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Abstract The sleep/wake cycle is arguably themost familiar output of the circadian

system, however, sleep is a complex biological process that arises from multiple

brain regions and neurotransmitters, which is regulated by numerous physiological

and environmental factors. These include a circadian drive for wakefulness as well

as an increase in the requirement for sleep with prolonged waking (the sleep

homeostat). In this chapter, we describe the regulation of sleep, with a particular

emphasis on the contribution of the circadian system. Since their identification, the

role of clock genes in the regulation of sleep has attracted considerable interest, and

here, we provide an overview of the interplay between specific elements of the

molecular clock with the sleep regulatory system. Finally, we summarise the role of

the light environment, melatonin and social cues in the modulation of sleep, with a

focus on the role of melanopsin ganglion cells.
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1 Introduction

The regular cycle of sleep and wakefulness is perhaps the most obvious 24-h

oscillation. However, sleep is a complex physiological process involving the

interaction of multiple neurotransmitter systems and a diverse network of mutually

inhibiting arousal and sleep-promoting neurons. This highly coordinated neural
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activity drives alternating patterns of behaviour characterised by changes in

rest/activity, body posture and responsiveness to stimuli (Tobler 1995). Reflecting

the complexity of the neurobiological processes involved, sleep is regulated by a

range of internal and external drivers. In this chapter, we will discuss these

parameters, with a particular focus on the contribution of the circadian clock and

its interaction with the sleep/wake regulatory system.

The primary measures used to define sleep in mammals are the electroencepha-

logram (EEG) and electromyogram (EMG) which are used to characterise sleep as

either rapid eye movement (REM) or non-rapid eye movement (NREM) states. This

gold standard approach of classifying sleep not only enables the assessment of sleep

structure but also permits power spectral analysis of the EEG for different

sleep/wake states. In 1982, Borbely proposed the ‘two process model’ of sleep

regulation which provides a conceptual framework for understanding the timing

and structure of sleep/wake behaviour. It describes a homeostatic process (S),

which increases as a function of the duration of wakefulness and a circadian process

(C), determining the timing of sleep and wakefulness (Borbely 1982) (Fig. 1). In

humans the consolidation of wakefulness into a single bout is a result of the phase

relationship between these two processes where the circadian drive for arousal

opposes the increasing propensity to sleep across the day (Dijk and Czeisler 1995).

There has been considerable progress in our understanding of the circadian

process with the anatomical location of the master circadian pacemaker identified

within the suprachiasmatic nuclei (SCN) of the anterior hypothalamus. However,

relatively less is known regarding the molecular and cellular processes underlying

sleep homeostasis and its interaction with the circadian timing system.

Fig. 1 Sleep regulation by homeostatic and circadian mechanisms. (a) The homeostatic drive for

sleep increases sleep propensity with prolonged wakefulness. Sleep pressure declines following

sleep, but increases again at waking. (b) Circadian drive. The circadian regulation of sleep creates

a drive for wakefulness during the day, which declines at night. As such, sleep propensity is low

during the day, but increases at night. Figure based on that of Borbely (1982)
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2 Homeostatic Regulation of Sleep

The homeostatic process regulates the propensity for sleep, which increases expo-

nentially at the onset of wakefulness and subsequently diminishes during sleep

(Fig. 1a). It is functionally distinct from the circadian system since rodents with

lesions of the SCN continue to exhibit a strong compensatory increase in sleep after

total sleep deprivation (Mistlberger et al. 1983; Tobler et al. 1983). The best

characterised marker of sleep homeostasis and a correlate of sleep intensity is

EEG slow-wave activity (SWA, 0.5–4 Hz) during NREM sleep which increases

as a function of the duration of prior wakefulness and declines exponentially across

a typical sleep episode (Borbely et al. 1981; Lancel et al. 1991). It has been

suggested that this homeostatic decrease in SWA during sleep is associated with

a downscaling of synaptic strength and is important for the positive effects of sleep

on neural function (Tononi and Cirelli 2006). EEG power in the theta frequency

range (5–7 Hz) has also been identified to reflect sleep propensity during quiet

wakefulness. Notably studies in both rodents and humans have demonstrated that a

rise in EEG theta power during enforced wakefulness was able to predict the

increase in EEG SWA during subsequent sleep (Finelli et al. 2000; Vyazovskiy

and Tobler 2005). It is now appreciated that EEG SWA is topographically

represented in the cortex with changes in SWA occurring in restricted brain regions

with different temporal dynamics (Rusterholz and Achermann 2011; Zavada et al.

2009) which have been associated with alterations in learning and performance

(Huber et al. 2004, 2006; Murphy et al. 2011). Importantly this provides evidence

that the regulation of SWA and sleep homeostasis can occur at a local level.

A recent study has further reinforced this concept of ‘local’ sleep regulation after

identifying discrete cortical regions of the rat brain that effectively go ‘offline’

during a period of prolonged wakefulness even though the animal remains awake

by the assessment of global EEG parameters (Vyazovskiy et al. 2011).

Identifying a neuroanatomical basis of homeostatic sleep regulation has been

extremely challenging and remains one of the outstanding questions in sleep

research. Sleep-promoting neurons have been previously identified in the ventrolat-

eral preoptic area (VLPO) and median preoptic nucleus (MnPO) of the hypothala-

mus (Gong et al. 2004; Sherin et al. 1996); however, the recent discovery of a

population of sleep-active neurons in the cortex has further supported an anatomical

basis of homeostatic sleep regulation (Gerashchenko et al. 2008; Pasumarthi et al.

2010). These sleep-active cells expressing neuronal nitric oxide synthase are a

subpopulation of GABAergic interneurons that project long distances throughout

the cerebral cortex with the number of cells activated during sleep proportional to

SWA intensity (Gerashchenko et al. 2008). Determining the neuronal circuitry and

mechanisms that result in the activation of these cells during sleep will further

increase our understanding of their potential role in homeostatic sleep regulation.

Research has also focused on the role of chemical mediators in the regulation of

sleep homeostasis. Such a mediator would be expected to accumulate after

prolonged wakefulness or sleep deprivation and decline during sleep. Several
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candidate substances have been proposed but particular focus has been placed on

the purine nucleoside adenosine (Basheer et al. 2004). Microdialysis studies in cats

have demonstrated that adenosine selectively increases in the basal forebrain (BF)

during 6 h of sleep deprivation (Porkka-Heiskanen et al. 1997, 2000). Furthermore,

perfusion of adenosine into the BF of freely moving cats reduces wakefulness,

decreases cortical arousal (Portas et al. 1997) and activates neurons in the VLPO

(Scammell et al. 2001). A study employing a significantly longer period of sleep

deprivation (11 h) has shown that initially nitric oxide followed by adenosine

accumulates in the BF, with levels of these molecules increasing in the frontal

cortex several hours later, providing further insight into the temporal dynamics of

sleep homeostasis (Kalinchuk et al. 2011). Caffeine, a potent stimulant, functions as

an adenosine antagonist at both A1 and A2 receptors. Studies involving knockout

mice for these receptors indicate that blockade of the A2 receptor mediates these

wake-promoting effects since caffeine could promote arousal in wild-type and A1

knockout mice but not in mice deficient in the A2A receptor (Huang et al. 2005).

In addition, caffeine administered to young male subjects during sleep deprivation

reduced subjective sleepiness and EEG theta activity and decreased SWA during

subsequent recovery sleep (Landolt 2004). This ability of caffeine to reduce the

accumulation of sleep propensity after prolonged wakefulness further proposes a

critical role of adenosine in sleep homeostasis. Prostaglandin D2 (PGD2), has also

been identified as a putative endogenous sleep-promoting factor (Huang et al.

2007), and evidence suggests it may also mediate its effects on sleep through A2A

receptors (Satoh et al. 1996).

