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Preface

Sleep complaints are extraordinarily common among
patients with psychiatric illness. Determining all the
contributing causes of a sleep disturbance so that
appropriate management can be implemented is a
significant clinical challenge. Unfortunately, the
majority of practicing clinicians are not given
adequate training regarding sleep and its disorders,
and thus optimal diagnosis and treatment are too
often delayed or ignored.

Foundations of Psychiatric Sleep Medicine (FPSM)
is a clinically accessible and academically rigorous
primer designed to bridge the gap between the bur-
geoning field of sleep medicine and those who care
for patients with psychiatric illness. Composed of 24
chapters divided into 7 sections, FPSM is a compre-
hensive resource with contributions from leaders in
both fields detailing diagnostic and management
issues at the nexus of sleep medicine and psychiatry.
The first section discusses the history of the two
fields, demonstrating the mutual influences and par-
allel development of the disciplines. The second
section builds a foundation for the reader by
detailing molecular and physiological mechanisms
underlying sleep and wakefulness, methods used to
characterize and stage sleep, as well as theoretical
discussions of dreams and the functions of sleep.

The third section outlines sleep history-taking, with
particular emphasis on the psychiatric patient. The
fourth section details primary sleep disorders includ-
ing sleep disordered breathing, sleep-related move-
ment disorders, narcolepsy, parasomnias, and
circadian rhythm disorders, with a particular focus
on how these illnesses may present in psychiatric
contexts. The fifth section focuses on insomnia, the
most common sleep complaint in psychiatric prac-
tice, with separate chapters focusing on epidemiology
and the role of insomnia in psychiatric illness, as
well as pharmacological and psychotherapeutic
treatments. The sixth section details the nature of
sleep disturbance across the psychiatric disease spec-
trum including mood, anxiety, psychotic, substance
use, and cognitive disorders. Also included are chap-
ters devoted to disorders primarily occurring in chil-
dren such as attention-deficit/hyperactivity disorder,
pediatric mood and anxiety disorders, and develop-
mental disorders. The book concludes with a discus-
sion of future directions at the interface of sleep
medicine and psychiatry. FPSM is an invaluable
resource for the practicing mental health clinician,
and more broadly for any practitioner who manages
patients with co-occurring sleep and psychiatric
complaints.
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Editors’ introduction

It is clear to any clinician who cares for those with
psychiatric illness that disturbed sleep is a significant
problem and great source of distress for patients.
Long regarded as an epiphenomenon of the mental
illness itself, it has previously been assumed that treat-
ment of an underlying psychiatric disorder would
result in resolution of the sleep disturbance. This para-
digm has been called into question in recent years by
growing evidence that sleep disturbance itself may play
a vital role in the presentation, management, and
course of many psychiatric disorders.

Sleep and psychiatric illnesses are powerfully
linked in numerous ways. This is likely because, at
both the observable and neurobiological levels, what
and how we think and behave influences our sleep,
and conversely, how we sleep influences our thinking
and behavior. The most prevalent sleep complaint,
insomnia, is frequently co-morbid with mental illness
and is linked to a host of neuropsychiatric symptoms.
In fact, insomnia may be present across the entire
history of psychiatric disorders: as a risk factor for
the development of incident mood, anxiety, and sub-
stance use disorders, as well as a symptom of active
illness, an iatrogenic response to psychotropic medi-
cations, and risk factor for symptomatic relapse in a
number of psychiatric disorders.

The value to psychiatrists of understanding
sleep medicine has become increasingly evident
over the past 20 years. The neuropsychiatric
sequelae of primary sleep disorders such as sleep-
related breathing disorders, sleep-related movement
disorders, and circadian rhythm sleep disorders are
increasingly recognized. In addition, psychotropic
medications prescribed to treat psychiatric illness
may inadvertently induce or exacerbate primary
sleep disorders such as REM behavior disorder,
obstructive sleep apnea, and restless legs syndrome,
leading to unsuccessful treatments, paradoxical
responses, or unwanted/unintended side-effects.
Furthermore, psychotropic medications prescribed

for the management of sleep-related symptoms
presumed to be inherent to psychiatric illness, such
as stimulants used to treat hypersomnia in atypical
depression, may mask a primary sleep disorder
(e.g. obstructive sleep apnea or narcolepsy) that
may be the true underlying cause of the sleep-
related complaint.

Due to the interrelationship between sleep and
psychiatric illness, and psychiatrists’ expertise in
psychopharmacological and behavioral treatments,
patients with sleep disturbance are often referred to
mental health providers for evaluation and manage-
ment. As a result, it has become increasingly import-
ant for the practicing mental health clinician to have a
firm grasp of diagnostic and therapeutic techniques
for patients with sleep complaints. To do so requires
an understanding of the basic mechanisms of sleep
and wakefulness, the pathophysiology of primary
sleep disorders, the effects of psychiatric and psycho-
logical treatments on sleep, and the nature of sleep
disturbance inherent to mental illness.

With the rise of sleep medicine as a specialty over
the last half-century, our scientific understanding of
sleep and its disorders has grown exponentially. The
history and development of psychiatry and sleep
medicine have been intimately intertwined, with
psychiatrists and psychologists contributing signifi-
cantly to this burgeoning field. Unfortunately, despite
the contributions of these pioneering individuals,
many of whom we are delighted to have as contribu-
tors to this book, there continues to be a chasm
between sleep medicine and psychiatry. Few trainees
(at any level of training or in any specialty) receive
formal instruction on sleep and its disorders. Without
such a knowledge base, patients with sleep-related
complaints often do not receive optimal care because
appropriate clinical questions are not asked, informed
differential diagnoses are not developed, diagnostic
tests are not pursued, and treatment plans are not
thoughtfully composed.

Xiii



Editors’ introduction

Thus, the primary impetus for the development of
Foundations of Psychiatric Sleep Medicine (FPSM) was
to bridge the gap between sleep medicine and psych-
iatry, and to translate the findings from sleep and
neuroscience into the clinical practice of caring for
patients with psychiatric illness. As such, our goal was
to develop FPSM to serve as a clinically useful, but
academically rigorous, primer on sleep medicine for
those who treat patients with mental illness. In add-
ition, FPSM is a highly useful resource for sleep medi-
cine clinicians with non-psychiatric backgrounds,
who have not had formal training in managing
patients with mental illness, as sleep medicine special-
ists are often asked to serve as consultants for patients
with psychiatric disorders. Thus, this text is not an
attempt to emphasize divisions within sleep medicine,
but rather to highlight advances in sleep science and
disorders to those in psychiatric and psychological
professions. Furthermore, we hope it will simultan-
eously foster understanding within the interdisciplin-
ary community of sleep medicine regarding the
management of sleep disturbance in psychiatric
populations.

The overall design of FPSM is straightforward
and is comprised of seven sections. The first section
reviews the history of sleep medicine and psychiatry,
emphasizing the inter-related developments of both
fields over the last century. The second section (Chap-
ters 2-5) focuses on normal sleep, from molecular
mechanisms of the circadian clock to the neurophysi-
ology of sleep, including sleep staging and neuroim-
aging research. Other chapters discuss the theoretical
functions of sleep and our current scientific under-
standing of dreams. The third section details clinical
sleep history-taking, with a particular emphasis on
psychiatric patients. Included are signs and symptoms
that suggest referral for diagnostic studies and/or
consultation with a sleep medicine specialist may be
indicated. Section 4 of the book (Chapters 7-11)
discusses primary sleep disorders including sleep dis-
ordered breathing, sleep-related movement disorders,
narcolepsy, parasomnias, and circadian rhythm dis-
turbances, with a particular focus on how these

Xiv

illnesses may present in psychiatric settings. This is
particularly relevant to the practicing mental health
clinician as many primary sleep disorders may pre-
sent with neuropsychiatric symptoms, and several
psychotropic medications can induce or exacerbate
primary sleep disorders. Section 5 focuses specifically
on insomnia, the most common sleep complaint in
psychiatric practice. The principles of insomnia in
psychiatric contexts, including the epidemiology and
role of insomnia in the risk for development of
and relapse to psychiatric illness are discussed.
Additionally, separate chapters address pharmaco-
logical and psychotherapeutic treatments of insom-
nia. Section 6 (Chapters 15-23) details the nature of
sleep disturbance in psychiatric illnesses across all
major classes of psychiatric disorders including:
mood, anxiety, psychotic, cognitive, and addictive
disorders. Additionally, chapters devoted to disorders
primarily occurring in childhood, including atten-
tion-deficit/hyperactivity disorder, pediatric mood
and anxiety disorders, and developmental disorders,
are provided. The book concludes with a discussion of
the future directions of discovery and treatment at the
nexus of sleep medicine and psychiatry.

We would like to take this opportunity to thank
the authors who have so graciously contributed to this
work, without whom such an endeavor would not
have been possible. We also thank our families, whose
patience and support have been invaluable through-
out the process of developing this textbook. Finally we
thank our teachers and mentors who have provided,
and continue to provide, support for our growth and
development. We hope that our efforts on this
volume reflect their generosity and may spur the
interest of future trainees to pursue clinical work
and research at the interface of sleep medicine and
psychiatry, in the hope of advancing both fields.

This material is based upon work supported by
the American Sleep Medicine Foundation. Any opin-
ions, findings, and conclusions or recommendations
expressed in this publication are those of the author(s),
and do not necessarily reflect the views of the
American Sleep Medicine Foundation.



Overview

Section |
Chapter

J. Allan Hobson

Introduction

Psychiatry has not yet come fully to grips with sleep
and dream research because it is not yet clear if or
how the new science can replace the existing theoret-
ical structures of the field. In terms of psychology,
many psychiatrists still prefer psychoanalysis (despite
its shortcomings) to the nascent cognitive psychiatry
because psychoanalysis is more comprehensive and
more hopeful. Sleep medicine has attracted some
psychiatrists and provided the vast and reassuring
data base of scientific medicine, but even that pro-
gressive move does not solve the mind-body problem
that underlies psychiatry.

Initially posited by René Descartes in the seven-
teenth century, the notion of dualism of the mind and
brain has been a central theme as psychiatry has
developed. For much of its history, psychiatry has been
polarized around the mind-brain dilemma, with major
paradigm shifts pushing the field towards psychological
versus biological trajectories. More recently, disen-
chantment with psychoanalysis and the growth of
neurobiology and psychopharmacology have led many
to proclaim themselves biological psychiatrists, and for
them, sleep and dream research has provided some
useful support. This belief, however, does little to solve
the mind-brain problem that still fractures the field.

Sleep and dream research are truly foundational to
psychiatry, and history reflects how psychiatry has
struggled to come to terms with mind versus brain
dualism. In the future, psychiatry may be advanced by
taking advantage of the dramatic interaction between
brain physiology, as it changes in sleep, and mental
state. In reconstructing our notions of dreaming as an
altered state of consciousness, rather than an uncon-
scious mental state, we may begin to integrate the
mind and brain in a more unified psychiatry.

Sleep medicine and psychiatry:
history and significance

Early history

In the late nineteenth and early twentieth century,
medically oriented psychiatrists in Europe like Emil
Kraepelin [1] and Eugen Bleuler [2] managed huge
warehouses of deranged human beings. Their impact
on the field of psychiatry is now widely acknow-
ledged: Kraepelin for differentiating dementia prae-
cox from manic depression; Bleuler for recognizing
the former was not a true dementia, and subsequently
coining the term “schizophrenia.” Both were neuro-
logically oriented and were masters of description and
classification. Although they were hopeful the neuro-
logical basis for the mental illnesses they observed
could be found, their work offered little insight into
how the brain might mediate the horrendous symp-
toms of their patients. They ultimately had little to
offer their patients in the way of treatment; in their
time, a mentally ill person was sick for life.

Enter Sigmund Freud

Stimulated by speculative dynamic neurologists like
Pierre Janet and Jean-Marie Charcot, Sigmund Freud
created psychoanalysis in the same period Kraepelin
and Bleuler labored. In so doing he turned away from
both descriptive psychiatry and from brain science.
He wanted to free his new theory of the mind from the
shackles of medical science, especially neurology. This
bold and rash revolt followed Freud’s failure to produce
a psychology based upon brain science of the time [3].
Of central importance to Freud’s theory was his view
of dreaming as an unconscious mental process by which
dreamers could bowdlerize unacceptable unconscious
wishes that threatened to invade consciousness and
awaken them [4]. Freud’s view was that dreaming was
a process akin to the neuroses, which bedeviled his

Foundations of Psychiatric Sleep Medicine, ed. John W. Winkelman and David T. Plante. Published by Cambridge University Press.

(© Cambridge University Press 2010.



Section I: Overview

patients by day. He therefore resorted to dream
interpretation using the patients’ free associations to
their dream material to reveal and relieve the noxious
unconscious force of both dreams and neurosis.

The power of this ingeniously simple but com-
pletely speculative hypothesis grew to dominate Euro-
pean psychiatry. Followers of Freud, including Ernest
Jones, spread psychoanalysis to America where it
flourished to the point that by 1950, practically every
department chairman and every professor of psych-
iatry in the United States was a psychoanalyst. Serious
critics of psychoanalysis were few and far between.
Those who were critical of psychoanalytic theory were
often marginalized within the psychiatric community.

The discovery of REM sleep

In 1953, Eugene Aserinsky, then a graduate student
studying physiology at the University of Chicago, wired
up his 9-year-old son, Armand, and other children to
perform electroencephalogram (EEG) and electro-
oculogram (EOG) recordings in his rebellious experi-
ments on attention carried out with the encouragement
of the neurophysiologist, Ralph Gerard. As is so often
the case, the monumental scientific discovery of REM
sleep occurred in part by happenstance. When the child
subjects became bored by Aserinsky’s protocols, they
fell asleep and, because they were young, evinced rapid
eye movement (REM) periods shortly after sleep onset
during which they dreamt. Aserinsky reported his
observations to his supervisor, Nathaniel Kleitman,
who suggested that they record the sleep of adults. The
rest is history. All of Aserinsky and Kleitman’s adult
subjects showed EEG activation, REM periods, and
when awakened reported long complex dreams, not at
sleep onset but at 90-100 minute intervals throughout
the night (Figure 1.1). Thus was modern sleep and
dream science born [5].

Dream deprivation

William Dement, widely recognized as a pioneer in
the field of sleep medicine, and a graduate student and
psychiatrist working in Kleitman’s laboratory at that
time, was more interested in the dream story than his
physiologist colleagues [6,7]. Dement was motivated
by the conviction that he could test Freud’s dream
theory rigorously using the burgeoning knowledge of
sleep physiology and REM sleep. By preventing sub-
jects from entering REM with enforced awakenings,
he and the neurobiologically educated psychoanalyst,

Charles Fisher, theorized they could prevent dream-
ing and thus cause psychological distress in their
subjects [8]. Although their subjects did become psy-
chologically distressed, they were perhaps more
importantly increasingly difficult to awaken from
sleep. By the fifth night of the experiment, subjects
made no less than 50 attempts to enter REM (up
tenfold from five such attempts on the first night).
This observation indicated that REM sleep, if not
dreaming, was carefully conserved, and therefore
must be important.

In the years to follow, the National Institutes of
Health (NIMH) funded a significant number of labora-
tories focused on dream research. Subjects, usually stu-
dents, were awakened during sleep so as to give reports
of antecedent mental activity that were then correlated
with polysomnographic data. The results were incon-
clusive and often contradictory. Controlled experiments
by Anthony Kales, another psychiatrist involved in
the early development of sleep research, revealed that
NREM sleep interruption was every bit as psychonox-
ious as the enforced REM sleep awakenings [9], a find-
ing that did not fit with the dominant psychoanalytic
paradigm of the time. By 1975, when the NIMH ceased
funding of “dream lab” research, the psychiatric
community had made relatively few inroads into the
scientific status of Freud’s dream theory.

Neurobiological progress
of sleep medicine

During the same period in which dream laboratory
research was flourishing, remarkable progress was
being made using the (feline) animal model of sleep
that William Dement had also given the field [10].
The prime mover of this initiative was Michel Jouvet,
a French neurosurgeon working in Lyon, who had
spent a year at the University of California at Los
Angeles (UCLA) founded by Horace Magoun, the
co-discoverer with Giuseppe Moruzzi of the reticular
activating system [11]. Jouvet quickly localized the
REM generator system to the pons [12] and suggested
that the forebrain was activated, the eyes were caused
to move, and spinal reflexes were inhibited [13]
during REM sleep all from that central locale. With
this discovery, dreaming could thus be redefined as
the inevitable subjective experience of a specific
physiological pattern of brain activation in sleep.
As it turned out, all mammals shared this brain
activation process in sleep, casting doubt, albeit



Chapter 1: Sleep medicine and psychiatry
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Figure 1.1 Rapid eye movement sleep.
The state most highly correlated with
dreaming is shown at three levels of
temporal detail. (@) Polygraphic level: a
20 s segment shows conjugate REMs as
out of phase; EOG tracings (Channel (Ch)
24-3) together with respiration (Ch 1)
and EEG (Ch 4). (b) Cycle level: the
coordination of events in the six
polygraphic channels shown indicates
that the NREM REM sleep cycle is an
organismic whole body phenomenon.
One cycle of polygraphic data lasting 100
min shows distribution in time of eye
movements (Ch 1); EEG sleep stage

(Ch 2); systolic blood pressure (Ch 3);
respiratory irregularity (Ch 4); heart rate
irregularity (Ch 5); and body movement
(Ch 6). (c) All night level: three nights of
sleep showing evolution of EEG stages
with time. Note that Stages Ill and IV of
NREM sleep occur predominantly in the
first two cycles while Stage Il and Stage |
REM predominate in the last two cycles
of the night.
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indirectly, on Freud’s dream hypothesis. Under this
new paradigm, REM sleep must be doing something
besides serving purely as a substrate for uncon-
sciously driven dreaming.

How was REM sleep instantiated by the pons?
Jouvet’s first guess, that it was enhanced cholinergic

neuromodulation, turned out to be correct [12]. But
when he read Kjell Fuxe and Anica Dahlstrom’s
description [14] of the noradrenergic and seroton-
ergic neuronal systems of the pontine brainstem, he
was sidetracked from his original (correct) hypoth-
esis. Jouvet then suggested that norepinephrine drove
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REM sleep and that serotonin drove NREM sleep
while waking was the responsibility of dopamine
[15]. By 1975, it was clear from single brainstem cell
recording experiments that both norepinephrine and
serotonin cells enhanced waking rather than sleep.
Instead of being excited in REM, the aminergic
neurons needed to be inhibited for REM sleep to
occur. Acetylcholine-containing cells, on the other
hand, turned back on during REM, firing at levels as
high as or higher than during waking. Subsequent
experiments utilizing cholinergic microstimulation
demonstrated that REM sleep could be induced by
these compounds. As was later discovered, dopamine-
containing cells fired throughout the sleep-wake cycle
eliminating any specific role for that neuromodulator
in state (i.e. wake, REM, or NREM) determination.
However, this does not mean this neurotransmitter
has no role in sleep or dreaming, as it has been
theorized that dopamine - acting in the absence of
noradrenergic and serotonergic influence — may con-
tribute to the psychosis-like quality of dreaming.
Robert McCarley (who at the time was my student
at Harvard) and I, having trained in Jouvet’s labora-
tory in the 1960s, recorded from individual pontine
neurons for almost 10 years before we realized that
the brainstem had its own switching device for
waking and dreaming and that dreaming had a spe-
cific neurophysiological basis. From these findings,

we constructed our “reciprocal interaction model”,
that posited the level of activation (e.g. wake, NREM,
or REM) was determined by the aforementioned
interaction of pontine cholinergic neurons with
aminergic systems (Figure 1.2) [16,17]. In 1977, we
published our corresponding “activation-synthesis
hypothesis” of the dream process in the American
Journal of Psychiatry [18], 1 month after issuing a
paper that outlined the inaccuracies of Freud’s neuro-
biological assumptions underlying psychoanalytic
dream theory [19]. The activation-synthesis model
proposed that an automatically activated forebrain
synthesizes the dream by comparing information gen-
erated in specific brainstem circuits with information
stored in memory. For the first time in 75 years, an
alternative to Freud’s theory of dreams became avail-
able with this model. The ensuing negative response
from psychoanalytically oriented psychiatrists was
fervent at the time, and this issue is still hotly debated,
reflecting how deep the roots of Freudian psychology
had grown within psychiatry.

Therise of sleep medicine

By the mid-1970s, experimental dream laboratories
were failing, but modern sleep medicine was burgeon-
ing. There was an exponential increase in pharma-
ceutical promotion of hypnotic sedatives and other
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Figure 1.2 The original reciprocal interaction model of
physiological mechanisms determining alterations in activation
level. (a) Structural model of reciprocal interaction. REM on cells of
the pontine reticular formation are cholinoceptively excited and/or
cholinergically excitatory (ACH1) at their synaptic endings. Pontine
REM off cells are noradrenergically (NE) or serotonergically (5HT)
inhibitory [2] at their synapses. (b) Dynamic model. During waking,
the pontine aminergic system is tonically activated and inhibits the
pontine cholinergic system. During NREM sleep, aminergic inhibition
gradually wanes and cholinergic excitation reciprocally waxes. At
REM sleep onset, aminergic inhibition is shut off and cholinergic
excitation reaches its high point. (c) Activation level. As a
consequence of the interplay of the neuronal systems shown in

(@) and (b), the net activation level of the brain (A) is at equally high
levels in waking and REM sleep and at about half this peak level in
NREM sleep. From Hobson JA. A new model of brain mind state:
activation level, input source, and mode of processing (AIM).

In: Antrobus JS, Bertini M, eds. The neuropsychology of sleep and
dreaming. Hillsdale, NJ: Lawrence Erlbaum Associates; 1992; with
permission from Taylor & Francis Group LLC.

psychoactive medications. This movement was helped
by the fact that mental hospitals had already been
dramatically emptied by drugs like chlorpromazine,
first introduced in 1955 just 2 years after the dis-
covery of REM sleep. By 1975, there was intense
competition for market share among the sedative-
hypnotics. A host of designer drugs for schizophrenia
and major affective disorders was also soon
developed. Many of the old dream laboratories of
the 1953-1975 era were thus retooled as drug-testing
laboratories. This influx of pharmaceutical money

helped to maintain laboratory sleep research; how-
ever, commercial influence undoubtedly influenced
some of the science it produced.

Although this was not a focus of their work, Aser-
insky and Kleitman’s original description of REM sleep
included the recognition of concomitant changes in
cardiorespiratory measures. As has been extensively
demonstrated over the past 50 years, virtually every
physiological system of the body undergoes a change
of state over the sleep-wake cycle (see Chapter 3: Neuro-
physiology and neuroimaging of human sleep). Subse-
quent investigation has led to the recognition that such
sleep-related changes may be unhealthy and in some
individuals are clearly pathological. For example,
respiratory commands may not be issued (central sleep
apnea) and/or the commands may become blocked
(obstructive sleep apnea) with deleterious effects on
sleep itself and upon cardiorespiratory functions gener-
ally (see Chapter 7: Sleep-related breathing disorders).

Here again the charismatic leadership of William
Dement in the development of modern sleep medi-
cine must be recognized. In 1970, he founded the
first sleep disorders clinic at Stanford University.
Additionally, he has been instrumental in the growth
and development of the professional and research
societies that are the foundations of sleep medicine
as a field. Today there are more than 1000 sleep
medicine laboratories world wide and sleep-related
medical problems are now increasingly recognized
and treated. Very recently, the Accreditation Council
for Graduate Medical Education (ACGME) has
acknowledged sleep medicine as a distinct subspe-
cialty, and begun accrediting training fellowships in
clinical sleep medicine. However, despite the growth
of sleep medicine as a discipline, there continues to
be a dearth of education and training in sleep and
its disorders, particularly among psychiatrists-in-
training [20].

As an interdisciplinary medical specialty, sleep
medicine has had numerous psychiatrists contribute
to the field, many of whom have provided chapters
for this volume. More comprehensive reviews of the
history of sleep medicine are available elsewhere
[21,22]. But the sleep medicine movement, as import-
ant as it is, has to date, unfortunately contributed little
or nothing to the solution of the mind-body problem
within psychiatry.

I would argue that the ultimate goal of psychiatry
must be the pursuit of an integrative science of human
consciousness. Of course, we want to understand the
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biological mechanisms underlying behavioral neuro-
science. Why does a person - or a snail - investigate
or withdraw from an object and what molecular pro-
cesses underlie these behaviors? But the field has
larger, more complex questions it must seek to answer.
How can awareness arise from perception? How does
learning become recollection? How does language
arise? Although these are daunting questions, I believe
that sleep and dream research will allow some of these
questions ultimately to be answered.

The AIM model

As the reciprocal interaction and activation-synthesis
hypotheses evolved, they metamorphosed into the
AIM model based on findings in sleep and dream
research [23]. Basic sleep research has identified three
factors that interact to determine brain-mind state.
Whether we are awake (with waking consciousness),
in NREM asleep (with little or no consciousness), or
in REM asleep (with dream consciousness) depends
upon: (1) activation level (A) (which is high in wake
and REM); (2) input-output gates (I) (which are open
in wake but closed in REM); and (3) aminergic modu-
latory ratio (M) (which is high in wake and low in
REM). Thus, the AIM (Activation, Input Source, and
Modulation) model proposes that conscious states
can be defined and distinguished from one another
by the values of these three parameters. The three
factors can be used to construct a three-dimensional
AIM state space as shown in Figure 1.3. Waking,
NREM, and REM occupy discreetly different domains
in the state space. The wake-NREM-REM sleep cycle
is seen as an elliptical trajectory in the state space with
time as a fourth dimension.

The basic neurophysiology that occurs during
the three AIM domains of waking, NREM, and REM
sleep is shown in Figure 1.4. During REM, not only
do external input-output gates close, but REM
is also characterized by very strong internal stimuli
generated via ponto-geniculo-occipital (PGO) waves
[24,25,26,27]. These electrical impulses arise in the
pons, then travel to the lateral geniculate and to
the visual cortex. It is this distinctive, internally gener-
ated pseudo-sensorimotor stimulation that most dir-
ectly supports the hypothesis that REM sleep dreaming
is a protoconscious rather than an unconscious state.
Not only is the brain activated and kept offline [28,29],
but it autoactivates in such a way as to impressively
simulate waking. Although inhibited, this system is
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Figure 1.3 AIM model. In this figure, the fully alert, wake state is
depicted in the upper right corner of the back plane of the cube.
This corresponds to maximal levels of brain activation (right surface
of cube), maximal external input sources with minimal internal
sources (back surface), and maximal aminergic and minimal
cholinergic neuromodulation (top surface). Cognitively, this
corresponds to alertness with attention focused on the outside
world. In the center of the cube lies deep NREM sleep, with low
levels of brain activation, intermediate levels of both aminergic and
cholinergic neuromodulation, and minimal levels of both external
and internal input. In this state, the mind tends towards
perseverative, non progressive thinking with minimal hallucinatory
activity, and this is reflected in the brevity and poverty of NREM
sleep reports. As cholinergic modulation increases and aminergic
modulation decreases, the modulatory function falls to its low point.
The brain mind, however, regains waking levels of activation and
moves from NREM into REM sleep. AIM (here referring to the brain’s
location in the AIM state space) moves to the bottom front edge of
the cube, with input now internally driven (front surface) and
neuromodulation predominantly cholinergic (bottom surface). Note
the paradox that instead of moving to the left surface of the cube
to a position diametrically opposed to waking  brain activation
returns to waking level. This forces AIM to the right surface of the
cube. As a result the mind is alert, but because it is demodulated and
driven by powerful internal stimuli, it becomes both hallucinatory
and unfocused. REM sleep'’s deviation from the main diagonal axis
provides a visual representation of the distinctively unique
phenomenology of REM sleep and shows why that state favors
dreaming. Reprinted by permission from Macmillan Publishers Ltd:
Nature Reviews Neuroscience (Hobson JA, Pace Schott EF. The
cognitive neuroscience of sleep: neuronal systems, consciousness
and learning. 2002;3(9):679 693), copyright 2002.

also presumably used during waking to provide the
brain with a model of the external world against which
it compares inputs. I would hypothesize that waking
provides this system with data, which it processes
throughout life as dream content.

Dream consciousness

The Freudian in all of us still tends to regard dream-
ing as an unconscious mental activity. Even if we set
aside psychoanalytic ideas about repressed infantile



Chapter 1: Sleep medicine and psychiatry

Activation
Prefrontal cortex deactivated
Parietal operculum LVolition
7 Visuospatial linsight & judgement
imagery {Working memory

Activates reticular formation
Activates PGO system
Activates cholinergic system

1 Emotion
1 Remote memory

Input Source

Fictive visual &

Occiptal
motor data generated

cortex

Real world data unavailable

Real action impossible

Modulation Aminergically demodulated

1 Recent memory
{ Orientation

FPons

Aminergic neurons off
UNE | 5-HT
Cholinergic neurons on
L ACh

Thalamus. basal forebrain & Amygdala
Cholinergically modulated

wishes, their disguise, and their censorship, we still
conceptualize dreaming as an unconscious process.
Within this paradigm, dreaming, in its mysterious

Figure 1.4 Physiological signs and
regional brain mechanisms of REM sleep
dreaming separated into the activation (A),
input source (I), and modulation (M)
functional components of the AIM model.
Dynamic changes in A, |, and M during
REM sleep dreaming are noted adjacent
to each figure. Note that these are highly
schematized depictions which illustrate
global processes and do not attempt to
comprehensively detail all the brain
structures and their interactions which may
be involved in REM sleep dreaming. From
Hobson JA, Pace Schott EF,

Stickgold R. Dreaming and the brain:
toward a cognitive neuroscience of
conscious states. Behav Brain Sci. 2000
Dec;23(6):793 842, 2001;

© Cambridge Journals, reproduced with
permission.

folds, contains insights about our secret selves dis-
cernible only through diligent study. Even if Freud
was wrong about some of the details, most of



Section I: Overview

psychiatry assumes he was right in this central
hypothesis that dreaming is an unconscious process.

I would argue that this dogma has outlived its
utility. If dreaming is not so much unconscious
mental activity in a Freudian sense but is, instead,
an intensely conscious experience that is not remem-
bered, our theoretical perspective changes dramatic-
ally. Dream consciousness is vivid and distinctive, of
that we can be sure, given our occasional recollection
of it. Interestingly, despite the nearly 2 hours of REM
sleep that occurs in a healthy adult each night, our
recall of dreams comes nowhere near this amount.
I argue that this discrepancy is not due to repression,
but rather to the fact that the majority of dreaming
(whether it occurs in REM sleep, NREM sleep, or at
sleep onset) is forgotten. But if dreaming isn’t disguis-
ing repressed infantile wishes, then what is it doing?

My heretical answer to this question is that
dreaming is doing crucially important mental work.
The mental work done by dream consciousness is far
more important to waking consciousness than mere
protection from unconscious infantile wishes as
Freud suggested. I propose that dreaming is con-
stantly serving consciousness in a variety of positive
and progressive ways.

Aserinsky and Kleitman revisited:
REM sleep and immaturity

The reason that Aserinsky stumbled onto REM sleep
in the first place is because he was studying children
who were bored and fell asleep and, fortunately,
REM sleep occurs closer to sleep onset in the young.
Not only does it occur at sleep onset but it occupies a
greater proportion of a greater amount of sleep in
the younger the child. The newborn human infant
spends 50% of its sleep time in REM. Since infants
sleep 16 hours per day, they achieve nearly 8 hours
of REM sleep per day! With prematurity, these num-
bers increase further, until at 30 weeks of gestation,
the human fetus spends 24 hours/day in a brain-
activated state that is something more like REM sleep
than wakefulness or NREM. Thus, I would argue
that REM sleep in infancy serves brain development
in the specific enhancement of cognition and
consciousness.

This over-commitment to REM sleep by immature
animals has not gone unnoticed. Howard Roffwarg,
Joseph Muzio, and William Dement theorized in
1966 that REM favored development of the visual

system [30]. Given the REM periods themselves, the
PGO waves, and the intensely visual quality of dreams,
I have always liked this idea and regret that it never
received its day in scientific court. But I suspect the
developmental hypothesis of Roffwarg and colleagues
was too modest. I would argue that it is not just vision,
but consciousness itself that is the functional benefi-
ciary of REM sleep.

Developmental considerations

Brain development proceeds, up to a point, under
genetic guidance. Chemical flavors are designated
and neuronal addresses are specified by the genome.
When cholinergic and aminergic neurons meet in the
pontine brainstem they interact automatically and
spontaneously. When the cholinergic system is dom-
inant as it is in REM, the brain is activated in one
specific mode and when the aminergic system is
dominant as in waking, it is activated in another
specific mode. According to this theory, the aminer-
gic system must develop later than the cholinergic
system since waking consciousness follows dream
consciousness by weeks or even months.

Although antecedence does not guarantee causal-
ity, this temporal sequence means that REM sleep
could be a protoconscious state. What is meant by
the term protoconsciousness? First, it means that a
primitive sense of self could be instantiated. To para-
phrase Descartes, my brain is activated, therefore
I am. When my self (or ego) is activated, I move.
My self is therefore an agent. This is point two.
According to Rodolfo Llinds, agent-initiated move-
ment is instantiated early in development [31]. Not
only does the self-organized autoactive brain instanti-
ate agent-initiated movement but it simulates both
the sensory and emotional concomitants of that activ-
ity. These are points 3 and 4. REM sleep creates a self
that acts, and feels, in a virtual world.

REM sleep and the binding problem

One of the most remarkable aspects of waking con-
sciousness is its unity. Consciousness integrates a vast
panoply of information into what seems to us to be a
simple and continuous flow of awareness. Strands of
data from the outside world, from our bodies, and our
very complex selves are woven together into a single
piece. Our subjectivity may be conflicted but it is
always unified. Such an effect can only be achieved
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by the binding of multiple neuronal representations
into an integrated whole. Rather than assuming that
numerous neural pathways pump all of this informa-
tion into a single place in the brain, it has been
proposed that it is the synchrony of disparate brain
parts that is the substrate of binding. Now we know
that, in addition to synchrony, the brain utilizes modu-
latory chemistry to achieve the widespread harmony
necessary to binding.

According to protoconsciousness theory, REM
sleep serves binding automatically and spontaneously.
No supervision is needed. And according to this new
theory, all mammals that have REM sleep have proto-
consciousness. When they wake up, they have varying
degrees of what Gerald Edelman calls primary con-
sciousness [32]. According to the complexity of their
brains, they may also achieve some degree of secondary
consciousness. But, as far as we know, only humans have
directed thought, propositional intent, and awareness-
of-awareness. This sophisticated adaptation is presum-
ably dependent on the acquisition of symbolic language.

The interaction of dreaming
and waking consciousness

Protoconsciousness develops first, even before birth.
There follows, especially in humans, a prolonged
period in which waking consciousness develops. It is
an explicit tenet of the protoconsciousness hypothesis
that dreaming and waking consciousness develop
together and that each of the two states enriches the
other. Furthermore, it is proposed that the two states
may interact negatively in the production of psychotic
states such as the organic mental syndrome, schizo-
phrenia, and major affective disorder.

Since REM sleep brain activation precedes waking
(and may occur before even birth), it follows that
while it may instantiate self, self-as-agent, movement,
sensation, and emotion, it could not support dream-
ing as we know it in adults. For adult dreaming to
occur, specific content information would need to be
gleaned in waking and cognitive capacity would
need to evolve, as it clearly does, accounting for
the fact that adult dreaming does not occur before
ages 6-8 [33]. Another empirical example of this
principle is the vision-free dreaming of the congeni-
tally blind person. Vice versa, in order for a normal
person to see, in either waking or dreaming con-
sciousness, the contentless formal frame supplied by
REM sleep brain activation is essential.

The emerging picture is of a two-way street: REM
sleep brain activation provides the formal substrate
for waking consciousness and waking consciousness
provides the perceptual building blocks for dream
consciousness.

Summary and conclusions

Psychiatry was born when moral and medical forces
combined to separate the mentally ill from common
criminals and other social undesirables. In the
beginning, the medical model prevailed but no
bacteria, no viruses, and no malformations were
found in the brains of the vast majority of the
severely mentally ill.

Frustration with the organic orientation of the
field contributed to the uncritical acceptance of the
psychoanalytic psychology of Sigmund Freud who
based much of his speculation on the assumption that
dreaming was an unconscious mental process inimi-
cal to waking consciousness. This point of view
gained ascendance in the first half of the twentieth
century and continues to have support within psycho-
analytic circles.

The discovery of REM sleep, and its association
with dreaming by Aserinsky and Kleitman in 1953,
was first greeted by many in the psychiatric commu-
nity as an opportunity to confirm Freud. But as the
second half of the twentieth century evolved, it
become more and more clear that REM sleep likely
has biological significance that transcends dreaming.
During this same period, the field of sleep medicine
exponentially developed, with many biologically
oriented psychiatrists contributing significantly to
this nascent medical specialty.

Significant progress in basic sleep and dreaming
research has vyielded new insights previously
unimaginable at the dawn of psychiatry. Now, in the
twenty-first century, psychiatric sleep medicine con-
tinues to move forward with developments in sleep
genetics, bioenergetics, neurophysiology, and neuro-
pharmacology. Within modern paradigms, it seems
more likely that REM sleep (and dreaming) are the
handmaidens of waking consciousness, rather than
the “royal road to the unconscious” as previously
envisioned by Freud. I suggest that REM sleep comes
to support protoconsciousness (and dreams) in a way
that is specific and dynamic. It is possible that further
consideration of the connection between REM sleep
dreaming and waking consciousness will yield the
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brain-mind integration necessary to a truly scientific
psychiatry. This theory is developed in more detail in
a recent manuscript [34].

It is thus my deeply held belief that psychiatry
might well come of scientific age through an integra-
tion of basic research of sleep, dreams, and con-
sciousness. By this surprising means, it may be
possible for psychiatry not only to contribute to,
but also to profit from, a specific model of brain-
mind integration that could account for both normal
and abnormal mental states.

References

1. Kraeplin, E. Dementia praecox and paraphrenia.
Translated by R. Mary Barclay. Edited by George M.
Robertson. Huntington, NY: R. E. Krieger Pub. Co;
1971.

2. Bleuler E. [Dementia precox, oder die Gruppe der
Schizophrenien]. In: Aschaffenburg G, ed.
Aschaffenburg, handbuch der psychiatrie. Leipzig:
Franz Deuticke; 1911.

3. Freud S. The interpretation of dreams. In: Strachey J,
ed. The standard edition of the complete psychological
works of Sigmund Freud, Vols. 4 and 5. London:
Hogarth Press; 1953.

4. Freud S. Project for a scientific psychology. New York:
Standard Edition; 1895.

5. Aserinsky E, Kleitman N. Regularly occurring periods
of ocular motility and concomitant phenomena during
sleep. Science. 1953;118:361 375.

6. Dement W, Kleitman N. The relation of eye
movements during sleep to dream activity: An
objective method for the study of dreaming. J Exp
Psychol. 1957;53:339 346.

7. Dement W, Kleitman N. Cyclic variations in EEG
during sleep and their relation to eye movements, body
motility, and dreaming. Electroencephalogr Clin
Neurophysiol. 1957;9(4):673 690.

8. Dement W. The effect of dream deprivation. Science.
1960;131:1705 1707.

9. Kales A, Hoedemaker F, Jacobsen A, et al. Mentation
during sleep: REM and NREM recall reports. Percept
Mot Skills. 1967;24:556 560.

10. Dement W. The occurrence of low voltage, fast,
electroencephalogram patterns during behavioral sleep
in the cat. Electroencephalogr Clin Neurophysiol. 1958;
10(2):291 296.

11. Moruzzi M, Magoun HW. Brainstem reticular
formation and activation of the EEG.
Electroencephalogr Clin Neurophysiol. 1949;1:
455 473,

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Jouvet M. Research on the neural structures and
responsible mechanisms in different phases of
physiological sleep. Arch Ital Biol. 1962;100:125 206.

Jouvet M, Michel F. Electromyographic correlations
of sleep in the chronic decorticate & mesencephalic
cat. C R Seances Soc Biol Fil. 1959;153(3):422 425.

Dahlstrom A, Fuxe K. Evidence for the existence of
monoamine containing neurons in the central nervous
system. I. Demonstration in the cell bodies of brain stem
neurons. Acta Physiologica Scandinavica. 1964;62:1 55.

Jouvet M. Biogenic amines and the states of sleep.
Science. 1969;163(862):32 41.

Hobson JA, McCarley RW, Wyzinski PW. Sleep cycle
oscillation: reciprocal discharge by two brain stem
neuronal groups. Science. 1975;189:55 58.

McCarley RW, Hobson JA. Neuronal excitability
modulation over the sleep cycle: a structural and
mathematical model. Science. 1975;189:58 60.

Hobson JA, McCarley RW. The brain as a dream state
generator: an activation synthesis hypothesis of the dream
process. Am J Psychiatry. 1977;134(12):1335 1348.

McCarley RW, Hobson JA. The neurobiological
origins of psychoanalytic dream theory.
Am ] Psychiatry. 1977;134:1211 1221.

Krahn LE, Hansen MR, Tinsley JA. Psychiatric
residents’ exposure to the field of sleep medicine:
a survey of program directors. Acad Psychiatry.
2002;26(4):253 256.

Shepard JW Jr, Buysse DJ, Chesson AL Jr, et al. History
of the development of sleep medicine in the United
States. ] Clin Sleep Med. 2005;1(1):61 82.

Dement WC. History of sleep medicine. Sleep Med
Clinics 2008;3(2):147 156.

Hobson JA, Pace Schott EF, Stickgold R. Dreaming
and the brain: toward a cognitive neuroscience of
conscious states. Behav Brain Sci. 2000;23(6):793 842.

Brooks DC, Bizzi E. Brain stem electrical activity
during deep sleep. Arch Ital Biol. 1963;101:648 665.

Bowker RM, Morrison AR. The startle reflex and PGO
spikes. Brain Res. 1976;102(1):185 190.

Lydic R, McCarley RW, Hobson JA. Serotonin neurons
and sleep. II. Time course of dorsal raphé discharge,
PGO waves, and behavioral states. Arch Ital Biol. 1987;
126(1):1 28.

Nelson JP, McCarley RW, Hobson JA. REM sleep burst
neurons, PGO waves, and eye movement information.
J Neurophysiol. 1983;50(4):784 797.

Pompeiano O. The neurophysiological mechanisms
of the postural and motor events during
desynchronized sleep. Res Publ Assoc Res Nerv Ment
Dis. 1967; 45:351 423.



Chapter 1: Sleep medicine and psychiatry

29.

30.

31.

Chase MH, Morales FR. Subthreshold excitatory activity
and motorneuron discharge during REM periods of
active sleep. Science. 1983;221(4616):1195 1198.

Roffwarg HP, Muzio JN, Dement WC. Ontogenetic
development of the human sleep dream cycle. Science.
1966;152(3722):604 619.

Llinas R. I of the vortex: from neurons to self.
Cambridge, MA: MIT Press; 2001.

32.

33.

34.

Edelman GM. Bright air, brilliant fire: on the matter of
the mind. New York: Basic Books; 1992.

Foulkes D. Childrens’ dreaming and the development
of consciousness. Cambridge: Harvard University Press;
1999.

Hobson JA. REM sleep and dreaming: towards a
theory of protoconsciousness. Nat Neurosci Rev. 2009;
10: 803 814.

11






Normal Sleep

Section Il
Chapter

4 and wakefulness

Introduction

In recent years, loss of sleep has increasingly been
recognized as a major public health issue (for review
and discussion, see http://healthysleep.med.harvard.
edu/ and [1,2]). Sleep disturbance due to vocational
demands, such as that experienced by shift workers,
physicians, nurses, and emergency responders, may
contribute to decreased work performance, as well as
increased accident rates. Furthermore, sleep disorders,
such as obstructive sleep apnea, insomnia, narcolepsy,
and restless legs syndrome, affect millions of people.
In addition, many psychiatric illnesses, such as depres-
sion, anxiety, and post-traumatic stress disorder, are
associated with sleep disturbance.

Investigations conducted largely in the last century
revealed multiple brain systems responsible for the
states of wakefulness, rapid eye movement (REM) sleep,
and non-REM (NREM) sleep. Transitions between
these vigilance states involve neural systems of intercon-
nected brain regions and neurotransmitters. In recent
years, knowledge of vigilance state regulation has pro-
gressed considerably due to new techniques, including
pharmacological, lesioning, electrophysiological, and,
most recently, molecular-level technologies. This
chapter will review both the neurobiological mechan-
isms generating these different behavioral states, as well
as the factors (homeostatic and circadian) that influence
their timing.

