
31© Springer Nature Switzerland AG 2021
L. M. DelRosso, R. Ferri (eds.), Sleep Neurology, 
https://doi.org/10.1007/978-3-030-54359-4_3

Neurobiology of the Control of Sleep

Lourdes M. DelRosso, Joanna E. Wrede, Carey T. Lockhart, 
and Daniel P. Cardinali

 Introduction

Two biological processes have been thought to independently regulate the timing 
and length of sleep: process C and process S. This two-process model of sleep 
regulation was first proposed in 1982 by a Swiss sleep researcher, Alexander 
Borbely [1]. Process C, the circadian process, refers to the roughly 24-hour 
sleep-wake cycle. Research in the 1970s determined that the suprachiasmatic 
nucleus (SCN) of the hypothalamus was capable of autonomous oscillation and 
was later found to be the primary controller of this circadian process [2]. Process 
S, or the homeostatic process, determines that the propensity to sleep is also 
based on the previous amount of wakefulness and sleep [3]. These two processes 
have different regulatory mechanisms. The main markers of process C are core 
body temperature (CBT) and melatonin [4]. The main markers of process S are 
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non-rapid eye movement (NREM) sleep and slow wave activity (SWA) [5]. In the 
classic two-process model theory, when process S approaches the upper thresh-
old of process C, sleep occurs. Conversely, wakefulness occurs when process S 
approaches the lower threshold of process C. These two processes are illustrated 
in Fig. 3.1 [1]. In the last two decades, new scientific findings have helped expand 
our knowledge of sleep regulation, recognizing that sleep homeostasis not only 
is a global brain process but also presents regional variations. Regional brain dif-
ferences in the sleep electroencephalography (EEG), for example, can have 
implications on the markers of process S, as low- frequency power is predomi-
nant in the frontal derivations. The discovery of the circadian genes has moved 
research of sleep to the molecular/genetic level, showing that both processes 
have more complex interactions than what we initially thought. Sleep stages, on 
the other hand, are regulated by ultradian cycles. This refers to a particular order 
in which sleep stages occur and cycle through the night. In this chapter, we will 
discuss the two-process model, how process C and process S regulate sleep, and 
a brief introduction to the ultradian rhythm.
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Fig. 3.1 (a) Homeostatic 
control of sleep. (b) 
Circadian control of sleep. 
(From Borbely [1])
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 Circadian Rhythm

 Circadian Anatomy

 The Pacemaker: The Suprachiasmatic Nucleus
The rest/activity cycle in most animals exhibits a 24-hour rhythm that is synchro-
nized mainly to the light-dark cycle. In the absence of light or in the absence of any 
environmental cues, the circadian rhythms persist in free-running cycles that last a 
little longer than 24 hours in humans. Early studies have identified the suprachias-
matic nucleus (SCN) is the primary circadian oscillator [6]. The SCN is located in 
two small areas of the hypothalamus, located just superior to the optic chiasm, on 
either side of the third ventricle. Destruction of this area causes loss of circadian 
rhythmicity of the rest/activity cycle. In the majority of cases, the destruction is 
done experimentally in animals [7, 8]. In humans, accidental destruction of the SCN 
has been reported in a woman who suffered a gunshot wound that affected both 
optic nerves and suprachiasmatic nucleus resulting in irregular sleep-wake cycle as 
seen in Fig. 3.2 [9].

The paired right and left SCN each contains approximately 10,000 neurons that 
express circadian rhythmicity. They include neurons that synthesize γ-aminobutyric 
acid (GABA) among other peptides and neurotransmitters [10]. The SCN has been 
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Fig. 3.2 (a) Computerized tomography of the head showing damage of the optic nerves bilater-
ally following a gunshot wound to the right temple. Note bone fragments along the bullet path 
across the suprachiasmatic area. (b) Axial T2-weighed magnetic resonance imaging (MRI) of the 
head showing bilateral optic nerve hyperintensities consistent with nerve damage (circles). (c) 
Sagittal T1-weighted MRI of the head. The optic chiasm (arrow 1) forms the anterior boundary of 
the hypothalamus. The infundibulum (arrow 4) to the pituitary gland (arrow 3) and the mammillary 
bodies (arrow 2) form the inferior boundary of the hypothalamus. The optic chiasm appears 
thinned along with the adjacent hypothalamus. (From DelRosso et al. [9])
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traditionally divided into a ventrolateral area that synthesizes vasoactive intestinal 
peptide (VIP) and gastrin-releasing peptide (GRP) and a dorsomedial area that syn-
thesizes vasopressin (VP), substance P, and somatostatin [11]. Another functional 
organization of the SCN refers to these areas as a shell (dorsomedial) and a core 
(ventrolateral) [12]. The core receives most of the light signal input from the retina.