3 Circadian Regulation of Sleep

The circadian influence on sleep was soon appreciated after it was demonstrated that

rhythms of sleep and wakefulness persist in free-running conditions and are strongly

synchronised to the rhythm of core body temperature (Czeisler et al. 1980). The

circadian regulation of sleep is independent of prior wakefulness and determines the

phases of high and low sleep propensity across the 24-h day (Fig. 1b; Borbely and

Achermann 1999). Studies in humans using forced desynchrony protocols

(enforced 28-h sleep/wake cycles) have revealed the uncoupling of the sleep/

wake cycle from endogenous circadian processes and further support the dualistic

view of the control of sleep (Dijk and Lockley 2002). Human volunteers scheduled

to a 28-h rest/activity cycle were only able to sleep undisturbed for an 8-h period

when sleep initiation occurred 6 h before the endogenous circadian temperature

minimum (Dijk and Czeisler 1994). Evidence strongly suggests that the circadian

process arises from the SCN located in the anterior hypothalamus (Weaver 1998). In

rodents, targeted lesioning of the SCN disrupts circadian rhythms in locomotor

activity, feeding and drinking (Stephan and Zucker 1972; Moore 1983), whilst

surgically implanted SCN tissue grafts can restore rhythms with a period deter-

mined by the donor, not the recipient (Ralph et al. 1990; King et al. 2003).
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These transplantation studies were essential in confirming the SCN as the principal

mammalian timekeeping structure. Through a number of intermediate relay nuclei,

the SCN innervates multiple brain areas involved in sleep/wake cycle regulation

including the VLPO and the MnPO areas (Deurveilher and Semba 2005). The SCN

is known to receive information relating to the specific sleep/wake states, as SCN

electrical firing is modified by changes in vigilance state in the rat (Deboer et al.

2003). Neuronal activity in the SCN was lowered during NREM sleep and by

contrast was increased when the rat entered periods of REM sleep independent of

circadian phase (Deboer et al. 2003). Furthermore, after prolonged sleep depri-

vation (6 h), the circadian amplitude of SCN electrical activity was reported to be

suppressed during recovery sleep, an effect persisting for up to 7 h (Deboer et al.

2007). This suggests that sleep deprivation directly modulates the electrical rhythm

of the circadian clock in addition to its well-characterised effects on the sleep

homeostat.

Lesions of the SCN in rodents also leads to a disruption and flattening of the

rhythm of sleep and wakefulness, where animals no longer display consolidated

episodes of NREM and REM sleep and instead exhibit numerous transitions

between states together with frequent arousals (Fig. 2). The ‘opponent process’

model proposed by Edgar and colleagues specifies that the circadian process

actively promotes the initiation and maintenance of wakefulness opposing the

homeostatic drive for sleep (Edgar et al. 1993). This hypothesis is primarily

based on SCN lesion studies performed in squirrel monkeys which results in an

increase in total sleep time compared to sham-operated controls (Edgar et al. 1993).
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Fig. 2 Circadian rhythms in wakefulness, NREM and REM sleep are abolished in SCN-lesioned

rats. Wakefulness, NREM and REM sleep plotted for 50 consecutive hours in constant darkness

for an individual SCN-lesioned rat (SCNx, top panels) and a rat with an intact SCN (bottom
panels). Data points represent hourly percentage values for an individual rat (Figure based on

unpublished data, S. Fisher)
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Similar observations have been made in mice where SCN lesions increase sleep

time by ~8.1 % (Easton et al. 2004), suggesting a wider role for the SCN in sleep

regulation beyond purely the timing of vigilance states. By contrast, the majority of

SCN lesion studies performed in rats do not result in major changes in the total

amount of sleep (Eastman et al. 1984; Mistlberger et al. 1987; Mouret et al. 1978),

and homeostatic regulation of sleep is also preserved in arrhythmic hamsters

(Larkin et al. 2004). This apparent controversy may suggest that the SCN has

both a wake- and sleep-promoting action, promoting arousal at one time of the

day and sleep at a different time, possibly by changing the balance of its output

signal (Dijk and Duffy 1999; Mistlberger et al. 1983).

3.1 Clock Genes and Sleep

The important role that clock genes play in the generation of circadian rhythms is

well established. Over the last 20 years, there has been remarkable progress in our

understanding of the molecular mechanisms responsible for generating the cell-

autonomous oscillations which make up the circadian system. This autoregulatory

network relies on the interaction between both positive and negative transcriptional/

translational feedback loops. In mammals, the transcription factors CLOCK and

BMAL1 form a heterodimeric complex which drives the transcription of the Period
(Per 1, 2, 3) and Cryptochrome (Cry1, 2) genes through binding to E-box promoter

sequences (CACGTG) (Gekakis et al. 1998). Additionally, the transcription factor

neuronal PAS domain protein 2 (NPAS2), an analogue of CLOCK, is expressed in

the forebrain nuclei, basal ganglia and limbic system (Garcia et al. 2000). NPAS2

can also heterodimerise with BMAL1 to activate the transcription of Per and Cry
genes (Reick et al. 2001). Whilst it was originally suggested that NPAS2 is not

found in the SCN (Garcia et al. 2000), later studies showed that it is both expressed

in the SCN and can functionally substitute for CLOCK (DeBruyne et al. 2007). PER

and CRY proteins are synthesised in the cytoplasm and form complexes that are

phosphorylated by casein kinases I δ and ε which subsequently re-enter the nucleus
and bind to CLOCK/NPAS2:BMAL1 heterodimers to inhibit their own transcrip-

tion (Reppert and Weaver 2002). Formation of CLOCK/BMAL1 heterodimers can

also result in the activation of the retinoic acid-related orphan nuclear receptors

Rora and Rev-erbα. Rev-erbα can inhibit CLOCK and BMAL1 expression, whilst

by contrast, RORA is an activator which functions to reinforce oscillations and

increase levels of Bmal1 in the absence of PER and CRY proteins (Buhr and

Takahashi 2013; O’Neill et al. 2013). In the mammalian circadian clock, a certain

degree of overlap exists as single mutations in the clock genes Per and Cry do not

result in arrhythmicity (Bae et al. 2001; Okamura et al. 1999). Additionally, in mice

Per3 is not required for circadian rhythm generation with only minor effects on

circadian period reported in its absence (Shearman et al. 2000).

Studies involving clock gene mutant mice have allowed a finer dissection of the

role of individual clock components in circadian rhythm generation but have also
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shed new light on their potential role in the regulation of sleep. The advantage of

using genetic approaches to disrupt the circadian system are that SCN neuronal

connections remain largely intact; however, developmental effects of the gene

knockout cannot be excluded. Below, we summarise the role of specific clock

genes and clock-controlled genes in the regulation of sleep, including their effects

on the total amount of sleep, sleep structure and the EEG. These data are

summarised in Table 1.

3.1.1 Cryptochrome

Cry1 and Cry2 double-knockout mice (Cry1,2�/�) are rhythmic under a regular

light/dark cycle but arrhythmic under constant conditions (van der Horst et al. 1999;

Vitaterna et al. 1999). Cyclic expression of the Per genes is eliminated in both the

SCN and peripheral tissues in these mice (Okamura et al. 1999), although they

display normal masking responses to light (Mrosovsky 2001). In addition,

Cry1,2�/� mice generated on the C3H melatonin-proficient background fail to

show a circadian rhythm in melatonin production, one of the most reliable output

measures of the circadian clock (Yamanaka et al. 2010). However, independent of

whether they display rhythmicity, Cry1,2�/� mice exhibit a 1.8-h increase in

NREM sleep with an approximate 40 % increase in NREM sleep bout duration

(Wisor et al. 2002). Furthermore, they show an elevation of EEG SWA during

baseline recordings and after sleep deprivation, indicating that the absence of both

Cry genes leads to increases in the accumulation of sleep pressure. Cry1,2�/� mice

also fail to show the typical compensatory rebound in NREM sleep after enforced

wakefulness (Wisor et al. 2002). This sleep phenotype cannot be ascribed to either

of the Cry genes alone since it is not replicated in single Cry knockout mice (Wisor

et al. 2008). The Cry1,2�/� mouse phenotype appears to be more complex than

simply a genetic model of arrhythmia and actually implicates a larger role for Cry
genes in the homeostatic sleep regulation.

