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Almost 20 years ago, the gene underlying fatal familial
insomnia was discovered, and first suggested the concept
that a single gene can regulate sleep. In the two decades
since, there have been many advances in the field of be-
havioral genetics, but it is only in the past 10 years that the
genetic analysis of sleep has emerged as an important dis-
cipline. Major findings include the discovery of a single gene
underlying the sleep disorder narcolepsy, and identification
of loci that make quantitative contributions to sleep char-
acteristics. The sleep field has also expanded its focus from
mammalian model organisms to Drosophila, zebrafish, and
worms, which is allowing the application of novel genetic
approaches. Researchers have undertaken large-scale screens
to identify new genes that regulate sleep, and are also probing
questions of sleep circuitry and sleep function on a molecular
level. As genetic tools continue to be refined in each model
organism, the genes that support a specific function in sleep
will become more apparent. Thus, while our understanding
of sleep still remains rudimentary, rapid progress is expected
from these recently initiated studies.

Sleep is one of the great mysteries of science. It is a
fundamental phenomenon with no known molecular func-
tion, despite the fact that it spans genetically diverse eu-
karyotes from higher-order phyla such as mammals to
lower phyla such as arthropods (Tobler 2005). Within indi-
vidual species, many characteristics of sleep are tightly
regulated. These include, but are not limited to, the timing
of sleep onset, depth of sleep, and average duration. Since
all of these organisms show regulation of the same sleep-
associated processes, the thinking is that conserved genetic
mechanisms underlie sleep across species (Allada and
Siegel 2008).

The recognition that sleep may be regulated by con-
served genetic mechanisms has not yet led to a unified un-
derstanding of it. A closely related process—the generation
of circadian rhythms—is now explained on the basis of a
universal model, largely because of mechanistic studies
done in phylogentically very diverse organisms. Studies of
sleep have been primarily descriptive, consisting of lesion
studies that have identified relevant anatomic areas in
mammals, and pharmacological data that have pinpointed

effects of different neurochemicals. However, even these
have not provided specific loci/foci to the extent known
for circadian regulation, perhaps because these do not exist
for sleep. For instance, there is still no specific anatomical
area that can be lesioned to completely eliminate sleep.
Likewise, if there is a specific neurotransmitter for sleep, it
is still hypothetical. Thus, sleep does not appear to be
controlled by a singe locus or dedicated genes. It is better
understood as a broad system-wide phenomenon.

Hypotheses for sleep include somatic theories (healing
of the body and other endocrine functions), cellular met-
abolic theories (removal of reactive oxidative species and
energy replenishment), brain-specific functions such as
synaptic plasticity (in adults, this would underlie memory
consolidation), or synaptic downscaling. One needs to be
careful with some of these hypotheses, since they are often
based on detrimental effects of sleep deprivation, which is
both a cellular and organismal stress due to the fact that it
exceeds our normal physiological time awake. Given that
wake-promoting pathways are involved in other biological
functions, excess activity of these pathways could produce
effects independently of sleep. Also, the sleep field is split
between those who want to associate sleep function with
specific aspects of brain electrical activity, as measured by
an electroencephalogram (EEG) (described below), and
those who want to understand what happens to the brain
when it is offline, independently of the EEG.

Genetics provides a new way to address the regulation
and function of sleep. While for the past 20 years genetics
has been used primarily to verify lesion and pharmacolog-
ical studies through targeted gene approaches, it can now
be used to probe more intricate questions in sleep. Thus,
forward genetic screens, inducible and anatomically spe-
cific genetic mutations, genetic alterations in synaptic
signaling and excitability, genetic lesioning of cells, micro-
arrays, and other genetic manipulations can be employed
to identify novel mechanisms underlying sleep, and also to
test specific hypotheses for sleep function.

This review focuses on the use of genetic and molecular
techniques in model organisms to understand sleep. The
first section provides the basic background of sleep research,
and introduces the study of sleep from a genetic perspective.
The second section focuses on the heritability of sleep traits
and the genes underlying these traits. The third section
describes the use of genetic manipulations in model organ-
isms to understand the neurochemistry of sleep. The review
ends with a discussion of recent studies designed to identify
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novel sleep-regulating genes, all of which have the ultimate
goal of identifying sleep function.

Background

The definition of sleep

In the broadest sense, sleep is defined as a period of in-
activity. This period is accompanied by an increase in
arousal threshold, often in a stereotypical body position,
and, if disrupted, is followed by a period of sleep rebound
(Hendricks et al. 2000 Huber et al. 2004). This definition is
applied to organisms as genetically simple as Caenorhab-
ditis elegans, as well as to more complex organisms such as
mice and even humans.

To understand sleep, two distinct aspects of it must be
addressed. These are the timing of sleep and the length/
quality of sleep (Borbely 1982). Both are maintained to be
approximately the same from day to day. The timing of
sleep is well established as a function of the circadian sys-
tem in the brain. The circadian system is important for
driving many aspects of behavior and physiology with an
;24-h period through a set of molecular oscillators. How
our body knows how much sleep we need is less un-
derstood. Based on the rebound, or compensatory sleep,
that follows sleep deprivation, sleep is thought to be an
essential process whose amount is controlled by a homeo-
static system (Dauvilliers et al. 2005).

In mammals, sleep is identified empirically by physio-
logical markers. In humans, as well as monkeys, rats, and
mice, changes in brain activity during sleep and wakeful-
ness can be monitored using an EEG, and different stages
of these behavioral states have come to be identified by
characteristic EEG patterns (wave forms) (Table 1; Allada
and Siegel 2008; Ambrosius et al. 2008). These patterns are
best defined in humans where a typical sleep EEG consists
of one to three nonrapid eye movement (NREM) stages and
a REM stage (Table 1). Stage 1N is characterized by the
transition from faster oscillations in the 8- to 13-Hz range
during wakefulness to oscillations in the 4- to 7-Hz range.
Stage 2N is characterized by sleep spindles (fast oscilla-
tions in the 12- to 14-Hz range) on top of the slower os-

cillations. Stage 3N is the deepest stage of sleep, and is
composed of at least 20% slow, large-amplitude oscilla-
tions in the 0- to 4-Hz range known as delta waves; at its
deepest points, this stage of sleep could consist of >50%
delta waves. (Dumermuth et al. 1983; Aeschbach and
Borbely 1993). Depth of sleep is often characterized by
the term ‘‘delta power,’’ which refers to the frequency and
amplitude of the delta waves produced. Delta power is
hypothesized to be a readout of the homeostatic drive, so
the higher the delta power, the greater the sleep pressure in
the animal (Webb and Agnew 1971; Tobler and Borbely
1986). In other mammals, the sleep stages are less well
defined, and generally fall into the categories of NREM,
REM, or wakefulness (Tobler and Borbely 1986).

Genetic approaches to the study of sleep

The first clue that human sleep could be regulated genet-
ically came from twin studies conducted in the 1930s (for
review, see Dauvilliers et al. 2005). These studies showed
that monozygotic twins are more likely to have similar
sleep amounts and sleep onset times than dizygotic twins.
After the invention of the EEG, it was found that mono-
zygotic twins also show similarities in their EEG spectrum.
Despite the fact that there is great variation in EEG
spectrum from individual to individual, within monozy-
gotic twins, it is highly correlated (Anokhin et al. 1992;
Steinlein et al. 1992; van Beijsterveldt and Boomsma 1994;
Ambrosius et al. 2008). As discussed below, more recent
studies have validated the genetic basis of the EEG pattern,
and even identified genetic loci that underlie these traits.

