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The yin and yang of sleep and attention
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Abstract

Sleep is not a single state, but a complex set of brain processes that supports a number of
physiological needs. Sleep deprivation is known to affect attention in many animals, suggesting
that a key function of sleep is to regulate attention. Conversely, tasks that require more attention
drive sleep need and sleep intensity. Attention involves the ability to filter incoming stimuli based
on their relative salience, and this is likely to require coordinated synaptic activity across the brain.
This capacity may have only become possible with the evolution of related neural mechanisms
that support two key sleep functions: stimulus suppression and synaptic plasticity. We argue here
that sleep and attention may have co-evolved as brain states that regulate each other.
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Sleep and attention

Daily experience is continuously shaped by how we perceive our surroundings. Selective
attention heightens our awareness of some things, while dampening our awareness of others.
In contrast, our perception fades more broadly during sleep, leaving us mostly unaware of
the outside world. Although these two different perceptual states — sleep and selective
attention — may at first seem like polar opposites, they both appear to regulate our awareness
by suppressing incoming information from the environment. Understanding how and why
the brain gives rise to these seemingly different perceptual states could reveal a deep
connection between sleep and attention.

In recent years, sleep and attention have been investigated in smaller animal models that
have provided insights into the molecular and physiological nature of these states, as well as
their functions. These studies extend to invertebrate animals such as the fruit fly, Drosophila
melanogaster, which despite having vastly different neuroanatomy from that of humans, has
similar capacities for sleep and selective attention [1-4]. Even more surprisingly, the
nematode Caenorhabditis elegans (C. elegans), which consists of a mere 302 neurons,
appears to have sleep-like behaviour characterized by quiescence, reduced arousal and
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homeostasic regulation [5]. However, a problem that arises here is how to define ‘sleep’ and
‘attention’, and whether these are similar in all animals. C. elegans research suggests that
sleep may have begun as an energy-conserving ‘down-state’ in order to cope with an
animal's developmental needs (e.g., molting) and the impact of environmental stress (e.g.,
heat) [5, 6]. However in animals with more complex nervous systems, such as insects and
mammals, sleep is not simply tied to development or stress but is an everyday occurrence
that is needed to support cognitive functions. Selective attention is one such cognitive
function, describing an animal's capacity to actively ‘ignore’ irrelevant stimuli in order to act
on selected stimuli. As brains became more complex, sleep may have evolved to support the
extensive daily plasticity required for curating selective attention mechanisms, while
simultaneously maintaining its more primitive functions.

In this review, we focus on the role of sleep in regulating attention and how these two
processes may have co-evolved as interconnected and complementary states, much like the
indivisible “yin” and “yang” of Chinese philosophy. Firstly, it could be argued that the daily
need for sleep arose at the same time as animals became capable of operant learning (see
Box 1) and selective attention, with the emergence of centralized nervous systems.
Secondly, although sleep and attention are different behavioural states, they share the
fundamental property of blocking information flow, allowing animals to suppress the
outside world on either a global or a selective level. Thirdly, sleep and attention regulate
each other; sleep is crucial for maintaining optimal levels of attention, and recent evidence
suggests that attentional demands can also regulate sleep need. We propose that sleep and
attention are complementary brain states that co-evolved as brains became more complex.