3.1.2 Period

Mice with mutations in both Per1 and Per2 (Per1,2�/�) genes exhibit robust

diurnal rhythms only under a standard light/dark cycle. In contrast to Cry1,2�/�

mice, they show no change in the total amount of sleep across a 24-h period under a

regular L:D cycle (Kopp et al. 2002) or under constant darkness (Shiromani et al.

2004). Similarly EEG recordings performed in single mutant Per1 and Per2 mice

did not find any alteration in total sleep time and demonstrated that they have a

normal homeostatic response to sleep deprivation (Kopp et al. 2002). After sleep

deprivation, Per1,2�/� mice exhibit the expected increase in EEG SWA in NREM

sleep, suggesting the homeostatic control of sleep is intact. A more recent study

using Per3 knockout mice (Per3�/�) on the C57BL/6J background identified

differences in the temporal distribution of sleep with an increase in NREM and

REM sleep immediately after the dark/light transition (Hasan et al. 2011). This is
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suggestive of an enhanced response to the sleep-promoting effects of light; how-

ever, this appears to be in contrast to the effects of light on running-wheel activity in

Per3�/� mice, where a reduction in negative masking and a shorter free-running

period under constant light were reported (van der Veen and Archer 2010). Per3�/�

mice show enhanced accumulation of EEG delta power across the active period

(Hasan et al. 2011). This increased sleep pressure in Per3�/� mice may explain the

increase in sleep observed early in the light period. Per gene expression can also be
modulated through manipulations of homeostatic sleep pressure with an elevation

of Per1 and Per2 in the cortex detected after sleep deprivation (Wisor et al. 2002).

Additionally, studies in humans have linked functional polymorphisms in the Per3
gene to differences in sleep homeostasis in terms of EEG SWA in NREM sleep but

also in theta and alpha frequencies during wakefulness and REM sleep (Viola et al.

2007). A polymorphism in the promoter region of Per3 has been recently associated
with delayed sleep-phase syndrome, a situation where sleep/wake timing of the

individual is delayed relative to the external light/dark cycle (Archer et al. 2010).

Overall evidence suggests that unlike the Cry genes, Per1 and Per2 are not

implicated in homeostatic sleep regulation, but indicate an emerging role for

Per3 in sleep homeostasis.

3.1.3 Bmal1

Both Cry and Per gene expression are under the control of CLOCK/NPAS2 and

BMAL1 heterodimers. Mutations in these genes indicate they are important in

regulating circadian function but interestingly also impact the underlying sleep

phenotype. Bmal1�/� mice are arrhythmic and exhibit decreased activity levels

when kept under a regular light/dark cycle or constant conditions (Bunger et al.

2000). These mice exhibit a 1.5-h increase in total sleep predominantly due to an

increase in NREM and REM sleep during the active phase (Laposky et al. 2005).

Bmal1�/� mice also failed to show the predictable increase in arousal or body

temperature during the light/dark transition, indicating potential defects in light

input pathways to the SCN. Sleep was highly fragmented in these animals with an

increase in the number of sleep bouts during the light period. They also lacked a

rhythm in sleep propensity, as indicated by the flattened distribution of EEG delta

power in NREM sleep, which was also elevated under baseline conditions

indicating they function under a high level of sleep pressure. However, the REM

sleep rebound after sleep deprivation was attenuated in Bmal1�/� mice. This

modulation of both sleep amount and intensity in Bmal1 mutant mice suggests a

role for this clock gene in the homeostatic regulation of sleep.

3.1.4 Clock

A mutagenesis screen performed by Joseph Takahashi and colleagues led to the

discovery of Clock, the first mammalian gene identified to be important for normal

circadian function (Vitaterna et al. 1994). A dominant negative mutation of this
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gene resulted in a lengthening of circadian period and arrhythmicity in homozygous

Clock mutants under free-running conditions but not under a regular L:D cycle

(Vitaterna et al. 1994). In mice heterozygous and homozygous for the Clock
mutation, total sleep time was decreased by 1 and 2 h, respectively, compared to

wild-type animals (Naylor et al. 2000). NREM sleep bout duration was also

significantly reduced in Clock homozygous mice, although EEG delta power in

NREM sleep remained unaffected, indicating that the decrease in the length of sleep

was not compensated by changes in sleep intensity (Naylor et al. 2000). Addition-

ally, these animals showed a normal rebound in sleep after 6 h sleep deprivation.

This infers the Clock gene is important in regulating sleep amount and timing but is

not critical for the functioning of all aspects of homeostatic sleep regulation.

Furthermore, it should be noted that Clock-mutant animals display a complex

phenotype, including obesity, metabolic syndrome (Turek et al. 2005) and diabetes

(Marcheva et al. 2010) which may also impact changes in the sleep/wake cycle. The

central role of CLOCK in the circadian oscillator was challenged when it was

shown that in contrast to Clock mutants, Clock�/� mice show robust circadian

rhythms of locomotor activity (Debruyne et al. 2006). However, this may be

explained by the functional substitution of NPAS2 compensating in Clock
knockouts (see below).

3.1.5 Other Canonical Clock Genes

NPAS2, an analogue ofClock, is a basic helix–loop–helix PAS domain transcription

factor. It forms a heterodimeric complex with BMAL1 leading to the transcription of

the negative regulators Cry and Per. NPAS2 is expressed in the forebrain nuclei,

basal ganglia and limbic system (Garcia et al. 2000), as well as the SCNwhere it can

substitute for CLOCK (DeBruyne et al. 2007). This substitution of NPAS2 for

CLOCK is likely to account for the difference in phenotype between Clock-mutant

and knockout mice (Debruyne et al. 2006). Wheel-running studies performed in

Npas2�/� mice demonstrate a reduction in the free-running period, increases in the

rates of re-entrainment and attenuation of the typical ‘rest phase’ in the second half

of the dark period (Dudley et al. 2003). The authors confirmed the latter observation

using EEG recordings demonstrating that Npas2�/� mice remained awake for a

greater proportion of the dark period with reductions in NREM and REM sleep.

These mice also display a reduction in the amount of recovery sleep following sleep

deprivation, a difference that was only apparent in male Npas2�/� mice (Franken

et al. 2006). These mice also show changes in the EEG during NREM sleep, with a

reduction in activity in the spindle frequency range (10–15 Hz) and a shift of delta

activity towards faster frequencies, signifying a role for NPAS2 in the propagation

of EEG oscillations (Franken et al. 2006). To date, no study has investigated sleep in

Clock�/� or Clock/Npas2 double-knockout mice.

The basic helix–loop–helix transcription factors Dec1 (Sharp2) and Dec2
(Sharp1) are expressed in a circadian manner in the SCN and are important

regulatory components of the molecular clock. They act primarily as negative
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modulators which repress CLOCK/BMAL-induced gene expression of the Per1

promoter (Honma et al. 2002). Studies in mice deficient in Dec1 and Dec2 indicate
a role for these transcription factors in the control of period length, phase resetting

and circadian entrainment (Rossner et al. 2008). A point mutation in Dec2 has been
associated with a short sleep phenotype in humans (He et al. 2009). The small

sample size in this study led the investigators to test this linkage by replicating the

DEC2P385R mutation in a murine model. They were convincingly able to reproduce

this short sleep phenotype in mice that exhibited decreases in NREM and REM

sleep in the light phase and an increase in sleep fragmentation (He et al. 2009).

Furthermore, the DEC2 mutation led to a decrease in NREM sleep following sleep

deprivation and a reduction in EEG delta power confirming the involvement of this

clock component in homeostatic sleep regulation. By contrast, only minimal

changes in sleep were observed in Dec2 knockout mice, although the compensatory

rebound of NREM sleep after sleep deprivation exhibited considerably slower

kinetics, suggesting a role for Dec2 in the fine-tuning of sleep regulation

(He et al. 2009).