Mice have ;85% genetic similarity to humans, and so
provide an excellent model for the genetic analysis of
sleep (Church et al. 2009). They also display characteris-
tic EEG traces, and periods of sleep that are regulated by
the same homeostatic and circadian mechanisms as in
humans (Allada and Siegel 2008). However, there are sev-
eral drawbacks to using a mouse model: They have a long
generation time. They are likely to show compensation
or redundancy in genes critical for the survival of the
mouse, many of which may be important for sleep. Also,
until recently, genetic tools were not available to alter the

Table 1. Terms commonly used to describe sleep

Glossary

Electroencephalogram (EEG) Measures electrical potentials on the surface of the head. It is thought to be a readout
of activity in the underlying cortical neuronal populations.

Wake EEG Small-amplitude, high-frequency oscillations. These waves are produced as a result of
desynchrony in firing between cortical neurons.

NREM EEG Larger-amplitude, lower-frequency oscillations that are thought to reflect the transition
of these neurons to a more synchronous and bursting firing pattern.

REM EEG Small-amplitude, high-frequency oscillations that look like the waking EEG, but are
accompanied by loss of muscle tone and the presence of REM.

Slow wave sleep Stage N3 and the deepest stage of sleep. This is when the synchrony in neuronal firing is
thought to be at its highest. There is also the presence of delta waves, which are the
slowest- and largest-amplitude EEG waves seen during sleep.

Delta power The density of delta waves; this is thought to reflect one’s need for sleep.
Circadian component of sleep The timing of sleep.
Homeostatic component of sleep The depth or length of sleep.
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expression of genes over time or spatially within the
mouse brain (Rossant and McMahon 1999).

Simpler organisms such as C. elegans, Drosophila mela-
nogaster (fruit fly), and Danio rerio (zebrafish) are all also
proving to be excellent models for sleep (Allada and Siegel
2008; Cirelli 2009). They share the advantage that they are
all genetically tractable, and have relatively simple ge-
nomes (the worm and the fly also have very short gener-
ation times). In addition, they all have the ability to ge-
nerate both simple and complex behaviors (Sokolowski
2001). Lower redundancy of the genome in these organisms
makes it easier to identify genes important for sleep. Re-
search in these model organisms has also seen a burgeoning
of genetic tools that can be used to probe sleep, ranging
from technology that allows for precise temporal and spa-
tial control of genes to reagents that can bypass the need for
electrophysiology.

While the utility of the model organisms listed above is
unquestionable, it is important to note that the genetics
of sleep is not restricted to these organisms. Family-based
linkage studies and genome-wide association studies are
pinpointing sleep genes in humans (Winkelmann et al.
2007; Hallmayer et al. 2009). In addition, advances in the
genetics of sleep have sometimes come from unexpected
systems. For instance, a dog model for narcolepsy led to
the identification of a gene underlying this disorder, and
a circadian rhythm mutation, tau, was found fortuitously
in a hamster (Ralph and Menaker 1988; Lin et al. 1999).

Genetic analysis of sleep traits

Natural variations in sleep traits

While earlier work focused primarily on wake EEGs, more
recent studies have examined EEGs during sleep (Ambrosius
et al. 2008; De Gennaro et al. 2008). De Gennaro et al. (2008)
showed recently that frequencies of 8–16 Hz during NREM
sleep show a high amount of heritability, regardless of sleep
need or intensity. Despite these studies, very little familial
linkage work has been done on EEG sleep traits.

Large-scale mapping studies of genetic differences in sleep
architecture between inbred mouse strains (QTL mapp-
ing) has allowed researchers to isolate genes that underlie
subtle differences across strains (O’Hara et al. 2007). One
study focused on theta oscillations, which vary in frequency
across inbred strains, but very little within a strain. Tafti
et al. (2003) looked specifically at the difference between the
Balb/cByJ mice, which have ‘‘slow’’ theta frequencies on the
EEG, and c57Bl/6J mice, which have ‘‘fast’’ theta rhythms. In
mice, hippocampal-derived theta rhythms in the 6- to 10-Hz
range are seen during REM sleep and exploratory activity,
including wheel running. This is different from the cortical
theta rhythms seen in humans in stage N1 of sleep that are
in the 4- to 7-Hz range. Tafti et al. (2003) were able to narrow
down the region of interest to a single gene on chromosome
5 known as Acads (short-chain acyl-coenzyme A dehydro-
genase). They foundthat Balb/cByJ mice have a deficiency in
Acads, which underlies the slowing of the theta rhythm.

Another successful QTL study identified a gene on chro-
mosome 14, Rarb, that contributes to the 1- to 4-Hz delta

frequency in mice (Maret et al. 2005). Taking a reverse
genetic approach to specifically target the Rarb gene, Maret
et al. (2005) showed that retinoic acid signaling (the path-
way Rarb functions in) is important for modulating cortical
synchrony during NREM sleep.

Later in this review, we touch on some of the ion chan-
nels that have been mutated to alter the EEG pattern.
Since the channels probably account more directly for the
oscillatory bursting of the sleep EEG, they may be regu-
lated by some of the genes discussed above. However,
while these studies are important for the insights they
provide regarding the genetic control of the sleep EEG,
they do not reveal the significance of these waves. Nor, for
that matter, do they allow association of EEG patterns
with sleep function.

Circadian influences on sleep

As mentioned above, the circadian regulation of sleep is
much better defined than the homeostatic regulation.
In addition, the molecular basis of circadian control is
quite well understood, as a result of cross-disciplinary ap-
proaches that include organisms as simple as cyanobac-
teria and Neurospora (Sehgal 2004). Molecular mecha-
nisms of the circadian clock are indeed conserved from
cyanobacteria to humans. From Drosophila to humans,
the molecules are also largely conserved, and have even
been implicated in human circadian disorders. The mam-
malian molecular clock mechanism described below does
not do justice to the current state of knowledge in this
field; its brevity can be attributed to the fact that it has
been covered in countless other reviews, and the need to
focus this writing on the homeostatic regulation of sleep.

The circadian system in mammals and invertebrates in-
volves molecular feedback loops within cells that can main-
tain an ;24-h rhythm (Siepka et al. 2007). In all of these
organisms, the core components of the clock are broken
into positive and negative regulators. In mammals, BMAL1
and NPAS2/CLOCK are the positive regulators that drive
the transcription of Per (Period) and Cry (Cryptochrome),
which feed back and inhibit the transcription of BMAL1
and CLOCK/NPAS2, thereby forming the negative regula-
tors. Following degradation of the negative regulators, a
new cycle begins. Mice mutant for any of these genes, or
combinations of these genes, generally display aberrant
rest:activity patterns, although redundancy often results
in weaker phenotypes than predicted.