 Circadian Afferents
The major input to the SCN is from the retinohypothalamic tract (RHT). Photic 
information is received by ganglion cell receptors in the retina and transmitted to the 
SCN. These signals activate GRP and VIP cells in the core of the SCN. Research 
has shown that VIP release plays a pivotal role in circadian synchronization [13]. In 
the absence of VIP or the VIP receptor VIPC2R [14], the neurons in the SCN do not 
synchronize affecting many rest/activity cycles [15].

A secondary pathway by which light information reaches the SCN arises from 
the intergeniculate leaflet (IGL) and is called the geniculohypothalamic tract (GHT). 
The GHT neuron terminals release GABA and neuropeptide Y, and it is thought to 
play a role in transmitting the effect of more subtle photic stimuli and non-photic 
stimuli such as metabolic inputs to the SCN [16, 17].

Other afferent pathways to the SCN include serotonin-producing neurons pro-
jecting from the raphe nucleus, noradrenergic neurons from the locus coeruleus, 
histaminergic neurons from the posterior hypothalamus, and cholinergic projections 
from the pontine tegmentum and basal forebrain (BF). Recent evidence suggests 
that the SCN receives information directly or indirectly from about 80 different 
areas in the brain (Fig. 3.3) [18].
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Fig. 3.3 Schematic of SCN with major afferents and associated neurotransmitters. AVP arginine 
vasopressin, GABA gamma-aminobutyric acid, VIP vasoactive intestinal peptide, GRP gastrin- 
releasing peptide, NPY neuropeptide Y, 5HT serotonin, Glu glutamate, OC optic chiasm, PACAP 
pituitary adenylate cyclase-activating polypeptide, IGL intergeniculate leaflet, Raphe raphe 
nucleus. (Modified from Honma [46])
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 Circadian Efferents
The SCN has three major output pathways: (1) the rostral pathway to the preoptic 
area and paraventricular nucleus of the thalamus, (2) caudally to the retrochiasmatic 
area and ventromedial nucleus, and (3) to the ventral subparaventricular zone (SPZ) 
and to the hypothalamic paraventricular nucleus (PVN). From the PVN, signals 
synapse in the preganglionic sympathetic neurons of the spinal cord where melato-
nin secretion is regulated. The most dense pathway is to the SPZ. Lesions to the 
ventral part of the SPZ abolish circadian rhythms, and lesions in the dorsal SPZ 
affect body temperature. The ventral SPZ projects to the dorsomedial hypothalamus 
(DMH) that in turn connects to other areas involved in sleep and wakefulness. The 
largest projection is to the ventrolateral preoptic nucleus (VLPO), a group of sleep- 
active neurons that has inhibitory input to the major ascending arousal systems dur-
ing sleep; lesions of the VLPO are associated with insomnia.

The function of the circadian clock can be simplistically summarized into three 
main areas: generation of the circadian rhythms, entrainment of the circadian 
rhythms, and coupling of the circadian rhythm with the social sleep-wake cycle. We 
will discuss these functions and how they are accomplished in the following 
sections.

 Circadian Physiology

 Generation of Circadian Rhythms
Over the past 20 years, the understanding of the molecular mechanism of circadian 
rhythmicity has increased. The SCN generates spontaneous oscillations by feedback 
loops of translation and transcription of circadian genes. This feedback cycle is cell-
autonomous and allows for adaptability. Feedback manipulation of circadian genes 
can lead changes in timing, quality, and quantity of sleep. The firing frequency of the 
SCN is 6–10 Hz during the day and <1 Hz at night. The first circadian gene identified 
was called Clock (circadian locomotor output cycles kaput), which codes for a tran-
scription factor CLOCK which plays a role in the persistence and period of circadian 
rhythms [19]. Other major circadian genes are Per, Cry, and Bmal1. While CLOCK 
is constitutively expressed with minimal circadian variability in protein levels, PER, 
CRY, and BMAL1 all have a diurnal pattern of expression [19].