3.2 Clock Gene Expression After Sleep Deprivation

During sleep, a number of genes are upregulated in the brain, and microarray

analysis demonstrates that ~10 % of the transcripts in the cerebral cortex alter

their expression between day and night (Cirelli et al. 2004). Many of the 1,500

genes that change expression across the 24-h day are linked to changes in

behavioural state rather than to time of day differences. Surprisingly, after sleep

deprivation, very few genes alter their expression; these are typically genes

involved in neuronal protection and recovery (Maret et al. 2007). Sleep deprivation

can also modify the expression of clock genes in areas outside the SCN. Per levels
are elevated when sleep drive is high, which occurs independently of circadian

phase (Abe et al. 2002; Mrosovsky et al. 2001). In the forebrain, both Per1 and Per2
mRNA levels increase after sleep deprivation in mice (Wisor et al. 2008) with a

decrease in the clock-controlled gene Dbp (Franken et al. 2007). Clock gene

expression has also been characterised in inbred strains of mice, which present

differences in sleep rebound after enforced wakefulness. These studies have

identified a relationship between the expression of Per1 and Per2 with the length

of time spent awake and are consistent with a role for these clock genes in

homeostatic sleep regulation (Franken et al. 2007). At the level of the EEG, changes

in clock gene expression after sleep deprivation were also found to be proportional

to the increase in EEG delta power across different strains of mice (Wisor et al.

2008). A potential mechanism by which sleep deprivation could alter clock gene

expression has recently been described. DNA binding of CLOCK and BMAL1 to

target clock genes varies over the circadian cycle in the cerebral cortex, peaking

around ZT 6. Sleep deprivation was shown to reduce CLOCK and BMAL1 activa-

tion of Dbp and Per2, but not Per1 and Cry1. As such, sleep history may directly

regulate the circadian clock in tissues outside the SCN (Mongrain et al. 2011).
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3.3 Clock-Related Genes

In addition to the core clock machinery, there are a number of clock-controlled

genes which have been shown to be involved in the regulation of sleep. Expression

of prokineticin 2 (Prok2), a putative clock-controlled output signal, is thought to be
important in the transmission of circadian rhythms. Prok2�/� mice exhibit a

reduction in the circadian amplitude of activity, core body temperature and

sleep/wake cycle (Li et al. 2006). Prok2�/� mice sleep ~1 h 30 min less than

wild-type mice over a 24-h period, changes that remained apparent under constant

darkness indicating that they were not due to a masking effect of light. Remarkably,

deficiency of the Prok2�/� gene modifies NREM and REM sleep in opposing

directions. A reduction in NREM sleep was observed during the light period, whilst

increased REM sleep occurred during both light and dark phases despite an overall

reduction in total sleep (Hu et al. 2007). In these mice, NREM and REM sleep

latencies were also shorter in Prok2�/� mice, indicating higher sleep pressure

(Hu et al. 2007). EEG SWA during NREM sleep was comparable in Prok2�/�

and wild-type mice; however, EEG theta power in REM sleep was decreased in

Prok2�/� mice which also exhibited attenuated compensatory responses to sleep

deprivation. These studies highlight a role for Prok2 in the regulation of the

circadian process but also in sleep homeostasis, further indicating the large degree

of crosstalk between these two major processes governing the regulation of sleep.

The PAR leucine zipper transcription factor Dbp is under transcriptional control
of CLOCK (Ripperger et al. 2000). Dbp�/� mice display a mild circadian pheno-

type remaining rhythmic but exhibiting a shorter circadian period (approximately

30 min) and a reduction in activity levels (Lopez-Molina et al. 1997). Total sleep

duration was not altered in Dbp�/� mice, but the circadian amplitudes of sleep time

and sleep consolidation were reduced, suggesting that Dbp may be important in

altering the magnitude of the output signal from the circadian clock. REM sleep

was reduced during the light period, and an increase in EEG theta frequency

occurred during exploratory behaviour and in REM sleep. A normal homeostatic

response to sleep deprivation was present in the absence of Dbp, but the accumula-

tion of EEG delta power in the active period was reduced (Franken et al. 2000). This

decrease in EEG delta power could be attributed to the slight increase in NREM

sleep throughout the dark period, indicating little direct effects of Dbp on homeo-

static sleep regulation.

Vasoactive intestinal polypeptide (VIP) signalling through the activation of the

VPAC2 receptor is thought to be critical in sustaining circadian rhythms in individual

SCN cells but also in the synchronisation of electrical activity between these cells

(Brown et al. 2007). Mice deficient in the VPAC2 receptor gene (Vipr2�/�)
exhibited robust activity rhythms but showed an altered diurnal sleep/wake rhythm.

Additionally, more sleep/wake transitions were evident in Vipr2�/� mice whilst

total NREM sleep time was increased (~50 min) without any reported differences in

NREM EEG delta power compared to wild-type mice (Sheward et al. 2010).
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3.4 A Complex Role for Clock Genes in Sleep Regulation

Clock genes play a fundamental role in circadian rhythm generation, and disruption

of the core clock mechanism would be expected to alter the timing of sleep;

however, more surprising are its effects on the homeostatic process. Studies in

transgenic mice have demonstrated that many of these genes also exert a range of

effects on homeostatic sleep/wake parameters. These genetic findings are consistent

with the earlier SCN lesion studies and strongly suggest that, rather than a clear

separation between circadian and homeostatic processes, there is a strong interac-

tion between these mechanisms. It will be interesting to determine how the circa-

dian regulation of sleep is in turn affected in transgenics in which only homeostatic

sleep is disturbed. In addition to their role in the core clock mechanism, it is also

possible that targeted disruption of clock genes results in effects on sleep via non-

circadian mechanisms. One explanation is that clock genes expressed in the SCN,

responsible for the generation of circadian rhythms, are also found in other areas of

the brain and cortex where they are important for regulating sleep propensity. The

complexity of the findings described above, in which disruption of different clock

components produces a wide range of effects on sleep, suggests that different clock

genes may be involved in other molecular processes in addition to those involved in

the transcriptional–translational feedback loop that generate intracellular circadian

oscillations. These pleiotropic functions may directly relate to sleep or may be

associated with unrelated processes such as metabolism, neurotransmission or

immune functions which result in sleep disturbances (Rosenwasser 2010).

4 Regulation of Sleep by Light

The light/dark cycle provides the primary entrainment cue (zeitgeber) for the

circadian system, and as a result, light will obviously modulate sleep/wake timing

via photoentrainment. However, in addition to this role, acute light exposure has

been shown to be involved in the regulation of sleep (Benca et al. 1998; Borbely

1978). Because of the importance of the light environment in the regulation of

sleep, several groups have addressed the contribution of specific retinal photore-

ceptor classes in this process.

4.1 The Role of Melanopsin in Sleep Regulation

The mammalian eye serves a dual function, regulating both image-forming (IF)

vision and numerous nonimage-forming (NIF) responses to light, including sleep

(Lupi et al. 2008). These NIF responses to light are dependent upon retinal

photoreceptors, which include the rods and cones as well as the recently identified

photosensitive retinal ganglion cells (pRGCs) which express the photopigment
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melanopsin (Hankins et al. 2008). Whilst many studies have focused upon the role

of melanopsin in NIF responses to light, recent work by several groups has shown

that rods and cones also contribute (Altimus et al. 2010; Lall et al. 2010). Mice

lacking rods and cones (rd/rd cl) exhibit normal entrainment of sleep/wake timing

and acute sleep induction in response to nocturnal light (Lupi et al. 2008). However,

whilst entrainment of sleep/wake timing occurred in an attenuated form in mice

lacking melanopsin photopigment (Opn4�/�), acute sleep induction in response to a
1-h light pulse at ZT 16 was abolished. This was mirrored at a molecular level by

abolition of Fos induction in the VLPO (Lupi et al. 2008). These findings suggested

a critical role for the pRGCs in sleep regulation in response to light. In a subsequent

study, Altimus et al. (Altimus et al. 2008) also reported that Opn4�/� mice showed

no sleep induction in response to a 3-h light pulse (ZT 14–17). If, however, the data

were examined in 30-min time bins, sleep did seem to occur in the first 30 min. This

study also showed that mice lacking functional rods and cones (Gnat1�/�;Cnga3�/�)
exhibited attenuated sleep induction in response to light. A mixed photoreceptor

input to the sleep/arousal system was further demonstrated when mice were

exposed to a 3-h dark pulse during the normal light phase (ZT 2–5) which induced

wakefulness within 30 min in wild-type mice as well as in Opn4�/� animals and

mice lacking functional rods and cones. Ablation of the melanopsin pRGCs using a

transgenic model expressing an attenuated diphtheria toxin under control of the

melanopsin locus (Opn4DTA) resulted in abolition of sleep entrainment, acute sleep

promotion and induction of wakefulness (Altimus et al. 2008), consistent with the

hypothesis that melanopsin pRGCs form the primary conduits for irradiance

detection (Guler et al. 2008). The third study by Tsai et al. (Tsai et al. 2009)

found that a 1-h light pulse at ZT 15–16 failed to induce sleep in Opn4�/� mice,

comparable with the previous two studies (Altimus et al. 2008; Lupi et al. 2008).

