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Summary

Despite decades of intense study, the functions of sleep are still shrouded in mystery. The
difficulty in understanding these functions can be at least partly attributed to the varied
manifestations of sleep in different animals. Daily sleep duration can range from 4-20 hrs among
mammals, and sleep can manifest throughout the brain, or it can alternate over time between
cerebral hemispheres, depending on the species. Ecological factors are likely to have shaped these
and other sleep behaviors during evolution by altering the properties of conserved arousal circuits
in the brain. Nonetheless, core functions of sleep are likely to have arisen early and to have
persisted to the present day in diverse organisms. This review will discuss the evolutionary forces
that may be responsible for phylogenetic differences in sleep and the potential core functions that
sleep fulfills.

Introduction

Sleep limits defense against predation, foraging for food and mating. Therefore, there is a
strong selective pressure not to sleep. Nevertheless, since sleep is highly conserved across
evolution, an even greater selection pressure must exist to maintain this behavior. Such a
conclusion is supported by numerous studies demonstrating that inadequate sleep detracts
from health and functionality. For example, in mammals chronic sleep deprivation leads to
lapses in attention, emotional instability, increased sensitivity to pain, metabolic and
cardiovascular disorders, immune dysfunction and, in extreme cases, death [1-9]. What
needs does sleep fulfill that might prevent these pathophysiological changes? And why do
some animals sleep so much more or less than others? To address these and other questions
this review will consider the possible core functions of sleep, the ecological and intrinsic
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factors that shaped sleep differently among diverse animal species, and the neural circuitry
on which these factors may have acted over the course of evolution.

Defining and measuring sleep

As its name suggests, the sleep/wake cycle is characterized by behavioral states that differ in
their levels of brain arousal. Wakefulness can be simply described as a high arousal state that
evolved to optimize interactions of animals with their environment. However, it is harder to
describe the sleeping state since its functions are unknown, and it may be driven by internal
physiological needs. Across the animal kingdom sleep satisfies most, though not necessarily
all, of the following criteria: (1) decreased brain arousal and its behavioral correlate,
decreased responsiveness to an animal’s surroundings, which distinguishes sleep from
immobile wakefulness (also known as rest); (2) electrical changes in the brain’s activity
patterns relative to the waking state; (3) behavioral quiescence, often accompanied by a
preferred location and characteristic posture; (4) rapid reversibility, which distinguishes
sleep from hibernation, anesthesia and coma; (5) homeostatic regulation, in which lost
episodes of behavioral quiescence and low arousal are followed by compensatory (rebound)
episodes [10].

In mammals and birds, polygraphic measurements are the gold standard for assessing sleep
behavior. One such measurement involves electroencephalography (EEG), in which
electrodes are placed on the scalp to measure underlying synchronous electrical activity
[11]. The relative contributions of different frequencies to this activity can be determined by
calculating the power spectral density (PSD) of the EEG. For example, during waking and
rapid eye movement (REM) sleep, functional connectivity within the brain is high, leading
to desynchronized brain activity [12]. Waking and REM sleep thus produce a low amplitude
EEG signal that translates into a PSD with most of its power in the high frequency range. In
contrast, during non-rapid eye movement (NREM) sleep, effective connectivity within the
brain is more restricted, especially within the cortex [12]. Furthermore, recurrent feedback
with the thalamus helps entrain intrinsic cortical oscillations, leading to a high amplitude
signal in the EEG known as slow waves and a corresponding PSD with most of its power in
the same low frequency range as thalamocortical activity, ~.5-4 Hz [13]. The transformation
of this signal in the PSD is known as slow wave activity (SWA) or delta power, which
increases with the duration of prior wakefulness and decreases with time spent asleep. Thus,
delta power reflects the time course of changes in sleep need [14, 15].

Along with the EEG, additional polygraphic measurements are often employed to
distinguish between waking and the two major sleep states in mammals and birds. Such
measurements involve electromyography (EMG), in which electrodes are placed over a
skeletal muscle to measure underlying muscle tone, and electrooculography (EOG), in
which electrodes are placed near the eyes to measure underlying eye movement [11]. While
both waking and REM sleep generate a desynchronized EEG signal accompanied by EOG
activity, descending brainstem systems silence motor neurons selectively during REM sleep,
leaving this state identifiable by EMG due to muscle atonia [16]. In contrast, NREM sleep
produces a highly synchronized EEG signal, minimal EOG activity, and an intermediate
EMG signature resulting from reduced but still extant muscle tone.
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Despite their utility, these polygraphic measurements are not absolutely required to define
sleep in all animals. Invertebrates such as fruit flies, roundworms, sea slugs and crayfish all
lack the brain structures responsible for the EEG signatures of REM and NREM sleep. REM
and NREM activity have not been detected electrophysiologically in zebrafish either. All
these organisms also possess insufficient peripheral and ocular musculature with which to
generate an EMG and EOG. Nevertheless, based on various combinations of the five criteria
listed above, these organisms sleep [17-26]. For example, they all exhibit rapidly reversible
periods of behavioral quiescence and reduced arousal which, if prevented, are
homeostatically upregulated at a later time. All of these organisms also exhibit differences in
nervous system activity corresponding to differences in arousal state. These observations
illustrate that the five criteria listed above are correlated during sleep, and thus prolonged
behavioral quiescence is sufficient to estimate sleep in invertebrates and zebrafish.

However, it is more challenging for behavioral criteria alone to discriminate between
differences in intensity, or depth, of sleep. Such differences can be measured acutely based
on responsiveness to graded sensory stimuli; more intense stimuli are required to arouse
animals from more intense sleep [27, 28]. In contrast, sleep intensity is determined
chronically by using an EEG to measure SWA, which increases with depth of NREM sleep
[27]. Unfortunately numerous sleep studies, including many covered in this review, address
only duration of sleep. This qualification is important to keep in mind since sleep duration
and intensity both contribute to fulfilling sleep need and may thus represent properties on
which evolutionary forces act.