This chapter will begin with an overview of the
neural systems involved in vigilance state regulation.
This will include a description of relevant brain
regions/nuclei, as well as the neurotransmitters
involved. We will describe the flip-flop hypothesis
of sleep/wake regulation, as well as the reciprocal

Neuroanatomy and neurobiology of sleep

James T. McKenna, Ritchie E. Brown and Robert W. McCarley

interaction model of REM sleep regulation. The two-
process model of sleep regulation will then be
explained, describing the interaction of process S (the
homeostatic drive to sleep) and process C (the circa-
dian drive to sleep). This discussion will include a
description of a homeostatic sleep regulator; namely,
the purine adenosine. Process C will be described,
including a description of the brain nuclei and neural
systems involved in circadian rhythmicity, including
the suprachiasmatic and dorsomedial hypothalamic
nuclei. Furthermore, we will review the proposed
mechanism by which circadian rhythmicity occurs
in the suprachiasmatic nucleus, involving a complex
interaction of genes.

To help orient the reader to the systems import-
ant in maintaining each behavioral state, we first
present an anatomical schematic of their location
(Figure 2.1a), followed by figures specifically indicat-
ing the regions important in promoting wakefulness
(Figure 2.1b), NREM sleep (Figure 2.1c), and REM
sleep (Figure 2.1d). Figure legends for Figures 2.1b,
2.1c, and 2.1d describe the transmitter(s) important
for each state. Most of the investigations reviewed in
this chapter and, in turn, most of our knowledge of
sleep/wakefulness regulation is derived from animal
models, usually rodent, feline, or canine. Many of
the nuclei to be described are anatomically inter-
connected, acting synergistically in vigilance state
regulation. Interestingly, the majority of studies
employing lesioning of wakefulness- and sleep-related
nuclei have found only minor effects on the sleep-
wake cycle, likely due to redundancy within the
neuroanatomical circuitry involved in vigilance state
regulation.

Foundations of Psychiatric Sleep Medicine, ed. John W. Winkelman and David T. Plante. Published by Cambridge University Press.

(© Cambridge University Press 2010.
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Figure 2.1 A schematic overview of the neural systems involved in vigilance state regulation. (a) Sagittal view of the rat brain (adapted
from [3]) depicts nuclei and brain regions involved in vigilance state regulation (wakefulness, NREM sleep, and REM sleep) and circadian
rhythmicity. In Figures 1b d, active regions during the vigilance states are highlighted in red. (b) Nuclei that promote wakefulness, as well as
regions activated during wakefulness, include: basal forebrain (BF) cholinergic, GABAergic, and putatively glutamatergic; dorsal raphe (DR)
serotonergic; lateral hypothalamus (LH) orexinergic; locus coeruleus (LC) noradrenergic; pedunculopontine/laterodorsal tegmental (PPT/LDT)
cholinergic; reticular formation glutamatergic; substantia nigra (SN) dopaminergic; tuberomammillary (TMN) histaminergic; and ventral
tegmental area (VTA) dopaminergic nuclei. Thalamocortical and basal forebrain activity produces the EEG profile indicative of wakefulness.
(o) Nuclei that promote NREM sleep include GABAergic neurons in the ventrolateral preoptic (VLPO) and median preoptic (MnPN) nuclei.
Furthermore, the homeostatic sleep regulator adenosine acts to inhibit wake promoting BF neurons. The reticular nucleus of the thalamus
(RET) is responsible for NREM sleep phenomena such as sleep spindles. (d) Nuclei that promote REM sleep include the pedunculopontine/
laterodorsal tegmental nuclei (PPT/LDT), where unique "REM on" neurons are located. The sublaterodorsal nucleus (SLD) also promotes
REM sleep phenomena, including muscle atonia, by means of circuitry involving the spinal cord. The supramammillary nucleus (SUM) and
medial septum of the basal forebrain (BF) are part of the circuitry responsible for theta rhythmicity in the hippocampus, which is indicative
of REM sleep. Abbreviations: 3V, third ventricle; 4V, fourth ventricle; DMH, dorsomedial nucleus of the hypothalamus; SCN, suprachiasmatic

nucleus. See plate section for color version.

Neural systems involved in vigilance
state regulation: wakefulness

Electrical activity of the human brain was first suc-
cessfully recorded by the psychiatrist Hans Berger
in the late 1920s [4]. He noted that the profile of
“electroencephalograms” changed across the vigilance
states. In the 1930s, investigations further described
the electroencephalogram (EEG) profile of the sleep-
ing brain [5,6]. Wakefulness is characterized by a cor-
tical EEG profile of low-voltage, fast/high-frequency

field potentials of the alpha (8-12Hz), beta
(12-20Hz), high beta (20-30Hz), and gamma
(>30Hz, usually about 40 Hz) spectral range. How-
ever, theta (4-8 Hz) frequency activity is often also
recorded in association with movement, attentional
tasks, and mnemonic processing. Furthermore, wake-
fulness is usually accompanied with relatively high
muscle tone and movement, evident in EMG (electro-
myogram) and EOG (electrooculogram) recordings.
In contrast, NREM sleep exhibits higher voltage/
lower frequency field oscillations, accompanied by
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little movement. During REM sleep, the cortical EEG
profile returns to low-voltage/high-frequency activity,
but is accompanied by an overall lack of movement
and postural tone. A more detailed review of the EEG/
EMG profile of NREM and REM sleep is provided
later in this chapter.

Baron Constantin Von Economo studied the
worldwide flu epidemic in the late 1920s, and
observed that in patients who developed encephalitis
lethargica, a neuropsychiatric disorder characterized
by either severe insomnia or hypersomnia, the anter-
ior hypothalamus was damaged in the post-mortem
tissue of patients that had suffered from insomnia;
whereas damage posterior to the hypothalamus at the
junction of the forebrain and brainstem was identified
in patients that exhibited excessive sleepiness [7].
Therefore, he concluded that the brain’s sleep-
inducing regions were located in the anterior hypo-
thalamus, and wakefulness-promoting regions were
located in the posterior hypothalamus. As described
below in the review of NREM sleep mechanisms of
this chapter, Von Economo’s hypotheses were largely
correct.

In the 1930s, Frederick Bremer performed seminal
studies of EEG activity in the cat [8,9]. In one prepar-
ation, termed encephale isolé, a cut was made in the
lower part of the medulla. In the other preparation,
termed cerveau isolé, a cut was made at the junction of
the midbrain and the brainstem. Interestingly, the
encephale isolé preparation allowed a continual pres-
ence of EEG activity reflecting the fluctuation between
wake and sleep activity. In the second cerveau isolé
preparation, though, the cat EEG profile remained in
a constant sleep-like state. Therefore, it was concluded
that sleep involved a deafferentation of the cerebral
cortex.

Following the seminal work of Bremer, Moruzzi
and Magoun reported that electrical stimulation of
the brainstem reticular formation (RF) produced a
cortical EEG profile indicative of wakefulness [10].
These findings lead to the concept of the reticular
activating system (RAS), comprised of the reticular
formation and its connections, which generate wake-
fulness (for review, see [11]). Subsequent investiga-
tions have revealed that the RAS is composed of a
dorsal and ventral arousal pathway. The dorsal
arousal pathway is composed of select nuclei in the
brainstem, particularly the pontine oralis and mesen-
cephalic RF, that project to midline thalamic nuclei,
which subsequently have widespread projections

throughout the neocortex. The ventral arousal path-
way, initially identified by Von Economo, includes
projections from the RF to the basal forebrain and
posterior hypothalamic regions, which then influence
cortical EEG activation by means of projections to the
neocortex that bypass the thalamus [11,12,13]. Initial
projections of both the dorsal and ventral branches of
the ascending arousal systems are largely glutamater-
gic, as are the related thalamic and a portion of the
basal forebrain projections to the cortex. Additionally,
the ventral arousal pathway involves a number of
neurotransmitter systems besides glutamate, includ-
ing acetylcholine, norepinephrine, serotonin, hista-
mine, and orexin (also known as hypocretin), that
are involved in the generation and maintenance of
wakefulness.

Acetylcholine

Acetylcholine not only plays a critical role in para-
sympathetic and neuromuscular junctions [14], but
also in the control of vigilance states. Two brain
regions rich in cholinergic neurons are of particular
importance in both the dorsal and ventral branches of
the RAS. The first region is the basal forebrain (BF,
Figure 2.1), including the medial septum/vertical
limb of the diagonal band of Broca, the horizontal
limb of the diagonal band, magnocellular preoptic
nucleus, substantia innominata, and nucleus basalis.
A second region of interest is located in the midbrain
tegmentum, distributed across the laterodorsal teg-
mental (LDT) and pedunculopontine tegmental
(PPT) nuclei (see Figure 2.1).

Neuroanatomical studies have defined the BF,
including cholinergic neurons, as a principal relay
for ascending activation of neocortical regions in the
ventral arousal pathway. Double-labeling experiments
(employing immunohistochemistry techniques to
determine the cholinergic phenotypes of BF neurons,
in combination with retrograde tract tracing tech-
niques) have demonstrated BF cholinergic projections
to widespread cortical regions [15,16]. This technique
has also been used to describe the more specific pro-
jections of the medial septum/vertical limb of the
diagonal band of Broca to the hippocampus, includ-
ing both GABAergic and cholinergic input
(for review, see [17,18]). These septo-hippocampal
projections are part of the brain circuitry involved
in the generation of the EEG theta wave, recorded
in the hippocampus during REM sleep, as well as
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during movement and specific mnemonic/cognitive
tasks in waking.

Immunohistochemical detection of the protein
c-Fos may be employed to indicate neuronal acti-
vation, where c-Fos immunohistochemical staining
following sacrifice of the animal reflects neuronal
subpopulation activation within the preceding
hour [19,20]. These studies described a subpopulation
of BF cholinergic neurons that express the c-Fos pro-
tein during sleep deprivation [21,22,23], in contrast to
little co-localization following sleep deprivation
recovery (when sleep rebound occurred) or natural
spontaneous sleep. Overall, c-Fos protein expression
in the cholinergic neurons of BF increased as the
percentage of time awake in the hour prior to sacrifice
increased. This observation is consistent with a role
for BF cholinergic neurons in promoting cortical
activation. Although the documentation of c-Fos
and other immediate early gene protein expression
is useful, it is not necessarily a faithful representation
of neuronal discharge. For example, spinal alpha
motor neurons do not express c-Fos with discharges,
and c-Fos may reflect calcium influx even without
discharge. It is thus important to realize c-Fos evi-
dence is provisional and needs to be confirmed by
electrophysiological recordings, as is discussed in a
recent review [24].

Electrophysiological and pharmacological studies
confirm the particular role of acetylcholine in cortical
EEG activation [11,25]. Single unit recordings revealed
that neurons in the BF, LDT, and PPT regions were
more active during wakefulness, when compared to
NREM sleep [25,26,27]. Subsequent investigations
described BF neurons, determined to be cholinergic by
means of post hoc juxtacellular labeling, which increased
firing during cortical activation [28,29]. These choliner-
gic neurons discharged in rhythmic bursts in associ-
ation with wakefulness-related cortical EEG theta and
gamma wave activity [30]. Also, inactivation of BF by
lesioning of cell bodies, sparing fibers of passage,
decreases wakefulness [11]. Although acetylcholine
is a crucial neurotransmitter in the arousal mechanism,
it is also important to recognize that BF GABAergic
and glutamatergic neurons also play a role in cortical
activation [31,32,33].

Unlike other wakefulness-related neurotransmit-
ter systems that are described in this chapter that are
typically decreased in both NREM and REM sleep,
the highest levels of acetylcholine in the cortex and
thalamus occur during both wakefulness and REM

sleep, implicating acetylcholine as an important
neurotransmitter in REM sleep regulation [34]. BF
projections provide the cholinergic innervation of
the neocortex, while LDT/PPT projections provide
cholinergic innervation of thalamic regions involved
in the dorsal arousal pathway. Electrophysiological
studies demonstrated increased neuronal firing
in BF and LDT/PPT during wakefulness and REM
sleep [26,27,29]. The role of acetylcholine in
REM sleep control will be further discussed in the
following sections.

Serotonin

Several midbrain/brainstem regions rich in serotonin
(5-HT), i.e. the dorsal, median, magnus, obscurus, and
pallidus raphe nuclei [35,36], are involved in vigilance
state regulation. Serotonin plays a complex role in vigi-
lance state regulation, due to its actions in different
brain regions, as well as the complexity of the multiple
serotonergic auto- and heteroreceptors distributed
throughout the arousal circuitry. Serotonergic neurons
send projections to many areas involved in vigilance
state regulation. These neurons are most active during
wakefulness, have considerably decreased firing during
NREM sleep, and cease activity during REM sleep
[37,38]. Correspondingly, 5-HT levels in various brain
regions, including the neocortex, significantly rise
during wakefulness, and decrease considerably during
NREM and REM sleep [39,40].

Recent neurochemical and electrophysiological
investigations conclude that serotonin promotes
wakefulness and inhibits REM sleep, complementing
the action of noradrenergic and histaminergic
systems. This contrasts with early studies which sug-
gested a sleep-promoting role for serotonin, based
mainly on experiments which showed that depletion
of serotonin by means of p-chlorophenylalanine
(PCPA) led to insomnia [41,42]. Amounts of REM
sleep increased following specific serotonergic inhib-
ition by means of injection of 8-OH-DPAT into the
dorsal raphe nucleus (acting on the 5-HT, 4 inhibitory
autoreceptor) [43,44]. Furthermore, infusion of
8-OH-DPAT in the median raphe nucleus promoted
hippocampal theta activity [45,46].

Recent studies in mice have reinforced the
hypothesis that serotonin is involved in both depres-
sion and sleep. In the serotonin transporter knock-
out mouse, extracellular serotonin levels were
significantly elevated, REM sleep was enhanced,
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and these animals exhibited depression-like behavior
[47,48,49,50]. The seemingly paradoxical increase
in REM sleep in these knock-out mice is likely due
to compensatory developmental adaptations in these
animals, such as downregulation of the 5-HT} 4 recep-
tor (which normally inhibits REM sleep) on choliner-
gic neurons in response to the enhanced serotonergic
tone. Blockade of the 5-HT 4 receptor early in devel-
opment reversed such phenomena in the knock-
out mouse [51]. Furthermore, neonatal treatment
of normal (non-knock-out) female mice with the
selective serotonin reuptake inhibitor, escitalopram,
induced depression- and anxiety-like behavior, as well
as an increase in REM sleep [52].

Noradrenaline (NA)

The locus coeruleus, located bilaterally in the
dorsolateral pons, contains a large group of noradren-
ergic neurons. Similar to serotonergic neurons,
noradrenergic neurons of LC project to widespread
areas of the neuraxis, and are most active during
wakefulness, minimally active during NREM sleep,
and cease activity during REM sleep [53,54,55].
Non-specific lesions of the LC lead to a minimal
decrease in wakefulness behavior and attenuation of
the cortical EEG indicative of wakefulness [56]. This
may be due to the redundancy of systems involved in
vigilance state regulation, for the many wakefulness-
related neurotransmitter systems described here act
similarly on the brain nuclei comprising the dorsal
and ventral arousal pathways, as well as in the cortex.
Emotional states that involve an increase of NA activ-
ity (e.g. stress) may lead to overexcitation of arousal
regions, causing vigilance state dysregulation, such as
that seen in insomnia [57].

Interestingly, the actions of NA may be either
excitatory or inhibitory, depending on the type of
adrenoreceptor on the efferent neurons of interest.
Overall, it appears that NA projections to nuclei of
arousal systems in the brainstem, BF, and spinal cord
are excitatory, acting on alpha 1 receptors [58,59]. In
contrast, noradrenergic projections to sleep-related
neurons, such as preoptic region neurons (to be
reviewed later), as well as noradrenaline neurons
themselves, and LDT/PPT neurons, are inhibitory,
acting on alpha 2 receptors [60,61]. In particular,
noradrenergic LC neurons may be involved in main-
taining muscle tone during wakefulness (to be
reviewed later).

Dopamine

It is unclear what role, if any, dopamine (DA) plays in
vigilance state regulation. Substantia nigra and mid-
brain dopaminergic neurons project to wakefulness-
related brain regions, including BF and prefrontal
cortex [62,63]. These neurons fire in bursts, correlated
to arousal and reward [64]. Single-unit recordings
in the substantia nigra and ventral tegmental area,
though, were not able to determine firing rate fluctu-
ation between wakefulness versus sleep states [65].
Recently, another group of dopaminergic neurons in
the ventral periaqueductal gray (VIPAG) was described,
where c-Fos protein expression correlated most strongly
with wakefulness [66]. These neurons were located near
the dorsal raphe nucleus, interspersed with serotonergic
wakefulness-active cells, and projected to many of
the wakefulness-related nuclei. Further investigations,
including electrophysiological profiling of these
neurons, will allow conclusive evidence of a role these
neurons may play in vigilance state regulation. Interest-
ingly, drugs that block the reuptake of DA and NA
and thus enhance dopaminergic and noradrenergic
release, such as cocaine and amphetamine, are usually
associated with stimulatory effects. Additionally, DA-
stimulating compounds are used to treat disorders of cen-
tral hypersomnolence such as narcolepsy (see Chapter 9:
Hypersomnias of central origin) [67,68].

Histamine

Older generation antihistamines, known to cross the
blood/brain barrier, have sedating effects, acting as
antagonists largely on the histamine 1 (H1) receptor
of wakefulness-related nuclei [69]. Histaminergic
neurons are located in the tuberomammillary nucleus
of the posterior hypothalamus (TMN), and project to a
number of the arousal-related brain nuclei, as well as
directly to the cortex [70,71]. The discharge profile of
these neurons matches that of noradrenergic and sero-
tonergic neurons, where most action potential firing
occurs during wakefulness, considerably less firing is
observed during NREM sleep, and firing ceases during
REM sleep [72,73,74]. Histamine release in the poster-
ior hypothalamus is highest during wake, lower during
NREM sleep, and minimal during REM sleep [75],
matching the discharge profile.

Non-specific lesioning of the TMN region, as
well as histaminergic-specific lesions and chemical
manipulations, support the suggestion that this region
may contain neurons that promote wakefulness [73,76].

17



18

Section Il: Normal Sleep

An investigation by Siegel and colleagues recently
revealed a unique role of histaminergic neurons in the
maintenance of wakefulness [74]. Cataplexy is a sudden
loss of muscle tone in waking with preservation of
conscious awareness, and is a symptom of the sleep
disorder narcolepsy. During cataplectic attacks in the
dog, NA neurons ceased firing, serotonergic neurons
reduced firing, but histaminergic neurons remained
active. Thus, while NA and serotonergic neurons par-
ticularly appear to maintain muscle tone during wake-
fulness, histamine neurons may help to maintain
cortical activity indicative of wakefulness. Most
recently, reduced histamine levels have also been
reported in the cerebrospinal fluid of narcoleptic
patients [77,78].

Orexin (hypocretin)

Neurons containing the neuropeptide orexin (also
called hypocretin) are located largely in the periforni-
cal region (near the fornix) of the lateral hypothal-
amus. Recent investigations reveal a unique role of
orexin neurons in vigilance state regulation, as well as
in the sleep disorder narcolepsy, by means of their
extensive input to a number of sleep/wake-related
nuclei [79,80].

Narcolepsy is characterized by symptoms includ-
ing excessive daytime sleepiness (hypersomnolence),
hypnagogic hallucinations, cataplexy, sleep-onset
REM periods, and sleep paralysis (see Chapter 9:
Hypersomnias of central origin). In 1999, two seminal
investigations suggested that orexin plays a role in
this disease. A deficit of the orexin type II receptor
was discovered in a strain of dogs that exhibit narco-
lepsy [81]. In another study, orexin knock-out mice
(lacking the prepro-orexin gene, the precursor for the
orexin protein) exhibited decreased wakefulness and
behavioral arrest during transitions from wakefulness
to sleep, similar to the narcoleptic symptoms of sleep-
onset REM episodes and cataplexy [82]. Behavioral
arrest was described as a sudden cessation of motor
activity, including a change in posture, which then
abruptly ended with resumption of motor activity.
Follow-up orexin-specific lesioning and knock-down
studies described an increase in the number of tran-
sitions between vigilance states, and abnormal
expression of REM-related characteristics during
wakefulness, similar to the symptomology of narco-
lepsy [83,84,85,86]. An examination of post-mortem
tissue of narcoleptic humans revealed an almost total

absence of orexin neurons [87,88]. Furthermore, low
cerebrospinal fluid orexin levels occur in many nar-
coleptic patients, and prominently in cases with cata-
plexy [89,90]. Therefore, orexin plays a central role in
the maintenance of wakefulness, and abnormalities
may lead to sleep-related pathology such as nar-
colepsy. Of note, because there are no marketed
medications that directly affect orexigenic neuro-
transmission, amphetamine-like stimulants and DA
reuptake inhibitors have been prescribed to treat
excessive sleepiness in narcolepsy, but appear to have
little effect on cataplexy, for which compounds that
inhibit adrenergic and serotonergic reuptake are
effective [68].

Direct application of wake-promoting agents into
the LH increases orexinergic neuronal activity[91].
Similar to the majority of wakefulness-related nuclei,
orexinergic cell firing largely occurs during wakeful-
ness, decreases considerably during NREM sleep, and
ceases during REM sleep, except for some activity
during REM-related muscle twitches [92]. Microdia-
lysis sampling in the lateral hypothalamus found
highest orexin levels during wakefulness [93], and
following examination of c-Fos protein expression it
was concluded that orexinergic neurons were wake-
fulness-active [94]. The unique role orexin may play
in vigilance state regulation has been conceptualized
in a “flip-flop” model of wakefulness/sleep transitions,
in which orexin serves to stabilize transitions between
sleep and wakefulness (see below).

Neural systems involved in vigilance
state regulation: NREM sleep

NREM sleep may be classified into four stages
in humans according to criteria developed by
Rechtschaffen and Kales (R&K Criteria), or three
stages (N1, N2, N3) according to recent criteria of
the American Academy of Sleep Medicine (AASM).
Stage 1 NREM sleep (N1) activity usually exhibits a
mixture of theta (4-8 Hz) and alpha (8-12Hz) cor-
tical EEG activity. During stage 2 NREM sleep (N2),
sleep spindles and K-complexes become evident. Sleep
spindles, usually of the frequency of 12-16 Hz and
lasting 0.5 to 1.5 seconds, are generated from the
interplay between thalamic and cortical regions, and
are present throughout the deeper stages (2-4) of
sleep (for review, see [11]). K-complexes are brief,
high-voltage (<100 pV) spikes that last approximately
0.5 seconds, and are unique to stage 2 sleep. Stages 3
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and 4 (together form N3) are considered “deeper”
NREM sleep, and are characterized by large/high-
amplitude, low-frequency delta range (1-4 Hz) activ-
ity; hence, it is also termed slow-wave sleep (SWS).
NREM sleep states recorded in animals usually are
not subdivided into the stages employed in human
sleep, although delta (deep) sleep is often differenti-
ated from light sleep. Furthermore, neocortical slow
oscillations (0.5-1 Hz) are evident throughout NREM
sleep, and play a role in facilitation of thalamic and
intracortical synchronization (for review, see [11]).
This slow oscillation may further act to synchronize
NREM delta activity with sleep spindles. NREM sleep
is characterized by low muscle tone and moderate/
lack of movement, evident in EMG and EOG
recording.

Sleep spindles during NREM sleep

It has been proposed that spindle activity is important
for the disconnection of the cerebral cortex from the
external environment during sleep. The bilateral
reticular nucleus of the thalamus (RET) is the pace-
maker of spindle oscillations, which are generated by
means of RET GABAergic inhibitory projections to
thalamocortical neurons that are responsible for cor-
tical EEG activation [95,96]. Spindle oscillations may
be readily recorded in both thalamic and cortical
regions during stages 2-4 of NREM sleep, and lesion-
ing of the reticular nucleus-rostral thalamic nuclei
pathway attenuates spindle activity [97].

Cholinergic projections from the brainstem LDT/
PPT excite thalamocortical relay neurons, and dir-
ectly inhibit RET. These actions desynchronize the
thalamic reticular network, and lead to arousal [11].
Particularly, stimulation of PPT prevents spindle
activity in RET [98]. Basal forebrain projections may
play a role in spindle blockage, by means of GABA-
ergic and cholinergic projections to the rostral sub-
regions of the RET [99], and chemical lesions of the
BF have been shown to produce increased spindle
activity [100].

K-complexes during NREM sleep

Animal studies demonstrate that the K-complex,
most often observed in human sleep during stage 2
NREM sleep, represents a combination of the neocor-
tical slow oscillations and sleep spindles. A cycle of
the slow oscillation is followed by a brief spindle
sequence in thalamocortical neurons, which is

transferred to the cortical EEG, and is seen as a
surface-negative (upward) EEG transient, corres-
ponding to the excitation in deeply lying neocortical
neurons, followed by a surface-positive (downward)
component and a short sequence of spindle waves.
For a more detailed review of K-complexes during
NREM sleep, the reader is referred to [11].

Delta frequency (1-4 Hz) EEG activity
during NREM sleep

The cellular basis of delta waves (0.5-4 Hz) originat-
ing in thalamocortical neurons is that a hyperpolar-
ized membrane potential in cortically projecting
thalamic neurons permits the occurrence of delta
waves in thalamocortical circuits. In both the thal-
amus and cortex, a phasic input to the hyperpolarized
membrane causes a calcium-mediated depolarization
(low threshold spike, LTS) on which a burst of
sodium-mediated spikes occur (low threshold burst).
The slow time course of delta waves is determined by
the time course of the LTS and the subsequent hyper-
polarization to re-enable another LTS. Any factors
persistently depolarizing the membrane in either thal-
amic or cortical neurons will block delta waves
through inactivation of the calcium channels mediat-
ing the LTS, and these are the wake-active systems
illustrated in Fig. 2.1b. Cholinergic input from BF to
the cortex, and from LDT/PPT to the thalamus, is
thought to be especially important in arresting delta
waves. Also, brainstem noradrenergic and serotoner-
gic projections may disrupt delta activity in waking,
although they are inactive during REM sleep. Thus,
delta waves during sleep may be seen to represent
thalamocortical oscillations occurring in the absence
of activating inputs. For a more detailed review of
delta frequency EEG activity during NREM sleep, the
reader is referred to [11].

Neocortical slow (~0.5 Hz) EEG activity/
oscillation during NREM sleep

The neocortical slow oscillation plays a role in
grouping delta and fast rhythms (gamma and fast
beta). This slow oscillation (~0.5Hz) was first
described by Steriade and collaborators in anaesthe-
tized animals (for review, see [11]), and has been
confirmed in both naturally sleeping animals and in
the human EEG and magnetoencephalogram (MEG),
which measures the magnetic field produced by
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electrical brain activity. The cortical nature of the
slow oscillation was demonstrated by its persistence
after disconnecting input to the cortex, and is
found in cortical neurons of all layers. The slow
oscillation consists of prolonged depolarizations,
associated with brisk firing (~8-40Hz, “up states”,
lasting 0.3-0.6s), and prolonged hyperpolarizations
during which neurons are silent (“down states”).
The depolarizing phase consists of excitatory synaptic
input (N-methyl-D-aspartic acid (NMDA) and non-
NMDA mediated) and a voltage-dependent persistent
sodium current, as well as fast inhibitory input (beta/
gamma band) reflecting the action of synaptically
coupled GABAergic local-circuit cortical cells. The
hyperpolarizing phase is thought to result from the
removal of excitatory input (disfacilitation). Although
the literature consistently refers to it as an oscillation,
its periodic occurrence has been difficult to demon-
strate definitively, unlike, for example, sleep spindles.

GABAergic preoptic nuclei

Gamma-aminobutyric acid (GABA) is the most
prominent inhibitory neurotransmitter in the central
nervous system. A variety of anesthetics and hypnot-
ics act on GABA receptors. For example, benzodi-
azepines depress wakefulness/arousal circuitry by
means of modulation of the GABA-A receptor.
Although GABA is an important neurotransmitter
for sleep induction, some groups of GABA neurons
may be involved in wakefulness as well as REM sleep
control (see below).

Early evidence from studies employing lesioning
and electrophysiological recordings suggested that a
proportion of neurons in the basal forebrain
and neighboring preoptic regions act to promote
sleep [12,101]. Recordings of preoptic neuronal activ-
ity demonstrated increased firing of many neurons in
these areas during sleep, compared to activity during
wakefulness. Juxtacellular labeling further defined
these particular neurons as GABAergic[29]. c-Fos
protein expression studies described the location of
these sleep-active populations as being largely in the
preoptic nuclei, and double-labeling of these neurons
with antibody for the GABA-synthesizing enzyme
glutamic acid decarboxylase (GAD) led to the conclu-
sion that the majority of sleep-active neurons
were GABAergic, located in the median preoptic
nucleus and the bilateral ventrolateral preoptic nuclei
[102,103].

The ventrolateral preoptic nucleus (VLPO)
receives input from a variety of different nuclei of
the arousal circuitry, including serotonergic and nor-
adrenergic input [104]. VLPO projections to a variety
of the wakefulness-related nuclei use the neurotrans-
mitters galanin and GABA [105]. The core of VLPO
contains neurons that largely project to TMN, while
the extended cluster surrounding region is more con-
nected to other arousal-related regions, such as LC
and the raphe nuclei [105]. Specific lesions located in
the central cluster of VLPO led largely to decreases of
NREM sleep, but lesions of the surrounding extended
region of VLPO produced largely decreases of
REM sleep [106].

A subset of GABAergic neurons in the median
preoptic nuclei (MnPN) are also active during NREM
sleep, determined by electrophysiological studies as
well as c-Fos protein expression investigations (for
review, see [101]). Comparisons of MnPN versus
VLPO activity demonstrated that MnPN cells fired
immediately preceding sleep states, and continued to
fire during sleep [107]. In contrast, VLPO cell firing
occurred once NREM sleep began. Therefore, it was
concluded that MnPN neurons may be more involved
in NREM sleep initiation and maintenance, while
VLPO neurons are more involved solely in NREM
sleep maintenance.

Wakefulness—sleep transitions: the flip-flop
switch (Figure 2.2)

As described above, the VLPO is reciprocally con-
nected with a number of the arousal-related nuclei.
It was therefore proposed that mutual inhibition
would occur between the VLPO and arousal-related
nuclei [108]. For example, in vitro investigations
showed that VLPO neurons are inhibited by 5-HT
and NA [109]. Arousal systems therefore act to inhibit
VLPO sleep-promoting activity and, as discussed
above, VLPO inhibits wakefulness-promoting
systems. Thus, these arousal and sleep-related nuclei
are mutually inhibitory. This reciprocal relationship
is reminiscent of a “flip flop” switch, as described in
electrical engineering [110,111]. As depicted in
Figure 2.2, distinct transitions occur between states,
and intermediary states do not normally occur in
such a system. Since TMN neurons project to
VLPO [104], it was assumed that histaminergic input
would inhibit VLPO activity. In vitro, histamine had
no post-synaptic effect on VLPO activity [112].
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Figure 2.2 Graphic depiction of the flip flop switch model of
wakefulness and sleep systems. GABAergic/galaninergic
ventrolateral preoptic (VLPO) neurons, active during sleep, are
connected to wakefulness promoting brain nuclei, including
GABAergic/histaminergic neurons of the tuberomammillary nucleus
(TMN), serotonergic neurons of the dorsal raphe nucleus (DR), and
noradrenergic neurons of the locus coeruleus (LC). Mutual inhibition
between these sleep related and arousal related neurons allows
distinct transitions between states (Wake and Sleep). Orexinergic
input from the lateral hypothalamus (LH) to the wakefulness related
nuclei stabilizes the wakefulness state, and during sleep, VLPO
inhibits orexinergic activity, as well as the other arousal mechanisms.

However, other indirect inhibitory TMN mechanisms
are possible, including presynaptic effects of histamine
on inputs to VLPO. Also, TMN neurons contain
GADG65, a synthesizing enzyme for GABA, which
may allow inhibition of VLPO neurons during wake.
It was hypothesized that orexin plays a crucial role in
stabilizing the waking state of the switch, due to its
widespread projections to the arousal nuclei [110].
Therefore, abnormalities in orexin systems, such as
that seen in narcolepsy, would result in more frequent
and abnormal state transitions. Consistent with this
model, orexin knock-out mice exhibited increased
transitions between wakefulness and sleep states [85].
An incompletely answered question in this model is
how the system exits states of wakefulness and sleep; a
switch remains flipped or flopped unless a third agent

causes a transition. The mechanism of this transition,
the agent flipping the switch, is not clearly described, as
reflected in the figure.

Neural systems involved in vigilance

state regulation: REM sleep

Aserinsky and Kleitman in the 1950s first docu-
mented the rapid eye movements indicative of
REM sleep in humans, and coined the term “REM
sleep” [113,114]. REM sleep mechanisms involve
brain regions and systems that differ from those
involved with NREM sleep induction and mainten-
ance. Jouvet and colleagues, employing transections,
determined that regions of the brain rostral to the
midbrain and caudal to the medulla were not neces-
sary for the brainstem activity seen during REM sleep
[115,116]. Lesion and transection studies in cats of the
dorsolateral pons abolished the REM state. As
described previously, this area includes the wakeful-
ness-active noradrenergic, serotonergic and wakeful-
ness/REM-active cholinergic neurons [117,118].

REM sleep is characterized by a return from the
high-amplitude, slow-frequency cortical EEG profile
evident during deep NREM sleep to fast-frequency,
low-voltage EEG activity, such as that seen during
wakefulness. Hence, REM sleep is also referred to
as “paradoxical sleep.” In contrast to wakefulness,
EMG recordings during REM sleep exhibit a lack
of postural muscle activity. In addition, EOG
recordings reveal the characteristic rapid eye move-
ments of REM sleep. REM sleep exhibits further
phenomena, including pontine-geniculo-occipital
(PGO) waves, and theta rhythmicity evident in the
hippocampal EEG.

Pontine-geniculo-occipital (PGO) waves
preceding and during REM sleep

One of the important advantages of animal work is
the ability to record intracranial EEG and neuronal
activity. Thus, investigators are able to detect a tran-
sitional state that occurs just before the onset of REM
sleep, often termed REM-T. The sleep researcher
monitoring pontine reticular neuronal activity easily
detects the impending onset of REM by the flurry of
activity on the oscilloscope or an audio monitor - all
of this stigmatic subcortical activity occurring before
the change of externally recorded polysomnographic
signs of REM. As depicted in Figure 2.3, REM-T is
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Figure 2.3 Changes in the membrane potential (MP) of a pontine tegmental neuron over the sleep wake cycle in the cat. These EEG and
neuronal recordings illustrate the paucity of reticular activity during NREM sleep and the frenzy of activity during REM sleep. As well, the
premonitory transition period of the approach of REM sleep is not visible in the cortical EEG. The first trace of the top panel (a) is EMG from
the deep nuchal muscles. The second trace is EEG from the frontal cortex. The third trace is LGN activity, showing PGO waves, which consist of
high amplitude pre REM waves (REM T), irregular, high frequency waves during REM sleep, and rather high amplitude waves near the end
of REM sleep. The fourth trace is EOG from the lateral rectus extraocular muscles. The fifth trace is the ink writer membrane potential record of
the pontine tegmental neuron, in which the many single spike like deflections on the trace are prominent EPSPs, or compounds of EPSPs
and actual action potentials (the inkwriter sensitivity is not high enough to trace individual action potentials in the MP trace). In the bottom
panel (b), oscilloscope photographs detail changes in the frequency of action potentials together with the MP level. The MP records in the
bottom panel are eight photographs of the oscilloscope display of the tape recorded MP. The labels indicate the corresponding segment

on the inkwriter MP trace (arrows). Adapted from [121].

marked by the onset of ponto-geniculo-occipital
(PGO) EEG waves, which are characteristic field
potentials in the pontine tegmentum (P), lateral gen-
iculate nucleus (G), and the occipital cortex (O).
These potentials first arise in the pons and propagate
via the lateral geniculate nucleus to the occipital
cortex, with PGO activity continuing in REM proper.
The source of the pontine initiator of these PGO
waves was located in the dorsolateral pons, neighbor-
ing the brachium conjunctivum and overlapping
the SubC/SLD region important for muscle atonia

[119,120,121]. These waves occur immediately pre-
ceding REM sleep, and continue to occur during
the REM sleep state [11,116,121]. Using positron
emission tomography (PET), Maquet and colleagues
found that in humans, the right geniculate body and
occipital cortex were more active during REM sleep
when compared to the other vigilance states [122],
supporting the possibility that PGO waves may be
present in humans during REM sleep. Recent
work has reported PGO-like field potentials in
humans [123].
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Hippocampal theta (4—8 Hz) rhythmicity
during REM sleep

The hippocampal theta rhythm is a sinusoidal wave
of neuronal field activity in the frequency range of
4-8 Hz. Theta rhythmicity is evident throughout the
REM state in all mammals, and is also present during
certain specific wakefulness behaviors/conditions,
including attentional processing, spatial navigation,
and voluntary movement [124,125]. The origin of
hippocampal theta rhythm generation is thought to
be brainstem sites within the reticular formation,
particularly the rostral pontis oralis, nucleus giganto-
cellularis, and pontis caudalis. Such nuclei fire tonic-
ally during states when hippocampal theta occurs.
These RF nuclei project to the supramammillary
nucleus, and here the tonic glutamatergic input from
RF is transformed into rhythmic firing. These nuclei
then initiate and modulate hippocampal activity,
either directly by means of projections to the hippo-
campus, or indirectly through the medial septum/
diagonal band, which in turn projects by means of
GABAergic and cholinergic projections to hippocam-
pal regions.

Pontine cholinergic activation during
REM sleep

Pharmacological experiments have indicated a par-
ticular role of cholinergic transmission in both wake-
fulness and REM sleep promotion. The cholinergic
neurons of the midbrain tegmentum, particularly of
LDT/PPT, are crucial for control of both wakefulness
and REM sleep. Non-specific lesioning of this region,
by means of intracerebral kainic acid injections,
attenuates REM sleep, and the amount of cholinergic
cell loss correlates with the REM sleep loss [126]. Of
particular interest, some neurons of LDT/PPT dis-
charge selectively during wakefulness and/or REM
sleep [26,27]. The LDT/PPT neurons that fire
preferentially during REM sleep are often termed
“REM-on” neurons. A separate subpopulation of
LDT/PPT cholinergic neurons is active during both
wakefulness and REM sleep and is referred to as
“wake/REM-on” neurons. Systemic administration
of the acetylcholine-esterase (AChE) inhibitor physo-
stigmine during NREM sleep induces REM sleep
[127]. Direct injections of the cholinergic agonist
carbachol, muscarinic agonists, or AChE inhibitors

(physostigmine or neostigmine) into the RF, particu-
larly pontine dorsolateral regions, induce a REM-like
state (for review, see [11]).

Noradrenergic and serotonergic inhibition
of REM-active neurons

Noradrenergic and serotonergic neurons have been
described as “wake-on/REM-off.” These neurons
decrease activity as REM sleep approaches, and are
largely silent during REM sleep. LC noradrenergic
and raphe serotonergic neurons counteract the
“REM-on” neuronal activity of LDT/PPT neurons,
by means of a substantial projection to LDT/PPT that
acts on inhibitory alpha 2 adrenergic and 5-HT4
receptors, respectively (for review, see [25]). As
depicted in Figure 2.4, Thakkar and colleagues dem-
onstrated that “REM-on” neurons of LDT/PPT, but
not “wake/REM-on” neurons, were inhibited by
8-OH-DPAT, a selective 5-HT;, agonist [128]. Sero-
tonergic “REM-off” neurons act on LDT/PPT
neurons, thus accounting for their REM-selective dis-
charge (with the same effect postulated for LC nor-
adrenergic neurons). Therefore, during REM sleep, as
serotonergic raphe and noradrenergic LC neurons
cease activity, LDT/PPT neurons are disinhibited.

Pontine sublaterodorsal nucleus activation
during REM sleep

Excitatory cholinergic projections from LDT/PPT to
regions of the pontine RF may be responsible for
some of the characteristic phenomena of REM sleep.
One pontine RF region important for muscle atonia,
just ventral to LC, was later defined as the perilocus
coeruleus alpha in the cat (also termed the subcoer-
uleus (SubC) or sublaterodorsal nucleus (SLD) in the
rodent). Seminal investigations by Jouvet and col-
leagues revealed that lesions of the perilocus coeruleus
alpha in the cat produced suppression of muscle ato-
nia during REM sleep [129]. Larger lesions of this
area, including neighboring pontine regions con-
nected to the superior colliculus and amygdala,
caused “oneiric” (i.e. dream-like) behavior during
REM sleep, including locomotion, attack behavior,
and head movement [130]. Recent models of REM
sleep suggest that these muscle atonia-on neurons
are kept silent during wakefulness by means of
GABAergic inputs from neighboring RF regions.
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Figure 2.4 Select LDT/PPT, presumptively cholinergic, neurons fire preferentially during REM sleep, termed “REM on" neurons. Left panel:
“REM on” unit firing of LDT/PPT neurons was suppressed, comparing discharge during aCSF control perfusion (open circles) to activity
following 8 OH DPAT perfusion directly into LDT/PPT (filled circles). Right panel: “Wake/REM on” neurons were not affected by

8 OH DPAT perfusion. Abbreviations: AW, active wake; QW, quiet wake; REM, REM sleep. Data expressed as mean +SEM. Adapted from [128].

These GABAergic neurons may be inhibited by cho-
linergic input during REM sleep [131,132,133].

Magoun and Rhines discovered a zone in the
ventral medulla important for the muscle atonia seen
during REM sleep [134]. SubC sends descending pro-
jections to glycinergic neurons in this area that, in
turn, project to spinal cord motor neurons respon-
sible for postural muscle tone [135]. Recent investi-
gations, employing neuroanatomical and c-Fos
expression techniques, suggest that there may also
be a glutamatergic direct projection from the SubC
region to spinal cord interneurons, bypassing the
medial medulla region [66], which in turn inhibit
the motor neurons of the spinal cord via spinal glycin-
ergic and GABAergic neurons.

The reciprocal interaction model

McCarley and Hobson proposed the reciprocal inter-
action model to explain the transitions into and out of
REM sleep states, described by the Lotka-Volterra
equations, derived from population models of preda-
tor/prey interaction [136]. The limit cycle model, an
update of the reciprocal interaction model, incorpor-
ated circadian and local GABAergic influences on REM
sleep regulation [118,137].

As reviewed in Figure 2.5, select cholinergic
neurons of LDT/PPT increase firing prior to and
during REM sleep. These cholinergic neurons specif-
ically direct the firing of reticular formation neurons

(SubC, parabrachial nucleus, and PnO), whose glutam-
atergic output is responsible for the activation of
the various components of REM sleep described
above, including muscle atonia, PGO wave gener-
ation, and hippocampal theta activity. LDT/PPT
neurons also project to GABAergic interneurons of
RF. Therefore, inhibition of these GABAergic RF
neurons, which inhibit REM-on RF neurons, provides
positive feedback, where glutamatergic RF neurons
are disinhibited as REM sleep begins. Cholinergic
projections to both DR and LC have been described,
although in vitro evidence only supports a direct
excitatory role of acetylcholine on LC neurons [138].
The original model suggested that there was a very
slow modulation of LC firing by LDT/PPT due to a
slowly acting intracellular cascade leading to signifi-
cant excitation. However it now seems much more
likely that removal of a GABAergic input to LC/DR
is important. We now postulate that, during REM
sleep, GABAergic neurons, excited by LDT/PPT cho-
linergic output, inhibit these serotonergic and nor-
adrenergic REM-off neurons (evidence reviewed in
[132]). In contrast, raphe serotonergic and locus coer-
uleus noradrenergic neurons act as REM-off neurons,
inhibiting the REM-on neurons of LDT/PPT during
waking and NREM sleep. During wakefulness and
NREM sleep, serotonergic and noradrenergic levels
build up, activating autoreceptors that inhibit these
systems, allowing REM state expression.
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The two-process model of sleep

requlation
Process S: the homeostatic drive to sleep

As proposed by Borbély and colleagues, both a homeo-
static drive (termed process S) and a circadian drive
(termed process C) play a role in regulating sleep [139].
Process S is an increase in the propensity to sleep
proportional to the time spent awake. That is, as time
awake is extended, the drive to sleep increases. During
slow-wave sleep, spectral activity in the delta range
(1-4Hz) is predominant. It was proposed that this
delta activity, particularly during NREM sleep, is an
electrophysiological correlate of the homeostatic sleep
drive. Following short-term sleep deprivation, an ele-
vation of NREM delta activity, compared to control
times of day, is noted in numerous studies. However,
recent investigations have suggested that, following
multiple days of sleep restriction, NREM delta power
does not directly reflect sleep loss [140,141].

We will review here the best characterized homeo-
static sleep regulators. Such “homeostatic sleep factors”
may be defined by two main criteria: (1) exogenous
application of the substance should induce sleep; and
(2) endogenous levels of the substance should correlate
with time spent awake (process S).

Sleep may serve the purpose of replenishment of
energy stores/restoration of the brain [142,143].