As one would expect, the circadian system is important
in determining the timing of sleep. This is best demon-
strated in a disorder known as familial advanced sleep-
phase syndrome (FASPS), which results in very early sleep
and wake times. Genetic studies have identified a muta-
tion in the Casein kinase 1d gene in one family afflicted
with FASPS, and a mutation in the period gene, which
affects the interaction of the period protein with Casein
kinase 1, in yet another family (Toh et al. 2001; Xu et al.
2005). Remarkably, both of these genes were first identi-
fied in Drosophila as part of the circadian clock, thereby
attesting to the conservation of molecular mechanisms
(Konopka and Benzer 1971; Kloss et al. 1998). Interestingly,
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the Tau mutation in the hamster that causes a very short
period is an allele of Casein Kinase 1e (Lowrey et al. 2000).

The FASPS mutations do not change overall sleep time,
but do alter (advance) the timing of sleep onset. The same
phenotype is produced when either Per2 or Casein kinase
1d is mutated in the mouse, but in flies, the equivalent
mutation in Casein kinase 1d results in a phase delay (Xu
et al. 2005). Thus, this particular amino acid is also im-
portant in flies, although the regulation may be some-
what different.

Naturally occurring polymorphisms in circadian clock
genes do not cause extreme phenotypes like FASPS, but
can have effects on the timing of sleep. Indeed, several
studies have attempted to correlate such polymorphisms
with preferences for early wake-up times (seen in ‘‘morn-
ing’’ types or ‘‘larks’’) or late sleep times (‘‘evening’’ types
or ‘‘owls’’) (Archer et al. 2003; Carpen et al. 2005, 2006;
Viola et al. 2007). The C allele of the T2434C polymor-
phism in Per1 is associated with morningness and dis-
ruptions in sleep timing (Carpen et al. 2006).

It is clear that circadian genes affect the timing of sleep.
What still remains debatable is whether they have a role in
the homeostatic regulation of sleep; i.e., in determining
sleep amount. There is some evidence to this effect. Mice
with mutations in some core circadian genes such as
CLOCK, BMAL, and Cry, as well as other circadian reg-
ulators, show changes in sleep amount. Clock mutant mice
sleep on average 2 h less than their wild-type littermates
(Naylor et al. 2000). The BMAL knockout mice and the
CRY1/CRY2 double-knockout mice both show increases in
their total sleep time (Wisor et al. 2002b; Laposky et al.
2005). A knockout of Prokineticin 2, which is a possible
output signal from the SCN (suprachiasmatic nucleus,
center for circadian rhythms in mammals), shows reduced
total sleep and attenuated sleep rebound following a period
of deprivation (Hu et al. 2007). Likewise, mutations in
some circadian genes in fruit flies also have disruptions in
the sleep homeostat (Shaw et al. 2002; Hendricks et al.
2003; Chung et al. 2009; Donlea et al. 2009)

A recent study implicated yet another circadian gene in
the regulation of sleep length. Dec2, a basic helix–loop–
helix (bHLH) protein, is thought to function in the clock
as a repressor of Clock/Bmal1 (Honma et al. 2002). The
recent study found a point mutation in the Dec2 gene in

a family of short sleepers (He et al. 2009). These people fall
asleep at a normal time, unlike people with advanced-
phase syndrome, discussed above, but wake up early so
that their average amount of sleep is ;6 h (He et al. 2009).
In mice, knockout of Dec2 did not result in a decrease in
sleep, as does the point mutation in humans. But, when
the specific point mutation was introduced into the
mouse, it decreased sleep time, without affecting circadian
period, suggesting that it has a dominant effect. Interest-
ingly, a role for Dec2 is conserved in flies (Lim et al. 2007).

Flies generated to express the mouse Dec2 gene carry-
ing the P385R mutation showed a sleep phenotype
similar to that seen in mammals (He et al. 2009).

Even with these effects of circadian genes on sleep
amount, it remains unclear as to whether the circadian
clock affects sleep homeostasis. For one, the effects are
small. For another, they have not been reported for all
clock genes. Finally, for the genes that have been impli-
cated, the sleep phenotypes could reflect pleiotropic or
noncircadian effects of these genes.

The genetics of sleep neurochemistry

The first book on the anatomy of sleep was published in
the 1840s (Edelson 1992). Since that time, most of our
understanding of sleep neurochemistry has relied on
physiological and pharmacological studies. But, over the
past 10–20 years, genetics has emerged as a major tool to
investigate sleep neurochemistry as well as the circuitry
associated with it. Indeed, much of the earlier physiolog-
ical/pharmacological work in mammals is now supported
by genetic approaches, and has been summarized in many
excellent reviews and anatomical maps (Saper et al. 2005;
Andretic et al. 2008a). More recently, there has been a
surge of genetic studies identifying sleep-regulating areas
and neurochemicals in the fly brain (see Fig. 1).

The neurochemical analysis of sleep has involved char-
acterization and manipulation of the major neurotransmit-
ter systems, as well as their receptors. Genetic approaches
have classically created and/or characterized targeted
knockouts of candidate molecules, and identified new roles
or confirmed old roles for many of these in sleep. We
provide below a brief outline of how genetic modifications
in the biosynthetic or signaling pathways of different

Figure 1. Brain regions in the fly important for
sleep–wake regulation. Many of the major neu-
rotransmitter systems within the fly have been
analyzed for their role in sleep. In the biogenic
amine category, only octopamine has been local-
ized to a specific cell group relevant for its role in
sleep–wake behavior (purple). Dopamine and
serotonin play a role in the regulation of sleep,
but the specific subgroups of cells have not been
mapped, and thus the major cell groups that pro-
duce these transmitters are shown in this figure

(black and yellow). PDF-producing large ventral lateral neurons (LNv) are important for promoting arousal in response to light and are
shown in blue. Despite not knowing where the neurotransmitter signals originate, areas that receive these signals have been identified (PI
neurons or mushroom body). Manipulation of intracellular signaling pathways has also implicated these areas (PI neurons and mushroom
body).
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neurotransmitters have provided insights into sleep neuro-
chemistry. A list of these neurotransmitters—as well as
other genes—that affect sleep across species is provided in
Table 2.

Hypocretin/orexin

The discovery of the orexin, also known as hypocretin,
gene represents one of the most significant advances in
sleep research in the past 20 years. Its role in narcolepsy
was discovered independently by two laboratories: one
studying canine narcolepsy, and the other studying feed-
ing behavior. The focus of Dr. Mignot’s group at Stanford
University (Lin et al. 1999) was on cloning the narcolepsy
gene. Using a breed of dogs afflicted with narcolepsy, they
were able to map the relevant mutation to the gene en-
coding the hypocretin receptor (hcrtrt2). Dr. Yanagisawa’s
group at University of Texas Southwestern (Chemelli
et al. 1999), on the other hand, had identified ligands of
orphan G-protein-coupled receptors, and ,in studying the
phenotype of a knockout mouse lacking one of these
ligands, orexin, found that it showed narcoleptic behavior
It became clear from these and subsequent studies that
orexin plays a critical role in stabilizing sleep and wake
cycles by influencing both wake-promoting and sleep-
promoting areas of the brain (Mochizuki et al. 2004; Saper
et al. 2005). Its major role is as a wake-promoting signal;
in its absence, animals have trouble maintaining wake-
fulness and lapse rapidly into REM sleep. People with nar-
colepsy typically lack orexin-producing neurons for rea-
sons that may have to do with altered immune function
(Hallmayer et al. 2009).