Hypotheses about ecological and intrinsic determinants of sleep behavior

Insights revealed by unihemispheric slow wave sleep and sleep suppression

A combination of measurements is also useful considering that exceptions to any of the five
major sleep criteria can be found in nature. For example, following transitions from waking
to sleep, terrestrial mammals exhibit bilateral changes in brain activity that are thought to
reduce sensory responsiveness and cause behavioral quiescence (thus satisfying criteria 1-3
above) [29]. But in some sleeping birds and marine mammals these changes in brain activity
can take the form of NREM sleep that alternates between the two cerebral hemispheres. The
resulting aptly named unihemispheric slow wave sleep (USWS) leaves half the brain
aroused, which is sufficient to maintain vigilance against predators, to sustain flight over
long distances in certain birds, and to navigate oceanic obstacles and remain afloat in the
case of marine mammals [30-32]. There are also exceptions to homeostatic regulation of
sleep. For example, white-crowned sparrows can reduce their sleep by over 60% for weeks
during the migratory season [33]. Similarly, male polygynous pectoral sandpipers can
suppress sleep during mating season [34]. Bottlenose dolphins can maintain continuous
vigilance to an auditory task for up to 5 days, and in this species and in killer whales, calves
and their mothers exhibit little typical sleep behavior for at least one month after birth [35—
37](though see [38, 39] for different interpretations of this phenomenon).

The examples above also suggest that multiple ecological determinants shaped the evolution
of sleep behavior. Some likely determinants are listed in Table 1. For example, the survival
of migrating songbirds depends on traversing unknown and expansive territory as quickly as
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possible to avoid unfamiliar dangers. Similarly, survival of newborn cetaceans probably
depends on continued vigilance by both mother and calf until the latter is able to care for
itself [37]. Thus, sleep may be sacrificed to protect against predation. In the case of
polygynous pectoral sandpipers, individual birds that remain awake longer than their cohorts
are more successful at mating [34]. Thus, in this case it seems that sleep may be sacrificed to
promote reproductive fitness. In these contexts it is notable that protracted sleep suppression
often occurs for only part of an animal’s life cycle. Such an extreme, adaptive change may
thus offer only a short-term benefit to fitness. Chronic sleep suppression may even invoke
stress responses that supersede short-term compensatory mechanisms and thus prevent sleep
homeostasis. This process, called allostasis, leads to pathophysiological changes in
mammals in which it has been studied, including cardiovascular, immune and endocrine
dysfunction, which may explain why naturally occurring chronic sleep suppression is so
rarely encountered in the animal kingdom [40-43].

Evidence for additional ecological variables as drivers of sleep evolution can be found in
comparisons of sleep behaviors among cetaceans (whales, dolphins and porpoises), sirenia
(manatees) and pinnipeds (phocids, or earless seals; and otariids, including eared seals,
walruses and sea lions). The most striking similarity between these marine mammals is that,
except for phocids, they all exhibit USWS and little to no REM sleep in the water. As
discussed above, it is likely that USWS in these mammals evolved because of the conflicting
aquatic needs for NREM sleep and for remaining vigilant against predation. The same
argument can be made for REM sleep, but in addition, REM sleep is incompatible with
swimming since REM sleep causes muscle atonia. REM sleep is also accompanied by
reduced thermoregulatory control [44]. Thus, selection pressure to reduce REM sleep may
have arisen from the need to maintain core body temperature and thus optimal performance
in the cold waters in which many marine mammals live. Thermoregulatory need might also
contribute to total sleep suppression in cetacean neonates, which have reduced insulating
blubber relative to adults [29].

Sleep hypotheses evaluated by correlated evolutionary analysis

Mammalian sleep duration also varies tremendously among different species, with elephants
and armadillos representing opposite extremes at 4 and 20 hrs/day, respectively [45-47]. It is
unclear whether this variation reflects evolutionary differences in intrinsic sleep need or, as
alluded to above, trade-offs between sleep need and ecological influences. One approach to
understanding the evolutionary factors that shape sleep is to correlate sleep measurements
with ecological or physiological variables across a wide range of animals. In such studies
one must always be aware that unknown factors can be responsible for two otherwise
unrelated correlated measurements. However, the statistical power of such studies also has
the potential to identify mechanistic relationships that persist across evolution. For example,
several recent studies have shown that sleep is negatively correlated with exposure of sleep
sites across diverse mammalian taxa (Figure 1) [48-50]. Sleep is also negatively correlated
with trophic position, a measure of a mammal’s herbivorous tendencies and position within
the food chain [48, 50]. One interpretation of these findings is that they support the
previously stated hypothesis that vulnerability to predation suppresses sleep. Because
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herbivores additionally spend more time than carnivores in search of food, these data also
suggest that sleep may be sacrificed to promote foraging [48, 50, 51].

In addition to ecological determinants of sleep evolution that favor waking, intrinsic
physiological properties of organisms may hold clues about underlying processes that
promote sleep. One such property is brain size, which, when adjusted for body mass (i.e.
relative brain size), may reflect differences in cognitive abilities between species [52-54].
Interestingly, correlational analyses across dozens of mammalian species reveal that the
percentage of sleep devoted to REM is positively associated with brain mass (Figure 1).
Since this effect must come at the expense of NREM sleep, it suggests that REM sleep is
selectively important for relatively large-brained animals [48, 49]. This would be consistent
with the hypothesis that REM sleep may facilitate the consolidation of memories formed
during waking [55-57]. This hypothesis is based in part on the finding that disruption of
REM sleep prevents sleep-dependent retention of learning. This interpretation has been
criticized for overlooking the effects of nonspecific stress caused by sleep deprivation [58,
59]. However, it has been buttressed by the recent finding that blocking hippocampal
oscillatory activity selectively during REM sleep erases subsequent memories of recently
learned tasks even in the absence of altered sleep [60]. A more intractable observation
undermining the above hypothesis is that most antidepressants suppress REM sleep but not
memory [58, 59].