These authors also found that a dark pulse at ZT 3–4 induced wakefulness, although

this response was delayed in Opn4�/� animals. Additional studies using a repeated

1h:1h L:D cycle showed that the failure to demonstrate sleep induction in Opn4�/�

mice was only apparent during the subjective night (ZT 15–21). A detailed analysis

of the time course of sleep induction in response to light showed that Opn4�/� mice

do in fact show some sleep induction in response to light but that these responses

are much slower and attenuated during the dark phase (Tsai et al. 2009).

The persistence of sleep entrainment and acute sleep induction in an attenuated

form in melanopsin knockout mice clearly shows that under different light stimuli,

rods and/or cones are also important for sleep regulation. Whilst we now know that

different photoreceptors and the quality of the light environment all contribute to

sleep regulation, this relationship remains poorly defined.

5 Effects of Melatonin on Sleep

Melatonin is a neurohormone secreted by the pineal gland during the dark period of

the day and has been linked with a diverse array of biological and physiological

actions (Pandi-Perumal et al. 2006). The large amplitude rhythm of melatonin
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represents a reliable marker of the phase of the circadian clock, transducing

photoperiodic information and serving as a common humoral signal for circadian

organisation (Cassone 1990; Korf et al. 1998). In addition to its chronobiotic

effects, significant attention has centred on the sleep-promoting effects of melato-

nin and more specifically the mechanism and receptors involved. Exogenous

melatonin promotes sleep in human subjects (Zhdanova 2005), although there

has been controversy over its effectiveness highlighted by two contrasting

meta-analyses (Brzezinski et al. 2005; Buscemi et al. 2006). The effects of

pharmacological levels of melatonin on sleep in animal models present a similarly

contradictory picture, with a range of studies identifying a sleep-promoting action

(Akanmu et al. 2004; Holmes and Sugden 1982; Wang et al. 2003), whilst others

report melatonin to be ineffective (Huber et al. 1998; Langebartels et al. 2001;

Mirmiran and Pevet 1986; Tobler et al. 1994). Part of this controversy undoubtably

reflects differences in dosage, time of administration and the arousal status of the

subject which may preclude certain experimental protocols revealing these

properties but also the subtle nature of the sleep-promoting action of melatonin.

Despite this disparity, the pharmaceutical industry has shown significant interest

in exploiting the pharmacology of melatonin with a variety of melatonin agonists

developed for the treatment of sleep disorders (Zlotos 2012). One of these

melatoninergic compounds currently on the market is ramelteon, a non-subtype

selective melatonin agonist. It exerts a sleep-promoting effect in rats (Fisher et al.

2008), mice (Miyamoto 2006), monkeys (Yukuhiro et al. 2004) and cats (Miyamoto

et al. 2004). In rats, ramelteon was found to be marginally superior to melatonin in

terms of the duration of action (Fisher et al. 2008), possibly reflecting its greater

affinity for melatonin receptors and increased stability in vivo. Furthermore, a

number of clinical studies have shown ramelteon to be effective in the treatment

of both transient (Roth et al. 2005) and chronic insomnia (Liu and Wang 2012).

The mechanism responsible for the sleep-promoting effect of melatonin is not

fully understood, despite the development of melatonin agonists for the treatment of

sleep disorders. It is often assumed that melatonin exerts its effects on sleep through

two high-affinity, G-protein-coupled receptors, MT1 and MT2, though until

recently, it was not known which subtype is implicated in the sleep-promoting

action. IIK7, a selective MT2 receptor agonist with approximately 90-fold higher

affinity for MT2 than MT1, promotes sleep in rats, suggesting the effects of

melatonin on sleep are mediated through the MT2 receptor (Fisher and Sugden

2009). A more recent study further confirmed a role for the MT2 receptor in the

sleep-promoting mechanism of melatonin (Ochoa-Sanchez et al. 2011). They

administered UCM765, a novel partial MT2 receptor ligand which was effective

at promoting NREM sleep in wild-type and MT1 receptor knockout mice but not in

mice lacking the MT2 receptor. In addition, pharmacological antagonism of MT2

receptors prevented the sleep-promoting effects of UCM765, which was shown to

activate neurons expressing MT2 receptors in the reticular thalamic nucleus

(Ochoa-Sanchez et al. 2011). The analysis of the sleep in MT1 and MT2 deficient

mice in this study revealed a complex phenotype that certainly warrants further

investigation, particularly since removal of endogenous melatonin in rats has little

or no effect on total sleep time or sleep/wake cycle regulation (Fisher and Sugden

2010; Mendelson and Bergmann 2001).
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6 Regulation of Sleep by Social Cues

Unlike the homeostatic, circadian and photic mechanisms, the role of social cues in

the regulation of sleep is more poorly understood. Due to the methods used to study

sleep, animals are typically singly housed. However, a number of studies have

addressed the impact of social cues on the regulation of sleep, and from this work, it

appears that social interaction plays an often overlooked role in the regulation of

sleep. Studies on social stimuli have been used to evaluate the effects of the quality

of wakefulness on subsequent sleep (Meerlo and Turek 2001). Social conflict,

where male mice were placed with an aggressive dominant male for 1 h in the

middle of the light phase, produced dramatic effects on subsequent NREM sleep.

EEG SWA, indicative of NREM sleep intensity, was significantly increased for 6 h

and the effects on NREM sleep duration lasted for 12 h. REM sleep was suppressed

during the subsequent light phase after the encounter, followed by a recovery-phase

rebound. By contrast, sexual interaction, where male mice were placed with an

oestrous female, produced only mild suppression of both NREM and REM sleep

following the interaction. Blood sampling in this study suggested that an elevation

in corticosterone may account for the temporary suppression of REM sleep (Meerlo

and Turek 2001). Further studies in rats have shown that a similar social defeat

model produces increases in EEG SWA, suggesting that this acute stress may

increase the rate of sleep debt accumulation (Meerlo et al. 1997). To test this

hypothesis, subsequent sleep deprivation was employed. Animals underwent either

1-h social defeat with 5-h sleep deprivation or 6 h sleep deprivation with no social

defeat. EEG SWA was found to be higher following social defeat, illustrating that

in addition to the duration of wakefulness, what is experienced during waking also

modulates sleep intensity (Meerlo et al. 2001). A recent study assessed the impact

of social context on sleep deprivation and EEG SWA in C57BL/6J mice (Kaushal

et al. 2012). They found that that socially isolated mice exhibited a blunted

homeostatic response to sleep deprivation compared to paired mice which was

associated with higher anxiety levels.

Studies on environmental enrichment have suggested that rats housed in highly

enriched cages exhibit longer bouts of sleep (Abou-Ismail et al. 2010), although

EEG validated behaviour was not assessed in this study. An earlier study (Mirmiran

et al. 1982) showed that juvenile rats raised in enriched conditions showed

increased sleep time and shorter sleep latency when compared with animals housed

under standard or isolated rearing conditions. Whilst limited, these studies suggest

that the nature of the waking experience has a large impact on the modulation of

subsequent sleep.