Orexin has also been studied in zebrafish, but its role
there is slightly more controversial, with conflicting
studies reporting insomnia-like phenotypes of both the
overexpression and knockout models (Prober et al. 2006;
Yokogawa et al. 2007). There is also controversy over the
projection pattern of orexin neurons and the localization of
the fish orexin receptor (Kaslin et al. 2004; Yokogawa et al.
2007). Further studies in zebrafish will be needed to tease
apart the role of orexin.

Flies do not have orexin, but it is hypothesized that
pigment-dispersing factor (PDF), which is released from
central clock neurons, is the fly equivalent of orexin.
Some of these neurons (the large cells) play an important
role in promoting wakefulness in the fly in the early mor-
ning, and this is done through PDF (Fig. 1; Parisky et al.
2008; Shang et al. 2008; Sheeba et al. 2008a; Donlea et al.
2009). It is hypothesized that PDF acts much as orexin
does in mammals—as a stabilizer of sleep and wake. Flies
that lack PDF signaling, either by disruption of the PDF
gene, ablation of PDF neurons, or lack of the PDF recep-
tor, show defects in their ability to respond to the ‘‘lights
on’’ transition, and thus have reduced activity levels at
the beginning of their day (Shang et al. 2008; Chung et al.
2009). They also show increases in overall sleep amounts
with increased transitions from wake to sleep. Some of
this action appears to be mediated through GABAergic in-
puts onto PDF neurons (Parisky et al. 2008; Chung et al.
2009). Additionally, flies with hyperexcitable PDF neu-

rons show lower levels of sleep (Shang et al. 2008; Sheeba
et al. 2008a,b). Thus, the effect of PDF on sleep levels and
consolidation is similar to that of orexin in mammals.

Acetylcholine

Genetic analysis of acetycholine has been difficult in most
organisms due to the many biologically essential functions
of this neurotransmitter. In addition, there is a very large
number of nicotinic and muscarinic acetylcholine recep-
tors and receptor subtypes. Thus, the role of acetylcholine
in sleep has, to date, been better studied using pharmaco-
logical approaches, which indicate that acetylcholine is
part of the arousal system, critical for the waking EEG and
REM sleep (Saper et al. 2005). For the few nicotinic recep-
tor mutants analyzed for sleep, only minor changes in
sleep architecture have been reported (Lena et al. 2004;
Fonck et al. 2005). On the other hand, a mutation in the
muscarinic acetylcholine receptor M3 results in a decrease
in REM sleep (Goutagny et al. 2005). Targeted genetic
disruption of the acetylcholine receptor subtypes within
small populations of neurons, such as with RNAi technol-
ogy or genetically designed viruses, may be more informa-
tive. It is also possible that acetylcholine does not actually
regulate sleep, but that sleep stages regulate acetylcholine,
as suggested by Gais and Born (2004).

The biogenic amines

The role of norepinephrine, dopamine, serotonin, and
histamine in sleep has been covered exhaustively (Saper
et al. 2005; Dzirasa et al. 2006; Monti and Monti 2007;
Berridge 2008; Monti et al. 2008; Cirelli 2009). For this
reason, we limited our discussion of these neurotrans-
mitters. In brief, targeted genetic disruptions of the bio-
genic amines—specifically, norepinephrine, dopamine,
and histamine—have confirmed the wake-promoting ac-
tions of these neurotransmitters suggested by lesion and
pharmacological approaches (Wisor et al. 2001; Vallone
et al. 2002; Hunsley and Palmiter 2003; Ouyang et al.
2004; Popa et al. 2005; Waddington et al. 2005; Hunsley
et al. 2006; Monti and Monti 2007; Qu et al. 2008).
Serotonin, on the other hand, has had a more complicated
history, since it may have different effects on REM versus
NREM sleep. It is clear from genetic and pharmacological
studies that it inhibits REM sleep (Boutrel et al. 1999,
2002), but it may actually promote NREM sleep (Jouvet
1968).

One area in which genetic targeting studies have pro-
vided novel insight is in the role of histamine in narcolepsy.
Mice carrying a mutation in histamine decarboxylase
(HDC) show altered levels of sleep—hypersomnolence—
and are unable to maintain wakefulness during times of
normally high vigilance, such as light transitions and cage
changes (Parmentier et al. 2002). This phenotype is similar
to that of narcolepsy, and, in fact, a role of histamine in this
disease is being investigated. Both orexin knockout mice
and HDC knockout mice show sleep fragmentation and
increased REM, but the HDC knockout mice show in-
creased REM during the light phase when mice normally
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Table 2. Genes implicated in homeostatic regulation of sleep through genetic studies across species

Mammals
Fruit fly

(D. melanogaster)
Zebrafish
(D. rerio)

Worms
(C. elegans)

Circadian genes Period 1,2,3 Period Lin-42 (per

homolog)
Bmal1 Cycle

NPAS2/Clock Pigment-dispersing
factor (PDF)Prokineticin 2

Cry1/Cry2

CK1d

Dec2

Neurotransmitters
Serotonin Sert TRH

5-HT1a 5-HT1a
5-HT1b

5-HT2a

5-HT2c

5-HT7
Dopamine DAT Fumin

DopR1

Norepinephrine
(octopamine)

DbH TbH

Tdc
Histamine HDC

Acetylcholine Chrm3 (muscarinic

AchR M3)
Chrm2/4 (muscarinic

AchR M2/4)
Orexin/hypocretin Orexin/Hcrtrt2 PDF (hypothesized to

function similarly)
Hcrt overexpression
Hcrtrt2

Adenosine A2a receptor

A1 receptor

GABA Rdl (GABA receptor)
Cytokines/immune

or stress response genes
NFkB1
Bip Relish (NFkB)
TNF-a Bip

IL-1b,IL-6,IL-10
Synaptic

transmission genes
Homer1a Homer

dnSNARE

c-Fos

Gria3
Ion channels
K+ channels Kv1.2 Shaker

Kv3.1 Hyperkinetic

Kv3.3 Sleepless
Kv3.2

Ca++ channels Cav2.2

Cav3.1
Signal
Metabolic/cellular

growth genes
Ghrelin Rho (enzyme in

EGFR Pathway)
EGFR (Let-23)

Leptin EGF (Lin-3)
Dwarf (GHRH) Spitz (TGF-a)
GHRHR Star

MT-rGH (growth

hormone)
Learning and

memory genes
Prkg1 (PKG) Foraging (PKG) Egl-4 (PKG)
CREB dCREB2b

a/d Dunce (PDE)
PKA

Rutabaga (cAMP)
Genetic disorders Ube3A dUbe3a

FMR1 dFMR1

All of the genes listed here have been analyzed for effects on sleep through genetic analysis, knockout, knock-in, or other mutants.
Genes in bold are implicated in sleep in multiple species.
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sleep (Anaclet et al. 2009), whereas orexin mutants display
REM during waking hours. In support of the role histamine
may play in narcolepsy, patients with narcolepsy have
decreased levels of histamine in their cerebral spinal fluid
(Nishino et al. 2009). These data begin to underscore the
more complicated aspects of sleep–wake regulation.