Correlations have also been reported for durations of total REM and NREM sleep,
suggesting that the two sleep states may be functionally coupled (Figure 1) [48, 51].
Interestingly, sleep deprivation initially leads to rebound in NREM sleep, and ambient
temperatures outside the range of autonomic insensitivity suppress REM sleep more strongly
than NREM sleep, thus suggesting that NREM sleep is more important than REM sleep
[29]. These observations are consistent with the hypothesis that REM sleep may
complement or compensate for NREM sleep, possibly by facilitating periodic upregulation
of noradrenergic receptors in preparation for waking [61]. This hypothesis seems difficult to
reconcile with other data, however, including the dependence of REM rebound on prior loss
of REM sleep rather than extension of NREM sleep [62].

Another explanation for REM sleep comes from the ontogenetic hypothesis, which posits
that REM sleep may drive activity-dependent wiring of neural circuits in the developing
brain [63]. This hypothesis is based on the observation that juvenile mammals engage in
much more REM sleep than their adult counterparts [27]. The ontogenetic hypothesis is
supported by studies demonstrating that total REM sleep time is negatively correlated with
both gestation period and precocial birth (Figure 1) [48, 49]. One obvious interpretation of
this data is that mammals that mature more in the womb are born with a reduced
requirement for REM sleep, presumably because the brains of these animals need to undergo
less subsequent development. Conversely, higher levels of REM sleep are needed by altricial
mammals, which are born with relatively shorter gestational time and thus require relatively
more brain development to reach adulthood [48, 49]. These findings are complemented by
studies demonstrating that sleep in roundworms and fruit flies is also correlated with
development of the nervous system [20, 64, 65]. The debate over the ontogenetic hypothesis
continues, however, as some researchers have questioned the reliability of some previous
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mammalian neonatal sleep studies that did not take into account other defining features of
REM sleep such as muscle twitches [66]. The questionable reliability of certain neonatal
REM sleep measurements may also explain why other studies have not detected a
correlation between relative neonatal brain mass and REM sleep [51].

Correlational analyses have also tackled NREM sleep. Early findings indicated that NREM
sleep duration is positively correlated with basal metabolic rate (BMR) in mammals [67],
consistent with a reduced metabolic demand in the brain during NREM sleep relative to
quiet waking and REM sleep [68-72]. Collectively, both findings support the hypothesis that
NREM sleep may facilitate energy conservation [73]. However, when taxa are weighted
more appropriately to reflect phylogenetic relatedness, it appears instead that NREM sleep
duration is negatively correlated with BMR and uncorrelated with brain mass — findings that
do not support the energy hypothesis (Figure 1) [48, 49, 51]. Such a conclusion would be
premature though since brain metabolism is clearly reduced during NREM sleep, and this
effect might be obscured in whole body BMR measurements. Additional support for a role
for NREM sleep in energy conservation is discussed below.

Recent evidence also suggests that the mammalian brain undergoes large increases in
interstitial space during sleep in which clearance of extracellular wastes and toxins is
enhanced [74]. Interestingly, in mammals the ratio of cortical density to surface area shows a
strong positive correlation with total sleep duration, a finding that is consistent with the
evolution of high neuronal density to facilitate perfusion by the CSF [75]. These data thus
support the hypothesis that sleep may have evolved to facilitate metabolic clearance.

In summary, recent correlational analyses that adjust for evolutionary relatedness among
taxa suggest that sleep may be suppressed by various niche-specific ecological factors such
as the need to protect against predation and forage for food. The same studies also provide
mixed evidence to support roles for REM sleep and NREM sleep in neural plasticity and
metabolic functions. It will be especially interesting to see how these findings, which only
apply to terrestrial mammals, are affected by the addition of datasets from birds, which also
exhibit REM and NREM sleep. Correlations that persist with the expansion of phylogenetic
datasets would strengthen arguments for core functions of sleep.

Drivers of sleep: Adaptive inactivity and energy allocation hypotheses

As we have seen, ecological factors are likely to be major determinants of sleep behavior.
Generally these seem to favor waking since only in this aroused state is an organism able to
exploit its environment to feed, mate and protect itself. Countervailing forces — i.e. those that
promote sleep — seem likely to arise from intrinsic physiological needs that have yet to be
identified. However, neither type of variable seems sufficient to explain sleep behavior in
certain animals. For example, armadillos sleep up to 20 hrs/day, whereas their closest
relatives, the sloths, sleep for about half that amount. Yet it is difficult to imagine that
armadillos need to sleep 10 hrs more than sloths or 16 hrs more than elephants [45-47, 76].

In some cases these differences may be attributable to species-specific windows of available
food and safety. For example, the diet of armadillos largely consists of insects, many of
which are most active at dawn and dusk [77]. Since armadillos also occupy cool, deep
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burrows that offer protection from predators and hot surface temperatures [45], it would thus
be potentially dangerous and certainly energetically wasteful to wander around
unnecessarily. Related reasoning has also been applied to explain high sleep in bats [78].
Even more extreme situations apply to animals that undergo daily torpor or seasonal
hibernation when food sources becomes limiting. In these cases metabolism and arousal are
reduced even further than in sleep. Thus, sleep can be thought of as a midpoint in a
continuum of active and dormant states. That is, sleep provides the benefit of reduced
metabolism but at the cost of reduced arousal [78, 79]. Considering the prevalence of the
sleep/wake cycle, it seems likely that optimal performance in most organisms requires a
balance between those two variables. The evolution of reduced muscle tone and complete
atonia in NREM and REM sleep, respectively, would also be consistent with an adaptive role
for inactivity in energy conservation during sleep. The hypothesis that sleep may have
evolved as a state of adaptive inactivity does not exclude other proposed functions for sleep
[78]. Instead it suggests that those functions evolved, perhaps differently for different
species, by co-opting the inactive state that lies at the core of sleep. However, others have
argued that this hypothesis is difficult to reconcile with the apparently maladaptive tendency
of sleep to eventually force itself on an animal regardless of vulnerability at a given sleeping
site [79].