The evolution of sleep functions

Sleep is a reversible state of reduced activity and lowered sensory awareness, that has been
found in most animal species studied so far [7]. However, it is becoming clear that sleep
need and sleep functions can vary widely among animals. To understand how sleep
functions evolved, it may help to begin with the simplest of animals. Firstly, it seems that
sleep requires a nervous system with a certain degree of complexity, as sleep does not
appear to be found in unicellular animals (e.g., paramecia), animals without neurons (e.g.,
adult sponges), or in animals without a central nervous system (e.g., jellyfish) (Figure 1),
although this has not been well studied. The simplest animal in which a sleep-like state has
been identified is the nematode, C. elegans (Figure 1). The sleep-like state in these
nematodes is different from sleep in other animals in that it seems specifically tied to
development, occurring just prior to each molting period (‘lethargus’), but unlike other
animals they do not sleep on a regular basis throughout adult life [5]. This raises the
possibility that an ancient function of being in a restive, unresponsive state may have been to
allow an animal to direct its energy into crucial developmental pathways. Support for this
idea comes from the fruit fly, Drosophila, in which it has been shown that depriving a
juvenile fly of sleep, when its brain is still developing, leads to long lasting cognitive and
behavioural deficits [8, 9]. We also know that human infants sleep substantially more than
adults, sleeping even in the womb, and that this is thought to be important for brain
development [10].
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Another function of sleep that must have arisen early in evolution is the ability to cope with
stress from the external environment (Figure 1). Again, this is evident in C. elegans, which
shows stress-induced quiescence. C. elegans enters a quiescent sleep-like state in response
to environmental stressors such as heat, cold, osmotic stress and tissue damage, and failure
to become quiescent in response to these stressors affects survival [6, 11]. Perhaps similarly,
flies require stress-response genes to cope with sleep deprivation [12] and need to sleep
more to recover from bacterial infection [11]. It is not clear why being in a quiescent,
unresponsive state should aid stress recovery, although recent evidence in C. elegans
suggests that it helps avoid further cellular stress and protein aggregation that may occur
when cells remain active [6]. Alternatively, sleep could play a more active role in harnessing
the immune system to combat infection. For example, humans sleep more following
infection, possibly because sleep facilitates an adaptive immune system response [13]. In
any case, given that responding to environmental stress is a fundamental requirement for any
animal and appears to influence sleep need across a broad range of species, it is likely to be
a more ancient and primitive function of sleep. Importantly, these sleep functions appear to
be acute rather than chronic: sleep is in response to a sudden stress or (e.g., heat), or is
linked to a developmental transition (e.g., molting). It is quite unlike the daily homeostatic
‘correction’ that requires hours of downtime in all animals endowed with a brain.

As brains became more complex, animals developed adaptive behaviours such as learning,
memory and selective attention. It seems plausible that primitive sleep functions co-evolved
together with novel sleep functions that also benefitted from behavioural quiescence, such as
synaptic plasticity mechanisms to support cognitive behaviours. Although extensive
evidence suggests that sleep facilitates learning and memory consolidation in mammals
[13-15], there is relatively less evidence for this in simple organisms, perhaps because it
depends on the type of learning. The simplest form of learning, habituation (desensitization
to a single stimulus following repeated presentation), is present in jellyfish [16] (Figure 1)
and even certain plants [17]. However, with the possible exception of some jellyfish that call
for a closer look [18], the fact that life-forms without a central nervous system do not need
to sleep is telling because it suggests that this simple form of learning does not require sleep-
dependent plasticity. Likewise, C. elegans shows habituation as well as simple classical
conditioning, (in which an animal learns to elicit a reflexive response to a conditioned
stimulus through repeated stimulus pairings) [19]. However, sleep has not been shown to be
important for maintaining optimal behavioural functions in adult C. elegans.

Sleep appears to be particularly important for cognitive processes in animals capable of
operant learning and selective attention (Figure 1). Operant (or instrumental) learning is a
process whereby an animal learns the consequences of its own actions so that it can modify
its behaviour accordingly (Box 1). Animals do this by selecting some motor programs while
actively suppressing others. Although operant behaviour has not been demonstrated in
nematodes, it is present in invertebrates with more complex nervous systems, such as
Drosophila, as well as in some molluscs such as the sea-slug, Aplysia [20, 21]. It is possible
that some animals, such as some nematodes for example, may be found to be incapable of
operant learning because they might lack the capacity for selective attention. Operant
learning appears to require the ability to actively suppress irrelevant information while
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Sleep and

enhancing processing of relevant information. This is in contrast to classical conditioning, in
which an animal does not require selective attention because it is only faced with a single
option — to involuntarily learn an association between two stimuli. Interestingly, the capacity
for operant learning and selective attention appears to have coincided with new sleep
functions to support cognition and brain plasticity (Figure 1). These functions of sleep in
cognition probably arose already in insects; in flies, sleep deprivation is detrimental to
operant visual learning and courtship conditioning [9, 22, 23], whereas inducing sleep can
improve these memory readouts, and can even restore behavioural plasticity to Drosophila
mutants with operant learning deficits [24] [25]. In contrast, sleep-dependent processes
supporting cognition have not been demonstrated for C. elegans or animals with simpler
nervous systems (Figure 1), although it is not clear whether this is because it does not exist
or because it has not been properly tested. Sleep therefore may have evolved into a brain
state that achieved a multitude of functions including development, stress recovery, and
brain plasticity. However, the evolutionary novelty in flies and most other bilaterians is that
sleep became a rapidly reversible brain state that responds to ongoing plasticity demands,
rather than as part of a developmental pathway or an acute stress response.