There are multiple levels of feedback loops within this system (Fig. 3.4). The 
PER and CRY proteins form a complex that indirectly provide inhibition of the 
activation of the Per and Cry genes. Conversely, the complex formed by the activa-
tors BMAL1 and CLOCK enhances expression of Per and Cry. Binding of the PER- 
CRY complex to the BMAL1-CLOCK complex prevents the expression of Per and 
Cry. Likewise, Bmal1 expression undergoes feedback inhibition by its product, 
BMAL1, via the product of the Rev-Erba gene. When the PER-CRY complex binds 
to BMAL1-CLOCK, it reduces transcription of Rev-Erba, thus indirectly enhances 
Bmal1 expression. The net effect is that PER and CRY are expressed more in the 
daytime, and the formation of their complex inhibits activity of CLOCK-BMAL1. 
Then in the circadian night, PER and CRY are degraded, leading to a repeat of the 
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cycle with next turn of the circadian clock [20]. There are additional molecular 
cascades downstream that further sculpt and refine circadian output.

Mutations or manipulation of circadian genes can lead changes in timing, qual-
ity, and quantity of sleep; for example, mutations of Clock can alter circadian period, 
and mutations of Bmal1 can abolish circadian rhythmicity.

Circadian rhythms are not isolated to the control of sleep. It is estimated that 
20–40% of genes have some circadian periodicity to them, although most oscil-
late in only one organ. While about 3% of genes in the hypothalamus have a cir-
cadian pattern of expression, other organs, including the liver, kidney, and lung, 
have more than 10% of genes expressed in a circadian pattern [21]. Circadian 
regulation of gene expression is not limited to the transcriptional processes but 
includes every regulatory step in gene expression, including splicing, transcrip-
tional termination, polyadenylation, nuclear/cytoplasmic transport, miRNA 
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Fig. 3.4 Model of the circadian clock in mammals. CLOCK and BMAL1 act as master transcrip-
tion factors to regulate (1) the Per and Cry genes in the core feedback loop of the clock, (2) the 
REV-ERB/ROR feedback loop regulating Bmal1 transcription, and (3) thousands of target genes 
that are clock outputs. The stability of the PER and CRY proteins is tightly regulated by E3 ubiq-
uitin ligases in both the cytoplasm and nucleus that determine circadian period. (From Krakowiak 
and Durrington [47])
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regulation, translation, protein phosphorylation, and RNA degradation [22, 23]. A 
substantial fraction of genes in any cell or tissue undergo circadian oscillations at 
the mRNA level. In a recent publication on a diurnal transcriptome atlas of a pri-
mate across major neural and peripheral tissues, 82% of genes were found rhyth-
mic in at least one tissue. Hence, regulation of circadian gene expression includes 
both transcriptional and posttranscriptional mechanisms, which in turn can be 
modulated by various factors (including metabolic ones) interacting with these 
processes [24]. Misalignment of circadian patterns across organ systems can con-
tribute to human disease and disability. For example, the role of circadian rhythms 
in metabolism and metabolic disorders has been extensively studied. This is 
reflected in a known connection between shift work and metabolic diseases. One 
related finding is that 10 days of circadian asynchrony can lead to insulin resis-
tance and increased fat deposition in humans.

 Circadian Entrainment
Circadian rhythms are a part of organisms. In fact they exist naturally in the absence 
of any external stimuli but can be entrained to adapt to changing photoperiods or 
changes in social, ecologic, or behavioral conditions. Phase control of the circadian 
clock is achieved by “zeitgebers.” Zeitgebers (literally “time givers” in German) are 
defined as environmental cues that synchronize or reset the circadian clock. Light is 
the most powerful zeitgeber. Others include food, sound, temperature, and even 
stress or social interactions. Entrainment of circadian rhythms starts occurring in the 
first few months of life as infants. The SCN is cycling at birth, but entrainment to 
the external environment occurs in the first few weeks of life. By 3 weeks there is a 
difference between day and nighttime sleep durations and associated diurnal 
changes in body temperature [25].