Muscle atonia Figure 2.5 Graphic depiction of the

= SubC modified reciprocal interaction model of
REM sleep control, originally proposed by
PGO Waves McCarley and Hobson [136]. REM off
SubC/PB neurons inhibit the REM on neurons

during waking and NREM sleep. During
NREM sleep, REM off cell firing
significantly decreases as a result of self
inhibition of the REM off neurons; this
results in disinhibition of REM on neurons,
and REM sleep then occurs. As REM sleep
progresses, REM on cells begin to excite
the REM off cells, which become
gradually more active and eventually
terminate REM sleep. Cholinergic

(REM on) LDT/PPT output excites local
GABAergic interneurons that in turn
inhibit REM off neurons. Also, this
cholinergic output acts to inhibit local
GABAergic REM off interneurons, which in
turn inhibit the glutamatergic REM on
reticular formation neurons.

Hippocampal theta
PnO

Various somnogens have been described, and it has
been proposed that the endogenous neuromodulator
adenosine may be a homeostatic sleep factor
[144,145,146]. Adenosine plays a central role in cellular
metabolism, as a product of adenosine triphosphate
(ATP) use/degradation. Its potent inhibition of wake-
fulness-active neurons in BF has led to the proposal that
adenosine may be a homeostatic cellular regulator of
energy in the brain.

An early study showed that subcutaneous injection
of adenosine in the guinea pig resulted in sleep-like
behavior, although it is unlikely that this was a reaction
to adenosine receptor activation in the brain [147].
More recent pharmacological studies have described
the sleep-inducing effects of adenosine, when exogen-
ous adenosine or adenosine agonists were systemically
or intracerebrally administered [144,145]. Conversely,
antagonism of the adenosine receptor, by substances
such as coffee (caffeine) and tea (theophylline),
increases alertness.

Adenosine accumulates specifically in the basal
forebrain and cortex of the rat and cat as wakefulness
is extended by means of sleep deprivation or disruption
[21,148,149,150,151,152]. Inhibition of wakefulness-
active, cortically projecting neurons in these regions
(including those of cholinergic phenotype) by adeno-
sine could contribute to the homeostatic sleep drive
[25,144,145]. A diurnal rhythm of adenosine in the
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rat has been reported, where levels increased as the dark
(active) period progressed, and decreased during the
light (inactive) period [150,151,153]. Of particular
interest, a recent study in epileptic patients included
microdialysis sampling of the cortex, hippocampus,
and amygdala, where a diurnal oscillation of adenosine
levels was found [154].

The subarachnoid space ventral to the BF may be
another region where adenosinergic mechanisms pro-
mote sleep. When prostaglandin (PGD) 2, another
proposed somnogen, was injected into the subarach-
noid space ventral to VLPO, the amounts of NREM
sleep increased significantly [155]. Activation of pros-
taglandin receptors in the leptomeninges of the sub-
arachnoid space also led to adenosine release [156].
The A2A receptors of the meninges ventral to VLPO
may be activated, which in turn disinhibit VLPO
GABAergic/galaninergic sleep-active neurons [109].
In addition, c-Fos protein expression was increased
in neurons of the neighboring VLPO region following
PGD2 injections [157]. Al receptor activation in
these regions may also lead to disinhibition of VLPO
neurons [158]. However, adenosine levels in these
preoptic regions did not rise during sleep deprivation
in the cat [149]. Therefore, it remains to be deter-
mined what specific role extracellular adenosine plays
in this region, and if adenosine in this region truly
acts as a “homeostatic sleep factor,” meeting the above
defined criteria.

Recent investigations have proposed a link between
nitric oxide (NO) production and the increase of BF
adenosine levels during sleep deprivation (for review,
see [159]). Administration of inhibitors of NO synthase
(the NO-synthesizing enzyme) decreased amounts of
sleep. Administration of NO or NO donors increased
adenosine levels in both in vitro hippocampal and fore-
brain investigations [160,161], and NO donor infusion
(diethylamine-NONOate) into the basal forebrain
mimicked sleep deprivation effects, including an
increased amount of NREM sleep and extracellular
adenosine levels [162]. Therefore, the local release of
NO in BF during sleep deprivation may lead to an
increase of the homeostatic sleep drive, as well as a rise
in extracellular adenosine levels.

Process C: the circadian drive to sleep

As previously mentioned, sleep/wakefulness cycling is
influenced by two different processes: a homeostatic
drive (termed process S) and the circadian drive
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Figure 2.6 The two process model of sleep regulation, as originally
proposed by Borbély and colleagues [139], described the interaction
of both homeostatic and circadian processes. In this updated
representation of the model [164], the sleep drive due to process
S (homeostatic process), represented in the upper portion, increases
as the day progresses, and declines during sleep. The alerting signal
due to process C (circadian process), represented in the bottom
portion, increases during the day, and declines during sleep.

The propensity for alertness (dashed line) is the result of the
interaction of these two processes. During the late afternoon,
alertness declines due to a dip in the circadian rhythm [163]. During
sleep, both the homeostatic sleep drive and the circadian drive for
alertness decline.

(termed process C), described as the two-process
model of sleep regulation (Figure 2.6) [139]. Circa-
dian rhythms are cyclical rhythms of behavior or
physiological processes, exhibiting a periodicity of
approximately 24 hours. These rhythms are con-
trolled by both external cues (zeitgebers; German for
“timegiver”), which synchronize and/or reset this
rhythm, and by internal oscillators. The circadian
rhythm of an animal may be reset by the introduction
of a zeitgeber, such as light, at an unusual time of day.
Morning light is the primary zeitgeber in humans.
A biphasic pattern of alertness/sleepiness has been
described, for sleep propensity reaches its highest
levels during the predicted time of 11 p.m.-7 a.m,,
as well as a brief time during the afternoon between
2 and 6 p.m. [163]. It is theorized that the interaction
between homeostatic sleep propensity and the circa-
dian drive for alertness allows for this relatively cir-
cumscribed pattern of diurnal wakefulness and
nocturnal sleep in humans (Figure 2.6) [164].

The suprachiasmatic nucleus (SCN) is located in
the hypothalamus, dorsal to the optic chiasm, and
serves as the primary biological clock of mammals
(for review, see [165]). Lesions of the SCN disrupt
vigilance state regulation, behavior, and physiological
processes such as hormonal secretion. Interestingly,
these lesions of the SCN drastically alter the periodicity



Chapter 2: Neuroanatomy and neurobiology ‘

of wakefulness and sleep bouts, but the overall
amount of sleep over the 24-hour period remains
constant. Studies of neuronal activation in the rodent,
indicated by c-Fos protein expression, conclude
that neurons of SCN are active during the light
(inactive) period, and silent during the dark (active)
period [166].

The molecular mechanisms of circadian rhythmi-
city are highly conserved evolutionarily. The mechan-
ism by which rhythmicity occurs in SCN neurons of
mammals involves two autoregulatory loops. The pri-
mary core loop includes the cryptochrome gene prod-
ucts CRY1 and CRY2, the period gene products
PERI and PER2, as well as the transcription factors
CLOCK and BMALI (also known as MOP3, ARNTL,
and CYCLE) [167,168]. Although the complexity of
this oscillation continues to be a line of scientific
inquiry, the basic feedback loop is described below
and depicted in Figure 2.7. CLOCK and BMALI
proteins heterodimerize and bind to E-box enhancer
sequences, thereby providing a constitutive drive to
induce the expression of multiple genes, including the
Per and Cry family genes. A negative feedback loop is
formed by the proteins PER and CRY in the cyto-
plasm, which form heterodimers and translocate back
into the nucleus to inhibit the transcription initiated
by CLOCK/BMALL. At the beginning of the subject-
ive day (circadian time hour 0), which for humans
corresponds to the light period, the level of PER/CRY
is low. The CLOCK/BMAL heterodimer promotes the
transcription and the synthesis of gene products
CRY1 and 2, and PERI and 2, leading to increased
levels as the subjective day progresses. The resulting
CRY/PER protein complex is phosphorylated by
casein kinase 1 and glycogen synthase kinase-3 in
the cytoplasm. Heterodimerization and phosphoryl-
ation is an important determinant of the 24-hour
duration of the circadian cycle. The resulting phos-
phorylated heterodimer is translocated back into the
nucleus, where it provides negative feedback by
inhibiting CLOCK/BMALI transcription. As depicted
in Figure 2.7b, by circadian time hour 12, CRY/PER
proteins have reached the zenith of expression, inhibit-
ing CLOCK/BMAL transcription. Levels of CRY/PER
proteins in the nucleus then begin to attenuate,
degraded by means of mechanisms such as proteolysis.
Feedback inhibition of CLOCK/BMALIL at hours
12-24 then attenuates CRY and PER levels. As time
approaches hour 24, CLOCK/BMALIl-induced tran-
scription is disinhibited, completing the cycle. This

|
@ Nucleus | Cytoplasm
faioyt | [oyief
Per1 Cry 1|, 1'_I}_ ry CKI
Per2 Cryg. | | Per1/2 GSK3
Lt -
|
Proteolysis |
&
'-_-"‘\. | "
i P
xC"OCK'I Gyt | 1| cyiz| o
E-box [z=== * e GSK3
. ™ Per1/2
|_’MBMAL_1-_:I l Per1./2 .-_I | | Per o
— '-_.i-‘: Il?:l.:_.__\ i P
Rev-Erba
-[ Rora |
i 4 mm Core loop
—
IhRev-Erba: IIRora: B Stablizing loop
e __.-:\ I"\._."I
ki
RRE
(b)
100 - 1y
°© e
SE 75 y
c 3 Per/Cry,’ .
© E ; §
o E 50 fr« m‘.
O ’ .
= O o5 L .
TR - %
0 m = ==
= 0
0 6 12 18 24

Circadian time (hour)

Figure 2.7 Schematic representation of the interaction of
mammalian clock genes contributing to cellular circadian
oscillations, adapted from [170]. (a) As described in the core
feedback loop (depicted in red), a heterodimeric transcription factor,
including CLOCK and BMALT, by acting on the E box DNA control
element, initiates the expression of the negative regulators PER1 and
PER2 (period proteins), as well as CRY1 and CRY 2 (cryptochromes).
PER and CRY accumulate as the day progresses, multimerize in the
cytoplasm, and are phosphorylated by the enzymes casein kinase |
(CKl) and glycogen synthase kinase 3 (GSK3). The PER/CRY
complex is then translocated to the nucleus, and represses
CLOCK/BMALT expression. PER and CRY proteins are then degraded
at the end of the circadian cycle (CKI dependent), disinhibiting
CLOCK and BMALT transcription. As described in the stabilizing
feedback loop (depicted in blue), BMALT transcription can activate
the orphan nuclear receptors Rora and Rev Erba, which suppress
and activate BMAL1 expression respectively through the
intermediary ROR response element (RRE). (b) Graphic depiction of
Per/Cry protein levels in the suprachiasmatic nucleus across the

24 hour day, adapted from [168]. Circadian time 0 is the beginning
of the subjective day/light period for humans. Abbreviations:

P, phosphate. See plate section for color version.
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feedback loop takes approximately 24 hours to com-
plete, and is therefore responsible for the cycling of the
circadian clock [169].

In addition to this primary core loop, a stabilizing
feedback loop helps maintain 24-hour periodicity;
this involves the orphan nuclear receptors Rev-Erba
and the retinoid-related orphan receptor alpha
(Rora), which suppress and activate BMAL1 expres-
sion respectively [169-171]. The CLOCK/BMALIL
heterodimer interacts with the E-box response elem-
ent of the promoter region of the Rev-Erba and Rora
genes. Rev-Erbo. and Rora compete to bind to the
retinoid-related orphan receptor response elements
(RRE) in the BMAL1 promoter region. In this
manner the circadian oscillation of BMAL is regu-
lated by these orphan nuclear receptors [170,171].

Investigations have begun to describe how these
genetic transcriptional/translation interactions may
regulate circadian-related events including SCN neur-
onal activity [167,168]. Clock controlled genes
(CCGs), such as vasopressin prepropressophysin and
albumin D-element binding protein, are promoted by
expression of clock-related genes, such as CLOCK
and BMAL. Electrical activity of the SCN is enhanced
by increased expression of CCGs through receptor-
mediated excitation, as well as autocrine and para-
crine mechanisms. A number of investigations have
employed knock-out technology to breed mice that
possess abnormal expression of a variety of these
circadian-related genes. For example, a mouse model
knock-out of the CLOCK gene lengthened the circa-
dian rhythm by 4 hours. These animals, when
deprived of zeitgeber cues (free-running) did not
exhibit circadian rhythmicity in a number of physio-
logical processes [172]. Interestingly, some studies
have suggested mutations in various clock-related
genes may contribute to human circadian rhythm
sleep disorders (CRSDs) such as advanced and
delayed sleep phase disorder (for review, see [173]).

Visual input reaches the SCN by means of the
retinohypothalamic pathway, which is largely gluta-
matergic. Freedman and colleagues did not observe
altered circadian rhythms with targeted gene knock-
out of either the rods or cones in the mouse [174].
Removal of the eyes, though, did affect rhythmicity,
and it was later determined that melanopsin, unique
to the ganglion cells of the retina, was a photosensitive
molecule responsible for changes in excitability
of ganglion cells in the retina [175]. Furthermore,
anatomical studies have revealed a monosynaptic

connection between melanopsin-positive cells and
the SCN, suggesting melanopsin is the “circadian
photoreceptor” [176,177].

Besides circadian rhythms that occur over an
approximate 24-hour period, biological rhythms with
other periodicities occur and are often related to
interactions with the circadian system and changing
external time cues. Seasonal rhythms are regulated by
melatonin secretion by means of a well-investigated
anatomical circuit involving the SCN, paraventricular
nucleus of the hypothalamus, and preganglionic
neurons in the sympathetic nervous system [178].
Postganglionic cells in turn project directly to the
pineal gland, which is responsible for the secretion
of melatonin. Because the amount of light (day) and
dark (night) hours fluctuates across seasons, this may
be the mechanism by which a seasonal clock occurs.
Although the effectiveness of melatonin for jet lag is
disputed, some people take melatonin to “reset” their
biological clock, for travel across time zones [179].
Melatonin is administered at the beginning of what
would be the “new” night period, for melatonin levels
are highest at the beginning of the night.

Recent reports have proposed that another
internal clock may exist, which is entrainable based
on food availability. Food availability, only in the
animal’s inactive period, can shift rhythms, supersed-
ing the photic zeitgeber cues. Such a shift in this
rhythm may be an adaptive response for survival of
the organism. The dorsomedial nucleus of the hypo-
thalamus (DMH) may correspond to this food-
entrainable oscillator. Lesions of DMH block the
food-entrainability of the vigilance states [180]. Inter-
estingly, in a mouse with knock-out of the BMAL
clock gene, viral vector injection of BMAL in the
SCN restored light entrainment of the circadian
rhythm [181]. When the BMAL viral vector was
injected into DMH, animals were able to entrain to
food, but not light. Therefore, it was concluded that a
food-entrainable clock is located in this region,
although this is presently controversial [182]. As one
may predict, interplay between vigilance state and
circadian drive circuitry is due to interconnections
between the two systems, however the nature of these
connections is not fully understood at present. It
is notable that the DMH projects directly to the
VLPO, as well as to the lateral hypothalamus, rich in
wakefulness-active orexinergic neurons. Therefore,
DMH may be a key player in the timing of circadian
rhythmicity with the homeostatic drive. Future
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investigations in this exciting avenue of sleep research
may further elucidate the interaction of the SCN with
vigilance state regulation systems.

Conclusion

The field of sleep medicine has seen a recent investiga-
tional surge, due to the development of novel experi-
mental techniques, as well as an increased public
awareness of sleep disorders and their implications.
Only within the last century have investigations
attempted to explain the neural mechanisms respon-
sible for vigilance state regulation. This chapter pro-
vides a review of both the neurobiological mechanisms
generating wakefulness, NREM sleep, and REM sleep,
as well as the major homeostatic and circadian factors
that influence the timing of these states. All human life,
and indeed the life of most animals, is shaped by
periods of wakefulness and sleep, and thus knowledge
of the underlying mechanisms is of great biological,
social, and medical significance. By furthering under-
standing of the neural circuitry involved in vigilance
state regulation, pharmacological and behavioral treat-
ments may then be developed to reverse the symp-
tomology of a number of sleep-related disorders.
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of human sleep

Fabio Ferrarelli and Ruth M. Benca

Sleep is a behavior universally present in the animal
kingdom, occurring in a range of species from dros-
ophila to human beings [1]. Sleep occupies about one-
third of the human life-span [2] and, although its
functions are still not understood, regular sleep is
essential for survival. Aspects of normal and abnormal
human sleep can be characterized by employing elec-
trophysiological tools including electroencephalogram
(EEG), electromyogram (EMG), and electrooculo-
gram (EOG). Sleep can be subdivided into two types:
rapid eye movement (REM) and non-rapid eye move-
ment (NREM), with specific behavioral and neuro-
physiological correlates [3,4]. Over the last four
decades numerous studies have revealed the organiza-
tion of REM and NREM sleep in healthy subjects and
patients with a broad range of neuropsychiatric dis-
orders [5,6,7]. Additionally, the development of neuro-
imaging techniques has allowed sleep researchers to
explore the neurobiological systems and mechanisms
underlying sleep organization [8], as well as the conse-
quences of sleep disruption on cognitive functions [9].

This chapter reviews the characteristics of human
sleep, with particular emphasis on REM/NREM sleep
stages and their physiological correlates, and describes
the electrophysiological assessment of normal sleep and
sleep disorders with polysomnography (PSG), as well as
the standardized clinical tests utilized to establish the
daytime consequences of sleep disorders: the multiple
sleep latency test (MSLT) and the maintenance of wake-
fulness test (MWT). The organization of sleep (sleep
architecture) in young healthy adults, and the effects of
age, psychiatric disorders, and psychoactive medica-
tions on sleep architecture are discussed. Finally, several
neuroimaging techniques are described, including
functional magnetic resonance imaging (f-MRI), posi-
tron emission tomography (PET), and high-density

Neurophysiology and neuroimaging

(hd)-EEG, which are increasingly utilized in sleep
research to investigate the neural correlates of normal
sleep and the effects of sleep deprivation on cognitive
functions.

Characteristics of human sleep
Definition of sleep

Sleep is defined by a combination of behavioral and
physiological characteristics. Behaviorally, sleeping
humans tend to lie still in stereotypical postures. This
condition, which is characterized by a markedly
reduced awareness of the outside world, is different,
however, from other unconscious states like coma or
anesthesia because of its prompt reversibility [10].
Using electrophysiological criteria, human sleep can
be divided into two types, REM and NREM sleep.
During REM sleep, bursts of eye movement activity
frequently occur. REM sleep is also called paradoxical
sleep because of EEG activity similar to that observed
during wakefulness. On the other hand, during
NREM sleep, which is also described as orthodox
sleep, the EEG shows low-frequency activity.

Sleep stages

Human sleep occurs in several cycles of NREM-REM
sleep across the night, each approximately 90 to 110
minutes long, which can be further classified into
different sleep stages [11]. Sleep stages are identified
based on three electrophysiological parameters: EEG,
EOG, and EMG activity, the latter usually recorded
from neck or chin muscles. For clinical and research
purposes, sleep is usually scored in 30 second epochs.
The criteria of sleep stage scoring, established by
Rechtschaffen and Kales (R&K) [12], have been

Foundations of Psychiatric Sleep Medicine, ed. John W. Winkelman and David T. Plante. Published by Cambridge University Press.

(© Cambridge University Press 2010.
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Table 3.1 Stages of sleep: electrophysiological criteria

Wakefulness Stage W

NREM sleep Stage N1

NREM sleep Stage N2

NREM sleep Stage N3

REM sleep

EEG

Low-amplitude, mixed frequency; alpha
rhythm (8 12 Hz) with eye closure,
attenuating with eye opening

Low-amplitude, mixed frequency; theta
rhythm (4 7 Hz), with Vertex sharp
waves (V waves, <0.5 seconds)

Low-voltage background activity with
sleep spindles (11 16 Hz bursts) and

K-complexes (biphasic waves lasting

>0.5 seconds)

High-amplitude (>75 pV), slow (<2 Hz)
waves lasting >20% of the epoch

Low-voltage, saw-tooth waves (2 6 Hz),

EOG
Eye movements and eye

blinks (0.5 2 Hz)

Slow eye movements
(SEM)

No eye movements

No eye movements

Rapid eye movements

EMG

High tonic activity
in skeletal muscles

Slight decrease in
tonic muscle
activity

Further decrease
in tonic muscle
activity

Low tonic activity

Muscle atonia

predominant theta activity

recently modified by the American Academy of Sleep
Medicine (AASM) [13]. In this chapter, the AASM
scoring criteria are used.

During wakefulness, the EEG is characterized
by low-amplitude, fast-frequency activity (>8 Hz)
while the EMG shows a high-voltage, tonic activity
combined with phasic increases related to voluntary
movements. Also, eye blinks or eye movements are
detected by the EOG when the subject is resting
with the eyes open or is engaged in a specific task.
When eyes are closed in preparation for sleep, EEG
alpha activity (8 to 12 Hz) increases and becomes
the fundamental rhythm, especially in the occipital
cortex.

NREM sleep, which usually initiates each sleep
cycle, can be further divided into three stages: NI,
N2, and N3 (Table 3.1 and Figure 3.1). During stage
N1 (stage 1 according to R&K) the alpha rhythm
wanes, while the EEG is characterized by activity in
the theta range (4-7 Hz) combined with sporadic
high-voltage sharp waves over the central region.
Slow, rolling eye movements and a generalized reduc-
tion in muscle tone are also present. Subjectively,
stage N1 is accompanied by a decreased awareness
of environmental stimuli and dream-like mentation.
Some individuals report having hypnagogic hallucin-
ations at sleep onset, which can range from vague and
brief to vivid perceptual experiences. Sudden muscle

(REM) with phasic

twitches

twitches can also occur at the transition into sleep.
These hypnic jerks, also known as positive myoclo-
nus, are sporadic, generally benign, and are more
common after sleep deprivation. Brief episodes of
Stage N1, usually lasting a few seconds, tend to occur
during the daytime in sleepy subjects, either due to
sleep disorders or sleep deprivation, and can have dire
consequences in situations that require a constant
high level of awareness, such as driving.

Stage N2 (stage 2 sleep according to R&K) usually
follows stage N1, and is characterized by two EEG
elements: (1) sleep spindles (waxing and waning oscil-
lations at 11-16 Hz, lasting 0.5-2 seconds); and (2)
K-complexes (high-voltage, biphasic waves 0.5-1.0
seconds long with an initial, sharp, upward compo-
nent followed by a slower downward peak). The
transition from stage N2 to N3 is heralded by the
occurrence, in the EEG, of slow waves: low-frequency
(0.5-2 Hz) oscillations with a peak-to-peak amplitude
>75 uV. Indeed, when sleep epochs display at least
20% slow waves they are scored as stage N3. N3 is also
described as slow-wave sleep (SWS), or deep sleep,
because of the increased arousal threshold from N1 to
N3. SWS was previously subdivided according to
R&K criteria, based on the amount of slow waves in
the sleep epoch, into NREM stage 3 (20-50% slow
waves) and stage 4 (>50% slow waves). However, the
biological relevance of this distinction has never been
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Figure 3.1 Electroencephalogram
(EEG) patterns for wakefulness
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established; thus, the AASM has recently combined
these sleep stages into N3. Eye movements are usually
absent during both N2 and N3, and EMG activity
progressively decreases from N1 to N3.

REM sleep, or stage R, usually follows a NREM
sleep episode and consists of tonic (persistent) and
phasic (episodic) components. REM tonic activity is
characterized by low-voltage, mixed frequency EEG
patterns with a predominance of theta rhythm and
a marked decrease of skeletal muscle tone (atonia),
except for the extraocular muscles and the diaphragm.
One of these tonic EEG patterns, called saw-tooth
waves because of their notched morphology, is rather
common particularly before the onset of eye move-
ments. The phasic components of REM sleep consist
of irregular bursts of rapid eye movements, which
occur more often and for longer periods of time in
later REM episodes, along with (mostly distal) muscle
twitches.

Physiological changes occurring
in sleep stages

Several physiological parameters, including some per-
taining to the autonomic and endocrine systems,
undergo significant changes during sleep. A brief review
of these changes is helpful for understanding sleep
abnormalities in medical and psychiatric disorders.

byl i = Ll LA R Vo iR el

Saw-tooth waves
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Autonomic nervous system (ANS)

During NREM and tonic REM sleep the sympa-
thetic activity (“fight or flight”) of the ANS
decreases [14], whereas the parasympathetic activity
(“rest and repose”) progressively increases until it
peaks in deep sleep (SWS) [15], where blood pres-
sure and heart and respiratory rates reach their
lowest values [16]. Notably, increased sympathetic
activation observed in individuals affected by sleep
apnea, a condition characterized by chronic SWS
deficits, may theoretically increase their risk of
developing diabetes [17]. Abnormal peaks of sym-
pathetic activity have also been reported during
phasic REM in patients affected by melancholic
depression, although their relationship with this
psychiatric disorder is not clear [18].

Cardiovascular system

Blood pressure and cardiac output are markedly
reduced during NREM sleep relative to wakefulness.
During REM sleep these cardiovascular parameters
reach their peak values during sleep, although mean
values are generally lower than during waking [16].
Episodes of arrhythmia are also more common
during REM sleep, which could partially explain the
higher incidence of cardiovascular events early in the
morning, when REM episodes are longer [19]. It
could also contribute to the higher cardiovascular
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mortality seen in patients with major depression, who
show increased REM sleep period duration and
greater phasic REM activity relative to healthy sub-
jects, although this is theoretical [20].

Respiratory system

During sleep, air exchange decreases because of the
loss of waking-related respiratory drive and a reduc-
tion in respiratory rate and minute ventilation. At the
same time, the resistance in the upper airways
increases as a result of muscle relaxation [21].
Reduced sensitivity of central chemoreceptors to
higher levels of CO, or to lower levels of O, is also
observed, especially during REM sleep [22]. These
changes, usually present in normal sleep, contribute
to sleep disorders such as sleep apnea [23].

Thermoregulation

During NREM sleep, homeostatic thermoregulation
is preserved and is characterized, particularly in SWS,
by a reduction in body temperature that follows a
decrease in the hypothalamic temperature set point
[24]. Conversely, during REM sleep the ability to
regulate body temperature through sweating and
shivering is markedly reduced [25]. Intriguingly,
hypothermia and other abnormalities in thermoregu-
lation are reported in psychiatric disorders, such as
anorexia nervosa [26], which are also characterized by
sleep abnormalities (i.e. SWS deficits) [27].

Neuroendocrine system

Several hormones are released during sleep. Growth
hormone (GH) secretion occurs early in the night, and
peaks during SWS [28], while prolactin is usually
released in the middle of the night [29]. Both of these
hormones have feedback effects on sleep: GH on SWS
[30], prolactin on REM [31]. Adrenocorticotropic
hormone (ACTH) and cortisol, two hormones of
the hypothalamic-pituitary-adrenal (HPA) axis, are
downregulated at sleep onset but increase and peak
toward the end of sleep, when they likely contribute to
morning arousal [32]. In contrast, the secretion of
thyroid-stimulating hormone (TSH) is maximal in
the evening before sleep onset, inhibited by sleep,
and enhanced by sleep deprivation [33]. Melatonin,
whose secretion by the pineal gland is permitted only
at night by the circadian system, is also inhibited by
light and promoted by darkness, thus providing infor-
mation to the brain regarding seasonal day length.
Melatonin is often used as a sleep-promoting agent,

due to its ability to induce drowsiness and lower body
temperature [34]. Altogether, while hormones such as
prolactin and GH show a significant sleep-dependent
secretion, melatonin and cortisol levels are circadian-
regulated and thus are relatively unaffected by sleep [35].

Chronic sleep disruption or sleep deprivation can
have dramatic effects on the endocrine system. For
example, the secretion of GH and prolactin is markedly
decreased in sleep apnea patients [36]. Furthermore,
there is increasing evidence that sleep loss is associated
with decreased insulin sensitivity, which eventually
could result in elevated risk for diabetes [37]. In add-
ition, severe sleep restriction may result in a reduction
of satiety hormones (e.g. leptin) as well as an increase
in hunger-promoting hormones (e.g. ghrelin), which
could lead to higher body mass index and obesity [38].

Reproductive system

During REM sleep, men commonly experience noc-
turnal penile tumescence (NPT) [39]. The occurrence
of NPT, which is unrelated to the sexual content of
dreaming and persists into old age, can be used
to establish whether cases of impotence are biological
or psychogenic in origin. However, testing for NPT is
no longer commonly performed due to newer pharma-
cological methods of evaluating impotence [40]. In
women, during REM sleep, a phasic increase in vaginal
blood flow as well as clitoral engorgement and erection
occur, phenomena which are also unrelated to the
sexual content of dreaming activity [41].

Electrophysiological tools to
monitor sleep

Monitoring normal human sleep

EEG, since it was first utilized by Hans Berger in 1929 to
describe brain rhythms (alpha, beta) generated during
waking [42], has been extensively employed to investi-
gate sleep activity. In combination with EMG (which
assesses muscle activity) and EOG (which measures eye
movement), EEG has played a critical role in character-
izing the different stages of NREM as well as REM sleep.

EEG is recorded from electrodes placed on differ-
ent scalp locations according to the 10-20 system
[43]. This is a standardized electrode placement
method developed to ensure high within- and across-
subject reproducibility. Electrodes localized in dif-
ferent scalp regions (frontal, central, and occipital)
can best identify specific EEG patterns of waking
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of sleep spindles revealed that schizophrenics had reduced spindle activity localized in a centroparietal area (adapted from [1]).

See plate section for color version.

and sleep. For example, a frontal electrode can
optimally record K-complexes (NREM stage N2) and
slow waves (NREM stage N3), whereas a central elec-
trode is ideally located to detect sleep spindles (NREM
stage N2). Conversely, an occipital electrode can best
record alpha rhythm, EEG oscillations at 8-12 Hz
occurring during resting wakefulness with the eyes
closed. The current availability of high-density
(>60 channels) EEG (hd-EEG) systems has made it
possible to describe a highly detailed topography of
characteristic waking as well as sleep rhythms, such as
slow waves and sleep spindles (Figure 3.2a). A recent
study has also shown the potential of hd-EEG in iden-
tifying local deficits in sleep rhythms in patients with
schizophrenia (Figure 3.2b) [44].

EOG electrodes are placed in pairs (above and below
the eye or to the left and right of it) in order to track
vertical and horizontal eye movements. EOG electrodes
can detect the slow, rolling eye movement associated
with NREM sleep stage N1 as well as the rapid eye
movements that occur during REM sleep. EMG record-
ings are performed to monitor changes in tonic and
phasic muscle activity during sleep. For example, EMG
activity is markedly decreased during REM sleep, when
skeletal muscles are virtually paralyzed (atonia). EMG is
usually recorded from chin electrodes over the submen-
talis muscle. Additional electrodes can be placed over
the anterior tibialis and intercostal muscles to monitor
leg movements and respiratory efforts, respectively.

Monitoring abnormal sleep:
polysomnography
Polysomnography (PSG) is an overnight procedure

that involves continuous recording of several physio-
logical variables for the characterization of sleep for

the diagnosis of sleep disorders or for clinical research
[45]. In addition to EEG, EOG, and EMG activity, the
variables monitored during clinical PSG include:
(a) limb movements via EMG electrodes on arms
and/or legs; (b) electrocardiogram (ECG) using chest
leads; (c) respiratory effort with thoracic and abdom-
inal piezoelectric belts or respiratory inductive
plethysmography (RIP) belts; (d) airflow at nose/
mouth via heat-sensitive devices called thermistors
and/or nasal pressure transducers; and (e) oxygen
saturation via pulse oximetry. PSG is commonly indi-
cated for: (1) the diagnosis of sleep-related breathing
disorders (SRBDs); (2) titrating positive airway pres-
sure (PAP) in patients with SRBDs; (3) cases of sus-
pected narcolepsy; and (4) monitoring sleep behaviors
(parasomnias) that are potentially harmful or are
particularly unusual for age of onset, duration, and
frequency of occurrence [46]. PSG is also employed in
patients with neuromuscular disorders reporting
sleep complaints, in patients with parasomnias unre-
sponsive to therapy, and in order to support diag-
noses of seizure-related paroxysmal arousals or
periodic limb movement disorder [46]. Conversely,
PSG is usually not indicated in cases of insomnia,
circadian rhythm disorders, typical, uncomplicated
parasomnias, or to confirm sleep abnormalities (i.e.
insomnia) in subjects affected by psychiatric dis-
orders, such as depression or schizophrenia [46].

Clinical tests to establish daytime
sleepiness

Daytime sleepiness is characterized by difficulties in
maintaining wakefulness while performing daytime
activities. It is a chronic problem for about 5% of
the general population, and it is the most common
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sleep-related complaint reported by patients seen in
sleep disorder centers [47]. Sleepiness can be caused
by sleep deprivation, sleep fragmentating disorders
(e.g. sleep apnea) [48], disorders of central hypersom-
nolence (e.g. narcolepsy), or certain types of medica-
tions [49]. Decreased productivity, problems in
interpersonal relationships, and increased risk for
motor vehicle accidents are some of the most
common consequences of excessive sleepiness [50].

Daytime sleepiness can be measured with subject-
ive questionnaires, such as the Stanford sleepiness
scale (SSS) [51] and the Epworth sleepiness scale
(ESS) [52], or by using objective electrophysiological
tests. The SSS ratings reflect the subject’s self-reported
level of sleepiness at the time of report, while the ESS
scores indicate the subject’s self-evaluated propensity
to fall asleep under various circumstances. Both ques-
tionnaires, although inexpensive and easy to admin-
ister, can be confounded by factors such as the
individuals’ ability to assess their own level of vigilance
or their motivation to seek medical treatment. Also,
subjective scales may not measure the same parameter
across subjects (e.g. fatigue vs. sleepiness) [53].
Objective tests of sleepiness are more time-consuming,
but more accurate. Among them, the two most com-
monly employed to assess daytime sleepiness are the
MSLT [54] and the MWT [55].

The MSLT measures the ability to fall asleep under
standardized conditions across the day, and consists of
four or five nap opportunities repeated 2 hours apart.
At the beginning of each test, the individual lies in a
quiet, darkened room and tries to fall asleep. Sleep
latency, measured from lights out to the first epoch
of any stage of sleep, is recorded and the test is termin-
ated if sleep does not occur within 20 minutes. When
the MSLT is used for clinical purposes, patients are
allowed to sleep for 15 minutes after falling asleep to
establish whether they go into REM sleep during the
nap. In combination with other symptoms, two or
more naps with REM sleep are highly suggestive of
narcolepsy. In general, sleep latency values <5 minutes
indicate severe, excessive sleepiness, and the majority
of patients with narcolepsy or idiopathic hypersom-
nias have an average sleep latency <8 minutes, whereas
values >15 minutes are considered normal [56].
Notably, while this test is extremely helpful in identi-
tying subjects with narcolepsy, there is evidence that
patients with psychiatric disorders who complain of
excessive daytime sleepiness (EDS) often have rela-
tively normal sleep latencies on MSLT [57].

The MWT measures the ability to stay awake
while sitting in a quiet and dimly lit room for a period
of time ranging from 20 to 40 minutes. As in the
MSLT, four or five trials are performed about 2 hours
apart. The 40-minute protocol is used to prevent
ceiling effects, and a mean sleep latency >35 minutes
is considered normal [55]. Although both tests meas-
ure sleep-onset latency, the MSLT reflects the ten-
dency to fall asleep (sleepiness), while the MWT
indicates the ability to stay awake in spite of sleep
pressure levels (alertness). Results of these tests are
used to help diagnose sleep disorders [58], evaluate
their treatment [59], and to support recommenda-
tions to patients regarding daily activities that require
an adequate level of vigilance, such as driving [60]. It
is therefore critical to interpret the findings of these
tests in light of the individual’s prior sleep history. For
example, short sleep latency values at the MSLT are
irrelevant in cases where the patient is sleep-deprived
[61]. Conversely, a careful assessment of the patient’s
sleep habits in the week preceding the tests as well as
monitoring of the patient’s sleep during an adaptation
night in the sleep laboratory can maximize the clinical
significance of these tests [62]. In some cases, patients
may be asked to wear a device on their wrist that
detects and records motion, a correlate of wakeful-
ness, for several weeks before the laboratory test. This
procedure (actigraphy) is sometimes also utilized to
collect a longitudinal objective measure of sleep in
subjects complaining of chronic insomnia [63]. Also,
urine toxicology screening may be performed on the
day of MSLT/MWT testing to document that the
subject is not using stimulants to stay awake or illicit
substances that can cause daytime sedation.

Organization of sleep
Sleep architecture

Sleep architecture refers to the organization of sleep
across the recording period. Sleep recording is
divided into 30-second epochs across the night, and
each epoch is classified into a stage based on the
predominant pattern (>50% of the epoch). Sleep
stage scoring is a standardized procedure established
about 40 years ago [12] and is still routinely employed,
with some recent modifications [13], in clinical and
research settings. Sleep scoring provides several meas-
ures of sleep quality and quantity. For example, sleep
scoring quantifies the amount of time spent in each
sleep stage. In a healthy young adult, NREM stage N1
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Figure 3.3 Hypnogram of a night of sleep in a healthy subject.

Table 3.2 Sleep architecture variables

Sleep architecture  Definition

parameters

Total sleep time
(minutes)

The amount of sleep time during
the recording

The time from lights out to
the onset of any sleep stage

Sleep onset latency
(minutes)

Sleep efficiency (%)  The ratio of total sleep time

to time in bed

Wake after sleep
onset (minutes)

The amount of wake during the
recording following the first
sleep epoch

occupies about 5% of the total sleep time, stage N2
50-60%, and stage N3 20-25%, while REM sleep
(stage R) accounts for the remaining 20-25%.
Periods of NREM and REM alternate in a relatively
predictable temporal pattern (approximately 90-
120-minute intervals) through the course of the
night, with the first REM period usually occurring
about 70-100 minutes after sleep onset. SWS (stage
N3) time peaks during the first sleep cycle, and
markedly declines across the night. Conversely, as
the night progresses, REM sleep episodes increase in
length and are characterized by more intense dreaming
as experienced subjectively [11] (Fig. 3.3). A number of
sleep architecture parameters are typically calculated
in clinical studies and research settings. These param-
eters are listed in Table 3.2.

Sleep architecture is fairly consistent in healthy
adults, but changes significantly across the life-span
[64], in psychiatric patients [65], or in subjects taking
psychotropic medications [66].

Sleep changes across the life-cycle

The sleep-wake cycle begins in the second trimester
of fetal life, and in the last trimester prior to birth and
the first months of life sleep can be differentiated into
active and quiet sleep, which are the precursors of
REM and NREM sleep, respectively. Quiet (NREM)
sleep is characterized by: even respiration; discontinu-
ous EEG with bursts of high-amplitude delta fre-
quency oscillations lasting 2-4 seconds; low-voltage,
inter-burst activity in the theta range; and an absence
of body or eye movements. Conversely, active (REM)
sleep shows uneven respiration, continuous EEG
activity, and atonia with frequent myoclonic jerks as
well as rapid eye movements [67]. Newborns spend 16
to 18 hours per day sleeping; REM sleep represents
about half of total sleep time, and tends to initiate
each sleep episode [68]. After the first 3 months of
life, infants start developing more adult-like sleep
characteristics: (a) time spent in REM sleep decreases
progressively; (b) sleep is initiated through NREM
sleep at the beginning of each sleep cycle; (c) NREM
stages differentiate; and (d) sleep spindles and slow
waves emerge in the NREM sleep EEG [69].

Childhood is characterized by a reduction of
REM sleep (from 50% to 20-25%), while SWS,
which represents the deepest stage of NREM sleep,
markedly increases and is accompanied by a higher
arousal threshold [68]. This explains why children are
difficult to awaken, especially at the beginning of
the sleep period, and are prone to experience SWS-
related sleep disorders, such as night terrors and
somnambulism [70].

During adolescence, SWS decreases considerably,
likely as a result of a neuronal regulatory process
called synaptic pruning [71]. Synaptic pruning elim-
inates weak neuronal connections, making the brain
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more efficient and organized. Intriguingly, because of
its critical role in shaping brain connectivity, it has
been suggested that synaptic pruning abnormalities
underlie the increased incidence of schizophrenia in
adolescent/young adult individuals [72]. Adolescents
also show a reduction in total sleep time, and a ten-
dency of “eveningness” over “morningness,” probably
related to a shift in the intrinsic period of the circadian
clock [73]. Healthy adults sleep about 8 hours per
night, and their sleep period is usually divided into
four NREM-REM sleep cycles. The amount of SWS
progressively decreases across the adult life, while the
duration of REM sleep is virtually unchanged.

In older individuals the presence of medical ail-
ments as well as primary sleep disorders (e.g. sleep
apnea) makes it more difficult to identify sleep changes
related to “normal” aging. Elderly subjects show diffi-
culty initiating and maintaining sleep, experience early
awakenings, tend to nap during the daytime, and get
sleepy earlier in the evening [64]. Altogether, ability to
maintain consolidated sleep decreases with age,
although it is unclear whether sleep need does. From
early adulthood into late life SWS declines progres-
sively from 20% to 3.5%, whereas REM sleep is only
slightly reduced. However, older individuals with
disorders of the central nervous system, including
Alzheimer’s disease and other dementias, show a sig-
nificant decrease in REM sleep as well as fragmenta-
tion of the sleep-waking cycle [74].

Sleep architecture abnormalities in psychiatry

Sleep disturbances are often associated with psychi-
atric illnesses. Psychiatric patients often report sleep
complaints, and sleep symptoms are part of the pri-
mary diagnostic criteria for several psychiatric dis-
orders [65]. In an attempt to characterize the nature
of this relationship better, numerous studies over the
past 50 years have investigated the sleep EEG patterns
of different psychiatric populations, and have consist-
ently reported sleep architecture abnormalities in
psychiatric patients [75] (Table 3.3).

The majority of sleep EEG studies have focused on
patients with major depressive disorders, and have
found three main abnormalities [76]: (1) reduced
sleep continuity; (2) SWS deficits; and (3) REM sleep
abnormalities. Reduced sleep continuity manifests in
subjects with depression as longer sleep latency,
increased waking periods after sleep onset, frequent
early morning awakenings, decreased sleep efficiency,
and less total sleep time compared to age-matched

healthy controls. Depressed patients exhibit a reduc-
tion in total minutes of SWS [77] that is particularly
evident during the first sleep cycle, when SWS activity
in healthy subjects peaks. REM sleep abnormalities
are present in patients with depression, who show
reduced REM sleep latency, a longer first REM sleep
episode, enhanced phasic REM activity, and increased
total minutes of REM sleep [65,76]. Intriguingly,
similar sleep architecture disturbances have been
found in bipolar patients, during both manic and
depressive episodes [78].

Anxiety disorders are the most common psychi-
atric illnesses and show a strong correlation with
several sleep complaints, including insomnia [79].
The most consistent sleep abnormality found in
patients with anxiety disorders is reduced sleep con-
tinuity, which manifests itself as increased sleep
latency, and decreased sleep efficiency and total
amount of sleep (see Table 3.3). Some studies focus-
ing on subgroups of anxiety disorder patients have
also reported REM sleep disturbances, including
increased REM density (post-traumatic stress dis-
orders) [80] and reduced REM sleep latency (obses-
sive-compulsive disorders) [81].

The study of sleep architecture in schizophrenia
patients has a long history. Starting from the observa-
tion that dreaming and psychosis share common
features, an early hypothesis suggested that schizo-
phrenia was determined by a dysregulation of REM
sleep [82]. Although this hypothesis has been dis-
counted by subsequent studies, several REM abnor-
malities, including reduced REM latency [83], as well
as a decrease in SWS time, have been found in
patients with schizophrenia [84]. However, sleep dis-
turbances other than reduced sleep continuity have
shown high variability across studies [85].

