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Abstract
The transition between wake and sleep states is characterized by rapid and generalized changes in
both sensory and motor processing. Sleep is antagonistic to the expression of important behaviors,
like feeding, reproduction and learning whose relative importance to an individual will depend on
its circumstances at that moment. An understanding of how the decision to sleep is affected by
these other drives and how this process is coordinated across the entire brain remains elusive.
Neuromodulation is an important regulatory feature of many behavioral circuits and the
reconfiguring of these circuits by modulators can have both long-term and short-term
consequences. Drosophila melanogaster has become an important model system for understanding
the molecular and genetic bases of behaviors and in recent years neuromodulatory systems have
been shown to play a major role in regulation of sleep and other behaviors in this organism. The
fly, with its increasingly well-defined behavioral circuitry and powerful genetic tools, is a system
poised to provide new insight into the complex issue of how neuromodulation can coordinate
situation-specific behavioral needs with the brain’s arousal state.

Introduction
Sleep is surprisingly poorly understood given its ubiquitous nature and physiological
importance. Sleep has been posited to be essential for life, since prolonged experimental
sleep deprivation in rats [1] and in Drosophila [2] is associated with mortality as is sleep
deprivation caused by certain neurodegenerative conditions in humans [3]. Even if you put
aside the issue of whether it is required, it is clear that even relatively mild sleep deprivation
has deleterious effects on performance in the short term and on health in the long term.
Consistent with a requirement for optimal well-being, sleep has been shown to be
homeostatically regulated in all organisms that have been examined, including flies [4].

Why then do we not just “automatically” sleep for some fraction of each 24 hour day? One
major reason is that the day is not uniform in terms of either environmental conditions or
probability of interaction with other animals. We have highly tuned circadian processes that
schedule our behavioral and metabolic activities to optimal times of day. For humans and
flies, sleep occurs preferentially at night in a single highly consolidated episode when our
risk of predation is high and opportunities for other activities are low. Most rodents are
nocturnally active (perhaps in part since they rely less on vision). A second reason that sleep
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is not an automatically scheduled activity is that while we need to sleep, sleep does not come
for free: there are tradeoffs. If a person or animal is asleep they give up opportunities for
foraging, mating, gathering information, etc. Depending on circumstances, survival may
depend on prioritizing one of these activities over sleep. The brain has the ability to modify
its circadianly programed sleep schedule to accommodate more acute needs.

The mechanisms of sleep control must therefore deal with two unusual demands. First, the
sleep/wake transition must be fast and general, reconfiguring the processing of both sensory
inputs and motor outputs. Second, the control of the transition has to be addressable by
competing drives that are critical to species or individual survival. In this review I will
discuss recent work on neuromodulatory systems in Drosophila that may have roles in both
levels of sleep regulation.

Properties of neuromodulation
While it is clear in the mammalian brain that there are discrete loci with broad connectivity
that promote sleep or arousal, the global nature of the these behavioral states cannot be
explained solely by synaptic connections between such loci and the rest of the brain. Many
of the changes in the activity of brain areas during sleep or wake appear to occur by
regulation of synaptic effectiveness or intrinsic properties of the neurons endogenous to the
affected circuits (Figure 1). This type of regulation is called neuromodulation. A recent set
of reviews on this topic provides an overview on neuromodulation and in depth discussion
of systems in which it is a critical component [5].

In brief, neuromodulators are agents (both small molecules and peptides) that alter the
ability of cells to respond to the actions of classical excitatory or inhibitory synaptic inputs.
Modulators can reach their targets by being co-released with small molecule fast
neurotransmitters, being independently released from a different pool of vesicles at synaptic
or non-synaptic sites or by being released as humeral factors. Receptors for neuromodulators
can be found pre- and postsynaptically as well on almost every other part of the neuron. The
spatial scope of action of neuromodulators can in theory be broad since they are not
constrained to act at synapses. While much neuromodulation is probably quite local [6],
there are also examples of neuromodulators that act far from their site of release [7].

Neuromodulators and sleep in mammals
The number of neuromodulators that affect sleep in mammals is legion. Small molecules
such as adenosine and prostaglandin D2 are regulated by the circadian clock and increased
by sleep drive, acting to promote sleep [8,9]. Biogenic amines such as dopamine and
norepinephrine, while they have many functions, are primary players in arousal and
attention [10–12]. Many peptide neuromodulators also affect sleep in mammals. A large
number of these peptides also have critical roles in regulating feeding and metabolism.
Interestingly, the effect of these peptides on sleep is not uniform. For example Neuropeptide
Y, which promotes feeding and has roles in immune function and mood, is sleep-promoting
[13]. Orexin/hypocretin, on the other hand, while also increasing food intake, is a potent
wake-promoting factor with a clear role in normal arousal [14]. The effects of peptides on
sleep therefore cannot be predicted based on their other actions. Whether this reflects
completely separate actions on sleep circuits that are unlinked to other behavioral roles or
some more subtle integration of internal states is difficult to address in the complicated
circuitry of the mammalian brain. As will be detailed below, circuits that regulate sleep and
other behaviors in Drosophila can be identified and genetically accessed. The mechanisms
by which neuromodulators affect multiple behaviors can therefore be explored at a high
level of cellular and molecular detail. Understanding these processes is important obtaining
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a systems-level appreciation of how animals integrate potentially conflicting needs to
optimize survival.