Many environmental cues and inputs can promote wake-
fulness, and, similarly, there appear to be many neurotrans-
mitter systems important for the response to each of those
cues. Mice have periods of wakefulness following intro-
duction to a novel environment such as new cages or new
lighting, as well as increased arousal during and following
locomotor tasks. Histamine may play a critical role in the
EEG spectrum of sleep during the day when mice sleep, as
well as in arousal induced by novel environments (Anaclet
et al. 2009). Orexin, on the other hand, is connected to the
wakefulness seen during the night (the mouse’s active pe-
riod), and is necessary to maintain arousal during and after
locomotor tasks (Anaclet et al. 2009).

Unfortunately, both pharmacological studies and genetic
studies conducted to date suffer from potential drawbacks.
For one, pharmacological studies rely on injections that
may not be very specifically targeted. In addition, an ago-
nist or antagonist can often have extraneous effects. On the
other hand, genetic deletions, particularly those that occur
during development, are frequently compensated by the
animal. Also, since molecules can have different functions
in different regions, analysis of global knockouts typically
does not yield clear-cut results. Perhaps for this reason,
sleep phenotypes of genetic knockouts are often compli-
cated, and sometimes controversial (Boutrel et al. 1999,
2002; Frank et al. 2002; Wisor et al. 2003; Hedlund et al.
2005; Waddington et al. 2005; Alexandre et al. 2006; Monti
and Monti 2007). In order to address the role of each recep-
tor in sleep, inducible and anatomically specific knockouts
need to be generated. Moreover, to control for redundancy,
it may be necessary to generate animals lacking multiple
receptors.

Interestingly, virtually all of these neurotransmitters—
e.g., dopamine, serotonin, and octopamine (the inverte-
brate counterpart of norepinephrine)—regulate sleep in
other model organisms such as the fly (Fig. 1; Kume et al.
2005; Chang et al. 2006; Yuan et al. 2006; Andretic et al.
2008b; Crocker and Sehgal 2008; MN Wu et al. 2008;
Lebestky et al. 2009; Crocker et al. 2010). While the work
on dopamine and octopamine has confirmed that they
constitute wake-promoting signals as they do in mammals,
serotonin in the fly provides a sleep-promoting signal (Yuan
et al. 2006). In general, analysis in the fly is simpler be-
cause, thus far, only one sleep state is known, there are
fewer receptors for each neurotransmitter, and there is also
less compensation and redundancy. It is also possible to
map sleep-regulating effects of a molecule to specific sub-
sets of neurons through an unbiased genetic approach. Not
only does this provide anatomical information, it also al-
lows visualization of phenotypes produced by manipula-
tion of just those cells. Using this approach, we showed
recently that only a subset of octopamine-producing cells is
responsible for its wake-promoting signal (Crocker et al.
2010).

Although wake-promoting neurotransmitters are clearly
important in determining sleep amount, there is much
more interest in sleep-promoting molecules, since these
could more directly be part of the sleep homeostat. At the
very least, they are required for implementation of sleep
drive. Known sleep-promoing neuromodulators are dis-
cussed below.

GABA

GABA is a major sleep-promoting neurotransmitter that,
when released from the ventral preoptic area (VLPO) in
mammals, inhibits wake-promoting areas (Gong et al.
2004). In addition, release of GABA from the nucleus re-
ticularis of the thalamus, and its action on other thalamic
nuclei, promotes the transition from a wake to a sleep EEG
(Cope et al. 2005). While pharmacological studies have
implicated the GABA-A receptor in sleep generation, ge-
netic mutants of the pathway show minimal phenotypes.
Mice carrying a point mutation in the GABA-A receptors
a1–a3 show no changes in sleep (Tobler et al. 2001; Kopp
et al. 2003, 2004). The GABA-A receptor a3 subunit
knockout mice display normal sleep amounts, but have
reduced spindle activity (10- to 15-Hz range during
NREM–REM transitions) (Winsky-Sommerer et al. 2008).
The knockout of the GABA-A receptor d subunit has only
been examined after drug treatment, and it shows normal
EEG patterns (Winsky-Sommerer et al. 2007). The role of
the GABA-A receptor b3 subunit has been controversial,
with conflicting results on whether there is an effect on
sleep and delta power (Laposky et al. 2001; Wisor et al.
2002a). Redundancy in the GABA signaling pathway likely
accounts for these questionable phenotypes.

In summary, genetic analysis of neurotransmitters that
are widely distributed and necessary for life, such as GABA
and glutamate, has proven to be very difficult in mammals.
However, the Drosophila, C. elegans, and, recently, zebra-
fish models have provided insight into how these systems
are involved in sleep and its underlying circuitry. For
instance, GABA is a major sleep-promoting signal in flies.
Recent work shows that the wake-promoting large central
clock cells, mentioned above, are the primary recipients of
the GABA signal relevant for sleep (Agosto et al. 2008;
Parisky et al. 2008; Chung et al. 2009). This creates a
system similar to that seen in mammals, where the sleep-
promoting neurons become active and shut down the
wake-promoting centers of the brain.

Somnogens

Very early in sleep research, researchers showed that
cerebral spinal fluid from a sleep-deprived animal could
induce sleep in a rested animal (Legendre and Peiron
1913). Since those early experiments, the hunt has been
on for a specific circulating somnogen that tells your
body to go to sleep. Many found the idea that it could be
adenosine very intriguing. The thinking goes that, as one
uses more energy during the day, more and more of the
body’s ATP is converted to adenosine, signaling a need for
sleep, which then restores energy levels (Benington and
Heller 1995).
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The data on the role of adenosine are complicated. Mice
that carry mutations in either the A2A or A1 adenosine
receptor do not show profound changes in sleep (Stenberg
et al. 2003; Urade et al. 2003; Huang et al. 2005; Bjorness
et al. 2009). This has been problematic for the field, since
caffeine is thought to promote arousal by blocking the A2A
receptor (Huang et al. 2005). To date, the best evidence for
a sleep-promoting effect of adenosine comes from pharma-
cological studies. However, recently, mice expressing a
dominant-negative SNARE protein (this blocks the release
of neuroactive molecules) in astrocytes were found to have
reduced cortical slow wave oscillations, characteristic of
NREM, and also decreased sleep pressure following periods
of deprivation (Fellin et al. 2009; Halassa et al. 2009). The
reduction in sleep was thought to be due to decreased ATP
release from astrocytes, and thereby attenuated buildup of
extracellular adenosine. The idea is that, typically, adeno-
sine would act through the A1 receptor to suppress syn-
aptic transmission and promote slow wave activity (Fellin
et al. 2009). These studies did not map the site of adenosine
action, but they provide a basis for further investigation of
a function for adenosine in sleep.

Caffeine action has also been studied in the fruit fly,
where it acts through the cAMP pathway, rather than the
adenosine receptor, to promote wakefulness. In addition,
using a cAMP reporter expressed in all neuronal tissue in
the fly, Wu et al. (2009) found that the effect of caffeine was
quite global and not restricted to a specific region. Thus,
while pharmacological treatment of flies with an adeno-
sine agonist was shown to promote sleep (Hendricks et al.
2000), there are as yet no genetic data to support a role of
adenosine in fly sleep.

Interestingly, cAMP phosphodiesterase (PDE) is a known
target of caffeine, but had been excluded as a possible
mechanism to explain the effects of caffeine on sleep in
mammals because of the relatively lower affinity of caf-
feine for PDE. However, in light of a report indicating that
the effects of caffeine on immune function in mammals
are mediated by PDE inhibition, together with the recent

fly data, it is worth re-exploring a role for PDE (Horrigan
et al. 2006; Wu et al. 2009). This is particularly important
given that the adenosine receptor knockouts have little
to no sleep phenotype, and cAMP signaling is clearly
involved in mammalian sleep regulation (see below). It
should also be noted that the fly experiments involved
chronic treatment with caffeine, while the mammalian
studies usually deliver it acutely. There may be differences
in the mechanisms used under these different conditions.