attention are suppression states

Although sleep and attention may outwardly appear to be very different behavioural states,
they are similar in that they both involve filtering out information from our awareness. For
example, when we are asleep, we are generally unaware of outside noises unless they are
very intrusive. Similarly, when we are awake we are able to tune into a conversation in a
noisy environment by ignoring other noise - the ‘cocktail party effect’. But how does the
brain achieve this?

Information processing in neural networks can be suppressed in different ways. One way is
to reduce the intrinsic excitability of individual neurons. This is already evident in simple
animals, such as C. elegans, in which two different types of sensory neurons, ALM and
ASH, show reduced excitability during the worm's sleep-like state [26-28] (Figure 2). A
similar reduction in intrinsic or evoked excitability has also recently been observed in the
Kenyon neurons during Drosophila sleep [29], suggesting that suppression at the individual
neuron level is a key characteristic of the sleep state. However, behaviours are not simply
produced from individual neurons; they also rely on the coordinated communication
between neurons. Interestingly, it was recently discovered that the coordination of a
particular neural circuit was disrupted during nematode sleep-like behaviour, due to a lag in
neural response in one of the interneurons within the circuit, ultimately leading to a loss of
behavioural output [26] (Figure 2). These studies are important because they suggest that
two basic ways to block information flow is by reducing neural activity or by disrupting the
timing and coordination of neural responses - two suppression mechanisms that could
represent the building blocks to sleep and attention mechanisms in animals with more
complex nervous systems. Any increase in brain complexity would therefore be intimately
linked to an increased capacity to block information flow.

Suppression of information processing at the single cell level has been observed in insects
during selective attention and voluntary behaviour. In dragonflies, selection and suppression
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dynamics are observed in object-detection neurons when presented with competing visual
cues [30], analogous to selective attention in primates [31]. Active behaviour also involves
suppression mechanisms: a recent study in Drosophila found that responses of motion-
detection neurons are inhibited when flies make voluntary turning movements [32]. In other
words, flies can produce an ‘efference copy’ (a copy of the fly's motor command) to
transiently suppress perception of self-generated motion, similar to primates during eye
movements [33]. Interestingly, rapidly reversible suppression of the same types of motion-
sensitive neurons has also been found to occur during sleep in honeybees [34]. Thus, at the
level of a single neuron, it might be impossible to tell whether an insect is asleep or just
paying attention to something else.

In animals with brains, suppression during sleep and selective attention is also evident at the
level of neural oscillations. Oscillations are produced from the synchronous firing of many
neurons, and these oscillations can then feed back to influence neuronal firing patterns,
thereby creating complex and emergent network activity [35]. This interplay between neural
firing and oscillations allows for a wider range of neural activity that is probably necessary
for selective attention, operant learning and plasticity. Oscillatory activity associated with
selective attention has been found even in the fruit fly (Figure 2), where oscillations in the
20-50 Hz frequency range have been associated with selection and suppression of novel or
salient stimuli [36-38]. In the mammalian brain, gamma oscillations (30-90 Hz) are
associated with sensory processing, through coordinated excitation and inhibition [39],
while lower frequency alpha oscillations (8-13 Hz) may be more important for prioritising or
organising gamma activity [40, 41] (discussed below). While it is notable that oscillatory
activity is a fundamental property of larger and smaller brains, the exact frequency range
involved is probably less important than its capacity to organize or suppress information
flow.