Some researchers have also argued that inactivity isn’t the core function of sleep as much as
it is a product of that function. This view draws inspiration from the ontogenetic hypothesis
but focuses on the muscle twitching that is a cardinal feature of REM sleep. According to
this view REM sleep may have evolved as an internal tuning mechanism for sensorimotor
circuits in the absence of conflicting signals from the environment [80]. These circuits are
not fully formed in juveniles, so they require more peripheral tuning than they do in adults,
thus accounting for decreased REM sleep by adulthood. Muscle twitching during REM sleep
in adults has also been interpreted another way. Recent research indicates that twitching does
not occur randomly but follows a temporal pattern governed by specific brainstem circuits
that drive motor neuron activity. This pattern causes twitching to manifest with increasing
frequency as each REM sleep episode progresses. Since REM sleep often immediately
precedes wakefulness, some researchers have hypothesized that REM sleep may have
evolved to facilitate feedback from motor neurons to promote arousal in preparation for
waking [81]. Note that this hypothesis is a more specific version of the previously stated
hypothesis that REM sleep may have evolved to complement or compensate for NREM
sleep.

The energy allocation (EA) hypothesis takes another unique perspective on sleep’s functions
by suggesting that they are energetic in nature but not tied strictly to inactivity the way other
hypotheses have proposed. Instead, the EA hypothesis suggests that sleep may allow
partitioning of competing biological processes according to behavioral state in order to meet
the overall energetic needs of an organism [79]. That is, some processes may be more
efficiently performed during waking and others may be performed more efficiently during
sleep. Importantly, EA addresses major criticisms of earlier restorative or energy-related
hypotheses, namely that it was never clear what sleep actually restores. Certainly proposed
brain energy reserves (e.g. glycogen, ATP) and whole-body metabolism don’t change much
across the 24 hr cycle [79, 82, 83]. Thus, these findings actually support EA, which argues
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that metabolic processes are partitioned across the sleep/wake cycle to maximize efficiency
of energy consumption. EA also accounts for sleep homeostasis as the result of sleep
deprivation causing sleep-related energy-consuming processes to shift to a time when they
conflict with wake-related energy-consuming processes, thus increasing sleep drive [79].

EA also explains reduced sleep in migratory songbirds, newborn cetaceans and male
polygynous pectoral sandpipers as a temporary adaptive feature that redirects essential
biological processes to waking that normally occur during sleep. Animals that cannot
accomplish this redirection efficiently suffer negative consequences as a result. Thus,
songbirds perform worse on operant tasks when sleep-deprived during the non-migratory
compared to the migratory season due to lack of seasonal adaptation to sustained waking
[84]. Similarly, EA suggests that more energy-consuming processes have been allocated
away from sleep in elephants than in armadillos. Thus, EA posits a core role for sleep in
energy conservation, but the particular processes and the timing of their usage may vary
across species [79].

Additional hypotheses about sleep’s functions: NREM-mediated memory consolidation
and synaptic homeostasis

Current evidence also suggests that NREM sleep may contribute to memory consolidation
[57, 85]. This process seems to be initiated by NREM oscillatory activity in the
hippocampus called sharp wave ripples. Ripples trigger replay of CA1 place cell firing in a
pattern that previously occurred during waking, suggesting that sleep reactivates coherent
representations of waking experience [86—-88]. NREM sleep may also lower the barrier for
replay to transfer temporary hippocampal information to the cortex for long-term storage or
to reinforce weak cortical connections established during waking [89-91]. Importantly,
NREM sleep facilitates certain forms of memory [92, 93]; its enhancement boosts
declarative memory [94]; and specifically blocking NREM sharp wave ripples after learning
reduces memory consolidation [95]. Enhancement and deprivation of sleep respectively
potentiates and impairs memory in fruit flies as well, suggesting that conserved core
functions of sleep may include memory consolidation [28, 96-98].

An influential alternative to the model above is known as the synaptic homeostasis
hypothesis (SHY) [99-101]. It posits that desynchronized activity during waking increases
functional synaptic connectivity and net potentiation of synapses across the brain. If this
process were to continue unabated it would consume energy and saturate synaptic strength.
According to SHY, NREM sleep reverses the effects of synaptic potentiation during waking
by producing SWA. The low frequency activity pattern of this phenomenon mimics the kind
of brain activity that causes synaptic depression. Consequently, the average synaptic strength
across the brain remains within a physiologically relevant range for modulation. At the same
time this process still preserves the relative increase in strength of synapses that have been
reinforced by recent experience [99-101].

Much evidence exists to support this hypothesis including increased effective cortical
connectivity and slopes of cortical local field potentials during waking [12, 102]; changes in
phosphorylation of glutamate receptors across the sleep/wake cycle that are expected for
depression/potentiation of synapses [102]; improvements in performance that are predicted
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by increased SWA in brain regions involved in a learned task [103]; and the ability of
artificially imposed SWA to enhance memories of recently learned events [94]. Support for
this hypothesis also comes from invertebrates. Although these organisms do not possess the
brain structures to support electrophysiological correlates of NREM sleep, increased
synaptic markers of potentiation have been detected in the brains of fruit flies with high
sleep pressure, thus suggesting functional conservation of sleep regulatory processes [104—
107]. However, SHY may not apply to all sleep-driven forms of synaptic plasticity,
especially in light of the requirement for LTP during NREM sleep to facilitate ocular
dominance plasticity [108]. SHY also lacks an experimentally verified molecular framework
to support general mechanistic predictions of the hypothesis [109].

Molecular indicators of sleep’s functions

Species-specific variations in sleep must be attributable to underlying molecular differences,
and many of these were probably shaped by the ecological determinants discussed above.
Conversely, core functions of sleep must reflect underlying molecular similarities between
species that were retained by evolution because they fulfill shared intrinsic needs. Attempts
have been made to identify core functions of sleep by determining the molecular changes
that occur with behavioral state. For example, microarray studies have demonstrated that
extended waking in animals as distantly related as flies, birds and mammals causes
upregulation of brain transcripts involved in energy homeostasis, cellular stress responses
and synaptic plasticity in the brain [110]. In contrast, messenger RNAs involved in synaptic
depression and macromolecular biosynthesis are downregulated during the same period
relative to sleep [110, 111]. A subset of these changes are absent in adrenalectomized
compared to control mice, however, suggesting that they are caused by the stress of forced
waking rather than waking per se [112].