Neuromodulators that affect sleep and the circadian clock in Drosophila
The circadian clock is responsible for scheduling behavior and metabolic processes. In
Drosophila, the core clock circuit has been defined by the presence of a daily nuclear/
cytoplasm shuttle of the period protein, one of the core transcriptional regulators that makes
up the molecular machinery of the clock. Not surprisingly, the clock has been shown to be
involved in regulation of sleep. In particular, the ventrolateral neurons (LNvs) have been
shown to be wake-promoting [15–17]. This small group of cells contains Pigment
Dispersing Factor (PDF), a peptide neuromodulator. Signaling by PDF within the clock
circuit is critical to maintain activity in constant conditions, but PDF is also an arousal
molecule and likely functions to regulate sleep by modulating neurons outside the core clock
circuit [16]. The wake-promoting function of LNvs is regulated by GABA [16], an
important sleep-promoting neurotransmitter in both mammals and flies. Clock cells also
contain many other peptides, and it is likely that these molecules will also have effects on
sleep.

Neuromodulators that affect sleep and learning in Drosophila
The mushroom bodies in Drosophila are a critical site for formation of associative memory,
and they have also been shown to have complex effects on sleep. Dopamine-containing
neurons which innervate the mushroom bodies have been very well studied due to the
important role they play in both reward and negative reinforcement in associative learning
[18,19]. In the last several years, it has become clear that dopamine is also a major arousal
substance in Drosophila. Animals fed methamphetamine sleep less and have difficulty with
visual attention [20]. Mutation of the fumin (fmn) gene, which encodes a transporter critical
to termination of dopamine signaling, sleep less and have decreased arousal thresholds [21].
The neurons involved in arousal appear to be just a subset of the dopaminergic system:
PPL2 neurons which project to the ventrolateral neurons of the circadian clock, cells that are
important for light-dependent arousal [15,22], and PPL1/PPL3 neurons that project to the
fan-shaped body, a neuropil associated with locomotor control [23,24].

Interestingly, PPL1 neurons that innervate the mushroom body are important for negative
reinforcement of associative learning [25]. The fact that dopamine is important for both
memory formation and sleep is of potential importance when one considers the role that
sleep plays in both learning and memory consolidation. Dopamine appears to be a
reinforcing cue for both aversive and appetitive learning and the idea that it could
simultaneously act to modulate arousal during a learning experience is appealing. Given the
fact that cellular loci of action for both reinforcement and wakefulness have been identified
in the fly, understanding their interaction may be possible.

While reinforcement is dependent on dopamine, consolidation of associative memory is
believed to require neuromodulatory input to the mushroom bodies from a pair of neurons
called the dorsal paired medial (DPM) neurons. These neurons were first identified as being
critical for the actions of the amnesiac gene, a predicted PACAP-like neuropeptide [26].
Subsequently these neurons have also been shown to release serotonin [27]. Both the
amnesiac gene [28] and serotonin receptors in the mushroom bodies [29] have been shown
to contribute to sleep regulation. Whether the actions of DPMs are important to integration
of sleep and memory formation is currently unknown.
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Neuromodulators that affect sleep and metabolic control in Drosophila
Not surprisingly, starvation in flies has been shown to acutely suppress sleep [30] as flies
increase locomotor activity in an attempt to discover new food sources. Starvation also
causes neurochemical changes in flies, and as in mammals, there are peptides that regulate
feeding and metabolism many of which have similar roles across species. While there are
peptidergic neurons throughout the fly brain, the pars intercerebralis is a diverse neuronal
group that contains a number of peptides, many of which are key metabolic regulators,
including the Drosophila insulin-like peptides (DILPs). The DILP+ cells of the pars have
been shown to respond to octopamine to suppress sleep [31], while other pars cells respond
to an EGFR ligand [32] to increase sleep. Interestingly, it does not appear that the sleep
regulation is occurring via DILPs themselves, suggesting that some other molecule or
peptide released from this subset of pars cells is sleep-active [33]. The ability of multiple
subpopulations of pars cells to regulate sleep in opposite directions suggests the involvement
of multiple metabolic peptides in regulation of arousal.

Neuromodulators that affect reproductive behavior and sleep in Drosophila
Mating and sleep are incompatible for flies. Behavioral studies have shown that the
consolidated nighttime sleep seen in isolated individuals is disrupted if males and females
are housed together [34], suggesting that reproductive drive can suppress or reschedule
sleep. The mechanisms underlying this effect are unknown, but it is clear that olfactory cues
are important triggers of the acute change in sleep pattern.