During selective attention in humans, oscillatory activity in the alpha frequency range is
thought to suppress unattended stimuli through pulsed inhibition, such that the brain can
efficiently process a selected stimulus at a given time [40, 42]. Alpha oscillations are
stronger in unattended brain regions and weaker in brain regions processing an attended
object [43-45] (Figure 2). Suppression can occur because network oscillations influence the
subthreshold oscillations of individual neurons, placing them in a hyperpolarized state or a
depolarized state, in which the neuron is either less or more likely to fire, respectively; when
alpha oscillation amplitudes are greater, the suppression is also stronger. This also means
that neurons may fire at different phases of an oscillation, depending on their threshold for
inhibition, creating a ‘temporal phase code’ that regulates attention [40]. This kind of phase
coding is not unique to alpha frequencies but also occurs with slightly slower theta
frequencies (4-7hz) in rats, and also with slow wave oscillations (1-4hz) in macaque
monkeys [46-49]. Oscillatory neural activity therefore allows information flow to be shaped
by rhythmic pulses of inhibition and release from inhibition. Furthermore, the patterns of
neural activity that occur during selective attention could also determine which circuits are
strengthened (ones that are active during attention) and which are weakened (ones that are
inactive while stimuli are being ignored). Thus, the emergence of oscillatory activity in the
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brain is likely to have produced new modes of suppression, giving rise to more diverse
patterns of network activity and plasticity in the brain.

During sleep in mammals and birds, information flow can be disrupted by slow-wave
oscillations. Rhythmic firing across many neurons can lead to the loss of information, as it
inhibits the more varied patterns of neural activity that occur during wakefulness. Why
would slow wave oscillations be present as a mode of suppression during sleep, but not
attention? One possibility is that because slow waves spread much greater distances than
shorter frequency waves [50-52], they can engulf the whole brain (especially larger
mammalian brains) into a suppression state, rather than just some neuronal networks. This
may allow for the greater levels of suppression (blocking out most stimuli) seen during sleep
compared to selective attention. During slow-wave sleep, signals are therefore less able to
propagate long distances. This has been demonstrated by transcranial magnetic stimulation
in humans: when a stimulus is delivered during wakefulness, oscillations are induced and
spread through the cortex, whereas during slow-wave sleep they are initiated but do not
propagate [53].

By creating a suppression state that blocks out the external world, slow wave sleep also
provides a unique environment for synaptic plasticity processes that may support learning,
attention and memory [54, 55]. However, slow-wave sleep appears to be the exception
among animals, being observed only in mammals and birds. In flies, a global decrease in
activity instead is observed across all frequencies, in both spontaneous and
pharmacologically-induced sleep [25, 56, 57] (Figure 2). Since slow wave sleep essentially
involves rhythmic periods of hyperpolarisation, one possibility is that neurons simply
require prolonged ‘down states’ in which neuronal assemblies are inactive. In mammals and
birds ‘down states’ may occur optimally during slow-wave sleep, whereas in other sleeping
animals, including flies, they may involve an overall depression in neural activity across a
broader frequency range. Both modes of suppression could essentially block information
flow and allow synaptic plasticity functions to occur at the same time (Figure 2).
Suppression states that regulate plasticity can also be triggered by changes in the
neuromodulatory environment. For example, a recent study in Drosophila found that during
sleep there is a suppression of dopaminergic signalling, which promotes memory retention
by preventing forgetting [58]. Interestingly, dopamine levels are also associated with
suppression mechanisms that occur during selective attention in Drosophila [59]. In other
words, like sleep, attention may use similar neuromodulatory mechanisms to block
information flow, albeit in a more localised or variegated fashion. Whether these
neuromodulatory effects are conserved across animals, and whether they correlate with sleep
functions, remains an important area for future research.

It is important to note that while sleep is a state of general sensory suppression, it does not
block all information processing. Like selective attention, the ability to block out most
sensory information during sleep may help to process information more selectively. For
example, sleep promotes reactivation and consolidation of recently encoded memories [14],
making these memories more easily retrieved during subsequent wakefulness [60].
Memories consolidated during sleep can also be influenced to some degree by exposure to
external sensory information during sleep such as odors [61-63], which can even alter the
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Sleep and

content of our dreams [64]. Yet unlike wakefulness, which creates a brain state that is
optimal for encoding new information through sensory experience, sleep causes the brain to
be largely shut off from the sensory world.