Earlier work by Michaud et al. (1982) found that the total amount of NREM and

REM sleep was decreased when rats were placed into a novel individual cage. Other

studies in mice have examined the effect of two types of environmental novelty on

activity and sleep in mice. A cage change or the introduction of novel objects increased

activity andNREMsleeponset latency and decreased bothNREMandREMsleep time

(Tang et al. 2005). The effects were relatively long-lasting with reductions in NREM

sleep reported for up to 3 h after changing cages (Tang et al. 2005).
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Changes in the sleeping environment can also produce significant alterations in

human sleep behaviour. This is classically termed the ‘first-night effect’ which can

be observed in individuals on the initial night of exposure to the unfamiliar

surroundings of a sleep laboratory (Le Bon et al. 2001). This response to a novel

environment results in an increase in arousal and vigilance characterised by an

increase in NREM and REM sleep latencies together with a moderate reduction in

REM sleep and a decrease in overall sleep efficiency (Shamir et al. 2000).

7 Practical Applications

The sleep/wake cycle is a complex physiological process, controlled by both

circadian and homeostatic mechanisms. In addition, sleep is also regulated by the

light/dark cycle, melatonin and social timing. These interactions may be

summarised as a conceptual model as shown in Fig. 3, in which these internal

and external mechanisms interact to modulate overt sleep behaviour. Finally, we

will consider the role of sleep in two specific research areas which have broader

implications for research beyond the circadian field. In addition, the reader is

directed to a recent review summarising the links between clock genes and sleep

and their relevance to energy metabolism, neuronal plasticity and immune function

(Landgraf et al. 2012).

7.1 Sleep and Mental Health

Due to the number of brain regions and neurotransmitters involved in the regulation

of sleep, it is becoming increasingly apparent that abnormal sleep is a significant

comorbidity in many neuropsychiatric and neurodegenerative diseases (Wulff et al.

2009, 2010). These findings have widespread implications, not least that

disturbances in mood, cognition, metabolism and social interaction may be further

exacerbated by disturbances in sleep. In addition, the abnormal neurotransmitter

release, stress-axis activation and medication may further destabilise the

sleep/wake cycle. The complex interaction between mental health disorders

and sleep is not well understood. However, it has been proposed that stabilisation

of sleep in psychiatric and neurodegenerative disease may be an important means

by which the devastating symptoms of these conditions may be ameliorated (Wulff

et al. 2010). Clock genes have also been linked to human psychiatric disorders, and

mutations have been associated with altered affective behaviour in animal models

(Rosenwasser 2010). Arguably the best example of this is the Clock-mutant mouse,

which has been proposed as a model for mania. Clock-mutant animals display

hyperactivity, decreased sleep, lowered depression-like behaviour, lower anxiety

and an increase in reward-oriented behaviour (Roybal et al. 2007). In addition,
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disrupted circadian rhythms have recently been described in a mouse model of

schizophrenia, the Bdr mutant. This mutation affects synaptosomal-associated

protein (Snap)-25 exocytosis, resulting in schizophrenic endophenotypes that are

modulated by prenatal factors and reversible by antipsychotic treatment (Oliver

et al. 2012). These findings further suggest a mechanistic link between sleep and

circadian rhythm disruption and neuropsychiatric disease (Pritchett et al. 2012).

Researchers working in the mental health field should be aware that sleep

disturbances are often prevalent in this patient population. Due to the common

neurotransmitter systems underlying these conditions, even animal models may

display disturbances in sleep and arousal which may affect the outcome of

behavioural research.

Fig. 3 Diagram illustrating the key components in the generation and maintenance of the

sleep/wake cycle. Sleep is regulated by two broad mechanisms involving both the 24-h body

clock (circadian system, known as process C) and a wake-dependent homeostatic build-up of sleep

pressure (also called process S). The circadian pacemaker located within the suprachiasmatic

nuclei (SCN) coordinates the timing of wakefulness throughout the day and sleep during the night.

This 24-h rhythm interacts with the homeostatic drive for sleep, whereby the sleep pressure

increases during wake and dissipates during sleep. This process has been likened to an ‘hourglass

oscillator’. The circadian and homeostatic drivers regulate the multiple neurotransmitter and brain

systems involved in sleep and arousal. Sleep/wake behaviour in turn feeds back upon the circadian

pacemaker and homeostat. These components are modulated by light which acts to entrain the

circadian pacemaker to the environmental light/dark cycle, acutely suppress melatonin production

from the pineal and acutely elevate or suppress levels of arousal. Finally, social activities will also

modulate sleep/wake activity
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7.2 Behavioural Testing

Behavioural testing in rodents is widely used in neuroscience research. One factor

that is typically overlooked in many routine phenotyping assays is the state of

arousal of the animals being tested. Increased arousal results in enhanced perfor-

mance, up to a peak, beyond which a deterioration of performance occurs, as

described by the Yerkes–Dodson Law (Yerkes and Dodson 1908). As such, animals

with a low level of arousal will perform at a lower level, whereas those with a higher

state of arousal will always outperform their controls. Altered states of arousal may

arise from changes in homeostatic sleep drive (and previous sleep history) as well as

differences in alertness due to circadian rhythm disturbances. In addition,

differences in photosensitivity or responsiveness to stress (such as handling) may

also give rise to altered states of arousal. As a result, behavioural testing should take

into account both the sleep and circadian phenotype, including differences due to

background strain (Franken et al. 1999). Furthermore, the prevailing light environ-

ment and retinal integrity as well as social and environmental modulation of arousal

should all be considered (Peirson and Foster 2011). Failing to account for the state of

arousal during behavioural testing can give rise to misleading results, where

differences in performance are simply due to the differences in arousal state between

control and experimental animals.

8 Conclusions

Whilst great advances have been made in our understanding of the circadian control

of sleep via clock gene transgenics, understanding the homeostatic regulation of

sleep remains an area of much ongoing research. Details of the mechanisms

underlying the regulation of sleep by the light environment and social interaction

also remain poorly defined. In addition to understanding the role of these various

processes independently, future work will need to determine their relative contri-

bution under natural conditions to enable us to truly understand the mechanisms

influencing and giving rise to sleep and wakefulness.
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Landolt HP, Rétey JV, Tönz K, Gottselig JM, Khatami R, Buckelmüller I, Achermann P (2004)

Caffeine attenuates waking and sleep electroencephalographic markers of sleep homeostasis in

humans. Neuropsychopharmacology 29:1933–1939

Langebartels A, Mathias S, Lancel M (2001) Acute effects of melatonin on spontaneous and

picrotoxin-evoked sleep/wake behaviour in the rat. J Sleep Res 10:211–217

Laposky A, Easton A, Dugovic C, Walisser J, Bradfield C, Turek F (2005) Deletion of the

mammalian circadian clock gene BMAL1/Mop3 alters baseline sleep architecture and the

response to sleep deprivation. Sleep 28:395–409

Larkin JE, Yokogawa T, Heller HC, Franken P, Ruby NF (2004) Homeostatic regulation of sleep

in arrhythmic Siberian hamsters. Am J Physiol Regul Integr Comp Physiol 287:R104–R111

Le Bon O, Staner L, Hoffmann G, Dramaix M, San Sebastian I et al (2001) The first-night effect

may last more than one night. J Psychiatr Res 35:165–172

Li JD, HuWP, Boehmer L, Cheng MY, Lee AG et al (2006) Attenuated circadian rhythms in mice

lacking the prokineticin 2 gene. J Neurosci 26:11615–11623

Liu J, Wang LN (2012) Ramelteon in the treatment of chronic insomnia: systematic review and

meta-analysis. Int J Clin Pract 66:867–873

Lopez-Molina L, Conquet F, Dubois-Dauphin M, Schibler U (1997) The DBP gene is expressed

according to a circadian rhythm in the suprachiasmatic nucleus and influences circadian

behavior. EMBO J 16:6762–6771

Lupi D, Oster H, Thompson S, Foster RG (2008) The acute light-induction of sleep is mediated by