Collectively, these findings reflect the underlying belief by some researchers that sleep is “of
the brain, by the brain, and for the brain” [113]. Indeed, insufficient sleep in mammals most
obviously leads to dysfunction in the nervous system, especially in neural circuits that
control attention [1], emotional stability [3, 9], sensitivity to pain [6, 7], and learning and
memory [57, 114, 115] (which are also affected in flies [28, 96, 97, 116-118]). However, it
is clear that transcriptional changes specific to sleep or waking occur in other tissues as well.
For example, one study identified sleep-specific changes in three and six percent of all
transcripts in the heart and lung, respectively [119]. Another study revealed that three times
as many sleep-dependent transcriptional changes occur in the liver relative to the brain, thus
suggesting that sleep can selectively affect non-neural tissues [120]. Furthermore, no
selective brain pathology has been reported in rats, flies or worms that have been sleep
deprived until they die, although those animals showed signs of increased oxidative stress
[121, 122]. Lastly, DAF-16/FOXO is required in muscle for normal responses to sleep
deprivation in worms [123]. Thus, so far studies have not tied essential functions of sleep
definitively to any selective biochemical property of the nervous system, though at the
ultrastructural level several studies suggest sleep may modulate spine formation or stability
[124, 125].
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The genetic tractability of model organisms such as fruit flies, roundworms and zebrafish
has led to expanded efforts to mine these organisms for molecules that regulate sleep. These
molecules have been covered in other reviews but continue to grow in humber [126]. Some
probably reflect species-specific effects of the ecological determinants discussed above.
However, others may reflect conserved, core functions of sleep. For example, some
molecules implicated in sleep regulation may act as gain control mechanisms for brain
activity, which could support the hypothesis that sleep’s core function is related to
metabolism or energy conservation. These include GABA receptors and voltage-gated
potassium channels, which reduce excitability and promote sleep in flies, zebrafish and mice
[117, 127-133]. Neuroligins regulate synaptic transmission, though with opposing effects on
sleep in flies and mice [96, 134]. The sleep-promoting SLEEPLESS (SSS) protein
suppresses excitability and synaptic transmission in wake-promoting cholinergic neurons of
flies, and some of its mammalian homologs can substitute for SSS /n vivo [135]. More direct
connections between sleep and energy conservation exist with neuromedin U and orexin
(also known as hypocretin). In fish and mice these molecules promote waking or
locomaotion, and in mice they both affect feeding [136-139].

Molecular evidence also supports a function for sleep in reducing cellular stress in the brain.
For example, markers of oxidative and ER stress are elevated after sleep loss in mammals
and flies [110, 121, 122, 140]. Additionally, cell stress-mitigating chaperones are increased
by heat stress, a known inducer of sleep in flies and worms, and these molecules reduce the
lethal effects of sleep loss in flies [141-143].

Sleep has also been linked to immune function across evolution. For example, sleep
deprivation and infection each increase circulating levels of cytokines such as tumor necrosis
factor alpha and interleukin-1 beta, which promote sleep in mammals [144, 145]. Infection
also promotes sleep in flies [18, 146].

Other molecules that regulate sleep in diverse organisms are involved in control of the
circadian clock. These include cycleand Clock in flies and their homologs BMAL 1 and
Clock in mice [147-149]. A mutation in Dec2, which encodes a transcriptional regulator of
these molecules in mammals, causes reduced sleep in humans and mice, an effect that is
mimicked by overexpression of the mutant gene in flies [150]. These findings suggest that
sleep may enhance a fundamental function of the circadian clock, such as regulation of
metabolism. But the clock regulates the timing of many bodily functions, including behavior.
Thus, these findings do not specifically support any one hypothesis about sleep.

Neurotransmitter systems and neural circuitry that regulate the sleep/wake

cycle

Sleep regulatory mechanisms are probably even more conserved than results from limited
molecular and genetic studies have so far revealed. Evidence to support this hypothesis is
abundant in studies of sleep pharmacology. For example, antihistamines and GABAergic
agonists promote sleep, whereas caffeine promotes waking or locomotion, in flies and
zebrafish, just as in mammals [17, 18, 127, 128, 151-153]. Similarly, volatile general
anesthetics such as isoflurane and halothane, which are thought to co-opt arousal circuitry in
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the brain, achieve behavioral endpoints, including unconsciousness, at the same
concentrations in fruit flies and mammals [154, 155]. These results suggest that basic
arousal circuits with defined molecular identities evolved very early, then elaborated to
fulfill various needs of complex organisms without losing core functions, some of which
may be mediated by sleep.

Arousal circuits in model organisms have been identified by various means, including
genetic, pharmacological, electrophysiological, lesioning and optogenetic manipulations
[156, 157]. Remarkably, the neurotransmitter systems used by these circuits are highly
conserved (Figure 2). In mammals these include aminergic and cholinergic projections from
the brainstem to dorsal and ventral regions of the forebrain. The dorsal pathway excites the
thalamus, which facilitates transmission of sensory information to the cortex. The ventral
pathway activates multiple regions of the forebrain that collectively excite the cortex but do
not present it with sensory information. Waking ensues when these various systems are
active in both pathways [156, 157].

Although some GABAergic neurons contribute to waking as well, others promote sleep,
consistent with the overall effect of anti-insomnia drugs that potentiate GABA-A receptor
signaling [132]. For example, sleep-promoting functions have been ascribed to
subpopulations of GABAergic neurons in the basal forebrain and the ventrolateral and
median preoptic nuclei (VLPO and MnPQ) [158-161]. Among these, however, only the
VLPO has so far been shown to be required for sleep [162]. The sleep-promoting effect of
GABAergic signaling is thought to result from inhibition of neurons in the arousal pathways
described above. Thus, during NREM sleep both aminergic and cholinergic activity is
reduced. In contrast, during REM sleep cholinergic signaling through the ventral forebrain
pathway persists. As a result of this difference, during REM sleep the cortex remains
excited, as in waking, but without being able to receive sensory information through the
thalamus that allows the brain to make sense of the world (Figure 3) [156, 157].