The physiologic process of entrainment to light cues begins when melanopsin- 
containing photosensitive ganglion cells on the retina receive light signals and 
transmit them via the RHT to the SCN where activation of nerve endings releases 
glutamate. Glutamate acts on N-methyl-D-aspartic acid (NMDA) and non-NMDA 
receptors to increase Per gene expression. Experimental exposure of the SCN to 
glutamate mimics the effect of light. Light activation of the SCN produces an influx 
of calcium and activation of Per genes.

The RHT also projects to the anterolateral hypothalamus, subparaventricular 
zone, supraoptic region, and intergeniculate leaflet of the thalamus. RHT also 
releases substance P and pituitary adenylate cyclase-activating peptide (PACAP), 
both of which play a role in circadian rhythm shifts. Damage to rods and cones in 
mice does not affect the circadian cycle, but removal of the melanopsin-containing 
retinal ganglion cells abolishes circadian entrainment.

Destruction of the SCN abolishes rhythmicity, resulting in an “irregular sleep- 
wake rhythm disorder.” Patients with neurodegenerative disorders like 
Alzheimer’s disease are at increased risk. The author reported a unique case of a 
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38-year-old woman with a gunshot wound to the head that severed both optic 
nerves (Fig. 3.2). The woman exhibited an irregular pattern of sleep and wakeful-
ness with an estimated average total sleep time of 8.8 hours per 24-hour period. 
Polysomnography hypnogram corresponding to day 1 of actigraphy demon-
strated fragmented sleep-wakefulness pattern that was not completely identified 
by actigraphy alone.

 Circadian Coupling Disorders
Circadian dysregulation occurs when there is an abnormal phase in the sleep-wake 
cycle. The International Classification of Sleep Disorders Third Edition [26] crite-
ria for circadian rhythm sleep-wake disorder include a disruption in the sleep-wake 
period either due to a change in the endogenous circadian timing or due to a mis-
alignment between the circadian clock and the socially desired sleep-wake cycle. 
This misalignment in circadian timing must cause sleep-related symptoms such as 
insomnia, excessive sleepiness, or both. Circadian rhythm disorders are divided into 
advanced sleep-wake-phase disorder (ASWPD), delayed sleep-wake-phase disor-
der (DSWPD), irregular sleep-wake disorder, non-24-hour sleep-wake disorder, 
shift work disorder, jet lag disorder, and circadian sleep-wake disorder not other-
wise specified [26].

ASWPD can be seen when sleep occurs earlier than desired sleep times as seen 
with familial advanced sleep-phase syndrome (FASPS). This is also seen with 
advanced age.

In DSWPD sleep periods occur later than desired as seen with the delayed sleep- 
phase syndrome (DSPS). When the sleep-wake cycle is quasiperiodic, following a 
nearly 24-hour cycle, but free running around the clock with lack of entrainment to 
light-dark cycles, this can be seen in non-24-hour sleep-wake syndrome, as seen in 
those with total blindness, with inability for light signal to reach the SCN (not seen 
in cortical blindness where the retinal ganglion pathway to the SCN remains intact).

 Markers of Process C

 Dim Light Melatonin Onset
Melatonin secretion from the pineal gland peaks in the evening, signaling readiness 
for sleep onset. Melatonin induces vasodilation and is associated with the subjective 
feeling of drowsiness.

 Body Temperature
Body temperature declines, and core body temperature (CBT) reaches its nadir dur-
ing night sleep. CBT is the temperature of the brain and internal organs and is sub-
ject to circadian oscillations [27, 28]. The explanation for the relationship between 
the thermoregulatory systems and sleep regulatory system is likely that of sleep’s 
purpose of energy conservation. The overall regulation of CBT is affected by both 

L. M. DelRosso et al.



39

the circadian and homeostatic processes. A rostral projection from the SCN to the 
preoptic anterior hypothalamus conveys the circadian signal to the thermoregula-
tory system as melatonin endogenously downregulates CBT as it rises in the eve-
ning [29, 30]. Heat distribution from the core to the periphery is completed during 
the third sleep cycle resulting in the nadir CBT. Of note, this thermoregulatory sys-
tem is not active during REM sleep, and body temperature during REM sleep actu-
ally rises due to increased metabolic activity.