OPN4-based photoreception. Nat Neurosci 11:1068–1073

The Circadian Control of Sleep 179

http://dx.doi.org/10.1016/j.brainres.2012.03.019


Marcheva B, Ramsey KM, Buhr ED, Kobayashi Y, Su H et al (2010) Disruption of the clock

components CLOCK and BMAL1 leads to hypoinsulinaemia and diabetes. Nature

466:627–631

Maret S, Dorsaz S, Gurcel L, Pradervand S, Petit B et al (2007) Homer1a is a core brain molecular

correlate of sleep loss. Proc Natl Acad Sci USA 104:20090–20095

Meerlo P, Turek FW (2001) Effects of social stimuli on sleep in mice: non-rapid-eye-movement

(NREM) sleep is promoted by aggressive interaction but not by sexual interaction. Brain Res

907:84–92

Meerlo P, Pragt BJ, Daan S (1997) Social stress induces high intensity sleep in rats. Neurosci Lett

225:41–44

Meerlo P, de Bruin EA, Strijkstra AM, Daan S (2001) A social conflict increases EEG slow-wave

activity during subsequent sleep. Physiol Behav 73:331–335

Mendelson WB, Bergmann BM (2001) Effects of pinealectomy on baseline sleep and response to

sleep deprivation. Sleep 24:369–373

Michaud JC, Muyard JP, Capdevielle G, Ferran E, Giordano-Orsini JP et al (1982) Mild insomnia

induced by environmental perturbations in the rat: a study of this new model and of its possible

applications in pharmacological research. Arch Int Pharmacodyn Ther 259:93–105

Mirmiran M, Pevet P (1986) Effects of melatonin and 5-methoxytryptamine on sleep/wake

patterns in the male rat. J Pineal Res 3:135–141

Mirmiran M, van den Dungen H, Uylings HB (1982) Sleep patterns during rearing under different

environmental conditions in juvenile rats. Brain Res 233:287–298

Mistlberger RE, Bergmann BM, Waldenar W, Rechtschaffen A (1983) Recovery sleep following

sleep deprivation in intact and suprachiasmatic nuclei-lesioned rats. Sleep 6:217–233

Mistlberger RE, Bergmann BM, Rechtschaffen A (1987) Relationships among wake episode

lengths, contiguous sleep episode lengths, and electroencephalographic delta waves in rats

with suprachiasmatic nuclei lesions. Sleep 10:12–24

Miyamoto M (2006) Effect of ramelteon (TAK-375), a selective MT1/MT2 receptor agonist, on

motor performance in mice. Neurosci Lett 402:201–204

Miyamoto M, Nishikawa H, Doken Y, Hirai K, Uchikawa O, Ohkawa S (2004) The sleep-

promoting action of ramelteon (TAK-375) in freely moving cats. Sleep 27:1319–1325

Mongrain V, La Spada F, Curie T, Franken P (2011) Sleep loss reduces the DNA-binding of

BMAL1, CLOCK, and NPAS2 to specific clock genes in the mouse cerebral cortex. PLoS One

6:e26622

Moore RY (1983) Organization and function of a central nervous system circadian oscillator: the

suprachiasmatic hypothalamic nucleus. Fed Proc 42(11):2783–2789

Mouret J, Coindet J, Debilly G, Chouvet G (1978) Suprachiasmatic nuclei lesions in the rat:

alterations in sleep circadian rhythms. Electroencephalogr Clin Neurophysiol 45:402–408

Mrosovsky N (2001) Further characterization of the phenotype of mCry1/mCry2-deficient mice.

Chronobiol Int 18:613–625

Mrosovsky N, Edelstein K, Hastings MH, Maywood ES (2001) Cycle of period gene expression in

a diurnal mammal (Spermophilus tridecemlineatus): implications for nonphotic phase shifting.

J Biol Rhythms 16:471–478

Murphy M, Huber R, Esser S, Riedner BA, Massimini M et al (2011) The cortical topography of

local sleep. Curr Top Med Chem 11(19):2438–46

Naylor E, Bergmann BM, Krauski K, Zee PC, Takahashi JS et al (2000) The circadian clock

mutation alters sleep homeostasis in the mouse. J Neurosci 20:8138–8143

O’Neill JS, Maywood ES, Hastings MH (2013) Cellular mechanisms of circadian pacemaking:

beyond transcriptional loops. In: Kramer A, Merrow M (eds) Circadian clocks, Handbook of

experimental pharmacology 217. Springer, Heidelberg

Ochoa-Sanchez R, Comai S, Lacoste B, Bambico FR, Dominguez-Lopez S et al (2011) Promotion

of non-rapid eye movement sleep and activation of reticular thalamic neurons by a novel MT2

melatonin receptor ligand. J Neurosci 31:18439–18452

180 S.P. Fisher et al.



Okamura H, Miyake S, Sumi Y, Yamaguchi S, Yasui A et al (1999) Photic induction of mPer1 and

mPer2 in cry-deficient mice lacking a biological clock. Science 286:2531–2534

Oliver PL, Sobczyk MV, Maywood ES, Edwards B, Lee S et al (2012) Disrupted circadian

rhythms in a mouse model of schizophrenia. Curr Biol 22:314–319

Pandi-Perumal SR, Srinivasan V, Maestroni GJ, Cardinali DP, Poeggeler B, Hardeland R (2006)

Melatonin: nature’s most versatile biological signal? FEBS J 273:2813–2838

Pasumarthi RK, Gerashchenko D, Kilduff TS (2010) Further characterization of sleep-active

neuronal nitric oxide synthase neurons in the mouse brain. Neuroscience 169:149–157

Peirson SN, Foster RG (2011) Bad light stops play. EMBO Rep 12:380

Porkka-Heiskanen T, Strecker RE, Thakkar M, Bjorkum AA, Greene RW, McCarley RW (1997)

Adenosine: a mediator of the sleep-inducing effects of prolonged wakefulness. Science

276:1265–1268

Porkka-Heiskanen T, Strecker RE, McCarley RW (2000) Brain site-specificity of extracellular

adenosine concentration changes during sleep deprivation and spontaneous sleep: an in vivo

microdialysis study. Neuroscience 99:507–517

Portas CM, Thakkar M, Rainnie DG, Greene RW, McCarley RW (1997) Role of adenosine in

behavioral state modulation: a microdialysis study in the freely moving cat. Neuroscience

79:225–235

Pritchett D, Wulff K, Oliver PL, Bannerman DM, Davies KE et al (2012) Evaluating the links

between schizophrenia and sleep and circadian rhythm disruption. J Neural Transm

119(10):1061–75

Ralph MR, Foster RG, Davis FC, Menaker M (1990) Transplanted suprachiasmatic nucleus

determines circadian period. Science 247(4945):975–978

Reick M, Garcia JA, Dudley C, McKnight SL (2001) NPAS2: an analog of clock operative in the

mammalian forebrain. Science 293:506–509

Reppert SM, Weaver DR (2002) Coordination of circadian timing in mammals. Nature

418:935–941

Ripperger JA, Shearman LP, Reppert SM, Schibler U (2000) CLOCK, an essential pacemaker

component, controls expression of the circadian transcription factor DBP. Genes Dev

14:679–689

Rosenwasser AM (2010) Circadian clock genes: non-circadian roles in sleep, addiction, and

psychiatric disorders? Neurosci Biobehav Rev 34:1249–1255

Rossner MJ, Oster H, Wichert SP, Reinecke L, Wehr MC et al (2008) Disturbed clockwork

resetting in Sharp-1 and Sharp-2 single and double mutant mice. PLoS One 3:e2762

Roth T, Stubbs C, Walsh JK (2005) Ramelteon (TAK-375), a selective MT1/MT2-receptor

agonist, reduces latency to persistent sleep in a model of transient insomnia related to a

novel sleep environment. Sleep 28:303–307

Roybal K, Theobold D, Graham A, DiNieri JA, Russo SJ et al (2007) Mania-like behavior induced

by disruption of CLOCK. Proc Natl Acad Sci USA 104:6406–6411

Rusterholz T, Achermann P (2011) Topographical aspects in the dynamics of sleep homeostasis in

young men: individual patterns. BMC Neurosci 12:84

Satoh S, Matsumura H, Suzuki F, Hayaishi O (1996) Promotion of sleep mediated by the

A2a-adenosine receptor and possible involvement of this receptor in the sleep induced by

prostaglandin D2 in rats. Proc Natl Acad Sci USA 93:5980–5984

Scammell TE, Gerashchenko DY, Mochizuki T, McCarthy MT, Estabrooke IV et al (2001) An

adenosine A2a agonist increases sleep and induces Fos in ventrolateral preoptic neurons.

