identified in invertebrates.

In many animals, melatonin is secreted at night and induces sleep in diurnal animals, including
humans [138–141]. Zebrafish also rhythmically produces melatonin [142] and melatonin also
induces sleep —in particular, changes in the activity and arousal threshold — in zebrafish
[77]. The sleep inducing effects of melatonin have not been described in invertebrates.

A variety of other transmitters also may play conserved roles between flies and mammals. The
ATP breakdown product adenosine increases in response to wakefulness and can, in turn,
induce sleep by acting through specific G-protein coupled receptors [143]. Caffeine is thought
to act as an adenosine receptor antagonist. In Drosophila, caffeine induces wakefulness, while
the adenosine agonist cyclohexyladenosine induces sleep [86,87]. Antihistamines are also
noted to induce sleep in mammals [144]. Similarly, antihistamines can induce sleep in both
Drosophila [87] and zebrafish [126]. Drugs or mutants that enhance or inhibit dopaminergic
transmission and activity result in reduced and increased sleep in Drosophila [145,146], as
they do in mammals. Even the novel wake-promoting agent modafinil, which is thought to act
via dopaminergic pathways [147], similarly promotes wakefulness in flies [148]. Conservation
also extends to the potassium channel family [149,150].

Conclusions
The remarkable diversity of sleep behavior coupled to the apparent conservation of basic sleep
mechanisms raises many important issues. The diversity of sleep traits in all animals, and even
among mammals, suggests that these unique aspects of sleep serve specific functions. The
underlying mechanistic basis, especially at the molecular level, will be of great interest. On
the other hand, the conservation of certain molecular mechanisms linked to sleep control across
diverse species suggests that simple model organisms such as the fly and worm can be
effectively used to reveal the genetic basis of sleep in higher organisms. While it is unlikely
that plants or even unicellular organisms manifest the neurochemical and physiological
machinery that underlies sleep seen in more complex organisms, we cannot exclude the
possibility that they may show biochemical precursors of sleep. As basic sleep mechanisms
are uncovered in multicellular animals, it will be of interest to see if similar genetic pathways
are operating together in plants or unicellular organisms, particularly those with circadian
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clocks. Finally, will uncovering ancient sleep mechanisms that tell us how we sleep explain
why we sleep? Only time will tell, but the entrance of simple genetic models may bring us one
step closer to determining core sleep functions.
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Figure 1.
Mammalian phylogenetic order is not strongly correlated with sleep parameters. Despite
similar genetics and physiology, sleep times within mammalian orders overlap extensively.
On the left are three pairs of animals that are in the same order but have very different sleep
parameters. On the right are three pairs of animals from different orders with similar sleep
amounts. Mammalian sleep times are not strongly correlated with phylogenetic order [1,13,
33]. Photo of Eastern American Mole, courtesy Barbara L. Clauson and Robert M. Timm; the
ajacent photo of J.M.S., courtesy of N.Y. Times. Photo of R.A., courtesy of Northwestern
University. Photos of other animals courtesy of Wikipedia commons site.
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Figure 2. Fish, flies and worms
(A) The adult zebrafish, Danio rerio. (B) The adult fruit fly, Drosophila melanogaster. (C)
The adult nematode, Caenorhabdities elegans. Photos courtesy of Wikipedia Commons
website.
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Figure 3. The Drosophila activity monitoring system
The top panel is a schematic of a behavioral assay tube with an agar food plug at one end. The
tube is crossed by an infrared beam. The bottom panel is a photograph of an activity monitor.
A U.S. penny (19 mm) is indicated for scale. A fruit fly is indicated by an arrow.
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Table 1

Model organisms and sleep traits.

Caenorhabditis elegans (nematode) Drosophila melanogaster (fruit fly) Danio rerio (zebrafish)

Posture ? Prone, supported “drooping” fin

Reduced activity + + +

Arousal threshold + + +

Homeostasis + + +1

1
Exception during constant light.
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Table 2

Conserved sleep mechanisms.

Worms Flies Fish Mammals

Clock Genes +1 + + +

Cyclic AMP + + ? +

Cyclic GMP + + ? ?

EGF + + ? +

GABA ? + + +

Adenosine ? + + +

Dopamine ? + ? +

Histamine ? + + +

Melatonin ? ? + +

Hypocretin/orexin ? ? +2 +

Potassium channels ? + ? +

1
Clock gene expression is associated with developmentally timed sleep.

2
The precise direction of hypocretin sleep regulation is under debate.
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