Body temperature, like melatonin, is also controlled by environmental cues, one 
of the major cues being body position. In the supine body position, blood is redis-
tributed together with heat, from the core to the periphery resulting in increased skin 
temperature and decreased CBT, thus increasing sleepiness (e).

 Cortisol
Sleep onset is associated with short-term inhibition of cortisol secretion, particu-
larly during slow wave sleep. Cortisol then rises dramatically before the waking 
period and is regulated by the circadian process. SCN neurons project both directly 
and indirectly to the dorsomedial hypothalamic nucleus (DMH), which then sends 
efferent neurons to the PVH. There are corticotropin-releasing hormone-containing 
neurons in the PVH that project to the median eminence where corticotropin- 
releasing hormone is released to circulation activating the release of cortisol from 
the anterior pituitary. The adrenocorticotropic hormone in the blood then results in 
rhythmic induction of corticosteroid secretion from the adrenal gland [31].

 Homeostatic Control of Sleep

Process S refers to sleep homeostasis, wherein accumulated time spent awake leads 
to increasing sleep pressure. The pressure of this sleep debt then decreases during 
sleep. Under typical diurnal human conditions, this sleep pressure rises and falls 
entrained to day and night. When S approaches a lower boundary, it triggers wake. 
As it approaches an upper boundary, sleep is triggered.

 Anatomy

Adenosine is the major neuromodulator felt to be involved in the homeostatic pro-
cess of sleep. Adenosine inhibits the central nervous system. In cats, the basal fore-
brain and, to a lesser extent, the neocortex, adenosine increases during sustained 
waking [32]. Brain adenosine rises when ATP production is reduced. One theory is 
that increased adenosine is a signal of reduced brain energy reserves that develop 
during waking and that sleep is induced as an energy-restorative state [33]. Another 
supporting discovery implicating adenosine’s role in sleep homeostasis is that caf-
feine, a potent alerting agent, is an adenosine antagonist.
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 Physiology

In 2008, Landolt postulated the role of adenosine in the homeostatic control of sleep. 
Adenosine has been shown to promote slow wave sleep and rapid eye movement 
(REM) sleep in animal models. Adenosine accumulates in the extracellular space 
during wakefulness and acts to inhibit wake-promoting neurons primarily in the 
basal forebrain via A1 receptors. During sleep, extracellular adenosine levels decline.

Accumulation of adenosine in the basal forebrain has correlated with both 
increased SWA and sleep duration. Its accumulation therefore corresponds to the 
degree of sleep pressure [34].

Interestingly, caffeine blocks adenosine receptors, which is proposed as a pri-
mary mechanism of its alerting action.

 Markers

Markers which correspond to this sleep pressure include non-rapid eye movement 
(NREM) sleep electroencephalography (EEG) slow wave activity (SWA), which 
increases under conditions of increasing sleep pressure. Theta activity in waking is 
a marker of the rising limb of S as one moves toward wakefulness [35].

Process S is impacted by lack of sleep regardless of time of day. For example, 
NREM sleep SWA during daytime naps increase with duration of prior wakeful-
ness. Following naps, the SWA in that night’s sleep period decreases predictably. 
Suppression of SWA without disturbing sleep has been shown to result in a rebound 
increase in SWA in the next sleep period. Studies have also shown that increased 
mental or physical work results in increase of SWA and shorter sleep onset latency, 
which is also considered a marker of sleep pressure.

 Ultradian Rhythm

As we have seen in previous chapters, sleep is not a homogeneous state, but it is 
divided into different stages with various electroencephalographic and physiologic 
characteristics. In general terms sleep is divided into non-rapid eye movement 
(NREM) sleep stage and rapid eye movement (REM) sleep. NREM is further 
divided into three stages: N1,N2, and N3. As humans fall asleep, they usually enter 
sleep into N1 and spend few minutes in this stage, as N2 ensures forming a more 
consolidated sleep, after which N3 appears. After approximately an hour of NREM 
sleep, the brain usually enters REM sleep. This cycle repeats itself four to five times 
in a night. REM sleep deprivation studies have also demonstrated that REM sleep is 
regulated by homeostatic control; however, the mechanism of NREM-REM cycling 
during sleep remains unknown [36].