Sleep patterns have been less extensively explored
in other psychiatric disorders. Some studies have inves-
tigated the sleep EEG of eating disorder patients, who
may report sleep disturbances including abnormal
nocturnal eating behaviors. The main findings of these
studies were sleep continuity decrements, reduced
REM sleep latency, and excessive numbers of arousals
from NREM sleep [86]. Patients with substance abuse
disorders also frequently complain of sleep difficulties
[87]. Most studies have been conducted in alcoholic
patients, who have shown reduced sleep continuity,
SWS (stage N3) deficits, decreased REM sleep latency,
and increased REM percentage of total sleep time
even after prolonged periods of sobriety [88].
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Table 3.3 Sleep abnormalities in psychiatric disorders

Psychiatric
diagnosis

Major depressive
disorder

Bipolar disorder

Panic disorder (PD)

Generalized anxiety
disorder

Post-traumatic stress
disorder

Obsessive-
compulsive disorder

Eating disorders

Alcohol abuse

Subjective complaints

Difficulty falling asleep (initial insomnia), increased

awakening at night/restless sleep (middle insomnia),
and early morning awakening (terminal insomnia)

Decreased need for sleep in manic phase,
increased sleep in depressed phase

Sleep deprivation associated with elevation in mood

Nocturnal panic attacks: in 40 70% of PD patients,
same symptoms of daytime episodes

Sleep-onset delay and sleep-maintenance
insomnia

Trauma-related dreams. Hyperarousability
(insomnia)

Initial insomnia caused by obsessions or
compulsions

Insomnia (anorexia nervosa). Sleep-related eating
(bulimia nervosa)

Insomnia

Polysomnographic findings

| Sleep continuity’

(1 SL?, | TST®, | SEY

| SWS (stage N3)

| SWS % of TST

| REML®

1 REMD® 1 REM % of TST

Similar to major depressive
disorder

Normal or | sleep continuity'
| Sleep continuity’

1 REMD®
1 SWS (stage N3)

Normal or | sleep continuity’
Normal or | REML®

| Sleep continuity’
Normal or | REML®

| Sleep continuity’

Light, fragmented sleep
Vivid dreaming (delirium)

Schizophrenia Severe early insomnia
Inversion of wake sleep cycle

Polyphasic sleep pattern

1 SWS (stage N3)
T REM % of TST

| Sleep continuity’
Normal or | SWS (stage N3)
Normal or | REML®, 1 REMD®

Notes: ' Sleep continuity: measures the ability to fall asleep (SL?) and remain asleep (TST?, SE%).
2 Sleep latency: the amount of time from “lights out” to the onset of sleep.

3
4
5
6

Total sleep time: the amount of actual sleep time in a sleep period.

Sleep efficiency: measured as the ratio between TST and time in bed.

REM latency: the amount of time from sleep onset to the first REM epoch.
REM density: the ratio of rapid eye movement activity to total REM sleep time.

Effects of medications on sleep architecture

Several medications that reach the central nervous
system and affect brain function (i.e. psychoactive
drugs) can alter sleep activity (Table 3.4). For
example, first-generation antiepileptic drugs (AEDs)
increase somnolence and may affect sleep architecture
by increasing NREM stage N1 (phenytoin) or decreas-
ing REM sleep (phenytoin, carbamazepine) [89].
Newer AEDs are relatively less sedating and have vari-
able effects on sleep architecture, which may reflect
heterogeneity in their mechanisms of action [90].

On the other hand, many antidepressant agents
suppress REM sleep, resulting in dramatic reduction

of REM sleep and prolongation of REM sleep
latency. Monoamine oxidase inhibitors (MAOIs)
show the strongest REM suppression effect [91],
while tricyclic antidepressants (TCAs), selective-
serotonin and serotonin-norepinephrine reuptake
inhibitors (SSRIs and SNRIs) may cause a more
moderate reduction in REM sleep, often associated
with increased eye movement (REM density) during
the REM episode [92]. Preclinical studies indicate
that the mechanism of REM suppression is related
to increased levels of serotonin and it is most likely
mediated via post-synaptic 5-HT;, receptors [93].
In humans, selective serotonergic (5-HT;,) agonists



Table 3.4 FEffects of common psychoactive medications on sleep

Type of medication

Antiepileptic drugs (AEDs)

Antidepressant drugs

Sedative/hypnotic drugs

Lithium

Antipsychotic drugs

Nicotine

Opioid drugs

Subtype

Older AEDs
Carbamazepine
Phenytoin
Valproic acid

Newer AEDs
Gabapentin

Lamotrigine
Tiagabine

Tricyclic antidepressants
Amitryptiline, nortryptiline,
doxepin, clomipramine

Monoamine oxidase inhibitors
Phenelzine, tranylcypromine

Serotonin reuptake inhibitors

Serotonin-norepinephrine
reuptake inhibitors
Venlafaxine, duloxetine

Other antidepressants
Trazodone
Bupropion
Mirtazipine

Benzodiazepine receptor agonists
Flurazepam, temazepam
Lorazepam

Triazolam

Zolpidem

First-generation antipsychotics
Chlorpromazine
Haloperidol

Second-generation antipsychotics
Clozapine

Olanzapine

Quetiapine

Risperidone

Ziprasidone

Morphine, heroin, codeine

Sleep effects

1 Daytime somnolence

| REM sleep*

1 SL', 1 NREM Stage N1, | REM sleep
T NREM Stage N1

No common effect on sleep

| Stage N1, T SWS (Stage N3), T REM sleep
1 SWS, T REM sleep

T SE?, 1 SWS

1 Sedation
T NREM Stage N2
| REM sleep

7 SL', | TST?, insomnia
| REM sleep

7 SL', | TST?, insomnia
| REM sleep
T Eye movements in NREM

7 SL', | TST?, insomnia
| REM sleep
1 Eye movements in NREM

No common effect on sleep
Sedation

Insomnia/activation
Sedation, | REM sleep

1 Daytime somnolence
1 NREM stage N2, | SWS, | REM sleep

1 Daytime somnolence
1 TST?

| NREM stage N1

T SWS

| REM sleep

T REM latency

1 Daytime somnolence, 1 TST?
7 SE?, 1 REM latency

No common effect on sleep
1 TST?, 1 SE? 1 REM density
L SL', 7 TST?, 1 SE? | Stage
N1, T SWS

L SL', 1 TST®, 1 SE?

| REM sleep

17 TST?, 17 SE% 1 REM latency

L TST?
s
| REM sleep

1 Daytime somnolence
| TST?, | sc*
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Table 3.4 (cont)
Type of medication Subtype

Stimulant drugs Amphetamines

D-amphetamine, methamphetamine

Xanthines
Caffeine, theophylline

Cocaine

Methylphenidate

Sleep effects

| Daytime somnolence
7SLY, | TST®
T REM latency, | REM sleep

| Daytime somnolence
1SL', | TST?, 1 NREM stage N1

| Daytime somnolence
| TST?

| Daytime somnolence

| TST3, | sc*

T NREM stage N1, | NREM Stage N2
T REM latency, | REM sleep

Notes: Bold items refer to classes of medications and to their class specific sleep effects; non bold items to specific agents within a

class and to their agent specific sleep effects.
*With short term use only.

! SL: sleep latency.

2 SE: sleep efficiency.

3 TST: total sleep time.

4 SC: sleep continuity.

strongly suppress REM [94]. Additionally, antidepres-
sants that bind to serotonergic reuptake proteins (SSRIs
and SNRIs) cause an increase in sleep latency and a
reduced total sleep time, often accompanied by subject-
ive complaints of insomnia, likely related to their
activating effects on the brain [66]. The molecular
mechanism underlying the differential effects of
antidepressants on sleep continuity is still unclear. Dif-
ferent antagonism of H1 histaminergic or cholinergic
receptors, or alterations in GABAergic activity have
been proposed as possible explanations [95,96].
Hypnotic drugs, which are usually utilized to treat
insomnia, improve several sleep continuity param-
eters (e.g. they decrease sleep latency, increase total
sleep time). Benzodiazepines and benzodiazepine
receptor agonists (BzRAs) are widely prescribed
hypnotic agents, and generally have replaced barbit-
urates because of fewer side-effects [97]. In addition
to improving sleep continuity, benzodiazepines
and BzRAs increase NREM stage N2, whereas they
dramatically reduce SWS (NREM stage N3) and
REM sleep [98]. Benzodiazepines bind with various
levels of affinity to GABA-A receptors, causing
an increased flow of chloride ions into the neuron.
As a result, the neuron is hyperpolarized, and its
activity is reduced. BzRAs generally represent an
improvement over benzodiazepines as a result of
enhanced binding selectivity and pharmacokinetic

profiles. Another, newly discovered group of hyp-
notic drugs are the selective extrasynaptic GABA-A
receptor agonists (SEGAs). Intriguingly, recent stud-
ies have shown that SEGAs, which target the synaptic
junctions of thalamic and cortical neurons, can help
regulate some sleep parameters, including sleep onset
and maintenance [99].

Antipsychotic medications can facilitate sleep by:
(1) attenuating psychotic symptoms, such as hallucin-
ations and delusions; (2) reducing psychomotor agi-
tation; and (3) increasing sedation through
antagonistic effects on histaminergic, cholinergic,
adrenergic, and dopaminergic receptors. The effects
of these drugs on sleep architecture include reduced
sleep latency and improved sleep continuity [100],
with an increase in SWS reported with some agents
[101] but not all [102]. In general antipsychotics
(APs) improve sleep efficiency and have a strong
sedative effect [103]. The lower sedation rates
reported with some APs, including haloperidol and
aripiprazole, are likely related to a stronger affinity for
serotonin 5-HT,p receptors, combined with a weaker
affinity for dopaminergic D2 receptors.

Opioids have several clinical applications but
are also drugs of abuse. Although the analgesic
properties of these drugs permit sleep in patients
with chronic pain or restless legs syndrome,
repeated use of morphine or heroin may cause
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sleep disturbances such as reduction in total sleep
and sleep continuity [7]. Similar effects on sleep
are caused by stimulants, which include caffeine,
amphetamine, or related compounds (i.e. methyl-
phenidate, cocaine). Stimulants also increase wake-
fulness, prolong sleep latency, and decrease total
sleep time, SWS (NREM stage N3), and REM sleep
[104-106]. For a more detailed review of the effects
of drugs of abuse/dependence on sleep, please refer
to Chapter 19: Sleep in substance use disorders.

Applications of neuroimaging
techniques in sleep medicine

Over the last two decades, several neuroimaging
techniques, including positron emission tomog-
raphy (PET), anatomical and functional magnetic
resonance imaging (MRI and fMRI), magnetic res-
onance spectroscopy (MRS), single photon emission
computed tomography (SPECT), and high-density
electroencephalography (hd-EEG), have been increas-
ingly utilized in research and clinical settings
(Table 3.5). For example, neuroimaging techniques
have been employed in a range of experimental con-
ditions to further our understanding of normal brain
activity during wakefulness. Additionally, given their
ability to provide valuable information on brain
activity changes in different states of vigilance (e.g.
sleep-wake cycle) [8] as well as in various patho-
logical conditions (e.g. psychiatric and sleep dis-
orders) [107,108], these techniques have been used
in sleep research to better characterize fundamental
aspects of normal sleep and of sleep disruption. Some
of these aspects include: (a) the functional neuroanat-
omy of sleep stages; (b) the relationship between
waking neuronal plastic changes (e.g. learning tasks,
sensory deprivation) and sleep; and (c) the effects of
sleep deprivation on waking brain activities, especially
on the neuronal circuits underlying key cognitive
functions (e.g. memory, attention). The most relevant
neuroimaging findings related to each of these aspects
are reviewed below.

Functional neuroanatomy of sleep stages

Whereas traditional EEG recordings have revealed
brain activity patterns characteristic of the sleep-
wake cycle, neuroimaging studies employing PET
and fMRI have significantly contributed to

characterize the functional neuroanatomy under-
lying these EEG patterns. Specifically, these studies
have shown that both global and local brain activity
changes occur in sleep compared to waking and that
different patterns of activity are present in REM
and NREM sleep.

NREM sleep is characterized by a global reduction
in brain metabolism and cerebral blood flow relative to
waking, as well as a decrease in regional cerebral blood
flow (rCBF) in several subcortical (dorsal pons,
cerebellum, midbrain, basal ganglia, basal forebrain,
thalamus) [109,111] and cortical regions (anterior cin-
gulate, inferior parietal, dorsolateral prefrontal cortex)
[110,112-114] (Figure 3.4). A recent meta-analysis of
PET data has shown an inverse correlation between
slow waves and the rCBF of all of these brain structures,
with the exception of the thalamus [115]. Notably, these
findings are consistent with evidence from electro-
physiological studies showing that disruption of thal-
amocortical connections leaves the slow oscillation
intact, whereas damaging corticocortical connections
disrupts the synchronization of the slow oscillation
[116,117].

Neuroimaging studies have also revealed that
decreases in cortical rCBF during NREM sleep mainly
occur in associative areas (dorsolateral prefrontal,
orbitofrontal, and parietal cortices) and the precuneus
[109,111,112], while primary cortices are the least
affected [109] (Figure 3.4). The marked decrease of
rCBF in the associative areas likely reflects the high
level of activity of these areas during wakefulness,
while the rCBF reduction in the precuneus possibly
indicates the loss of wakefulness-promoting mechan-
isms, as suggested by the deactivation observed in the
precuneus during states of decreased consciousness
(vegetative state, anesthesia) [118].

A pivotal contribution to understanding the func-
tional neuroanatomy of NREM sleep EEG rhythms,
such as slow waves and sleep spindles, is expected
from a newly introduced neuroimaging technique,
EEG/fMRI. By recording EEG with simultaneous
fMRI, this technique provides a unique opportunity
to combine high spatial (fMRI) and temporal (EEG)
resolution. For example, a recent EEG/fMRI study
found that the thalamus, in combination with limbic
areas and superior temporal gyri, was significantly
activated during sleep in healthy subjects when sleep
spindles occurred [119]. While several electrophysio-
logical studies in animals had previously revealed that
thalamic nuclei are critically involved in generating
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Table 3.5 Neuroimaging techniques commonly utilized in sleep

Neuroimaging
technique

Magnetic
resonance
imaging (MRI)

Magnetic
resonance
spectroscopy
(MRS)

Functional
magnetic
resonance
imaging (fMRI)

Single photon
emission
computed
tomography
(SPECT)

Positron
emission
tomography
(PET)

High-density
(hd)-EEG

Parameters
measured

Voxel-based
morphometry
(vBMm)'

Metabolite
levels

Blood-oxygen-
level-dependent
(BOLDY signal

Regional
cerebral blood
flow (or rCBF>,
with M Tc-
HMPAQ®)

rCBF® (with '8[F]
DG, H,'°0)’
receptor
binding
(radioligands)8
EEG patterns
during waking
as well as sleep

Clinical and research use

Examine gray/white matter
changes related to aging,
neurodegenerative, or other
chronic diseases (dementia,
schizophrenia) which affect
brain tissues

Measure metabolite levels in
tumors or other disorders
(OSAS?) where metabolite
deficits (i.e. choline) can
occur

Assess BOLD (O, supply)
changes in brain regions
involved in cognitive tasks or
affected by acute and
chronic brain disorders

Diagnosis of dementia, rCBF
changes in other chronic
brain disorders

Differentiate Alzheimer from
other types of dementia,
assess receptor deficits in
psychiatric disorders

Differentiate delirium from
catatonia, identify seizures as
well as other waking and
sleep rhythm abnormalities

Advantages

High spatial resolution,
automatic procedure
faster than traditional
morphometric analyses
(RON)?

Combine anatomical and
functional data, confirm
involvement of certain
metabolites in specific
brain disorders

High spatial resolution,
safe, non-invasive, allows
repetitive measures
within a session and over
time

Inexpensive relative to
other imaging tools, good
spatial resolution

Less expensive than fMRI,
good spatial resolution,
imaging of
neuroreceptors’ activity

Exquisite temporal and
good spatial resolution
(relative to standard EEG),
safe, inexpensive

Notes: ' Identifies gray and white matters in all brain regions from high resolution MRI scans.
2 ROI: region of interests manually drawn on MRI scannings.

3
4
5

6
7
8

OSAS: obstructive sleep apnea syndrome.

BOLD: Measures the level of blood oxygenated hemoglobin, which increases with higher neural activity.
rCBF: the blood supplied to the different brain regions in a given time.
Technetium hexamethylpropylene amine oxime
(WSF\uorodeoxyg\ucose, H,"°0)

Limitations

Expensive, provide
no functional data

Expensive, lower
spatial resolution
than MR

Low temporal
resolution (~4 sec),
indirect measure of
neural activity

Poor temporal
resolution (1 min),
radiation exposure

Low temporal
resolution (40 sec),
radiation exposure

Limited ability to
localize cortical
sources of activity
and gather data
from deep regions

radiotracer which accumulates in brain regions proportional to blood flow.
radiotracers which measure CBF to brain regions.
These agents permit visualization of neuroreceptors in a plurality of neuropsychiatric illnesses.

sleep spindles [120], this study was the first to
establish a similar role for the thalamus in humans.
This study also characterized the brain areas that
were specifically activated during slow (11-13 Hz)
and fast (13-15 Hz) spindles, the superior frontal
gyrus and the sensorimotor/hippocampal regions

respectively, thus suggesting that these two spindle
types might have different functional roles during
NREM sleep [119].

In comparison to NREM sleep, REM sleep is
characterized by an increase in neuronal activity,
brain metabolism, and rCBF in the pons, midbrain,
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Figure 3.4 Brain maps showing changes in rCBF from waking to NREM (top), NREM to REM (middle), and REM to waking (bottom), measured
with H,'"°O PET. Top panel: brain regions with decreased rCBF during NREM sleep compared with presleep wakefulness. The reduction is

expressed in Z scores, ranging from

1 (light purple) to 4.5 (deep purple). Significant rCBF reductions were observed in the pons

(A, arrowhead), midbrain (B, short arrow), basal ganglia (B, long arrow; C, medium arrowhead), thalamus (C, short arrow), caudal orbital cortex
(B, small arrowhead), and cerebellum (A, arrow). Similar rCBF decreases were found in the anterior insula (B, medium arrowhead), anterior
cingulate (C and D, small arrowheads), as well as in the orbital (B, medium arrow), dorsolateral prefrontal (C, medium arrow; D, small arrow), and
inferior parietal lobes (D, medium arrow). Middle panel: brain regions with increased rCBF during REM sleep compared with NREM sleep.

Z scores values range from 1 (green) to 3.5 (red). Significant increases in rCBF during REM sleep were observed in the pons (A, arrowhead),
midbrain (B, long arrow), basal ganglia (B, short arrow; C, small arrowhead), thalamus (C, medium arrowhead), and caudal orbital cortex

(B, medium arrowhead). Increases were also found in anterior insula (B, small arrowhead), anterior cingulate (C, small arrow; D, medium
arrow), mesial temporal (parahippocampal) (B, medium arrow), fusiform inferotemporal (B, large arrowhead), lateral occipital (C, long arrow),
auditory association (C, medium arrow), and medial prefrontal cortices (D, small arrow). Bottom panel: brain regions with rCBF increase
during post sleep wakefulness compared to REM sleep. Z scores values are from 1 (green) to 3.5 (red). Significant increases in rCBF
occurred in the orbital (B, small arrow), dorsolateral prefrontal (C and D, small arrows), and inferior parietal lobes (D, medium arrow),

as well as in the cerebellar hemispheres (A, small arrow). Reproduced, with permission, from [2]. See plate section for color version.

basal ganglia, thalamus [109], amygdala, anterior cin-
gulate, and temporal and orbito-medial prefrontal
cortices [121] (Figure 3.4). Activation of the pons,
the midbrain, and the thalamus during REM is con-
sistent with electrophysiological evidence showing
that REM activity is initiated by pontine cholinergic
nuclei [122,123], which then induce widespread cor-
tical activation through a dorsal (thalamic) and a
ventral (midbrain) pathway [124,125]. Furthermore,
electrophysiological studies in animals have shown an

involvement of neurons of the amygdala in generating
ponto-geniculo-occipital (PGO) waves, key compo-
nents of phasic REM sleep underlying rapid eye
movements [126,127]. In humans, dreaming activity
occurring during REM sleep is associated with an
increased activation in the temporal cortex, in a
region anatomically connected to the visual areas
[113], as well as in the cingulate [113,128] and
orbito-medial prefrontal cortices, both part of the
limbic system. This pattern of activation may account
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for the visually vivid, emotionally laden conscious
experience occurring during dreams [121].

Neuroimaging studies also demonstrate that sev-
eral areas are significantly deactivated during REM
sleep when compared to wakefulness, including the
precuneus, the posterior cingulate, and the dorsolat-
eral prefrontal and the inferior parietal cortices
[109,129,130] (Figure 3.4). Specifically, PET data
reveal that, in these brain regions, a decrease in rCBF
occurs at the onset of NREM sleep, and remains
constant during REM episodes. Deactivation of pre-
frontal areas during REM sleep has been confirmed
by fMRI studies [131,132], and suggests that during
REM sleep the brain is generally active with the
exception of higher-order associative cortical areas.
Intriguingly, these areas are involved in coherently
integrating multimodal neural information and in
planning behavioral output based on this informa-
tion. Thus, a reduction in the activity of these areas
during REM would explain the sense of “passivity”
and “incongruity” that is often subjectively experi-
enced while dreaming [133].

Neuroplasticity and sleep

Neuroimaging studies have begun to reveal the rela-
tionship between waking activities such as learning
and memory, which induce brain plasticity, and
sleep. For example, recent PET studies found that
several brain areas, including sensorimotor, premo-
tor, and anterior cingulate cortices, which were acti-
vated during a serial reaction time task, had higher
rCBF and showed a stronger functional connectivity
during REM sleep in previously trained, relative to
untrained, subjects [134,135]. Furthermore, two fMRI
studies that employed either motor-sequence memory
[136] or visual texture discrimination [137] tasks
reported that the brain areas involved in learning
these tasks showed higher activity 12 hours after a
training session in subjects who were allowed to sleep
relative to the subjects who were kept awake. These
findings suggest that neuronal plasticity occurring
during waking has an effect on subsequent sleep and
that sleep might have a role in modulating these
plastic changes.

In this regard, the most direct evidence of the rela-
tionship between waking plastic changes and
sleep regulation comes from several recent EEG studies
[138-140]. By employing a 256-channel high-
density EEG system, these studies have shown that

changes in sleep activity, and particularly in local slow-
wave activity (SWA) during NREM sleep, are highly
sensitive markers of plastic changes in the cortex. For
example, it was found that a brief (~1 hour), simple
motor learning task induced an increase in the SWA of
the involved parietal cortex [140] (Figure 3.5a); con-
versely, immobilization of the non-dominant (left) arm
led to a decrease in SWA at the corresponding cortical
region [139] (Figure 3.5b). Local increases in SWA were
also found in healthy subjects following high-frequency
(5 Hz) repetitive transcranial magnetic stimulation
(rTMS), a paradigm known to induce potentiation
[138] (Figure 3.5¢), while in stroke patients with expres-
sive (Broca’s area) aphasia a 4-hour program of speech
therapy produced focal increases in SWA in the perile-
sional area (Figure 3.5d). Additional findings from other
EEG studies, showing local increases in SWA or sleep
spindle activity that were significantly correlated with
performance improvement in various learning and
memory tasks, support the notion that sleep-specific
rhythms contribute to neuroplasticity [141,142].

Effects of sleep deprivation

Sleep deprivation (SD) is a fairly common event that
can be experienced sporadically (e.g. following trau-
matic events or periods of high stress) or chronically
(e.g. living in a noisy environment or working under
an irregular schedule) [8]. SD is also a leading cause
of serious accidents, for instance at work or while
driving, which can result in injuries or death
[50,143]. While it is established that SD results in
impaired cognitive functions, the effects of SD on
waking brain activity are still largely unknown. How-
ever, several recent neuroimaging studies have begun
addressing this issue. Specifically, these studies have
investigated with imaging scans the cognitive func-
tions of sleep-deprived healthy subjects, in order to
identify the neuroanatomical correlates of both
impaired cognitive performance and of possible com-
pensatory mechanisms. The cognitive domains most
characterized include working memory [144-150]
and attention [151-153]. Other cognitive aspects,
including inhibitory control [154] and emotional
processing [155], have also been explored.

Working memory (WM) requires temporarily
storing and manipulating information in specific brain
areas. Neuroimaging studies have consistently shown
an involvement of dorsolateral prefrontal [156] and
parietal cortices [157] during WM tasks. However, the
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effects of SD on these cortical areas vary across studies
as a result of multiple factors, including type of task,
task difficulty, or interindividual variability. For
example, it has been shown that, after SD, activation
of the frontal and parietal cortices increases in experi-
ments involving verbal learning [158,159], while it
decreases in experiments involving serial subtraction
[152,160]. Furthermore, a recent fMRI study reported
that increasing the complexity of a verbal WM task
elicited greater activation in prefrontal cortex after 24
hours of SD than after sleep, possibly reflecting a
“compensatory” mechanism [161]. Additionally, two
fMRI studies found that task-related activation of
frontal and parietal areas before SD predicted the indi-
vidual’s reduction in task performance after SD (the
lower the BOLD activation pre-SD, the worse the per-
formance post-SD) [146,148], while another fMRI
study found that 19 healthy subjects showed a decrease
in task-related BOLD activation of parietal cortex after
SD, which was correlated with their decline in task
performance [144].

The effects of SD on attentional tasks and their
neural correlates have been investigated in both PET
and fMRI studies. The most consistently reported
findings include an increase in the activation of sen-
sory (and particularly visual) cortical areas and a
reduced activation of the prefrontal cortex.

Figure 3.5 Cortical plasticity is reflected
by local changes in SWA. In each panel
regions with SWA increase are in red,
while in blue are regions with SWA
decrease. White circles indicate
electrodes with significant SWA activity
change. (a) Increased SWA after a rotation
learning task. Six electrodes with
significant differences from baseline
located in the right sensorimotor area
were found [3]. (b) Decreased SWA
following left arm immobilization for one
day was found in three electrodes in the
right sensorimotor cortex [4].

(0) Increased SWA following rTMS of the
left premotor cortex [5]. (d) Increased
SWA at the right inferior frontal gyrus,
symmetrical to Broca's area, in a stroke
patient with expressive aphasia following
4 hours of speech therapy. See plate
section for color version.

Specifically, an early [18] FDG PET study found that,
after 32 hours of SD, the performance in an atten-
tional task (detection of degraded visual targets) was
significantly reduced from baseline while glucose
metabolism (CMRGIu) was decreased in frontotem-
poral areas and increased in the visual cortex [153].
By employing different durations of SD (24, 48, and
72 hours) and a different visual attentional task (serial
subtraction), another PET study reported a progres-
sive increase of CMRGlu in visual areas from 24 to 72
hours of SD. The authors also reported a decrease in
prefrontal cortex CMRGlu, which was larger after 48
or 72 hours of SD than after 24 hours of SD [152].
A similar, marked reduction in prefrontal activity
following SD was found using the same visual atten-
tional task in healthy subjects before and after 35
hours of SD [160]. However, other fMRI studies
employing different attentional tasks (i.e. divided
attention tasks [162] and psychomotor vigilance tests
[151]) have shown an increase in prefrontal and par-
ietal BOLD activity following SD, which has been
explained as adaptive responses of the brain. Consist-
ent with this interpretation, in these studies the cog-
nitive performances were only slightly affected by SD.
In sum, these neuroimaging findings suggest that
prefrontal deactivation underlies SD-related atten-
tional impairments, and that some of these deficits
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can be compensated for by enhanced activity in pre-
frontal, parietal, and visual cortical areas.

The ability to inhibit inappropriate responses
(inhibitory efficiency) is reduced by sleep loss. The
effect of SD on inhibitory efficiency varies across
individuals [9]. In a recent fMRI study employing a
go/no-go inhibitory task, the task-related activation of
the anterior insula and ventral and anterior prefrontal
cortices decreased in all participants after 24 hours of
SD [154]. However, individuals who showed a lower
no-go-related activation of the right inferior frontal
region before SD performed better following SD
(higher inhibitory efficiency). The authors suggested
that these subjects were able to enhance the level of
engagement of this region after SD, whereas the
poor performers had already reached a “maximal”
activation of this region before SD [154].

Sleep deprivation can also influence different
aspects of emotion regulation, including the processing
of emotionally salient stimuli and the modulation of
emotional responses. A recent fMRI study has begun to
reveal the neural effects of SD on emotional processing.
Specifically, in this study it was found that amygdala
activation to emotionally charged (aversive) pictures as
well as its connectivity with the limbic system increased
after SD, while the amygdala-medio-prefrontal (MPFC)
connectivity was decreased relative to the normal
sleep condition [155]. The combination of enhanced
limbic-subcortical responses and reduced MPFC acti-
vation to aversive stimuli suggests a failure of top-down,
prefrontal regulation of emotions after SD.

Conclusion

In this chapter we briefly reviewed the neurophysi-
ology of normal human sleep, including the electro-
physiological and neuroendocrine characteristics of
the REM/NREM sleep stages, and described the elec-
trophysiological assessment of sleep disorders with
polysomnography (PSG). We also discussed the
organization of sleep (sleep architecture) in young
healthy adults, and reported the effects of age, psychi-
atric disorders, and psychoactive medications on sleep
architecture. Finally, we presented several neuroim-
aging techniques, including fMRI, PET, and hd-EEG,
which have been increasingly utilized in sleep
research to explore the neuroanatomy of normal sleep
and the effects of sleep deprivation on cognitive
functions.

The science of sleep has progressed tremendously
in the last 50 years, from the early description of
NREM/REM sleep stages, through the investigation
of sleep architecture in healthy subjects as well as in
neuropsychiatric patients with various sleep dis-
orders, and now to the study of the neural correlates
of sleep activity with state-of-the-art neuroimaging
techniques. In particular, the exquisite spatial and
temporal resolution provided by neuroimaging tools
such as fMRI and hd-EEG has recently enabled us to
explore sleep activity in greater detail and to begin to
address some of the fundamental questions regarding
the function of sleep.

For example, what is the exact relationship
between sleep and fundamental waking activities,
such as memory and learning? Are local changes in
sleep activity (occurring in the same area where
waking plastic changes have taken place) more rele-
vant to the function of sleep than the overall global
activity? Are specific brain areas more in need of
sleep, and therefore more sensitive to the effects of
sleep deprivation? Are some sleep-specific rhythms
(e.g. sleep slow waves, sleep spindles) more involved
in implementing these waking-related plastic changes
in the healthy brain? And are deficits in some of these
sleep EEG rhythms relevant to the neurobiology of
psychiatric disorders?

In general, the study of spontaneous neural activ-
ity during sleep offers some important advantages for
investigating brain function in psychiatric patients.
Sleep recordings minimize possible confounding
factors related to waking activities, including changes
in the level of attention, decreased motivation, or
cognitive capacity, and the presence of active symp-
toms. Intriguingly, in a recent study employing hd-
EEG during sleep it was found that sleep spindles
were markedly reduced in schizophrenic patients
compared to healthy subjects as well as psychiatric
controls, and that these spindle activity deficits pro-
vided a 90% separation between schizophrenics and
subjects from the other two groups [44]. These find-
ings, whose relevance will be established by future
studies on larger populations of psychiatric patients
and healthy subjects, show the importance of sleep
research in psychiatry, and underscore how imaging
techniques applied to the sleeping brain may contrib-
ute not only to diagnoses but also, ultimately, to a
better understanding of the neurobiology of neuro-
psychiatric disorders.



Chapter 3: Neurophysiology and neuroimaging

References

1.

10.

11.

12.

13.

14.

15.

16.

Greenspan RJ, Tononi G, Cirelli C, Shaw PJ. Sleep and
the fruit fly. Trends Neurosci. 2001;24(3):142 145.

Banks S, Dinges DF. Behavioral and physiological
consequences of sleep restriction. J Clin Sleep Med.
2007;3(5):519 528.

Aserinsky E. The discovery of REM sleep. J Hist
Neurosci. 1996;5(3):213 227.

Kryger MH, Roth T, Dement WC. Principles and
practices of sleep medicine, 3rd ed. Philadelphia: WB
Saunders Co.; 2000.

Benca RM, Obermeyer WH, Thisted RA, Gillin JC.
Meta analysis of sleep changes in psychiatric disorders.
Sleep Res. 1991;20:169.

Markov D, Goldman M. Normal sleep and circadian
rhythms: neurobiologic mechanisms underlying sleep
and wakefulness. Psychiatr Clin North Am. 2006;
29(4):841 853; abstract vii.

Wang D, Teichtahl H. Opioids, sleep architecture and
sleep disordered breathing. Sleep Med Rev. 2007;11
(1):35 46.

Dang Vu TT, Desseilles M, Petit D,et al. Neuroimaging
in sleep medicine. Sleep Med. 2007;
8(4):349 372.

Chee MW, Chuah LY. Functional neuroimaging
insights into how sleep and sleep deprivation affect
memory and cognition. Curr Opin Neurol. 2008;
21(4):417 423.

Boveroux P, Bonhomme V, Boly M, et al. Brain
function in physiologically, pharmacologically, and
pathologically altered states of consciousness. Int
Anesthesiol Clin. 2008;46(3):131 146.

Hirshkowitz M. Normal human sleep: an overview.
Med Clin North Am. 2004;88(3):551 565, vii.

Rechtschaffen A, Kales A. A manual of standardized
terminology, techniques, and scoring system for

sleep stages of human subjects. UCLA, Los Angeles:
Brain Information Service/Brain Research

Institute; 1968.

Silber MH, Ancoli Israel S, Bonnet MH, et al. The
visual scoring of sleep in adults. J Clin Sleep Med.
2007;3(2):121 131.

Trinder J, Kleiman ], Carrington M, et al. Autonomic
activity during human sleep as a function of time and
sleep stage. J Sleep Res. 2001;10(4):253 264.

Brandenberger G, Ehrhart J, Piquard F, Simon C.
Inverse coupling between ultradian oscillations in delta
wave activity and heart rate variability during sleep.
Clin Neurophysiol. 2001;112(6):992 996.

Murali NS, Svatikova A, Somers VK. Cardiovascular
physiology and sleep. Front Biosci. 2003;8:5636 652.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tasali E, Leproult R, Ehrmann DA, Van Cauter E.
Slow wave sleep and the risk of type 2 diabetes in
humans. Proc Natl Acad Sci U S A. 2008;
105(3):1044 1049.

Vgontzas AN, Bixler EO, Papanicolaou DA, et al.
Rapid eye movement sleep correlates with the

overall activities of the hypothalamic pituitary adrenal
axis and sympathetic system in healthy humans.

J Clin Endocrinol Metab. 1997;82(10):

3278 3280.

Verrier RL, Muller JE, Hobson JA. Sleep, dreams, and
sudden death: the case for sleep as an autonomic stress
test for the heart. Cardiovasc Res. 1996;

31(2):181 211.

Bankier B, Littman AB. Psychiatric disorders
and coronary heart disease in women  a still
neglected topic: review of the literature from
1971 to 2000. Psychother Psychosom. 2002;71(3):
133 140.

Penzel T, Wessel N, Riedl M, et al. Cardiovascular and
respiratory dynamics during normal and pathological
sleep. Chaos. 2007;17(1):015116.

Nattie E. CO2, brainstem chemoreceptors and
breathing. Prog Neurobiol. 1999;59(4):299 331.

Owens RL, Eckert DJ, Yeh SY, Malhotra A. Upper
airway function in the pathogenesis of obstructive

sleep apnea: a review of the current literature. Curr
Opin Pulm Med. 2008;14(6):519 524.

Lack LC, Gradisar M, Van Someren EJ, Wright HR,
Lushington K. The relationship between insomnia and
body temperatures. Sleep Med Rev. 2008;

12(4):307 317.

Krauchi K. The human sleep wake cycle reconsidered
from a thermoregulatory point of view. Physiol Behav.
2007;90(2 3):236 245.

Gutierrez E, Vazquez R, Boakes RA. Activity based
anorexia: ambient temperature has been a neglected
factor. Psychon Bull Rev. 2002;9(2):239 249.

Nobili L, Baglietto MG, Beelke M, et al. Impairment of
the production of delta sleep in anorectic adolescents.
Sleep. 2004;27(8):1553 1559.

Obal F Jr, Krueger JM. GHRH and sleep. Sleep Med
Rev. 2004;8(5):367 377.

Freeman ME, Kanyicska B, Lerant A, Nagy G.
Prolactin: structure, function, and regulation of
secretion. Physiol Rev. 2000;80(4):1523 1631.

Van Cauter E, Plat L, Copinschi G. Interrelations
between sleep and the somatotropic axis. Sleep. 1998;
21(6):553 566.

Roky R, Obal F Jr, Valatx JL, et al. Prolactin and rapid
eye movement sleep regulation. Sleep. 1995;
18(7):536 542.

53



54

Section Il: Normal Sleep

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Wagner U, Born J. Memory consolidation during
sleep: interactive effects of sleep stages and HPA
regulation. Stress. 2008;11(1):28 41.

Luboshitzky R. Endocrine activity during sleep.
J Pediatr Endocrinol Metab. 2000;13(1):13 20.

Krauchi K, Cajochen C, Pache M, Flammer J,

Wirz Justice A. Thermoregulatory effects of melatonin
in relation to sleepiness. Chronobiol Int. 2006;

23(1 2):475 484.

Czeisler CA, Klerman EB. Circadian and

sleep dependent regulation of hormone release in
humans. Recent Prog Horm Res. 1999;54:97 130;
discussion 130 132.

Clark RW, Schmidt HS, Malarkey WB. Disordered
growth hormone and prolactin secretion in
primary disorders of sleep. Neurology. 1979;29(6):
855 861.

Knutson KL, Van Cauter E. Associations between sleep
loss and increased risk of obesity and diabetes. Ann
N'Y Acad Sci. 2008;1129:287 304.

Van Cauter E, Knutson KL. Sleep and the epidemic of
obesity in children and adults. Eur J Endocrinol.
2008;159(Suppl 1):859 66.

Schmidt MH, Schmidt HS. Sleep related erections:
neural mechanisms and clinical significance. Curr
Neurol Neurosci Rep. 2004;4(2):170 178.

Morales A, Condra M, Reid K. The role of
nocturnal penile tumescence monitoring in the
diagnosis of impotence: a review. J Urol. 1990;143
(3):441 446.

Abel GG, Murphy WD, Becker JV, Bitar A. Women’s
vaginal responses during REM Sleep. ] Sex Marital
Ther. 1979;5(1):5 14.

Berger H. [Uber das Elektrenkephalogramm des
Menschen]. Archiv fur Psychiatrie und
Nervenkrankheiten. 1929;87:527 580.

Myslobodsky MS, Coppola R, Bar Ziv J,

Weinberger DR. Adequacy of the International

10 20 electrode system for computed
neurophysiologic topography. J Clin Neurophysiol.
1990;7(4):507 518.

Ferrarelli F, Huber R, Peterson MJ, et al. Reduced sleep
spindle activity in schizophrenia patients. Am

J Psychiatry. 2007;164(3):483 492.

Littner M, Hirshkowitz M, Kramer M, et al.
Practice parameters for using polysomnography to
evaluate insomnia: an update. Sleep. 2003;26(6):
754 760.

Kushida CA, Littner MR, Morgenthaler T, et al.
Practice parameters for the indications for
polysomnography and related procedures: an update
for 2005. Sleep. 2005;28(4):499 521.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bixler EO, Kales A, Soldatos CR, Kales JD, Healey S.
Prevalence of sleep disorders in the Los Angeles
metropolitan area. Am ] Psychiatry. 1979;
136(10):1257 1262.

Guilleminault C, Cummiskey J, Dement WC. Sleep
apnea syndrome: recent advances. Adv Intern Med.
1980;26:347 372.

Guilleminault C, Dement WC. 235 cases of
excessive daytime sleepiness: diagnosis and
tentative classification. J Neurol Sci. 1977;31(1):
13 27.

Mitler MM, Carskadon MA, Czeisler CA, et al.
Catastrophes, sleep, and public policy: consensus
report. Sleep. 1988;11(1):100 109.

Hoddes E, Zarcone V, Smythe H, Phillips R, Dement
WC. Quantification of sleepiness: a new approach.
Psychophysiology. 1973;10(4):431 436.

Johns MW. A new method for measuring daytime
sleepiness: the Epworth sleepiness scale. Sleep. 1991;
14(6):540 545.

Benca R, Kwapil TR. Sleep disorders measures.

In: Handbook of psychiatric measures. Washington,
DC: American Psychiatric Association;

2000:673 685.

Carskadon MA, Dement WC. The multiple sleep
latency test: what does it measure? Sleep. 1982;
5(Suppl 2):S67 72.

Mitler MM, Gujavarty KS, Browman CP. Maintenance
of wakefulness test: a polysomnographic technique for
evaluation treatment efficacy in patients with excessive
somnolence. Electroencephalogr Clin Neurophysiol.
1982;53(6):658 661.

Carskadon MA, Dement WC, Mitler MM, et al.
Guidelines for the multiple sleep latency test (MSLT): a
standard measure of sleepiness. Sleep. 1986;

9(4):519 524.

Billiard M, Partinen M, Roth T, Shapiro C. Sleep and
psychiatric disorders. J Psychosom Res. 1994;
38(Suppl 1):1 2.

van den Hoed J, Kraemer H, Guilleminault C, et al.
Disorders of excessive daytime somnolence:
polygraphic and clinical data for 100 patients. Sleep.
1981;4(1):23 37.

Guilleminault C, Dement WC. Sleep apnea
syndromes and related sleep disorders. In:
Williams RL, Karacan I, eds. Sleep disorders:
diagnosis and treatment. New York: John Wiley &
Sons; 1978:9 28.

Thorpy MJ. The clinical use of the Multiple Sleep
Latency Test. The Standards of Practice Committee of
the American Sleep Disorders Association. Sleep.
1992;15(3):268 276.



Chapter 3: Neurophysiology and neuroimaging

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Rosenthal L, Roehrs TA, Rosen A, Roth T. Level of
sleepiness and total sleep time following various time
in bed conditions. Sleep. 1993;16(3):226 232.

Arand D, Bonnet M, Hurwitz T, et al. The clinical
use of the MSLT and MWT. Sleep. 2005;
28(1):123 144.

Buysse DJ, Ancoli Israel S, Edinger JD, Lichstein KL,
Morin CM. Recommendations for a standard
research assessment of insomnia. Sleep. 2006;29(9):
1155 1173.

Espiritu JR. Aging related sleep changes. Clin Geriatr
Med. 2008;24(1):1 14, v.

Benca RM, Obermeyer WH, Thisted RA, Gillin JC.
Sleep and psychiatric disorders: a meta analysis. Arch
Gen Psychiatry. 1992;49:651 668.

Obermeyer WH, Benca RM. Effects of drugs on sleep
[Review]. Neurol Clin North Am. 1996;14(4):827 840.

Peirano P, Algarin C, Uauy R. Sleep wake states and
their regulatory mechanisms throughout early human
development. ] Pediatr. 2003;143(4 Suppl):S70 79.

Davis KF, Parker KP, Montgomery GL. Sleep in infants
and young children: Part one: normal sleep. ] Pediatr
Health Care. 2004;18(2):65 71.

Grigg Damberger M, Gozal D, Marcus CL, et al.
The visual scoring of sleep and arousal in infants and
children. J Clin Sleep Med. 2007;3(2):201 240.

Davis KF, Parker KP, Montgomery GL. Sleep in infants
and young children: part two: common sleep
problems. ] Pediatr Health Care. 2004;18(3):

130 137.

Feinberg I, Higgins LM, Khaw WY, Campbell IG. The
adolescent decline of NREM delta, an indicator of
brain maturation, is linked to age and sex but not to
pubertal stage. Am ] Physiol Regul Integr Comp Physiol.
2006;291(6):R1724 1729.

Feinberg I. Schizophrenia: caused by a fault in
programmed synaptic elimination during adolescence?
J Psychiatr Res. 1982;17(4):319 334.

Diaz Morales JF, Gutierrez Sorroche M. Morningness
eveningness in adolescents. Span ] Psychol. 2008;
11(1):201 206.

Bliwise DL. Sleep disorders in Alzheimer’s disease and
other dementias. Clin Cornerstone. 2004;
6(Suppl 1A):S16 28.

Krystal AD, Thakur M, Roth T. Sleep disturbance in
psychiatric disorders: effects on function and quality of
life in mood disorders, alcoholism, and schizophrenia.
Ann Clin Psychiatry. 2008;20(1):39 46.

Kupfer DJ. Sleep research in depressive illness: clinical
implications  a tasting menu [Review]. Biol
Psychiatry. 1995;38(6):391 403.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Kupfer DJ, Reynolds CF III, Ulrich RF, Grochocinski
VJ. Comparison of automated REM and slow wave
sleep analysis in young and middle aged depressed
subjects. Biol Psychiatry. 1986;21:189 200.

Hudson JI, Lipinski JF, Keck PE, et al.
Polysomnographic characteristics of young manic
patients: comparison with unipolar depressed patients
and normal control subjects. Arch Gen Psychiatry.
1992;49:378 383.

Mellman TA. Sleep and anxiety disorders. Psychiatr
Clin North Am. 2006;29(4):1047 1058; abstract x.

Ross RJ, Ball WA, Dinges DF, et al. Rapid eye
movement sleep disturbance in posttraumatic stress
disorder. Biol Psychiatry. 1994;35:195 202.

Insel TR, Gillin JC, Moore A, et al. The sleep of
patients with obsessive compulsive disorder. Arch Gen
Psychiatry. 1982;39:1372 1377.

Hendrick I. Dream resistance and schizophrenia. ] Am
Psychoanal Assoc. 1958;6(4):672 690.

Benson KL, Zarcone VP Jr. Low REM latency in
schizophrenia. Sleep Res. 1985;14:124.

Hiatt JF, Floyd TC, Katz PH, Feinberg I. Further evidence
of abnormal non rapid eye movement sleep in
schizophrenia. Arch Gen Psychiatry. 1985;42:797 802.