Identification of genes required for sleep homeostasis

The big question remains: Why do we sleep? There is now
the growing sense that the function of sleep may fall out of
its molecular analysis. Since few sleep-regulating mo-
lecules are known, studies are under way to identify novel
genes required for sleep. These studies include forward
genetic screens as well as genetic manipulation of candi-
date genes, by focusing on changes in sleep amount as a
readout of sleep homeostasis. In some cases, the candidate
genes are based on hypothesized sleep functions, so as to
assess how loss or gain of a specific function affects sleep
quantity (see also Table 3).

Genes based on somatic theories of sleep function

Sleep and the immune response

Is sleep necessary for normal body functions, such as the
immune response and balanced metabolic activity (Van
Cauter et al. 1997)? The idea that immune modulators,
like cytokines, promote sleep has anecdotal support, since
the mounting of an immune response by the body usually
results in fatigue and sleepiness. Researchers have focused
mainly on two cytokines, interleukin-1B (IL-1B) and tumor
necrosis factor-a (TNF-a)—as sleep-promoting molecules.
Mice lacking IL-1B show decreased NREM sleep during
their active time, while mice lacking TNF-a show de-
creased NREM during their sleep time (Fang et al. 1998;

Table 3. Theories for sleep function

Theory Description Genetic evidence

Somatic function Sleep is for the body, such as
for normal immune function
and for normal metabolic activity.

Animals with mutations in the NFk B gene,
TNF-a, IL-B, ghrelin, and leptin display sleep
phenotypes. Also, immune genes are up-regulated
following periods of wakefulness.

Cellular metabolic function Sleep is for repairing cells; e.g.,
removing reactive oxygen species
or replenishing ATP levels.

Oxidative stress pathway genes are up-regulated
following sleep deprivation.

Brain functioning
Synaptic downscaling Mechanisms that scale down synaptic

strength to maintain relative strength
of different synapses and yet conserve
energy and space in the cell.

Genes involved in synaptic scaling are up-regulated
during sleep. Mutations in cFos and GRIA3 show
alterations in sleep. In QTL analysis for sleep
homeostatic genes, Homer1a was found.

Memory consolidation Sleep is important for consolidating
memory in the hippocampus.

Alterations in CREB, PKA, and cAMP signaling alter
sleep, as do alterations in PKG and BDNF. PDE4 is
increased following sleep deprivation, and
pharmacologically blocking this will rescue
deprivation-induced impairments in LTP.
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Krueger et al. 1998). In addition, double knockouts lacking
both IL-1B and TNF-a show a greater magnitude of slow
wave delta power following sleep deprivation (Baracchi
and Opp 2008). From these data, though, one cannot con-
clude a causal relationship between the immune system
and sleep drive. The mutant animals still sleep, and the
lowered NREM may just reflect an overlap in immune and
sleep circuitry.

Expression profiles undertaken to identify genes whose
expression changes with sleep state have also identified
genes in the immune response pathway (Cirelli et al.
2005b; Williams et al. 2007). In Drosophila, NFkB (Relish)
and other immune response genes have been identified in
such screens, and are up-regulated during wakefulness and
prolonged wakefulness. In addition, flies with decreased
levels of Relish have reduced nighttime sleep (Williams
et al. 2007). In the rat cortex also, expression of genes in the
immune response pathway is up-regulated during wake-
fulness, as indicated by microarray studies. These include
lysozyme, COX-2, and I-kBa (Cirelli et al. 2005b). How-
ever, while the microarray studies support the genetic mu-
tant data, they also do little to address causality. They are
nevertheless useful for identifying associations between
gene expression profiles and behavioral states.

Sleep and metabolism

There have long been theories that sleep is important for
metabolism (Benington and Heller 1995). This is supported
by the potential role for adenosine, and by reports showing
associations between glycogen levels and sleep. In addi-
tion, there appears to be anatomic overlap in the regulation
of sleep and metabolism. For instance, the mammalian
hypothalamus is an important control structure for both
processes. Recent work in the fly also implicates its major
hormonal and metabolic center as an important place for
the regulation of sleep (Fig. 1; Foltenyi et al. 2007; Crocker
et al. 2010).

Epidermal growth factor receptor (EGFR), a receptor
important for cell proliferation and growth through differ-
ent signaling pathways, is implicated in sleep regulation
in Drosophila and C. elegans (Foltenyi et al. 2007; Van
Buskirk and Sternberg 2007). Foltenyi et al. (2007) found
that increased signaling of the EGFR pathway results in
increased sleep. Signaling was increased through gain-of-
function mutations of the EGFR ligands in an area of the
fly brain homologous to the hypothalamus, known as the
pars intercerbralis (PI) (Fig. 1), and was correlated with
changes in downstream ERK signaling. Our own recent
work showed that wake-promoting effects of octopamine
are mediated by insulin-producing cells in the fly brain
that are also located in the PI (Crocker et al. 2010).

The EGFR pathway is also implicated in C. elegans
sleep. The C. elegans model for sleep focuses on a devel-
opmentally regulated state of quiescence, called lethargus,
that occurs in conjunction with larval moults. Interest-
ingly, lethargus is regulated by the worm homolog of the
circadian gene per, and is associated with synaptogenesis
(a hypothesized function of sleep), suggesting that it re-
presents a primordial sleep-like state (Van Buskirk and

Sternberg 2007; Raizen et al. 2008). Overexpression of lin-3
(ligand for EGFR) induces lethargus-like behaviors in worms
(Van Buskirk and Sternberg 2007). The receptor Let-23
(EGFR) is found in only a handful of neurons, of which
the ALA neurons are responsible for the effect of lin-3 on
lethargus (Van Buskirk and Sternberg 2007). These neurons
are neuroendocrine in nature, similar to the neurons
through which EGF affects sleep in flies. Thus, in the mouse,
the fly, and the worm, metabolic and endocrine functions
appear to be tied to sleep. Whether it is just an anatomical
overlap or a functional overlap still needs to be addressed.

Many mouse mutants with altered metabolic function
also show changes in sleep. For instance, mouse knockouts
of the ghrelin gene show a slight increase in sleep (Laposky
et al. 2008). Correspondingly, leptin-deficient mice have
a decrease in NREM sleep and increased fragmentation
of sleep (Szentirmai et al. 2007). Mice that do not make
growth hormone-releasing hormone (GHRH) and its re-
ceptor show significantly less NREM sleep, whereas mice
overexpressing growth hormone sleep more (Obal et al.
2001, 2003). Unfortunately, these studies do not address
the fundamental question of whether increased hunger in
these animals overrides the sleep signal.

More recently, genes important for dealing with cellu-
lar stress have been implicated in sleep regulation.
Through both differential expression profiles and targeted
gene approaches, the gene Bip is implicated as a sleep-
promoting factor. Bip is important for the unfolded pro-
tein response in the endoplasmic reticulum (ER), and is
up-regulated following periods of sleep deprivation in
mice (Cirelli et al. 2005b). In addition, flies with altered
Bip levels show changes in their homeostatic response to
sleep deprivation (Naidoo et al. 2007).