attention regulate each other

An increasingly popular view suggests that sleep is inextricably linked with synaptic
plasticity [14, 15, 54]. If sleep is the price we pay for plasticity [54], what is the
consequence of losing sleep? One obvious effect of having a bad night's sleep is the inability
to pay attention effectively the following day. When we are sleep deprived, our reaction
times are slower and our behaviour becomes unstable and unpredictable [65, 66]. However,
although our attention is affected, basic sensory responses such as vision or auditory
processing remain largely intact [67-70]. Attention allows us to focus on a single percept
while suppressing others, and may therefore be particularly vulnerable to sleep loss because
it is highly dependent on precisely timed suppression mechanisms across the brain, to
dynamically select and suppress competing stimuli. This is evident even in the fruit fly,
where attention-like behaviour is associated with increased temporal coordination between
brain regions [71]. It follows that any systemic imbalance in synaptic function could disrupt
this level of brain-wide coordination. In addition, sleep deprivation affects our ability to deal
with high perceptual load (large amounts of information), and disrupts functional
connectivity between different brain regions [72-74]. Sleep could be the price we pay for our
capacity to pay attention — to maintain precisely timed communication across multiple
circuits in the brain for selection and suppression of stimuli

Learning processes that require selective attention are also likely to be modulated by sleep,
compared to more simple forms of learning such as classical conditioning or habituation. As
mentioned earlier, operant learning involves attention processes as it requires an animal to
learn to selectively associate an action with a consequence, from many possible associations,
whereas classical conditioning is a much simpler form of learning that does not necessarily
require selective attention (e.g. it can even occur during sleep [75] and minimally conscious
states [76]). In Drosophila, sleep deprivation has been shown to affect learning and memory
in operant learning tasks such as in courtship conditioning or aversive phototaxis
suppression [9, 22, 23], whereas effects on classical conditioning are more subtle, depending
on the time of day and the time tested following training [77, 78]. Furthermore, a closer
examination of sleep effects on classical conditioning found that there was no effect of sleep
on acquisition of memories via classical conditioning; only memory retention or
“forgetting” was affected [58]. Similarly, studies in honeybees and rodents found that sleep
deprivation did not affect classical olfactory reward conditioning; however, extinction of the
memory was impaired by sleep deprivation [79, 80]. Compared to classical conditioning,
extinction learning may be more similar to operant learning in that it requires a more
complex network of brain structures [55] and also requires selective attention; unlike
classical conditioning which involves spoon-feeding associations to the animal,
extinguishing a memory relies on an animal's ability suppress pre-potent responses and to
pay attention on its own to important cues in its environment, creating new memaories to
overwrite the old. Altogether, these experiments suggest that learning processes that require
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more attention and more coordinated activity across the brain have a greater dependency on
sleep.

While it is clear that sleep regulates attention, the reverse may also be true: that attention
drives sleep need. This is because attention is crucial for many forms of learning, and the
more an animal learns during the day, the more it might require sleep-dependent plasticity to
regulate and respond to the synaptic changes accrued during wake. But how can we know if
attentional load influences sleep? There are already a number of clues from studies in
humans, rodents and flies that sleep need increases following tasks or experiences that
specifically engage selective attention. In humans, training in visual learning, perception and
working memory tasks leads to increases in slow-wave activity, a marker of sleep pressure,
in brain regions that are important for visual processing and attention [50, 81-83]. Slow
wave activity also increases in rats following operant learning or when they explore a novel
environment [84, 85]. Although none of these studies has looked specifically at how much
attention drives sleep need, it is likely that attention is a key factor because it is intricately
linked with operant learning and is also engaged by novel exploration through exposure to
salient events. Similarly, flies that are reared in more social environments or exposed to
visual and tactile stimuli need to sleep more, as well as more deeply [57, 86-88], possibly
because they are exposed to greater novelty. Interestingly, human attention disorders such as
autism, schizophrenia and attention-deficit/hyperactivity disorder (ADHD) have also been
associated with reduced or disrupted sleep [89-91], whereas periods of intense learning such
as childhood and adolescence are associated with a greater need for sleep and a greater
amount of slow-wave activity after learning [10, 92]. In summary, a number of studies
suggest that sleep may be influenced by learning and attention in different species,
supporting the view that sleep and attention may regulate each other bi-directionally.