Monti JM, Monti D. Sleep disturbance in
schizophrenia. Int Rev Psychiatry. 2005;17(4):247 253.

Schenck CH, Hurwitz TD, Bundlie SR, Mahowald
MW. Sleep related eating disorders: polysomnographic
correlates of a heterogeneous syndrome distinct

from daytime eating disorders. Sleep. 1991;14(5):

419 431.

Brower KJ, Aldrich MS, Robinson EA, Zucker RA,
Greden JF. Insomnia, self medication, and relapse to
alcoholism. Am J Psychiatry. 2001;158(3):399 404.

Crum RM, Ford DE, Storr CL, Chan YF. Association
of sleep disturbance with chronicity and remission of
alcohol dependence: data from a population based
prospective study. Alcohol Clin Exp Res. 2004;
28(10):1533 1540.

Placidi F, Scalise A, Marciani MG, et al. Effect of
antiepileptic drugs on sleep. Clin Neurophysiol.
2000;111(Suppl 2):S115 119.

Bazil CW. Effects of antiepileptic drugs on sleep
structure: are all drugs equal? CNS Drugs. 2003;
17(10):719 728.

Cohen RM, Pickar D, Garnett D, et al. REM
suppression induced by selective monoamine oxidase
inhibitors. Psychopharmacology. 1982;78:137 140.

Gervasoni D, Panconi E, Henninot V, et al. Effect of
chronic treatment with milnacipran on sleep
architecture in rats compared with paroxetine and

55



56

Section Il: Normal Sleep

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

imipramine. Pharmacol Biochem Behav. 2002;
73(3):557 563.

Monaca C, Boutrel B, Hen R, Hamon M, Adrien J.

5 HT 1A/1B receptor mediated effects of the selective
serotonin reuptake inhibitor, citalopram, on sleep:
studies in 5 HT 1A and 5 HT 1B knockout mice.
Neuropsychopharmacology. 2003;28(5):850 856.

Gillin JC, Jernajczyk W, Valladares Neto DC, et al.
Inhibition of REM sleep by ipsapirone, a SHT1A
agonist, in normal volunteers. Psychopharmacology
(Berl). 1994;116(4):433 436.

Haas H, Panula P. The role of histamine and the
tuberomammillary nucleus in the nervous system. Nat
Rev Neurosci. 2003;4(2):121 130.

Parent MB, Master S, Kashlub S, Baker GB. Effects of
the antidepressant/antipanic drug phenelzine and its
putative metabolite phenylethylidenehydrazine on
extracellular gamma aminobutyric acid levels in the
striatum. Biochem Pharmacol. 2002;63(1):57 64.

Linnoila M, Erwin CW, Logue PE. Efficacy and side
effects of flurazepam and a combination of
amobarbital and secobarbital in insomniac patients.
J Clin Pharmacol. 1980;20:117 123.

Benca RM. Diagnosis and treatment of chronic
insomnia: a review. Psychiatr Serv. 2005;
56(3):332 343.

Ebert B, Wafford KA, Deacon S. Treating insomnia:
current and investigational pharmacological
approaches. Pharmacol Ther. 2006;

112(3):612 629.

Taylor SF, Tandon R, Shipley JE, Eiser AS. Effect of
neuroleptic treatment on polysomnographic measures
in schizophrenia. Biol Psychiatry. 1991;

30(9):904 912.

Sharpley AL, Vassallo CM, Cowen PJ. Olanzapine
increases slow wave sleep: evidence for blockade of
central 5 HT(2C) receptors in vivo. Biol Psychiatry.
2000;47(5):468 470.

Krystal AD, Goforth HW, Roth T. Effects of
antipsychotic medications on sleep in schizophrenia.
Int Clin Psychopharmacol. 2008;23(3):150 160.

Benson KL. Sleep in schizophrenia: impairments,
correlates, and treatment. Psychiatr Clin North Am.
2006;29(4):1033 1045; abstract ix x.

Bonnet MH, Balkin TJ, Dinges DF, et al. The use of
stimulants to modify performance during sleep loss: a
review by the Sleep Deprivation and Stimulant Task
Force of the American Academy of Sleep Medicine.
Sleep. 2005;28(9):1163 1187.

Mitler MM, Hajdukovic R. Relative efficacy of drugs
for the treatment of sleepiness in narcolepsy. Sleep.
1991;14(3):218 220.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Nicholson AN, Stone BM. Heterocyclic amphetamine
derivatives and caffeine on sleep in man. Br J Clin
Pharmacol. 1980;9:195 203.

McGuire P, Howes OD, Stone J, Fusar Poli P.
Functional neuroimaging in schizophrenia: diagnosis
and drug discovery. Trends Pharmacol Sci. 2008;
29(2):91 98.

Nofzinger EA. What can neuroimaging findings tell us
about sleep disorders? Sleep Med 2004;
5(Suppl 1):S16 22.

Braun AR, Balkin TJ, Wesenten NJ, et al. Regional
cerebral blood flow throughout the sleep wake cycle.
An H2(15)O PET study. Brain. 1997;120(Pt 7):

1173 1197.

Kajimura N, Uchiyama M, Takayama Y, et al. Activity
of midbrain reticular formation and neocortex during
the progression of human non rapid eye movement
sleep. ] Neurosci. 1999;19(22):10065 10073.

Magquet P, Degueldre C, Delfiore G, et al. Functional
neuroanatomy of human slow wave sleep. J Neurosci.
1997;17(8):2807 2812.

Andersson JL, Onoe H, Hetta J, et al. Brain networks
affected by synchronized sleep visualized by positron
emission tomography. J Cereb Blood Flow Metab.
1998;18(7):701 715.

Braun AR, Balkin TJ, Wesensten NJ, et al. Regional
cerebral blood flow throughout the sleep wake cycle.
Brain. 1997;120:1173 1197.

Braun AR, Balkin TJ, Wesensten NJ, et al. Dissociated
pattern of activity in visual cortices and their
projections during human rapid eye movement sleep.
Science. 1998;279(5347):91 95.

Dang Vu TT, Desseilles M, Laureys S, et al. Cerebral
correlates of delta waves during non REM sleep
revisited. Neuroimage. 2005;28(1):14 21.

Amzica F, Steriade M. Disconnection of
intracortical synaptic linkages disrupts
synchronization of a slow oscillation. J Neurosci.
1995;15(6):4658 4677.

Steriade M. The corticothalamic system in sleep. Front
Biosci. 2003;8:D878 899.

Cavanna AE. The precuneus and consciousness. CNS
Spectr. 2007;12(7):545 552.

Schabus M, Dang Vu TT, Albouy G, et al.
Hemodynamic cerebral correlates of sleep spindles
during human non rapid eye movement sleep. Proc
Natl Acad Sci U S A. 2007;104(32):13164 13169.

Steriade M, McCormick DA, Sejnowski TJ.
Thalamocortical oscillations in the sleeping and
aroused brain. Science. 1993;262(5134):

679 685.



Chapter 3: Neurophysiology and neuroimaging

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Magquet P, Peters ], Aerts J, et al. Functional
neuroanatomy of human rapid eye movement sleep
and dreaming. Nature. 1996;383(6596):163 166.

Datta S. Neuronal activity in the peribrachial area:
relationship to behavioral state control. Neurosci
Biobehav Rev. 1995;19(1):67 84.

Marini G, Gritti I, Mancia M. Enhancement of tonic
and phasic events of rapid eye movement sleep
following bilateral ibotenic acid injections into
centralis lateralis thalamic nucleus of cats.
Neuroscience. 1992;48(4):877 888.

Jones BE. Basic mechanisms of sleep wake states. In:
Kryger MH, Roth T, Dement WC, eds. Principles and
practice of sleep medicine, 3rd ed. Philadelphia: WB
Saunders Co.; 2000:134 154.

Steriade M, Datta S, Pare D, Oakson G, Curro Dossi
RC. Neuronal activities in brain stem cholinergic
nuclei related to tonic activation processes in
thalamocortical systems. ] Neurosci 1990;

10:2541 2559.

Calvo JM, Badillo S, Morales Ramirez M, Palacios
Salas P. The role of the temporal lobe amygdala in
ponto geniculo occipital activity and sleep
organization in cats. Brain Res. 1987;

403(1):22 30.

Calvo JM, Simon Arceo K, Fernandez Mas R.
Prolonged enhancement of REM sleep produced by
carbachol microinjection into the amygdala.
Neuroreport. 1996;7(2):577 580.

Nofzinger E, Mintun M, Wiseman M, Kupfer D,
Moore R. Forebrain activation in REM sleep: an FDG
PET study. Brain Res. 1997;770(1 2):192 201.

Magquet P, Peters JM, Aerts J, et al. Functional
neuroanatomy of human rapid eye movement sleep
and dreaming. Nature. 1996;383:163 166.

Magquet P, Ruby P, Maudoux A, et al. Human
cognition during REM sleep and the activity profile
within frontal and parietal cortices: a reappraisal of
functional neuroimaging data. Prog Brain Res.
2005;150:219 227.

Fuller PM, Saper CB, Lu J. The pontine REM
switch: past and present. ] Physiol. 2007;584(Pt 3):
735 741.

Lovblad KO, Thomas R, Jakob PM, et al. Silent
functional magnetic resonance imaging demonstrates
focal activation in rapid eye movement sleep.
Neurology. 1999;53(9):2193 2195.

Hobson JA, Pace Schott EF. The cognitive
neuroscience of sleep: neuronal systems, consciousness
and learning. Nat Rev Neurosci. 2002;3(9):679 693.

Magquet P. The role of sleep in learning and memory.
Science. 2001;294(5544):1048 1052.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Maquet P, Laureys S, Peigneux P, et al. Experience
dependent changes in cerebral activation during
human REM sleep. Nat Neurosci. 2000;3(8):831 836.

Walker MP, Stickgold R, Alsop D, Gaab N, Schlaug G.
Sleep dependent motor memory plasticity in the
human brain. Neuroscience. 2005;133(4):911 917.

Walker MP, Stickgold R, Jolesz FA, Yoo SS. The
functional anatomy of sleep dependent visual skill
learning. Cereb Cortex. 2005;15(11):1666 1675.

Huber R, Esser SK, Ferrarelli F, et al. TMS induced
cortical potentiation during wakefulness locally
increases slow wave activity during sleep. PLoS ONE.
2007;2(3):€276.

Huber R, Ghilardi MF, Massimini M, et al. Arm
immobilization causes cortical plastic changes and
locally decreases sleep slow wave activity. Nat Neurosci.
2006;9(9):1169 1176.

Huber R, Ghilardi MF, Massimini M, Tononi G. Local
sleep and learning. Nature. 2004;430(6995):78 81.

Walker MP, Stickgold R. Sleep, memory, and plasticity.
Annu Rev Psychol. 2006;57:139 166.

Tononi G, Cirelli C. Some considerations on sleep and
neural plasticity. Arch Ital Biol. 2001;139(3):221 241.

Horne JA, Reyner LA. Sleep related vehicle accidents.
BM]J. 1995;310(6979):565 567.

Lim J, Choo WC, Chee MW. Reproducibility of
changes in behaviour and fMRI activation associated
with sleep deprivation in a working memory task.
Sleep. 2007;30(1):61 70.

Chee MW, Chuah LY, Venkatraman V, et al.
Functional imaging of working memory following
normal sleep and after 24 and 35 h of sleep deprivation:
Correlations of fronto parietal activation with
performance. Neuroimage. 2006;31(1):419 428.

Mu Q, Mishory A, Johnson KA, et al. Decreased brain
activation during a working memory task at rested
baseline is associated with vulnerability to sleep
deprivation. Sleep. 2005;28(4):433 446.

Choo WC, Lee WW, Venkatraman V, Sheu FS, Chee
MW. Dissociation of cortical regions modulated by
both working memory load and sleep deprivation and
by sleep deprivation alone. Neuroimage. 2005;25
(2):579 587.

Caldwell JA, Mu Q, Smith JK, et al. Are individual
differences in fatigue vulnerability related to baseline
differences in cortical activation? Behav Neurosci.
2005;119(3):694 707.

Habeck C, Rakitin BC, Moeller J, et al. An event
related fMRI study of the neurobehavioral impact of
sleep deprivation on performance of a delayed match
to sample task. Brain Res Cogn Brain Res. 2004;18(3):
306 321.

57



58

Section Il: Normal Sleep

150.

151.

152.

153.

154.

155.

156.

157.

158.

Bell McGinty S, Habeck C, Hilton H]J, et al.
Identification and differential vulnerability of a neural
network in sleep deprivation. Cereb Cortex. 2004;
14(5):496 502.

Drummond SP, Bischoff Grethe A, Dinges DF, et al.
The neural basis of the psychomotor vigilance task.
Sleep. 2005;28(9):1059 1068.

Thomas M, Sing H, Belenky G, et al. Neural basis of
alertness and cognitive performance impairments
during sleepiness. I. Effects of 24 h of sleep deprivation
on waking human regional brain activity. J Sleep Res.
2000:9(4):335 352.

Wu JC, Gillin JC, Buchsbaum MS, et al. The effect
of sleep deprivation on cerebral glucose metabolic
rate in normal humans assessed with positron
emission tomography. Sleep. 1991;14(2):155 162.

Chuah YM, Venkatraman V, Dinges DF, Chee MW.
The neural basis of interindividual variability in
inhibitory efficiency after sleep deprivation. J Neurosci.
2006;26(27):7156 7162.

Yoo SS, Gujar N, Hu P, Jolesz FA, Walker MP.
The human emotional brain without sleep a
prefrontal amygdala disconnect. Curr Biol. 2007;
17(20):R877 878.

Curtis CE, D’Esposito M. Persistent activity in the
prefrontal cortex during working memory. Trends
Cogn Sci. 2003;7(9):415 423.

Pessoa L, Gutierrez E, Bandettini P, Ungerleider L.
Neural correlates of visual working memory: fMRI
amplitude predicts task performance. Neuron. 2002;
35(5):975 987.

Drummond SP, Brown GG. The effects of total sleep
deprivation on cerebral responses to cognitive
performance. Neuropsychopharmacology. 2001;

25(5 Suppl):S68 73.

159.

160.

161.

162.

Drummond SP, Brown GG, Gillin JC, Stricker JL,
Wong EC, Buxton RB. Altered brain response
to verbal learning following sleep deprivation
[see comments]. Nature. 2000;403(6770):655 657.

Drummond SP, Brown GG, Stricker JL, Buxton RB,
Wong EC, Gillin JC. Sleep deprivation induced
reduction in cortical functional response to serial
subtraction. Neuroreport. 1999;10(18):3745 3748.

Chee MW, Choo WC. Functional imaging of working
memory after 24 hr of total sleep deprivation.
J Neurosci. 2004;24(19):4560 4567.

Drummond SP, Gillin JC, Brown GG. Increased cerebral
response during a divided attention task following
sleep deprivation. J Sleep Res. 2001;10(2):85 92.

Figure citations (see color plate section)

1.

Ferrarelli F, Huber R, Peterson MJ, et al. Reduced sleep
spindle activity in schizophrenia patients. Am
J Psychiatry. 2007;164(3):483 492.

. Braun AR, Balkin TJ, Wesenten NJ, et al. Regional

cerebral blood flow throughout the sleep wake cycle:
An H2(15)O PET study. Brain. 1997;
120(Pt 7):1173 1197.

. Huber R, Ghilardi MF, Massimini M, Tononi G.

Local sleep and learning. Nature. 2004;430(6995):
78 81.

. Huber R, Ghilardi MF, Massimini M, et al. Arm

immobilization causes cortical plastic changes and
locally decreases sleep slow wave activity. Nat Neurosci
2006;9:1169 1176.

. Huber R, Esser SK, Ferrarelli F, Massimini M, Peterson

M]J, Tononi G. TMS induced cortical potentiation
during wakefulness locally increases slow wave
activity during sleep. PLoS ONE. 2007;2(3):€276.



Marcos G. Frank

Introduction

In the last few decades, scientists have made extraordin-
ary progress characterizing the neurobiology [1], regu-
latory mechanisms [2], and genetic underpinnings of
mammalian sleep [3]. Yet despite these great advances,
the most fundamental question about sleep is still
unanswered. Why animals sleep remains one of Nature’s
greatest unsolved mysteries. There are several reasons
why this is more than just an embarrassing omission in
the field. Far from being a trivial behavior, sleep with a
few possible exceptions [4] is abundant in the animal
kingdom [5] and comprises about one-third of human
existence [6]. When animals sleep, they do so at the
expense of clearly adaptive behaviors (eating, mating,
defending territory) and put themselves at risk for
predation. In humans, sleep is characterized by pro-
found changes in somatic and neural physiology and
its disruption is associated with physical and cognitive
deficits and disease [7,8,9,10,11]. Therefore, our con-
tinued ignorance about sleep function presents a
major impediment to our understanding of physiology,
neurobiology, animal behavior, and sleep medicine.

In this chapter, I discuss the current status of this
central problem in the field of sleep biology. I begin
by discussing key concepts and theoretical issues that
should be kept in mind when evaluating theories of
sleep function. I then critique several categories of
sleep function proposed over the last 50 years. As
each of these categories can form the basis of an entire
review, only selected studies are cited here. I conclude
with a synthesis that winnows the thicket of compet-
ing ideas to those most likely to be true.

Key concepts in sleep function(s)

Over the years, sleep has been hypothesized to be
critical for a dizzying array of somatic and neural

The function(s) of sleep

functions. A non-exhaustive list includes: anabolic
processes, brain cooling, energy conservation, restor-
ation of brain molecules, removal of neurotoxins, and
higher-order functions such as brain maturation,
species-specific “programming,” and brain plasticity
[12,13]. This complicated situation has led some
researchers to conclude that sleep has no primary
function and instead may serve different purposes in
different animals and possibly at different stages of
life [4]. This is a valid position, but one that must be
critically evaluated because it is also possible that this
collection of hypotheses is merely an incomplete
description of a deeper, more basic process. Therefore
it is useful to consider why scientists have been unable
to identify a core function of sleep, and what basic
properties of sleep a unifying theory of sleep function
must explain.

The problem with evolution

Sleep is reported in an impressively wide variety of
animals, including terrestrial [14,15] and aquatic
invertebrates [16,17], birds [18], reptiles [19], placen-
tal, marsupial, and monotrematous mammals [6,20],
and even Caenorhabditis elegans [21]. While this
diversity has yielded valuable clues about the origins
of sleep behavior [22], it also paradoxically compli-
cates the search for core sleep functions. This is
because sleep in different animals is not the result of
a single evolutionary process, but the product of mil-
lions of years of complex interactions between differ-
ent evolutionary forces. For example, shared features
of sleep across species (e.g. heightened arousal
thresholds, homeostatic regulation [5]) may reflect
common ancestral origins, or convergent evolution.
More specialized features of sleep found only in
certain animals (e.g. slow-wave EEG activity in birds
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and mammals [18]) may in turn reflect secondary
adaptations arising via divergent evolution or evolu-
tionary spandrels.

These complex interactions have led to much con-
fusion regarding sleep function. First, not all changes
in the brain or the body during sleep may be critically
important in a given species. Some may reflect vestigial
aspects of sleep that once were adaptive, but during the
course of evolution have lost their importance, much
like the appendix, or pilo-erection in humans. An
example of such a vestigial sleep process may be
sleep-related changes in thermoregulation in humans
[11]. A reduction in heat production (and associated
metabolism) during sleep may have been an adaptive,
energy-conservation strategy in our smaller mamma-
lian ancestors (the so-called “energy conservation”
theory of sleep) [23,24], but the energy savings
obtained in humans is minuscule [6] - and likely offset
by the increased brain metabolism of REM sleep [25].

Others may represent what Gould and Lewontin
termed evolutionary spandrels, which are characteris-
tics not directly selected for, but appear during evolu-
tion as side-effects of adaptation [26]. For example, it
is possible that EEG slow-wave activity is a “sleep
spandrel” that arose as a by-product of the evolution
of mammalian neocortex and related structures in
birds [18], but is itself unrelated to sleep function.
This may explain why hypnotic drugs that reduce
slow-wave activity still produce restorative sleep [27]
and do not impair hypothesized functions of sleep
(i.e. brain plasticity [28]). Second, if not all observed
sleep phenomena have important functions, and this
varies across different species, cross-species correl-
ations between sleep parameters and constitutional
variables (e.g. brain mass, metabolism) may not be
revealing with respect to core functions of sleep.
Indeed, several studies employing this approach have
reached strikingly different conclusions [6,23,29,30].
Therefore, any unifying theory must reconcile the
presence of sleep in diverse species with the very real
differences in sleep expression across the animal king-
dom. It must also distinguish core functions of sleep
from specialized adaptations present only in a given
species and vestigial, non-functional remnants due to
a shared evolutionary path.

Ontogenetic considerations

A second important consideration is that sleep is not
static across the life-span. For example, in mammals

sleep amounts, brain activity, and sleep regulation
undergo dramatic transformations during develop-
ment [31]. The most prominent changes are in the
amounts and types of sleep, with overall sleep
amounts (and REM sleep in particular) being much
higher in early life than at any other point in the life-
span [31]. The regulation of sleep is also quite differ-
ent in developing mammals. Circadian rhythms in
sleep and wake are not observed at birth, even though
the states of REM and non-REM (NREM) sleep are
present in many species [31]. The classic homeostatic
increases in EEG slow-wave activity and REM sleep
amounts following sleep deprivation are also absent in
neonatal/juvenile rats [32,33] and appear quite abruptly
coincident with changes in sleep-deprivation-induced
neurotrophins [34]. On the other hand, neonatal sleep
time is finely regulated [32], which suggests (see
below) that it must serve some purpose for the
developing animal. Sleep in developing non-mamma-
lian vertebrates and invertebrates has only been min-
imally investigated, but similar changes in sleep
amounts across the life-span may occur [32,33].
A unifying theory of sleep function should therefore
account for these dramatic changes in sleep expres-
sion. It should also address whether the presumed
function is different in developing animals or pre-
served in some fashion across the life-span.

Homeostatic requlation

A critical criterion for sleep is that it be homeostat-
ically regulated. This has been best demonstrated in
mammals, where a sleep homeostat determines the
amount and intensity of sleep based on prior sleep-
wake history [35], though similar processes exist in
many animal species [5]. In mammals, this homeo-
static mechanism can act globally and influence sleep
behavior and activity across the brain [36], and it
appears that local homeostatic mechanisms can
increase sleep intensity within circuits previously
active during prior wakefulness [37]. The presence
of homeostasis is striking evidence of an important
function served by the regulated behavior. Thirst,
hunger, and temperature regulation are but a few
salient examples of behaviors and/or physiological
processes that exhibit homeostatic regulation.

As discussed by Benington [38], the homeostatic
regulation of sleep should also be closely associated
with its function. According to this argument, for any
sleep-dependent process there should be a feedback



Chapter 4: The function(s) of sleep

mechanism that communicates the state of progress
of that process to the homeostat if that process is
central to sleep expression. A unifying theory of sleep
function must therefore indicate how that function
communicates with the sleep homeostat.

The primacy of sleep

The most basic requirement of a unifying theory of
sleep function is that it explains why sleep, and no
other state (e.g. quiet wakefulness) or change in other
systems (e.g. increased enzymatic activity), is required
for that function. In particular, such a theory should
explain why the specific somatic or nervous system
changes unique to sleep, such as heightened arousal
thresholds, are necessary and sufficient for that func-
tion. This last criterion is rarely met. As discussed
below, there are a number of physiological or neuro-
logical processes that, under short-term manipula-
tions of sleep, appear to be enhanced by sleep and
more commonly, reduced by sleep deprivation. How-
ever, when the manipulation is extended, these
changes no longer occur, and/or the observed process
begins to exhibit its normal pattern of expression.
Thus, in these cases, sufficiency, but not necessity, is
demonstrated. In short, a unifying theory of sleep
function must explain what makes sleep and no other
behavioral state uniquely suited for the proposed
function.

Evaluating theories of sleep function

With these points in mind, we can begin our discus-
sion by reviewing classic categories of sleep function.
First, we can address whether sleep has evolved in
service of the entire organism (ecological theories) or
in response to some need of the body or the brain
(somatic vs. neural theories). Ecological theories posit
that sleep protects animals from being active during
times of low food or mate availability and/or times of
high predation [23]. These ideas may explain the
behavioral context from which sleep evolved in primi-
tive organisms (i.e. circadian rhythms of activity), but
otherwise have low explanatory power and are not
discussed further here. Somatic theories of sleep func-
tion propose that sleep facilitates anabolic processes
or restores some bodily function (e.g. organ function,
metabolism, etc.) worn down by wakefulness [39-40].
Neural theories, on the other hand, propose that sleep
is primarily for the brain, and are further subdivided
into metabolic and cognitive categories. Neuro-

metabolic theories propose that sleep detoxifies
substances that accumulate during wake, or restores
and repairs neural substrates degraded by wakeful-
ness. Neurocognitive theories propose that sleep
serves higher-order functions such as neural develop-
ment or memory, presumably by promoting brain
plasticity [40]. As each of these putative functions of
sleep have been extensively reviewed -elsewhere
[12,38,41,42,43,44,45], only findings from selected
studies are discussed below.

Somatic theories of sleep function

Sleep has historically been thought of as a time when
our body reverses the wear and tear of wakefulness;
but is sleep fundamentally concerned with somatic
functions? As reviewed by Akerstedt and Nilsson,
mortality rates in short and long sleepers do indicate
a link between sleep and physical well-being [46].
Individuals who sleep much more or much less than
average have higher mortality rates and greater inci-
dences of myocardial infarction and type 2 diabetes
[46]. Sleep also appears to be vital for animals because
prolonged sleep deprivation is fatal in rats and fruit
flies [47-50]. Although the precise cause of death
is not linked to a specific organ or neural pathology
in these studies, it does not appear to be due to the
stress of the sleep deprivation procedure [48,49,50,
51,52,53,54]. How then, does sleep influence the body
and what evidence is there that this is a core function
of sleep?

Endocrine systems, metabolism, and sleep

One possible explanation for the link between sleep
and physical health is that sleep regulates metabolic/
endocrine systems that control energy balance in the
body [44,55,56,57,58]. NREM sleep is associated
with increases in growth hormone (GH) release, and
substances which increase GH concentrations in the
brain (in some studies) increase NREM  sleep
[46,55,56]. NREM sleep is also associated with a
suppression of the hypothalamic-pituitary-adrenal
(HPA) axis, and it is believed that an interplay between
growth hormone-releasing hormone (GHRH) and
corticotropin-releasing hormone (CRH) influences
the quality of sleep [46,55,56]. More recently, it has
been shown that prolonged total sleep deprivation in
rodents reduces thyroid hormone levels and the pulsa-
tile release of GH and prolactin that normally occurs
during NREM sleep [52]. A very intriguing series of
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studies also shows that simply curtailing sleep in
humans increases the risk for diabetes, and negatively
impacts blood glucose metabolism [8]. In addition,
anatomical and transgenic studies in rodents have
revealed interactions between peptides important in
feeding and satiety (ghrelin and leptin, respectively),
and areas of the brain that control sleep/wake
expression [58]. For example, studies in mice and
rats indicate that leptin and ghrelin interact with
hypocretin- and melanin-concentrating hormone
(MCH)-containing neurons in the lateral hypothal-
amus, which in turn regulate arousal and sleep
(reviewed in [58]).

Despite these findings, it is still unclear if a core
function of sleep is to regulate metabolic/endocrine
biology. Shorter periods of sleep deprivation (24-72
hours) only modestly affect organ function, athletic
performance, and recovery from exercise [59-61].
With respect to interactions between sleep and the
endocrine system, the close correlation between GH
release and NREM sleep is not universally found in
other vertebrates. For example, only faint associations
between GH release and sleep are observed in rodents
[62]. Non-human primates display strong circadian
rhythms in corticosterone release, but no association
between GH release and NREM sleep [63,64]. Even in
humans the reduction in pulsatile GH release by sleep
deprivation can be compensated for by large pulses
that occur during wakefulness [65]. The effects of
exogenous GH, somatostatin, or blockade of GHRH
receptors on mammalian sleep expression are also
quite variable, with some studies showing no effects
[66-69].

Some of the other changes in human metabolism
observed after sleep deprivation appear to be strongly
influenced by circadian mechanisms or may reflect
side-effects of sleep deprivation rather than sleep per se.
For example, cortisol release is under circadian con-
trol [9], is known to increase after sleep deprivation
[70], and has been linked to some of the metabolic
disturbances reported after sleep deprivation [71].
Sleep deprivation is also known to reduce cortical
metabolism [72], which may contribute to elevated
blood glucose following restricted sleep [8]. If indeed
the fundamental purpose of sleep is to regulate blood
glucose, using the brain as a glucose “sponge” seems a
rather inelegant way to do it.

The evidence that sleep is principally concerned
with food intake is likewise less than straightforward.
As is true for changes in hormones, it is not clear if

the cycling of leptin and ghrelin in humans reflects
the influence of sleep, or independent circadian
rhythms in the release of these peptides [8]. Studies
in rodents have produced mixed results. The putative
associations between leptin and ghrelin release and
sleep observed in humans do not occur in rats [73].
Constitutive knock-out of leptin (0b/ob) [74] or leptin
(db/db) receptors [75] in mice results in abnormal
sleep patterns (increases in NREM sleep, sleep frag-
mentation), but it is not clear if these changes are
secondary to other abnormalities, developmental or
otherwise, in these mouse lines. For example, ob/ob
mice do not thermoregulate normally [74], and ob/ob
and db/db mice both display abnormal levels of motor
activity [74,75]; either abnormality would be expected
to impact sleep expression, if only indirectly. Ghrelin
knock-out mice display even fainter sleep phenotypes,
displaying modest increases in NREM sleep time
versus wild-type mice both in the baseline and
following recovery from sleep deprivation [76]. The
effects of knocking out melanin-concentrating hor-
mone (MCH) or the MCH type 1 receptor (MCH
R1) are also inconclusive. MCH knock-out mice are
hyperactive (with a corresponding reduction in sleep
time), but show normal compensatory changes in
sleep following sleep deprivation [77]. MCH RI1
knock-outs, however, show no hyperactivity, an
increase in REM sleep amounts, and a small increase
in the homeostatic response to sleep deprivation [78].
As is true for other constitutive knock-out mice, it is
unknown how many of these changes are due to
developmental compensation or other indirect effects
of the absent gene.

Immune function

There appear to be stronger and more direct links
between sleep and the immune system [45,56,57].
Bacterial and viral infection in animals and humans
are known to increase NREM sleep time via the
release of several immune factors (primarily cyto-
kines). Importantly, some of these effects appear to
reflect direct modulation of sleep/wake areas of the
brain rather than indirect effects of fever [45,56,57].
Exogenous administration of cytokines like tumor
necrosis factor (TNF) and interleukin 1B (IL-1B)
also increase NREM sleep amounts, while antagon-
ists of these cytokines or their receptors reduce
sleep time. In addition, the endogenous release of
TNF and IL-1B levels is highest during the normal
rest phase in rodents [56,57], and in contrast to
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molecular deletion of feeding/satiety peptides, knock-
out of several immune factors leads to pronounced
alterations in sleep/wake expression and sleep
homeostasis [79,80].

As is true for endocrine/metabolic and sleep inter-
actions, a number of issues must be resolved before
one can conclude that sleep’s primary function con-
cerns immune biology. First, it has not been defini-
tively shown that sleep is necessary for a healthy
immune system. Some studies indicate that short
periods of sleep deprivation or sleep restriction
decrease immune function as measured by changes
in cytokines, lymphocytes, immune cell activity, and
control of microorganisms [81-85]. In other studies,
however, sleep deprivation has negligible effects on
immunity, and with continued sleep deprivation,
markers of normal immune function return to base-
line and, in some cases, are heightened [56,86-89]. In
addition, during prolonged sleep deprivation rats
given antibiotics still die even though their tissues
are free from infection; thus the cause of death cannot
be ascribed to compromised host defense [51]. The
knock-out mouse studies are intriguing, but once
again, these are constitutive gene deletions, and the
resulting phenotypes reflect a mixture of compensa-
tory effects as well as absence of the targeted gene. In
this regard, it is important to point out that some
mice lacking immune peptides are underweight and
show disturbances in locomotor activity and abnor-
malities in temperature regulation [79,80].

Neural theories of sleep function

A universal feature of sleep across the animal king-
dom is that it involves both behavioral and neural
withdrawal from the outside world. Behaviorally, this
is manifested by an animal constructing and/or secur-
ing an isolated area that is safe from predators and
reduces exogenous sensory input. Neurologically,
sleep is associated with the activation of inhibitory
mechanisms that reduce sensory transmission
through the thalamus, and during REM sleep, inhibit
motor output [7,90]. In addition, while the effects of
sleep loss on somatic function are variable, and pos-
sibly restricted to certain mammalian species, the
effects on neural functioning appear more conserved
[10,91-93]. Generally speaking, sleep loss results in
cognitive deficits in animals as diverse as the fruit-fly
[93] to man [10]. These findings strongly suggest that
the core function of sleep concerns the brain.

Detoxification theories

As originally proposed at the beginning of the twenti-
eth century, the “hypnotoxin” theory of sleep function
posited that sleep removes a noxious by-product of
the waking brain [94]. Modern versions of this theory
propose that sleep reverses or protects against neur-
onal damage caused by prolonged glutamate release
or oxidative processes that occur during wakefulness
[95-97]. For example, it is hypothesized that uridine
and glutathione accumulate in the brain as a function
of waking metabolism and induce sleep by enhancing
GABAergic and reducing glutamatergic synaptic
transmission, respectively. In addition, glutathione
has potent antioxidant properties and is hypothesized
to protect cells from oxidative damage [95]. While it
is true that exogenous uridine and glutathione induce
sleep, and both molecules accumulate in neural
tissues of sleep-deprived rats [95,98], the extent to
which waking or sleep influences oxidative processes
in the brain is controversial. Prolonged REM sleep
deprivation in rodents selectively reduced glutathione
levels in the hypothalamus and thalamus, but other
markers of oxidative stress were not altered [99,100].
These findings were not replicated in a follow-up
study from the same group that found signs of oxida-
tive stress only in the hippocampus [101]. Slightly
different results were recently reported by a separate
group of investigators who found decreased gluta-
thione after REM sleep deprivation in these structures
and also the hippocampus, but also signs of reduced
oxidative stress in other brain structures, including
the cortex [102]. The results of two studies of the
effects of extended total sleep deprivation using the
same technique are contradictory. Ramanathan et al.
reported that 5-11 days of total sleep deprivation
reduced levels of the free-radical scavenger super-
oxide dismutase (SOD) in the hippocampus and
brainstem, while other markers of oxidative stress
(mitochondrial metabolic activity, glutathione perox-
idase) were unchanged [103]. Gopalakrishanan et al.,
however, found no changes in SOD and little evidence
of oxidative stress in brains of rats totally sleep
deprived for 3-14 days. There was also no evidence
that sleep-deprived brains were less able to respond to
an oxidative challenge [104].

There is no evidence that sleep loss produces
neural damage as might be expected by unchecked
oxidative processes. Ninety-six hours of REM sleep
deprivation has no effect on neuronal apoptosis or
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necrotic markers [105] and total sleep deprivation
(hours to days) has inconsistent neuronal effects
[47,49]. Even in rats sleep-deprived to death, there
was no gross neuronal damage [51]. A more recent
study using the same, extended sleep-deprivation
techniques in rats reported no changes in markers of
neural cell degeneration and no increases in apoptosis
gene expression [47]. Eiland et al. found an increase
in a more sensitive marker of cell degeneration in the
supraoptic nucleus (SON) after total sleep deprivation
for more than 45 hours. The significance of this latter
finding is unclear since no other signs of neuronal
damage were found in the SON [49].

Sleep and neuronal restoration: regeneration

The main evidence for neural regeneration during
sleep comes from studies of the effects of normal sleep
and wake and sleep deprivation on the synthesis and
degradation of a variety of biomolecules (e.g. nucleo-
tides, proteins, and mRNAs). NREM sleep has histor-
ically been viewed as the “restorative” sleep state
[106]. Though far from conclusive, there are a
number of findings which support this view. NREM
sleep amounts are positively correlated with cerebral
protein synthesis in adult rats, monkeys, and the
ovine fetus [107-110]. Studies in rabbits show posi-
tive correlations between RNA synthesis in purified
nuclear fractions of neocortical neurons and EEG
synchronization during sleep [111,112].

Molecular studies show that recovery sleep after
total sleep deprivation upregulates cortical and
medullary expression of genes that may play a role
in protein biogenesis in the endoplasmic reticulum
(ER) [113]. Complementary results have been reported
after 6 hours of total sleep deprivation in mice, which
induces cellular events that decrease protein synthesis
[114]. Other studies have found sleep-related increases
in several genes implicated in cholesterol synthesis,
membrane trafficking, and vesicle maintenance and
transport [115-118]. Total sleep deprivation is also
reported to reduce cell proliferation in the hippocam-
pus [119-122]. This latter effect does not appear to be
simply due to stress accompanying sleep deprivation
because it persists even when stress hormones are
clamped [123].

In contrast to NREM sleep, the evidence for
neural regeneration in REM sleep is comparatively
weak. REM sleep deprivation also reduces hippocam-
pal neurogenesis [124], but it has inconsistent
effects on protein synthesis, with some investigators

reporting no effects [125], and others showing reduc-
tions, chiefly in non-cortical structures [126,127].
REM sleep deprivation alters the expression of several
genes associated with REM sleep mechanisms, but
there is little evidence that REM sleep enhances the
expression of genes other than those located in REM
sleep circuits [128-130]. Although REM sleep is
accompanied by reduced monoaminergic activity
[131], the significance of this interaction in terms of
neuroregeneration is unclear. For example, short-
term REM sleep deprivation (96 hours) has been
shown to increase noradrenergic activity and down-
regulate beta-adrenergic receptors [132,133], but
extended total sleep deprivation or REM sleep depriv-
ation minimally impact monoamine levels and recep-
tor number [48,134-136], and only modestly affect
neuronal morphology in cholinergic and noradrener-
gic neurons [137].

Several studies indicate that REM sleep depriv-
ation increases neuronal excitability, possibly by
increasing NA-K ATPase activity, which suggests that
REM sleep normally regulates this process [61,138-
140]. These effects appear to be regionally dependent
since REM sleep deprivation does not increase neur-
onal excitability in the hippocampus [140,141]. REM
sleep deprivation has also been reported to alter neur-
onal membrane fluidity [142]. Unfortunately, it is
difficult to isolate the effects of REM sleep loss from
stress and other side-effects of the REM sleep depriv-
ation techniques (“flower-pot” or multiple-platform)
in which the animal is kept on a small platform
surrounded by water so that it falls off during periods
of REM atonia, used in these latter studies. There are
also no studies that have conclusively demonstrated
neuroregeneration of any kind during naturally
occurring REM sleep.

Sleep and neuronal restoration: energy substrates

Several studies have reported interesting relationships
between sleep and brain energy [143-145]. Total sleep
deprivation, for example, has been shown to reduce
cortical metabolism [72,146] and alter lactate synthe-
sis, which suggests that sleep might be important for
cerebral energy supplies [147]. Sleep is also associated
with increases in the expression of several genes import-
ant for neuronal metabolism [116] and following sleep
deprivation, may promote the restoration of ATP in the
human brain [148].

One of the more influential theories relating
brain energy substrates and sleep was proposed by
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Benington and Heller [106]. According to the
Benington-Heller hypothesis, glial glycogen - which
acts as a reserve glucose store for neurons - is depleted
during wakefulness and restored during NREM sleep.
The depletion of glycogen is mediated by the
heightened release of excitatory neurotransmitters
during wake, which through enzymatic mechanisms
convert glycogen into glucose. The restoration of
glycogen is favored by states with lowered excitation,
such as NREM sleep. NREM sleep in turn is triggered
and maintained by the increased release of neuronal
adenosine that occurs as glycogen is mobilized.

The evidence for this theory, while initially prom-
ising, now appears quite weak. Karnovsky et al. found
transient increases in whole brain glycogen after a few
minutes of NREM sleep, but these changes were rap-
idly reversed after only a short period of wakefulness
[149]. A more recent study of glycogen and sleep
showed persistent decreases in brain glycogen content
following sleep deprivation and increases following
recovery sleep [150]. These findings have not been
replicated in a series of studies from the Heller labora-
tory. In one study, total sleep deprivation increased
cortical glycogen in 59-day-old rats. Shorter periods of
total sleep deprivation in younger rats had no effect on
cerebral glycogen levels [151]. A second study found no
relationship between sleep homeostatic responses and
brain glycogen amounts following total sleep depriv-
ation in several strains of mice [152]. A third study in
34-day-old rats found that 6 hours of total sleep depriv-
ation decreased glycogen in the cerebellum and hippo-
campus of intact rats, and increased cortical glycogen in
adrenalectomized rats [153]. A study in Drosophila also
failed to provide convincing evidence for the hypoth-
esis. In this study, 3 hours of sleep deprivation decreased
brain glycogen content, but when the sleep deprivation
was extended, glycogen synthesis recovered [154].
Therefore, while a role for sleep in restoring some,
unidentified, energy store in the brain is still possible
[155], the specific theory developed by Benington
and Heller is not supported by current data.

Cognitive theories of sleep function:
memory, synaptic plasticity, and
neurodevelopment

The prevailing view among the general public is that
sleep is good for memory and brain plasticity but
among sleep scientists this idea has been hotly

contested for decades [156-164]. Early critics pointed
out that the effects of sleep on various forms of
animal learning were inconsistent and confounded
by the use of stressful forms of sleep deprivation
[61,160]. Nor were the results of early human studies
particularly encouraging. Many studies found no
effect of sleep loss (generally REM sleep) on verbal
learning tasks (e.g. word association), and those that
did reported relatively marginal effects [61,160].
Therefore, after a flurry of interest, many scientists
concluded that sleep had nothing to do with memory
and the search for sleep function shifted elsewhere
[61,160].

The idea that sleep promotes memory consolida-
tion has rebounded dramatically in the last decade.
Although there remain a handful of naysayers
[156,157], there is a growing consensus in the field
that sleep promotes memory processing and brain
plasticity [43,92,159,165,166]. The majority of animal
studies in the last 10 years have shown significant
associations between sleep and memory consolidation
[13,158,167-173]. In many cases, studies were de-
signed to reduce the likelihood that positive results
were due to stress, motivation, fatigue, and other
factors that confounded earlier studies (reviewed in
[13]). There has also been an accumulation of positive
findings in the human literature since the mid 1990s
[13,158,164,169]. Several issues need to be resolved;
for example, there is little agreement over which sleep
state is important for learning (REM vs. NREM) and
it is unclear what kind of learning is most affected
by sleep (episodic vs. procedural) (reviewed in [13]).

It is unlikely, however, that the debate over sleep’s
putative role in higher-order functions will ever be
resolved by studies that rely solely on measurements
of memory. Such studies, no matter how sophisti-
cated they become, are inherently limited because
they measure an outcome of a plastic event (i.e. learn-
ing or memory) and not the plastic event itself (i.e. the
changes in the brain that result from sleep). As
pointed out by Rechtschaffen [12], what is needed
is a convincing demonstration that sleep directly
influences the underlying mechanisms of memory -
synaptic plasticity. In the following sections,
I summarize three key lines of evidence that in con-
junction with behavioral measures in animals and
humans, support the hypothesis that a core function
of sleep is to promote brain plasticity. These are the
effects of sleep and sleep loss on in vitro and in vivo
forms of brain plasticity, sleep-dependent changes in
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neuronal activity, and state-dependent changes in the
expression of proteins and genes in the brain.

Sleep, long-term potentiation (LTP), and long-term
depression (LTD): in vitro and in vivo studies in adult
animals

LTP and LTD refer to use-dependent, persistent
alterations in synaptic weights that strengthen (LTP)
or weaken (LTD) specific synapses, respectively
[13,174,175]. Although these effects were originally
identified in vitro and involved what were at the time
considered “non-physiological” stimulus protocols,
LTP and LTD can be induced and may occur natur-
ally in vivo [174-176]. These and related forms of
synaptic plasticity are now widely considered to be
cellular correlates of memory [174,175]. To what
extent, then, does sleep influence LTP and LTD?