Histological studies have confirmed that zebrafish aminergic, cholinergic and GABAergic
neurons are located in brain regions that resemble those of their mammalian counterparts.
Moreover, when these systems have been manipulated pharmacologically or genetically in
zebrafish, they have been shown to regulate arousal in much the same way as they do in
mammals (Figure 2) [163-167]. Similarly, in flies, activation of aminergic and cholinergic
neurons promotes arousal, though some serotonergic neurons may suppress it [28, 168-170].
As in mammals and zebrafish, GABAergic neurons also suppress arousal in flies [117, 127,
128]. Although the hierarchical brainstem and forebrain pathways that control vertebrate
arousal are lacking in invertebrates, flies and worms can achieve similar ends with their own
unique brain structures. For example, in flies the fan-shaped body of the central complex
promotes sleep [98], and the large ventral lateral neurons of the circadian clock promote
waking [171]. In contrast, the mushroom bodies, which are important for associative
learning and memory, promote both sleep and waking using different populations of neurons
[172-174]. Surprisingly, among various sensory systems in flies, only mechanosensitive
neurons drive sustained waking [28]. Neurons that respond to mechanical perturbations
promote arousal in worms as well. Furthermore, their activity is suppressed during sleep,
thus functioning somewhat akin to the thalamic sensory gate of mammals [21, 175]. Central
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control of sleep in worms is mediated by two classes of peptidergic interneurons. RIA/RIS
neurons promote developmental sleep, whereas the single ALA neuron promotes a form of
sleep in adults that is induced by cellular stress [65].

The signals that are responsible for switching between sleep and wake states are unknown,
but in all animals switching is followed by stabilization of the subsequent behavioral state,
thus suggesting that the underlying mechanisms may be conserved. This stability is
important since it prevents frequent transitions between the conscious and unconscious
states. In mammals this stability has been attributed in part to mutual inhibition by wake-
promoting aminergic arousal nuclei and the sleep-promoting VLPO [176]. Neurons in the
ventral forebrain pathway enhance the stability of the waking state by exciting aminergic
nuclei through release of the neuropeptide orexin. Humans, rodents and dogs with impaired
orexin signaling exhibit frequent REM sleep intrusions into the waking state in a condition
known as narcolepsy with cataplexy [177].

Orexin signaling has not been described in invertebrates, but these organisms have clearly
evolved means for maintaining stability of behavioral states. Flies can remain either in the
wake or the sleep state continuously for hours, and this behavior is genetically controlled.
For example, disruption of narrow abdomen, which encodes a cation channel, increases
sleep and fragments both sleeping and waking periods in flies, similar to symptoms of
narcoleptic patients [155]. Furthermore, stabilization of the waking and sleep states seems to
be distinct. Loss-of-function mutations in the RNA-editing gene Adar disrupt the waking
state without affecting the duration of sleep bouts [107]. Behavioral state stability is also
thought to account for hysteretic dissociation of induction and emergence from anesthesia,
in which a “barrier” has been proposed to separate behavioral states. This barrier can be
raised and lowered by perturbations in known sleep-regulating genes such as Dopamine beta
hydroxylase in mice and narrow abdomen and sleepless in flies. The barrier can also be
raised by sleep deprivation in flies, suggesting that sleep homeostasis may act in part
through feedback mechanisms that stabilize sleeping states [155, 178].

The origins of sleep homeostasis

Since sleep homeostasis compensates for lost sleep by making an animal tired and thus more
likely to slumber after extended waking, this process is thought to be intimately tied to sleep
need and thus to the functions that sleep fulfills. Our current understanding of sleep
homeostasis has its origins in a longstanding model that describes the sleep/wake cycle as
the sum of two processes. Process C represents sinusoidal rhythms in arousal arising from
the circadian clock, whereas process S represents an unknown source of sleep pressure that
rises with waking time and dissipates with sleep [14, 15]. The homeostatic drive to sleep
represented by process S can be quantified by depriving animals of sleep and measuring
subsequent rebound. As described above, in mammals and birds, sleep homeostasis is often
approximated by its electrophysiological surrogate, delta power, which reflects SWA during
NREM sleep. Some researchers have argued that SWA is actually an epiphenomenon that
reflects an unknown physiological process that drives sleep [179]. Certainly SWA can be
induced with muscarinic antagonists in an animal that is awake and responsive [180].
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However, under normal conditions it is the best available electrophysiological correlate for
the drive to sleep.

Because of its hypothesized linkage to sleep need, which must be related to the functions
sleep fulfills, sleep homeostasis has been studied for its underlying mechanisms. Some of
these studies have been informed by existing hypotheses about sleep function. For example,
one variation of the energy hypothesis predicts that high brain metabolism during waking
leads to the ATP breakdown product, adenosine, which is released by neurons as a
cotransmitter [181]. Consistent with this hypothesis, extracellular adenosine rises in the
basal forebrain during normal waking, continues with sleep deprivation, and declines during
sleep [182, 183]. The increase in adenosine in the basal forebrain may inhibit wake-
promoting neurons and thus increase drive to sleep [157]. Indeed, experimental elevation of
adenosine in the same brain region induces sleep [182], and knockout of the Al adenosine
receptor abrogates the increase in delta power that follows sleep deprivation [184].
Adenosine signaling also explains caffeine’s effects as a stimulant in mammals. Caffeine is a
potent antagonist at adenosine A2A receptors, which suggests that endogenous adenosine
signaling normally suppresses arousal [185]. An evolutionarily conserved role for adenosine
signaling in sleep regulation is unlikely though since knockout of the single known
adenosine receptor in flies has no effect on baseline or rebound sleep [186].