Genes important for synaptic modulation

One of the current hypotheses for why we sleep is that it
allows for, or even promotes, synaptic downscaling (Tononi
and Cirelli 2006). This hypothesis is based on the presump-
tion that, during wakefulness, the interaction of animals
with their environment leads to the strengthening of some
synapses, while others remain the same. It postulates that
synaptic downscaling during sleep promotes efficiency in
terms of energy and space, while maintaining the relative
ratios of the strength of synapses. This hypothesis has been
supported in recent years by differential expression studies
of genes whose expression changes with sleep/wake state.
Many immediate early genes and genes that regulate syn-
aptic strength were identified in these studies. These in-
clude NARP and Homer1a in the awake rat cortex (Cirelli
et al. 2005b). In addition, knockouts of c-Fos (another im-
mediate early gene marking neuronal activity) and Gria3
(AMPA receptor GluR3 subunit) in mice show alterations
in their sleep (Shiromani et al. 2000; Steenland et al. 2008).
The c-Fos-null animals have more wakefulness and reduced
slow wave sleep, and the Gria3 animals show dampened
EEG powers across waking and NREM sleep but no changes
in total sleep amount (Shiromani et al. 2000; Steenland
et al. 2008). The Homer1a gene was also identified in QTL
analysis as a strong candidate for a gene underlying sleep
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homeostasis and magnitude of delta power (Maret et al.
2007; Mackiewicz et al. 2008). More recent work by
Gilestro et al. (2009) monitored the expression of synaptic
genes over the course of the normal sleep:wake cycle, as
well as following periods of sleep deprivation in Drosophila.
They discovered that expression of synaptic proteins de-
creases in a sleep-dependent manner (Gilestro et al. 2009).

While these results are tantalizing, it may be premature
to conclude that synaptic downscaling is a function of
sleep. In order to definitively address this question, genetic
tools that allow one to better visualize circuitry and
synapses need to be employed. Zebrafish provide an ideal
model organism for such approaches, since they are trans-
lucent and thus allow one to visualize changes in synapses.

Ion channels and channel-regulating molecules

Forward genetic screens in the fruit fly have identified
sleep-regulating genes that are important for K+ channel
activity. The minisleep (mns) fly line, isolated in a genetic
screen, carries a mutation in the Shaker K+ channel (Cirelli
et al. 2005a). Based on the mns phenotype, a mutation in
the b subunit of Shaker, hyperkinetic, was tested, and was
also found to reduce sleep (Bushey et al. 2007). An inde-
pendent genetic screen isolated a short sleeping mutant
known as sleepless that also affects activity of the Shaker
K+ channel (Wu et al. 2010; Koh et al. 2008). Both the
sleepless and the Shaker mutants sleep very little at night.
Interestingly, neither of these mutations has been rescued
in a specific area of the fly brain, suggesting that a global
change in synaptic properties underlies sleep.

These mutants have other phenotypes as well, such
as shorter life span, ether sensitivity, and, in the case of
Shaker, a learning and memory deficit (Bushey et al. 2007;
Koh et al. 2008). In the case of sleepless, it was found that
the ether sensitivity could be rescued independently of the
sleep phenotype (Koh et al. 2008). It would be interesting to
know whether life span can also be rescued independently.

In mice, the large number of ion channels, subunits,
and distribution has made it difficult to identify the role
these play in sleep. Indeed, based on the redundancy of
K+ channels in mammals, it is unlikely that mutations
in these would have been found through forward genetic
screens, since such screens typically require strong pheno-
types. However, reverse genetic approaches have allowed
the detection of subtle sleep phenotypes in mice mutant for
Shaker-like channels (Vyazovskiy et al. 2002; Espinosa
et al. 2004, 2008; Douglas et al. 2007). In addition, mice
lacking an N-type calcium channel a1b subunit have a sleep
phenotype. This subunit is important in many of the major
anatomical regions important for arousal, including the
locus coeruleus and the dorsal raphe (Beuckmann et al.
2003). Accordingly, mice lacking this subunit show hyper-
activity (increased consolidation of REM and increased
NREM-to-wake transitions). These mice also show de-
creased power during NREM sleep, implying decreased
sleep drive. When the a1G subunit of the T-type Ca++

channel is knocked out globally in mice, they display de-
creased NREM cortical EEG oscillations, due to the inabil-
ity of thalamic relay neurons to go into a bursting mode,

and increased fragmentation of sleep (Lee et al. 2004;
Anderson et al. 2005). The same phenotype is observed
when this subunit is knocked out specifically in the thal-
amus, thereby verifying lesion studies that implicate the
thalamus in arousal and in the generation of the sleep EEG
(Anderson et al. 2005). Along the same lines, mice lacking
the SK2 channel (a K+ channel specific to the dendrites of
the nucleus reticularis of the thalamus) show weakened
delta waves and spindles in the EEG, which results in very
fragmented sleep (Cueni et al. 2008). This K+ channel
couples with the T-type Ca+ channels described above.
These animals provide an ideal model to determine how
specific electrical attributes of cortical neurons correlate
with sleep EEGs.

Genes involved in learning and memory

In both mice and flies, many genes important for learning
and memory have been targeted for sleep analysis. These
include, but are not limited to, CREB, protein kinase A
(PKA), cAMP, ERK, cGMP, and some of the ion channels
listed above.

Manipulations of CREB, a transcription regulator, in-
fluence total sleep and NREM in mice (Graves et al. 2003b).
Thus, mice lacking either one of two CREB isoforms in the
entire brain show altered sleep. These animals spend less
time awake and have longer bouts of NREM sleep. They
also have altered memory formation and reduced long-
term potentiation (LTP) (Graves et al. 2002). The effect on
LTP and hippocampal-dependent memory formation is
similar to what is seen following a period of sleep depriva-
tion (Graves et al. 2003a). More recently, effects of sleep
deprivation on LTP were rescued by an inhibitor of a spe-
cific PDE, supporting the idea that the effects of sleep on
hippocampal plasticity are mediated by cAMP signaling
(Vecsey et al. 2009). Another molecule implicated in learn-
ing and memory and sleep is brain-derived neurotrophic
factor (BDNF) (Monteggia et al. 2004). Levels of BDNF
increase with increased exploratory behavior, which also
increases the depth of delta power during sleep (Huber et al.
2007). The role of BDNF may not be independent of CREB,
since BDNF is a major target of CREB.

The mammalian work linking sleep with learning and
memory genes has been largely limited to analysis of BDNF
and CREB. In the fly, this is not the case. There are many
tools available to fly researchers that allow one to probe
very specific parts of these pathways. Two important in-
tracellular pathways implicated in sleep are the cAMP–
PKA pathway and the ERK pathway (Hendricks et al. 2001;
Joiner et al. 2006; Foltenyi et al. 2007). It is thought that the
cAMP pathway provides a wake-promoting signaling path-
way, whereas the ERK pathway, at least within a subset of
neurons, is sleep-promoting. Mutants and transgenic flies
carrying manipulations of these different signaling path-
ways have also helped to locate anatomical regions impor-
tant for sleep regulation. In the case of cAMP and PKA, an
area known as the mushroom body is important (Fig. 1;
Joiner et al. 2006; Pitman et al. 2006). The mushroom body
is similar to the hippocampus in mammals, in that it is
involved in memory formation (Heisenberg 2003).