Beginning in the late 1980s several investigators
have shown that sleep states influence tetany-induced
LTP in animal models (reviewed in [13,177]). Overall,
it appears that hippocampal LTP can be induced
during REM sleep, whereas similar stimulus protocols
during NREM sleep have no effect or produce LTD
[178-180]. Subsequent investigations have shown that
sleep and sleep loss can affect the induction or main-
tenance of LTP. Romcy-Pereira and Pavlides [181]
found that REM sleep deprivation and total sleep
deprivation impair the maintenance of LTP in the
dentate gyrus, but enhance this process in the medial
prefrontal cortex (mPFC). Marks and Wayner found
that sleep disruption also reduces hippocampal LTP
in anesthetized rats [182]. Kim et al. also employed
the “flower-pot” REM sleep deprivation technique for
5 days in rats, after which tetany was applied to the
hippocampus while the animals were awake [183]. In
contrast to Marks and Wayner, these investigators
report a delayed effect of REM sleep deprivation on
LTP; reductions in LTP were observed 24 hours after
the termination of REM sleep deprivation. Seven
recent studies also show that in vitro hippocampal
LTP (either the incidence or maintenance) is reduced
in rodents that undergo varying amounts of REM
sleep deprivation, total sleep deprivation, or sleep
restriction [140,183-189]. In some cases, these deficits
can be clearly dissociated from changes due to stress
[187]. The diminished plasticity may be linked to
decrements in NMDA receptor (NMDAR) currents
and an internalization of the NR1 and NR2A subunits
that form the heterotetrameric NMDAR [186].

Sleep and developmental plasticity

In a variety of mammalian species, sleep amounts are
highest during neonatal periods of rapid brain devel-
opment and synaptic plasticity than at any other time
of life [190-192]. Therefore, if sleep contributes to
synaptic plasticity one would expect this to be espe-
cially true in developing animals. This possibility has
been investigated in the maturing visual system that is
highly plastic during a critical period of development.
The critical period has been traditionally investigated
by surgically closing an eye (monocular deprivation
(MD)), which alters cortical responses and lateral
geniculate nucleus (LGN) morphology in favor of
the open eye (reviewed in [193,194]). These changes
in vivo are temporally associated with a form of an in
vitro cortical LTP. In this type of LTP, high-frequency
white-matter stimulation in cortical slices prepared
from post-natal (P) day 28-30 rats produces synaptic
potentiation in cortical layers II/III. This form of LTP
is not observed in cortical slices from adult rats [195].
In the last decade, several in vitro and in vivo studies
suggested an important role for sleep in these types
of plasticity.

REM sleep may play an important role in the
developmentally regulated form of LTP [196].
Shaffery et al. [196] reported that 1 week of REM
sleep deprivation prolonged the critical period for
the developmentally regulated form of LTP. A simi-
lar extension of the critical period was not seen in
cortical slices from control rats. Conversely, REM
sleep deprivation had no effect on a non-develop-
mentally regulated form of LTP evoked by layer IV
stimulation. Subsequent studies from these investi-
gators showed that this plasticity could be partially
rescued if REM sleep deprivation was administered
near (or overlapping) the end of the critical period
[197,198].

Sleep also contributes to developmental cortical
plasticity in vivo. My colleagues and I have shown
that as little as 6 hours of sleep significantly enhances
the effects of monocular deprivation on cortical
neurons; a process which does not occur when
animals are instead sleep-deprived [199].The precise
mechanisms governing this process are unknown, but
several clues have emerged from our studies. First, it
appears to be dependent upon NREM sleep because
changes in plasticity are positively correlated with
NREM sleep [199], and because REM sleep depriv-
ation does not block the normal consolidation of
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ocular dominance plasticity that occurs after sleep
[28,200]. Second, we have determined that the under-
lying mechanisms require cortical activity [201,202]
and the activation of NMDAR-PKA signaling [200],
which may in turn trigger CREB-dependent gene
transcription and translation [203]. These findings
are consistent with previous suggestions that the con-
solidation of memory and synaptic plasticity involve
secondary waves of NMDAR activation that occur
after experience [204].

Neurophysiological/molecular changes during

sleep and synaptic plasticity

There are a number of neurophysiological events in
the sleeping brain that strongly suggest that sleep
promotes synaptic remodeling [13]. These include
neurophysiological changes in single neurons or
neuronal ensembles that suggest “reactivation” of
wake-active circuits, and a transmission of informa-
tion between the cortex and subcortical areas during
sleep [205-208]. Thalamocortical spindles and cor-
tical slow waves typical of NREM sleep may also
trigger Hebbian (i.e. synaptic efficacy is proportional
to the presynaptic cell’s stimulation of the post-syn-
aptic cell) and non-Hebbian forms of synaptic plasti-
city [13,166]. Several genes and proteins known to
influence plasticity are also modulated by sleep
[209]. These findings have been extensively reviewed
elsewhere [13,165,210] and are briefly discussed and
updated in the following sections.

Hippocampal-neocortical and thalamocortical
interactions

Since the initial findings of Pavlides and Winson
[211], several investigators have reported reactivation
(or “replay”) in circuits during sleep previously active
during wake [212-220]. The phenomenon appears
quite robust, as it has been found in the rodent
hippocampus, ventral striatum and cortex [212-215,
218,221,222], the primate cortex [220], and even in
the zebra finch brain [219]. Although the precise
function of “replay” is still unclear [13,210], it is
possible that it is part of a larger dialog between
subcortical brain areas and the cortex necessary for
long-term, memory formation [205]. This dialog is
conjectured to occur during NREM sleep when activ-
ity in the hippocampus is consistent with outflow,
rather than inflow [205,206,223]. There are indeed

interesting correlations between ripples and sharp
waves (hippocampal events when replay is reported)
and thalamocortical spindles and delta waves consist-
ent with this hypothesis [224-226]. In addition,
though quite rare, there are instances when hippo-
campal and cortical replay occur simultaneously
[222]. Tt is unclear, however, if the correlations
between hippocampal and cortical activity during
sleep reflect an actual transmission of information
between these structures [227]. Pelletier et al., for
example, found little evidence that signals propagate
either to or from the hippocampus (via entorhinal
cortices) during NREM sleep [227].

There is stronger evidence of a rich exchange
between the thalamus and the cortex during sleep
that may promote synaptic plasticity [208,228,229].
For example, in vivo recordings in cats have shown
that experimentally induced thalamic volleys
(approximating spindles) or anesthesia-induced
spindles produce augmenting responses in cortical
neurons that persist for several minutes (for review,
see [230]). More recent work has shown that
simulated sleep rhythms (in anesthetized cats) can
depress or potentiate cortical post-synaptic re-
sponses, depending on the proportion of excitatory
and inhibitory post-synaptic potentials and the level
of background firing [231]. Similar plasticity has
also been reported in vitro, where experimentally
induced “spindles” can produce short-term potentia-
tion (STP), LTP, or LTD in cortical neurons as a
function of post-synaptic depolarization and the
number of stimulus pulses [232,233].

It has also been proposed that NREM slow-
wave activity downscales synaptic strength across
the neocortex (a process known as homeostatic
plasticity [234]) [166]. According to the “synaptic
homeostasis” hypothesis, waking is associated
with synaptic strengthening that triggers, possibly
through neurotrophin release [235], heightened
slow-wave activity during subsequent sleep [166].
Slow-wave activity then globally down-scales synap-
tic weights throughout the cortical network, which
preserves the relative changes in synapses obtained
during wake, but allows for further plastic changes
after sleep [166]. While there is yet no direct evi-
dence that synapses are actually downscaled during
sleep, this hypothesis is supported by several indir-
ect findings, including changes in protein phos-
phorylation and electrically evoked responses in
the cortex in vivo [236].
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Cellular and molecular changes during sleep

and synaptic plasticity

As discussed above, a number of studies have
reported increases in macromolecule synthesis in the
sleeping brain [107-109]. While many of these mol-
ecules have yet to be identified, several of them are
known to influence synaptic plasticity [13]. For
example, cortical mRNA transcripts for two genes
important for LTD (i.e. calcineurin and CaMKIV)
are specifically upregulated by sleep [116,209], and
neuronal expression of the LTP-related gene zif-268
is increased in REM sleep following exposure to
enriched environments and LTP in vivo [217,237].
In addition, neuronal concentrations of neurogranin,
snap25b, NSF, neuromodulin, phosphorylated ERK,
and activated MMP9 - all proteins implicated in
synaptic plasticity — are decreased by sleep depriv-
ation, suggesting that they are normally synthesized
during sleep [117,238,239]. In addition, neuronal
decreases in hippocampal ERK and active forms of
MMP9 induced by sleep deprivation are associated
with learning deficits in rodents, suggesting func-
tional relationships between sleep, the expression of
these molecules, and learning.

Discussion

Many clues about sleep function have amassed over
the years, but no one theory or even category of
theories has adequately answered the question of
why we sleep. Nevertheless, some theories are better
supported than others and by re-examining these
findings in light of our key concepts (evolution,
ontogeny, regulation, and primacy) some tentative con-
clusions can be made. The first is that while there are
interesting interactions between the body and sleep, it
seems unlikely that sleep’s principal functions are con-
cerned with somatic physiology. On the other hand,
converging lines of evidence strongly suggest that sleep
in some way promotes normal neuronal function,
which would include brain plasticity. These ideas are
discussed in greater detail in the following sections.

Sleep and the body

In terms of the four key issues outlined above (evolu-
tion, ontogeny, regulation, and primacy), current
somatic theories of sleep function seem to fall short.
From an evolutionary point of view, the fact that
sleep-related changes in hormone release observed

in humans generally do not occur in other animals
(even among other primates) suggests that this is a
specialized adaptation that occurred late in evolution,
rather than a core, conserved function of sleep. There
may be stronger, more ancient relationships between
the immune system and sleep [88], but it is unclear if
this reflects direct effects of peripheral immune mol-
ecules on the brain, or cytokine-based signaling that is
distinct from peripheral immune response [44]. For
example, the immune factor TNFa is also known to
mediate brain plasticity (a putative function of sleep)
via mechanisms outside of peripheral immune
signaling [240].

Ontogenetic considerations are difficult to address
as very little is known about the interrelationship
between sleep and endocrine biology, energy meta-
bolism, or immune function, in developing humans
or animals. However, as discussed by Feinberg, peak
GH release and amounts of the deeper NREM sleep
stages are inversely related across development in
human children [241]. One might also expect that if
sleep function was tied to GH release, this would be
especially true in neonates, as this a period of rapid
physical growth. Yet, in both animals and humans,
NREM sleep is at its nadir and REM sleep instead
predominates in newborns [190,192].

There also appears to be no obvious relationship
between the ontogenesis of the immune system and
sleep. For example, if sleep expression is intimately
related to circulating levels of cytokines and related
molecules, then greater amounts of sleep in infancy
should also be accompanied by greater blood or
lymph levels of these peptides. This general prediction
is not borne out [242]. For example, in developing
mice there are generally fewer T helper cells (which
produce the interleukins and other factors linked to
sleep promotion in adults) and the immune response
to infection is comparatively blunted [242]. Similar
results are also reported in toddlers and children [243].

In terms of regulation, some feeding/satiety pep-
tides, hormone-releasing peptides, and immune
molecules can modulate arousal and sleep, which
could potentially provide a feedback mechanism
between the state of progress of energy balance, or
immune function, and sleep expression. However,
these relationships are often based on studies where
the effects of sleep per se are difficult to disentangle
from circadian release of peptides and hormones, or
indirect effects of sleep deprivation. They also rely
heavily on mice studies where genes are deleted from
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the embryonic period onward, leaving open the
possibility that some of the behavioral phenotypes
reflect developmental compensation.

With respect to primacy, somatic theories seem
wholly inadequate. If we accept that a core feature of
sleep is a diminution of consciousness, then why
should this be required for the facilitation of endo-
crine or immune function? These events could just as
easily occur during periods of quiet wake when the
animal is less subject to predation [60]. Moreover,
while there is evidence in some species that sleep is
sufficient for hormone release or normal changes in
immune function, it is not yet clear if sleep is neces-
sary for these processes. For example, as discussed
earlier, GH release in humans is indeed blunted by
sleep deprivation, but this can be compensated for by
pulses in waking [65]. Likewise, while a single night
of sleep loss can negatively impact some immune
molecules [82,83], the clinical significance of these
changes are unknown, nor has it been shown that
these effects persist during longer sleep deprivations.

Sleep and the brain

As reviewed in the preceding sections, there are
several categories of ideas that relate neural function
to sleep (metabolic: neurotoxin vs. regeneration,
cognitive: brain plasticity and memory). Neurotoxin
theories currently have weak experimental support. In
contrast, there is strong evidence in favor of one type
of neuroregeneration (macromolecule synthesis) and
cognitive theories. For example, sleep is associated
with cerebral protein synthesis and the upregulation
of genes important for neuronal metabolism, mem-
branes, and other structural components. There is
also behavioral, electrophysiological, cellular, and
molecular evidence to support the hypothesis that
sleep promotes higher order functions such as
memory consolidation and brain plasticity.

A parsimonious reconciliation of these findings is
that sleep is a brain state that promotes structural
rearrangements in neurons. This is an energetic pro-
cess (hence the upregulation of genes and proteins
related to neuronal metabolism) that requires macro-
molecule synthesis. It is also more likely to be inten-
sified under conditions such as brain development
and following events that trigger synaptic plasticity.
One might also expect there to be a steady-state need
for such a brain state, as macromolecules in neurons
(as well as neuronal processes such as dendritic

spines) are highly dynamic [244,245]. If indeed this
is the core function of sleep, it would account for the
two strongest sets of findings we have concerning
sleep and the brain, but how does it fare in light of
our four key concepts?

In terms of evolution, this theory may account for
the ubiquity of the central nervous system changes
that occur during sleep in the animal kingdom,
and the fact that challenges to the brain that trigger
structural changes in synapses are associated with
more sleep, or more intense sleep in diverse species
[13,21,166,246,247]. In terms of ontogeny, it may
explain the abundance of sleep in early life, which is a
time of massive synaptic rearrangement [13], and the
abrupt appearance of adult forms of sleep homeostasis
at ages when plasticity-related peptides (i.e. the neuro-
trophin BDNF) concentrations sharply increase after
sleep deprivation [32,34]. It may also account for the
decline in sleep amounts and intensity in senescence
[248] when brain plasticity reaches its nadir [249].

What is less clear is the relationship between this
process and sleep homeostasis (regulation) and why
sleep would be the preferred state for this process to
occur (primacy). With respect to regulation, some pro-
gress has been made in that plasticity-related molecules
(e.g. neurotrophins, TNFa) can increase EEG correlates
of sleep intensity [235,250]. We have also shown that
astrocytes influence sleep homeostasis and, because
they also modulate synaptic plasticity, they represent a
cellular link between sleep regulation and structural
changes in circuits [251]. However, it is not clear if
these relationships exist in animals that lack neocortex,
or at earlier stages of life in animals that have neocortex.

In terms of primacy, it is hypothesized that the
electrical activity or the neurochemical/molecular
milieu of the sleeping brain is especially conducive
for structural changes in neurons [13,166]. Yet the
precise and complete set of cellular processes pro-
moted by sleep (and not wake) in the brain has not
been identified. It would appear, however, that in
some cases they are necessary and sufficient for
memory consolidation and brain plasticity because
in their absence, these processes do not occur and/or
are attenuated [92,199,201].

Concluding remarks

Sleep scientists, for all their advances, remain in the
awkward position of not knowing why we sleep. An
analogous situation in the sciences is difficult to find.
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For example, eating, like sleep, is a complex, regulated
behavior governed by specific brain regions, neuro-
transmitters, and hormones. Eating, like sleep, is
ubiquitous in the animal kingdom and undergoes
important transformations during ontogeny [252] -
yet there is no confusion and debate over why animals
eat. The evidence to date strongly suggests that sleep
primarily serves the brain rather than the body, and
the neural processes most impacted by sleep are cog-
nitive. This does not, however, change the fact that
sleep deprivation or restriction negatively impacts
somatic function - if perhaps only indirectly. The
challenge now is to isolate further the effects of sleep
versus other interlocking physiological systems on the
body and to determine precisely what sleep provides
the brain that wakefulness cannot.

In conclusion, scientists may eventually discover
that there are deeper, more fundamental reasons
why we sleep, but the idea that sleep promotes struc-
tural changes in the brain provides a strong theoret-
ical framework for understanding sleep function.
Continued investigation along these lines is therefore
useful because it will either elucidate exactly how
sleep achieves this function or reveal a more elegant,
unifying process.
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Dreams

Michael Schred|

Introduction

Mankind has been fascinated with dreaming since
the dawn of history. The recorded dreams in the Gigla-
mesh epic or the Old Testament (Joseph interpreting
the dreams of the Pharaoh) are examples of this fas-
cination. The first comprehensive dream book was
compiled by Artemidorus of Daldis in the second
century AD. The “Oneirocritica” included interpret-
ations of a large variety of dream elements like body
parts and animals; this work served as basis for dream
books that were popular in medieval times [1]. In the
scientific realm, three major approaches to the study of
dreams can be differentiated: psychoanalytic, neuro-
physiological, and psychological.

From the psychoanalytic perspective, described
initially by Sigmund Freud in his fundamental book
“Die Traumdeutung” (The Interpretation of Dreams)
published in 1899, the dream is conceptualized as
expression of the person’s inner life, i.e. “the interpret-
ation of dreams is the royal road to a knowledge of the
unconscious activities of the mind” [2]. Although psy-
choanalysis has brought together a large variety of
interesting clinical material and may be helpful to
patients on a case-by-case basis, psychoanalytic dream
theories remain speculative and they are at least partly
not in concordance with recent research findings.

The discovery of REM sleep was the starting point
of the neurophysiological approach for studying the
dream state. In 1953, Eugene Aserinsky and Nathaniel
Kleitman published their finding that in the course of
the night the sleeper goes through different sleep
stages, among others periods with rapid eye move-
ments [3]. After awakenings from these sleep stages, a
vivid and pictorial dream was reported very often. The
initial euphoria in hoping to find a direct access to the
dream world subsided very quickly, because REM

sleep measured by EEG, EOG, and EMG recordings
and dreams (elicited by interviews) are two distinct
realms (physiological level vs. psychological level)
which variably correspond (see Dream content and
sleep physiology section) and might not share similar
functions (see Functions of dreaming section).

The third approach is based on methods of aca-
demic psychology. Although there had been several
papers on dreams [4-6], the basic methodology was
provided by Calvin S. Hall who published the book
“The content analysis of dreams” with his coworker
Robert Van de Castle in 1966 [7]. Extensive research
carried out since the 1940s led to a comprehensive
coding system for dream content analysis and to
“norms” which were derived from 1000 dreams of
college students. The major advantage of this approach
is that specific dream characteristics can be quantified
in a reliable fashion so that hypotheses can be tested by
using common statistical methods. For example, Hall
and Van de Castle [7] have shown that men dream
significantly more often of physical aggression and sex
than women. Subsequent studies with different
samples [8,9] were able to replicate this finding. The
psychological approach tries to find answers to a var-
iety of questions: What are dreams like? How are
dreams related to waking-life experiences? And how
do dreams affect subsequent waking-life?

This chapter reviews the basic methodology and
findings of the psychologically oriented research and
the collaboration of neurophysiological and psycho-
logical approaches which is necessary to investigate
the fascinating topic of possible interactions between
physiological processes and psychological experiences
during REM sleep. In the end, the aim of this kind of
paradigm is to answer the question whether dreaming
serves a function or several functions independently
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from the functions of sleep, especially those formu-
lated for REM sleep.

Definitions and methodological issues

First, a clear definition of dreaming is necessary in
order to specify the subject of dream research. The
following definition attempts to cover the consensus
of the researchers in the field:

A dream or a dream report is the recollection of mental
activity which has occurred during sleep.

({101, p. 12)
It is important to notice that dreaming as a mental
activity during sleep is not directly measurable;
two boundaries have to be crossed (sleep-wake tran-
sition and time) before the person can report the
subjective experiences which occurred during sleep.
This leads to the problem of validity, i.e. is the dream
report an appropriate account of the actual dream
experience (see Dream content analysis section).
The second question which has been raised by
Maury [11] is whether the dream report reflects
mental activity during sleep or is merely produced
during the awakening process. Modern research com-
bining physiological approaches with dream content
analysis, however, has been able to demonstrate
that dream reports are accounts of mental activity
during sleep since physiological parameters (e.g. eye
movements, heart rate) during REM sleep at least
partially match with dream contents elicited upon
awakening (cf. [12]). In addition, the incorporation
of stimuli applied during sleep into dreams [10,13]
corroborates the assumption that dreaming occurs
during sleep.

A detailed differentiation of the dream phenomena
is given in Table 5.1. The first three dream “types” are
related to the different sleep stages. During the initial
phase of psychophysiological dream research, REM
sleep was considered to be the physiological concomi-
tant of dreaming [14]. However, in 1962, Foulkes
showed that dream reports can be elicited after
awakening out of all stages of sleep [15]; although a
recent review showed recall rates are somewhat
lower for NREM awakenings (43.0%) than for REM
awakenings (81.9%) [16]. Although Nielsen [16] tried
to connect NREM dreaming with REM sleep by
postulating that covert REM processes were respon-
sible for dream recall out of NREM sleep, Wittmann
and Schredl [17] pointed out the logical errors of this
assumption and argued that mental activity is

Table 5.1 Different kinds of dreams

Dream types Definition

REM dreams Recollection of mental activity

during REM sleep

NREM dreams Recollection of mental activity

during NREM sleep

Sleep-onset Recollection of mental activity
dreams during NREM stage 1
Nightmares REM dreams with strong negative

emotions which cause awakening

Sudden arousal with intense
anxiety out of slow-wave sleep;
sometimes accompanied by short
NREM dreams

REM or NREM dreams which replay
the original traumatic experience
in a less distorted way

Night terrors

Post-traumatic
re-enactments

REM dreams in which the dreamer
is aware that she or he is dreaming

Lucid dreams

presumably present continuously during sleep.
Dreaming therefore is the psychic correlate of the
continuous brain activity, reflecting the (sleep) stage-
dependent physiological conditions of the brain. Dif-
ferences regarding formal characteristics of dreaming
and waking cognition as well as between dream reports
of different sleep stages can be explained by factors
such as cortical activation, blockade of external sen-
sory input, and neuromodulation as described by the
AIM-model [18] (see Chapter 1: Sleep medicine and
psychiatry: history and significance, for detailed
discussion).

Nightmares are a subgroup of REM dreams with
strong negative emotions, but whether these actually
cause awakening is not yet known (cf. [10]). Night
terrors, on the other hand, occur out of NREM sleep
and the person often does not remember the incident
in the morning (see Chapter 10: Parasomnias, for
detailed discussion). The third dream phenomenon
associated with fear are called post-traumatic
re-enactment or post-traumatic nightmares, which
are special since they seem to occur in REM sleep as
well as in NREM sleep (cf. [19]). Lucid dreams in
which the dreamer is aware that she/he is dreaming
offer fascinating opportunities to study the body-
mind relationship during sleep because the dreamer
can carry out prearranged tasks during the dream and
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Table 5.2 Methods of dream collection

Method Example study
Questionnaire Domhoff [23]
Interview Parekh [124]
Dream diary Schredl [25]

Laboratory awakenings Strauch & Meier [13]

mark their beginning and end by distinct eye move-
ments which can be measured electrically (cf. [20]).

Naturally, dream recall is a prerequisite for dream
content studies. The large amount of research in
this area (overview: [21]) showed that personality
factors such as “thin boundaries,” absorption, open-
ness to experiences, creativity, visual memory, and
sleep behavior (frequent nocturnal awakenings) are
associated with heightened dream recall. But a recent
large-scale study including these factors indicated
that the variance explained by these factors is rather
small (below 10%) [22]. At present, the reasons for
the large interindividual differences or intraindividual
fluctuations in dream recall are poorly understood.
Sophisticated studies (e.g. applying event-related
potential paradigms) investigating the awakening
process are necessary.

Several approaches have been used to elicit dream
reports (see Table 5.2). The easiest way to collect
dream reports from large samples is the so-called
“most recent dream” approach (see [23]). The partici-
pants are asked to write down (as completely as pos-
sible) the last dream they remember. The advantage of
this retrospective collecting method is that dreaming
is not affected by the method but, on the other hand,
depending on how long ago the dream was recalled
in the first place, the participant might have problems
remembering the dream fully. For example, research
has demonstrated that intense, bizarre dreams are
more often reported in such settings than mundane
dreams [10]. Similar effects have been found for dreams
reported during an interview or patients’ dreams
recorded by the therapist after the therapy session
[24]. To minimize recall bias, dream diaries are an
appropriate tool [25]. In order to optimize control-
lability of the experimental situation and enhance the
amount of dream material - in addition to measuring
physiological parameters — dream reports collected
during laboratory awakenings are the “gold standard.”
The major drawback of this paradigm, however, is

the strong effect of the setting on dream content;
i.e. up to 50% of the dreams include laboratory refer-
ences [26]. Other studies (e.g. [27]) found that aggres-
sive and sexual elements occur in laboratory dreams
less often than in home dreams; a finding which is
interpreted as an “inhibitory” effect of the laboratory
setting (including video taping of the sleeper, technical
staff presence, etc.). Some researchers (e.g. [28]) have
tried to combine the advantages of the different
methods by using ambulatory measurement units to
collect dreams and physiological parameters in the
home setting.

Dream content analysis

The main goal of dream content analysis is the quan-
tification of specific aspects of the dream (e.g. number
of dream persons, types of interactions, settings) in
order to perform statistical analyses (cf. [7]). The
following fictive example illustrates the procedure.
A clinical psychologist formulates the hypothesis that
depressed patients dream more often about rejection
than healthy persons. The researcher develops a scale
measuring rejection (occurrence vs. not present in
the dream content). Dream reports are collected
from the two groups and ordered randomly so that
external judges applying the content scale do not
know whether the dream is a patient’s dream or a
control dream. After the rating procedure, the dream
reports are reassigned to the two groups and the
difference in percentage of dreams including at least
one rejection of the dream can be tested statistically.
Within their book “Dimensions of dreams,”
Winget and Kramer have compiled 132 scales and
rating systems [29]. The most elaborated coding
system was published by Hall and Van de Castle [7].
Dombhoff [23] presents an overview of the dream
content analytic studies and concludes that this
coding system is widely used as a research tool. Some-
times, it seems more appropriate to use global rating
scales, e.g. for measuring emotional intensity (see
below). In some cases, it is also useful to use a self-
rating scale applied by the dreamer herself/himself.
The most important methodological issues in
dream content analysis are reliability and validity.
The interrater reliability designates the agreement
between two or more external judges rating the
same dream material. High indices indicate that the
scale can be applied easily and the findings are not
the results of the raters’ subjective point of view.
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Cut-off points for sufficient interrater reliability have
not yet been published. The exact agreements for
the Hall and Van de Castle system vary between
61% and 98% [23]; for ordinal rating scales the coef-
ficients are typically between 0.70 and 0.95 [10]. Only
one study, however, has systematically studied the
effect of training on interrater reliability [30].
The findings indicate that training (coding 100 to
200 dreams and discussing differences) is valuable in
improving reliability. In addition to the issue of inter-
rater reliability indicating the quality of the scales, the
“normal” reliability problem also has to be considered
in dream content research. Schredl [31] reported that
up to 20 dream reports per participant are necessary
to measure reliably interindividual differences in
dream content, which is necessary, for example, if
dream characteristics are related to differences in
personality measures.

At first glance, the validity issue seems very easy
to solve; a scale designed for measuring aggression
reflects the amount of aggression within the dream
report. But one has to keep in mind that the
researcher is genuinely interested in the dream experi-
ence itself, i.e. the question arises whether the dream
report represents the dream experience sufficiently.
The following example that includes the measurement
of dream emotions will illustrate this line of thinking.
Schredl and Doll [32] applied three different methods
of measuring dream emotions: the emotion scales of
Hall and Van de Castle [7] measuring only explicitly
mentioned emotions; the four-point global rating
scales designed by Schredl [10] allowing the coding
of emotions when it is obvious from the dream
action; and similar four-point scales rated by the
dreamer. The dreams were sorted into four groups
(see Table 5.3).

Two findings are striking: first, the emotions
are markedly underestimated by the external judges;
and second, the ratio of positive and negative
emotions differs, depending on the measurement
technique - a balanced ratio for the self-ratings and
predominantly negative for the external ratings [32].
A similar underestimation was found for the number
of bizarre elements within the dream [33]. These two
studies clearly indicate that some aspects of the dream
experiences might not be measured validly if dream
content analytic scales were applied to dream reports
only. More research is needed to estimate the effect
of the validity problem on dream content analytic
findings.

Table 5.3 Dream emotions (N 133 dreams [32])

Category Self- Rating by Hall & Van
rating  judge (%) de Castle
(%) (%)

No emotions 0.8 13.5 579

Balanced 120 9.0 6.8

emotions

Predominantly 504 564 26.3

negative

emotions

Predominantly ~ 36.8 21.1 9.0

positive

emotions

Phenomenology of dreams

In the analysis of large samples of dream reports,
different dream aspects like bizarreness, emotions,
and perception have been characterized. Over 90%
of the dreams included the dream ego, i.e. dreaming
is experienced in a similar way to waking-life (with
the exception of lucid dreams, which are very
rare [10]). About 20% of the laboratory dream reports
collected by Strauch and Meier [13] included bizarre
elements (30% of diary dreams; [34]), whereas about
30% were realistic (could have happened in the exact
same way in waking-life), and 50% were fictional, e.g.
possible in real life but unlikely to happen in the
dreamer’s everyday life. Using a broader definition of
bizarreness, e.g. including incongruencies with
waking-life (e.g. a street of the home town with a new
building), the number of bizarre elements increases
drastically [35]. Strauch and Meier [13] and Schredl
and Doll [32] found a balance between positive and
negative emotions in larger samples of laboratory and
home dreams in healthy persons. Studies reporting
predominantly negative dreams (e.g. [7]) have to be
considered with caution due to methodological prob-
lems (see Dream content analysis section).

In Table 5.4, three studies investigating sensory
perceptions are presented. Visual perceptions are pres-
ent in every dream. Auditory perceptions are very
common whereas tactile, gustatory, and olfactory per-
ceptions and pain are quite rare. Colors are not
very often reported spontaneously (25% of dream
reports [39]) but Rechtschaffen and Buchignani
[40,41] who instructed their participants to compare
their dream images with 129 colored pictures with
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Table 5.4 Sensory perceptions in dreams

Modality Laboratory Laboratory Diary

dreams’ dreams? dreams®
(%, N=635) (%, N=107) (%, N=3372)
Visual 100 100 100
Auditory 76 65 53
Vestibular 8
Tactile 1 1
Gustatory 1 1 <1
Olfactory <1 1 1
Pain 1
Notes: '[36];
’137);
*138].

different intensities and contrasts found that colors of
elements which are prominent in the dream are com-
parable to the colors experienced in waking-life, solely
the colors in the background of dreams are less
intense than one would expect in waking-life.
Whether this is merely a problem of recall has not
been analyzed by these authors.

Factors influencing dream content

The main focus of this section will be the effect of
waking-life experiences on subsequent dream content.
In Table 5.5, different methodological approaches for
studying the relationship between waking-life and
dreaming are listed.

The most detailed study regarding temporal refer-
ences of dream elements were carried out by Strauch
and Meier [13]. Fifty dreams stemming from REM
awakenings of five subjects included 80 key role char-
acters, 39 extras (person playing a minor role in the
dream), 74 settings, and 298 objects. Strauch and
Meier [13] not only asked about the last occurrence
in waking-life but also when the dream element
had appeared in waking thought. Over 50% of the
references were from the previous day and less than
10% were older than 1 year. The major drawback of
this approach is the limited memory capacity of
the subjects; it is difficult to remember completely
all waking-life experiences let alone all thoughts
occurring during the preceding days. Another prob-
lem is that of multiple correspondences, e.g. if the
mother was present in the dream, it could not easily

Table 5.5 Paradigms to study the effect of waking life
experiences on dream content

Research paradigms
Assessing temporal references of dream elements
Experimental manipulation
Field studies
intraindividual fluctuations

interindividual differences

be determined whether this refers to a childhood
experience or a recent telephone conversation.

The experimental approach manipulates the pre-
sleep situation, most often by showing an exciting film
(e.g. [42]). Dreams in the night after such a film will be
compared to a control condition (e.g. neutral film).
Interestingly, the effect of films (even if they are
strongly negatively toned) on subsequent dreams is
quite small (for overview see [10]). The effect of “real”
stress like intense psychotherapy or awaiting a major
surgery is much stronger [43]. The strong effect of
traumata such as war experiences [44], kidnapping
[45], or sexual abuse [46] on dreams, even years later,
also indicates that the emotional intensity affects the
incorporation rate of waking-life events into dreams.

Another approach for investigating the effects of
waking-life on dreams is to look at differences in
dreams of specific groups of persons who differ in
particular aspects of their waking-life. Gender differ-
ences in dream content, e.g. heightened physical
aggression in male dreams, are paralleled by similar
differences in waking-life behavior found in meta-
analyses [9].

The last paradigm presented in this section uses
the method of correlating waking-life parameters with
dream content variables. For example, the amount of
time spent with a particular waking-life activity (e.g.
driving a car, reading, spending time with the partner,
etc.) was positively correlated with the number of
occurrences of these elements within dreams [47].

In Table 5.6, the factors which might affect the
continuity between waking-life and dreaming and,
thus, are of importance for a mathematical model
(see next section), have been compiled from the lit-
erature by Schredl [48].

Many studies (e.g. [13,49]) have shown an expo-
nential decrease of the incorporation rate of waking-
life experiences into dreams with elapsed time
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between experience and the subsequent dream. Also,
the differences in effects of experimental stress and
“real” stress and trauma research (see above) indicate
that emotional involvement affects the incorporation
rate. Three studies [47,50,51] have shown that focused
thinking activity (reading, working with a computer)
during dreams occurs less frequently than unfocused
activities such as talking with friends, etc. These
results also indicate that the type of activity is of
importance for the continuity between waking-life
and dreaming. The time of the night or the time
interval between sleep onset and dream onset has
affected the incorporation rate of waking-life experi-
ences in two studies [52,53]; dreams of the second
part of the night comprise more elements of the
distant past while dreams of the first part of the
night incorporate mostly recent daytime experiences
(cf. [54,55]). The last factor, which has been studied
rarely, is the interaction between personality traits
and incorporation of waking-life experiences. It seems
plausible that personality dimensions such as field
dependence (this concept describes how people are
influenced by inner (field-independent) or environ-
mental (field-dependent) cues in orienting themselves

Table 5.6 Factors which affect the continuity between
waking life and dreaming

Factors

e Exponential decrease with time

Emotional involvement

Type of waking-life experience

Personality traits

Time of the night (time interval between sleep onset
and dream onset)

in space and the extent to which they select infor-
mation within the environment [56]) or thin bound-
aries [57] moderate the magnitude of continuity
between waking and dreaming.

The “continuity hypothesis”

of dreaming

Many researchers (e.g. [10,13,23]) are advocating the
so-called “continuity hypothesis” of dreaming which
simply states that dreams reflect waking-life experi-
ences. However, for deriving specific hypotheses the
continuity hypothesis in its general formulation is too
imprecise. In order to advance the research in this field,
Schredl [48] postulated a mathematical model that is
based on the published findings and seems to be prom-
ising for further empirical testing (see Figure 5.1). The
multiplying factor includes the effects of emotional
involvement (EI), type of waking-life experience
(TYPE), and the interaction between personality traits
and incorporation rates (PERS). The relationships
between these factors should be determined by future
studies. The slope of the exponential function may be
moderated by the time interval between sleep onset
and dream onset (time of the night; TN).

Dreams and psychopathology

Two motives have stimulated investigating the relation-
ship between dreaming and mental disorders. First, the
dream state itself was conceptualized by several theorists
(e.g. [58]) as a mental disorder and, in reverse, hallucin-
ations of schizophrenic patients have been thought of
as breakthroughs of dreams into the waking state
(e.g. [59]). Second, many clinicians since Freud have
attempted to use dreams in the diagnosis and treatment
of their patients (e.g. [60]). The basic assumption for
this research is the so-called continuity hypothesis [48]

Incorporation rate = a (El, TYPE, PERS) e 2™t ;. Constant

Figure 5.1 Mathematical model for the
continuity between waking life and

a (El, TYPE, PERS)

b (TN)

the dream incorporation

multiplying factor which is a function of emotional involvement
(El), type of the waking-life experience (TYPE), and the
interaction between experience and personality traits (PERS)
Slope of the exponential function which is itself a function of the
time interval between sleep onset and dream onset (TN)

Time interval between waking-life experience and occurrence of

dreaming.
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which predicts that for patients with mental disorders, it
should thus be possible to detect the specific waking
symptomatology within their dreams.

The literature reviews showed that the majority of
empirical studies support the continuity hypothesis
[61-63]. On the one hand, it was found that hallucin-
ations of schizophrenic patients are not dreams
experienced during the waking state (e.g. [64]) and
that the concept of dreaming as a mental disorder is
not very helpful (cf. [65]). On the other hand, dreams
of schizophrenic patients are typical for this disorder,
i.e. the dreams are more bizarre [65] and are charac-
terized by aggression and negative emotions [61]. For
depressive patients, Beck and Hurvich [66] and Beck
and Ward [67] have found an increased amount of
“masochistic” themes in their dreams. Subsequent
studies (overview: [68]) confirmed that dreams of
depressive patients are more negatively toned and
include unpleasant experiences more often (defin-
itions of “masochistic” dream content according to
Beck & Hurvich [66]) than healthy controls. Schredl
and Engelhardt [65] were able to demonstrate that
severity of depressive symptomatology was directly
correlated with the intensity of negative dream emo-
tions, irrespective of the patients’ diagnoses, support-
ing a dimensional and not categorical relationship
between waking-life symptoms and dream content.
In addition, severely depressed patients dreamed
more often about aggression and death [65].

Regarding dream recall, many studies failed to show
marked differences among various diagnostic groups,
such as schizophrenia, eating disorders, etc., and healthy
controls [61]. An exception is depression where patients
have a reduced dream recall frequency [69,70]; the
reduction was again related to symptom severity [71].
The explanations for the reduced dream recall in
depressed patients, however, remain unclear. The ques-
tion of whether the typical sleep architecture of depres-
sive patients (decreased latency to REM sleep), cognitive
impairment often found in severely disturbed patients,
or intrinsic alterations related to depression is respon-
sible has yet to be answered.

Dreams and sleep disorders

This section will focus on several sleep disorders
which have been studied in relation to dreaming:
insomnia, sleep apnea syndrome, narcolepsy, and
restless legs syndrome. For other diagnoses, like idio-
pathic hypersomnia, or NREM parasomnias, such as

sleepwalking or night terrors, systematic dream con-
tent analytic studies are lacking. However, extensive
reviews are available for nightmares [72], REM sleep
behavior disorder (see Chapter 10: Parasomnias), and
dreaming in post-traumatic stress disorder [19].

Schredl et al. [73] found an elevated dream recall
frequency in insomnia patients in contrast to healthy
controls; a finding which was no longer significant
if number of nocturnal awakenings (self-report
measure) was statistically controlled. This parallels
the correlation between nocturnal awakenings and
increased dream recall in healthy persons [22]. Per-
centage of dream recall after REM awakenings carried
out in the laboratory did not differ between insomnia
patients and controls [74]. Ermann [75] and Schredl
et al. [73] found more negatively toned dreams in
patients with insomnia. In addition, occurrence of prob-
lems within the dream was directly correlated with the
number of waking-life problems the patients reported in
the questionnaire. Therefore, dreams might reflect the
topics which are at least partially responsible for the
development and maintenance of the primary insomnia.

In sleep apnea, the findings regarding the dream
recall frequency are inconsistent (cf. [76]). In the nine-
teenth century, nightmares were thought to be due to
decreased flow of oxygen (e.g. due to pillow blocking of
the mouth and nose; see [77]). However, parameters
like minimal oxygen saturation nadir or respiratory
disturbance index do not correlate with dream
recall frequency [78]. Furthermore, a heightened
nightmare frequency in sleep apnea patients has not
been found [76]. Only very few dream reports include
the massive physiological apnea processes:

During the dream I felt tied up or chained. I saw thick
ropes around my arms and was not able to move.

I experienced the fear of suffocation without being able
to cope with the situation. Powerlessness and also
resignation came up.

(Patient with sleep apnea, male, 39 years, respiratory
disturbance index (RDI): 68.1 apneas per hour, maximal
drop of blood oxygen saturation: 43%).

([79], p. 295)

Overall, the low incidence of breathing-related dream
topics might be explained by adaptation, i.e. the
increase of number and severity of sleep apneas over
months and years might explain why this stimuli is
rarely incorporated into dreams whereas external
stimuli are at least sometimes incorporated into
dreams [76]. It would be intriguing to conduct a
systematic study where the sleeper wears a mask
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which would allow transient occlusion of airflow and,
thus, would allow testing of whether a “novel” apnea
is more often incorporated into dreams.

Narcolepsy is a sleep disorder characterized by a
disinhibition of the REM sleep regulations systems,
and, therefore, the findings of increased dream
recall frequency [80] and higher occurrence of night-
mares [81] are not astonishing. In addition, dream
content is more bizarre [80] and more negatively
toned [82], whereas dream reports of the first REM
period were longer in patients compared to healthy
controls [83]. Asking for dreams while taking a sleep
history of the patient might, in theory, help to differ-
entiate narcolepsy from other forms of hypersomnia,
such as idiopathic hypersomnia.

Lastly, Schredl [84] found a negative correlation
between number of periodic limb movements associ-
ated with arousals and dream recall frequency in a
sample of 131 restless legs patients. Taken together
with the fact that high respiratory disturbance indices
are related to less bizarre dreams in sleep apnea
patients [85], one might hypothesize that frequent
microarousal might interfere with the dreaming
process itself. Systematic studies in this area, however,
are lacking.

Dream content and sleep physiology

The combination of neurophysiological sleep research
and dream research has shed light on the body/mind
interaction, i.e. how and to what extent are physiological
processes related to specific dream characteristics?
First of all, researchers were interested in whether
the typical eye movements of REM sleep are related to
gaze shifts within the dream. The studies yielded
inconsistent results (for a review see [12]), but Herman
et al. [86] who carried out the most sophisticated
study concluded that there is a small but substantial
relationship, i.e. some eye movements correspond to
dream content and some do not. For deliberately
carried out gaze shifts during lucid dreams, the results
are more clear. Proficient lucid dreamers can carry out
prearranged eye movements while dreaming, e.g.
right-left-right-left. These patterns can be identified
in the EOG pattern with high reliability (see [87]).
Previous studies investigated the relationship between
other peripheral parameters, like EMG, heart rate,
respiratory rate, and sexual excitement (cf. [12]).
Wolpert [88], for example, found that dreams which
included many dreamed movements are associated

with elevated EMG activity in arms and legs. For lucid
dreaming, Erlacher and Schredl [89] were able to dem-
onstrate that squats performed within the dream are
associated with an increase in heart rate; comparable to
the findings regarding imagined motor activities.

Even though the findings regarding peripheral
parameters and dream content implicate a relatively
close interaction between the physiological level
and the psychological level (mind-body interaction)
during dreaming, the fundamental question is
whether specific dream content is related to specific
brain activation. The findings of imaging studies of
REM sleep have been linked to specific dream fea-
tures, e.g. high limbic activity, especially in the amyg-
dala, reflecting reported intense dream emotions, and
reduced prefrontal activation might account for the
fact that the dreamer is not aware of his/her state
(for an overview see [90]). The activation-synthesis
hypothesis formulated by Hobson and McCarley [91]
postulated that ponto-geniculo-occipital (PGO) waves
might be linked to bizarre elements and/or scene shift
within the dreams. The AIM model formulated by
Hobson et al. [18], expanding the activation-synthesis
hypothesis, assumes that the cholinergic neurotrans-
mission which is more active during REM sleep than
during NREM sleep and the waking state is respon-
sible for the bizarre features of REM dreams.
Although these theories are highly interesting and
plausible, they remain largely speculative because
studies directly linking brain activity to specific dream
features or contents are still very sparse. Hong et al.
[92], for example, reported a significant relationship
between talking and listening during the dream and
activation of Broca’s and Wernicke’s areas (respon-
sible for speech processing) measured by EEG (acti-
vation paralleled a decrease in alpha power). For lucid
dreams, Erlacher and coworkers [93] found correl-
ations between motor cortex activity and hand
clenching performed within the dream. It seems to
be very promising to use imaging techniques, espe-
cially fMRI because of its good time resolution [94],
in dream research, to study the relationship between
brain activation patterns and dream content.

Effect of dreams on waking-life

Whereas the amount of studies investigating the effect
of waking-life on dreams is considerable, research
looking into the effect of dreams on waking-life is
encountered quite rarely. Three major topics have
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been studied: (1) effect of nightmares on daytime
mood, (2) creative inspiration by dreams, and
(3) dreams and psychotherapy.

Schredl’s [95] finding that “dreams affect the
mood of the following day” is the effect most
often reported of dreams on waking-life. Carrying
out a carefully designed diary study, Koéthe and
Pietrowsky [96] reported that days after experiencing
a nightmare are rated much lower on scales of anx-
iety, concentration, and self-esteem than days after
non-nightmare nights. The hypothesis of Belicki
[97] that the effects of nightmares on waking-life are
overestimated by persons with high neuroticism
scores were not supported by the findings of Schredl
et al. [98]. The major factor contributing to night-
mare distress is nightmare frequency, which is best
explained by current stress and personality factors
(neuroticism, thin boundaries, etc.; see [99]). In add-
ition, the fact that anxiety phenomena can be perpetu-
ated by avoidance behaviors [99] is very important
regarding the therapy of nightmares.