Other researchers have looked for markers of sleep homeostasis by examining quantitative
trait loci for delta power, which appears to be genetically controlled [187]. Indeed, changes
in rebound sleep have been reported following various genetic perturbations in mice and
flies. But definitive roles for molecules in sleep homeostasis have been difficult to ascertain
since candidates are rare and they sometimes affect baseline sleep. In these cases it is thus
conceivable that homeostatic responsiveness is masked by dominant changes in arousal.
Recent progress in disentangling baseline sleep from sleep homeostasis has come from flies,
but in this case the emphasis has been on the underlying neural circuits. For example,
activation of neurons that release acetylcholine, dopamine or octopamine (the fly equivalent
of noradrenaline in vertebrates) keeps flies awake when they would normally be asleep, but
surprisingly only waking induced by activation of cholinergic neurons causes subsequent
rebound sleep [28]. In this study it was suggested that the relevant cholinergic neurons
represent rare, peripheral inputs into an unidentified homeostatic sleep circuit. The proximal
source of sleep homeostasis has recently been suggested to comprise R2 ring neurons of the
ellipsoid body [188]. Activity in these neurons is both necessary and sufficient for
generating rebound sleep. Neurons in the sleep-promoting fan-shaped bodies appear to be
outputs of this circuit since their activity is increased with sleep deprivation [19], and they
are required to translate activity in the ellipsoid body into rebound sleep [188].

It is unclear if such a distinct homeostatic sleep circuit exists in mammals. On the one hand,
basal forebrain release of adenosine and the activity of cortical interneurons that express
nNOS and neurokinin 1 seem to increase with prior waking time, thus suggesting that sleep
need could originate in a limited set of neurons [189]. On the other hand, sleep need seems
to manifest at multiple scales in the mammalian brain. For example, synchronous SWA
across long distances can coexist with nearby desynchronized activity in the cortex [190].
Electrophysiological correlates of SWA are even apparent following induction of activity of
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dissociated neurons in culture, suggesting that these effects are intrinsic to cortical neurons
[191]. In other words, homeostatic properties may exist within individual neurons and local
circuits throughout the cortex, and thalamocortical circuits may bind their collective
activities to generate coherent SWA, delta power and sleep drive.

Evolution of NREM and REM sleep

For many years it has been known that birds and mammals possess REM and NREM sleep,
whereas only a hypothetical predecessor to NREM sleep was believed to exist in reptiles, a
closer avian relative than mammals. These findings led to the hypothesis that distinct sleep
states evolved convergently in birds and mammals, perhaps related to ecological factors that
also drove their shared endothermy [192]. However, recent EEG recordings show that
ectothermic lizards also possess NREM and REM sleep. Furthermore, like their endothermic
counterparts, lizards possess an oscillatory circuit that controls the balance between the two
sleep states [193]. Thus, even though NREM and REM sleep have been observed in the
isolated mammalian forebrain and brainstem, respectively [194], the two sleep states may
have existed as coupled mechanisms at least as far back as a common ancestor in the
amniote lineage of all three groups of vertebrates (Figure 4) [193]. Such ancient coupling is
also supported by the positive correlation between NREM and REM sleep durations across
evolution (Figure 1) and the shared developmental origin of populations of NREM-, REM-
and wake-promoting neurons in the brainstem [51, 195].

If NREM and REM sleep truly evolved together it would suggest that they could serve
related needs. However, the phylogenetic origins of these two brains states is unclear.
Certainly the earlier developmental onset of REM sleep and its electrophysiological
similarity to waking suggest that REM could have evolved first from minor modifications
that turned the brain’s attention inward away from sensory stimuli [63]. Superficially, a later
origin for NREM sleep also seems plausible considering that SWA involves synchronous
activity in the neocortex, a relatively late evolutionary adaptation. The existence of NREM
sleep in sauropsids (reptiles and birds) does not truly challenge this view since the neural
circuitry and even the molecules that distinguish the neocortex from other mammalian brain
structures seem to be intact in analogous regions of sauropsid brains called the dorsal
pallium (DP) and dorsal ventricular ridge (DVR) (Figure 5a) [196-198]. SWA is also
regulated by the thalamus [199, 200], and sauropsids possess this structure as well. However,
in teleost (i.e. bony) fish, which share a common ancestor with amniotes, the constraints on
SWA are more severe. For example, zebrafish have a DP and DVR, but they lack the
thalamocortical loops that control the frequency and synchrony of SWA [201]. Consistent
with this finding, SWA has not been detected in these animals, though neither has REM
sleep, thus suggesting that electrophysiological correlates of sleep may not be easily
recognizable in non-amniotes [202]. But clues to ancestral sleep-regulating systems may still
exist in these animals. For example, in teleost fish the thalamus projects to the pallial
equivalent of the mammalian hippocampus [201]. As discussed above, the hippocampus is a
source of sharp wave ripples that may facilitate memory consolidation during NREM sleep.
Thus, ripples could be rudimentary, spatially restricted forms of NREM oscillatory activity
that were superseded by true SWA following the evolution of thalamocortical loops in
amniotes (Figure 5a).
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Remarkably, structural and functional homologs of such oscillatory systems may even exist
in invertebrates. For example, in insects, olfactory sensory information is processed
bilaterally by the antennal lobes, which amplify salient information through oscillations that
are transmitted to the mushroom bodies (MBs) (Figure 5b) [203]. Based on conservation of
expressed transcripts and shared anatomical developmental patterns, the MBs are thought to
have evolved from brain structures that are also ancestral to the mammalian cerebral cortex
[204]. Like the cortex, MBs are required for sleep and for certain forms of memory that
involve neuronal oscillations [205]. Furthermore, just as in mammals, olfactory-induced
reactivation of memories occurs during sleep in insects [206]. Thus, neuronal oscillations in
ancestral circuitry may represent ancient forms of signal amplification that serve to enhance
information storage, with NREM sleep possibly having evolved to co-opt this mechanism to
enhance its function.

How far back in time are basic mechanisms underlying control of sleep likely to have
arisen? The conservation of sleep in vertebrates, molluscs, arthropods and nematodes
suggests that such mechanisms were already present in the common ancestor of all
bilaterally symmetric animals. But there are hints that they may have originated even earlier.
For example, one study reported that jellyfish in the wild undergo extended periods of
behavioral quiescence at night that can be acutely reversed with certain sensory stimuli
[207]. Jellyfish belong to the phylum Cnidaria, which also includes anemones, corals and
hydra (Figure 4). Cnidarians are radially symmetric, and they represent the most
phylogenetically ancient animals to possess a nervous system [208]. Thus, if sleep can be
confirmed in cnidarians then it may have co-evolved with neurons, perhaps to perform
functions related to sensory amplification and information storage suggested above. It is
doubtful that sleep can be tracked further back in evolution than Cnidaria, though, since the
only undisputed more ancient animal phylum, Porifera, consists of organisms such as
sponges, which do not have nervous systems and thus cannot exhibit essential features of
sleep.