Conclusions & future directions

Although sleep appears to be widely conserved among species, recent advances in studying
potential sleep functions in animal models have highlighted the need for a better definition
of sleep; one way to do this is to consider how it may have evolved. Early in evolution, sleep
may have simply been a ‘down state’ to conserve energy required for development and to
cope with environmental stress. However, as nervous systems became more complex, this
down state came under the control of the brain to primarily regulate the plasticity processes
required for attention and learning — which we now know are crucial functions of sleep.
Should the more primitive forms of sleep that are tied to development or stress processes
(seen in C. elegans, for example) really be called “sleep’ or “sleep-like’? Certainly, there
may be many insights to be gained in relation to sleep's role in stress and development;
metabolite clearance during sleep [93] could fall under stress-related sleep functions, and
any physical changes in neuronal wiring that occur during sleep may involve conserved
developmental pathways. However, the link between behavioural quiescence and these
primitive sleep functions in animals does not tell the full story about the importance of sleep
for cognition. It is important to emphasize that, however we define sleep, there may be key
differences in sleep function when comparing a worm to a fly to a human, and one general
term (sleep) may not be completely appropriate as it potentially confuses the field.
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Although sleep-like states may serve various functions in different species, one common
property of these states is that they decrease responsiveness to the outside world. Likewise,
selective attention is also fundamentally a decrease in responsiveness to most external
stimuli, except for the one being momentarily attended to. The capacity to suppress
information flow may have begun in simple nervous systems by reducing neural activity and
coordinated circuit communication, later evolving into more complex modes of suppression
that involve interplay between neural spiking and global oscillations. Blocking information
flow globally may produce a loss of behavioural responsiveness that could simultaneously
accommodate a variety of sleep functions, such as synaptic plasticity relating to memory and
attention processes, but also more ancient stress responses. For example, slow-wave sleep
has been hypothesised to provide an optimal brain state for memory consolidation as it
suppresses encoding of new memories [94]. Alternatively, the synaptic homeostasis
hypothesis for sleep (SHY), proposed by Tononi and Cirelli, [54], suggests that slow-wave
sleep evolved as a mechanism to proportionally downscale synapses. However, slow-wave
sleep is also associated with basic cellular processes such as metabolite clearance [93],
suggesting that ancient sleep functions may have been repackaged with more recent sleep
functions associated with learning.

If there is indeed proportional synaptic renormalization that takes place during sleep (most
likely involving strengthening as well as downscaling of synapses [95, 96]), then it is
probably to counterbalance the necessarily non-proportional synaptic changes across the
brain that result from selective attention during wakefulness. Sleep and attention may
therefore share a deeper relationship than previously thought, using similar suppression
mechanisms to ignore the outside world while simultaneously influencing each other by
regulating synaptic plasticity in a complementary way. This view raises several questions
that could be addressed in future research, by examining the mechanisms of sleep and
attention in different animals and how they are related at a behavioural, electrophysiological
and molecular level (Box 2). More broadly, it may be productive to study sleep and
wakefulness as complementary states rather than as fundamentally different brain
phenomena.
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Glossary
Selective attention the ability to focus on one stimulus while actively ignoring others,
whereby processing of a salient stimulus is enhanced in the brain
while irrelevant information is suppressed.
Attentional load or ‘perceptual load’ [100] - the amount of information processing

required during an attention task, with high load tasks requiring
large amounts of information processing and low load tasks
requiring lower amounts of processing capacity.
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animals with bilateral symmetry (front and back, left and right), as
opposed to a radial symmetry.

learning that results in a reflexive behaviour being elicited in
response to a neutral stimulus, by repeated pairing of the neutral
stimulus with the stimulus that triggers the reflex (also known as
Pavlovian conditioning).

rhythmic electrical activity in the brain, that is often classified
according to frequency range: e.g., alpha oscillations (8 — 13 Hz)
and gamma oscillations (30 — 90 Hz)

learning that involves association of one's own actions with
consequences in the environment (e.g. reward/punishment), such
that an animal adjusts its motor patterns to achieve a goal.

the internal drive to sleep

oscillatory brain activity during sleep occurring in the 0.5-4 Hz
frequency range

strengthening or weakening of synapses in the nervous system as a
result of experience

a type of plasticity thought to occur during sleep, proposed by the
synaptic homeostasis hypothesis (SHY) [54], whereby changes in
synaptic strength during wakefulness (usually increasesin
strength as a result of learning) are modified during sleep
(‘downscaled’, or proportionally weakened on a global level) to
maintain a balance in synaptic weight in the brain.
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Highlights
1) sleep and selective attention are both perceptual suppression mechanisms
2) sleep functions may have co-evolved with selective attention