The most effective treatment strategy for reducing
nightmare frequency and their effects on waking-life
is imagery rehearsal therapy (IRT), developed by
Barry Krakow and coworkers [100]. Patients write
down a recent (less intense) nightmare and they are
asked to change the dream in any way they wish and
to write down the altered version. Lastly, they are
instructed to rehearse the new “dream” once a day
over a 2-week period. Five randomized controlled
trials of IRT performed with chronic nightmare suf-
ferers (e.g. [101]) showed the efficiency of confront-
ing the nightmare anxiety (by writing down the
dream) and coping with this anxiety by creating a
new action pattern. Long-term follow-ups have
shown stable treatment effects over time [102].

Many examples of creative inspiration from
dreams have been reported over the years (for over-
views see [1,103]): “Wild strawberries” (a film by
Ingmar Bergman), the story of Dr. Jekyll and
Mr. Hyde by Robert Louis Stevenson, the pop song
“Yesterday” by Paul McCartney, and the paintings of
Salvador Dali all provide excellent examples. Kuiken
and Sikora [104] and Schredl [95] found that 20% and
28% of the participants (student samples), respect-
ively, reported creative inspirations from dreams at
least twice a year. In a large-scale study with over
1000 participants [105], about 7.8% of the recalled
dreams included a creative aspect. Reported were
dreams stimulating art, giving an impulse to try

something new (approaching a person, traveling,
etc.), or helping to solve a problem (e.g. mathematical
problems, etc.). The factors that are associated with
the frequency of creative dreams in this study were
dream recall frequency itself, the “thin boundaries”
personality dimension, a positive attitude towards
creative activities, and visual imagination.

Dreams and psychotherapy

Although dream work is quite common in modern
psychotherapy [106,107] and despite the extensive lit-
erature on case reports since Freud’s “The interpret-
ation of dreams,” systematic research on the efficiency
of dream work is limited to the research efforts of one
group. For over 10 years, Clara Hill and her coworkers
carried out studies to measure the effectiveness of
single dream interpretation sessions [108], dream
groups over 6 weeks [109], or dream interpretation
within short-term psychotherapy [110]. The basis for
their work is a cognitive-experiential model of dream
interpretation that includes the three stages: explor-
ation, insight, and action [111]. Reviewing the
research, Hill and Goates [112] cited three sources
of evidence for the beneficial effects of dream work:
(a) Clients have reported on post-session measures
that they gained insight, (b) judges rated clients’ levels
of insight in written dream interpretations as higher
after dream sessions than before, and (c) clients iden-
tified gaining awareness or insight as the most helpful
component of dream sessions. Similar studies for
other therapeutic approaches to dream work are
overdue.

Functions of dreaming

Prior to reviewing the major theories regarding
dream function, two very important issues have to
be discussed. First, it is crucial to differentiate
between the physiological level (REM sleep) and the
psychological level (dreaming). This was not clarified
in one of the first publications on REM sleep depriv-
ation [113]. Since dreaming as subjective experience
which is recallable after awakening does not reflect
the total brain activity during REM sleep or other
sleep stages, the functions of sleep and particularly
REM sleep must not parallel the functions of dream-
ing. REM sleep, for example, is important for
memory consolidation, especially procedural and
emotional memory (cf. [114]), but whether dreams
are related to this memory consolidation has not been
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studied systematically; only a pilot study [115]
reported a correlation between overnight improve-
ment in a procedural task and incorporation of task-
related topics into dreams. Walker [116] pointed out
that memory consolidation might happen on a cellu-
lar level without any consciousness involved.

The second problem is a methodological one,
namely, how to measure a possible beneficial effect of
dreams on subsequent waking-life. Cartwright et al.
[117], for example, found that divorcing women
dreaming about their ex-husband are more psycho-
logically adapted than women who dreamed about
other topics. The authors concluded that working
through the divorce issue within the dream serves an
adaptive function. But one might argue that the
women who reported the ex-husband dreams began
to think about the dream and, therefore, were able
to cope better with the stressful divorce. From this
viewpoint, the yet unsolvable problem is that one
cannot differentiate between the effect of the dreamed
dream and the effect of the recalled, reported dream
(necessarily processed by the waking mind), i.e. we do
not know and might never know whether unremem-
bered dreams serve any function.

Despite these problems, a variety of researchers
have proposed different functions of dreaming which
are listed in Table 5.7. Flanagan [118], for example,
put forward the idea that dreams are a pure epiphe-
nomenon of sleep, especially REM sleep, and did not
have any additional functions to the well-documented
functions of sleep and REM sleep, e.g. memory con-
solidation. Jouvet [119] postulates that the function of
REM sleep is to periodically reinforce genetic pro-
grams to restore our individuality and diversity
within our species, despite a changing environment.
In his model dreams are the software deployed on
the hardware (the brain). Freud [2] termed dreams as
the guardian of sleep because they allow the catharsis
of unconscious id impulses which would have
awakened the sleeper otherwise. Based on C. G. Jung’s
analytical psychology, the dream serves as a compen-
satory mechanism for the single-minded waking con-
sciousness, i.e. dreams incorporate aspects of the
dreamer which are neglected during waking-life.

The reverse learning theory assumes that the
human memory can be modelled as a neural network.
During the process of learning, many parasite
(unnecessary) modes will be learned in addition to
the useful material. The random stimulation (PGO
waves; see activation-synthesis theory [91]) then

Table 5.7 Functions of dreaming
Theories

e Dreams as epiphenomenon
e |terative programming

e Guardian of sleep

e Compensation

e Reverse learning hypothesis
e Mastery hypothesis

e Mood regulation

e Systematic desensitization

e Threat simulation theory

activates these parasite modes and unlearns them.
Therefore, proponents of reverse learning theory sug-
gest that the bizarre and illogical associations often
occurring in dreams are the material we should
forget.

The mastery hypothesis was formulated by Wright
and Koulack [120]. Their basic assumption is that
dreaming serves a similar function like waking
thought, which is problem solving. The idea is sup-
ported by paralleling basic problem solving processes
with dreaming, e.g. combining old information of the
dreamer’s past with current waking-life issues and
playing through different possibilities in order to
evaluate the outcome. The function that dreams regu-
late mood was proposed by Kramer [121] based on
his findings that more extreme emotions in the
evening and during the night are evened out in the
morning. The extreme low muscle tone during
REM sleep was the key for the theory of Perlis and
Nielsen [122]. They hypothesized that REM sleep is
the ideal modus for anxiety extinction, i.e. experien-
cing anxiety while deeply relaxed helps to unlearn the
anxiety; this is a common technique applied in cogni-
tive behavioral therapy. The threat simulation theory
postulates that simulation of threats during dreaming
enhances survival and reproductive success because
humans will avoid dangerous situations and places
(in the ancestral environment long ago) by rehearsing
this information during sleep [123].

To summarize, dreaming might serve one or
more functions (cf. [104]) but due to immanent
methodological issues (see above) we still do not
know whether dreaming itself has a beneficial effect.
This does not mean that working with dreams during
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waking-life is not beneficial; there is support for this
approach (see Dreams and psychotherapy section).

Summary

Dreams have been studied from different perspectives:
psychoanalysis, academic psychology, and neurosci-
ences. After presenting the definition of dreaming
and the methodological tools of dream research, the
major findings regarding the phenomenology of
dreaming and the factors influencing dream content
have been reviewed. The so-called continuity hypoth-
esis stating that dreams reflect waking-life experiences
is supported by studies investigating the dreams of
psychiatric patients and patients with sleep disorders,
i.e. their daytime symptoms and problems are reflected
in their dreams. Dreams also play an important role in
psychotherapy; the efficiency of nightmare treatment
strategies in particular has been demonstrated in ran-
domized controlled trials. The question about the
functions of dreaming is still unanswered and open
to future research.
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Introduction

The history and examination are the cornerstones of
an evaluation of the patient who has sleep-related
complaints. Various guidelines have been proposed
for history-taking in sleep disorders, yet differences
between these guidelines have not been systematically
explored. Additionally, proposed history-gathering
methods do not address issues that are specific to
the evaluation of sleep disorders in the psychiatric
context. In this chapter, we will present our recom-
mendations regarding a systematic approach to the
psychiatric patient with sleep-related complaints. To a
large extent, these are consistent with recommenda-
tions of major publications in the field [1,2,3,4].

The first step in gathering the history is identifica-
tion of the chief complaint, which determines, in large
part, the specific questions and areas of exploration.
The cardinal complaints indicating the presence of a
sleep disorder are insomnia, excessive daytime sleepi-
ness, and parasomnias. Each of these complaints will
be discussed in the following sections with a focus on
specific components of the history that are pertinent
to each of these problems. The reader will also be
directed to other chapters in this volume for further
details regarding specific sleep disorders and/or sleep
complaints in psychiatric disorders, as a detailed
account of these is beyond the scope of this chapter.

Although a focused history is often of greatest
clinical utility, there are components of a sleep history
that should be ascertained in all patients with any
sleep-related complaint. These parameters encompass
core features of sleep-wake patterns and are listed in
Table 6.1. We have found it helpful to organize clin-
ical history-taking of the sleep complaint around
these key elements to construct a “typical” 24-hour
pattern. For example, beginning with the time and

Principles of Evaluation and Management

Taking a sleep history

Table 6.1 Key sleep parameters that must be obtained
in all patients with sleep related complaints

Bedtime

Sleep latency (time to fall asleep after lights out)
Nocturnal awakenings; number and duration
Time of final morning awakening

Rising time (i.e. time out of bed)

Number, time, and duration of daytime naps

Daytime symptoms including levels of sleepiness and
fatigue over the course of the day

activities occurring before a patient prepares for bed,
followed by bedtime, sleep latency, occurrences
during the night, wake-time, time out of bed, daytime
symptoms, patterns, and activities (including naps),
then concluding back at the time at which the inquiry
began. Once “typical” patterns are established, devi-
ations from these patterns (e.g. sleeping in late on the
weekends) can also be determined.

In addition to these principal elements of the sleep
history, after discussing history-taking of specific sleep
complaints (insomnia, excessive sleepiness (ES), and
parasomnias), we will detail other components of the
evaluation that are crucial to the development of a
differential diagnosis of the sleep complaint. These
include collecting collateral information, and ascer-
tainment of other elements of the patient’s history
including: medical and psychiatric history, medica-
tions, family history, and social/occupational history.
We will also discuss how a focused physical exam may
suggest increased likelihood of specific sleep disorders
such as obstructive sleep apnea syndrome (OSA).
We will conclude by discussing diagnostic testing

Foundations of Psychiatric Sleep Medicine, ed. John W. Winkelman and David T. Plante. Published by Cambridge University Press.

(© Cambridge University Press 2010.
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modalities available to clinicians that can aid in deter-
mining the final diagnosis.

Before we discuss specifics of sleep-related com-
plaints, we feel it is important to acknowledge that, in
the office, it can seem a daunting task to collect all the
pertinent information to make an accurate diagnosis.
Most medical and mental health providers are not
provided with formal instruction on taking a sleep
history during their training, and thus may feel
uncomfortable with doing so within the scope of their
practice. It can be particularly challenging when evalu-
ating sleep-related complaints in psychiatric patients
as the details and longitudinal course of the psychiatric
history must be considered in concert with the sleep
history, and, at times, the details of the history may be
unclear (e.g. if the patient has a cognitive or thought
disorder). However daunting it may be, it is important
to ask key questions about a sleep complaint and to
build a differential diagnosis to guide appropriate
treatment, rather than treat symptoms without assess-
ment. The concern is that a psychiatric patient may
complain of insomnia and be prescribed a sedative-
hypnotic, or ES and be prescribed a stimulant, without
adequate consideration of the disorders that may
underlie the complaint. In so doing, common sleep
disorders (e.g. restless legs syndrome (RLS), OSA, nar-
colepsy, etc.) can be missed, and opportunities for
non-pharmacological interventions (e.g. use of cogni-
tive behavioral techniques for insomnia, use of positive
airway pressure devices for sleep apnea, etc.) may be
overlooked. Therefore, one goal of this chapter is to
provide clinicians with tools to feel more confident in
evaluating and treating sleep complaints themselves,
and recognize symptoms and signs that may suggest
referral to a sleep medicine specialist is indicated.

Insomnia: history of the chief complaint

Insomnia is a repeated difficulty with sleep initiation,
duration, consolidation, or quality that occurs despite
adequate opportunity for sleep and results in some
form of daytime impairment [5]. Stated in another
way, an insomnia complaint can involve difficulty in
initiating sleep, multiple nocturnal awakenings, a dif-
ficulty in reinitiating sleep, early morning awakening,
or a combination of these. From the standpoint of
diagnosis and treatment, it is important to identify
the portions of sleep that are affected.

The time of onset and duration of symptoms
also should be determined. Insomnias of long duration

are thought to have greater impact on daytime func-
tioning. Although such beliefs seem to be clinically
supported, they have yet to be confirmed by systematic
studies. Additionally, there is considerable variability
in the definition of the time course for acute and
long-term insomnia, with minimum durations for
chronic insomnia ranging from 30 days to as long as
6 months [6].

The longitudinal pattern of insomnia is also an
important component of the history. Symptoms of
insomnia typically change over time, as a complaint
of injtial insomnia, for example, can progress into
one of a difficulty in sleep maintenance. In one study,
the nature of symptoms changed in over half of
insomniacs over the course of 4 months [7]. The
temporal relationship between insomnia and co-
morbid illnesses can also indicate what factors may
have caused insomnia, and provide a basis for treat-
ment. It should be borne in mind, however, that this
relationship can be complex, especially in the case of
psychiatric illness. For example, the presence and
persistence of insomnia predicts the future onset of
new psychiatric disorders, especially depression [8].
Insomnia can temporally precede, follow, or occur in
concurrence with, the onset of a major depressive
episode [9]. Insomnia can, therefore, be a harbinger
of affective disease, and a residual symptom following
treatment.

The severity of symptoms is also typically not
static; bouts of insomnia tend to recur episodically
over time, and insomniacs remain symptomatic to
variable degrees between episodes. The frequency of
nights affected per week or month during each epi-
sode can be a useful indicator of severity. In a national
survey [10], 36% of 1000 adults reported a current
sleep problem, of which 27% indicated that sleep
problems occurred occasionally and 9% reported dif-
ficulty sleeping on a frequent basis; insomnia episodes
typically lasted 4.7 days. Chronic insomniacs reported
that sleep problems affected over half of the nights in
an average month (16.4 days).

Precipitants of the insomnia complaint also
should be determined. Common precipitants include
job loss, engaging in shift work or travel across time
zones, breaches in relationships or loss of relatives,
onset of medical and psychiatric illness, and introduc-
tion of new medications or changes in dosages and
times of administration of existing medications,
among others. Medications likely to precipitate
insomnia in psychiatric practice are antidepressants
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and stimulants, among others. Perpetuating factors
of insomnia should also be identified. Following
the onset of insomnia, these factors can transform
insomnia into a chronic disorder. They include the
development of poor sleep hygiene practices and of
anticipatory anxiety with the approach of bedtime.
From the standpoint of future treatment, it is add-
itionally useful to understand the type of interven-
tions that have already been attempted for insomnia
and the effectiveness and side-effects of each of these.

Daytime symptoms

An assessment of daytime symptoms is useful in
understanding the impact of insomnia on an individ-
ual’s functioning. Additionally, the correction of day-
time impairment is an important measure of
treatment efficacy. Typically, the severity of daytime
symptoms in insomnia co-varies with the degree of
impairment in the quality and quantity in nocturnal
sleep. At times, however, despite minimal apparent
difficulty with sleep latency or nocturnal awakenings,
patients can complain that sleep is unproductive and
non-restorative. It is, therefore, important to inde-
pendently explore daytime symptoms.

As a group, insomniacs obtain less sleep than non-
complaining individuals. Interestingly, however, they
are generally not excessively sleepy during the course
of the day, where sleepiness is defined as the tendency
to fall asleep. In fact, most complain that they are
unable to fall asleep during attempts at napping. This
is supported by objective evidence that insomniacs
are less prone to falling asleep compared to normal
sleepers during multiple sleep latency testing [11,12].
The finding of decreased daytime sleepiness despite
disturbed nocturnal sleep may be the result of hyper-
arousal, during sleep and wakefulness, in multiple
biological and psychological systems including cogni-
tion, the hypothalamic-pituitary axis, sympathetic
nervous system, metabolic rate, and electroencephalo-
graphic frequency [13]. Insomnia represents the
inability to sleep or sleep well despite adequate oppor-
tunity. In contrast, in individuals whose opportunity
for sleep is reduced (i.e. those undergoing sleep cur-
tailment or deprivation), decrements in nocturnal
sleep duration are directly related to the tendency to
fall asleep during the day (i.e. the level of daytime
sleepiness).

Insomniacs do, however, more frequently report
a variety of daytime psychological symptoms,

including feeling depressed, hopeless, helpless, wor-
ried, tense, anxious, irritable, lonely, and lacking in
self-confidence, than control subjects [14]. Individuals
with insomnia also report feeling tired, physically
fatigued, anergic, and unmotivated. They also report
cognitive difficulties such as memory impairment, dif-
ficulty with focus and attention, and mental slowing.
Interestingly, these subjective complaints are evident
on objective testing, as impaired psychomotor per-
formance (reaction time) has recently been demon-
strated in insomniacs [12]. Insomniacs can also
report impairments in coping, accomplishing tasks,
and in family and social relationships and occupa-
tional function [15].

Inventories can assist in the quantification of the
severity of insomnia; although many are available, the
insomnia severity index (ISI; Figure 6.1) is one of
the few that have been subjected to empirical valid-
ation [16,17]. ISI takes into account subjective symp-
toms and consequences of insomnia and the degree of
concern or distress caused by the disturbance. It is a
useful clinical and research tool for measuring treat-
ment outcome.

Daytime habits and behaviors

Daytime behaviors can adversely affect nocturnal sleep
and aggravate insomnia. The patient’s daytime activ-
ities and their timing should, therefore, be systematic-
ally explored. Intense exercise too close to bedtime can
disrupt sleep [18]. Long periods of bed rest, inactivity,
and excessive napping can foment circadian rhythm
disturbances and aggravate insomnia. Exposure to
bright light can be helpful in establishing circadian
cycling and, conversely, lack of sufficient light expos-
ure during the morning hours can disrupt sleep
timing. Frequent travel and shift work can also disrupt
sleep and contribute to both insomnia and daytime
sleepiness. It is useful to understand the patient’s pre-
ferred social and occupational activities as this infor-
mation can be helpful in devising a daily structure that
promotes consistent sleep scheduling.

Sleep-related habits and behaviors

Although not typically explored in the routine psychi-
atric evaluation, the behaviors in which the patient
engages during the few hours prior to bedtime,
during bedtime hours, and just after morning
awakening can cause or significantly intensify existing
insomnija. These are listed in Table 6.2. Although
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Mame:

Dabe:

. Please rate the current (i e, last 2 weeks) SEVERITY of your insomnia problem(s).

Mone Mild Moderate Severa  Very
DMty falling asleap: 0 1 2 3 4
Difficulty staying aslecp: L] | 2 3 4
Problem waking up too early: 0 | 2 3 4

2.  How SATISFIEIVdissatisfied are you with your current sleep pattern?

Very Satisfied

0 1 2 3

Very Dissatisfied
4

3.  To what extent do you consider your sleep problem to INTERFERE with your daily
functioning (e.g. daytime fatigue, ability to function at work/daily chores, concentration,

memory, mood, efs).

Mot at 2l Alittle  Somewhat Much Wery Much
Interfering Interfering
0 | 2 4

4, How NOTICEABLE io others do vou think your slesping problem is in terms of

impairing the quality of your Life?

Mot at all Barely Somewhat huch Wery Much
Moticeable Noticeable
0 l 2 4

5. How WORRIED/distressed are you about your current sleep problem?

Mot at all A Little

Somewhat  Muoch

Very Much

0 | 2

Guidelines for ScoringTaterpretation:

4

Add scores for all seven items [ lat1b+ 1ot 243+445) =

Total score ranges from 0-28

0-7 = Mo clinically significant ingomnia
B-14 = Subthreshold insomnia
15-21 = Clinical insomnia (moderate severity)
22-28 = Clinical insomnia (3evere)

Figure 6.1 The insomnia severity index. Reprinted, with permission, from [17]. Copyright Charles M. Morin, 1993.

these factors are seldom the lone cause of an insomnia
complaint, a lack of awareness of them can lead to a
failure in other treatment modalities.

Similarly, the patient’s attitude towards their
insomnia can itself have an important influence on
the ability to sleep. In particular, the extent of

dysfunctional beliefs and attitudes as well as sleep-
related anxiety as bedtime approaches and during
the bedtime hours provide the clinician with import-
ant insights into the role these processes play in per-
petuating or exacerbating the insomnia. Therefore,
information about the dysfunctional cognitions of
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Table 6.2 Sleep related habits and behaviors that can
disrupt sleep

Caffeine and alcohol prior to bedtime
Nicotine (both smoking and cessation)

Large meals or excessive fluid intake within 3 hours of
bedtime

Exercising within 3 hours of bedtime

Utilizing the bed for non-sleep activities (work,
telephone, internet)

Staying in bed while awake for extended periods of time
Activating behaviors up to the point of bedtime
Excessive worrying at bedtime

Clock-watching prior to sleep onset or during nocturnal
awakenings

Exposure to bright light prior to bedtime or during
awakenings

Keeping the bedroom too hot or too cold
Noise

Behaviors of a bed partner (e.g. snoring, leg movements)

the insomniac such as catastrophic attributions of the
effects of insomnia, the time of day that the insom-
niac begins to worry about sleep, and the state of
mind of the insomniac during time awake during

the night should all be solicited.

Sleep patterns

Although the assessment of bedtime and sleep
patterns is important in the evaluation of any
sleep-related complaint, it is a particularly essential
component of the evaluation of insomnia (Table 6.1).
Patients should be asked regarding these parameters
on initial and follow-up visits. These patterns can also
be assessed by utilizing patient-completed sleep logs
or diaries that track sleep-wake patterns over time
(Figure 6.2). Sleep logs and diaries may be more
useful than subjective summaries since insomniacs
tend to underestimate total sleep time and overesti-
mate sleep latency, possibly resulting from a prefer-
ential recall bias for particularly bad nights of sleep
that do not reflect the longitudinal course of their
complaints [19].

Ideally, individuals retire and emerge from bed at
consistent times day to day, including weekends. The
time spent in bed between retiring and falling asleep

would preferably be less than 20 minutes, and indi-
viduals would emerge from bed soon after awakening
in the morning. Additionally, awakenings in good
sleepers are typically limited to one or two, and
time spent in bed following awakenings kept to a
minimum (i.e. less than 15 minutes). Of note,
these variables may be affected by age [20]. Patients
with insomnia can have large discrepancies from
these norms, and patterns may emerge that suggest
specific underlying causes of insomnia and/or help
guide treatment.

Characteristic disturbances in sleep-wake patterns
can point to circadian rhythm disturbances such as
delayed sleep phase disorder, in which the time of
falling asleep and the time of awakening are consist-
ently delayed, and advanced sleep phase disorder, in
which these times are consistently advanced, relative
to the desired night/day schedule (see Chapter 11:
Circadian rhythm disorders). Multiple nocturnal awak-
enings and prolonged sleep latencies are not specific
for any one disorder, yet keeping track of these par-
ameters can help to quantify the severity of insomnia
and determine the effectiveness of treatment meas-
ures. Determining these patterns can also suggest the
utility of certain behavioral interventions to improve
sleep, such as restriction of overall time spent in bed.
It is also useful to ascertain each of these parameters
not only for the “average” day, but also for a sequence
of days, as such a temporal record can demonstrate
variability in sleep patterns over time which can, in
turn, contribute to poor sleep. The assessment of
variability between workdays/schooldays, weekends,
and vacations can also be useful. Insomniacs charac-
teristically do not maintain rigorous sleep/wake
schedules, and introducing such regularity into their
lives is one of the primary elements of sleep hygiene
education and other cognitive behavioral techniques
(see Chapter 14: Cognitive behavioral therapy for
insomnia).

Excessive sleepiness (ES): history of the
chief complaint

Sleepiness, the tendency to fall asleep, is a normal
phenomenon when it occurs at the desired time of
the day. ES is the tendency to fall asleep at inappropri-
ate times or settings [4]. ES should be distinguished
from fatigue, which is classically defined as the inabil-
ity to sustain performance over time and is typically
associated with subjective reports of tiredness,
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Figure 6.2 Sleep log. Reproduced, with permission, from [5]. Copyright American Academy of Sleep Medicine, 2005.

weariness, exhaustion, and lack of energy [21]. Even
though fatigued patients can perceive themselves as
being excessively sleepy, in its pure form, fatigue does
not result in an increased propensity to fall asleep.
Fatigue is a symptom of a wide variety of medical,
psychiatric, and neurological disorders and less spe-
cific for sleep disorders than is ES. It has been most
widely examined in the context of multiple sclerosis,
autoimmune disorders, and psychiatric conditions
(Figure 6.3). Also, a complaint of ES may co-occur
with that of hypersomnia, which is an abnormal
increase in time spent asleep or trying to sleep. In this
section, we will limit our discussion primarily to ES.

The time of onset, temporal pattern, duration, and
daily pattern of ES should be determined. ES onset in
early life is more consistent with narcolepsy, whereas
onset in middle age is more consistent with OSA. ES
that is episodic over time is consistent with periods of
sleep restriction due to social and occupational needs.
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However, ES that is constant and unremitting may be
more consistent with narcolepsy, OSA, or potentially
affective disorders. ES that is most prominent in the
morning hours, especially when accompanied by a
prolonged sleep latency and complaint of initiation
insomnia, can be due to delayed sleep phase syn-
drome, whereas ES that is most prominent in the late
evening hours and associated with early morning
awakening can be due to advanced sleep phase syn-
drome. ES that is most prominent in the morning
hours and gradually resolves as the day progresses is
also consistent with the carryover effects of a sedating
bedtime medication. Afternoon sleepiness is com-
monly associated with disturbances of the quality
and quantity of nocturnal sleep, and the extent of
sleepiness in the afternoon is proportional to the
extent of these disturbances.

The severity of ES should be quantified. Direct
questioning regarding how sleepy an individual feels
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Statement*

Figure 6.3 The fatigue severity scale.

My motivation is lower when | am fatigued.
Exercise brings on my fatigue.

| am easily fatigued.

Fatigue interferes with my physical functioning.
Fatigue causes frequent problems for me.

My fatigue prevents sustained physical functioning.

Fatigue is among my three most disabling symptoms.
Fatigue interferes with my work, family, or social life.

© ® N Oh N~

Copyright 1989, American Medical
Association.

Fatigue interferes with carrying out certain duties and responsibilities.

*Patients are instructed to choose a number from 1 to 7 (1 = “strongly disagree” and
7 = “strongly agree”) that indicates their degree of agreement with each statement.
Reprinted with permission from Krupp et al. Arch Neurol. 1989; 46:1121-1123.
Copyright 1989, American Medical Association. All rights reserved.

is generally not a highly useful measure of the degree
of sleepiness, since patients can over-report or under-
report the sensation of sleepiness, compared to their
behavioral tendency to nod off or fall asleep during
activities of daily life. Individuals who are exposed to
long periods of sleep deprivation are especially prone
to under-recognize the severity of their sleepiness,
possibly owing to their becoming accustomed to this
state. Therefore, behavioral assessments of ES may be
more useful. Behavioral indicators of ES include
yawning, ptosis, reduced activity, lapses in attention,
and head nodding. The patient can also be questioned
about his/her tendency to fall asleep in situations of
everyday life; milder levels of daytime sleepiness result
in falling asleep in passive situations such as while
reading, watching television, and attending meetings.
In severe cases, individuals fall asleep while actively
engaged in complex tasks such as driving, speaking,
writing, or even eating. Highly sleepy patients may
also experience sleep attacks, episodes of sleep that
strike without warning, whose occurrence mandates
rapid clinical intervention, in part due to significantly
increased risk of motor vehicle accidents. However,
all patients with a complaint of ES should be cau-
tioned about the risks of drowsy driving.

A validated inventory for the quantification of the
tendency to fall asleep is the Epworth sleepiness
scale (ESS) [22]. It is widely utilized for the assessment
of the severity of ES and for the determination of treat-
ment effects over time (Figure 6.4). The scores for
individual items are added, and the total score is
reported. A score of 10 or above is considered to repre-
sent an abnormally high level of daytime sleepiness.

Related symptoms

Patients with ES may also complain of the many
consequences of ES. In the evaluation of the sleepy
patient, an exploration of these related complaints
may be helpful in understanding the effects of ES on
the patient’s daily life. These consequences also repre-
sent symptoms that should be followed clinically to
ensure that ES has been adequately managed.

Napping in patients with ES is common. If naps
are reported, the possibility that they are related to
narcolepsy should be examined by determining
whether they are refreshing, brief in duration, or
accompanied by dreams. Naps are also refreshing in
individuals who are sleep deprived. In contrast, they
tend to not be refreshing in OSA and idiopathic
hypersomnia. The timing of naps should also be
determined as this may alert the physician to the
possibility of circadian rhythm disorders.

Most of the sequelae of ES that have been exam-
ined have fallen in the realm of psychomotor and
attentional behaviors. These include slower response
times, cognitive slowing, performance errors, decline
in both short-term recall and working memory,
reduced learning of new tasks, increased response
perseveration on ineffective solutions, increased neg-
lect of non-essential activities (loss of situational
awareness), increased compensatory effort to main-
tain the same performance, and diminished insight
into subtle meanings [23]. ES can also contribute to
depressed mood [24].

ES is associated with an increased risk for acci-
dents at work and while driving [25] and has been
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THE EPWORTH SLEEPINESS SCALE

Name:

Today’s date:
Your sex (male = M; female = F):

Your age (years):

How likely are you to doze off or fall asleep in the following situations, in contrast to feeling
just tired? This refers to your usual way of life in recent times. Even if you have not done some
of these things recently try to work out how they would have affected you. Use the following

scale to choose the most appropriate number for each situation:

0 = would never doze

1 = slight chance of dozing

2 = moderate chance of dozing
3 = high chance of dozing

Situation

Sitting and reading
Watching TV

Sitting, inactive in a public place (e.g. a theater or a meeting)

As a passenger in a car for an hour without a break

Lying down to rest in the afternoon when circumstances permit

Sitting and talking to someone
Sitting quietly after a lunch without alcohol
In a car, while stopped for a few minutes in the traffic

Thank you for your cooperation

Chance of dozing

Figure 6.4 The Epworth sleepiness scale. Reprinted with permission from [22].

implicated as a factor in many catastrophes such as
the meltdown of the Three Mile Island nuclear reactor
in 1979, the erroneous launch of the Challenger
spacecraft in 1986, and the grounding of the Exxon
Valdez oil tanker in 1989 [26]. Daytime sleepiness
peaks during the mid-afternoon hours, and the con-
sequences of sleepiness, such as traffic accidents,
errors in performance, and lapses in attention, are
most apparent during these times [27].

Other components in the history-taking of ES are
described in the section on insomnia; these include
daytime habits and behaviors, sleep-related habits and
behaviors, and sleep patterns.

Parasomnias: history of the chief
complaint

Parasomnias are undesirable physical events or
experiences that occur during entry into sleep,
within sleep, or during arousals from sleep [5] (See
Chapter 10: Parasomnias). Most of the parasomnias
are defined by their specific behavioral features.
Therefore, the characteristics of the disturbance
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should be carefully determined. The time of night
that they occur, whether the patient remembers the
event, whether there is associated dreaming, and age
of onset should be evaluated. For example, disorders
of arousal such as sleepwalking and night terrors
usually occur during the first third of night since they
arise from slow-wave sleep, are associated with
amnesia for the event or a vague sense of imminent
danger, are not associated with reports of dreaming,
are common in childhood, and decrease in incidence
with increasing age. On the other hand, REM sleep
behavior disorder (RBD) is more likely to occur in the
latter portions of the night since it arises from REM
sleep, is often associated with intense dreaming and
later memory of the dream and associated behaviors,
and is more common in middle and older age [28].
A good approximation of the frequency of the epi-
sodes and their potential danger or other conse-
quences (e.g. daytime sleepiness) is helpful, as this
will help guide the necessity of treatment. Parasom-
nias are associated with an increased risk of harm to
self and others; for example, RBD sufferers may
strike out in response to dreams and injure
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themselves or a bed partner. Therefore, an under-
standing of the extent of such injurious behavior in
the past can be important in determining the urgency
of treatment and the implementation of safety
precautions.

Collateral information from bed
partners and family members

Many of the symptoms and behaviors that are neces-

sary for the completion of the history occur during

sleep, or during periods of extreme sleepiness, making

the patient’s own account unreliable. Therefore, it is

helpful to obtain this information from bed partners

and family members. Examples of symptoms patients

may underreport include:

1. Snoring

2. Breathing pauses during sleep

3. Unusual behaviors during sleep such as walking,
talking, thrashing, headbanging, body rocking,
and limb movements

4. The tendency to fall asleep unintentionally during
the day

5. The extent and frequency of naps

6. Cognitive and behavioral disturbances associated
with insomnia and ES, such as diminished social
contact, slow mannerisms, decrement in mood,
lapses in memory, etc.

Past medical, psychiatric, and surgical
history
Co-morbid disorders should be reviewed, along with
their dates of onset, types of treatment, and results of
treatment. Surgeries and hospitalizations should also
be evaluated. Major medical disorders can affect sleep
by virtue of their psychological impact, through pain
and discomfort, as well as direct effects on sleep and
wakefulness. It is important to note that myriad
psychiatric illnesses are associated with sleep disturb-
ance, and careful evaluation of the timing of the
sleep complaint in relation to psychiatric symptoms
may be of high value in patients with psychiatric
illness. For a review of psychiatric disorders and their
effects on sleep, please see Section VI of this book.
Additionally, the patient may have a history of a
primary sleep disorder, and review of prior documen-
tation including results of polysomnographic studies

and other laboratory tests may be extremely helpful.
For a review of primary sleep disorders, please see
Section IV of this volume.

Medications

A history of current and prior medications is an integral
part of the history. The list should include not only
prescribed medications, but over-the-counter agents,
nutraceuticals, herbal substances, dietary supplements,
and even foods. Their effects, side-effects, dosages or
quantities, and timing of administration should be
recorded. If the use of a medication correlates tempor-
ally with the onset of the sleep complaint, a medication-
induced sleep disorder should be suspected. Medica-
tions can also have secondary effects by virtue of their
exacerbation of underlying conditions. For example,
weight gain associated with medication use can lead to
the development of symptoms of OSA, such as ES,
snoring, and breathing pauses during sleep. Allergies
to medications should also be recorded. The effects
of commonly used medications on sleep are reviewed
in Chapter 3: Neurophysiology and neuroimaging of
human sleep.

Substances

Insomnia, ES, and parasomnias can be related to sub-
stance use. Chronic and excessive use of substances
may lead to substance use disorders, which are charac-
terized by either abuse or dependence. Stimulants such
as caffeine, amphetamines, and cocaine classically dis-
rupt sleep. Sedatives such as opiates and analgesics
cause ES. Alcohol, at low dosages, can help with sleep
initiation, yet chronic and excessive use can lead to
disturbed sleep and the complaint of insomnia [29].
The effects of substances on sleep are reviewed in
greater detail in Chapter 19: Sleep in substance use
disorders.

Family history

Certain sleep disorders, such as RLS, can have a
hereditary component, in which 50% of primary cases
have a positive family history [30]. The incidence of
certain parasomnias of arousal such as sleepwalking
and sleep terrors is ten times greater in first degree
relatives than in the general population [31]. OSA
may have a familial basis.
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Social and occupational history

Several social or occupational factors can contribute to
sleep-related complaints, necessitating evaluation. For
example, ES and insomnia are common in shift
workers and individuals whose occupations require
frequent travel across time zones. Exposure to indus-
trial toxins and chemicals can also produce sleep/wake
symptoms. Job loss and retirement can result in the
loss of regularity in daily schedule, which is important
in maintaining circadian rhythm consistency in some
individuals, leading to erratic sleep/wake hours and the
complaints of insomnia and ES. Disruption in inter-
personal relationships, family, job, and hobbies can
cause anxiety and subsequent insomnia.

Differential diagnosis

Table 6.3 outlines some of the more commonly
encountered sleep disorders that are related to insom-
nia and ES. The differential diagnosis of the parasom-
nias is discussed in Chapter 10: Parasomnias.

Several disorders may present with either insom-
nia and/or ES, which may complicate the differential
diagnosis. Thus, it is important for the practicing
clinician to be familiar with some common symptoms

Table 6.3 Differential diagnosis of insomnia and ES

Disorder Insomnia ES
Inadequate sleep hygiene * *
Sleep restriction @
Adjustment sleep disorder *
Psychophysiological insomnia *

Obstructive sleep apnea syndrome * *
Central sleep apnea syndrome * *
Narcolepsy *
Periodic limb movement disorder * *
Idiopathic hypersomnia *
Restless legs syndrome * *
Drug-dependent and drug-induced ~ * *
sleep disorders

Circadian rhythm sleep disorders * *
Medical/psychiatric sleep disorders * *
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of sleep disorders, to aid in the evaluation and man-
agement of sleep complaints.

Symptoms of specific disorders

The existence of certain symptoms in addition to
insomnia and/or ES can indicate the presence of spe-
cific disorders as a cause of these complaints. Defin-
ing symptoms for a selected list of sleep disorders are
listed in Table 6.4. Defining symptoms for the para-
somnias is discussed in Chapter 10: Parasomnias.
These symptoms should be systematically explored
to refine the diagnostic possibilities. Readers are
referred to Sections IV and VI of this book for a more
detailed discussion of each disorder and its hallmark
symptoms.

Physical examination

The physical examination can contribute essential
information to the process of understanding the eti-
ology of the sleep complaint. Vital signs should include
the measurement of neck circumference; a thick and/or
muscular neck, as well as a neck circumference of
16 inches or greater in women and 17 inches or greater
in men, are associated with an increased risk for sleep-
related breathing disorders [33]. Body habitus should be
inspected; obesity with fat distribution around the neck
or midriff suggests the diagnosis of OSA. Other con-
tributors to sleep-related breathing disorders include
nasal obstruction, mandibular hypoplasia, and retro-
gnathia. Oropharyngeal abnormalities can also be
involved, including enlarged tonsils and tongue, an
elongated uvula and soft palate, diminished pharyngeal
patency, and redundant pharyngeal mucosa. The
Mallampati airway classification score should be deter-
mined (Figure 6.5), which is useful in assessing the risk
for OSA. On average, for every 1-point increase in the
Mallampati score, the odds of having OSA increases
more than two fold [34]. The chest examination should
be scrutinized for expiratory wheezes and kyphoscoli-
osis, indicative of, among others, asthma and restrictive
lung disease, respectively, which, in turn, can be associ-
ated with the complaint of insomnia. Signs of right heart
failure should be noted; heart failure can cause abnor-
malities of breathing during sleep, which, in turn, can be
associated with the complaint of frequent nocturnal
awakenings and unrefreshing sleep. A basic neuro-
logical examination should be performed to rule out
neurological disorders that may mimic certain sleep
disorders or which may co-exist with them. For
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Table 6.4 Defining symptoms for selected disorders

Disorder

Psychophysiological insomnia

Restless legs syndrome'

Periodic limb movement disorder

Narcolepsy

Obstructive sleep apnea
syndrome

Chronic obstructive pulmonary
disease

Gastroesophageal reflux

Prostatic hypertrophy

Nocturnal seizures

Nocturnal panic attacks

Post-traumatic stress disorder

Delayed sleep phase syndrome

Advanced sleep phase syndrome

Symptoms

“Trying” to fall asleep

Difficulty falling asleep at desired bedtime
Frequent nocturnal awakenings

Anxiety regarding sleeplessness

Irresistible urge to move the extremities

Limb paresthesiae

Onset of symptoms during periods of rest and in the evening or at bedtime
Relief of symptoms with movement

Repetitive involuntary movements of the extremities during sleep or just prior to
falling asleep

Excessive daytime sleepiness

Cataplexy

Sleep paralysis

Hypnopompic and hypnagogic hallucinations

Snoring

Breathing pauses during sleep
Choking

Gasping

Morning dry mouth

Dyspnea

Epigastric pain or burning
Laryngospasm

Acid taste in mouth

Sudden nocturnal awakenings

Frequent nocturia

Thrashing in bed
Loss of bladder or bowel control

Sudden surges of anxiety
Tachycardia

Diaphoresis

Choking

Laryngospasm

Recurring, vivid dreams and nightmares
Anxiety and hypervigilance in sleep environment

Inability to fall asleep at desired time
Inability to awaken at desired time

Inability to stay awake until the desired bedtime
Inability to remain asleep until the desired awakening time

Note: ' The URGE mnemonic has been proposed as a convenient way to recall most of the symptoms of RLS [32]. It includes the following:
Urge to move; Rest induced; Gets better with activity; Evening and night accentuation.

example, the presence of increased resting muscle tone,
cogwheel rigidity, and tremor can indicate the presence
of Parkinson’s disease, which can share some of the

behavioral and sensory disturbances of REM behavior
disorder. The mental status examination should include
an evaluation of affect, anxiety, psychomotor agitation
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Physical Findings Mallampati Scale

On average, the odds of having OSA increase more than
2-fold for every 1-point increase in Mallampati Scale.

Class Il

Soft and hard
palate visible

Class |l

Class |

Tonsil visible Upper half of tonsil

fossa visible

or slowing, cognition, the possibility of reduced alert-
ness and slurred speech, and perceptual disturbances.

Scales and inventories

A few of the more commonly utilized inventories have
already been described, including the insomnia sever-
ity index, the fatigue severity scale, the Epworth sleepi-
ness scale, sleep diaries, and the Mallampati airway
classification. The STOP-bang scoring model [35] is
amethod that was recently introduced, which strives to
predict the risk of OSA without the use of polysomno-
graphy, the gold-standard procedure for the diagnosis
of the disorder (Figure 6.6). It includes elements of the
history and physical examination, and was validated in
preoperative patients. “Yes” answers to three or more
questions place the patient at high risk for OSA.
The questionnaire was validated in a mixed group of
preoperative patients against in-lab polysomnography.
Sensitivities and specificities of the questionnaire
are, respectively, as follows: for mild OSA (apnea-
hypopnea index, or AHI, between 6 and 15), 83.6%
and 56.4%; for moderate OSA (AHI between 16
and 29), 92.9% and 43.0%; for severe OSA (AHI
greater than 30), 100% and 37%.

Tests and consultations

Serum laboratory tests have not been systematically
explored in the evaluation of insomnia and ES. How-
ever, it seems reasonable that, providing they have not
been performed in the past 6 months to 1 year, general
serum laboratory tests including thyroid function

106

Figure 6.5 Mallampati airway
classification. During assessment the
patient is instructed to open his or her
mouth as wide as possible, while
protruding the tongue as far as possible.
Patients are instructed to not emit sounds
LY during the assessment. Class I: soft palate
¥ and entire uvula visible; Class II: soft
palate and portion of uvula visible; Class
Ill: soft palate visible (may include base
of uvula); Class IV: soft palate not visible.
Reproduced with permission from [34].