Mating can also have longer-term effects on sleep for females. It has been known for many
years that substances transferred to the female during copulation alter both her physiology
and behavior, increasing egg production and decreasing receptivity to remating.
Interestingly, mating also changes female sleep patterns: males and virgin females typically
have a prolonged daytime siesta, while mated females sleep much less during the day [35].
This change in sleep pattern, like the aversion to remating, lasts about a week, and both are
due to the actions of Sex Peptide (SP), a component of male seminal fluid. The SP receptor
has also been shown to alter food choices in mated females, giving this peptide yet another
function in retooling mated females for reproduction [36].

Prospects for understanding integration of sleep with other behaviors
There is a major push in the neuroscience community to define the “connectome” of the
brain i.e. draw concrete wiring diagrams. While this is a necessary condition for
understanding behavior, it is far from sufficient. Decades of work in small circuits have
demonstrated the importance of modulation [37]. Neuromodulation allows the brain to
generate many gradations and combinations of behavior from a limited number of basic
circuits. The most interesting and important behavioral problems involve animals making
decisions about complex situations. How inputs are weighted, especially when there is
conflicting information or competing needs, is not well understood in any system. This is a
particularly salient problem for understanding sleep since it is both necessary for optimal
health and antagonistic to many other behaviors.

Genetic model organisms with well understood connectomes offer an excellent platform for
studying this important problem in a context where behavioral choice can be assessed.
Recent work in C. elegans has shed a lot of light this how this can occur in a simple circuit
[38], but the complex behaviors exhibited by Drosophila make it perhaps an even more
promising system for providing templates for understanding human behavior. The
Drosophila brain contains at least 42 genes which encode peptide precursors [39] and likely
also makes many uncharacterized small molecule neuromodulators. Almost all of these
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substances have roles in regulation of multiple behaviors. Our understanding of the circuits
that these molecules modify is growing quickly due to the ability of investigators to bring
behavioral, electrophysiological and genetic tools to bear on the problem [40]. In this review
I have highlighted known intersections of sleep with other behaviors in which there is
evidence for the role of a specific modulator (Figure 2). While at this point we do not have
an understanding of how (or if) these particular modulators allow the animal to reach
decisions about sleep vs. another action, the system is ripe for investigation.

Conclusions
There are important tradeoffs associated with sleep: inability to feed or find mates are
negatives, but the decreased danger of predation, thermal stress and dehydration are
positives. The survival of animals in the wild depends on their ability to respond
appropriately to new opportunities and dangers. These reactive changes in behavior need to
be coordinated with ongoing essential behaviors like feeding and sleeping. Neuromodulators
that have roles in other behaviors are often regulators of sleep. Reconfiguration of neuronal
circuits by neuromodulators may help animals to set rational priorities for particular
situations and still carry out essential baseline functions.
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Highlights

Peptide and small molecule modulators are important regulators of behavior

Multiple neuromodulatory systems regulate sleep in mammals and insects

Neuromodulation may allow coordination of behavioral programs with arousal state
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Figure 1. Neuromodulation can cause state-dependent changes in neuronal function
When an animal falls asleep, there is an increase in sensory arousal thresholds that is
believed in mammals to occur by alterations in thalamic processing. Motor outputs are also
suppressed. Arousal, in contrast, reduces sensory thresholds and facilitates motor output.
Neuromodulation may have a role in state changes by acting at multiple sites within these
circuits. Pro-arousal and pro-sleep neuromodulators in theory may act in antagonistic
manners on the same neurons or may act at distinct points in the circuit.
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Figure 2. Summary of behaviors and neuromodulators known to regulate sleep in Drosophila
While only a few of the known neuromodulators in Drosophila have been shown to regulate
sleep, these agents affect a diverse array of other systems. All of these modulators have
important roles in regulating a non-sleep behavior (indicated by small gray arrows), but they
all also have a role in sleep (indicated by large arrows). There are a number of
neuromodulators in cells of the core clock circuit. To date, only Pigment Dispersing Factor
(PDF) has been shown to directly affect sleep, but there is reason to believe that there are
also pro-sleep clock cells which could be neuromodulatory. Feeding and metabolism are
regulated by peptidergic cells of the pars intercerebralis. This diverse cell group has been
shown to both positively and negatively regulate sleep although the transmitters or
modulators underlying these effects are unknown. The circuitry underlying memory
formation has been extensively studied, and modulators of this process can regulate both the
amount and structure of sleep. Dopamine (DA) is a pro-arousal substance released from
multiple neurons in the central brain which is also critical for reinforcement in associative
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learning. The amnesiac (Amn) gene product and serotonin (5HT) are both found in the
dorsal paired medial neurons which are necessary for memory consolidation. Olfactory
discovery of opportunities for reproductive behavior can acutely decrease sleep. For
females, mating can decrease daytime sleep via actions of SP which is transferred from
males in ejaculate. It is unknown if mating or reproductive behaviors can increase sleep.
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