3) sleep and selective attention regulate each other
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Box 1: Operant learning

Operant learning is a process by which an animal learns to adapt actions to achieve
certain consequences in the environment. It is different from classical conditioning
(making associations between paired stimuli) in that the animal must select the
appropriate motor sequence to earn rewards or avoid punishment, and therefore has some
degree of control over its learning. Although classical conditioning may be affected by
internal drive (e.g. hunger or thirst, to receive a reward) it does not necessarily require
selective attention as it can occur during sleep or minimally conscious states [75, 76]. In
contrast, operant learning requires selective attention because the animal learns to select
the correct action and suppress maladaptive motor programs. A number of behavioural
paradigms have been used to study operant learning in different model organisms, with
some examples outlined below.

Rodents: Operant learning in rodents is often studied by associating a reward (e.g. food)
or punishment (e.g. electric shock) with a lever press.

Fruit flies: A commonly used operant learning task used in Drosophila studies is
courtship conditioning, whereby a male fly exposed to a mated female will learn to
suppress courtship behaviour as the male is persistently rejected by the mated female
during training.

Molluscs: In the sea slug, Aplysia, operant learning can occur by appetitive learning,
whereby biting and swallowing behaviour increases in the presence of food [20]. Another
study has shown that operant learning can occur for gill withdrawal behaviour, which can
be suppressed by association with electric shocks [21].

Does operant learning exist in worms? Operant learning has not been demonstrated for C.
elegans, and it is therefore not entirely clear whether worms are incapable of operant
learning or whether it has not been found because this question has not yet been
addressed. The closest thing to operant behaviour observed in C. elegansis the ability to
cross an aversive barrier to reach an attractive odor [97, 98], as this involves suppression
of avoidance of the aversive stimulus. However, chemotaxis (which even bacteria are
capable of) may not really require having selective control over movements, and is
therefore arguably not an operant behaviour. To know whether worms have operant
learning, one could examine mating behaviour, the most complex motor sequence of a
worm. For example, do male worms suppress their mating behaviour if they are only
exposed to other male worms (similar to the courtship conditioning assay in Drosophila)?
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Box 2. Outstanding Questions

» How do attention processes increase sleep drive? Although sleep need appears
to depend on waking experiences that involve attention, whether attention
regulates sleep has not been directly tested. Future studies could investigate
whether increasing attentional load or activating attention networks in the brain
can influence sleep need. This then raises the question of how these processes
tell the brain how much it needs to sleep. How would driving attention processes
in the brain lead to electrical signatures of sleep, such as enhanced slow-wave
activity in mammals or reduced neural activity in flies? Sleep onset could be
triggered by an accumulation of certain molecular factors within neurons, or
could be signalled by the recognition of poorly tuned neural networks. One
interesting avenue could be to investigate the role of glia, as they have been
found to modulate sleep pressure, sleep rebound and cognitive consequences of
sleep loss [99]

» How do the different electrical activity patterns observed during sleep, such as
slow-wave activity in mammals or attenuated activity in flies, achieve sleep
functions that optimize attention? In mammals, REM sleep promotes
consolidation of procedural memories (e.g., learning to ride a bike), whereas
slow-wave sleep primarily supports declarative memories (e.g. learning names)
[14]. However, whether specific types of neural activity optimize selective
attention processes has not been investigated, e.g., can oscillatory activity during
sleep (either spontaneous, or induced) influence subsequent patterns of brain
activity that occur during attention tasks, and does this correlate with
performance on these tasks?

e What are the molecular processes harnessed by these different patterns of neural
activity? Molecules associated with sleep function have begun to be identified,
for example Fragile-X mental retardation protein (FMRP) in synaptic pruning
during sleep [86]. However, a key question is how neural activity during sleep
harnesses molecular processes that achieve sleep functions. Future work could
examine how stimulating neurons in a way that resembles sleep triggers changes
in the molecular states of those neurons, by performing expression profiling or
by examining more closely the behaviour of certain candidate molecules within
neurons or glia following sleep-like activity.