Class IV

Only hard
palate visible

1. ¥nafing
[ yous smoee Lowsdly {bomder them nlking or lood enough o be heard
theough cioacd doorsd
Yes Mo
2. Tired
Do you afven feel fired, frigued, or sloepy during dayticee?
Yes Mo
5. DOibserved
Has anyone obacrved yoin stop bfeathing Juhsg your slecpr
Yes Mo
i. Hhnl fercusuire
Do you heve or are yoo being created for high blood pressure?
Yrs Mo
5, Bul
EMI more thas 35 kgpfm’?
Yes Mo
i, Age
Ape cver S yr old?
Yesx Mo
7. Meck ciscumferemoe
Mok citvumichesee gicakes than 40 em?
Tra Mo

Y. ender
Grender malc?
Tes Mo

Mgl srsle of O5A; arerweting ves wo chree of mode iners
Lowe rinde of OFA: answering ves to loss shan three e

Figure 6.6 The STOP bang scoring model. Reproduced with
permission from [35].

studies should be considered. RLS is more common
in iron deficiency states and conditions associated with
iron deficiency such as pregnancy and anemia [36].
The level of serum ferritin, an important indicator of
iron deficiency, is inversely correlated with severity
of RLS symptoms and iron supplementation has been
shown to reduce RLS symptoms. Therefore, serum
ferritin should be obtained in patients presenting with
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insomnia or ES and associated RLS symptoms, and a
level of 50 pg/L or less is considered significant.
Actigraphy utilizes small, wristwatch-like devices
to record movement. It assumes that lack of move-
ment is equivalent to sleep, and is not, therefore,
useful to measure exact sleep times. Although it is
not appropriate for the routine diagnosis of sleep
disorders, it can be useful as an adjunct to other
procedures for the assessment of sleep-wake patterns
when such information is not reliably available by
other means such as sleep logs. It can be appropriate
for the documentation of changes in sleep patterns
over prolonged diagnosis and treatment periods; for
the assessment of whether an insomniac follows cer-
tain sleep hygiene advice (e.g. to curtail time in bed or
to regularize wake-up times) and of improvement in
sleep following behavioral treatment; and for the
assessment of daytime and night-time sleep and day-
time somnolence in ES disorders [37].
Polysomnography (PSG) is the technique of moni-
toring multiple physiological measures during sleep,
including brain waves, eye movements, heart rate,
respirations, oxyhemoglobin saturation, and muscle
tone and activity. Video recording may be used to
identify abnormal movements during sleep. This test
is typically performed in a sleep laboratory. Polysom-
nography is appropriate to establish the diagnosis
when the office-based evaluation raises the possibility
of a sleep-related breathing disorder (SRBD). It is also
appropriate for a determination of the appropriate
treatment settings during continuous positive airway
pressure (CPAP) titration, and for the assessment of
SRDB treatment results. With multiple sleep latency
testing (see below), it is utilized for the diagnosis of
narcolepsy. PSG is also utilized for the evaluation of
the parasomnias which feature sleep-related behaviors
that are violent or potentially injurious to the patient
or others, to assist in the diagnosis of paroxysmal
arousals or other sleep disruptions thought to be
seizure related, and in a presumed parasomnia or
sleep-related seizure disorder that does not respond
to conventional therapy. It is also utilized for the
diagnosis of periodic limb movement disorder [38].
The multiple sleep latency test (MSLT) is a daytime
polysomnographic test which measures the extent of ES
by assessing the speed of onset of sleep in five daytime
nap opportunities, beginning 1.5 to 3 hours after
awakening, and each separated by 2 hours. The patient
lies down in a darkened room and is asked to not resist
the urge to fall asleep. The onset and stage of sleep

(including REM) are monitored. This test is used if the
diagnosis of narcolepsy or idiopathic hypersomnia is
suspected. A variation on the MSLT is the maintenance
of wakefulness test (MWT), in which the patient is
asked to stay awake while sitting in a dimly lit bedroom.
It is considered by many to be a more accurate measure
of sleep tendency in situations of everyday living, where
individuals are trying to stay awake, rather than fall
asleep, during the day. It is utilized for the assessment
of individuals in whom the inability to remain awake
constitutes a safety issue, and in patients with narco-
lepsy or idiopathic hypersomnia to assess response to
treatment with medications [39].

There are several situations in which sleep medi-
cine consultations may be useful following the office-
based evaluation. These include: when the diagnosis is
in doubt, seeming adequate treatment of the pre-
sumed disorder does not result in the alleviation of
symptoms, or PSG/MSLT/MWT testing with follow-
up treatment is desired.

Conclusions and recommendations

Insomnia, ES, and parasomnias are commonly encoun-
tered in psychiatric practice. They are the hallmark
symptoms of a variety of sleep disorders, many of
which will be discussed in greater detail in the ensuing
chapters. This chapter has focused on the critical first
steps in bridging symptom with disorder, namely the
history and examination. These represent the corner-
stones of the evaluation process. Below are some key
recommendations that emerge from this chapter:

1. Develop a systematic process to address sleep-
related complaints

2. Organize the clinical history around a typical
24-hour sleep/wake pattern beginning with
bedtime and ending back at the time at which the
inquiry began and determine deviations from
normal patterns

3. Obtain the nocturnal or diurnal pattern, onset and
longitudinal course, and severity of the chief
complaint

4. Understand the temporal relationship between
the chief complaint and potential precipitants
such as psychosocial disruption, co-morbid
illnesses, and prior treatments

5. Systematically explore sleep-related habits
and behaviors and maladaptive psychological
reactions and cognitions that may foment and
perpetuate sleep/wake disturbances
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6. Appreciate the nature and extent of
consequences of the chief complaint on
daytime functioning
7. Obtain collateral information from bed partners
. Ask for symptoms of specific sleep disorders
9. Complete the essential elements of a general
medical and psychiatric history gathering process
and examination
10. Utilize inventories, tests, and consultations to
complete the diagnostic picture
11. Arrive at a diagnostic formulation prior to
resorting to treatment

o2}
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Section IV
Chapter

In Soo Lee and Joel E. Dimsdale

Introduction

Although the historical description of obstructive
sleep apnea goes back to at least the time of Charles
Dickens’ Pickwick Papers, the first real case report was
published roughly 50 years ago in the American Jour-
nal of Medicine. It is interesting to read this rich case
report and to note the powerful confluence of psychi-
atric and cardiopulmonary symptoms in sleep apnea.
The case describes a sleepy, obese patient who was a
middle-aged business executive, troubled by anxieties
and simmering frustrations, who did not request
medical attention, despite severe fatigue and func-
tional limitations. He didn’t request evaluation, that
is, until a sentinel event occurred in his life. He was a
life-long poker player and when he fell asleep after
having been dealt a “full house,” he decided some-
thing needed to be done [1].

That setting of admixture of fatigue, forgetfulness,
anxiety, and depressive symptoms is quite common in
patients with obstructive sleep apnea (OSA). This chap-
ter reviews the association between sleep-related
breathing disorders (SRBDs) and cognitive functioning,
depression, and anxiety. We also briefly review the
effects of psychotropic medications that may be particu-
larly important to consider in a setting of SRBD.

Sleep-related breathing disorders

Sleep-related breathing disorders are characterized by
disturbed respiration during sleep. These respiratory
events may range from recurrent mild upper airway
constriction (called upper airway resistance syndrome)
to recurrent total obstruction. SRBDs are subdivided
into those with obstruction (obstructive sleep apnea)
and those with diminished or absent respiratory effort
(central sleep apnea). In addition, there may be a
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mixture of these components (mixed type). Within
these categories, there is a continuum in the degree of
obstruction and in the frequency of these obstructive or
central events. A great deal of work has gone into
defining the epidemiology of these disturbances and
their associated risks and pathophysiologies.
Obstructive sleep apnea (OSA) is a chronic condition
characterized by repetitive upper airway obstruction
during sleep leading to apneic episodes, hypoxemia,
and recurrent arousals from sleep [2]. It has been esti-
mated that 2% to 4% of middle-aged men and 1% to 2%
of middle-aged women suffer from OSA [3]. OSA is
particularly prevalent in later life [4], and in obese
men [5,6], although its existence in women [7], as well
as in lean individuals, is increasingly recognized [3].

Risk factors for OSA include obesity and cranio-
facial or upper airway soft tissue abnormalities.
Common craniofacial or upper airway soft tissue
abnormalities that increase the risk of OSA include
alterations in mandibular or maxillary size and pos-
ition, narrowed nasal cavities, as well as tonsillar
hypertrophy [8]. The Mallampati classification is a
useful tool for assessing the probability of sleep dis-
ordered breathing. The Mallampati classification is
based on the structures visualized with maximal
mouth opening and tongue protrusion. The original
goal of this classification was to assess whether the
upper airway could be readily visualized during tra-
cheal intubation [9] (see Figure 7.1). However, Liistro
and colleagues showed that a high Mallampati score
(stage 3 or 4) and nasal obstruction are associated risk
factors for OSA [10].

Obesity is the most important reversible risk
factor for OSA [11]. The prevalence of OSA among
morbidly obese patients is 12- to 30-fold higher than
in the general population [12]. Other risk factors for
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Figure 7.1 The Mallampati classification. The class is determined
by looking at the oral cavity as the patient protrudes the tongue,
and tongue size is described relative to oropharyngeal size. The
subsequent classification is based on the pharyngeal structures
that are visible. Class 1: full visibility of tonsils, uvula, and soft palate;
Class 2: visibility of hard and soft palate, upper portion of tonsils,
and uvula; Class 3: soft and hard palate and base of the uvula are
visible; Class 4: only hard palate visible. Modified after Mallampati
SR, Gatt SP, Gugino LD, et al. A clinical sign to predict difficult
tracheal intubation: a prospective study. Can Anaesth Soc J.
1985,32:429 434. Reprinted from [167].

OSA include genetic factors, smoking, menopause,
and alcohol use [13].

The cardinal symptom of OSA is excessive daytime
sleepiness, which appears to be related to recurrent
arousals from sleep associated with obstructive events
[14]. Other associated signs and symptoms include
snoring, unrefreshing sleep, nocturnal choking (or
dreams about choking or drowning), witnessed
apneas, nocturia, morning headaches, mild cognitive
impairment, and reduced libido [2]. Diagnosis is con-
firmed by assessment of sleep, typically via polysom-
nography. While exact cut points are arbitrary, a mean
of 5-15 obstructive events per hour of sleep represents
mild dysfunction, 15-30 events per hour represents
moderate dysfunction, and >30 events per hour
represents severe dysfunction [15]. Treatment options
for OSA include weight loss, including discontinu-
ation of weight-increasing medications, positional
therapy, continuous positive airway pressure (CPAP),
and mandibular advancement devices or surgery
for clearly identifiable causes of upper airway ob-
struction [14]. The first line of therapy is CPAP,
but its efficacy can be limited partially because adher-
ence may be poor [5,16]. Weaver and colleagues
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suggested “good” adherence should be defined as at
least 6 hours a night [17].

OSA is associated with considerable morbidity
and mortality, particularly from hypertension, cardio-
vascular disease, and insulin resistance [16]. Further-
more, the excessive daytime sleepiness associated with
OSA can result in decreased quality of life [18] and
increased risk for automobile accidents [19] or ser-
ious industrial accidents [20].

Psychiatric presentations of 0SA

OSA patients complain of various neuropsychiatric
symptoms. Cognitive impairment [21] and affective
disorders such as depression are frequently encoun-
tered in OSA. In addition, a high prevalence of other
psychiatric symptoms such as anxiety, somatization,
ADHD-type, and obsessive-compulsive symptoms
have been reported in these patients [22,23]. Clinicians
can also encounter nocturnal panic attacks, diverse
parasomnias, delirium, psychosis, personality change,
and violent outbursts in some OSA patients [24-30].
Therefore, practicing psychiatrists and psychologists
must consider OSA in the differential diagnosis of
a large number of psychiatric presentations.

Cognitive and performance

impairments in 0SA

Approximately 80% of OSA patients complain of both
excessive daytime sleepiness and cognitive impair-
ments, and half report personality changes [31]. In
addition to significant negative consequences on qual-
ity of life and auto vehicle safety, the neuropsycho-
logical effects of OSA can aggravate scholastic and
occupational achievement as well as contribute to rela-
tionship problems.

Considerable research has examined neuro-
psychological deficits associated with OSA. Beebe
and colleagues conducted a meta-analysis of 25 recent
studies (involving >2000 patients) to examine pat-
terns of neuropsychological deficits in OSA. They
found impairments in vigilance, executive function,
and motor coordination but no effect of OSA on
general intelligence and verbal ability. The effects of
OSA on visual and motor skill and memory function-
ing were inconsistent [32]. In a separate review, Aloia
and colleagues reported that 60% of reviewed studies
found deficits in attention and vigilance, executive
functioning, and memory impairment, and 80% of
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reviewed studies found visuoconstruction and psy-
chomotor functioning impairments [33]. Below,
we review selected studies to give a sense for the types
of neuropsychological probes that have been applied
in this area.

Sustained attention or vigilance

Sustained attention is one of the most commonly
affected cognitive problems for OSA patients [34-39].
It is assessed by tests such as the psychomotor vigilance
task (PVT). OSA patients initially perform comparably
to normal controls during short-duration tasks, but
performance degrades with longer duration tasks,
where one sees increased response time, lapses or failure
to respond, and false responses [40,41]. Operating a
motor vehicle requires sustained vigilance, and impair-
ments in this cognitive function may contribute to
elevated rate of car accidents. OSA patients with exces-
sive daytime sleepiness are 6 to 10 times more likely
to have an accident than non-sleepy controls [42].
The reaction time of patients with mild to moderate
sleep disordered breathing is worse than that found in
healthy, non-sleepy subjects with blood alcohol levels of
0.080 g/dL (the typical legal limit for intoxicated driving
in the USA) [43].

Memory

There is less consistency in studies of short-term and
long-term memory functioning in OSA patients
[32,34,44,45]. Bedard and colleagues described dimin-
ished performance on short-term memory in patients
with moderate and severe sleep apnea, although only
the severe group demonstrated evidence of impairment
in delayed recall. These memory disturbances were
associated with a decrease in vigilance [34]. Others
have reported short- and long-term memory problems
[38,46-49]. On the other hand, Greenberg and col-
leagues found no differences between patients with
OSA and controls on subscales of the Wechsler memory
scale (in either immediate or delayed conditions) [37].

Differences in samples such as level of disease sever-
ity, clinic versus population-based studies, or the use of
normal controls versus norm-referenced comparisons
may account for the inconsistencies. These inconsist-
encies may also reflect impairment in organization and
retrieval caused by different levels of executive function
deficits in OSA patients [32].

Executive functions

Executive function refers to a set of higher cognitive
abilities that control and regulate other basic abilities
like attention, memory, and motor skills. Executive
functions may involve the ability to engage in goal-
directed behaviors and abstract thinking. Executive
function impairments can be measured by assessing
diverse domains such as planning, sequencing, self-
monitoring, set-shifting, verbal fluency, abstract
reasoning, working memory, visual-spatial organiza-
tion, and memory [50-52].

Many studies have examined disturbances in
executive function in OSA, demonstrating impair-
ment in several domains. For example, Bedard and
colleagues reported widespread deficits in various
executive functions (verbal fluency, planning, sequen-
tial thinking, and constructional ability), with extent
of impairment related to severity of the breathing
abnormality [34,53].

Etiology and mechanism of cognitive
and performance impairments

The pathogenesis of cognitive deficits in OSA is con-
troversial and most likely multifactorial. The two
most commonly implicated etiological mechanisms
are repetitive sleep fragmentation and nocturnal hyp-
oxemia. However, the evidence is as yet tenuous
linking either measure of OSA severity and any cog-
nitive domain [33].

Researchers have assumed that neuropsychological
tests reflect abnormalities in specific brain regions.
The evidence of disturbance in executive functions
has led to the suggestion that OSA may be associated
with frontal lobe dysfunction [34,36]. In this context,
the prefrontal model has been proposed as a concep-
tual framework for the relationship between sleep
disruption and nocturnal hypoxemia and primarily
frontal deficits in OSA. This model hypothesizes that
OSA-related sleep disruption and intermittent hypox-
emia as well as hypercarbia alter the brain’s restorative
processes, thereby inducing a variety of cellular and
biochemical stresses that disrupt functional homeo-
stasis as well as neuronal and glial viability within
the prefrontal cortex [54] (see Figure 7.2).

Animal studies demonstrate that intermittent
exposure to low O, damages hippocampal CA1 regions
and frontal cortex. Such damage has been correlated
with cognitive deficits [55], especially learning and

113



‘ Section IV: Primary Sleep Disorders in Psychiatric Contexts
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Figure 7.2 The proposed prefrontal
model. In this model, OSA related sleep
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memory alterations which are similar to cognitive
defects found in OSA patients [56].

Volumetric studies in OSA patients also show
diminished gray matter in the hippocampus,
nearby cerebral cortex, and cerebellar cortex and deep
nuclei [57]. The cerebellar damage in OSA may con-
tribute to loss of coordination of upper airway muscle
activity (hypotonia of upper airway muscles), failure
to regulate sympathetic tone, and further disruption
of higher-order cognitive processes [58].

Recently, functional neuroimaging studies have
begun to investigate the cerebral substrates of cogni-
tive function in OSA. In an fMRI study, Thomas and
colleagues reported that untreated OSA patients
showed reduced performance on a 2-back working
memory task, as well as reduced activation within
anterior cingulate, dorsolateral prefrontal, and poster-
ior parietal cortices. They suggested that the frag-
mented sleep contributed to these deficits more than
the nocturnal hypoxia [59].

In another fMRI study, Ayalon and colleagues
examined the cerebral response to a verbal learning
task in OSA patients. They found that verbal learning
performance was similar in both the OSA and control
groups, but OSA patients showed increased brain
activation in several brain regions (bilateral inferior
frontal and middle frontal gyri, cingulate gyrus, areas
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at the junction of the inferior parietal and superior
temporal lobes, thalamus, and cerebellum). The
recruitment of additional brain areas during tasks in
OSA patients was felt to reflect an adaptive compen-
satory recruitment response [60].

Effect of treatment on cognitive and
performance impairments

Many studies have examined cognitive functioning after
treatment for OSA has been initiated [61]. Treatment
effects have been inconsistent for sustained attention,
memory, executive functioning, and psychomotor
function. However, treatment was noted to improve
attention/vigilance in most studies but did not
improve constructional abilities or psychomotor func-
tioning [33]. Aloia and colleagues found deficits in fine
motor coordination more resistant to effects of treat-
ment. They suggested that brain regions serving fine
motor coordination (such as basal ganglia, subcortical
gray matter, and cerebellum) may be particularly
vulnerable to hypoxemia resulting from OSA [33].
Because neuropsychological testing improves
upon retesting, pre- and post-studies of treatment
effects are difficult to interpret unless appropriate
controls have been used. Unfortunately controlled
studies in this area are still rare. In uncontrolled
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studies, CPAP treatment had a moderate to large
effect on cognitive processing, memory, sustained
attention, and executive functions [38]. However,
other studies show persistent cognitive deficits despite
treatment [62,63].

The majority of controlled clinical trials evaluating
the efficacy of CPAP treatment have enrolled predom-
inantly moderate to severe OSA patients. In mild OSA
patients, the only improvement in quality of life after
8 weeks of CPAP treatment was in vitality [64]. Some
studies suggest that beneficial CPAP treatment effects
for cognition might be attributable to changes in the
underlying level of daytime sleepiness [64,65].

Bardwell and colleagues evaluated the effectiveness
of 1-week CPAP treatment versus placebo-CPAP (i.e.
CPAP administered at subtherapeutic pressure) on cog-
nitive functioning in patients with OSA. Although
CPAP improved overall cognitive functioning, no bene-
ficial effects in any specific domain were found. But,
only 1 of the 22 neuropsychological test scores (Digit
Vigilance-Time, a measure of speed of information
processing, vigilance, or sustained attention and alert-
ness) showed significant changes specific to CPAP treat-
ment [66]. In their replication study with 2 weeks of
CPAP treatment, two-thirds of neuropsychological test
scores improved with time regardless of treatment;
however, once again only Digit Vigilance-Time showed
significant improvement specific to CPAP treatment.
They concluded that Digit Vigilance-Time might be the
most sensitive neuropsychological test for measuring
the effects of CPAP. Furthermore, 2 weeks of CPAP
treatment might be sufficient to improve speed of infor-
mation processing, vigilance, as well as sustained atten-
tion and alertness [67].

Evaluating the evidence for the efficacy of treatment
on the cognitive and performance impairments in
OSA is challenging because of differences in length of
treatment, adherence to treatment, type of control, and
placebo employed. It is as yet unclear how long treat-
ment should be provided in order to document efficacy.
What is the time course of response? What cognitive
functions respond first? Are there certain cognitive
functions that improve only after weeks of treatment?
Future research is required to clarify these issues.

Clinical implications of cognitive
impairments in 0SA

Beebe and colleagues recommended that sleep clin-
icians should routinely assess cognitive symptoms of

OSA patients. If residual deficits are suspected
following treatment, cognitive evaluations of vigi-
lance, executive functioning, and motor functioning
should be undertaken. They also suggest interestingly
that undiagnosed sleep disordered breathing should
be suspected in individuals who display evidence of
poor vigilance, or executive dysfunction [32].

Depression in 0SA

Depression is the most commonly encountered affect-
ive disorder associated with OSA [68]. The prevalence
of depression in OSA has ranged from 7% to 63% [69].
Early investigations by Guilleminault and colleagues
reported that 24% of male patients with OSA had
previously seen a psychiatrist for anxiety and depres-
sion [70]. A recent epidemiological study of 18980
subjects representative of the general population in
the UK, Germany, Italy, Portugal, and Spain found
that 17.6% of subjects with a Diagnostic and Statistical
Manual of Mental Disorders IV (DSM-IV) breathing-
related sleep disorder diagnosis (by history, without
sleep study) have major depressive disorder (MDD)
[71]. Thus, some co-morbidity between SRBD and
depression has long been observed. The variations in
the prevalence of depression are thought to be affected
by sampling characteristics, mood assessment
methods, and diagnostic difficulty due to an overlap
of symptoms across depression and OSA.

A number of studies, using varied designs,
report an association between OSA and depression,
based on elevated co-morbidity of OSA and MDD
[30,70,72-74], as well as increased levels of depressive
symptoms [75-80] that do not necessarily reflect a
major depressive episode [73]. Other studies observe
a correlation between apnea-hypopnea index (AHI;
number of apneas and hypopneas per hour of sleep)
and depression [81], with increased depressive
symptoms found in association with more severe
SRBD [82], and improvement of depressive symp-
toms after treatment with CPAP, uvulopalatopharyn-
goplasty, or tracheostomy [74,76,77,79,83]. Peppard
and colleagues found a dose-response association
between SRBD severity (AHI) and depression in their
population-based, longitudinal investigation (see
Figure 7.3). Figure 7.3 compares the rates of depres-
sion found amongst individuals with differing levels
of respiratory disturbance. Depression was defined as
a score of 50 or higher on the Zung depression scale
in individuals who were not receiving antidepressant
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Figure 7.3 Association between

Odds Ratio (95% Confidence Interval)
Predicting Depression
[N

Mild SRBD
(5<AHI<15)

Minimal SRBD
(0<AHI<5)

depression and SRBD as compared with
participants with no SRBD. Depression
was defined as a score of 50 or higher on
the Zung depression scale.
Antidepressant users were excluded in
this model. AHI, apnea hypopnea index;
SRBD, sleep related breathing disorder.
Adapted from [82], with permission.

Moderate or Worse SRBD

(AHI>15)

Association of Depression with SRBD

medication. The prevalence of depression was
increased with increasing severity of SRBD (minimal
SRBD: OR, 1.7, 95% CI: 1.1-2.6; mild SRBD: 2.5, 1.5
4.2; moderate or worse SRBD: 3.2, 1.8-5.8) [82].
These dose-response observations suggest a strong
link between depression and SRBD.

However, the association between OSA and
depression remains controversial, as a number of
studies have found no correlation between the two
disorders. For instance, Pillar and Lavie found that
neither the existence nor the severity of sleep apnea
syndrome was associated with depression in a large
male population (N=1977) [84]. Other researchers
reported that patients with sleep apnea do not show
clinically significant levels of depression, nor do they
have levels of depressive symptoms higher than
normal controls [85-87]. As discussed later in this
chapter, other researchers have examined if treatment
for SRBD improved depressive symptoms, but the
evidence is far from compelling (see Table 7.1).

This inconsistency of the association between OSA
and depression may stem from the complexity in assess-
ing depression in OSA and from confounding factors
related to characteristics of the sampled population.
Diagnostic limitations are one of the fundamental diffi-
culties. For example, SRBD can be diagnosed by noc-
turnal  polysomnography (PSG), the standard
diagnostic test for sleep apnea. Upper airway resistance
syndrome (UARS) is an important phenomenon that is
also related to excessive daytime sleepiness and depres-
sive mood [88]. However, recognition of UARS is com-
plicated because it is not detected by standard nocturnal
polysomnography. The gold standard in the diagnosis
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of UARS is nocturnal esophageal manometry, but this
invasive method is not tolerated by every patient and
needs extra equipment and expertise. There is need for
development of alternative accurate and non-invasive
methods for diagnosing this particular form of sleep
disordered breathing [89,90].

In addition, OSA and depression share common
symptoms such as fatigue and sleepiness, multiple
awakenings, psychomotor retardation, poor concen-
tration and memory, low sexual drive, and irritability.
So it is often difficult to clinically distinguish these
two disorders. Unfortunately, diagnostic evaluations
for depression in OSA are not standardized.
Researchers have used various measurement scales,
cut-points, or psychiatric interviews. This can lead
to different diagnoses and also can confound the
association between OSA and depression.

Because OSA is widely distributed in the population,
over a wide range of age and medical co-morbidities,
association studies can be limited by confounding
factors related to population sampled. Bardwell and
colleagues suggested that depression in OSA patients
may be determined by confounding factors such as age,
body mass, and hypertension rather than OSA per se
[91]. They also demonstrated that depression may
account for the fatigue seen in OSA, after controlling
for OSA severity [92]. To understand this area, it seems
reasonable to include several potentially confounding
variables such as: (1) specific age-gender distribution in
OSA (e.g. high SRBD prevalence in post-menopausal
women) [93]; (2) role of antihypertensive medication
in depression; (3) hypertensive patients’ own psycho-
logical characteristics [94,95]; (4) diabetes; (5) obesity;
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Table 7.1 The effect of CPAP treatment on depression and anxiety in patients with obstructive sleep apnea

Reference
(year)

Borak et al.
(1996) [22]

Engleman et al.
(1997) [168]

Engleman et al.
(1998) [169]

Jokic et al. (1998)
[170]

Redline et al.
(1998) [64]

Engleman et al.
(1999) [171]

Kingshott et al.
(2000) [182]

Munoz et al.
(2000) [114]

Yamamoto et al.
(2000) [172]

Sanchez et al.
(2001) [122]

Barnes et al.
(2002) [173]

Doherty et al.
(2003) [174]

Means et al.
(2003) [83]

Svaldi et al.
(2003) [175]

Barnes et al.
(2004) [176]

Mackinger et al.
(2004) [177]

Goncalves et al.
(2005) [178]

Schwartz et al.
(2005) [179]

Number
of subjects

20

16

23

10

97

34

62

80

47

51

28

39

54
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54

34

50

Study design

Prospective, uncontrolled
study

Prospective, placebo-
controlled, randomized,
crossover study

Prospective, randomized,
single blind, placebo
controlled, crossover study

Prospective, controlled,
single blind crossover
study

Randomized, controlled
study

Randomized, placebo
controlled, crossover study

Prospective, uncontrolled
study

Prospective, controlled
study

Prospective, uncontrolled
study

Prospective, uncontrolled
study

Randomized, controlled,
crossover study

Prospective, uncontrolled
study

Prospective, uncontrolled
study

Prospective, uncontrolled
study

Randomized, controlled,
crossover study

Prospective, controlled
study

Prospective, controlled
study

Prospective, uncontrolled
study

CPAP treatment

time

3 months and
12 months

4 weeks

4 weeks

4 weeks

8 weeks

4 weeks

6 months

12 months

2 years

1 month and
3 months

8 weeks

8 weeks

3 months

6 9 weeks

3 months

2 months

4 weeks

4 6 weeks

Effect on mood

No improvements in emotional
status after 3 and 12 months

Significant decline in HAD-
depression

No changes in HAD

Use of CPAP was associated with a
decrease in HAD-anxiety scores

CPAP showed beneficial effect over
mechanical nasal ventilator in POMS
and PANAS scores

Compared with placebo, CPAP
improved depression score in HAD

Significant decline in HAD-
depression and anxiety

CPAP failed to modify anxiety and
depression in Beck tests

Significant decrease in SDS

Significant decrease in BDI and STAI
(depression and anxiety-trait) after
both 1 month and 3 months

No benefit of CPAP on BDI and
POMS scores

Significant decline in HAD-
depression and anxiety

Significant decrease in BDI

Significant decrease in BDI

Improvements of depression were
no better than placebo effect

Significant decrease in BDI in
patients with previous depression

Significant decrease in BDI

Significant decrease in BDI
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Table 7.1 (cont)

Reference Number Study design

(year) of subjects

Schwartz et al. 50 Prospective, uncontrolled
(2007) [180] study

Wells et al. 54 Prospective, uncontrolled
(2007) [181] study

Notes: Tabled studies examined treatment time >4 weeks.

CPAP treatment Effect on mood

time
1 year Significant decrease in BDI
30 days Significant decrease in BDI, but,

improvements were not associated
with CPAP use

BDI, the Beck depression inventory; HAD, hospital anxiety and depression scale; MADRS, Montgomery Asberg depression rating scale; PANAS,
the positive and negative affects scale; POMS, profile of moods states; SDS, the self related depression scale; STAI, the state trait anxiety

inventory.
Adapted from [69] and updated.

and (6) apnea patients’ other psychological characteris-
tics such as irritability [75,77,80], anxiety [70,76-78,
96], and fatigue [76,79,85,97]. Future studies addressing
these diagnostic and methodological issues are needed
to examine bidirectional effects between SRBD and
depression.

Possible mechanisms underlying
the association between
depression and 0SA

As with cognitive impairment, sleep fragmentation
and hypoxemia during sleep are suspected to be
responsible for depressive symptoms in OSA. Sleep
fragmentation certainly contributes to the excessive
daytime sleepiness (EDS) in OSA patients. Several
studies have supported positive correlation between
EDS as measured by the Epworth sleepiness scale and
depressive symptoms [23,98].

Hypoxemia provides another mechanism linking
SRBD to depression. Recent imaging studies in OSA
report cerebral metabolic impairment resulting from
recurrent nocturnal hypoxemia [99-101]. Aloia and
colleagues reported that more subcortical white matter
hyperintensities were found on MRI in patients with
severe OSA as compared to mild OSA. In the same
study, they reported a trend for a positive correlation
between the subcortical hyperintensities and depres-
sion scores on the Hamilton depression scale [33].

The high co-morbidity of OSA and depression also
suggests that both disorders may share a common
neurobiological risk factor. On the neurotransmitter
level, the serotonergic system is involved in the regula-
tion of sleep and wakefulness (see Chapter 2:
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Neuroanatomy and neurobiology of sleep and wakeful-
ness). Its activity is higher during wakefulness than in
sleep [102]. The production of rapid eye movement
(REM) sleep depends on the decrease of serotonergic
tone in brainstem structures. Patients with OSA have a
central deficiency of serotonin activity [103], and it is
interesting that depression is also associated with a
decreased serotonergic neurotransmission [104].

Cytokine and metabolic-related
hormone studies

There is a growing literature suggesting that the
links between depressive symptoms and OSA may be
associated with obesity and the metabolic syndrome.
Although both OSA and depression have independ-
ently been shown to be associated with metabolic
syndrome and cardiovascular disease [105,106], it is
still poorly understood how these risk factors interact
with each other.

It has been suggested that some of the psycho-
logical symptoms experienced by OSA patients may
be related to high levels of proinflammatory cyto-
kines. Vgontzas and colleagues reported that the
inflammatory cytokines tumor necrosis factor-o
(TNF-o) and interleukin-6 (IL-6), which produce
sleepiness and fatigue, are elevated in sleep apnea
and obesity and might play a role in the pathogenesis
and pathological sequelae of both disorders [107].
Haensel and colleagues found that elevated levels of
the soluble tumor necrosis factor receptor 1 (sTNF-
R1) were significantly correlated with cognitive dys-
function in untreated OSA patients. They suggest that
inflammation in OSA may be an important factor to
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Continous Positive Airway
Pressure (CPAP) Treatment

Figure 7.4 A schematic summary of a
research model using obstructive sleep
apnea (OSA) for studying sleep and
cytokines. CPAP, continuous positive

Obstructive Sleep

.

T IL-6; TNF-a; IL-1
1 Inflammation

airway pressure; SNS, sympathetic
nervous system; PNS, parasympathetic
nervous system; O, Sat, oxygen
saturation. Reprinted from [112], with
permission.
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consider in understanding cognitive functioning in
these patients [108].

Leptin (an adipocyte-derived hormone) is a cru-
cial mediator of energy homeostasis. Several studies
have shown that higher levels of leptin are associated
with sleep apnea [109]. Recent studies also suggested
the novel function of leptin as a possible explanation
of mood disorders. Low levels of leptin have been
found to be associated with depressive behaviors in
rodents and humans. Pharmacological studies indi-
cate that leptin has antidepressant-like efficacy.
Both leptin insufficiency and leptin resistance may
contribute to alterations of affective status [110,111].

In order to integrate these complicated relation-
ships, Mills and Dimsdale suggested a research model
regarding the relationship between neuroimmune
interactions, mood changes, as well as behavioral
aspects in OSA [112]. Figure 7.4 provides a schematic
summary of this model. Because of its many relevant
characteristics, including neuroimmune interactions,
mood changes (such as fatigue and depression), as
well as behaviors that directly affect the course of
the disorder (such as excessive caffeine consumption,
smoking, diet, and difficulties with adherence to treat-
ment), OSA presents researchers with a unique
opportunity to tease apart the many complex and
interwoven components of sleep that are relevant to
cytokines and psychoneuroimmunology.

Treatment effects on depression in 0SA

Studies of CPAP’s treatment effect on depressive
mood are not consistent. Table 7.1 summarizes

studies reporting the impact of CPAP treatment (for
over 1 month of treatment) on depression and anx-
iety. Many studies reported that depressive symptoms
were ameliorated by CPAP treatment. It is gratifying
to see that this field is attracting careful study. At the
risk of merely counting positive versus negative stud-
ies, it appears that more studies (i.e. 14 studies) report
positive effects of CPAP on mood as compared to
non-significant effects on mood (i.e. 6 studies). Dif-
ferences in experimental design such as sample size,
the nature of depressive symptoms, CPAP compli-
ance, and co-morbid medical conditions need further
exploration.

In some negative studies, baseline depressive
symptoms were not particularly high, and one could
speculate that the lack of a treatment effect on depres-
sion was due to a “floor effect” [22]. Millman and
colleagues found that OSA patients with more severe
depressive symptoms responded better to CPAP
treatment, whereas patients with less severe or no
mood symptoms actually had less benefit from CPAP
therapy [74]. Although CPAP is a very effective treat-
ment for OSA, compliance may be problematic, and
better CPAP compliance has been predicted by lower
pretreatment depressive symptomatology [113].
Munoz and colleagues found that anxious and depres-
sive symptoms may develop despite effective treat-
ment because of the patients’ disappointment with
chronic CPAP treatment [114]. Patients’ personality
characteristics and coping strategies certainly contrib-
ute to mood symptoms during CPAP treatment
[115]. In the future, long-term follow-up studies in
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OSA patients with a broader range of depressive
symptoms are required to examine whether CPAP
has a positive effect on mood in depressed OSA
patients and how CPAP adherence can be improved
in patients with depression.

Obesity has a major negative impact on both phys-
ical and mental components of health-related quality
of life in OSA. Redline and colleagues found that
CPAP was beneficial (in terms of mood, fatigue, and
functional status) for OSA patients without sinus
problems, and that OSA patients with higher body
mass indices were more likely to improve than were
subjects with less obesity [64]. Weight reduction is
important in the treatment of overweight patients with
OSA. Some studies show that weight loss is associated
with major improvements in sleep disturbance and
OSA severity in obese subjects [116,117]. Recently,
Dixon and colleagues reported weight reduction
reduced not only daytime sleepiness but also depres-
sive mood in 25 severely obese OSA patients [118].

Clinical implication: depression in 0SA

Clinicians should suspect OSA particularly in
depressed patients who present with symptoms such
as snoring and excessive daytime fatigue [119]. More-
over, undiagnosed OSA should be considered when
depressed patients do not respond to antidepressant
treatment. In this sense, depression refractory to
treatment may be akin to hypertension refractory to
treatment, with both instances possibly denoting
occult OSA [120].

OSA lurking behind depression is important,
because some pharmacological treatments of depres-
sion may exacerbate OSA. Some sedative antidepres-
sants and benzodiazepine hypnotics have the
potential to exacerbate OSA by either increasing
weight gain or causing oversedation. Oversedation
may precipitate an excessively drowsy state during
sleep that could inhibit sleep arousals, which are
important for resumption of breathing effort.

Anxiety and SRBD

In a meta-analysis, Saunamaki and colleagues found
that while reports of anxiety in the context of OSA are
less common than depression, anxiety in OSA is not
unusual, with the prevalence of anxiety ranging from
11% to 70% in OSA patients [69]. There is consider-
able disagreement with respect to the relationship of
anxiety to OSA. Some studies found higher levels of
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anxiety in OSA [76,77,121-123], but others failed to
find a relationship between any sleep variables and
anxiety [91].

Borak and colleagues reported an association
between anxiety and OSA, but CPAP treatment did
not improve patients’ anxiety scores [22]. Several
researchers found that high anxiety or depression
contribute to non-compliance with CPAP treatment
[124-127]. Such symptoms may leave patients less
tolerant of the equipment. Some patients express
claustrophobic anxiety when wearing a CPAP mask
[128,129]. Hence, treatment of their anxiety symp-
toms as well as patient trial of diverse types of CPAP
masks may be necessary to insure improved compli-
ance with CPAP treatment.

ADHD and 0SA

Attention-deficit/hyperactivity disorder (ADHD) is a
common childhood illness with prevalence between
3% and 16%. It is characterized by hyperactivity,
impulsiveness, impairment in academic, social, and
occupational functioning, and short attention span.
OSA is also a common medical problem in children
with a prevalence rate of 2% in general pediatric
populations [130]. Several studies have reported a
relationship between ADHD and sleep problems
[131,132]. Parents of children with ADHD report
decreased nocturnal sleep efficiency and sleep frag-
mentation in their children as compared to parents of
healthy controls [133]. Experimental sleep restriction,
leading to daytime somnolence, is associated with
ADHD-like behavior and poor cognitive functioning.
Golan and colleagues found that children with ADHD
had a high prevalence of primary sleep disorders and
objective daytime somnolence [134]. Thus, in evalu-
ating children with ADHD symptoms, it is wise to
consider the possibility that undiagnosed OSA may be
contributing to the child’s behavioral symptoms (see
Chapter 21: Sleep in attention-deficit/hyperactivity
disorder (ADHD)).

Effects of psychiatric medications
on SRBD

In OSA, any sedative agent can aggravate or precipi-
tate an excessively drowsy state that could inhibit
sleep arousals that are critical to the resumption
of breathing. Atypical antipsychotics (such as olanza-
pine or clozapine), mood-stabilizing medications, or
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antiepileptic drugs (such as valproic acid and carba-
mazepine), antidepressants (such as tricyclic anti-
depressants), and benzodiazepine hypnotics have the
potential to exacerbate OSA by either increasing
weight gain or causing oversedation.

Antipsychotics

Patients taking chronic antipsychotic medications
may gain 15-751b (6.8-33.8 kg) over the first 2 years
of treatment, and 35-50% of such patients may
become clinically obese [135]. Winkelman reported
that obesity, male gender, and chronic neuroleptic
administration are risk factors for OSA in psychiatric
patients. He also reported that OSA in schizophrenic
patients was severe, with a mean respiratory disturb-
ance index (RDI) of 64.8 events per hour [136]. Since
patients with schizophrenia are often on long-term
neuroleptic treatment, they may have high rates of
OSA, aggravated by the weight gain produced by such
medications.

Although OSA in schizophrenics might contribute
to cardiovascular disease and increased mortality, the
condition is underdiagnosed, partially because of con-
fusion between daytime sleepiness and negative
symptoms or medication side-effects.

Antidepressants

Several animal studies suggest that serotonin is
important in the maintenance of upper airway
patency. Serotonergic neurons (mediated predomin-
antly via 5-HT,, and 5-HT )¢ receptor subtypes) exert
an excitatory effect on upper airway dilator motor
neurons [137,138]. When serotonin delivery is
reduced to upper airway dilator motor neurons in
sleep, this contributes to reductions in dilator muscle
activity and upper airway obstruction.
Administration of paroxetine increased activity of
upper airway dilator muscle during wakefulness in
normal subjects [139] and during non-REM sleep
in patients with OSA [140], which suggested that the
SSRI may be effective in treating OSA. However,
in clinical studies, serotonergic drugs such as protrypti-
line, fluoxetine, paroxetine, and mirtazapine have been
tested as treatments for OSA, with limited improvement
and significant side-effects [141,142]. Administration of
the serotonin precursor, L-tryptophan, was reported to
be effective in decreasing obstructive apneas in non-
REM sleep in an uncontrolled study of 12 patients with
OSA [143]. However, L-tryptophan was previously

withdrawn from the market as a result of reports linking
tryptophan use with eosinophilic myalgia syndrome
and life-threatening pulmonary hypertension. The sero-
tonin option for treatment of OSA remains an intri-
guing, novel theoretical approach, but one that has not
yet been proven effective.

SSRIs are widely used to treat depressive mood
and anxiety in OSA patients. Moreover, SSRIs may
be at least partially (and theoretically) effective in
OSA by virtue of their REM sleep suppression (as
OSA tends to worsen during REM sleep when muscle
tone is lowest and the upper airway is most prone to
obstruct) and/or augmentation of upper airway dila-
tor muscle activity. While SSRIs are relatively toler-
able in OSA, antidepressants with side-effects of
sedation or weight gain (such as antidepressants with
H1 receptor blockade property) may exacerbate OSA.

Sedative hypnotics

Experts recommend caution in prescribing hypnotics
to patients with severe OSA, especially those with day-
time hypoventilation or hypercapneic chronic obstruct-
ive pulmonary disease (COPD), unless such patients
are simultaneously effectively treated with CPAP.
Benzodiazepines can decrease respiratory effort, upper
airway muscle tone, and blunt arousal responses to
hypoxia/hypercapnia [144,145]. They may thus worsen
sleep apnea [146]. Long-acting benzodiazepines such as
flurazepam [146] and nitrazepam [147] produce the
most marked respiratory depression. Thus, it is recom-
mended that benzodiazepine hypnotics be used cau-
tiously in OSA patients with compromised respiratory
function [148]. If sedative hypnotic therapy is needed in
patients with OSA, it is very important for clinicians to
ensure CPAP adherence by periodic monitoring of
compliance. Berry and colleagues reported that triazo-
lam 0.25mg increases the arousal threshold to airway
occlusion, but this results in only modest prolongation
of event duration and modestly increased desaturation
in severe sleep apnea patients [149].
Non-benzodiazepine hypnotics (such as zolpidem,
zopiclone, and zaleplon) generally produce fewer effects
on respiratory depression in patients with OSA [150].
Many previous studies demonstrated that zolpidem
does not considerably affect respiratory parameters in
patients with COPD [151-154] or OSA [155,156].
Zopiclone and eszopiclone also did not cause deterior-
ation in respiratory parameters (SaO,, apnea index) in
patients with UARS [157,158] or with mild to moderate
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OSA [159]. Zaleplon’s effect on respiratory function
was not significantly different from placebo in mild
to moderate OSA [156]. However, some studies
reported that zolpidem reduces oxygen desaturation
and increases the apnea index in patients with OSA
[155,160]. Although we can generally assume that
non-benzodiazepine hypnotics are safer in these patient
populations, given the small number of studies, further
investigation is required and one should be cautious
when administering any type of non-benzodiazepine
hypnotic to patients with OSA.

Alcohol

Alcohol is known to exacerbate OSA. Alcohol induces
oropharyngeal muscle hypotonia and depression of
arousal mechanisms as well as weight gain [161].
Thus, OSA patients should reduce or abstain from
alcohol intake, particularly during night-time.

Modafinil

Medications can be used as an adjunctive treatment in
OSA. Approximately 40% of patients do not tolerate
CPAP, and patients with OSA treated with CPAP may
still have daytime sleepiness. If CPAP treatment is
being used optimally and daytime sleepiness persists,
wakefulness-promoting medications (such as modafi-
nil, amphetamines, and methylphenidate) may
improve sleepiness and quality of life.

Modafinil (Provigil®) is approved by the US Food
and Drug Administration for residual excessive
sleepiness in patients with obstructive sleep apnea
syndrome after the CPAP regimen is optimized
[162]. Modafinil is not approved for use in pediatric
patients. In OSA, a concerted effort to treat with
CPAP for an adequate period of time should be made
prior to initiating modafinil or other wakefulness-
promoting medications. If modafinil is used adjunct-
ively with CPAP, encouragement and periodic assess-
ment of CPAP compliance is necessary.

Previous studies reported that modafinil (either
with or without CPAP treatment) may improve not
only wakefulness but also cognitive performance and
memory without affecting night-time sleep, blood
pressure, or heart rate [163,164]. Given the long and
bitter history of abuse of stimulant medications, the
use of modafinil as adjunctive therapy in treating
depression and fatigue is being considered carefully,
and more research is needed to determine its role in
these settings [165,166].
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Conclusion

In the last 50 years we have made enormous strides in
our understanding of the epidemiology of SRBD as well
as their treatment. We have also come to realize that
OSA is commonly accompanied by various neuro-
psychological impairments and is associated with
depressive symptoms and, to a lesser extent, anxiety
symptoms. The principal treatment of OSA-CPAP
may be difficult to tolerate, and compliance may be
lower in those with co-morbid psychiatric symptoms,
underscoring the need to improve adherence in those
with severe mental illness. Treatment of an underlying
psychiatric disorder may lead to OSA via weight gain in
response to psychotropic medication. On the other
hand, psychiatric disorders that are refractory to treat-
ment may be associated with occult OSA.
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