Genetic analysis of sleep

GENES & DEVELOPMENT 1229



Bushey et al. (2007) correlated short sleep with short-
term memory deficits in flies. They specifically looked at
hyperkinetic flies and variations of Shaker mutants and
found that, regardless of other behaviors, the sleep pheno-
type (short sleep) and decreased memory are associated. It
is currently unknown whether short sleep causes a mem-
ory deficit or vice versa. Following a period of sleep de-
privation, learning is impaired, but the converse has also
been argued (Cirelli 2009). Genetically manipulating the
mushroom body in the fly, as described above, can produce
either short or long sleepers, depending on the region
targeted. In addition, flies exposed to an enriched environ-
ment appear to sleep more (Ganguly-Fitzgerald et al. 2006;
Donlea et al. 2009). This increase in sleep is dependent on
cAMP, presumably because it involves memory consoli-
dation, and can be rescued within the central clock cells in
the fly (Fig. 1; Donlea et al. 2009).

As in flies and mammals, cyclic nucleotide pathways
affect lethargus in worms. Worms deficient in egl-4 (cGMP-
dependent kinase) have reduced periods of quiescence,
whereas gain-of-function mutants of egl-4 show enhanced
quiescence (Raizen et al. 2008). Similar sleep phenotypes
are observed in flies that have alterations in cGMP-
dependent kinase (Raizen et al. 2008). Also, a mouse con-
ditional brain knockout of cGMP-dependent protein kinase
type 1 causes increased sleep fragmentation, exaggerated
delta rebound following deprivation, and reduced REM
sleep (Langmesser et al. 2009). Thus, a role for cGMP in
sleep is conserved across evolution. cGMP protein kinase
mutants also have defects in learning and memory, in both
mice and flies (Feil et al. 2009).

While the analysis of genetic mutants may not have
provided major breakthroughs in our knowledge of sleep
up to this point, it has been critical in many respects.
First, even where the studies have been purely confirma-
tory, they have served to unequivocally establish a partic-
ular mechanism or a role for a specific molecule in sleep.
This extends also to genes underlying diseases associated
with sleep problems: Sleep disturbances have been re-
ported in people with Angelman syndrome and Fragile X
syndrome, and, in both cases, knockout of the relevant
gene in mice and/or flies has produced a circadian/sleep
phenotype (Dockendorff et al. 2002; Y Wu et al. 2008;
Zhang et al. 2008). In many cases, genetic mutants have
helped to resolve discrepancies. Moreover, forward ge-
netic screens in model organisms are already identifying
new molecules, and will likely also lead to paradigm-
shifting findings. Such screens immediately associate gene
with function and, importantly, they are done in a com-
pletely unbiased fashion, which arguably is the best ap-
proach toward a process about which little is known.
Finally, the anatomic studies conducted in invertebrates
already indicate an overlap between sleep and other aspects
of physiology; e.g., metabolism. These findings could be in-
valuable for what they suggest about sleep function. Im-
portantly, they can be followed up easily with experiments
designed to address specific hypotheses.

The future potential of genetic approaches is also tre-
mendous, given the rapid development of novel genetic
tools and technology. For example, the use of optogenetic

tools has already provided insight into the orexin pathway
(Adamantidis et al. 2007; Zhang et al. 2007). In addition,
inducible and tissue-specific gene expression, which will
allow precise targeting of genetic manipulations, will un-
doubtedly clarify the sleep function of genes whose role is
currently controversial. In an interesting merge of phar-
macological methods and genetic tools, viruses have been
developed that can be introduced into specific anatomic
areas (Adachi et al. 2008; Fuller et al. 2008). The fly pro-
vides many unique genetic techniques, some of which
have been discussed in the course of this review. Recently
there has been an explosion of tools that allow scientists to
alter activity/signaling within a subset of neurons; these
include, but are not limited to, expression of Na+ channels,
K+ channels, Ca++ channels, and vesicular release blockers
(for review, see Hodge 2009). This is a huge advance for
behavioral studies, because electrophysiological stimula-
tion of neurons to alter behavior has to be done in a very
artificial, controlled environment in mammals, but in
flies, since this is done genetically, they are able to behave
normally in an unrestricted environment. cAMP monitors
have also been developed that can be specifically expressed
in certain cells and do not rely on bath application or
injection (Shafer et al. 2008). Finally, in flies and mammals,
techniques have been developed to specifically tag a subset
of neurons in the brains and determine their expression
profile (Zong et al. 2005; Miller et al. 2009).

Conclusion

Genetics can tell us a lot about what sleep does for or-
ganisms, but the potential of this approach has only just
started to be recognized in the sleep field. With the ge-
neration of conditional and anatomically restricted knock-
outs (or knock-ins) in mice, we are on the verge of an-
swering many questions. These include determining the
roles of adenosine and BDNF in sleep and memory. In flies,
anatomically and/or temporally restricted expression of
sleep-regulating transgenes has already been performed.
These approaches have provided great insight into the role
of specific signaling pathways in sleep. In the future, this
technology will be used to rescue sleep mutants in a re-
gion-specific manner, although some of these mutations,
such as in ion channels, may turn out to have global effects
that cannot be rescued in specific areas. However, the
real power of the fly, worm, and fish models lies in their
amenability to unbiased genetic screens. With a process
like sleep, about which little is known, we suggest that the
best approach is one that is not associated with any pre-
conceived assumptions, since it allows the identification
of completely novel mechanisms and pathways. Thus far,
it appears that redundancy and/or compensation in mam-
mals will make it difficult to detect strong phenotypes
through genetic screens. The fly work, on the other hand,
has already demonstrated that mutants with strong phe-
notypes can be identified.

While forward genetic screens in mice may not be
realistic (or cost-effective), QTL analysis and microarray
approaches are yielding potential sleep-regulating genes.
The use of the new genetic tools described above will
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allow researchers to investigate whether or not these
genes specifically affect sleep. An example of this is
provided by the Rarb story, where the gene was identified
through QTL mapping, and then specific targeted disrup-
tions of this gene were undertaken.

At this point, there is no evidence that a single gene, or
subset of genes, acting in a specific subset of neurons is
responsible for sleep. It is more likely that sleep is a net-
work phenomenon. It is also likely that there will be many
hypotheses for why we sleep and strong evidence for
each, since many of the neurotransmitters and signaling
pathways that keep us awake serve other functions. For
instance, orexin is apparently involved in both feeding be-
havior and maintaining wakefulness. Sleep deprivation re-
sults in several impaired processes, some of which may
turn out to reflect consequences of increased wakefulness
rather than indicating an actual function of sleep. With the
advancement of new genetic tools, it is likely that we will
soon see experiments directly testing some of these hy-
potheses, such as cellular metabolic function and synaptic
scaling. From the data discussed in this review, it is likely
that sleep is important for overall homeostatic regulation
of the entire organism, possibly down to within-the-cell
homeostasis. It is clear that sleep is a very basic process,
and that studying it in model organisms will provide
significant insight into why we sleep. In general, advances
in genetics in all model organisms will provide a wealth of
knowledge for the sleep field in the coming years.
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