Neuroscience 107:653–663

Shamir E, Rotenberg VS, Laudon M, Zisapel N, Elizur A (2000) First-night effect of melatonin

treatment in patients with chronic schizophrenia. J Clin Psychopharmacol 20:691–694

Shearman LP, Jin X, Lee C, Reppert SM, Weaver DR (2000) Targeted disruption of the mPer3

gene: subtle effects on circadian clock function. Mol Cell Biol 20:6269–6275

Sherin JE, Shiromani PJ, McCarley RW, Saper CB (1996) Activation of ventrolateral preoptic

neurons during sleep. Science 271:216–219

The Circadian Control of Sleep 181



Sheward WJ, Naylor E, Knowles-Barley S, Armstrong JD, Brooker GA et al (2010) Circadian

control of mouse heart rate and blood pressure by the suprachiasmatic nuclei: behavioral

effects are more significant than direct outputs. PLoS One 5:e9783

Shiromani PJ, Xu M, Winston EM, Shiromani SN, Gerashchenko D, Weaver DR (2004) Sleep

rhythmicity and homeostasis in mice with targeted disruption of mPeriod genes. Am J Physiol

Regul Integr Comp Physiol 287:R47–R57

Stephan FK, Zucker I (1972) Circadian rhythms in drinking behavior and locomotor activity of rats

are eliminated by hypothalamic lesions. Proc Natl Acad Sci USA 69(6):1583–1586

Tang X, Xiao J, Parris BS, Fang J, Sanford LD (2005) Differential effects of two types of

environmental novelty on activity and sleep in BALB/cJ and C57BL/6J mice. Physiol Behav

85:419–429

Tobler I (1995) Is sleep fundamentally different between mammalian species? Behav Brain Res

69:35–41

Tobler I, Borbely AA, Groos G (1983) The effect of sleep deprivation on sleep in rats with

suprachiasmatic lesions. Neurosci Lett 42:49–54

Tobler I, Jaggi K, Borbely AA (1994) Effects of melatonin and the melatonin receptor agonist

S-20098 on the vigilance states, EEG spectra, and cortical temperature in the rat. J Pineal Res

16:26–32

Tononi G, Cirelli C (2006) Sleep function and synaptic homeostasis. Sleep Med Rev 10:49–62

Tsai JW, Hannibal J, Hagiwara G, Colas D, Ruppert E et al (2009) Melanopsin as a sleep

modulator: circadian gating of the direct effects of light on sleep and altered sleep homeostasis

in Opn4(�/�) mice. PLoS Biol 7:e1000125

Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G et al (2005) Obesity and metabolic syndrome in

circadian Clock mutant mice. Science 308:1043–1045

van der Horst GT, Muijtjens M, Kobayashi K, Takano R, Kanno S et al (1999) Mammalian Cry1

and Cry2 are essential for maintenance of circadian rhythms. Nature 398:627–630

van der Veen DR, Archer SN (2010) Light-dependent behavioral phenotypes in PER3-deficient

mice. J Biol Rhythms 25:3–8

Viola AU, Archer SN, James LM, Groeger JA, Lo JC et al (2007) PER3 polymorphism predicts

sleep structure and waking performance. Curr Biol 17:613–618

Vitaterna MH, King DP, Chang AM, Kornhauser JM, Lowrey PL et al (1994) Mutagenesis and

mapping of a mouse gene, Clock, essential for circadian behavior. Science 264:719–725

Vitaterna MH, Selby CP, Todo T, Niwa H, Thompson C et al (1999) Differential regulation of

mammalian period genes and circadian rhythmicity by cryptochromes 1 and 2. Proc Natl Acad

Sci USA 96:12114–12119

Vyazovskiy VV, Tobler I (2005) Theta activity in the waking EEG is a marker of sleep propensity

in the rat. Brain Res 1050:64–71

Vyazovskiy VV, Olcese U, Hanlon EC, Nir Y, Cirelli C, Tononi G (2011) Local sleep in awake

rats. Nature 472:443–447

Wang F, Li JC, Wu CF, Yang JY, Zhang RM, Chai HF (2003) Influences of a light/dark profile and

the pineal gland on the hypnotic activity of melatonin in mice and rats. J Pharm Pharmacol

55:1307–1312

Weaver DR (1998) The suprachiasmatic nucleus: a 25-year retrospective. J Biol Rhythms

13:100–112

Wisor JP, O’Hara BF, Terao A, Selby CP, Kilduff TS et al (2002) A role for cryptochromes in

sleep regulation. BMC Neurosci 3:20

Wisor JP, Pasumarthi RK, Gerashchenko D, Thompson CL, Pathak S et al (2008) Sleep depriva-

tion effects on circadian clock gene expression in the cerebral cortex parallel electroencepha-

lographic differences among mouse strains. J Neurosci 28:7193–7201

Wulff K, Porcheret K, Cussans E, Foster RG (2009) Sleep and circadian rhythm disturbances:

multiple genes and multiple phenotypes. Curr Opin Genet Dev 19:237–246

Wulff K, Gatti S, Wettstein JG, Foster RG (2010) Sleep and circadian rhythm disruption in

psychiatric and neurodegenerative disease. Nat Rev Neurosci 11:589–599

182 S.P. Fisher et al.



Yamanaka Y, Suzuki Y, Todo T, Honma K, Honma S (2010) Loss of circadian rhythm and light-

induced suppression of pineal melatonin levels in Cry1 and Cry2 double-deficient mice. Genes

Cells 15:1063–1071

Yerkes RM, Dodson JD (1908) The relation of strength of stimulus to rapidity of habit-formation.

J Comp Neurol Psychol 18:459–482

Yukuhiro N, Kimura H, Nishikawa H, Ohkawa S, Yoshikubo S, Miyamoto M (2004) Effects of

ramelteon (TAK-375) on nocturnal sleep in freely moving monkeys. Brain Res 1027:59–66

Zavada A, Strijkstra AM, Boerema AS, Daan S, Beersma DG (2009) Evidence for differential

human slow-wave activity regulation across the brain. J Sleep Res 18:3–10

Zhdanova IV (2005) Melatonin as a hypnotic: pro. Sleep Med Rev 9:51–65

Zlotos DP (2012) Recent progress in the development of agonists and antagonists for melatonin

receptors. Curr Med Chem 19:3532–3549

The Circadian Control of Sleep 183


	The Circadian Control of Sleep
	1 Introduction
	2 Homeostatic Regulation of Sleep
	3 Circadian Regulation of Sleep
	3.1 Clock Genes and Sleep
	3.1.1 Cryptochrome
	3.1.2 Period
	3.1.3 Bmal1
	3.1.4 Clock
	3.1.5 Other Canonical Clock Genes

	3.2 Clock Gene Expression After Sleep Deprivation
	3.3 Clock-Related Genes
	3.4 A Complex Role for Clock Genes in Sleep Regulation

	4 Regulation of Sleep by Light
	4.1 The Role of Melanopsin in Sleep Regulation

	5 Effects of Melatonin on Sleep
	6 Regulation of Sleep by Social Cues
	7 Practical Applications
	7.1 Sleep and Mental Health
	7.2 Behavioural Testing

	8 Conclusions
	References