» Do sleep and attention use common neural mechanisms to suppress information
processing? Although different patterns of electrical activity in the brain have
been identified during sleep (e.g., slow wave oscillations) and have also been
associated with attention processes (e.g., alpha oscillations), it is not clear
whether they use similar or different mechanisms to orchestrate information
flow. For example, do slow wave oscillations create a temporal phase code that
effectively inhibits processing of stimuli, like alpha oscillations? Or do slow
wave oscillations simply disrupt temporal phase codes altogether, by causing
prolonged ‘down states’ of neural inactivity? Furthermore, considering that
slow-wave sleep has not been identified in all animals, one might ask to what
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degree functional roles for oscillatory activity translate across different
organisms. For example, can animals that appear to lack slow wave sleep (e.qg.,
most animals other than birds and mammals) achieve the same functions with
oscillatory activity in a different frequency domain, or perhaps even by simply
shutting down altogether?

Did sleep functions co-evolve with selective attention? This is a broad question
that reflects the central hypothesis of this article. In terms of ‘co-evolution’, one
approach to understanding this question is to examine sleep and attention in
different species, to see whether they always co-exist, or whether they can be
separated. For example one prediction may be that animals lacking selective
attention will not require sleep for daily plasticity processes, only for more
primitive functions such as stress and development. Another approach could be
to create virtual nervous systems that are either capable or incapable of selective
attention, and see whether these networks also need to be regularly fine-tuned
by sleep-like functions such as synaptic homeostasis.
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Trends Box

Emerging evidence suggests that sleep serves a number of distinct functions,
even though these might all have a common need for behavioral quiescence.

In animals with simple nervous systems, sleep-like states are associated with
development and environmental stress.

In animals with more complex nervous systems, sleep also has a major role in
supporting cognitive processes such as learning and attention.

Sleep need is increased by behaviors that require selective attention and operant
(instrumental) learning.

Sleep and attention have been viewed as fundamentally different states, but they
may involve similar mechanisms for suppressing external stimuli.

Sleep and selective attention may have complementary effects on synaptic
plasticity
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Figure 1. Evolution of sleep and cognitive processes
As brains became more complex during evolution, animals gained the capacity for more

sophisticated forms of cognition such as operant learning and selective attention (bottom
yellow panel). At the same time, sleep evolved as a behavioural state that supported not only
primitive functions such as stress and development, but also the plasticity needed for
learning and attention (top yellow panel). Slow-wave sleep may be one mechanism to
achieve synaptic plasticity and support cognition in mammals and birds, whereas this may
be achieved in other animals by prolonged down-states in neural activity that occur during
sleep. Importantly, sleep can be divided into two types: a primitive sleep-like state for stress
responses and key developmental pathways which originated in animals with simpler
nervous systems (e.g., certain nematodes, blue arrow) and a sleep state needed for the daily
plasticity demands of cognition in animals with brains (e.g., from flies and molluscs to
vertebrates, red arrow at the top of figure).
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Figure 2. Sleep and attention are suppression states
A) In the nematode, C. elegans, sensory neurons display less spontaneous activity and

reduced responses to external stimuli during sleep-like states, and B) the timing of neural
responses within a circuit becomes less coordinated [26, 28]; during wake, stimulation of a
sensory neuron (black circle) leads to synchronous firing of two different interneurons (grey
circles), resulting in a motor response, whereas the output is suppressed during sleep-like
behaviour due to a time-lag in one of the interneurons [26]. C) Sleep in the fruit fly
Drosophila melanogaster is characterized by an overall suppression of neural activity
recorded in the local field potential oscillations in the brain [56, 57]. D) In Drosophila,
attention towards a visual stimulus coincides with an increase in 20-50 Hz oscillations in the
brain, whereas the same oscillations are suppressed when the stimulus is ignored [36, 37]. E)
In humans, wake is characterized by high frequency activity, whereas during slow-wave
sleep, large amplitude slow-wave oscillations indicate prolonged up-states (neural activity)
and down-states (suppression of neural activity). F) Alpha oscillations (8-13) Hz are thought
to provide a gating mechanism for visual attention in humans; brain regions with low
amplitude alpha oscillations correspond with attention to a stimulus, whereas high amplitude
or phase shifted alpha oscillations suppress the processing of unattended stimuli [40, 42-45].
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