L. M. DelRosso et al.
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 Circadian Draining of Waste During Sleep

Clearance of metabolic waste from the brain is essential for CNS homeostasis. The 
circadian control of this process is indicated by the occurrence of a daily rhythm in 
the permeability of the blood-cerebrospinal fluid (CSF) barrier, as shown by mea-
suring relative metabolite levels between CSF and blood. Indeed, the choroid 
plexus, an important component of the blood-CSF barrier, displays circadian clock 
activity [37], regulating timed fluid exchange between the blood and CSF. In the 
fruit fly, a circadian clock in glial cells of the hemolymph-brain barrier regulating 
xenobiotic efflux was demonstrated [38] giving rise to the hypothesis that glial cells 
including astrocytes regulate blood-brain barrier function and modulate metabolic 
waste clearance in mammals.

The conventional view of solute movements in the extracellular space (ECS) of 
the CNS has been based on diffusion, and the mechanisms modulating the varia-
tions in the abundance of products to be eliminated have been sought in the cou-
pling of blood flow and metabolism, processes which are influenced by regulators 
such as biogenic amines, adenosine, NO, H+, and K+. In the last years, a new 
interpretation has been put forward, i.e., the glymphatic hypothesis [39–41]. The 
term has been coined to describe the active, lymphatic-like movements in the ECS 
which occur in the brain. It has been suggested that this process, which is normally 
dependent on the activity of lymphatic vessels, can nevertheless take place in the 
brain, which is devoid of such vessels, because of water exchange. More specifi-
cally, it has been hypothesized that solute movement is driven by perivascular 
astrocytes, which are strongly enriched in aquaporin-4 (AQP4), and by changes in 
the vascular lumen. AQP4 is predominantly expressed in the end feet of these 
astrocytes. Water release via AQP4 may be responsible for an actively driven fluid 
exchange between para- arterial and paravenous spaces, connected by a convective 
flow through the other parts of the ECS, especially concerning the interstitial fluid. 
Additionally, it has been assumed that arteriolar pulsations as well as respiration-
dependent venular collapse and reinflation may further enhance the flow through 
occurring in the ECS [42].

Sleep-related variations in cerebral waste products were described [38–40]. The 
elimination of amyloid β peptide (Aβ) has been reported to be considerably enhanced 
during sleep [43]. The concept of glymphatic Aβ clearance has received support 
from the observation that elimination of injected radiolabeled Aβ peptide was 
strongly reduced in AQP4−/− mice [39].

The exchange of solutes between the CSF and the interstitial fluid occurs mostly 
during NREM sleep when the cortical interstitial space increases by more than 60% 
and provides a low resistance path for the movement of CSF and interstitial fluid in 
the brain parenchyma. The contribution of the glymphatic system to the repair func-
tion of sleep has been discussed in relation to age-associated deviations from the 
normal sleep profile, including decreased and delayed CSF penetration of fluid 
along perivascular pathways and pial surface [44]. Various neurological disease 
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states such as stroke, traumatic brain injury, and AD have been interpreted in terms 
of the contribution by glymphatic dysfunction [42]. Altogether, the data indicate 
that the circadian clock regulates a variety of crucial processes in the brain, includ-
ing sleep, brain metabolism, and maintenance of flow balance of compounds into 
and out of the brain. Disruption of the circadian clock, and/or any of the signaling 
pathways regulated by it, can lead to inefficient anabolic and catabolic biochemical 
processes [45].

 Conclusion

In this chapter we have discussed the processes that control and regulate sleep. 
Far from a quiet state, sleep is orchestrated by circadian, ultradian, and homeo-
static regulation. We discussed the role of the suprachiasmatic nucleus as the 
pacemaker of the circadian rhythm and the entrainment with light and melatonin. 
Circadian sleep disorders occur when there is a misalignment between the inter-
nal pacemaker and the socially established sleep time, causing significant night-
time or daytime dysfunction. Prolonged awakening increases sleep pressure 
during homeostatic control. REM and NREM occur during cycles in sleep, and 
finally, clearance of metabolic waste from the brain is essential to keep a healthy 
homeostatic process.
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