Concluding remarks

It seems likely that ecological factors have shaped sleep differently across phylogeny.
Although the underlying molecular changes are unknown, they need not have been
numerous providing that the affected molecules altered the activity of arousal-controlling
neurons in a way that was adaptive to the species. Core functions of sleep continue to be at
least as elusive, with existing hypotheses based largely on correlative data. The variety of
these correlations suggests that either sleep serves many functions or that a singular core
function is so fundamental that it has profoundly widespread effects on physiology and
behavior. Recent progress in identifying components of the sleep homeostat may point to
molecular and ultimately physiological needs that sleep fulfills, but these will have to be
verified in disparate species to conclude that they are truly universal.
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Figure 1. NREM and REM sleep are correlated with quantifiable ecological and physiological
variables across evolution

Positive and negative correlations are marked accordingly. Measured variables are listed
centrally in color, with the impacted hypothesis for sleep function listed immediately below
in parentheses. Except for brain mass, which was correlated with percent REM sleep, all
variables were correlated with NREM or REM sleep durations. The unlabeled bottom loop
shows that NREM and REM sleep are positively correlated with each other. Only mammals
were used in these studies [48-51]. In cases in which one study was unable to detect a
correlation, the positive outcome of another study is still shown based on the notion that
correlations are inherently difficult to detect. Not shown: positive correlation between total
sleep duration and ratio of cortical density to cortical surface area [75], which has been
hypothesized to support a role for sleep in metabolic clearance from the brain [74].
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Figure 2. Conserved neurotransmitter systems that control sleep
Colored circles represent pharmacological, histological or genetic confirmation of the

existence of neurotransmitter systems in mice, zebrafish and flies. The invertebrate
neurotransmitter equivalent of norepinephrine is octopamine. Question marks label
neurotransmitter systems that have not yet been tested for roles in regulating sleep in
zebrafish. X indicates that in flies the single known adenosine receptor does not regulate
sleep, though it does not exclude the possible involvement of additional adenosine receptors
that have yet to be identified.
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Figure 3. Neuroanatomical pathways by which neurotransmitter systems regulate arousal in the
mammalian brain

The cell bodies of each neurotransmitter system are located in brain regions whose names
are colored and abbreviated as follows: BF (basal forebrain), LH (lateral hypothalamus),
TMN (tuberomamillary nucleus), DR (dorsal raphe nucleus), VTA (ventral tegmental area),
LC (locus coeruleus), LDT/PPT (laterodorsal tegmental and pedunculopontine nuclei). Not
shown: GABAergic inhibition of most of these brain regions by the ventrolateral preoptic
nucleus to promote sleep. During waking, the cortex is excited by ventral and dorsal
pathways through the basal forebrain and thalamus, respectively. During REM sleep,

aminergic signaling is reduced, thus blocking sensory throughput at the level of the

thalamus, but the persistence of cholinergic signaling through the ventral pathway continues
to excite the cortex. During NREM sleep, aminergic and cholinergic signaling are both
reduced, leading to lowered cortical activation, the appearance of SWA, and its entrainment
by thalamocortical loops. Yellow and pink areas represent the forebrain and brainstem,
respectively.

Curr Biol. Author manuscript; available in PMC 2017 October 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Joiner Page 29

— humans

— rodents

_ birds
Amniotes =

. crocodiles
Sauropsids - - -|»

turtles

Vertebrates

frogs

Bilaterians bony fish

molluscs

arthropods

nematodes

cnidarians

sponges

| | I | I
1000 800 600 400 200 0

millions of years ago

| |
1400 1200

Figure 4. Cladogram of proposed evolutionary relationships across the animal kingdom
Red lines represent clades in which NREM and REM sleep have been detected by EEG.

Pink lines represent taxa in which both sleep states are expected based on relatedness to taxa
in red. Purple lines represent taxa with uncertain sleep outcomes. Blue lines represent taxa in
which multiple features of sleep have been confirmed but neither NREM nor REM sleep has
been detected. Evolutionary relationships were replotted from [193, 209, 210].
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Figure 5. Homology between vertebrates and invertebrates in neuroanatomical control of arousal
(A) The basic circuit for vertebrate arousal involves aminergic excitation of the ventral

forebrain and thalamus, which in turn excite the cortex. This circuit is well-established in
mammals and is probably similar in birds and reptiles. Arousal-controlling nuclei are also
found in homologous locations in fish, but in these animals the thalamus projects to the
limbic system, including the brain region that is thought to function like the mammalian
hippocampus. Thus, fish do not possess the thalamocortical loops that allow for entrainment
of SWA, and in fact this form of NREM sleep has not been detected in fish. Instead it is
possible that hippocampal sharp wave ripples, which have been detected in fish, serve a
rudimentary related function. (B) A homologous circuit can be found in insects and other
invertebrates that possess mushroom bodies (MBs), which are believed to be derived from an
ancestral circuit that gave rise to the vertebrate cerebral cortex. Like the cortex, MBs also
undergo oscillations that are thought to be important for memory. Abbreviations: DP (dorsal
pallium); DVR (dorsal ventricular ridge); 5HT (serotonin); DA (dopamine); NA
(noradrenaline or its invertebrate equivalent, octopamine).

Curr Biol. Author manuscript; available in PMC 2017 October 24.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Joiner

Hypothetical determinants of sleep.

Table 1

Factor

Ecological
Protection against predation
Enhanced mating success
Incompatibility with swimming
Thermoregulation
Need to forage for food
Adaptive inactivity

Intrinsic
Enhancement of memory consolidation
Complementation/compensation for NREM
Activity-dependent rewiring of CNS
Energy conservation
Metabolic clearance
Sensorimotor tuning

Synaptic homeostasis

Promotes (1) or suppresses (V) sleep
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